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Preface

WHY | WROTE THIS BOOK

Students who perform poorly on organic chemistry exams often
report having invested countless hours studying. Why do many
students have difficulty preparing themselves for organic chem-
istry exams? Certainly, there are several contributing factors,
including inefficient study habits, but perhaps the most domi-
nant factor is a fundamental disconnect between what students
learn in the lecture hall and the tasks expected of them during
an exam. To illustrate the disconnect, consider the following
analogy.

Imagine that a prestigious university offers a course entitled
“Bike-Riding 101.” Throughout the course, physics and engineer-
ing professors explain many concepts and principles (for example,
how bicycles have been engineered to minimize air resistance).
Students invest significant time studying the information that was
presented, and on the last day of the course, the final exam consists
of riding a bike for a distance of 100 feet. A few students may
have innate talents and can accomplish the task without falling.
But most students will fall several times, slowly making it to the
finish line, bruised and hurt; and many students will not be able to
ride for even one second without falling. Why? Because there is a
disconnect between what the students learned and what they were
expected to do for their exam.

Many years ago, I noticed that a similar disconnect exists in
traditional organic chemistry instruction. That is, learning organic
chemistry is much like bicycle riding; just as the students in the
bike-riding analogy were expected to ride a bike after attending lec-
tures, it is often expected that organic chemistry students will inde-
pendently develop the necessary skills for solving problems. While
a few students have innate talents and are able to develop the nec-
essary skills independently, most students require guidance. This
guidance was not consistently integrated within existing textbooks,
prompting me to write the first edition of my textbook, Organic
Chemistry. The main goal of my text was to employ a skills-based
approach to bridge the gap between theory (concepts) and prac-
tice (problem-solving skills). The second edition further supported
this goal by introducing hundreds of additional problems based
on the chemical literature, thereby exposing students to exciting
real-world examples of chemical research being conducted in real
laboratories. The phenomenal success of the first two editions has
been extremely gratifying because it provided strong evidence that
my skills-based approach is indeed effective at bridging the gap
described above.

I firmly believe that the scientific discipline of organic chem-
istry is NOT merely a compilation of principles, but rather, it is
a disciplined method of thought and analysis. Students must cer-
tainly understand the concepts and principles, but more impor-
tantly, students must learn to think like organic chemists . . . that
is, they must learn to become proficient at approaching new situa-
tions methodically, based on a repertoire of skills. That is the true
essence of organic chemistry.

A SKILLS-BASED APPROACH

To address the disconnect in organic chemistry instruction, I have
developed a skills-based approach to instruction. The textbook
includes all of the concepts typically covered in an organic chem-
istry textbook, complete with conceprual checkpoints that promote
mastery of the concepts, but special emphasis is placed on skills
development through SkillBuilders to support these concepts.
Each SkillBuilder contains three parts:

Learn the Skill: contains a solved problem that demonstrates a
particular skill.

Practice the Skill: includes numerous problems (similar to the
solved problem in Learn the Skill) that give students valuable
opportunities to practice and master the skill.

Apply the Skill: contains one or two more problems in which
the student must apply the skill to solve real-world problems (as
reported in the chemical literature). These problems include con-
ceptual, cumulative, and applied problems that encourage students
to think outside of the box. Sometimes problems that foreshadow
concepts introduced in later chapters are also included.

At the end of each SkillBuilder, a Need More Practice? refer-
ence suggests end-of-chapter problems that students can work to
practice the skill.

This emphasis upon skills development provides students with
a greater opportunity to develop proficiency in the key skills neces-
sary to succeed in organic chemistry. Certainly, not all necessary
skills can be covered in a textbook. However, there are certain skills
that are fundamental to all other skills.

As an example, resonance structures are used repeatedly
throughout the course, and students must become masters of reso-
nance structures early in the course. Therefore, a significant por-
tion of Chapter 2 is devoted to pattern-recognition for drawing
resonance structures. Rather than just providing a list of rules and
then a few follow-up problems, the skills-based approach provides
students with a series of skills, each of which must be mastered in
sequence. Each skill is reinforced with numerous practice prob-
lems. The sequence of skills is designed to foster and develop profi-
ciency in drawing resonance structures.

The skills-based approach to organic chemistry instruction
is a unique approach. Certainly, other textbooks contain tips for
problem solving, but no other textbook consistently presents skills
development as the primary vehicle for instruction.

WHAT'S NEW IN THIS EDITION

Peer review played a very strong role in the development of the
first and second editions of Organic Chemistry. Specifically, the first
edition manuscript was reviewed by nearly 500 professors and over
5,000 students, and the second edition manuscript was based on
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comments received from 300 professors and 900 students. In pre-
paring the third edition, peer review has played an equally promi-
nent role. We have received a tremendous amount of input from
the market, including surveys, class tests, diary reviews, and phone
interviews. All of this input has been carefully culled and has been
instrumental in identifying the focus of the third edition.

New Features in the Third Edition

* A new chapter on organometallic reactions covers modern syn-
thetic techniques, including Stille coupling, Suzuki coupling,
Negishi coupling, the Heck reaction, and alkene metathesis.

e Substitution and elimination reactions have been combined
into one chapter. This chapter (Chapter 7) also features a
new section covering the preparation and reactions of alkyl
tosylates, as well as a new section covering kinetic isotope
effects. In addition, a new section introducing retrosynthesis
has been added to the end of the chapter, so that synthesis
and retrosynthesis are now introduced much earlier.

* For most SkillBuilders throughout the text, the Apply the
Skill problem(s) have been replaced with moderate-level,
literature-based problems. There are at least 150 of these
new problems, which will expose students to exciting real-
world examples of chemical research being conducted in
real laboratories. Students will see that organic chemistry is
a vibrant field of study, with endless possibilities for explora-
tion and research that can benefit the world in concrete ways.

¢ Throughout the text, the distribution of problems has been
improved by reducing the number of easy problems, and
increasing the number of moderate-level, literature-based
problems.

* Each chapter now includes a problem set that mimics the

style of the ACS Organic Chemistry Exam.

* The section covering oxidation of alcohols (in Chapter 12,
and then again in Chapter 19) has been enhanced to include
modern oxidation methods, such as Swern and DMP-based
oxidations.

* Coverage of Wittig reactions has been updated to include
stereochemical outcomes and the Horner—Wadsworth—
Emmons variation.

* Section 2.11 has been revised (Assessing the relative impor-
tance of resonance structures). The rules have been com-
pletely rewritten to focus on the importance of octets and
locations of charges. The improved rules will provide stu-
dents with a deeper conceptual understanding.

* In Chapter 2, a new section covers the skills necessary for
drawing a resonance hybrid.

* At the end of Chapter 5 (Stereoisomerism), a new section
introduces chiral compounds that lack chiral centers, includ-
ing chiral allenes and chiral biphenyls.

* A new section in Chapter 11 (Synthesis) introduces “green
chemistry” (atom economy, toxicology issues, etc.).

» Coverage of F-Z nomenclature has been moved earlier. It
now appears in Chapter 5, which covers stereoisomerism.

TEXT ORGANIZATION

The sequence of chapters and topics in Organic Chemistry, 3¢ does
not differ markedly from that of other organic chemistry textbooks.
Indeed, the topics are presented in the traditional order, based on
functional groups (alkenes, alkynes, alcohols, ethers, aldehydes and
ketones, carboxylic acid derivatives, etc.). Despite this traditional
order, a strong emphasis is placed on mechanisms, with a focus on
pattern recognition to illustrate the similarities between reactions
that would otherwise appear unrelated. No shortcuts were taken in
any of the mechanisms, and all steps are clearly illustrated, includ-
ing all proton transfer steps.

Two chapters (6 and 11) are devoted almost entirely to
skill development and are generally not found in other text-
books. Chapter 6, Chemical Reactivity and Mechanisms, empha-
sizes skills that are necessary for drawing mechanisms, while
Chapter 11, Synthesis, prepares the students for proposing syn-
theses. These two chapters are strategically positioned within
the traditional order described above and can be assigned to the
students for independent study. That is, these two chapters do
not need to be covered during precious lecture hours, but can
be, if so desired.

The traditional order allows instructors to adopt the skills-
based approach without having to change their lecture notes or
methods. For this reason, the spectroscopy chapters (Chapters
14 and 15) were written to be stand-alone and portable, so that
instructors can cover these chapters in any order desired. In fact,
five of the chapters (Chapters 2, 3, 7, 12, and 13) that precede
the spectroscopy chapters include end-of-chapter spectroscopy
problems, for those students who covered spectroscopy earlier.
Spectroscopy coverage also appears in subsequent functional
group chapters, specifically Chapter 17 (Aromatic Compounds),
Chapter 19 (Aldehydes and Ketones), Chapter 20 (Carboxylic
Acids and Their Derivatives), Chapter 22 (Amines), Chapter 24
(Carbohydrates), and Chapter 25 (Amino Acids, Peptides, and

Proteins).

THE WileyPLUS ADVANTAGE

WileyPLUS is a research-based online environment for effective
teaching and learning. WileyPLUS is packed with interactive study

tools and resources, including the complete online textbook.

New to WileyPLUS for Organic Chemistry, 3e
WileyPLUS for Organic Chemistry, 3e highlights David Klein’s

innovative pedagogy and teaching style:
e NEW Author-created question assignments

e NEW solved problem videos by David Klein for all new
Apply the Skill Problems

e NEW Author-curated course includes reading materials,
embedded resources, practice, and problems that have been
chosen specifically by the author

e NEW embedded Interactive exercises: over 300 inter-
active exercises designed to engage students with the content



WileyPLUS for Organic Chemistry, 3¢ is now supported by an
adaptive learning module called ORION. Based on cognitive sci-
ence, ORION provides students with a personal, adaptive learning
experience so they can build proficiency in concepts and use their
study time effectively. WileyPLUS with ORION helps students
learn by learning about them.

WileyPLUS with ORION is great as:

* An adaptive pre-lecture tool that assesses your students’ con-
ceptual knowledge so they come to class better prepared.

* A personalized study guide that helps students understand
both strengths and areas where they need to invest more time,
especially in preparation for quizzes and exams.

ADDITIONAL INSTRUCTOR
RESOURCES

Testbank Prepared by Christine Hermann, Radford University.
PowerPoint Lecture Slides with Answer Slides Prepared by
Adam Keller, Columbus State Community College.

PowerPoint Art Slides Prepared by Kevin Minbiole, Villanova
University.

Personal Response System (“Clicker”) Questions Prepared
by Dalila Kovacs, Grand Valley State University and Randy
Winchester, Grand Valley State University.

STUDENT RESOURCES

Student Study Guide and Solutions Manual (ISBN
9781118700815) Authored by David Klein. The third edition
of the Student Study Guide and Solutions Manual to accompany
Organic Chemistry, 3e contains:

* More detailed explanations within the solutions for every
problem.

PREFACE XV

e Concept Review Exercises
SkillBuilder Review Exercises

¢ Reaction Review Exercises

e A list of new reagents for each chapter, with a description of
their function.

¢ A list of “Common Mistakes to Avoid” in every chapter.

Molecular Visions™ Model Kit To support the learning of
organic chemistry concepts and allow students the tactile experi-
ence of manipulating physical models, we offer a molecular model-
ing kit from the Darling Company. The model kit can be bundled
with the textbook or purchased stand alone.

CONTRIBUTORS TO ORGANIC
CHEMISTRY, 3E

I owe special thanks to my contributors for their collaboration,
hard work, and creativity. Many of the new, literature-based,
SkillBuilder problems were written by Laurie Starkey, California
State Polytechnic University, Pomona; Tiffany Gierasch, University
of Maryland, Baltimore County, Seth Elsheimer, University of
Central Florida; and James Mackay, Elizabethtown College. Sections
2.11 and 19.10 were rewritten by Laurie Starkey, and Section
2.12 was written by Tiffany Gierasch. Many of the new Medically
Speaking and Practically Speaking applications throughout the
text were written by Ron Swisher, Oregon Institute of Technology.
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A Review of
General Chemistry

ELECTRONS, BONDS, AND MOLECULAR PROPERTIES

DID YOU EVER WONDER...

what causes lightning?

Believe it or not, the answer to this question is still the sub-
ject of debate (that’s right... scientists have not yet figured out
everything, contrary to popular belief'). There are various theories
that attempt to explain what causes the buildup of electric charge in
clouds. One thing is clear, though—Ilightning involves a flow of elec-
trons. By studying the nature of electrons and how electrons flow, it
is possible to control where lightning will strike. A tall building can
be protected by installing a lightning rod (a tall metal column at the
top of the building) that attracts any nearby lightning bolt, thereby
preventing a direct strike on the building itself. The lightning rod on
the top of the Empire State Building is struck over a hundred times
each year.

Just as scientists have discovered how to direct electrons in a
bolt of lightning, chemists have also discovered how to direct elec-
trons in chemical reactions. We will soon see that
although organic chemistry is literally defined
as the study of compounds contain-
ing carbon atoms, its true essence
is actually the study of electrons,
not atoms. Rather than thinking
of reactions in terms of the motion
of atoms, we must recognize that
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BY THE WAY
There are some
carbon-containing
compounds that are
traditionally excluded

from organic classification.

For example, ammonium
cyanate (seen on this
page) is still classified as
inorganic, despite the
presence of a carbon
atom. Other exceptions
include sodium carbonate
(Na;COs3) and potassium
cyanide (KCN), both of
which are also considered

to be inorganic compounds.

We will not encounter
many more exceptions.

reactions occur as a result of the motion of electrons. For example, in the following reaction the
curved arrows represent the motion, or flow, of electrons. This flow of electrons causes the
chemical change shown:

H H
.Q\. 2 . O
W+ el HG—C—H o+ T

H H

Throughout this course, we will learn how, when, and why electrons flow during
reactions. We will learn about the barriers that prevent electrons from flowing, and
we will learn how to overcome those barriers. In short, we will study the behavioral
patterns of electrons, enabling us to predict, and even control, the outcomes of chemical
reactions.

This chapter reviews some relevant concepts from your general chemistry course that
should be familiar to you. Specifically, we will focus on the central role of electrons in form-
ing bonds and influencing molecular properties.

1.1 Introduction to Organic Chemistry

In the early nineteenth century, scientists classified all known compounds into two categories: Organic
compounds were derived from living organisms (plants and animals), while inorganic compounds were
derived from nonliving sources (minerals and gases). This distinction was fueled by the observation
that organic compounds seemed to possess different properties than inorganic compounds. Organic
compounds were often difficult to isolate and purify, and upon heating, they decomposed more read-
ily than inorganic compounds. To explain these curious observations, many scientists subscribed to
a belief that compounds obtained from living sources possessed a special “vital force” that inorganic
compounds lacked. This notion, called vitalism, stipulated that it should be impossible to convert
inorganic compounds into organic compounds without the introduction of an outside vital force.
Vitalism was dealt a serious blow in 1828 when German chemist Friedrich Wohler demonstrated the
conversion of ammonium cyanate (a known inorganic salt) into urea, a known organic compound
found in urine:

Il
Heat
NH,OCN I /C\
HoN NH,
Ammonium cyanate Urea
(Inorganic) (Organic)

Over the decades that followed, other examples were found, and the concept of vitalism was
gradually rejected. The downfall of vitalism shattered the original distinction between organic and
inorganic compounds, and a new definition emerged. Specifically, organic compounds became
defined as those compounds containing carbon atoms, while inorganic compounds generally were
defined as those compounds lacking carbon atoms.

Organic chemistry occupies a central role in the world around us, as we are surrounded by
organic compounds. The food that we eat and the clothes that we wear are comprised of organic
compounds. Our ability to smell odors or see colors results from the behavior of organic compounds.
Pharmaceuticals, pesticides, paints, adhesives, and plastics are all made from organic compounds. In
fact, our bodies are constructed mostly from organic compounds (DNA, RNA, proteins, etc.) whose
behavior and function are determined by the guiding principles of organic chemistry. The responses
of our bodies to pharmaceuticals are the results of reactions guided by the principles of organic
chemistry. A deep understanding of those principles enables the design of new drugs that fight disease
and improve the overall quality of life and longevity. Accordingly, it is not surprising that organic
chemistry is required knowledge for anyone entering the health professions.



1.2  The Structural Theory of Matter

1.2 The Structural Theory of Matter

In the mid-nineteenth century three individuals, working independently, laid the conceptual foun-
dations for the structural theory of matter. August Kekulé, Archibald Scott Couper, and Alexander
M. Butlerov each suggested that substances are defined by a specific arrangement of atoms. As an
example, consider the following two compounds:

H H H H
H—(|3—O—C|J—H H—C—C—O—H
H H H H
Dimethyl ether Ethanol
Boiling point = -23°C Boiling point = 78.4°C

These compounds have the same molecular formula (C,HgO), yet they differ from each other
in the way the atoms are connected—that is, they differ in their constitution. As a result, they
are called constitutional isomers. Constitutional isomers have different physical properties and
different names. The first compound is a colorless gas used as an aerosol spray propellant, while
the second compound is a clear liquid, commonly referred to as “alcohol,” found in alcoholic
beverages.

According to the structural theory of matter, each element will generally form a predictable
number of bonds. For example, carbon generally forms four bonds and is therefore said to be
tetravalent. Nitrogen generally forms three bonds and is therefore trivalent. Oxygen forms two
bonds and is divalent, while hydrogen and the halogens form one bond and are monovalent
(Figure 1.1).

Tetravalent Trivalent Divalent Monovalent
|
—Cc— —N— —0— H— X—
FIGURE 1.1 | | (where X = F, Cl, Br, or I)
Valencies of some common Carbon generally | Nitrogen generally | Oxygen generally | Hydrogen and halogens
?leme”t§ emcouf‘tered forms four bonds. | forms three bonds. | forms two bonds. | generally form one bond.
in organic chemistry.

SKILLBUILDER

K—% 1.1 DRAWING CONSTITUTIONAL ISOMERS OF SMALL MOLECULES
0 / LEARN the skill Draw all constitutional isomers that have the molecular formula C3HgO.
- ‘ SOLUTION
STEP 1 Begin by determining the valency of each atom that appears in the molecular formula.
Determine the valency of Carbon is tetravalent, hydrogen is monovalent, and oxygen is divalent. The atoms with the
each atom that appears highest valency are connected first. So, in this case, we draw our first isomer by connecting
in the molecular formula. P
the three carbon atoms, as well as the oxygen atom, as shown below. The drawing is com-
STEP 2 pleted when the monovalent atoms (H) are placed at the periphery:

Connect the atoms of
highest valency, and | | | I II| III II|
place the monovalent —c— —C— —C— —0— tc—=> —C-C-C-0— > H-C—C—C—0—H
atoms at the periphery. | | | | ] |l| Ill |l|
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This isomer (called 1-propanol) can be drawn in many different ways, some of which are

shown here:

e woRn b T
H=CrCr O = H0r0yGro-H = H=CrCy O = H-0-0r0r-0H
H H H H H H H H O—H H H H
1-Propanol 1-Propanol 1-Propanol 1-Propanol

All of these drawings represent the same isomer. If we number the carbon atoms (C1, C2,
and C3), with C1 being the carbon atom connected to oxygen, then all of the drawings
above show the same connectivity: a three-carbon chain with an oxygen atom attached at
one end of the chain.

STEP 3 Thus far, we have drawn just one isomer that has the molecular formula C3HgO. Other
Consider other ways to constitutional isomers can be drawn if we consider other possible ways of connecting the three
connect the atoms. carbon atoms and the oxygen atom. For example, the oxygen atom can be connected to C2
(rather than C1), giving a compound called 2-propanol (shown below). Alternatively, the oxy-
gen atom can be inserted between two carbon atoms, giving a compound called ethyl methyl

ether (also shown below). For each isomer, two of the many acceptable drawings are shown:

H

H |

| H—C—H
e P — TR
| |

H—C—-C—-C—H = H-C—C—O—H H—C—C—0—-C—H = H—C—-0—C—C—H
12 |3 I 12 I I I [
H H H H H H H H H H H
2-Propanol Ethyl methyl ether

If we continue to search for alternate ways of connecting the three carbon atoms and the
oxygen atom, we will not find any other ways of connecting them. So in summary, there are
a total of three constitutional isomers with the molecular formula C3HgO, shown here:

i
o To R
mepTye SR AN g
H H H H H H H H H
Oxygen is connected to C1 Oxygen is connected to C2 Oxygen is between two carbon atoms

Additional skills (not yet discussed) are required to draw constitutional isomers of com-
pounds containing a ring, a double bond, or a triple bond. Those skills will be developed in
Section 14.16.

_

PRACTICE the skill 1.1 Draw all constitutional isomers with the following molecular formula.

(a) CsH,Cl (b) C4H1 (c) CsHyy (d) C4H,00 (e) C3HCl,

D\ (D)

% APPLY the skill 1.2 Chlorofluorocarbons (CFCs) are gases that were once widely used as refrigerants and
A ) propellants. When it was discovered that these molecules contributed to the depletion of
y the ozone layer, their use was banned, but CFCs continue to be detected as contaminants
u/ in the environment.” Draw all of the constitutional isomers of CFCs that have the molecular

formula C,ClI3F3.

need more PRACTICE? Try Problems 1.35, 1.46, 1.47, 1.54

1.3 Electrons, Bonds, and Lewis Structures

What Are Bonds?

As mentioned, atoms are connected to each other by bonds. That is, bonds are the “glue” that hold
atoms together. But what is this mysterious glue and how does it work? In order to answer this ques-
tion, we must focus our attention on electrons.

The existence of the electron was first proposed in 1874 by George Johnstone Stoney (National
University of Ireland), who attempted to explain electrochemistry by suggesting the existence
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of a particle bearing a unit of charge. Stoney coined the term eleczron to describe this particle.
In 1897, J. J. Thomson (Cambridge University) demonstrated evidence supporting the existence of
Stoney’s mysterious electron and is credited with discovering the electron. In 1916, Gilbert Lewis
(University of California, Berkeley) defined a covalent bond as the result of two atoms sharing a pair
of electrons. As a simple example, consider the formation of a bond between two hydrogen atoms:

HY + (H —— (H—H)» AH =-436kJ/mol

Each hydrogen atom has one electron. When these electrons are shared to form a bond, there is a
decrease in energy, indicated by the negative value of AH. The energy diagram in Figure 1.2 plots
the energy of the two hydrogen atoms as a function of the distance between them. Focus on

the right side of the diagram, which represents the hydrogen atoms separated

by a large distance. Moving toward the left on the diagram, the hydrogen

atoms approach each other, and there are several forces that must

H-H
Energy
0 0.74 A Internuclear distance
]
|
|
|
|
|
|
|
|
|
-436 kJ/mol :
H—H
FIGURE 1.2

An energy diagram showing
the energy as a function of the
internuclear distance between
two hydrogen atoms.

BY THE WAY
1A =10""" meters.

FIGURE 1.3
A periodic table showing
group numbers.

> Dbe taken into account: (1) the force of repulsion between the two
H + °H nhegatively charged electrons, (2) the force of repulsion between
the two positively charged nuclei, and (3) the forces of attraction

between the positively charged nuclei and the negatively charged elec-

trons. As the hydrogen atoms get closer to each other, all of these forces get
stronger. Under these circumstances, the electrons are capable of moving in such
a way so as to minimize the repulsive forces between them while maximizing their attrac-

tive forces with the nuclei. This provides for a net force of attraction, which lowers the energy of
the system. As the hydrogen atoms move still closer together, the energy continues to be lowered
until the nuclei achieve a separation (internuclear distance) of 0.74 angstroms (A). At that point,
the force of repulsion between the nuclei begins to overwhelm the forces of attraction, causing
the energy of the system to increase if the atoms are brought any closer together. The lowest point
on the curve represents the lowest energy (most stable) state. This state determines both the bond

length (0.74 A) and the bond strength (436 kJ/mol).

Drawing the Lewis Structure of an Atom

Armed with the idea that a bond represents a pair of shared electrons, Lewis then devised a method
for drawing structures. In his drawings, called Lewis structures, the electrons take center stage. We
will begin by drawing individual atoms, and then we will draw Lewis structures for small molecules.
First, we must review a few simple features of atomic structure:

e The nucleus of an atom is comprised of protons and neutrons. Each proton has a charge of
+1, and each neutron is electrically neutral.

* For a neutral atom, the number of protons is balanced by an equal number of electrons,
which have a charge of —1 and exist in shells. The first shell, which is closest to the nucleus,
can contain two electrons, and the second shell can contain up to eight electrons.

¢ The electrons in the outermost shell of an atom are called the valence electrons. The number of
valence electrons in an atom is identified by its group number in the periodic table (Figure 1.3).

A 8A
H | 2a 3A 4A 5A 6A 7A |He
Li |Be B|C|N|O|F]|[Ne
Na|Mg| ¢ ¢ |Al|si|P|s|CI|Ar
K | Ca Ga|Ge| As | Se | Br | Kr
Transition
Rb | Sr Metal In|Sn|Sb|Te| I | Xe
Cs |Ba Elements TI [Pb| Bi | Po| At |Rn
2 2

The Lewis dot structure of an individual atom indicates the number of valence electrons, which
are placed as dots around the periodic symbol of the atom (C for carbon, O for oxygen, etc.). The
placement of these dots is illustrated in the following SkillBuilder.
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SKILLBUILDER

] LEARN the skill

A%

STEP 1
Determine the number
of valence electrons.

STEP 2

Place one valence
electron by itself on each
side of the atom.

STEP 3

If the atom has more
than four valence
electrons, the remaining
electrons are paired with
the electrons already
drawn.

™ .
/ PRACTICE the skill

B\

) APPLY the skill

A Review of General Chemistry

\ 1.2 DRAWING THE LEWIS DOT STRUCTURE OF AN ATOM

Draw the Lewis dot structure of (a) a boron atom and (b) a nitrogen atom.

SOLUTION

(@) In a Lewis dot structure, only valence electrons are drawn, so we must first determine
the number of valence electrons. Boron belongs to group 3A on the periodic table, and
it therefore has three valence electrons. The periodic symbol for boron (B) is drawn, and
each electron is placed by itself (unpaired) around the B, like this:

.B.

(b) Nitrogen belongs to group 5A on the periodic table, and it therefore has five valence

electrons. The periodic symbol for nitrogen (N) is drawn, and each electron is placed by
itself (unpaired) on a side of the N until all four sides are occupied:

Any remaining electrons must be paired up with the electrons already drawn. In the case

of nitrogen, there is only one more electron to place, so we pair it up with one of the four
unpaired electrons (it doesn’t matter which one we choose):

1.3 Draw a Lewis dot structure for each of the following atoms:

(a) Carbon (b) Oxygen (d) Hydrogen
(e) Bromine (f) Sulfur (h) lodine

(¢) Fluorine
(g9) Chlorine

1.4 Compare the Lewis dot structure of nitrogen and phosphorus and explain why you
might expect these two atoms to exhibit similar bonding properties.

1.5 Name one element that you would expect to exhibit bonding properties similar to
boron. Explain.

1.6 Draw a Lewis structure of a carbon atom that is missing one valence electron (and
therefore bears a positive charge). Which second-row element does this carbon atom resem-
ble in terms of the number of valence electrons?

1.7 Lithium salts have been used for decades to treat mental illnesses, including depres-
sion and bipolar disorder. Although the treatment is effective, researchers are still trying to
determine how lithium salts behave as mood stabilizers.?

(a) Draw a Lewis structure of an uncharged lithium atom, Li.

(b) Lithium salts contain a lithium atom that is missing one valence electron (and therefore
bears a positive charge). Draw a Lewis structure of the lithium cation.

Drawing the Lewis Structure of a Small Molecule

The Lewis dot structures of individual atoms are combined to

. . H
produce Lewis dot structures of small molecules. These drawings O H
are constructed based on the observation that atoms tend to bond H- «C- *H —— H:C:H
in such a way so as to achieve the electron configuration of a M H

noble gas. For example, hydrogen will form one bond to achieve

the electron configuration of helium (two valence electrons), while second-row elements (C, N, O,

and F) will form the necessary number of bonds so as to achieve the electron configuration of neon
(eight valence electrons).
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This observation, called the octet rule, explains why carbon is tetravalent. As just shown, it can
achieve an octet of electrons by using each of its four valence electrons to form a bond. The octet

rule also explains why nitrogen is trivalent. Specifically, it has five - .
He "N+ *H ——  H:N:H

valence electrons and requires three bonds in order to achieve an i

octet of electrons. Notice that the nitrogen atom contains one pair £
of unshared, or nonbonding, electrons, called a lone pair.

In the next chapter, we will discuss the octet rule in more detail; in particular, we will explore when
it can be violated and when it cannot be violated. For now, let’s practice drawing Lewis structures.

1.3 DRAWING THE LEWIS STRUCTURE OF A SMALL MOLECULE

STEP 1
Draw all individual
atoms.

STEP 2

Connect atoms that
form more than one
bond.

STEP 3
Connect the
hydrogen atoms.

STEP 4

Pair any unpaired
electrons so that each
atom achieves an
octet.

PRACTICE the

APPLY the skill

LEARN the skill Draw the Lewis structure of CH,O.

. SOLUTION
There are four discrete steps when drawing a Lewis structure: First determine the number of
valence electrons for each atom.

‘¢ [H [H fo:

Then, connect any atoms that form more than one bond. Hydrogen atoms only form
one bond each, so we will save those for last. In this case, we connect the C and the O.

Ced:

Next, connect all hydrogen atoms. We place the hydrogen atoms next to carbon,
because carbon has more unpaired electrons than oxygen.

H:.c';:g').:
H
Finally, check to see if each atom (except hydrogen) has an octet. In fact, neither the carbon

nor the oxygen has an octet, so in a situation like this, the unpaired electrons are shared as
a double bond between carbon and oxygen.

H:C:0: —— H:C::O:

Now all atoms have achieved an octet. When drawing Lewis structures, remember that
you cannot simply add more electrons to the drawing. For each atom to achieve an octet,
the existing electrons must be shared. The total number of valence electrons should be
correct when you are finished. In this example, there was one carbon atom, two hydrogen
atoms, and one oxygen atom, giving a total of 12 valence electrons (4 + 2 + 6). The drawing
above MUST have 12 valence electrons, no more and no less.

skill 1.8 Draw a Lewis structure for each of the following compounds:

(@ CoHy  (b) CoHy  (c) CoH,  (d) C3Hg  (e) C3Hy () CH30H

1.9 Borane (BHj3) is very unstable and quite reactive. Draw a Lewis structure of borane and
explain the source of the instability.

1.10 There are four constitutional isomers with the molecular formula C3HgN. Draw a Lewis
structure for each isomer and determine the number of lone pairs on the nitrogen atom in
each case.

1.11  Smoking tobacco with a water pipe, or hookah, is often perceived as being less
dangerous than smoking cigarettes, but hookah smoke has been found to contain the same
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variety of toxins and carcinogens (cancer-causing compounds) as cigarette smoke.® Draw a
Lewis structure for each of the following dangerous compounds found in tobacco smoke:

(a) HCN (hydrogen cyanide) (b) CH,CHCHCH, (1,3-butadiene)

need more PRACTICE? Try Problem 1.39

1.4 |dentifying Formal Charges

A formal charge is associated with any atom that does not exhibit the appropriate number of valence
electrons. When such an atom is present in a Lewis structure, the formal charge must be drawn.
Identifying a formal charge requires two discrete tasks:

1. Determine the appropriate number of valence electrons for an atom.
2. Determine whether the atom exhibits the appropriate number of electrons.

The first task can be accomplished by inspecting the periodic table. As mentioned earlier, the
group number indicates the appropriate number of valence electrons for each atom. For example,
carbon is in group 4A and therefore has four valence electrons. Oxygen is in group 6A and has six
valence electrons.

After identifying the appropriate number of electrons for each atom in a Lewis struc- :?:
ture, the next task is to determine if any of the atoms exhibit an unexpected number of H—C—H
electrons. For example, consider the following structure. |L

:0:
Each line represents two shared electrons (a bond). For our purposes, we must split each N
bond apart equally, and then count the number of electrons on each atom. HJ (S T
H
Each hydrogen atom has one valence electron, as expected. The carbon atom also has
the appropriate number of valence electrons (four), but the oxygen atom does not. The .59
oxygen atom in this structure exhibits seven valence electrons, but it should only have six. |
In this case, the oxygen atom has one extra electron, and it must therefore bear a negative H_Cl:_H
formal charge, which is indicated like this. H

1.4 CALCULATING FORMAL CHARGE

LEARN the skill

STEP 1

Determine the
appropriate number
of valence electrons.

STEP 2

Determine the actual
number of valence
electrons in this case.

Consider the nitrogen atom in the structure below and determine if it has a formal charge:
H
I
H—lil—H
H

SOLUTION

We begin by determining the appropriate number of valence electrons for a nitrogen atom.
Nitrogen is in group 5A of the periodic table, and it should therefore have five valence
electrons.

Next, we count how many valence electrons are exhibited by the nitrogen atom in this par-
ticular example.
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STEP 3 In this case, the nitrogen atom exhibits only four valence electrons. It is missing one electron,
Assign a formal so it must bear a positive charge, which is shown like this:
charge.
H
lo
H—N—H
H

J

)| PRACTICE the skill 1.12 Identify any formal charges in the structures below:

D
A%

H H H __H
| H | | ‘0
H—A|I—H é H—(|3—N—(|)—H [l H— I —H
(@  H ) W 9 o H @ H H (e
i Ty
H—Cl—H H—(|3—CEO: :(::]—A||—¢]—¢]: H—lil—C—C—é)::
() H (9) H (h) o i) HoH

1.13 Draw a structure for each of the following ions; in each case, indicate which atom
possesses the formal charge:

Kﬁ% (a) BH,~ (b) NH,™ (c) CoHs™
( 0 ) APPLY the skill 1.14 If you are having trouble paying attention during a long - H\'}'/H
% y lecture, your levels of acetylcholine (a neurotransmitter) may 'ﬂ ﬁ B '}' '[' ? H
- be to blame.* Identify any formal charges in acetylcholine. H_?_C_Q_?_?_'}‘_C\_H
H HHC H
HLH
need more PRACTICE? Try Problem 1.41 Acetylcholine

1.5 Induction and Polar Covalent Bonds

Chemists classify bonds into three categories: (1) covalent, (2) polar covalent, and (3) ionic. These
categories emerge from the electronegativity values of the atoms sharing a bond. Electronegativity is
a measure of the ability of an atom to attract electrons. Table 1.1 gives the electronegativity values for
elements commonly encountered in organic chemistry.

TABLE 1.1 ELECTRONEGATIVITY VALUES OF SOME COMMON ELEMENTS
Increasing electronegativity

ﬁ

H
2.1

Li Be B C N o F
1.0 1.5 2.0 25 3.0 3.5 4.0

Na Mg Al Si P s ¢l
0.9 12 1.5 18 2.1 2.5 3.0

K Br
0.8 2.8

Increasing
electronegativity

When two atoms form a bond, one critical consideration allows us to classify the bond:
What is the difference in the electronegativity values of the two atoms? Below are some rough
guidelines:

If the difference in electronegativity is less than 0.5, the electrons are considered to be
equally shared between the two atoms, resulting in a covalent bond. Examples include C—C and

C—H:

-
B
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FIGURE 1.4

The nature of various bonds
commonly encountered
in organic chemistry.
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The C—C bond is clearly covalent, because there is no difference in electronegativity between the
two atoms forming the bond. Even a C—H bond is considered to be covalent, because the difference
in electronegativity between C and H is less than 0.5.

If'the difference in electronegativity is between 0.5 and 1.7, the electrons are not shared equally
between the atoms, resulting in a polar covalent bond. For example, consider a bond between car-
bon and oxygen (C—O). Oxygen is significantly more electronegative (3.5) than carbon (2.5), and
therefore oxygen will more strongly attract the electrons of the bond. The withdrawal of electrons
toward oxygen is called induction, which is often indicated with an arrow like this.

S E—
c—0O

Induction causes the formation of partial positive and partial negative charges, symbolized by
the Greek symbol delta (8). The partial charges that result from induction will be very important in
upcoming chapters.

o+ o—
c—o0O

If the difference in electronegativity is greater than 1.7, the electrons are not shared at all. For

example, consider the bond between sodium and oxygen in sodium hydroxide (NaOH).

® O..
Na :QH

The difference in electronegativity between O and Na is so great that both electrons of the bond are
possessed solely by the oxygen atom, rendering the oxygen negatively charged and the sodium posi-
tively charged. The bond between oxygen and sodium, called an ionic bond, is the result of the force
of attraction between the two oppositely charged ions.

The cutoff numbers (0.5 and 1.7) should be thought of as rough guidelines. Rather than viewing
them as absolute, we must view the various types of bonds as belonging to a spectrum without clear
cutoffs (Figure 1.4).

Covalent Polar covalent lonic

C—C C—H N—H Cc—o0 Li—C Li—N NaCl

Small difference Large difference
in electronegativity in electronegativity

This spectrum has two extremes: covalent bonds on the left and ionic bonds on the right. Between
these two extremes are the polar covalent bonds. Some bonds fit clearly into one category, such as
C—C bonds (covalent), C—O bonds (polar covalent), or NaCl bonds (ionic). However, there are
many cases that are not so clear-cut. For example, a C—Li bond has a difference in electronegativity
of 1.5, and this bond is often drawn either as polar covalent or as ionic. Both drawings are acceptable:

| |
—C—Li or —c 9

Li

Another reason to avoid absolute cutoff numbers when comparing electronegativity values is that
the electronegativity values shown above are obtained via one particular method developed by Linus
Pauling. However, there are at least seven other methods for calculating electronegativity values, each of
which provides slightly different values. Strict adherence to the Pauling scale would suggest that C—Br
and C—1I bonds are covalent, but these bonds will be treated as polar covalent throughout this course.

‘

1.5 LOCATING PARTIAL CHARGES RESULTING FROM INDUCTION

LEARN the skill

|
Consider the structure of methanol. Identify all polar covalent bonds H_?_Q_H
and show any partial charges that result from inductive effects: H

Methanol



STEP 1
Identify all polar
covalent bonds.

STEP 2
Determine the
direction of each
dipole.

STEP 3
Indicate the location
of partial charges.

PRACTICE the skill

APPLY the skill

need more PRACTICE?

11

1.5 Induction and Polar Covalent Bonds

SOLUTION
First identify all polar covalent bonds. The C—H bonds are considered to be covalent
because the electronegativity values for C and H are fairly close. It is true that carbon is more
electronegative than hydrogen, and therefore, there is a small inductive effect for each C—H
bond. However, we will generally consider this effect to be negligible for C—H bonds.

The C—0O bond and the O—H bond are both polar covalent bonds:

H

..
H—C—O—H

AN

Polar covalent

Now determine the direction of the inductive effects. Oxygen is more electronegative than
C or H, so the inductive effects are shown like this:

H
=
H—(|3—Q—H
H

These inductive effects dictate the locations of the partial charges:

[s+ %7 o+
H—(|3—Q—H
H

1.15 For each of the following compounds, identify any polar covalent bonds by drawing
8+ and 8— symbols in the appropriate locations:

H H H H F H
H—(lz—é—clz—cl:—é—(l:—H H—(l:—§|: H—(!':—Mg—l:B:r:
@ ¢ onh ® @ "
H
H :(|): H H ‘0" H 1?“
H—O—Cli—(ll—(|3—O—H H—é—g—é—H :Gl—C—Cl:
(d) bk (e) ! g # ¢
1.16 The regions of 6+ in a compound are the regions most H 0" H H H
likely to be attacked by an anion, such as hydroxide (HO™). In the H—(l:—lsl—(|3—(|3—é—0|
compound shown, identify the two carbon atoms that are most lL |L Ji lL

likely to be attacked by a hydroxide ion.

1.17 Plastics and synthetic fibers are examples of the many materials made from repeating
subunits of carbon-containing molecules called polymers. Although most synthetic polymers
are prepared from fossil fuel sources, many researchers are exploring

ways to make polymers from renewable sources instead. One example is o H H
the synthesis of an epoxy resin polymer using a by-product from cashew H\C/ \C/C\CI
nut processing, another compound isolated from corn cobs, and epichlo- v

rohydrin, shown here.” Identify any polar covalent bonds in epichlorohy-

Epichlorohydrin
drin by drawing 6+ and — symbols in the appropriate locations.

Try Problems 1.37, 1.38, 1.48, 1.57
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@ Practically Speaking Electrostatic Potential Maps

Partial charges can be visualized with three-dimensional,
rainbow-like images called electrostatic potential maps. As an
example, consider the following electrostatic potential map of
chloromethane:

Most negative

represents a region that is 8+. In reality, electrostatic potential
maps are rarely used by practicing organic chemists when they
communicate with each other; however, these illustrations can
often be helpful to students who are learning organic chemistry.
Electrostatic potential maps are generated by performing a

“\™H

0—0

/

=4

H

Electrostatic Color scale
potential map
of chloromethane

Chloromethane

In the image, a color scale is used to represent areas of 8— and
8+. As indicated, red represents a region that is 8—, while blue

series of calculations. Specifically, an imaginary point positive
(®-) charge is positioned at various locations, and for each location,
we calculate the potential energy associated with the attraction
between the point positive charge and the surrounding
electrons. A large attraction indicates a position of §—, while a
small attraction indicates a position of 8+. The results are then
illustrated using colors, as shown.

A comparison of any two electrostatic potential maps is only
valid if both maps were prepared using the same color scale.
Throughout this book, care has been taken to use the same
color scale whenever two maps are directly compared to each
other. However, it will not be useful to compare two maps from
different pages of this book (or any other book), as the exact
color scales are likely to be different.

Most positive
(6+)

1.6 Atomic Orbitals

Quantum Mechanics

By the 1920s, vitalism had been discarded. Chemists were aware of constitutional isomerism and
had developed the structural theory of matter. The electron had been discovered and identified as the
source of bonding, and Lewis structures were used to keep track of shared and unshared electrons.
But the understanding of electrons was about to change dramatically.

In 1924, French physicist Louis de Broglie suggested that electrons, heretofore considered as
particles, also exhibited wavelike properties. Based on this assertion, a new theory of matter was born.
In 1926, Erwin Schrédinger, Werner Heisenberg, and Paul Dirac independently proposed a math-
ematical description of the electron that incorporated its wavelike properties. This new theory, called
wave mechanics, or quantum mechanics, radically changed the way we viewed the nature of matter
and laid the foundation for our current understanding of electrons and bonds.

Quantum mechanics is deeply rooted in mathematics and represents an entire subject by itself.
The mathematics involved is beyond the scope of our course, and we will not discuss it here. However,
in order to understand the nature of electrons, it is critical to understand a few simple highlights from
quantum mechanics:

* An equation is constructed to describe the total energy of a hydrogen atom (i.e., one proton
plus one electron). This equation, called the wave equation, takes into account the wavelike
behavior of an electron that is in the electric field of a proton.

¢ The wave equation is then solved to give a series of solutions called wavefunctions. The Greek
symbol psi () is used to denote each wavefunction (yy, ¥, ¥3, etc.). Each of these wavefunc-
tions corresponds to an allowed energy level for the electron. This result is incredibly impor-
tant because it suggests that an electron, when contained in an atom, can only exist at discrete
energy levels (Y1, ¥, Y3, etc.). In other words, the energy of the electron is quantized.

* Fach wavefunction is a function of spatial location. It provides information that allows us to
assign a numerical value for each location in three-dimensional space relative to the nucleus.
The square of that value (1//2 for any particular location) has a special meaning. It indicates the
probability of finding the electron in that location. Therefore, a three-dimensional plot of y*
will generate an image of an atomic orbital (Figure 1.5).



FIGURE 1.5
Illustrations of an s orbital
and three p orbitals.

FIGURE 1.6
Phases of a wave moving
across the surface of a lake.
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Electron Density and Atomic Orbitals

An orbital is a region of space that can be occupied by an electron. But care must be taken when try-
ing to visualize this. There is a statement from the previous section that must be clarified because it
is potentially misleading: “y* represents the probability of finding an electron in a particular location.”
This statement seems to treat an electron as if it were a particle flying around within a specific region
of space. But remember that an electron is not purely a particle—it has wavelike properties as well.
Therefore, we must construct a mental image that captures both of these properties. That is not easy to
do, but the following analogy might help. We will treat an occupied orbital as if it is a cloud—similar to
a cloud in the sky. No analogy is perfect, and there are certainly features of clouds that are very different
from orbitals. However, focusing on some of these differences between electron clouds (occupied orbit-
als) and real clouds makes it possible to construct a better mental model of an electron in an orbital:

¢ Clouds in the sky can come in any shape or size. However, electron clouds have specific shapes

and sizes (as defined by the orbitals).

* A cloud in the sky is comprised of billions of individual water molecules. An electron cloud
is not comprised of billions of particles. We must think of an electron cloud as a single entity,
even though it can be thicker in some places and thinner in other places. This concept is criti-
cal and will be used extensively throughout the course in explaining reactions.

* A cloud in the sky has edges, and it is possible to define a region of space that contains 100%
of the cloud. In contrast, an electron cloud does not have defined edges. We frequently use
the term electron density, which is associated with the probability of finding an electron in
a particular region of space. The “shape” of an orbital refers to a region of space that contains
90-95% of the electron density. Beyond this region, the remaining 5-10% of the electron
density tapers off but never ends. In fact, if we want to consider the region of space that con-
tains 100% of the electron density, we must consider the entire universe.

In summary, we must think of an orbital as a region of space that can be occupied by electron
density. An occupied orbital must be treated as a cloud of electron density. This region of space is called
an atomic orbital (AO), because it is a region of space defined with respect to the nucleus of a single
atom. Examples of atomic orbitals are the s, p, &, and forbitals that were discussed in your general
chemistry textbook.

Phases of Atomic Orbitals

Our discussion of electrons and orbitals has been based on the premise that electrons have wavelike
properties. As a result, it will be necessary to explore some of the characteristics of simple waves in
order to understand some of the characteristics of orbitals.

Consider a wave that moves across the surface of a lake (Figure 1.6). The wavefunction (y) math-
ematically describes the wave, and the value of the wavefunction is dependent on location. Locations

/

Average level
of lake —>
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yis (+)

<~—— Node

yis ()

FIGURE 1.7
The phases of a p orbital.

FIGURE 1.8
lllustrations of s orbitals
and three p orbitals.

FIGURE 1.9

Energy diagrams showing
the electron configurations
for H, He, Li, and Be.

above the average level of the lake have a positive value for ¥ (indicated in red), and locations below the
average level of the lake have a negative value for ¥ (indicated in blue). Locations where the value of y is
zero are called nodes.

Similarly, orbitals can have regions where the value of y is positive, negative, or zero. For exam-
ple, consider a p orbital (Figure 1.7). Notice that the p orbital has two lobes: The top lobe is a region
of space where the values of y are positive, while the bottom lobe is a region where the values of y are
negative. Between the two lobes is a location where ¢ = 0. This location represents a node.

Be careful not to confuse the sign of ¥ (+ or —) with electrical charge. A positive value for y
does not imply a positive charge. The value of ¥ (+ or —) is a mathematical convention that refers
to the phase of the wave (just like in the lake). Although ¥ can have positive or negative values, nev-
ertheless y* (which describes the electron density as a function of location) will always be a positive
number. At a node, where ¢ = 0, the electron density (y?) will also be zero. This means that there is
no electron density located at a node.

From this point forward, we will draw the lobes of an orbital with colors (red and blue) to indi-
cate the phase of y for each region of space.

Filling Atomic Orbitals with Electrons

The energy of an electron depends on the type of orbital that it occupies. Most of the organic com-
pounds that we will encounter will be composed of first- and second-row elements (H, C, N, and O).
These elements utilize the 1s orbital, the 2s orbital, and the three 2p orbitals. Our discussions will
therefore focus primarily on these orbitals (Figure 1.8). Electrons are lowest in energy when they occupy
a 1s orbital, because the 15 orbital is closest to the nucleus and it has no nodes (the more nodes that an
orbital has, the greater its energy). The 2s orbital has one node and is farther away from the nucleus; it is
therefore higher in energy than the 1s orbital. After the 2s orbital, there are three 2p orbitals that are all
equivalent in energy to one another. Orbitals with the same energy level are called degenerate orbitals.

As we move across the periodic table, starting with hydrogen, each element has one more
electron than the element before it (Figure 1.9). The order in which the orbitals are filled by electrons
is determined by just three simple principles:

1. The Aufbau principle. The lowest energy orbital is filled first.

2. 'The Pauli exclusion principle. Each orbital can accommodate a maximum of two electrons that
have opposite spin. To understand what “spin” means, we can imagine an electron spinning in
space (although this is an oversimplified explanation of the term “spin”). For reasons that are
beyond the scope of this course, electrons only have two possible spin states (designated by | or I).
In order for the orbital to accommodate two electrons, the electrons must have opposite spin states.

Energy _1 2s —ﬂ 2s
—1 1s —ﬂ 1s —1L 1s —ﬂ 1s
Hydrogen Helium Lithium Beryllium
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3. Hund’s rule. When dealing with degenerate orbitals, such as p orbitals, one electron is placed
in each degenerate orbital first, before electrons are paired up.

The application of the first two principles can be seen in the electron configurations shown in Figure
1.9 (H, He, Li, and Be). The application of the third principle can be seen in the electron configura-
tions for the remaining second-row elements (Figure 1.10).

KIS T SR E HO PO S H EU S S EPN S S
? I 2 L 2 : 2 l 2s 1— 2s —L 2s
i l1s lm lw l1s l1s l1s
Boron Carbon Nitrogen Oxygen Fluorine Neon
FIGURE 1.10

Energy diagrams showing the electron configurations for B, C, N, O, F, and Ne.

SKILLBUILDER

1.6 IDENTIFYING ELECTRON CONFIGURATIONS

0\ LEARN the skill Identify the electron configuration of a nitrogen atom.

%_y ‘ SOLUTION

STEP 1 The electron configuration indicates which atomic orbitals are occupied by electrons.
Place the valence Nitrogen has a total of seven electrons. These electrons occupy atomic orbitals of increasing

electrons in atomic . . . .
: . energy, with a maximum of two electrons in each orbital:
orbitals using the

Aufbau principle, 1 1 1
the Pauli exclusion — — —— 2P
principle, and 1L
Hund’s rule. 1L 2s
— 1S
Nitrogen
STEP 2 Two electrons occupy the 1s orbital, two electrons occupy the 2s orbital, and three electrons
Identify the number occupy the 2p orbitals. This is summarized using the following notation:
of valence electrons in
— each atomic orbital. 1 522522,:)3

PRACTICE the skill 1.18 Identify the electron configuration for each of the following atoms:
(a) Carbon (b) Oxygen (c) Boron (d) Fluorine (e) Sodium  (f) Aluminum

P
N,

1.19 Identify the electron configuration for each of the following ions:

(a) A carbon atom with a negative charge (c) A nitrogen atom with a positive charge
B (b) A carbon atom with a positive charge (d) An oxygen atom with a negative charge
APPLY the skill 1.20 Silicon is the second most abundant element in the Earth's crust, and its compounds

can be as ordinary as beach sand. However, silicon also plays an indispensable role in modern
devices such as computers, cell phones, semiconductors, and solar panels. A recent technol-
ogy incorporates silicon in nanometer-sized particles called quantum dots that act as lumines-
cent labels for pancreatic cancer cells.® Identify the electron configuration of a silicon atom.

P
%

need more PRACTICE? Try Problem 1.44
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FIGURE 1.11

Constructive interference
resulting from the interaction
of two electrons.

FIGURE 1.12

Destructive interference
resulting from the interaction
of two electrons.

. ' . .

FIGURE 1.13

The overlap of the 1s atomic orbitals of two hydrogen
atoms, forming molecular hydrogen (H,).

1.7 Valence Bond Theory

With the understanding that electrons occupy regions of space called orbitals, we can now turn our atten-
tion to a deeper understanding of covalent bonds. Specifically, a covalent bond is formed from the overlap
of atomic orbitals. There are two commonly used theories for describing the nature of atomic orbital
overlap: valence bond theory and molecular orbital (MO) theory. The valence bond approach is more
simplistic in its treatment of bonds, and therefore we will begin our discussion with valence bond theory.

If we are going to treat electrons as waves, then we must quickly review what happens when
two waves interact with each other. Two waves that approach each other can interfere in one of two
possible ways—constructively or destructively. Similarly, when atomic orbitals overlap, they can
interfere either constructively (Figure 1.11) or destructively (Figure 1.12).

An electron An electron

is like a wave s like a wave Bring these ...and the
waves closer waves reinforce
/-\ /-\ together... /><\ each other /‘\
_— _ >
L] L]
B S — >
Internuclear distance Internuclear Constructive
distance interference

Constructive interference produces a wave with larger amplitude. In contrast, destructive interfer-
ence results in waves canceling each other, which produces a node (Figure 1.12).

Bring these ...and the
waves closer waves cancel
/\ together... /\ each other /A node
Destructive

interference

According to valence bond theory, a bond is simply the sharing of electron density between two
atoms as a result of the constructive interference of their atomic orbitals. Consider, for example, the
bond that is formed between the two hydrogen atoms in molecular hydrogen (H,). This bond is
formed from the overlap of the 1s orbitals of each hydrogen atom (Figure 1.13).

The electron density of this bond is primarily located on the bond axis (the line that can be
drawn between the two hydrogen atoms). This type of bond is called a sigma () bond and is char-
acterized by circular symmetry with respect to the bond axis. To visualize what this means, imagine
a plane that is drawn perpendicular to the bond axis. This plane will carve out a circle (Figure 1.14).
This is the defining feature of 0 bonds and will be true of all purely single bonds. Therefore, a// single
bonds are o bonds.

Circular
cross section

FIGURE 1.14

An illustration of a sigma bond,
showing the circular symmetry
with respect to the bond axis.



FIGURE 1.16

A low-energy molecular
orbital of CH3Br. Red and
blue regions indicate the
different phases, as described
in Section 1.6. Notice that this
molecular orbital is associated
with the entire molecule,
rather than being associated
with two specific atoms.
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1.8 Molecular Orbital Theory

In most situations, valence bond theory will be sufficient for our purposes. However, there will be
cases in the upcoming chapters where valence bond theory will be inadequate to describe the observa-
tions. In such cases, we will utilize molecular orbital theory, a more sophisticated approach to viewing
the nature of bonds.

Molecular orbital (MO) theory uses mathematics as a tool to explore the consequences of atomic
orbital overlap. The mathematical method is called the linear combination of atomic orbitals (LCAO).
According to this theory, atomic orbitals are mathematically combined to produce new orbitals, called
molecular orbitals.

It is important to understand the distinction between atomic orbitals and molecular orbitals. Both
types of orbitals are used to accommodate electrons, but an atomic orbital is a region of space associated
with an individual atom, while a molecular orbital is associated with an entire molecule. That is, the
molecule is considered to be a single entity held together by many electron clouds, some of which can
actually span the entire length of the molecule. These molecular orbitals are filled with electrons in a
particular order in much the same way that atomic orbitals are filled. Specifically, electrons first occupy
the lowest energy orbitals, with a maximum of two electrons per orbital. In order to visualize what it
means for an orbital to be associated with an entire molecule, we will explore two molecules: molecular
hydrogen (H;) and bromomethane (CH3Br).

Consider the bond formed between the two hydrogen atoms in molecular hydrogen. This
bond is the result of the overlap of two atomic orbitals (s orbitals), each of which is occupied by one
electron. According to MO theory, when two atomic orbitals overlap, they cease to exist. Instead,
they are replaced by two molecular orbitals, each of which is associated with the entire molecule
(Figure 1.15).

Node
) Antibonding MO
Energy 1s 1— —L 1s
1

o Bonding MO
FIGURE 1.15

An energy diagram showing the relative energy levels of bonding and antibonding
molecular orbitals.

In the energy diagram shown in Figure 1.15, the individual atomic orbitals are represented
on the right and left, with each atomic orbital having one electron. These atomic orbitals are
combined mathematically (using the LCAO method) to produce two molecular orbitals. The
lower energy molecular orbital, or bonding MO, is the result of constructive interference of
the original two atomic orbitals. The higher energy molecular orbital, or antibonding MO, is
the result of destructive interference. Notice that the antibonding MO has one node, which
explains why it is higher in energy. Both electrons occupy the bonding MO in order to achieve a
lower energy state. This lowering in energy is the essence of the bond. For an H—H bond, the
lowering in energy is equivalent to 436 kJ/mol. This energy corresponds with the bond strength
of an H—H bond (as shown in Figure 1.2).

Now let’s consider a molecule such as CH;3Br, which contains more than just one bond.
Valence bond theory continues to view each bond separately, with each bond being formed
from two overlapping atomic orbitals. In contrast, MO theory treats the bonding electrons
as being associated with the entire molecule. The molecule has many molecular orbitals, each
of which can be occupied by two electrons. Figure 1.16 illustrates one of the many molecular
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FIGURE 1.17
The LUMO of CH3Br.

Energy 1L

FIGURE 1.18
An energy diagram showing the
electron configuration of carbon.

Ve .
109.5° \ ks

109.5°
A

1005
109.5°

FIGURE 1.20

The tetrahedral geometry
of methane. All bond
angles are 109.5°.

orbitals of CH;3Br. This molecular orbital is capable of accommodating up to two electrons. Red
and blue regions indicate the different phases, as described in Section 1.6. As we saw with molecu-
lar hydrogen, not all molecular orbitals will be occupied. The bonding electrons will occupy the
lower energy molecular orbitals (such as the one shown in Figure 1.16), while the higher energy
molecular orbitals remain unoccupied. For every molecule, two of its molecular orbitals
will be of particular interest: (1) the highest energy orbital from among the occupied
orbitals is called the highest occupied molecular orbital, or HOMO, and (2) the low-
est energy orbital from among the unoccupied orbitals is called the lowest unoccupied
molecular orbital, or LUMO. For example, in Chapter 7, we will explore a reaction in
which CH;Br is attacked by a hydroxide ion (HO ). In order for this process to occur,
the hydroxide ion must transfer its electron density into the lowest energy, empty molec-
ular orbital, or LUMO, of CH;3Br (Figure 1.17). The nature of the LUMO (i.e., number of
nodes, location of nodes, etc.) will be useful in explaining the preferred direction from which
the hydroxide ion will attack.

We will use MO theory several times in the chapters that follow. Most notably, in Chapter 16,
we will investigate the structure of compounds containing several double bonds. For those com-
pounds, valence bond theory will be inadequate, and MO theory will provide a more meaningful
understanding of the bonding structure. Throughout this textbook, we will continue to develop both
valence bond theory and MO theory.

1.9 Hybridized Atomic Orbitals
Methane and sp® Hybridization

Let us now apply valence bond theory to the bonds in methane:

H
I
H—C—H
I
H
Methane

Recall the electron configuration of carbon (Figure 1.18). This electron configuration cannot satisfac-
torily describe the bonding structure of methane (CHy), in which the carbon atom has four separate
C—H bonds, because the electron configuration shows only two atomic orbitals capable of forming
bonds (each of these orbitals has one unpaired electron). This would imply that the carbon atom will
form only two bonds, but we know that it forms four bonds. We can solve this problem by imagin-
ing an excited state of carbon (Figure 1.19): a state in which a 2s electron has been promoted to a

Energy 10 o5 Excitation 1 o5
l i1s 1— 1s
FIGURE 1.19

An energy diagram showing the electronic excitation of an electron in
a carbon atom.

higher energy 2p orbital. Now the carbon atom has four atomic orbitals capable of forming bonds,
but there is yet another problem here. The geometry of the 25 and three 2p orbitals does not satisfac-
torily explain the observed three-dimensional geometry of methane (Figure 1.20). All bond angles
are 109.5°, and the four bonds point away from each other in a perfect tetrahedron. This geometry
cannot be explained by an excited state of carbon because the s orbital and the three p orbitals do not
occupy a tetrahedral geometry. The p orbitals are separated from each other by only 90° (as seen in
Figure 1.5) rather than 109.5°.



FIGURE 1.21

An energy diagram showing
four degenerate hybridized
atomic orbitals.

L

FIGURE 1.22
An illustration of an sp3—
hybridized atomic orbital.

FIGURE 1.23

A tetrahedral carbon atom using
each of its four sp>-hybridized
orbitals to form a bond.
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This problem was solved in 1931 by Linus Pauling, who suggested that the electronic configura-
tion of the carbon atom in methane does not necessarily have to be the same as the electronic con-
figuration of a free carbon atom. Specifically, Pauling mathematically averaged, or hybridized, the 2s
orbital and the three 2p orbitals, giving four degenerate hybridized atomic orbitals (Figure 1.21). The
hybridization process in Figure 1.21 does not represent a real physical process that the orbitals undergo.

! |

i _1 _1 _L 2p| - i - 717 o 71 77777 [ "' Four degenerate

! ‘ ‘ ' sp® orbital

| | | — e e | S OFDIEEIS
Eneroy f | " Hybridize

1 1 | —_—

o —0s

1— '1s _1L 1S

Rather, it is a mathematical procedure that is used to arrive at a satisfactory description of the observed
bonding. This procedure gives us four orbitals that were produced by averaging one s orbital and three
 orbitals, and therefore we refer to these atomic orbitals as spa—hybridized orbitals. Figure 1.22 shows
an sp’-hybridized orbital. If we use these hybridized atomic orbitals to describe the bonding of meth-
ane, we can successfully explain the observed geometry of the bonds. The four sp°-hybridized orbitals
are equivalent in energy (degenerate) and will therefore position themselves as far apart from each other
as possible, achieving a tetrahedral geometry. Also notice that hybridized atomic orbitals are unsym-
metrical. That is, hybridized atomic orbitals have a larger front lobe (shown in red in Figure 1.22) and
a smaller back lobe (shown in blue). The larger front lobe enables hybridized atomic orbitals to be more
efficient than p orbitals in their ability to form bonds.

Using valence bond theory, each of the four bonds in methane is represented by the overlap
between an sp>-hybridized atomic orbital from the carbon atom and an s orbital from a hydrogen
atom (Figure 1.23). For purposes of clarity the back lobes (blue) have been omitted from the images
in Figure 1.23.

The bonding in ethane is treated in much the same way:

Methane, CH,

P 0
H—(l)—(l)—H
H H

Ethane
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All bonds in this compound are single bonds, and therefore they are all 0 bonds. Using the valence
bond approach, each of the bonds in ethane can be treated individually and is represented by the
overlap of atomic orbitals (Figure 1.24).

o Bonds

FIGURE 1.24
A valence bond picture of
the bonding in ethane.

‘ CONCEPTUAL CHECKPOINT

1.21 Cyclopropane is a compound in which the carbon atoms | Each of the carbon atoms in cyclopropane is sp® hybridized.

form a three-membered ring: © Cyclopropane is more reactive than other cyclic compounds
H H (four-membered rings, five-membered rings, etc.). Analyze the
\c/ . bond angles in cyclopropane and explain why cyclopropane is so
/N 3 i
H—C—C—H . reactive.
/N
H H

Cyclopropane

Double Bonds and sp? Hybridization

Now let’s consider the structure of a compound bearing a double bond. The simplest example is
ethylene.

H\C=C/H
/ AN

H H

Ethylene

4 Ethylene exhibits a planar geometry (Figure 1.25). A satisfactory model for explaining this geometry
. can be achieved by the mathematical maneuver of hybridizing the s and p orbitals of the carbon atom

/\ e \/ to obtain hybridized atomic orbitals. When we did this procedure earlier to explain the bonding in
# Ll methane, we hybridized the s orbital and all three p orbitals to produce four equivalent sp°-hybridized
orbitals. However, in the case of ethylene, each carbon atom only needs to form bonds with three

FIGURE 1.25 .. . . .
All six atoms of ethylene atoms, not four. Therefore, each carbon atom only needs three hybridized orbitals. So in this case

are in one plane. we will mathematically average the s orbital with only two of the three p orbitals (Figure 1.26). The
remaining p orbital will remain unaffected by our mathematical procedure.

/ 1 1\\ 1 This orbital 1
|! — d\— 2p is not affected  — 2p
! \ " 717 o 717 o i | Three degenerate
! \\ | — — —/‘ Sp2 orbitals
\ o
Energy \ \ Hybridize
\ I —
\ 1
FIGURE 1.26 N ]

An energy diagram showing
three degenerate
spz—hybridized atomic orbitals. — 1S — 1S
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y The result of this mathematical operation is a carbon atom with one p orbital and three
sp’-hybridized orbitals (Figure 1.27). In Figure 1.27 the p orbital is shown in red
and blue, and the hybridized orbitals are shown in gray (for clarity, only the front
lobe of each hybridized orbital is shown). They are called sp*-hybridized orbit-
als to indicate that they were obtained by averaging one s orbital and two
 orbitals. As shown in Figure 1.27, each of the carbon atoms in ethylene is sp*
hybridized, and we can use this hybridization state to explain the bonding structure
02 Orbital of ethylene.

Each carbon atom in ethylene has three sp*-hybridized orbitals available to form
o bonds (Figure 1.28). One 0 bond forms between the two carbon atoms, and then each

FIGURE 1.27 carbon atom also forms a ¢ bond with each of its neighboring hydrogen atoms.

An illustration of an sp’- In addition, each carbon atom has one p orbital (shown in Figure 1.28 with blue and red lobes).
hybridized carbon atom.

sp? Orbital

sp? O\rbital

p Orbital ~ X

o Bonds o Bonds

o Bond
overlap

FIGURE 1.28
An illustration of the o bonds in ethylene.

These p orbitals actually overlap with each other as well, which is a separate bonding interaction
called a pi () bond (Figure 1.29). Do not be confused by the nature of this type of bond. It is true
that the 7 overlap occurs in two places—above the plane of the molecule (in red) and below the plane
(in blue). Nevertheless, these two regions of overlap represent only one interaction called a 7 bond.

The image of the 7 bond in Figure 1.29 is based on the valence bond approach (the p orbitals
are simply drawn overlapping each other). Molecular orbital theory provides a fairly similar image
of a ™ bond. Compare Figure 1.29 with the bonding MO in Figure 1.30.

To summarize, we have seen that the carbon atoms of ethylene are connected via a ¢ bond and
a 7 bond. The ¢ bond results from the overlap of sp*-hybridized atomic orbitals, while the 7 bond
results from the overlap of p orbitals. These two separate bonding interactions (0 and 7) comprise

the double bond of ethylene.

7 Bond

FIGURE 1.29
An illustration of the 7

bond in ethylene. 7 Antibonding MO

Energy

3 7 Bonding MO
FIGURE 1.30

An energy diagram showing images of bonding and
antibonding MOs in ethylene.
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‘ CONCEPTUAL CHECKPOINT

1.22 Consider the structure of formaldehyde: © 1.23 Sigma bonds experience free rotation at room temperature:
o H H
g i H//C‘@C<\H
H >, 3 H H
Formaldehyde

In contrast, # bonds do not experience free rotation. Explain.

dentifv th ¢ bonds that f he C—0 double bond (Hint: Compare Figures 1.24 and 1.29, focusing on the orbitals
(@) Identify the type of bonds that form the C=0 double bond. used in forming a 0 bond and the orbitals used in forming a 7

(b) Identify the atomic orbitals that form each C—H bond. ' bond. In each case, what happens to the orbital overlap during
(c) What type of atomic orbitals do the lone pairs occupy? ! bond rotation?)

Triple Bonds and sp Hybridization
Now let’s consider the bonding structure of a compound bearing a triple bond, such as acetylene:
H—C=C—H
Acetylene

A triple bond is formed by sp-hybridized carbon atoms. To achieve sp hybridization, one s
orbital is mathematically averaged with only one p orbital (Figure 1.31). This leaves two p orbitals

These orbitals
are not affected

~
\
i

1_1_ Lz —1—1 2p
N . L 1 \; Two degenerate
Hybridize  \—o =) Sp orbitals
Energy 1 ‘,23

FIGURE 1.31
An energy diagram showing two degenerate sp-hybridized atomic orbitals.

unaffected by the mathematical operation. As a result, an sp-hybridized carbon atom
has two sp orbitals and two p orbitals (Figure 1.32).

The two sp-hybridized orbitals are available to form ¢ bonds (one on either side),
and the two p orbitals are available to form 7 bonds, giving the bonding structure for
acetylene shown in Figure 1.33. A triple bond between two carbon atoms is therefore
sp Orbital  the result of three separate bonding interactions: one ¢ bond and two 7 bonds. The o
bond results from the overlap of sp orbitals, while each of the two 7 bonds result from
overlapping p orbitals. As shown in Figure 1.33, the geometry of the triple bond is linear.

p Orbitals

sp Orbital

FIGURE 1.32

An illustration of an sp-hybridized
carbon atom. The sp-hybridized
orbitals are shown in gray.

FIGURE 1.33
An illustration of the o bonds
and 7 bonds in acetylene.
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1.9 Hybridized Atomic Orbitals

\ 1.7 IDENTIFYING HYBRIDIZATION STATES

(D)

Identify the hybridization state of each carbon atom in the following compound:

|
H
H ~C—C=C—H
N
H c=¢C
H—c—c
[ H
H H

SOLUTION
To determine the hybridization state of an uncharged carbon atom, simply count the number
of o bonds and 7 bonds:

sp® sp? sp

A carbon atom with four single bonds (four ¢ bonds) will be sp3 hybridized. A carbon atom with
three o bonds and one 7 bond will be sp? hybridized. A carbon atom with two o bonds and two
7 bonds will be sp hybridized. Carbon atoms bearing a positive or negative charge will be dis-
cussed in more detail in the upcoming chapter.

Using the simple scheme above, the hybridization state of most carbon atoms can be
determined instantly:

sp? sp
A
sp° H  “C—C=C—H

N/
l c=c¢
H—8—C \T\H
T,
H H sp’

H Oy Hoh
I H H—Cc—c¢’
H=0C7 Q% Lo [
b - H—C—C=C—C—C—H H=C—C,
(2) H b) " HoH @ w "
:ﬁ.c
H H
\ / i
C=C=C=¢C c
(d) H H (e) H~ H
H
\C "O"
1.25 Nemotin is a compound that was first isolated from the % U
fungi Poria tenuis and Poria corticola in the 1940s and was shown e :07 ¢l
to possess potent antibacterial activity. However, its structure W% H—\C—C/\\HH
was not verified until it was made in the laboratory much more c=c=d H
recently.” Determine the hybridization state of each carbon atom H H
in nemotin. Nemotin

need more PRACTICE? Try Problems 1.55, 1.56
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Bond Strength and Bond Length

The information we have seen in this section allows us to compare single bonds, double bonds, and
triple bonds. A single bond has only one bonding interaction (a 0 bond), a double bond has two
bonding interactions (one o bond and one 7 bond), and a triple bond has three bonding interactions
(one 0 bond and two 7 bonds). Therefore, it is not surprising that a triple bond is stronger than a
double bond, which in turn is stronger than a single bond. Compare the strengths and lengths of the
C—C bonds in ethane, ethylene, and acetylene (Table 1.2).

TABLE 1.2 COMPARISON OF BOND LENGTHS AND BOND ENERGIES FOR ETHANE,
ETHYLENE, AND ACETYLENE

ETHANE ETHYLENE ACETYLENE
Structure
1.20 A
C—C bond length 1.54 A 1.34 A 1.20 A
Bond energy 368 kJ/mol 632 kJ/mol 820 kJ/mol

CONCEPTUAL CHECKPOINT

1.26 Rank the indicated bonds in terms of increasing bond length:

1.10 Predicting Molecular Geometry: VSEPR Theory

The shapes of small molecules can often be predicted if we presume that all electron pairs (whether
bonding or nonbonding) repel each other, and as such, they arrange themselves in three-dimensional
space so as to achieve maximal distance from each other. This approach, called valence shell electron
pair repulsion (VSEPR) theory, enables us to make quick predictions about molecular geometry. In
this section, we will encounter several different molecular shapes for small molecules, all of which are
predicted accurately using the VSEPR model.

Tetrahedral Geometry

We begin our analysis with methane (CHy), in which the carbon atom has four o bonds and no
lone pairs. VSEPR theory presumes that all four electron pairs will be positioned so as to achieve
maximal distance from each other, suggesting a tetrahedral arrangement. That is, the VSEPR model
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predicts that the four hydrogen atoms should be positioned at the four corners of a tetrahedron
(Figure 1.34a). This prediction is consistent with 5103 hybridization, as described by valence bond
theory (Section 1.9), and it is also consistent with the observed bond angles of 109.5° (Figure 1.34b).

FIGURE 1.34

(a) The tetrahedral arrangement
of electron pairs in CHy.

(b) All bond angles in

CH, are 109.5°. (a) (b)

Trigonal Pyramidal Geometry

Now lets apply the VSEPR model to ammonia (NHj), in which the nitrogen atom has three o
bonds and one lone pair. The total number of electron pairs, also called the steric number, is four
in this case (as it was in the previous case as well). VSEPR theory presumes that all four electron
pairs will be positioned so as to achieve maximal distance from each other, suggesting once again a
tetrahedral arrangement (Figure 1.35a). However, in this case, a lone pair is positioned at one corner
of the tetrahedron. This predicted arrangement is observed to be accurate, and it is consistent with
the valence bond approach, in which the nitrogen atom is sp” hybridized, and the lone pair occupies
an sp°-hybridized orbital.

N —107°

H

107° 107°
\_/+/

(a) (b) (c)

FIGURE 1.35

(a) The tetrahedral arrangement of electron pairs in NH3.
(b) All bond angles in NH3 are approximately 107°.

(c) NH3 has trigonal pyramidal geometry.

As illustrated in Figure 1.36b, the bond angles for ammonia are observed to be 107°, rather than
109.5°. This shorter bond angle can be justified by VSEPR theory if we presume that lone pairs repel
more strongly than 6 bonds (lone pairs are not bound by another nucleus, so they occupy more space
than bonding electron pairs). As such, the lone pair in ammonia repels the three bonds more strongly,
causing the H—N-—H bond angle to be less than 109.5°.

When we describe the geometry (or shape) of a molecule, we are generally referring to the
arrangement of atoms. When we focus only on the positions of the atoms (ignoring the lone pair),
the shape of ammonia is trigonal pyramidal (Figure 1.35¢). “Trigonal” indicates the nitrogen atom
is connected to three other atoms, and “pyramidal” indicates the compound is shaped like a pyramid,
with the nitrogen atom sitting at the top of the pyramid.
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FIGURE 1.36

(a) The tetrahedral arrangement
of electron pairs in H,O,

as predicted by VSEPR.

(b) The bond angle in H,O

is approximately 105°.

(c) H,0O has bent geometry.

Bent Geometry

Now lets apply the VSEPR model to water (H,O), in which the oxygen atom has two o bonds
and two lone pairs. With a total of four electron pairs to consider (steric number = 4), VSEPR
theory presumes that all four electron pairs will be positioned so as to achieve maximal distance
from each other, suggesting once again a tetrahedral arrangement (Figure 1.36a). Notice that the
VSEPR model predicts that the lone pairs should be positioned at two corners of the tetrahedral
arrangement.

o @
@

(b) ()

Once again, VSEPR theory can explain the observed bond angle (105°) by considering the effect
of two lone pairs (Figure 1.36b). Specifically, the lone pairs repel each other more strongly than ¢
bonds, causing the H—O-—H bond angle to be even smaller than the bond angles in ammonia. In
order to describe the geometry of HyO, we focus on the arrangement of atoms, which gives a bent
geometry (Figure 1.36¢).

This analysis demonstrates that the VSEPR model correctly predicts the bent geometry of water,
and the observed bond angle is even justified. However, VSEPR theory also predicts that the two lone
pairs of H,O should be degenerate (the same energy), and this has proven to be false. Experiments
conducted over 30 years ago have revealed that the lone pairs of H,O are indeed different (one lone
pair is significantly higher in energy than the other). These observations strongly suggest that at least
one lone pair occupies a p orbital, while the other lone pair occupies a lower-energy, hybridized
orbital. Since one lone pair occupies a p orbital, the oxygen atom cannot be 5p° hybridized, as we
might expect from a classical interpretation of valence bond theory and VSEPR theory. In this case,
the VSEPR model fails to explain why the lone pairs are different in hybridization, energy, and ori-
entation. Indeed, this is compelling evidence that the VSEPR model does not take all of the relevant
factors into account when predicting geometry. The VSEPR model assumes that steric repulsion of
electrons is the only factor that determines electronic and molecular structures, but there are often
additional relevant factors. In the case of HyO, the lone pairs do NOT occupy the two corners of
a tetrahedron, as predicted. Although VSEPR theory has correctly predicted the bent geometry of
H,O0, it appears to have done so for the wrong reasons. This example illustrates that VSEPR is just
a first approximation. It is just a model, incomplete and flawed (as most simple models are), but it
is nevertheless useful, because it can be used to predict the geometry for most small molecules with
reasonable accuracy.

Thus far, we have seen three different molecular shapes: tetrahedral, trigonal pyramidal, and
bent. We will now explore other common molecular shapes that are accurately predicted with

VSEPR theory.

Trigonal Planar Geometry

Consider the structure of BF;. Boron has three valence electrons, each of which is used to form a o
bond. Therefore, the boron atom requires the use of three hybridized orbitals (rather than four, as
we have seen in previous examples). Applying valence bond theory, we expect the boron atom to be
sp” hybridized (with three equivalent sp*-hybridized orbitals and one empty p orbital). As we saw in



FIGURE 1.37
BFj3 has trigonal planar geometry,
with bond angles of 120°.

FIGURE 1.38
BeH, has linear geometry,
with a bond angle of 180°.

1.10  Predicting Molecular Geometry: VSEPR Theory

Section 1.9, sp* hybridization is associated with trigonal planar geometry, in which all bond angles
are 120° (Figure 1.37). The term “trigonal” indicates that the boron atom is connected to three other
atoms, and the term “planar” indicates that all atoms lie in the same plane.

Once again, the VSEPR model correctly predicts the trigonal planar geometry of BF;. There are
three electron pairs that are repelling each other (steric number = 3), and they are expected to posi-
tion themselves in space so as to achieve maximal separation. This is only accomplished in a trigonal
planar arrangement, with bond angles of 120°, exactly as observed.

Linear Geometry

Consider the structure of BeH,. Beryllium has two valence electrons, each of which is used to
form a o bond. The beryllium atom therefore requires only two hybridized orbitals, and must
be sp hybridized. Recall (Section 1.9) that sp hybridization is associated with linear geometry
(Figure 1.38):

D @

Linear geometry
of BeH,

Once again, the VSEPR model correctly predicts the linear geometry of BeH,. There are two electron
pairs that are repelling each other (steric number = 2), and they are expected to position themselves
in space so as to achieve maximal separation. This is only accomplished in a linear arrangement, with
a bond angle of 180°.

In summary, we have encountered five different molecular shapes, all of which are listed in

Table 1.3.

TABLE 1.3 COMMON MOLECULAR SHAPES THAT CAN BE PREDICTED WITH VSEPR THEORY

EXAMPLE BONDING NONBONDING STERIC PREDICTED PREDICTED
ELECTRON PAIRS ELECTRON PAIRS ~ NUMBER  ARRANGEMENT OF MOLECULAR
(BONDS) (LONE PAIRS) ELECTRON PAIRS GEOMETRY

CHy4 4 0 4 Tetrahedral Tetrahedral

NH3 3 1 4 Tetrahedral Trigonal Pyramidal

H,O 2 2 4 Tetrahedral Bent

BF; 3 0 3 Trigonal Planar Trigonal Planar

BeH, 2 0 2 Linear Linear
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\ 1.8 PREDICTING GEOMETRY

Using VSEPR theory, predict the geometry of a hydronium ion (H30™):

H

I
®
o}
H " >H

SOLUTION

We begin by counting the number of electron pairs (bonding and nonbonding) on the oxy-
gen atom. There are three sigma bonds and one lone pair, giving a total of four electron
pairs (steric number = 4).

Next, identify the arrangement of the electron pairs in 3D space. According to VSEPR
theory, we presume that all electron pairs will be positioned so as to achieve maximal dis-
tance from one another. Since there are four electron pairs, VSEPR theory predicts a tetrahe-
dral arrangement of electron pairs.

In this case, a lone pair is predicted to occupy one corner of the tetrahedron, giving rise
to trigonal pyramidal geometry (just like NH3).

1.27 Use VSEPR theory to predict the geometry for each of the following structures:

H Cl
| F | |
H— : —H l|3 H—I}I—H C|—(I:—H
() (b) 7 F (¢ H d C

1.28 Compare the structures of a carbocation and a carbanion:

I I
@ S
/C\ /C\

Carbocation Carbanion

In one of these ions, the central carbon atom is trigonal planar, while the other is trigonal
pyramidal. Using VSEPR theory, assign the correct geometry to each ion.

1.29 Ammonia (NH3) will react with a strong acid, such as hydronium (H;O%), to give an
ammonium ion, as shown below. This type of process is an acid-base reaction, which will
be the topic of Chapter 3. Using VSEPR theory, determine whether you expect a change in
bond angles when ammonia is converted into an ammonium ion. Explain.

i I
H/N\H + H30® _— H—I}I®—H + H,O
H
Ammonia Ammonium ion

1.30 When sand is coated with a layer of trimethylhydroxysilane, (CH3)3SiOH, it repels
water and can no longer get wet. Hydrophobic sand (aka, magic sand) is fun to play with,
but it can also have useful applications in agriculture to reduce water consumption.® Predict
the geometry for the silicon atom in trimethylhydroxysilane.

Try Problems 1.40, 1.41, 1.50, 1.55, 1.56, 1.58

1.11 Dipole Moments and Molecular Polarity

Recall that induction is caused by the presence of an electronegative atom, as we saw earlier in the case

of chloromethane. In Figure 1.39a the arrow shows the inductive effect of the chlorine atom. Figure
1.39b is a map of the electron density, revealing that the molecule is polarized. Chloromethane is



FIGURE 1.39

(a) Ball-and-stick model of
chloromethane showing

the dipole moment.

(b) An electrostatic potential
map of chloromethane.
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1.11  Dipole Moments and Molecular Polarity

said to exhibit a dipole moment, because the center of negative charge and the center of positive charge
are separated, from one another by a certain distance. The dipole moment (w) is used as an indicator of
polarity, where w is defined as the amount of partial charge (8) on either end of the dipole multiplied
by the distance of separation (d):

m=06Xd

Partial charges (6+ and 6—) are generally on the order of 10~ "% esu (electrostatic units) and the dis-
tances are generally on the order of 10® cm. Therefore, for a polar compound, the dipole moment (w)
will generally have an order of magnitude of around 10~
methane, for example, is 1.87 X 10~ '8
on this order of magnitude (10~ '®), it is more convenient to report dipole moments with a new unit,

called a debye (D), where

esu - cm. The dipole moment of chloro-
esu * cm. Since most compounds will have a dipole moment

1 debye = 107 ¥ esu - em

Using these units, the dipole moment of chloromethane is reported as 1.87 D. The debye unit is
named after Dutch scientist Peter Debye, whose contributions to the fields of chemistry and physics
earned him a Nobel Prize in 1936.

w=187D
(a) (b)

Measuring the dipole moment of a particular bond allows us to calculate the percent ionic
character of that bond. As an example, let’s analyze a C—Cl bond. This bond has a bond length
of 1.772 X 10~ ® cm, and an electron has a charge of 4.80 X 10~ ' esu. If the bond were 100%
ionic, then the dipole moment would be

e X d
(4.80 X 10 0 esu) X (1.772 X 10~ % cm)

=851 X 10 ®esu-cm

uw

or 8.51 D. In reality, the bond is not 100% ionic. The experimentally observed dipole moment is
measured at 1.87 D, and we can use this value to calculate the percent ionic character of a C—Cl

bond:

1.87 D
8.51 D

X100% = [22%
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FIGURE 1.40

The molecular dipole
moment of dichloromethane
is the net sum of all dipole
moments in the compound.

[ 3

FIGURE 1.42

A ball-and-stick model of carbon
tetrachloride. The individual
dipole moments cancel to give
a zero net dipole moment.

Table 1.4 shows the percent ionic character for a few of the bonds that we will frequently encounter
in this text. Take special notice of the C=0O bond. It has considerable ionic character, rendering it
extremely reactive. Chapters 19-21 are devoted exclusively to the reactivity of compounds contain-

ing C=0 bonds.

TABLE 1.4 PERCENT IONIC CHARACTER FOR SEVERAL BONDS

BOND BOND LENGTH  OBSERVED j (D) ~ PERCENT IONIC CHARACTER

(x 1078 cwm)
—18 .
c—0 141 07D (07x10 Zesu-cm) _____ » 100% = [10%
(4.80 x 107" esu)(1.41 x 10°cm)
-18 .
O—H 09 1.5D (.5 x 10 2esu-cm) 4009,  33%
(4.80 x 107'"Y esu)(0.96 x 10°cm)
-18 o
c=0 1227 24D (A o T esm o @il x 100% = 41%

(4.80 x 10719 esu)(1.23 x 108 cm)

Chloromethane was a simple example, because it has only one polar bond. When dealing with a
compound that has more than one polar bond, it is necessary to take the vector sum of the individual
dipole moments. The vector sum is called the molecular dipole moment, and it takes into account
both the magnitude and the direction of each individual dipole moment. For example, consider the
structure of dichloromethane (Figure 1.40). The individual dipole moments partially cancel, but
not completely. The vector sum produces a dipole moment of 1.14 D, which is significantly smaller
than the dipole moment of chloromethane because the two dipole moments here partially cancel
each other.

The vector sum

I:Cfl: of the individual :Cl:

s dipole moments (l_)/

H™¢ >Ci: produces a H™¢ ~ci
H \ : molecular dipole moment H v

Molecular dipole moment

The presence of a lone pair has a significant effect on the molecular dipole moment. The two
electrons of a lone pair are balanced by two positive charges in the nucleus, but the lone pair is
separated from the nucleus by some distance. There is, therefore, a dipole moment associated with
every lone pair. A common example is ammonia (Figure 1.41). In this way, the lone pair contributes
significantly to the magnitude of the molecular dipole moment, although its direction is not altered.
That is, the direction of the molecular dipole moment would be the same with or without the con-
tribution of the lone pair.

I Net
e
N I .
H \'\H H dipole moment

FIGURE 1.41
The net dipole moment of ammonia.

Table 1.5 shows experimentally observed molecular dipole moments for several common
solvents. Notice that carbon tetrachloride (CCly) has no molecular dipole moment. In this case,
the individual dipole moments cancel each other completely to give the molecule a zero net dipole
moment (u = 0). This example (Figure 1.42) demonstrates that we must take geometry into
account when assessing molecular dipole moments.



1.11  Dipole Moments and Molecular Polarity 31

TABLE 1.5 DIPOLE MOMENTS FOR SOME COMMON SOLVENTS (AT 20°C)

COMPOUND STRUCTURE DIPOLE | COMPOUND STRUCTURE DIPOLE
MOMENT MOMENT
Acetone ﬁ 2.69D | Ammonia NH; 1.47 D
HaC~  CHs
Chloromethane CH;Cl 1.87 D | Diethyl ether H H H 1.15D
H—(‘:—(‘;—é—c‘:—(‘:—H
T
Water H,O 1.85D | Methylene CH,Cl, 1.14D
chloride
Methanol CH3;0OH 1.69D | Pentane H H H H 0D
HoG— GGG
bbb
Ethanol H H 1.66 D | Carbon CCly 0D

SKILLBUILDER

1.9 IDENTIFYING THE PRESENCE OF MOLECULAR DIPOLE MOMENTS

{

LEARN the skill

STEP 1
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direction of all
dipole moments.
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Draw the net
dipole moment.

‘ oo tetrachloride

Identify whether each of the following compounds exhibits a molecular dipole moment. If
so, indicate the direction of the net molecular dipole moment:

(a) CH3CH20CH2CH3 (b) C02

SOLUTION

(a) In order to determine whether the individual dipole moments cancel each other com-
pletely, we must first predict the molecular geometry. Specifically, we need to know if the
geometry around the oxygen atom is linear or bent:

H H
| o A
HgC—C—0—C—CHjs _C C
I I HaC™ \ /" “CH,
H H H H
Linear Bent

To make this determination, we use the method described in the previous SkillBuilder. The
oxygen atom has two ¢ bonds and two lone pairs, so the steric number is 4. Since there are
two lone pairs, VSEPR theory predicts bent geometry.

After determining the molecular geometry, now draw all dipole moments and deter-
mine whether they cancel each other. In this case, they do not fully cancel each other:

W/
H o H H KN H
\C& ~x / These individual dipole moments \C/ \C/
- AN roduce a net dipole moment - ~
HsC \H H/ CHy P P HsC \H H/ CHg

This compound does in fact have a net molecular dipole moment, and the direction of the
moment is shown above.
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(b) Carbon dioxide (CO,) has two C=0 bonds, each of which exhibits a dipole moment.
In order to determine whether the individual dipole moments cancel each other completely,
we must first predict the molecular geometry. Once again, we use the method described in
the previous SkillBuilder. The carbon atom has two ¢ bonds and no lone pairs, so the steric
number is two. Accordingly, VSEPR theory predicts linear geometry. Therefore, we expect
the dipole moments to fully cancel each other:

‘o=c=aq;

In a similar way, the dipole moments associated with the lone pairs also cancel each other,
and therefore CO, does not have a net molecular dipole moment.

0 PRACTICE the skill 1.31 Identify whether each of the following compounds exhibits a molecular dipole moment.
) For compounds that do, indicate the direction of the net molecular dipole moment:
(a) CHCI; (b) CH30OCHj4 (c) NH; (d) CCl,Br,
H (IDI H
. N/ H
H .- H H .. H \ _C._/ HON /
o) \ Ol _ I A~H A TN
H_\C\/ \/C/_H H_?/ \?—H H ? ? (i.: (i.: H
H—C—C—H H—C.__C—H W= P~e %0: WP O
/A 7ol H /A = H /A
(€ H H (f) H H (9) H H (h)
C Ii ;C | H\ /C | :pl \ /H . CI\ '/C_l:
c=c c=¢ c=¢ c=c
Vit . \ 2 . \
(i H H ( .Cl. H (ky C- H (n -C. .Cl.
° APPLY the skill 1.32 Volatile organic compounds (VOCs) contribute to the " "
aroma of plants and can also be used for communication o=c o=c
Q between plants. Diphenyl eqther was identified as a minor H—C/ C_0_cC o—H
VOC found in tomato plants.” Identify whether diphenyl ether \/\C—C/\/ \/\C—C\/
exhibits a molecular dipole moment. If so, indicate the direc- H H H H

tion of the net molecular dipole moment. Diphenyl ether

need more PRACTICE? Try Problems 1.38, 1.40, 1.43, 1.61, 1.62, 1.63, 1.64

1.12 Intermolecular Forces and Physical Properties

The physical properties of a compound are determined by the attractive forces between the individual
molecules, called intermolecular forces. It is often difficult to use the molecular structure alone to
predict a precise melting point or boiling point for a compound. However, a few simple trends will
allow us to compare compounds to each other in a relative way, for example, to predict which com-
pound will boil at a higher temperature.

All intermolecular forces are electrostatic—that is, these forces occur as a result of the attrac-
tion between opposite charges. The electrostatic interactions for neutral molecules (with no
formal charges) are often classified as (1) dipole-dipole interactions, (2) hydrogen bonding, and
(3) fleeting dipole-dipole interactions.

Dipole-Dipole Interactions

Compounds with net dipole moments can either attract each other or repel each other, depending on
how they approach each other in space. In the solid phase, the molecules align so as to attract each

other (Figure 1.43).



FIGURE 1.43

In solids, molecules align
themselves so that their
dipole moments experience
attractive forces.

FIGURE 1.44

(a) Hydrogen bonding between
molecules of water.

(b) Hydrogen bonding between
molecules of ammonia.

FIGURE 1.45
Hydrogen bonding between
molecules of ethanol.
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In the liquid phase, the molecules are free to tumble in space, but they do tend to move in such
a way so as to attract each other more often than they repel each other. The resulting net attraction
between the molecules results in an elevated melting point and boiling point. To illustrate this, com-
pare the physical properties of isobutylene and acetone:

CH2 .'d.
@ It
PN PN
H3C CHj HzC CHjy
Isobutylene Acetone
Melting point = —140.3°C Melting point = -94.9°C
Boiling point = -6.9°C Boiling point = 56.3°C

Isobutylene lacks a significant dipole moment, but acetone does have a strong net dipole moment.
Therefore, acetone molecules will experience greater attractive interactions than isobutylene mol-
ecules. As a result, acetone has a higher melting point and higher boiling point than isobutylene.

Hydrogen Bonding

The term hydrogen bonding is misleading. A hydrogen bond is not actually a “bond” but is just a
specific type of dipole-dipole interaction. When a hydrogen atom is connected to an electronega-
tive atom (usually O or N), the hydrogen atom will bear a partial positive charge (8+) as a result
of induction. This 8+ can then interact with a lone pair from an electronegative atom of another
molecule. This can be illustrated with water or ammonia (Figure 1.44). This attractive interaction

Hydrogen bond interaction Hydrogen bond interaction
between molecules of water between molecules of ammonia
5 H
. H H
OOt 8- - \ _ o\
:0—H : (lj tN—H LR Sl 'TI/H
H H H H

() (b)

can occur with any compound that has an O—H bond or an N—H bond. For example, ethanol
has an O—H bond, so it exhibits the same kind of attractive interaction (Figure 1.45).

T HH
H\ /H
Cc—C o N/
/7N ot 5 C H
H 0O—H--—----- e M ol
= [ /A
H H H

This type of interaction is quite strong because hydrogen is a relatively small atom, and as a
result, the partial charges can get very close to each other. In fact, the effect of hydrogen bonding on
physical properties is quite dramatic. At the beginning of this chapter, we briefly mentioned the dif-
ference in properties between the following two constitutional isomers:

H H H H
H—C—C—0—H H—c|:—§§—c|;—H
b oo
Ethanol Methoxymethane

Boiling point = 78.4°C Boiling point = -23°C
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FIGURE 1.46
(a) An alpha helix of a protein.
(b) The double helix in DNA.

LOOKING AHEAD
The structure of DNA is
explored in more detail
in Section 24.9.

LOOKING AHEAD
Hydrocarbons will be
discussed in more detail in
Chapters 4, 16, and 17.

Hydrogen
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These compounds have the same molecular formula, but they have very different boiling points.
Ethanol experiences intermolecular hydrogen bonding, giving rise to a very high boiling point.
Methoxymethane does not experience intermolecular hydrogen bonding, giving rise to a relatively
lower boiling point. A similar trend can be seen in a comparison of the following amines:

CH, CH, H

I I I
HzC—N—CHj CH3CH,—N—H CH3CH,CH,—N—H
Trimethylamine
Boiling point = 3.5°C

Ethylmethylamine
Boiling point = 37°C

Propylamine
Boiling point = 49°C

Once again, all three compounds have the same molecular formula (C3HogN), but
they have very different properties as a result of the extent of hydrogen bonding.
Trimethylamine does not exhibit any hydrogen bonding and has a relatively low
boiling point. Ethylmethylamine does exhibit hydrogen bonding and therefore has
a higher boiling point. Finally, propylamine, which has the highest boiling point
of the three compounds, has two N—H bonds and therefore exhibits even more
hydrogen-bonding interactions.

Hydrogen bonding is incredibly important in determining the shapes and
interactions of biologically important compounds. Chapter 25 will focus on pro-
teins, which are long molecules that coil up into specific shapes under the influ-
ence of hydrogen bonding (Figure 1.46a). These shapes ultimately determine their
biological function. Similarly, hydrogen bonds hold together individual strands of
DNA to form the familiar double-helix structure.

As mentioned earlier, hydrogen “bonds” are not really bonds. To illustrate

this, compare the energy of a real bond with the energy of a hydrogen-bonding
interaction. A typical single bond (C—H, N—H, O—H) has a bond strength
of approximately 400 kJ/mol. In contrast, a hydrogen-bonding interaction has an average strength
of approximately 20 kJ/mol. This leaves us with the obvious question: Why do we call them hydro-
gen bonds instead of just hydrogen interactions? To answer this question, consider the double-helix
structure of DNA (Figure 1.46b). The two strands are joined by hydrogen-bonding interactions that
function like rungs of a very long, twisted ladder. The net sum of these interactions is a significant
factor that contributes to the structure of the double helix, in which the hydrogen-bonding interac-
tions appear as if they were actually bonds. Nevertheless, it is relatively easy to “unzip” the double
helix and retrieve the individual strands.

Fleeting Dipole-Dipole Interactions

Some compounds have no permanent dipole moments, and yet analysis of boiling points indicates
that they must have fairly strong intermolecular attractions. To illustrate this point, consider the
following compounds:

H H H H H H H H H H H H H H H
[ [ A A R
S A A A A A A A
H H H H H H H H H H H H H H H
Butane Pentane Hexane
(C4H40) (CsHy2) (CeH1g)

Boiling point = 0°C Boiling point = 36°C Boiling point = 69°C

These three compounds are hydrocarbons, compounds that contain only carbon and hydrogen
atoms. If we compare the properties of the hydrocarbons above, an important trend becomes appar-
ent. Specifically, the boiling point appears to increase with increasing molecular weight. This trend can
be justified by considering the fleeting, or transient, dipole moments that are more prevalent in larger
hydrocarbons. To understand the source of these temporary dipole moments, we consider the electrons
to be in constant motion, and therefore, the center of negative charge is also constantly moving around
within the molecule. On average, the center of negative charge coincides with the center of positive
charge, resulting in a zero dipole moment. However, at any given instant, the center of negative charge
and the center of positive charge might not coincide. The resulting transient dipole moment can then
induce a separate transient dipole moment in a neighboring molecule, initiating a fleeting attraction
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between the two molecules (Figure 1.47). These attractive forces are called London dispersion forces,
named after German-American physicist Fritz London. Large hydrocarbons have more surface area
than smaller hydrocarbons and therefore experience these attractive forces to a larger extent.

FIGURE 1.47

The fleeting attractive
forces between two
molecules of pentane.

London dispersion forces are stronger for higher molecular weight hydrocarbons because these

compounds have larger surface areas that can accommodate more interactions. As a result, compounds

of higher molecular weight will generally boil at higher temperatures. Table 1.6 illustrates this trend.

A branched hydrocarbon generally has a smaller surface area than its corresponding straight-

chain isomer, and therefore, branching causes a decrease in boiling point. This trend can be seen by

comparing the following constitutional isomers of CsH,:

Pentane

Boiling point = 36°C

H H H
TN
L TN

H—C—C—C—H
(|: ¥ c\c H—C/C\C—H
H H H/\\H H/| |\H

H H H

2-Methylbutane
Boiling point = 28°C

2,2-Dimethylpropane
Boiling point = 10°C

@ Practically Speaking Biomimicry and Gecko Feet

The term biomimicry describes the notion that scientists often ;
draw creative inspiration from studying nature. By investigating
some of nature’s processes, it is possible to mimic those
processes and to develop new technology. One such example !
is based on the way that geckos can scurry up walls and along
ceilings. Until recently, scientists were baffled by the curious
ability of geckos to walk upside down, even on very smooth ;
surfaces such as polished glass.

As it turns out, geckos do not use any chemical adhesives, |
nor do they use suction. Instead, their abilities arise from the ;
intermolecular forces of attraction between the molecules
in their feet and the molecules in the surface on which they
are walking. When you place your hand on a surface, there ;
are certainly intermolecular forces of attraction between the
molecules of your hand and the surface, but the microscopic
topography of your hand is quite bumpy. As a result, your hand
only makes contact with the surface at perhaps a few thousand
points. In contrast, the foot of a gecko has approximately halfa |
million microscopic flexible hairs, called setae, each of which has !
even smaller hairs.

When a gecko places its foot on a surface, the flexible hairs |
allow the gecko to make extraordinary contact with the surface, !
and the resulting London dispersion forces are collectively
strong enough to support the gecko.

In the last decade, many research teams have drawn ;
inspiration from geckos and have created materials with densely |
packed microscopic hairs. For example, some scientists are 3

developing adhesive bandages that
could be used in the healing of surgical
wounds, while other scientists are
developing special gloves and

boots that would enable people

to climb up walls (and perhaps walk
upside down on ceilings). Imagine
the possibility of one day being

able to walk on walls and ceilings like
Spiderman.

There are still many challenges that
we must overcome before these
materials will show their true
potential. It is a technical
challenge to design microscopic
hairs that are strong enough to
prevent the hairs from becoming
tangled but flexible enough
to allow the hairs to stick
to any surface. Many
researchers believe that
these challenges can
be overcome, and if
they are right, we
might have the
opportunity to
see the world turned literally upside down within the next decade.
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LING POINTS FOR HYDROCARBONS OF INCREASING MOLECULAR WEIGHT

STRUCTURE BOILING STRUCTURE BOILING
POINT (°C) POINT (°C)

H —164 H H H H H H 69
He G PSR S

$ SSNRN

H H -89 H H H H H H H 98
T - S S
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SKILLBUILDER

1.10 PREDICTING PHYSICAL PROPERTIES OF COMPOUNDS BASED ON THEIR MOLECULAR STRUCTURE

LEARN the skill

STEP 1 '

Identify all
dipole-dipole
interactions in

both compounds.

STEP 2

Identify all
H-bonding
interactions in
both compounds.

Determine which compound has the higher boiling point, neopentane or 3-hexanol:

H
1 BRSEE
H;C—C—CH H—C—C—C—C—C—C—H
’ ’ A
CHs H H H H H H
Neopentane 3-Hexanol

SOLUTION

When comparing boiling points of compounds, we look for the following factors:
1. Are there any dipole-dipole interactions in either compound?

2. Will either compound form hydrogen bonds?

3a. How many carbon atoms are in each compound?

3b. How much branching is in each compound?

The second compound above (3-hexanol) is the winner in all of these categories. It has a
dipole moment, while neopentane does not. It will experience hydrogen bonding, while neo-
pentane will not. It has six carbon atoms, while neopentane only has five. And, finally, it has a
straight chain, while neopentane is highly branched. Each of these factors alone would suggest
that 3-hexanol should have a higher boiling point. When we consider all of these factors together,
we expect that the boiling point of 3-hexanol will be significantly higher than neopentane.
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1.12  Intermolecular Forces and Physical Properties

STEP 3 When comparing two compounds, it is important to consider all four factors. However,
Identify the it is not always possible to make a clear prediction because in some cases there may be

number of carbon competing factors. For example, compare ethanol and heptane:
atoms and extent

of branching in

both compounds. H H H H H H H
H—é—é—Q—H H—é—é—é—C—C—é—é—H
b b
Ethanol Heptane

Ethanol will exhibit hydrogen bonding, but heptane has many more carbon atoms. Which
factor dominates? It is not easy to predict. In this case, heptane has the higher boiling point,
which is perhaps not what we would have guessed. In order to use the trends to make a
prediction, there must be a clear winner.

PRACTICE the skill 1.33 For each of the following pairs of compounds, identify the higher boiling compound
and justify your choice:

H H H H
o puy
\ /
H—C—0—C—H H=G—C—0—§—C—C—C—H
H—C L H HH H H H
(@ H H H H
SV TRANVANT
Ho_c M Py
N oINS Hew " Np—H
i1
(b) H H HH HH
H H H H H H
| [ L]
H—C—C—0—C—C—H  H—C—C—C—C—0—H
| | [
(c) H H H H H H
H H
H H H H
—C_ :0—H
D
T s
AN
(d) H HH H
APPLY the skill 1.34 Epichlorohydrin (1) is an epoxide used in the production of plastic, epoxy glues,

and resins (reactions of epoxides will be discussed in Chapter 13). When epichlorohydrin
is treated with phenol (2), two products are formed (3 and 4)."® These two products can be
separated from each other via distillation, a process which exploits the difference in their
boiling points. Which product (3 or 4) is expected to have the lower boiling point?

8
H oSO ! " A i " o
C|)\C/ Cl ! SeP N PN N HO //C\ O /C\I/H
~UN A H C C C C C
H— 2
¢ X O VA VA T AN
b HOH NaOH, heat Cxo-Cyy Cx-Cs H
1 | 3 |
H 4

need more PRACTICE? Try Problems 1.52, 1.53, 1.60, 1.65
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® Medically Speaking Drug-Receptor Interactions

I 1 In most situations, the physiological response
- ) produced by a drug is attributed to the interaction
. between the drug and a biological receptor
site. A receptor is a region within a biological
macromolecule that can serve as a pouch in which the drug
molecule can fit:

Receptor

Initially, this mechanism was considered to work much like a
lock and key. That is, a drug molecule would function as a key,
either fitting or not fitting into a particular receptor. Extensive
research on drug-receptor interactions has forced us to modify
this simple lock-and-key model. It is now understood that both
the drug and the receptor are flexible, constantly changing their
shapes. As such, drugs can bind to receptors with various levels
of efficiency, with some drugs binding more strongly and other
drugs binding more weakly.

How does a drug bind to a receptor? In some cases, the
drug molecule forms covalent bonds with the receptor. In such
cases, the binding is indeed very strong (approximately
400 kJ/mol for each covalent bond) and therefore irreversible.
We will see an example of irreversible binding when we explore a
class of anticancer agents called nitrogen mustards (Chapter 7).
For most drugs, however, the desired physiological response
is meant to be temporary, which can only be accomplished if a
drug can bind reversibly with its target receptor. This requires a
weaker interaction between the drug and the receptor (at least
weaker than a covalent bond). Examples of weak interactions
include hydrogen-bonding interactions (20 kJ/mol) and London
dispersion forces (approximately 4 kJ/mol for each carbon atom
participating in the interaction). As an example, consider the
structure of a benzene ring, which is incorporated as a structural
subunit in many drugs:

Benzene

In the benzene ring, each carbon is sp? hybridized and therefore
trigonal planar. As a result, a benzene ring represents a flat
surface:

If the receptor also has a flat surface, the resulting London
dispersion forces can contribute to the reversible binding of the
drug to the receptor site:

Receptor

Flat surface

This interaction is roughly equivalent to the strength of a
single hydrogen-bonding interaction. The binding of a drug
to a receptor is the result of the sum of the intermolecular
forces of attraction between a portion of the drug molecule
and the receptor site. We will have more to say about drugs
and receptors in the upcoming chapters. In particular, we will
see how drugs make their journey to the receptor, and we
will explore how drugs flex and bend when interacting with a
receptor site.

1.13 Solubility

Solubility is based on the principle that “like dissolves like.” In other words, polar compounds are
soluble in polar solvents, while nonpolar compounds are soluble in nonpolar solvents. Why is this
so? A polar compound experiences dipole-dipole interactions with the molecules of a polar sol-
vent, allowing the compound to dissolve in the solvent. Similarly, a nonpolar compound experiences
London dispersion forces with the molecules of a nonpolar solvent. Therefore, if an article of clothing



FIGURE 1.48
The hydrophilic and hydrophobic
ends of a soap molecule.

FIGURE 1.49

A micelle is formed when
the hydrophobic tails of
soap molecules surround the
nonpolar oil molecules.
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is stained with a polar compound, the stain can generally be washed away with water (like dissolves
like). However, water will be insufficient for cleaning clothing stained with nonpolar compounds,
such as oil or grease. In a situation like this, the clothes can be cleaned with soap or by dry cleaning,.

Soap

Soaps are compounds that have a polar group on one end of the molecule and a nonpolar group on the
other end (Figure 1.48).

= [T T T T O T OO ] OO ] O R | M| N | WO =1
'-O\\ I s | s | e | e [ |
¢—C—-¢c—-Cc—-c—Cc—Cc—Cc—Cc—Cc—CcC—C—C—C—C—H
G'b/ [ e I |
O HHHMHMHMHMHMHUHMHUHMHH H
Polar group Nonpolar group
(hydrophilic) (hydrophobic)

The polar group represents the hydrophilic region of the molecule (literally, “loves water”), while
the nonpolar group represents the hydrophobic region of the molecule (literally, “afraid of water”).
Oil molecules are surrounded by the hydrophobic tails of the soap molecules, forming a micelle

(Figure 1.49).

© Polar group

a—~> Nonpolar groups

The surface of the micelle is comprised of all of the polar groups, rendering the micelle water soluble.
This is a clever way to dissolve the oil in water, but this technique only works for clothing that can be
subjected to water and soap. Some clothes will be damaged in soapy water, and in those situations, dry
cleaning is the preferred method.

Dry Cleaning

Rather than surrounding the nonpolar compound with a micelle so that it will be water soluble,
it is actually conceptually simpler to use a nonpolar solvent. This is just another application of
the principle of “like dissolves like.” Dry cleaning utilizes a nonpolar solvent, such as tetrachloro-
ethylene, to dissolve the nonpolar compounds. This compound is nonflammable, making it an
ideal choice as a solvent. Dry cleaning allows clothes to be cleaned without coming into contact
with water or soap.

or Cl.
\ /"
C=C
oL ck
Tetrachloroethylene
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® Medically Speaking Propofol: The Importance of Drug Solubility

The drug propofol received a lot of publicity in
2009 as one of the drugs implicated in the death
of Michael Jackson:

2

Propofol is H\(I:/ E H\Z/H
normally used for initiating and H I | I
maintaining anesthesia during Ho O~ /C\\C/C<C/H
surgery. It is readily soluble in H/Ill (|3| (I: IlI\H
the hydrophobic membranes H > c? ™H
of the brain, where it inhibits |l|
the firing (or excitation) of
brain neurons. To be effective, Propofol

propofol must be administered through intravenous injection,
yet this poses a solubility problem. Specifically, the hydrophobic
region of the drug is much larger than the hydrophilic region,
and consequently, the drug does not readily dissolve in water
(or in blood). Propofol does dissolve very well in soybean oil

(a complex mixture of hydrophobic compounds, discussed

in Section 26.3), but injecting a dose of soybean oil into the
bloodstream would result in an oil globule, which could be
fatal. To overcome this problem, a group of compounds called
lecithins (discussed in Section 26.5) are added to the mixture.
Lecithins are compounds that exhibit hydrophobic regions as
well as a hydrophilic region. As such, lecithins form micelles,
analogous to soap (as described in Section 1.13), which
encapsulate the mixture of propofol and soybean oil. This
solution of micelles can then be injected into the bloodstream.
The propofol readily passes out of the micelles, crosses the
hydrophobic membranes of the brain, and reaches the target
neurons.

The high concentration of micelles results in a solution

. that looks very much like milk, and ampules of propofol are
. sometimes referred to as “milk of amnesia.”

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 1.1

Organic compounds contain carbon atoms.

SECTION 1.2

Constitutional isomers share the same molecular formula
but have different connectivity of atoms and different physi-
cal properties.

Each element will generally form a predictable number of
bonds. Carbon is generally tetravalent, nitrogen trivalent,
oxygen divalent, and hydrogen and the halogens monovalent.

SECTION 1.3

A covalent bond results when two atoms share a pair of
electrons.

Covalent bonds are illustrated using Lewis structures, in
which electrons are represented by dots.

Second-row elements generally obey the octet rule, bond-
ing to achieve noble gas electron configuration.

A pair of unshared electrons is called a lone pair.

SECTION 1.4

A formal charge occurs when atoms do not exhibit the
appropriate number of valence electrons; formal charges
must be drawn in Lewis structures.

SECTION 1.5

Bonds are classified as (1) covalent, (2) polar covalent, or
(3) ionic.

Polar covalent bonds exhibit induction, causing the forma-
tion of partial positive charges (5+) and partial negative
charges (6—). Electrostatic potential maps present a visual
illustration of partial charges.

SECTION 1.6

Quantum mechanics describes electrons in terms of their
wavelike properties.

A wave equation describes the total energy of an electron
when in the vicinity of a proton. Solutions to wave equations
are called wavefunctions (y), where 1//2 represents the prob-
ability of finding an electron in a particular location.



» Atomic orbitals are represented visually by generating .
three-dimensional plots of 1;/2; nodes indicate that the value
of y is zero.

SkillBuilder Review 41

Triple bonds are stronger and shorter than double bonds,
which are stronger and shorter than single bonds.

* An occupied orbital can be thought of as a cloud of electron | ¢ 1160 1.10

density.

o Electrons fill orbitals following three principles: (1) the
Aufbau principle, (2) the Pauli exclusion principle, and (3)
Hund'’s rule. Orbitals with the same energy level are called
degenerate orbitals.

SECTION 1.7

« Valence bond theory treats every bond as the sharing of
electron density between two atoms as a result of the con-
structive interference of their atomic orbitals. Sigma (o) bonds

The geometry of small compounds can be predicted using
valence shell electron pair repulsion (VSEPR) theory, which
focuses on the number of ¢ bonds and lone pairs exhibited
by each atom. The total, called the steric number, indicates
the number of electron pairs that repel each other.

A compound’s geometry depends on the number of lone
pairs and can be tetrahedral, trigonal pyramidal, bent, trigo-
nal planar, or linear.

are formed when the electron density is located primarily on SECTION 1.11
the bond axis. » Dipole moments (u) occur when the center of negative
charge and the center of positive charge are separated from
SECTION 1.8 one another by a certain distance; the dipole moment is used
+ Molecular orbital theory uses a mathematical method called as an indicator of polarity (measured in debyes)_
the linear combination of atomic orbitals (LCAO) to form « The percent ionic character of a bond is determined by

molecular orbitals. Each molecular orbital is associated with
the entire molecule, rather than just two atoms.

» The bonding MO of molecular hydrogen results from con-
structive interference between its two atomic orbitals. The
antibonding MO results from destructive interference.

« An atomic orbital is a region of space associated with an
individual atom, while a molecular orbital is associated with
an entire molecule.

» Two molecular orbitals are the most important to consider:
(1) the highest occupied molecular orbital, or HOMO, and
(2) the lowest unoccupied molecular orbital, or LUMO.

SECTION 1.9

» Methane'’s tetrahedral geometry can be explained using four
degenerate sp>-hybridized orbitals to achieve its four single
bonds.

o Ethylene’s planar geometry can be explained using three
degenerate sp>-hybridized orbitals. The remaining p orbitals
overlap to form a separate bonding interaction, called a pi ()
bond. The carbon atoms of ethylene are connected via a o
bond, resulting from the overlap of spz—hybridized atomic orbit-

measuring its dipole moment. The vector sum of individual
dipole moments in a compound determines the molecular
dipole moment.

SECTION 1.12

The physical properties of compounds are determined
by intermolecular forces, the attractive forces between
molecules.

Dipole-dipole interactions occur between two molecules
that possess permanent dipole moments. Hydrogen bond-
ing, a special type of dipole-dipole interaction, occurs when
the lone pairs of an electronegative atom interact with an
electron-poor hydrogen atom. Compounds that exhibit
hydrogen bonding have higher boiling points than similar
compounds that lack hydrogen bonding.

London dispersion forces result from the interaction between
transient dipole moments and are stronger for larger alkanes
due to their larger surface area and ability to accommodate
more interactions.

als, and via a 7 bond, resulting from the overlap of p orbitals, SECTION 1.13

both of which comprise the double bond of ethylene. .
o Acetylene’s linear geometry is achieved via sp-hybridized car-

bon atoms in which a triple bond is created from the bonding .

interactions of one ¢ bond, resulting from overlapping sp orbit-

als, and two 7 bonds, resulting from overlapping p orbitals.

SKILLBUILDER REVIEW

1.1 DRAWING CONSTITUTIONAL ISOMERS OF SMALL MOLECULES

Polar compounds are soluble in polar solvents; nonpolar
compounds are soluble in nonpolar solvents.

Soaps are compounds that contain both hydrophilic and
hydrophobic regions. The hydrophobic tails surround non-
polar compounds, forming a water-soluble micelle.

EXAMPLE STEP 1 Determine the | STEP 2 Connect the atoms of highest valency, STEP 3 Consider other ways to connect the atoms.
Draw all valency of each atom. and place the monovalent atoms at the periphery.

constitutional

isomers that L] H H
Lo

have the | —O°— —C—C—C-0— —> H—C-C

molecular —Cc— [ lli |1|

formula | o

C4HgO.

H |
—C—0—H H O H H H H
Sl QRS & SRS
H H H H H H

Try Problems 1.1, 1.2, 1.35, 1.46, 1.47, 1.54
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1.2 DRAWING THE LEWIS DOT STRUCTURE OF AN ATOM

STEP 2 Place one
electron by itself on
each side of the atom.

STEP 1 Determine the number
of valence electrons.

Group 5A .
(five electrons) *N*

1.3 DRAWING THE LEWIS STRUCTURE OF A SMALL MOLECULE

STEP 1 Draw all
individual atoms.

STEP 2 Connect atoms
that form more than
one bond.

STEP 3 Connect
hydrogen atoms.

CH,0 ..
H:Q:Q:
H

1.4 CALCULATING FORMAL CHARGE

STEP 2 Determine the number of
valence electrons in this case.

STEP 1 Determine appropriate
number of valence electrons.

: H
" Groups RS
roup 5 . Four
H (five electrons) H \ electrons

1.5 LOCATING PARTIAL CHARGES

STEP 2 Determine the
direction of each dipole.

STEP 1 Identify all
polar covalent bonds.

H H H

| . |+—>..<—F |5+ ee O
H—C—0O-—=H H—C—O—H H—C—0O

IA\" ] | |

H Polar covalent H H

1.6 IDENTIFYING ELECTRON CONFIGURATIONS

STEP 1 Fill orbitals using the Aufbau principle,

STEP 3 If the atom has more than four
valence electrons, the remaining electrons are
paired with the electrons already drawn.

Try Problems 1.3-1.7
STEP 4 Pair any unpaired

electrons, so that each
atom achieves an octet.

H:Q::Q:
H

Try Problems 1.8-1.11, 1.39
STEP 3 Assign a formal charge.

H
D
H—l\ll—H
H
... missing an electron.

Try Problems 1.12-1.14, 1.41

STEP 3 Indicate location
of partial charges.

& 8+
—H

Try Problems 1.15-1.17, 1.37, 1.38, 1.48, 1.57

STEP 2 Summarize using the following

the Pauli exclusion principle, and Hund’s rule. notation:
Nitrogen —— i 2s 1s22s22p3
—L 1s
Try Problems 1.18-1.20, 1.44
1.7 IDENTIFYING HYBRIDIZATION STATES
Four single bonds ; A double bond A triple bond
| %
—C— — —C=
§ <
sp? sp? sp

Try Problems 1.24-1.25, 1.55, 1.56



Practice Problems

1.8 PREDICTING GEOMETRY

STEP 1 Determine the steric STEP 2 Use steric number to identify STEP 3 Identify the geometry.
number by adding the number of : the arrangement of electron pairs.
o bonds and lone pairs.

H—N—H 4 — [Tetrahedral ! Tetrahedral
,_|| ) © arrangement of .
3 —, [rigonal ' electron pairs !
planar AR .
# of o bonds = 3 2 ——> Linear No lone / One lone Two lone
# of lone pairs = 1 pairs pair pairs
Steric number =4 Tetrahedral Trigonal Bent
pyramidal

Try Problems 1.27-1.30, 1.40, 1.41, 1.50, 1.55, 1.56, 1.58

1.9 IDENTIFYING MOLECULAR DIPOLE MOMENTS

STEP 1 Predict geometry. STEP 2 |dentify direction of STEP 3 Draw net dipole
all dipole moments. moment.
A/

H RS H H H H s H

\ /O\ / \C&OQC/ \C/%\C/

- ~ Hee” \ /" cH - A
HsC \H H/ CHs €N, O HsC \H H/ CHs

Bent

Try Problems 1.31, 1.32, 1.38, 1.40, 1.43, 1.61, 1.62, 1.63, 1.64

1.10 PREDICTING PHYSICAL PROPERTIES

STEP 1 Identify dipole-dipole STEP 2 |dentify H-bonding interactions. STEP 3 Identify number of carbon atoms and extent of
interactions. branching.
. H H H H H H H H H H H
CHy ‘0" [ [ [ |
I vs. Il H—C—Q—C—H vs. H—C—C—O—H H—C—C—C—H vs. H—C—C—C—C—C—H
PN | | I 1 R
3 3 HgC CHs H H H H H H H H H H H
Higher boiling Higher boiling Higher boiling
point point point

Try Problems 1.33, 1.34, 1.52, 1.53, 1.60, 1.65

PRACTICE PRO B LE MS Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

1.35 Draw structures for all constitutional isomers with the following 1.37 For each compound below, identify any polar covalent bonds
molecular formulas: and indicate the direction of the dipole moment using the symbols
@ CHia  OICHCT  @©CHCL  (d) CoHCls ot ando:

(a) HBr (b) HCI (c) HO (d) CH,O
1.36 Draw structures for all constitutional isomers with the molecular 1.38  For each pair of compounds below, identify the one that would
formula C4Hg that have: be expected to have more ionic character. Explain your choice.

(a) Only single bonds (b) One double bond (a) NaBr or HBr (b) BrCl or FCI
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1.39 Draw a Lewis dot structure for each of the following compounds:

(a) CH3CH,OH (b) CH5CN

1.40 Draw a Lewis structure for a compound with the molecular for-
mula C4Hq¢N in which three of the carbon atoms are bonded to the
nitrogen atom. What is the geometry of the nitrogen atom in this com-
pound? Does this compound exhibit a molecular dipole moment? If so,
indicate the direction of the dipole moment.

1.41 Draw a Lewis structure of the anion AlBr,~ and determine its
geometry.

1.42 Draw the structure for the only constitutional isomer of
cyclopropane:

Cyclopropane

1.43 Determine whether each compound below exhibits a molecular
dipole moment:

(a) CHy4 (b) NH; (c) H,O
(d) CO, (e) CCly (f) CH2Bry
1.44 |dentify the neutral element that corresponds with each of the

following electron configurations:
(a) 15°25%2p" (b) 15°25°2p°
(d) 1522522p3 (e) 1522522pé3523p5

() 15°25°2p?

1.45 In the compounds below, classify each bond as covalent, polar
covalent, or ionic:

(a) NaBr (b) NaOH (c) NaOCHjs

(d) CH3OH (e) CH,O

1.46 Draw structures for all constitutional isomers with the following
molecular formulas:

(@) CHO (b) C,HsO, (c) CyH4Brp

1.47 Draw structures for any five constitutional isomers with the
molecular formula C,H,O3.

1.48 For each type of bond below, determine the direction of the
expected dipole moment:

(a) C—0O (b) C—Mg (c) C—N
(e) C—CI (fy C—H (99 O—H

(d) C—Li
(h) N—H

1.49 Predict the bond angles for all bonds in the following compounds:
(a) CH3CH20H (b) CHzo (C) C2H4 (d) C2H2

1.50
central atom in each of the following compounds:

Identify the expected hybridization state and geometry for the

w* C w*
| | o
N c
PR
(d) H H

1.51
below:

Count the total number of 6 bonds and 7 bonds in the compound

H H

.o -
H—Q—clz—clzzc—osc—cl:—N—H
H

T—

H H H

1.52  For each pair of compounds below, predict which compound will
have the higher boiling point and explain your choice:

(a) CH3CH,CH,OCH5 or CH3CH,CH,CH,OH
(b) CH3CH2CH2CH3 or CH3CH2CH2CH2CH3

H
I

—H o H—C—
H

.‘O'.
Il
—C—

H— —H

(c)

I—O0—=I
I—o—I
I—Oo—I
I—Oo—=I

1.53  Which of the following pure compounds will exhibit hydrogen
bonding?

(a) CH3CH,OH
(e) CH3OCH3

(b) CH,O
(f) CH3NH,

(c) CoHy
(9) C3Hg

(d) CoH,
(h) NH;3

1.54 For each case below, identify the most likely value for x:
(a) BH, (b) CH, (c) NH, (d) CH,CI,

1.55 Identify the hybridization state and geometry of each carbon
atom in the following compounds:

H A
o C o
N O H
e &7 N I_H
\C_C/ H\C/C\C/C\H
A H T o
(@) H H (o) H

1.56 Ambien™ is a sedative used in the treatment of insomnia. It was
discovered in 1982 and brought to market in 1992 (it takes a long time for
new drugs to undergo the extensive testing required to receive approval
from the Food and Drug Administration). Identify the hybridization state
and geometry of each carbon atom in the structure of this compound:

H HoH
C - I = H
H _ e—
/
\C/C\\C/N\C/ . N
HON, Vo
H . C_ H H
He o OO
'.O:c\ H
N.\C/H
H—c  n
VAN H
H o H
Zolpidem
(Ambienm™)

1.57 Identify the most electronegative element in each of the follow-
ing compounds:

(@) CHsOCH,CH,NH,  (b) CH,CICHoF () CHali



1.58 Nicotine is an addictive substance found in tobacco. Identify the
hybridization state and geometry of each of the nitrogen atoms in nicotine:

Nicotine

1.59 Below is the structure of caffeine, but its lone pairs are not
shown. Identify the location of all lone pairs in this compound:

H H
0 N—H
/

Caffeine

1.60 There are two different compounds with the molecular formula
C,HgO. One of these isomers has a much higher boiling point than the
other. Explain why.

1.61 Identify which compounds below possess a molecular dipole
moment and indicate the direction of that dipole moment:

i i
H\ﬁ/C\\?/QI. H\ﬁ/ \\?/H
T H e

(a) 'l' (b) 'l'

INTEGRATED PROBLEMS

1.66 Consider the three compounds shown below and then answer
the questions that follow:

H H

H \C/

S
H H H H—?—ll\l H | T T
I 1 | _N—H

H—C—C—C—C~ H—Cl)—cl)—H H—?—?—Cl)—CEN
[

H H H H H H H H
Compound A Compound B Compound C

(a) Which two compounds are constitutional isomers?

(b) Which compound contains a nitrogen atom with trigonal pyramidal
geometry?

(c) Identify the compound with the greatest number of o bonds.
(d) Identify the compound with the fewest number of o bonds.

(e) Which compound contains more than one 7 bond?

45

Integrated Problems

:c'|:'|: :c'|;'|:
H\ﬁ/C\\?/H H\ﬁ/C\\?/
/C\?//C\H H/C\(E//C\H
© :Cl: d Br:

1.62 Methylene chloride (CH,Cl,) has fewer chlorine atoms than chlo-
roform (CHCl3). Nevertheless, methylene chloride has a larger molecu-
lar dipole moment than chloroform. Explain.

1.63 Which of the following compounds has the larger dipole
moment? Explain your choice:

CHCIl3 or CBrCls

1.64 Bonds between carbon and oxygen (C—O) are more polar
than bonds between sulfur and oxygen (S—O). Nevertheless, sulfur
dioxide (SO,) exhibits a dipole moment while carbon dioxide (CO,)
does not. Explain this apparent anomaly.

1.65 Arrange the following compounds in order of increasing boiling
point:

HOHHH
H H H H H H H 2 &
P S G P A N A A Y G
R O [ A & e
H HH HH H H H H N
H HH H
H HHHH OO HOH
H—C
N N
H—C—C—C—C—C—C—0—H H—C—C—C—H
N O A H—c [
H HH H H /N H H
H H

(f) Which compound contains an spz—hybridized carbon atom?

(9) Which compound contains only spa—hybridized atoms (in addition
to hydrogen atoms)?

(h) Which compound do you predict will have the highest boiling
point? Explain.

1.67 Propose at least two different structures for a compound with six
carbon atoms that exhibits the following features:

(a) All six carbon atoms are sp2 hybridized.

(b) Only one carbon atom is sp hybridized, and the remaining five
carbon atoms are all sp* hybridized (remember that your compound can
have elements other than carbon and hydrogen).

(c) There is a ring, and all of the carbon atoms are sp® hybridized.

(d) All six carbon atoms are sp hybridized, and the compound contains
no hydrogen atoms (remember that a triple bond is linear and there-
fore cannot be incorporated into a ring of six carbon atoms).
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1.68 Draw all constitutional isomers with the molecular formula CsH1q
that possess one 7 bond.

1.69 With current spectroscopic techniques (discussed in Chapters
14-16), chemists are generally able to determine the structure of an
unknown organic compound in just one day. These techniques have
only been available for the last several decades. In the first half of the
twentieth century, structure determination was a very slow and painful
process in which the compound under investigation would be subjected
to a variety of chemical reactions. The results of those reactions would
provide chemists with clues about the structure of the compound. With
enough clues, it was sometimes (but not always) possible to deter-
mine the structure. As an example, try to determine the structure of an
unknown compound, using the following clues:

® The molecular formula is C4H;gN>.

® There are no m bonds in the structure.

® The compound has no net dipole moment.

® The compound exhibits very strong hydrogen bonding.

You should find that there are at least two constitutional isomers that

are consistent with the information above. (Hint: Consider incorporat-
ing a ring in your structure.)

1.70 A compound with the molecular formula CsHy;N has no =
bonds. Every carbon atom is connected to exactly two hydrogen atoms.
Determine the structure of the compound.

1.71 Isonitriles (A) are an important class of compounds because of
the versatile reactivity of the functional group, enabling the preparation
of numerous new compounds and natural products. Isonitriles can be
converted to isonitrile dihalides (B), which represents a useful proce-
dure for temporarily hiding the reactivity of an isonitrile."’

G (5 HaC
HC—CTN=C!| ———  HC—C—N=CCl
HaC HaC
A B

(a) Identify the hybridization state for each highlighted atom in A.

(b) One of the carbon atoms in A exhibits a lone pair. In what type of
atomic orbital does this lone pair reside?

(c) Predict the C—N—C bond angle in compound A.
(d) Identify the hybridization state for each highlighted atom in B.

(e) The nitrogen atom in B exhibits a lone pair. In what type of atomic
orbital does this lone pair reside?

(f) Predict the C—N—C bond angle in compound B.

1.72  Consider the following table that provides bond lengths for a
variety of C—X bonds (measured in A).

X=F X=Cl X = Br X=1
I
—Cl)—X 1.40 1.79 1.97 2.16
\
c—X 1.34 1.88 2.10
/
=C—X 1.27 1.63 1.79

Two trends emerge when we compare these data. First, notice that the
bond length increases as the size of the halogen increases. This should
make sense, since the valence electrons in iodine are farther away from

the nucleus than the valence electrons in Br, so a C—I bond is longer
than a C—Br bond. For the same reason, a C—Br bond is longer than
a C—Cl bond, which in turn is longer than a C—F bond. Notice also
that bond length decreases as the hybridization state goes from sp3 to
sp2 to sp. This should also make sense, because sp-hybridized atoms
hold their valence electrons closer to the nucleus (as seen in Table 1.2),
and therefore form shorter bonds. These two trends are in conflict with
each other when we compare a Cy,2—Cl bond with a Cs,—1 bond. The
former bond is expected to be shorter because of the first trend (size of
halogen), while the latter bond is expected to be shorter because of the
second trend (hybridization state). Use the data provided to determine
which bond is actually shorter, and explain your choice.

1.73  Positron emission tomography (PET) is a medical imaging technique
that produces a three-dimensional picture of functional processes in the
body, such as the brain uptake of glucose. PET imaging requires the intro-
duction of ['®F]-fluorine (a radiocactive isotope of fluorine) into molecules
and can be achieved by several routes, such as the following:'?

H H
Ty Hog
\
BF—C—C—Br + N—C—C—0O—H H
[ e HoIH
H H ;A\ HOH HHC HH
H H e Ll e
AN A S
H H (|3 H H
H™ I H Bs
H

(a) Identify the hybridization for all atoms except for C, H, and O in
the three compounds. Note: Throughout this chapter, all lone pairs
were drawn. We will soon see (Chapter 2) that lone pairs are often
omitted from structural drawings, because they can be inferred by the
presence or absence of formal charges. In this problem, none of the
lone pairs have been drawn.

(b) Predict the bond angle of each C—N—C bond in the product.

Problems 1.74-1.77 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

1.74 Which is the correct hybridization state and geometry for the
carbon atom in HCN?

(b) sp?, trigonal planar
(d) None of the above

(a) sp, linear

(c) sp3, tetrahedral

1.75 Which of the following is a constitutional isomer of cyclobutane?

H H
H—é—(IJ—H
Heb b
oo
Cyclobutane
H
H—é—H
H H H H
H—C—?—C—H H—(:)—CEC—(:)—H
(a) H H H (b) H H
A H
A S SN
(o) H H H (d) H H HH



1.76  Which of the following is expected to have the highest boiling
point?

T T
H=¢=0-C¢-H H=0—¢—0n
(@) H H (b) H H
‘o H O
/ \ Il
H—C—(ID—H H—CI:—C—H
(c) H H d H

CHALLENGE PROBLEMS

1.78 Phenalamide A, belongs to a class of natural products that are
of interest because of their antibiotic, antifungal, and antiviral activity. In
the first total synthesis of this compound, the following boronate ester
was utilized:"®
HsC
\ _CHj

H 9’0\ _CH,

(a) Determine the hybridization state of the boron atom.

(b) Predict the O—B—0 bond angle and then suggest a reason why the
actual bond angle might deviate from the predicted value in this case.

(c) The lone pairs have not been drawn. Draw all of them. (Hint: Note
that the structure has no formal charges.)

1.79 The formation of a variety of compounds called oxazolidinones
is important for the synthesis of many different natural products and
other compounds that have potential use as future medicines. One
method"'* for preparing oxazolidinones involves the conversion of a
hydroximoyl chloride, such as compound 1, into a nitrile oxide, such
as compound 2:

H o H H H
c—C N—OH c—C
/7 Y /7
H—C /C—C\ — H—C C—C=N—0
C=C Cl C=C
/ \ \
H H H H
1 2

(a) Identify any formal charges that are missing from the structures of
1 and 2.

(b) Determine which compound is expected to be more soluble in a
polar solvent, and justify your choice.

(c) Determine the amount by which the C—C—N bond angle
increases as a result of the conversion from 1 to 2.

Challenge Problems 47

1.77 The following structure has been drawn without formal charges.
Which statement describes the missing formal charge(s)?
.'O'-
..
H=N—-C—C~0:
H H

a) This structure has one positive charge and one negative charge.

(

(b) This structure has one positive charge but no negative charges.
(c) This structure has one negative charge but no positive charges.
(

d) This structure has no formal charges.

1.80 The following compound belongs to a class of compounds,
called estradiol derivatives, which show promise in the treatment of
breast cancer:'®

H
HH e e M
~ 7
Wi o0 27 S
L el e
H H\C/ \C/C\ /H C/z/;
1 b S wd
\C/\\/\C/\C\H \a
I I iIN,HI TH H
T N T .
| H/ \H H
H

a) Determine the hybridization state of C,, Cp, and C.

(

(b

(c) Determine the C,—C,—C_ bond angle.

(d) Cp, exhibits two 7 bonds: one to C,, and the other to C.. Draw a
picture of C,, Cp, and C. that shows the relative orientation of the
two different p orbitals that Cy, is utilizing to form its two 7 bonds.
Also show the p orbitals on C, and C. that are being used by each of

those atoms. Describe the relative orientation of the p orbitals on C,
and C..

Determine the H—C,—Cj, bond angle.

1.81 The following structure shows promise for studying how enzymes
(nature's catalysts) coil up into very discrete shapes that endow them

with catalytic function:'®
HyC o l;l ) CH,4
H3C—/C—O—C—I}I—CIJ—N\—C—I}I—C\—H
H,C H C|:H2 H H CH;

c
TN
HoC [ ~CHy

(@) This compound has two N—C—N units, with differing bond
angles. Predict the difference in bond angles between these two units
and explain the source of the difference.

(b) When this compound was prepared and investigated, it demon-
strated a preference for adopting a three-dimensional shape in which
the two highlighted regions were in close proximity. Describe the inter-
action that occurs and create a drawing that illustrates this interaction.




48 CHAPTER 1 A Review of General Chemistry

LIST OF REFERENCES

0 NO U hWDN==

. Nat. Geosci. 2014, 7, 266-269.
. Pharmacol. Biochem. Be. 2015, 133, 37-42.
. Cancer Epidemiol. Biomarkers Prev. 2013, 22, 765-772.

Cogn. Brain Res. 2001, 12, 353-370.

. J. Polym. Environ. 2015, 23, 283-293.

. ACS Nano 2008, 2, 873-878.

. Org. Biomol. Chem. 2010, 8, 811-821.

. Water Resour. Manag. 2010, 24, 2237-2246.

10.
1.
12.
13.

14

J. Chromatogr. A 2009, 1216, 127-133.
Tetrahedron 2006, 62, 10968-10979.
Tetrahedron Lett. 2012, 53, 4536-4537.
Tetrahedron Lett. 2003, 44, 9165-9167.
Org. Lett. 1999, 1, 1713-1715.

. J. Org. Chem. 2009, 74, 1099-1113.
15.
16.

Tetrahedron Lett. 2001, 42, 8579-8582.
Org. Lett. 2001, 3, 3843-3846.



Molecular
Representations

DID YOU EVER WONDER...

how new drugs are designed?

cientists employ many techniques in the design of new drugs.
One such technique, called lead modification, enables scientists
to identify the portion of a compound responsible for its medicinal
properties and then to design similar compounds with better proper-
ties. We will see an example of this technique, specifically, where the
discovery of morphine led to the development of a whole family of
potent analgesics (codeine, heroin, methadone, and many others).
In order to compare the structures of the compounds being
discussed, we will need a more efficient way to draw the structures
of organic compounds. Lewis structures are only eflicient for small
molecules, such as those we considered in the previous chapter. The
goal of this chapter is to master the skills necessary to use and inter-
pret the drawing method most often utilized by organic chemists and
biochemists. These drawings, called bond-line structures, are fast to
draw and easy to read, and they focus our attention on the reactive
centers in a compound. In the second half of this chapter, we will see

that bond-line structures are inadequate in some circumstances, and &%

we will explore the technique that chemists employ to deal with the
inadequacy of bond-line structures.

Molecular Representations

Bond-Line Structures

Identifying Functional Groups

Carbon Atoms with Formal Charges
Identifying Lone Pairs
Three-Dimensional Bond-Line Structures
Introduction to Resonance

Curved Arrows

Formal Charges in Resonance Structures

Drawing Resonance Structures
via Pattern Recognition

Assessing the Relative Importance
of Resonance Structures

The Resonance Hybrid

Delocalized and Localized Lone Pairs
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DO YOU REMEMBER?

Molecular Representations

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter:

e Electrons, Bonds, and Lewis Structures (Section 1.3) e Molecular Orbital Theory (Section 1.8)

e |dentifying Formal Charges (Section 1.4)
Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

SKILLBUILDER

()
Ny

2.1 Molecular Representations

Chemists use many different styles to draw molecules. Lets consider the structure of isopropanol,
also called isopropyl rubbing alcohol, which is used as a disinfectant in sterilizing pads. The struc-
ture of this compound is shown below in a variety of drawing styles:

H
H 0t H :OH
H—é—é—é—H H30—(|3—CH3 (CH3),CHOH C3HgO
HOH W N
Lewis structure Partially condensed structure Condensed structure Molecular formula

Lewis structures were discussed in the previous chapter. The advantage of Lewis structures is that all
atoms and bonds are explicitly drawn. However, Lewis structures are only practical for very small mol-
ecules. For larger molecules, it becomes extremely burdensome to draw out every bond and every atom.

In partially condensed structures, the C—H bonds are not all drawn explicitly. In the example
above, CHj refers to a carbon atom with bonds to three hydrogen atoms. Once again, this drawing
style is only practical for small molecules.

In condensed structures, single bonds are not drawn. Instead, groups of atoms are clustered
together, when possible. For example, isopropanol has two CHj groups, both of which are connected
to the central carbon atom, shown like this: (CH3),CHOH. Once again, this drawing style is only
practical for small molecules with simple structures.

The molecular formula of a compound simply shows the number of each type of atom in the
compound (C3HgO). No structural information is provided. There are actually three constitutional
isomers with the molecular formula C;HgO:

H
H :(l): H H H H H H
H—C—G—C—H H—é—é—é—@—H H—é—é—é—é—H
HOWh HOW R Womoh
Isopropanol Propanol Ethyl methyl ether

In reviewing some of the different styles for drawing molecules, we see that none are conve-
nient for larger molecules. Molecular formulas do not provide enough information, Lewis struc-
tures take too long to draw, and partially condensed and condensed drawings are only suitable for
relatively simple molecules. In upcoming sections, we will learn the rules for drawing bond-line
structures, which are most commonly used by organic chemists. For now, let’s practice the draw-
ing styles above, which will be used for small molecules throughout the course.

‘

2.1 CONVERTING BETWEEN DIFFERENT DRAWING STYLES

LEARN the skill

Draw a Lewis structure for the following compound:

(CHa)2CHOCH,CHs



STEP 1
Draw each group
separately.

STEP 2
Draw all C—H bonds.

) PRACTICE the skill

\ APPLY the skill
J

2.2 Bond-Line Structures "‘ ‘ 51

SOLUTION
This compound is shown in condensed format. In order to draw a Lewis structure, begin by
drawing out each group separately, showing a partially condensed structure:

. H ..
(CHg)oCHOCH,CHg  ------ 5 > HgC—CIJ—Q—CHzCHS
CHg
Condensed structure Partially condensed structure

Then draw all C—H bonds:

Mo i I
Hg,C—CI)—Q—CHZCHg, ....... > H—cl;—C_Q_?_(l;_H
CHs H H H
H=C—H
H
Partially condensed structure Lewis structure
2.1 Draw a Lewis structure for each of the compounds below:
(a) CH;=CHOCH,CH(CH3), (b) (CH3CH,),CHCH,CH,OH
(c) (CH3CH,);COH (d) (CH3),C=CHCH,CH3
(e) CH;=CHCH,OCH,CH(CHj), (f) (CH3CH,),C=CH,
(9) (CH3);CCH,CH,0OH (h) CH3CH,CH,CH,CH,CH;
(i) CH3CH,CH,OCH; (i) (CH3CH,CH,),CHOH
(k) (CH3CH,),CHCH,OCH; () (CH3),CHCH,OH

2.2 Oxygenated hydrocarbons (compounds containing carbon, hydrogen, and oxy-
gen) are common components of biofuels. The combustion of three isomers of C3H,O
(shown below) were studied to investigate the effects of structure on combustion speed
and efficiency.” Identify the number of sp3—hybrio|ized carbon atoms in each of these
isomers.

H,C
(CHg),CO 2 >CHoH CH3CH,CHO
HoC

2

need more PRACTICE? Try Problems 2.43, 2.44, 2.48, 2.49

2.2 Bond-Line Structures

It is not practical to draw Lewis structures for all compounds, especially large ones. As an example,

consider the structure of amoxicillin, one of the most commonly used antibiotics in the penicillin

family:

Amoxicillin

Previously fatal infections have been rendered harmless by antibiotics such as the one above.

Amoxicillin is not a large compound, yet drawing this compound is time consuming. To deal with
this problem, organic chemists have developed an eflicient drawing style that can be used to draw
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BY THE WAY

You may find it worthwhile

to purchase or borrow a
molecular model set. There
are several different kinds of
molecular model sets on the
market, and most of them are
comprised of plastic pieces
that can be connected to
generate models of small
molecules. Any one of these
model sets will help you to
visualize the relationship
between molecular structures
and the drawings used

to represent them.

Molecular Representations

molecules very quickly. Bond-line structures not only simplify the drawing process but also are
easier to read. The following is a bond-line structure of amoxicillin.

NH, 71
N
X S
= O N
HO o

HO

Most of the atoms are not drawn, but with practice, these drawings will become very user-friendly.
Throughout the rest of this textbook, most compounds will be drawn in bond-line format, and there-
fore, it is absolutely critical to master this drawing technique. The following sections are designed to
develop this mastery.

How to Read Bond-Line Structures

Bond-line structures are drawn in a zigzag format ("\"n"\), where each corner or endpoint
represents a carbon atom. For example, each of the following compounds has six carbon atoms

(count them!):

Double bonds are shown with two lines, and triple bonds are shown with three lines:

~
NN ///

Notice that triple bonds are drawn in a linear fashion rather than in a zigzag format, because triple
bonds involve sp-hybridized carbon atoms, which have linear geometry (Section 1.9). The two
carbon atoms of a triple bond and the two carbon atoms connected to them are drawn in a straight
line. All other bonds are drawn in a zigzag formag; for example, the following compound has eight
carbon atoms:

/\/
=
I~

Hydrogen atoms bonded to carbon are also not shown in bond-line structures, because it
is assumed that each carbon atom will possess enough hydrogen atoms so as to achieve a total
of four bonds. For example, the following highlighted carbon atom appears to have only two

bonds:

o The drawing indicates only two bonds
(@) / connected to this carbon atom

Therefore, we can infer that there must be two more bonds to hydrogen atoms that have not
been drawn (to give a total of four bonds). In this way, all hydrogen atoms are inferred by the
drawing:

With a bit of practice, it will no longer be necessary to count bonds. Familiarity with bond-line
structures will allow you to “see” all of the hydrogen atoms even though they are not drawn. This level
of familiarity is absolutely essential, so let’s get some practice.



SKILLBUILDER

] LEARN the skill

S

STEP 1

Count the carbon
atoms, which

are represented
by corners or
endpoints.

STEP 2

Count the hydrogen
atoms. Each carbon
atom will have
enough hydrogen
atoms to have exactly
four bonds.

Pam
<

PRACTICE the skill

APPLY the skill

Pan
s

53

2.2 Bond-Line Structures

\ 2.2 READING BOND-LINE STRUCTURES

()

Consider the structure of diazepam, first marketed by the Hoffmann-La de]
Roche Company under the trade name Valium. Diazepam is a seda-
tive and muscle relaxant used in the treatment of anxiety, insomnia,

and seizures. Identify the number of carbon atoms in diazepam, then
fill in all the missing hydrogen atoms that are inferred by the drawing.

_—
-.N\/g.o..
Diazepam
(Valium)
SOLUTION
Remember that each corner and each endpoint represents a carbon atom. This compound
therefore has 16 carbon atoms, highlighted here.

Each carbon atom should have four bonds. We therefore draw enough hydrogen atoms in
order to give each carbon atom a total of four bonds. Any carbon atoms that already have
four bonds will not have any hydrogen atoms:

2.3 For each of the following molecules, determine the number of carbon atoms present
and then determine the number of hydrogen atoms connected to each carbon atom:

.'O'- )
-c)'.
(a) (b) (c) (d) (e) (f)

2.4 Initially approved to treat psoriasis (a skin disorder) and rheumatoid arthritis, the drug
tofacitinib has recently been found to also promote hair growth and restore hair loss.” Identify
the number of carbon atoms in tofacitinib, and then fill in all of the missing hydrogen atoms
that are inferred by the drawing.

N Tofacitinib

need more PRACTICE? Try Problems 2.34, 2.48, 2.50
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WATCH OUT

Notice that the first structure
includes atom labels for each
carbon (C) and hydrogen (H),
while the second structure
does not show any atom labels
for carbon and hydrogen.
Both structures are valid
drawings, but it is incorrect

to label the carbon atoms
without also labeling the
hydrogen atoms (for example:
C—C—C—Q). Either draw
every C and every H, as in

the first structure, or don't
draw any of those labels, as

in the second structure.

SKILLBUILDER

\ 2.3 DRAWING BOND-LINE STRUCTURES

B

()

STEP 1

Delete hydrogen
atoms, except for
those connected to
heteroatoms.

J LEARN the skill

Molecular Representations

How to Draw Bond-Line Structures

It is certainly important to be able to read bond-line structures fluently, but it is equally important
to be able to draw them proficiently. When drawing bond-line structures, the following rules should

be observed:

1. Carbon atoms in a straight chain should be drawn in a zigzag format:

0y
H_

I—0O—=I

[
H H

H
I

—C—C—C—H

I
H

is drawn like this:

/\/

2. When drawing double bonds, draw all bonds as far apart as possible:

.O'.

N

AT

is much better than 0

Bad

3. When drawing single bonds, the direction in which the bonds are drawn is irrelevant:

\)\/ is the same as

These two drawings do not represent constitutional isomers—they are just two drawings of the
same compound. Both are perfectly acceptable.

4. All heteroatoms (atoms other than carbon and hydrogen) must be drawn, and any hydrogen
atoms attached to a heteroatom must also be drawn. For example:

i
7
H

T
I-0—0—T

i
7
H

This H must be drawn:

—H is drawn like this:

:OH

Ao

5. Never draw a carbon atom with more than four bonds. Carbon only has four orbitals in its
valence shell, and therefore carbon atoms can form a maximum of four bonds.

Draw a bond-line structure for the following compound:

SOLUTION

e "
H—C—C—0—Cc—c=c—C¢_
IR \\c—cls
H H H N
H

/\

/H

H

‘

O

H

Drawing a bond-line structure requires just a few conceptual steps. First, delete all hydrogen
atoms except for those connected to heteroatoms:



STEP 2

Draw in zigzag format,
keeping triple bonds
linear.

STEP 3
Delete carbon atoms.

APPLY the skill

2.3  Identifying Functional Groups "’ ‘ 55

Then, place the carbon skeleton in a zigzag arrangement, making sure that any triple bonds
are drawn as linear:

:OH HO_ _C.__C
| . _ “>¢” o7 e
C—C—0—C—C=C—C_  ----- > Y
o A\ \C
c—¢ i
C
c ¢ ¢
Finally, delete all carbon atoms:
HO. . Co /C\ HO\/\ PN
c ) C\\\C ----- > .O. \\
~c |
[l
"¢

PRACTICE the skill 2.5 Draw a bond-line structure for each of the following compounds:

H\T/H H\T/H H }4 . l? .
A e -
H—C—C—C—C—CTH H—C—C—C—H HG—C—H
LN H H=G—H H H—=C—0H
(a) HnH (b) H (@ H
(d) (CH3)3C—C(CH3)3 (e) CH3CH,CH(CH3), (f) (CH3CHZ);COH
(g) (CH5),CHCH,OH (h) CH3CH,CH,OCH; (i) (CH3CHp),C=CH,
(j) CH,=CHOCH,CH(CHs3), (k) (CH3CH,),CHCH,CH,NH,
(I) CH,=CHCH,OCH,CH(CH3), (m) CH3CH,CH,CH,CH,CH;
(n) (CH3CH,CH,),CHCI (o) (CH3),C=CHCH,CH3
(p) (CH3CH,),CHCH,OCH; (q) (CH3)3CCH,CH,OH

(r) (CH3CH,CH,)3COCH,CH,CH=CHCH,CH,OC(CH,CHjs)3

2.6 Certain compounds that are alternatives to fossil TNV

fuels can be produced by engineered microbes. H\};/C\C’\CH CHA(GHACH(CH
Bisabolane, an example of a renewable biofuel, is a He/ (|:—H (CHa)(CH)sCH(CHa)2
synthetic alternative to diesel fuel.®> Draw a bond-line H‘/C\/ \,C\/ ¥

structure for bisabolane: H yH H

Bisabolane

need more PRACTICE? Try Problems 2.35, 2.36, 2.42, 2.51, 2.55

2.3 ldentifying Functional Groups

Bond-line drawings are the preferred drawing style used by practicing organic chemists. In addition
to being more efficient, bond-line drawings are also easier to read. As an example, consider the fol-
lowing reaction:

(CHg),CHCH = C(CHg), % (CHg)oCHCH,CH(CHg),

When the reaction is presented in this way, it is somewhat difficult to see what is happening. It takes
time to digest the information being presented. However, when we redraw the same reaction using
bond-line structures, it becomes very easy to identify the transformation taking place:

R
Pt

It is immediately apparent that a double bond is being converted into a single bond. With bond-
line drawings, it is easier to identify the functional group and its location. A functional group is
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TABLE 2.1

FUNCTIONAL GROUP*

R—X: Alkyl halide
(X=Cl, Br, orI)
R R Alkene
\ /
C=C
/ \
R R
R—C=C—R Alkyne
R—OH Alcohol
R—a—R Ether
R—SH Thiol
R7§7R Sulfide
Aromatic
(or arene)

* The “R” refers to the remainder of the compound, usually carbon and hydrogen atoms.

Molecular Representations

CLASSIFICATION

a characteristic group of atoms/bonds that possess a predictable chemical behavior. In each of the
reactions below, the starting material has a carbon-carbon double bond, which is a functional group.
Compounds with carbon-carbon double bonds typically react with molecular hydrogen (H,) in the
presence of a catalyst (such as Pt). Both of the starting materials below have a carbon-carbon double
bond, and consequently, they exhibit similar chemical behavior.

O+C b s b

The chemistry of every organic compound is determined by the functional groups present in the com-
pound. Therefore, the classification of organic compounds is based on their functional groups. For exam-
ple, an alkene is a compound that exhibits a carbon-carbon double bond, while an a/ohol is a compound
that exhibits an OH group. Many of the chapters in this book are organized by functional group. Table 2.1
provides a list of common functional groups and the corresponding chapters in which they appear.

EXAMPLES OF COMMON FUNCTIONAL GROUPS

EXAMPLE CHAPTER FUNCTIONAL GROUP*  CLASSIFICATION EXAMPLE CHAPTER
P ck: 7 ‘0" Ketone ‘o 19
n-Propyl chloride R)J\R )k/
2-Butanone
X 7,8 ‘o Aldehyde ‘0" 19
1-Butene R)k H /\)J\H
Butanal
// 9 ‘0" Carboxylic oy 20
\/ )J\ H acid \/\)J\ H
~ /
1-Butyne R X -0-
Pentanoic acid
AN B 12 ‘0° Acyl halide ‘o° 20
1-Butanol R)ki('; )J\(':]:
Acetyl chloride
P 13 ‘0 O Anhydride ‘0° O 20
Diethyl ether )k'o_)kg )J\QJJ\
Acetic anhydride
T NGH 13 ‘0" Ester ToP 20
1-Butanethiol R)J\"Q-/R )J\o/\
Ethyl acetate
T TIN 13 ‘o° Amide ‘o° 20
Diethyl sulfide )J\"/R /\)J\
RT N NH,
R Butanamide
17,18 R Amine H 22
| \

Methylbenzene

Diethylamine
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® Medically Speaking Marine Natural Products

The field of marine natural products (MNP)
’ continues to expand rapidly as researchers explore

\ the ocean’s rich biodiversity in search of new

pharmaceuticals. It is a subdiscipline of natural

product chemistry and has recently seen some success stories of
new drugs. In the early days before the dawn of SCUBA, marine
drug discovery efforts were aimed primarily at easily accessible
marine life like red algae, sponges, and soft corals that were not
far from the ocean'’s shoreline.

Since then, more emphasis was placed on the previously
overlooked deep sea organisms as well as marine microbes
associated with ocean sediments and macroorganisms. These
sources have yielded both structurally diverse and bioactive
compounds. Moreover, the marine microbes are thought to be
the real producers of marine natural products (MNP) that were
previously isolated from their macroorganism hosts like mollusks,
sponges, and tunicates.

The early stage of MNP drug discovery was met with supply
issues due to limited marine samples that yielded small quantities
of the bioactive natural products. This demand was addressed
with innovative methods such as aquaculture (farming of aquatic
organisms), total synthesis, and biosynthesis. The use of genomics
(DNA sequencing of organisms) and proteomics (study of protein
structure and function), for example, has provided new insights
into the production and distribution of these natural products.

Of all the MNP and MNP-derived drug candidates identified
to date, seven have been approved by the Food and Drug
Administration (FDA) for public use, with at least 13 others at
various stages of clinical trials. Examples of FDA approved drugs
are: eribulin mesylate (E7389), omega-3-acid ethyl ester, and
trabectedin (ET-743). See structures below.

Eribulin mesylate is a synthetic analogue of the marine
natural product halichondrin B which was isolated from the
black sponge Halichondria okadai. It is a polyether analogue
that is used in the treatment of cancer which spreads from
the breast to other body organs. It acts by blocking cellular
growth, which results in the death of the cancer cells.

DHA ethyl ester

The second drug, omega-3-acid ethyl ester, contains

derivatives of long-chain, unsaturated carboxylic acids

(omega-3 fatty acids) that were isolated from fish oil.

. They consist primarily of ethyl esters of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). The drug is

used to treat persons with high levels of fat (lipid) in their
bloodstream as this condition can lead to heart disease

- and stroke.

The third therapeutic agent, trabectedin (ET-743), was
isolated from the marine tunicate Ecteinascidia turbinata. It is
used to treat patients with soft tissue sarcoma (STS) and those

with recurring ovarian cancer. Trabectedin binds to DNA and
© causes cell death.

The future of marine natural products is indeed bright.

- With the increasing technological advances in high-throughput
. screening (HTS), compound libraries, mass spectrometry

(MS), nuclear magnetic resonance (NMR) spectroscopy,

genomics, compound biosynthesis, and more, scientists will
| continue to push the envelope in the hopes of finding those

important marine natural products that will serve as future

. drug candidates.

Trabectedin (ET-743)




58 CHAPTER 2 Molecular Representations

CONCEPTUAL CHECKPOINT

2.7 Atenolol and enalapril are drugs used in the treatment of heart disease. Both of these drugs lower blood pressure (albeit in different
ways) and reduce the risk of heart attack. Using Table 2.1, identify and label all functional groups in these two compounds:

oy Y
/L 0 N\H/L
N N
l /ﬁ/\o f |
H OH HO™N, o H

WATCH OUT

Formal charges must always
be drawn and can never be
omitted, unlike lone pairs,
which may be omitted from
a bond-line structure.

Atenolol Enalapril

2.4 Carbon Atoms with Formal Charges

We have seen that carbon generally has four bonds, which allows us to “see” all of the hydrogen atoms
even though they are not explicitly shown in bond-line structures. Now we must modify that rule: 4
carbon atom will generally have four bonds only when it does not have a formal charge. When a carbon
atom bears a formal charge, either positive or negative, it will have three bonds rather than four. To
understand why, let’s first consider C™, and then we will consider C™.

Recall that the appropriate number of valence electrons for a carbon atom is four. In order to
have a positive formal charge, a carbon atom must be missing an electron. In other words, it must
have only three valence electrons. Such a carbon atom can only form three bonds. This must be taken
into account when counting hydrogen atoms:

@ @
)@\ SN P\
No hydrogen atoms One hydrogen atom Two hydrogen
on this C* on this C* atoms on this C*

Now let’s focus on negatively charged carbon atoms. In order to have a negative formal charge,
a carbon atom must have one extra electron. In other words, it must have five valence electrons. Two
of those electrons will form a lone pair, and the other three electrons will be used to form bonds.

i
H—(|3:®
H

In summary, both C" and C will have only three bonds. The difference between them is the nature
of the fourth orbital. In the case of C*, the fourth orbital is empty. In the case of C, the fourth
orbital is occupied by a lone pair of electrons.

2.5 I|dentifying Lone Pairs

In bond-line drawings, formal charges must always be drawn. If a formal charge is present and not
drawn, then the resulting bond-line structure is incorrect and therefore useless. In contrast, lone pairs
do not have to be drawn in a bond-line drawing (and indeed, they are often omitted), because the loca-
tions of the lone pairs can be inferred from the drawing. So we need to get some practice identifying
lone pairs when they are not drawn. The following example will demonstrate the thought process:

NP

In order to determine the number of lone pairs on the oxygen atom, we simply use the same
two-step process described in Section 1.4 for calculating formal charges:

1. Determine the appropriate number of valence electrons for the atom. Oxygen is in group 6A of the
periodic table, and therefore, it should have six valence electrons.

2. Determine if the atom actually exhibits the appropriate number of electrons. This oxygen atom has
a negative formal charge, which means it must have one extra electron. Therefore, this oxygen
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atom must have 6 + 1 = 7 valence electrons. One of those electrons is being used to form the
C—0O bond, which leaves six electrons for lone pairs. This oxygen atom must therefore have
three lone pairs:

/\06 is the same as /\O@

The process above represents an important skill; however, it is even more important to become
familiar enough with atoms that the process becomes unnecessary. There is just a handful of patterns
to recognize. Let’s go through them methodically, starting with oxygen. Table 2.2 summarizes the
important patterns that you will encounter for oxygen atoms.

* A negative charge corresponds with one bond and three lone pairs.
¢ The absence of charge corresponds with two bonds and two lone pairs.

* A positive charge corresponds with three bonds and one lone pair.

TABLE 2.2 FORMAL CHARGE ON AN OXYGEN ATOM ASSOCIATED WITH A PARTICULAR NUMBER OF BONDS AND LONE PAIRS

No
T Charge T
1 bond + 3 lone pairs 2 bonds + 2 lone pairs 3 bonds + 1 lone pair
Examples: Examples: Examples:
€] 2O H
CHE on - O Jo

PP G I N R PR RN
H H
‘@ ‘ D

C
C
-
>

SKILLBUILDER

= 2.4 |DENTIFYING LONE PAIRS ON OXYGEN ATOMS
0 LEARN the skill Draw all of the lone pairs in the following structure:
i S
SOLUTION
STEP 1 The oxygen atom above has a positive formal charge and three bonds. It is preferable to
Determine the recognize the pattern—that a positive charge and three bonds must mean that the oxygen

appropriate number of
valence electrons.

®_H
O.
STEP 2 Q
Analyze the formal

charge and determine ) L. . .
the actual number of Alternatively, and less preferably, it is possible to calculate the number of lone pairs

valence electrons. using the following two steps. First, determine the appropriate number of valence electrons

atom has just one lone pair:
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STEP 3

Count the number of
bonds and determine
how many of the actual
valence electrons must
be lone pairs.

PRACTICE the skill

APPLY the skill

Molecular Representations

for the atom. Oxygen is in group 6A of the periodic table, and therefore, it should have six
valence electrons. Then, determine if the atom actually exhibits the appropriate number of
electrons. This oxygen atom has a positive charge, which means it is missing an electron:
6 — 1 = 5 valence electrons. Three of these five electrons are being used to form bonds,
which leaves just two electrons for a lone pair. This oxygen atom has only one lone pair.

2.8 Draw all lone pairs on each of the oxygen atoms in the following structures. Before
doing this, review Table 2.2 and then come back to these problems. Try to identify all lone
pairs without having to count. Then, count to see if you were correct.

o o} o) 0
(a) )k (b) )ko/ o~ (©) )J\OH (d) )ko@ (e) ~ “o°

H
\

5 @
° o~ O0—H
O Cf ) Z 5 /:><
® @ MHEH Mot o () — o-n

2.9 The rich and varied flavors of toasted bread, roasted coffee, and seared meat are a
result of a process known as the Maillard reaction. This reaction creates hundreds of new
flavorful compounds, including hydroxymethylfurfural (HMF). By measuring levels of HMF
in foods such as puffed cereals, production processes can be evaluated.” Identify all of the
missing lone pairs of electrons in hydroxymethylfurfural.

(o}

6}
HO \/ H

Hydroxymethylfurfural

need more PRACTICE? Try Problems 2.38, 2.39

Now let’s explore nitrogen atoms. Table 2.3 shows the important patterns that you will encounter

with nitrogen atoms. In summary:

TABLE 2.3

* A negative charge corresponds with two bonds and two lone pairs.
e The absence of charge corresponds with three bonds and one lone pair.

* A positive charge corresponds with four bonds and no lone pairs.

FORMAL CHARGE ON A NITROGEN ATOM ASSOCIATED WITH A PARTICULAR NUMBER OF BONDS

AND LONE PAIRS

No
Cf Charge (f
2 bonds + 2 lone pairs 3 bonds + 1 lone pair 4 bonds + 0 lone pairs
Examples: Examples: Examples:
) < I‘—l IL® h I i
o YN N —N— has no lone pairs
/\/NH = o “H /\/NHZ = SN “H ‘
H H
ﬁ = ﬁ | = ol _ [LGJ has no lone pairs
AN SN A ~ N~ ~ N NN
S, H . _H
N@ N N~ N~

!
:

@
=—N— has no lone pairs

-

A



SKILLBUILDER

) LEARN the skill

STEP 1

Determine the
appropriate number of
valence electrons.

STEP 2

Analyze the formal
charge and determine
the actual number of
valence electrons.

STEP 3

Count the number of
bonds and determine
how many of the actual
valence electrons must
be lone pairs.

PRACTICE the skill

¢

>4

\ APPLY the skill

(o)
%

need more PRACTICE? Try Problems 2.34, 2.45

\ 2.5 IDENTIFYING LONE PAIRS ON NITROGEN ATOMS

2.6 Three-Dimensional Bond-Line Structures

©)
\N/

Draw any lone pairs associated with the nitrogen atoms in the following structure: )k
~
N

|
SOLUTION

The top nitrogen atom has a positive formal charge and four bonds. The bottom
nitrogen has three bonds and no formal charge. It is preferable to simply recog-
nize that the top nitrogen atom must have no lone pairs and the bottom nitrogen
atom must have one lone pair:

Alternatively, and less preferably, it is possible to calculate the number of lone
pairs using the following two steps. First, determine the appropriate number of valence elec-
trons for the atom. Each nitrogen atom should have five valence electrons. Next, determine if
each atom actually exhibits the appropriate number of electrons. The top nitrogen atom has
a positive charge, which means it is missing an electron. This nitrogen atom actually has only
four valence electrons. Since the nitrogen atom has four bonds, it is using each of its four elec-
trons to form a bond. This nitrogen atom does not possess a lone pair. The bottom nitrogen
atom has no formal charge, so this nitrogen atom must be using five valence electrons. It has
three bonds, which means that there are two electrons left over, forming one lone pair.

@®
\N/

2.10 Draw all lone pairs on each of the nitrogen atoms in the following structures. First,
review Table 2.3 and then come back to these problems. Try to identify all lone pairs with-
out having to count. Then, count to see if you were correct.

N/ P ™~ N - \N//
N @
(a) PN k)  H @ @ (e)

H\®/NH2
® N
N_ JR—
(f)< / (g)< />N m L

2.11 Glue adhesion usually requires a dry surface,
so studying the chemistry behind the attachment of
mussels to wet rocks can lead to the development
of new adhesive materials. Chemists used the
compound shown to model the mus- M
sel foot proteins involved in the adhe-
sion process‘5 Some of the nitrogen ©NH,4
atoms in this structure are believed N
to play a critical role in achieving the [H H
|-
®

SN
e

strong binding. Draw all lone pairs

H N \
associated with the nitrogen atoms of H |
. ~ N _N (0]
this compound. N H O OH
| X o 0] OH
|
=
OH
OH )
HaN

2.6 Three-Dimensional Bond-Line Structures

Throughout this book, we will use many different kinds of drawings to represent the three-dimensional
geometry of molecules. The most common method is a bond-line structure that includes wedges
and dashes to indicate three dimensionality. These structures are used for all types of compounds,
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FIGURE 2.1

Bond-line structures with
wedges and dashes to indicate
three dimensionality.

FIGURE 2.2

Common drawing styles that
show three dimensionality
for acylic, cyclic, and

bicyclic compounds.

Molecular Representations

including acyclic, cyclic, and bicyclic compounds (Figure 2.1). In the drawings in Figure 2.1, a wedge
represents a group coming out of the page, and a dash represents a group going behind the page. We

will use wedges and dashes extensively in Chapter 5 and thereafter.
j ,Br

Bicyclic
(Two rings)

Cl

A

HO,, O/OH
Cl

Acyclic Cyclic
(No ring) (One ring)

In certain circumstances, there are other types of drawings that can be used, all of which also
indicate three-dimensional geometry (Figure 2.2).

Oy -OH
OH H
H——OH
H
s~ Ay
HO—1—H H Br OMe
CH,0H

Fischer projection Haworth projection (Used only for

(Used only for (Used only for bicyclic compounds)
acyclic compounds) cyclic compounds)

Fischer projections are used for acyclic compounds while Haworth projections are used exclu-
sively for cyclic compounds. Each of these drawing styles will be used several times throughout this
book, particularly in Chapters 5, 7, and 24.

® Medically Speaking  Identifying the Pharmacophore

[/} As mentioned in the chapter opener, there are many
- ) techniques that scientists employ in the design of new
. drugs. One such technique is called lead modiification,

which involves modifying the structure of a compound

known to exhibit desirable medicinal properties. The known
compound “leads” the way to the development of other similar
compounds and is therefore called the lead compound. The story
of morphine provides a good example of this process.

Morphine is a very potent analgesic (pain reliever) that is
known to act on the central nervous system as a depressant
(causing sedation and slower respiratory function), and it is also
known to relieve symptoms of anxiety and cause an overall state
of euphoria. Because morphine is addictive, it is primarily used
for the short-term treatment of acute pain and for terminally ill
patients suffering from extreme pain. The analgesic properties
of morphine have been exploited for over a millennium. It is the
major component of opium, obtained from the unripe seed pods
of the poppy plant, Papaver somniferum. Morphine was first
isolated from opium in 1803, and by the mid-1800s, it was used
heavily to control pain during and after surgical procedures. By the
end of the 1800s, the addictive properties of morphine became
apparent, which fueled the search for nonaddictive analgesics.

In 1925, the structure of morphine was correctly
determined. This structure functioned as a lead compound
and was modified to produce other compounds with analgesic
properties. Early modifications focused on replacing the hydroxyl
(OH) groups with other functional groups. Examples include
heroin and codeine:

Codeine

Heroin exhibits stronger activity than morphine and is
extremely addictive. Codeine shows less activity than morphine
and is less addictive. Codeine is currently used as an analgesic
and cough suppressant.

In 1938, the analgesic properties of meperidine, also
known as Demerol, were fortuitously discovered. As the story
goes, meperidine was originally prepared to function as an
antispasmodic agent (to suppress muscle spasms). When
administered to mice, it curiously caused the tails of the mice to



become erect. It was already known that morphine and related
compounds produced a similar effect in mice, so meperidine
was further tested and found to exhibit analgesic properties.
This discovery generated much interest by providing new
insights in the search for other analgesics. By comparing the
structures of morphine, meperidine, and their derivatives,
scientists were able to determine which structural features are
essential for analgesic activity, shown in red:

CH3 CH3
| I
N N (0]
o SN
=~ | OH
-
OH
Morphine Meperidine

When morphine is drawn in this way, its structural
similarity to meperidine becomes more apparent. Specifically,
the bonds indicated in red represent the portion of each
compound responsible for the analgesic activity. This part
of the compound is called the pharmacophore. If any part
of the pharmacophore is removed or changed, the resulting
compound will not be capable of binding effectively to the
appropriate biological receptor, and the compound will not
exhibit analgesic properties. The term auxophore refers to the
rest of the compound (the bonds shown in black). Removing any
of these bonds may or may not affect the strength with which
the pharmacophore binds to the receptor, thereby affecting
the compound’s analgesic potency. When modifying a lead
compound, the auxophoric regions are the portions targeted for
modification. For example, the auxophoric regions of morphine
were modified to develop methadone and etorphine.
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Methadone

Etorphine

Methadone, developed in Germany during World War 1l is used
to treat heroin addicts suffering from withdrawal symptoms.
Methadone binds to the same receptor as heroin, but it has a
longer retention time in the body, thereby enabling the body to
cope with the decreasing levels of drug that normally cause
withdrawal symptoms. Etorphine is over 3000 times more potent
than morphine and is used exclusively in veterinary medicine to
immobilize elephants and other large mammals.

Scientists are constantly searching for new lead compounds.
In 1992, researchers at NIH (National Institutes of Health) in
Bethesda, Maryland, isolated epibatidine from the skin of the
Ecuadorian frog, Epipedobates tricolor. Epibatidine was found
to be an analgesic that is 200 times
more potent than morphine. Further H
studies indicated that epibatidine and c /N N
morphine bind to different receptors. \QJ\Lb
This discovery was very exciting,
because it meant that epibatidine Epibatidine
could possibly serve as a new lead
compound. Although this compound is too toxic for clinical use,
a significant number of researchers have been working to identify
the pharmacophore of epibatidine and to develop nontoxic
derivatives.

2.7 Introduction to Resonance

The Inadequacy of Bond-Line Structures

We have seen that bond-line structures are generally the most efficient and preferred way to draw the
structure of an organic compound. Nevertheless, bond-line structures suffer from one major defect.
Specifically, a pair of bonding electrons is always represented as a line that is drawn between two
atoms, which implies that the bonding electrons are confined to a region of space directly in between
two atoms. In some cases, this assertion is acceptable, as in the following structure:

=

In this case, the 7 electrons are in fact located where they are drawn, in between the two central
carbon atoms. But in other cases, the electron density is spread out over a larger region of the mol-
ecule. For example, consider the following ion, called an allyl carbocation:

N
@

It might seem from the drawing above that there are two 7 electrons on the left side and a posi-
tive charge on the right side. But this is not the entire picture, and the drawing above is inadequate.
Let’s take a closer look and first analyze the hybridization states. Each of the three carbon atoms above
is sp* hybridized. Why? The two carbon atoms on the left side are each sp* hybridized because each of
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FIGURE 2.3
The overlapping p orbitals
of an allyl carbocation.

Antibonding MO

Nonbonding MO

2. Bonding MO

FIGURE 2.4

The molecular orbitals
associated with the 7 electrons
of an allylic system.

FIGURE 2.5

The nonbonding molecular
orbital associated with the =
electrons of an allylic system.

those carbon atoms is utilizing a p orbital to form the 7 bond (Section 1.9). The third carbon atom,
bearing the positive charge, is also s> hybridized because it has an empty p orbital. Figure 2.3 shows
the three p orbitals associated with an allyl carbocation. This image focuses our attention on the
continuous system of p orbitals, which functions as a “conduit,” allowing the two 7 electrons to be
associated with all three carbon atoms. Valence bond theory is inadequate for analysis of this system
because it treats the electrons as if they were confined between only two atoms. A more appropriate
analysis of the allyl cation requires the use of molecular orbital (MO) theory (Section 1.8), in which
electrons are associated with the molecule as a whole, rather than individual atoms. Specifically, in
MO theory, the entire molecule is treated as one entity, and all of the electrons in the entire molecule
occupy regions of space called molecular orbitals. Two electrons are placed in each orbital, starting
with the lowest energy orbital, until all electrons occupy orbitals.

According to MO theory, the three p orbitals shown in Figure 2.3 no longer exist. Instead,
they have been replaced by three MOs, illustrated in Figure 2.4 in order of increasing energy.
Notice that the lowest energy MO, called the bonding molecular orbital, has no vertical nodes. The
next higher energy MO, called the nonbonding molecular orbiral, has one vertical node. The highest
energy MO, called the antibonding molecular orbiral, has two vertical nodes. The 7 electrons of the
allyl system will fill these MOs, starting with the lowest energy MO. How many 7 electrons will
occupy these MOs? The allyl carbocation has only two 7 electrons, rather than three, because one
of the carbon atoms bears a positive formal charge indicating that one electron is missing. The two
7 electrons of the allyl system will occupy the lowest energy MO (the bonding MO). If the missing
electron were to return, it would occupy the next higher energy MO, which is the nonbonding MO.
Focus your attention on the nonbonding MO (shown again in Figure 2.5).

There should be an electron occupying this nonbonding MO, but the electron is missing.
Therefore, the colored lobes are empty and represent regions of space that are electron deficient. In
conclusion, MO theory suggests that the positive charge of the allyl carbocation is associated with the
two ends of the system, rather than just one end.

In a situation like this, any individual bond-line structure that we draw will be inadequate. How
can we draw a positive charge that is spread out over two locations, and how can we draw two 7
electrons that are associated with three carbon atoms?

Resonance

The approach that chemists use to deal with the inadequacy of bond-line | _~_
structures is called resonance. According to this approach, we draw more © @
than one bond-line structure and then mentally meld them together:

These drawings are called resonance structures, and they show that the positive charge is spread
over two locations (and the 7 electrons are spread over all three carbon atoms). Notice that we separate
resonance structures with a straight, two-headed arrow, and we place brackets around the structures.
‘The arrow and brackets indicate that the drawings are resonance structures of one entity. This one entity,
called a resonance hybrid, is oz flipping back and forth between the different resonance structures. To
better understand this, consider the following analogy: A person who has never before seen a nectarine

asks a farmer to describe a nectarine. The farmer answers:

Picture a peach in your mind, and now picture a plum in your mind. Well, a nectarine has features of both
fruits: the inside tastes like a peach, the outside is smooth like a plum, and the color is somewhere in between
the color of a peach and the color of a plum. So take your image of a peach together with your image of a
plum and meld them together in your mind into one image. That’s a nectarine.

Here is the important feature of the analogy: The nectarine does not vibrate back and forth every
second between being a peach and being a plum. A nectarine is a nectarine all of the time. The image
of a peach by itself is not adequate to describe a nectarine. Neither is the image of a plum. But by
combining certain characteristics of a peach with certain characteristics of a plum, it is possible to
imagine the features of a nectarine. Similarly, with resonance structures, no single drawing adequately
describes the nature of the electron density spread out over the molecule. To deal with this problem,
we draw several drawings and then meld them together in our minds to obtain one image, or hybrid,
just as we did to obtain an image for a nectarine.

Don’t be confused by this important point: The term “resonance” does not describe any real pro-
cess that is actually happening. Rather, chemists draw multiple resonance structures as a bookkeeping
method to overcome the inadequacy of bond-line drawings.
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Resonance Stabilization

We developed the concept of resonance using the allyl cation as an example, and we saw that the
two T electrons are spread out over the three carbon atoms of the allylic system. This spreading of
electrons, called delocalization, is a stabilizing factor. That is, molecules and ions are stabilized by the
delocalization of electrons. This stabilization is often referred to as resonance stabilization, and the
allyl cation is said to be resonance stabilized. Resonance stabilization plays a major role in the outcome
of many reactions, and we will invoke the concept of resonance in almost every chapter of this text-
book. The study of organic chemistry therefore requires a thorough mastery of drawing resonance
structures, and the following sections are designed to foster the necessary skills.

2.8 Curved Arrows

In this section, we will focus on curved arrows, which are the tools necessary to draw resonance
structures properly. Every curved arrow has a rai/ and head:

Tail _—_Head

Curved arrows used for drawing resonance structures do not represent the motion of electrons—they
are simply tools that allow us to draw resonance structures with ease. These tools treat the electrons as
if they were moving, even though the electrons are actually not moving at all. In Chapter 3, we will
encounter curved arrows that actually do represent the flow of electrons. For now, keep in mind that
all curved arrows in this chapter are just tools and do not represent a flow of electrons.

It is essential that the tail and head of every arrow be drawn in precisely the proper location.
The tail shows where the electrons are coming from, and the head shows where the electrons are
going (remember, the electrons arent really going anywhere, but we treat them as if they were for
the purpose of drawing the resonance structures). We will soon learn patterns for drawing proper
curved arrows. But, first, we must learn where not to draw curved arrows. There are two rules that
must be followed when drawing curved arrows for resonance structures:

1. Avoid breaking a single bond.

2. Never exceed an octet for second-row elements.
Let’s explore each of these rules:

1. Avoid breaking a single bond when drawing resonance structures. By definition, resonance struc-
tures must have all the same atoms connected in the same order. Breaking a single bond would
change this—hence the first rule:

@ @
/\/\/\ )( /\ + O
Don’t break a single bond

There are very few exceptions to this rule, and we will only violate it two times in this textbook
(both in Chapter 8). Each time, we will explain why it is permissible in that case. In all other
cases, the tail of an arrow should never be placed on a single bond.

2. Never exceed an octet for second-row elements. Elements in the second row (C, N, O, F) have only four
orbitals in their valence shell. Each orbital can either form a bond or hold a lone pair. Therefore, for
second-row elements the total of the number of bonds plus the number of lone pairs can never be
more than four. They can never have five or six bonds; the most is four. Similarly, they can never have
four bonds and a lone pair, because this would also require five orbitals. For the same reason, they can
never have three bonds and two lone pairs. Let’s see some examples of curved arrows that violate this
second rule. In each of these drawings, the central atom cannot form another bond because it does
not have a fifth orbital that can be used.

H
6:{::>/NV—<::—H ez:céq‘—i\]—H ez:q/\*—ilj:

H H H
Bad arrow Bad arrow Bad arrow
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SKILLBUILDER

STEP 1

Make sure that the
tail of the curved
arrow is not located
on a single bond.

STEP 2

Make sure that the
head of the curved
arrow does not
violate the octet rule.

0 LEARN the skill

The violation in each of these examples is clear, but with bond-line structures, it can be more
p

difficult to see the violation because the hydrogen atoms are not drawn (and, very often, neither

are the lone pairs). Care must be taken to “see” the hydrogen atoms even when they are not drawn:

H H
H
/\/(\)@ is the same as \C/C\‘/']‘.e
HA (0]
H
Bad arrow Bad arrow

At first it is difficult to see that the curved arrow on the left structure is violating the second rule.
But when we count the hydrogen atoms, it becomes clear that the curved arrow above would
create a carbon atom with five bonds.

From now on, we will refer to the second rule as the oczer rule. But be careful—for purposes
of drawing resonance structures, it is only considered a violation if a second-row element has
more than an octet of electrons. However, it is not a violation if a second-row element has /ess
than an octet of electrons. For example:

OI> ol
M T A

This carbon atom
does not have an octet

This second drawing above is acceptable, even though the central carbon atom has only six
electrons surrounding it. For our purposes, we will only consider the octet rule to be violated
if we exceed an octet.

Our two rules (avoid breaking a single bond and never exceed an octet for a second-row ele-
ment) reflect the two features of a curved arrow: the tail and the head. A poorly placed arrow tail
violates the first rule, and a poorly directed arrow head violates the second rule.

= 2.6 IDENTIFYING VALID RESONANCE ARROWS

Inspect the arrow drawn on the following structure and determine whether it violates either
of the two rules for drawing curved arrows:

%

SOLUTION
In order to determine if either rule has been broken, we must look carefully at the tail and
the head of the curved arrow. The tail is placed on a double bond, and therefore, this curved
arrow does not break a single bond. So the first rule is not violated.

Next, we look at the head of the arrow: Has the octet rule been violated? Is there a fifth
bond being formed here? Remember that a carbocation (C*) only has three bonds, not four.
Two of the bonds are shown, which means that the C* has only one bond to a hydrogen atom:

Y

H

Therefore, the curved arrow will give the carbon atom a fourth bond, which does not violate
the octet rule.

The curved arrow is valid, because the two rules were not violated. Both the tail and
head of the arrow are acceptable.
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PRACTICE the skill 2.12 In each of the following cases, determine whether the curved arrow violates either

APPLY the skill

of the two rules and describe the violation, if any. (Don't forget to count all hydrogen atoms
and all lone pairs.)

R Oy :GH .
@ H " k)~ A (@ O (d) 0N
SNSRI
H
@ N ) () m Ao
Ny . - ’
(I) /\/04N (]) HsCfl\le:NZ (k) \g/\O\R (l) /Nl

2.13 Drawing the resonance structure of the following compound requires one curved
arrow. The head of this curved arrow is placed on the oxygen atom, and the tail of the
curved arrow can only be placed in one location without violating the rules for drawing
curved arrows. Draw this curved arrow.

O

2.14 Polyhydroxybutyric acid (PHB) is a component of biodegradable plastics that can be used
in dissolving sutures or as a scaffold for skin regeneration.® PHB is synthesized by linking together
hydroxybutyric acid molecules. Inspect the arrows drawn for possible hydroxybutyric acid reso-
nance and determine whether each curved arrow violates either of the two rules for drawing
curved arrows in resonance structures. Describe any violations that occur.

Polyhydroxybutyrate (PHB) Hydroxybutyrate

< P
mwﬁg)%H (M@ivk@ «WVK)&”(mﬁ OH

Whenever more than one curved arrow is used, all curved arrows must be taken into account in
order to determine if any of the rules have been violated. For example, the following arrow violates
the octet rule:

/-u e
This carbon atom
cannot form a fifth bond

However, by adding another curved arrow, we remove the violation:

| ol
o
/[:l'j, g A /N °

The second curved arrow removes the violation of the first curved arrow. In this example, both arrows
are acceptable, because taken together, they do not violate our rules.

Arrow pushing is much like bike riding. The skill of bike riding cannot be learned by watch-
ing someone else ride. Learning to ride a bike requires practice. Falling occasionally is a necessary
part of the learning process. The same is true with arrow pushing. The only way to learn is with
practice. The remainder of this chapter is designed to provide ample opportunity for practicing
and mastering resonance structures.
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2.9 Formal Charges in Resonance Structures

In Section 1.4, we learned how to calculate formal charges. Resonance structures very often contain
formal charges, and it is absolutely critical to draw them properly. Consider the following example:

5
g —?

WATCH OUT In this example, there are two curved arrows. The first arrow pushes one of the lone pairs to form a
The electrons are not really bond, and the second arrow pushes the 7 bond to form a lone pair on a carbon atom. When both
moving. We are just treating arrows are pushed at the same time, neither of the rules is violated. So, let’s focus on how to draw
them as if they were. the resonance structure by following the instructions provided by the curved arrows. We delete one

SKILLBUILDER

()

lone pair from oxygen and place a m bond between carbon and oxygen. Then we must delete the
C—C 7 bond and place a lone pair on carbon:

g — X

However, the structure is not complete without drawing formal charges. If we apply the rules of
assigning formal charges, oxygen acquires a positive charge and carbon acquires a negative charge:

Qb'/ 0
A T A
8

Another way to assign formal charges is to think about what the arrows are indicating. In this
case, the curved arrows indicate that the oxygen atom is losing a lone pair and gaining a bond. In
other words, it is losing two electrons and only gaining one back. The net result is the loss of one
electron, indicating that oxygen must incur a positive charge in the resonance structure. A simi-
lar analysis for the carbon atom on the bottom right shows that it must incur a negative charge.
Notice that the overall net charge is the same in each resonance structure. Let’s practice assigning
formal charges in resonance structures.

\ 2.7 ASSIGNING FORMAL CHARGES IN RESONANCE STRUCTURES

N

/ LEARN the skill Draw the resonance structure below. Be sure to include formal charges.

el
:0:
A - ?

SOLUTION
The arrows indicate that we must delete one lone pair on oxygen, place a double bond between
carbon and oxygen, delete the carbon-carbon double bond, and place a lone pair on carbon:

STEP 1

29 XX
Hel 0]
Carefully read what 5\/ )J\/
> >

the curved arrows
indicate.



STEP 2
Assign formal
charges.

PRACTICE the skill
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Finally, we must assign formal charges. In this case, oxygen started with a negative charge,
and this charge has now been pushed down (as the arrows indicate) onto a carbon atom.
Therefore, the carbon atom must now bear the negative charge:

Eb': . o

Earlier in this chapter, we said that it is not necessary to draw lone pairs, because they are
implied by bond-line structures. In the example above, the lone pairs are shown for clarity.
This raises an obvious question. Look at the first curved arrow above: The tail is drawn on a
lone pair. If the lone pairs had not been drawn, how would the curved arrow be drawn? In
situations like this, organic chemists will sometimes draw the curved arrow coming from the
negative charge:

[S)

KO 6:36:
)\/ is the same as Q)
X A/

G G

Nevertheless, you should avoid this practice, because it can easily lead to mistakes in certain
situations. It is highly preferable to draw the lone pairs and then place the tail of the curved
arrow on a lone pair, rather than placing it on a negative charge.

After drawing a resonance structure and assigning formal charges, it is always a
good idea to count the total charge on the resonance structure. This total charge MUST
be the same as on the original structure (conservation of charge). If the first structure
had a negative charge, then the resonance structure must also have a net negative
charge. If it doesn't, then the resonance structure cannot possibly be correct. The total
charge must be the same for all resonance structures, and there are no exceptions to
this rule.

2.15 For each of the structures below, draw the resonance structure that is indicated by the
curved arrows. Be sure to include formal charges.

. .
Q ah
)
(@) 7% k) 7 (© )zg.o,/ (d) )JLW
= 6o 0
QOH RN R
N Ol o
¢
(&) ~F ) @ h oo

2.16 In each case below, draw the curved arrow(s) required in order to convert the first
resonance structure into the second resonance structure. In each case, begin by drawing all
lone pairs and then use the formal charges to guide you.

(@] eO (o] 60
@ | i ‘ﬁ (b) | i @@

0 =0

o) “o
<« /&
)kN/ —
S

(c) | (d) |
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APPLY the skill
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2.17 The cation 1 has been
shown to lose a proton H)
to produce a compound
represented by resonance
structures 2a, 2b, and 2c¢.”

(@) Draw the curved arrows
needed to convert reso-
nance structure 2a into
resonance structure 2b.
Begin by drawing all lone
pairs and then use the for-
mal charges to guide you.

MO o OCH; _ —H'
=N “

(b) Draw the resonance arrows needed to convert 2a into 2c.

need more PRACTICE? Try Problem 2.40

2.10 Drawing Resonance Structures via Pattern Recognition

In order to become truly proficient at drawing resonance structures, you must learn to recognize the
following five patterns: (1) an allylic lone pair, (2) an allylic carbocation, (3) a lone pair adjacent to C+,
(4) a m bond between two atoms of differing electronegativity, and (5) conjugated  bonds in a ring.
We will now explore each of these five patterns, with examples and practice problems.

1.

An allylic lone pair.

Let’s begin with some important terminology that we will use frequently

throughout the remainder of the text. When a compound contains a carbon-carbon double

bond, the two carbon atoms bearing the double bond are called vinylic positions, while the

atoms connected directly to the vinylic positions are called allylic positions:

Vinylic positions

o S

Allylic positions

We are specifically looking for lone pairs in an allylic position. As an example, consider the fol-

lowing compound, which has two lone pairs:

We must learn to identify lone pairs in allylic positions. Here are several examples:

:5/ 0 N/ O

/\é.

Not allylic ——| N

Allylic —— §N:/>

In the last three cases above, the lone pairs are not next to a carbon-carbon double bond and

are technically not allylic lone pairs (an allylic position is the position next to a carbon-carbon
double bond and not any other type of double bond). Nevertheless, for purposes of drawing
resonance structures, we will treat these lone pairs in the same way that we treat allylic lone

pairs. Specifically, all of the examples above exhibit at least one lone pair next to a 7 bond.

For each of the examples above, there will be a resonance structure that can be obtained by

drawing exactly two curved arrows. The first curved arrow goes from the lone pair to form a 7

bond, while the second curved arrow goes from the 7 bond to form a lone pair:

9 AN e e *”‘T'/



2.10 Drawing Resonance Structures via Pattern Recognition ‘ ‘ 71

Lets carefully consider the formal charges produced in each of the cases above. When the atom
with the lone pair has a negative charge, then it transfers its negative charge to the atom that
ultimately receives a lone pair:

‘/.) «—> .
g\/\e' ‘©

/

<"N/ S
I — I

When the atom with the lone pair does not have a negative charge, then it will incur a positive
charge, while the atom receiving the lone pair will incur a negative charge:

I 57 SN ®b'/ |
) .
L o |
[ . Ou. ]
4 — X
0o~ 0
[ CO 60 i
)J\/?\]/ - /&(ﬁ/
|

Recognizing this pattern (a lone pair next to a @ bond) will save time in calculating formal
charges and determining if the octet rule is being violated.

CONCEPTUAL CHECKPOINT

2.18 For each of the compounds below, locate the pattern we just learned (lone pair next to a 7 bond) and draw the appropriate
resonance structure:

(0]
S} S
0.@_0
NG S SN
(a) (b) (c) (d) (e)
O
o HZNW\OH
)J\ \N/ o
/\/ ~
6O o @ 5-Amino-4-oxopentanoic acid
/K/ Acetylcholine (used in therapy and diagnosis
(f) X (9) (a neurotransmitter) (h) of hepatic tumors)

2. Anallylic carbocation. Again we are focusing on allylic positions, but this time, we are looking
for a positive charge located in an allylic position:

N

Allylic carbocation
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When there is an allylic carbocation, only one curved arrow will be required; this arrow goes
from the 7 bond to form a new 7 bond:

SO T A

Notice what happens to the formal charge in the process. The positive charge is moved to the
other end of the system.

In the previous example, the positive charge was next to one 7 bond. The following example
contains two 7 bonds, which are said to be conjugated, because they are separated from each other
by exactly one o bond (we will explore conjugated 7 systems in more detail in Chapter 16).

/\/\/
FR

In this situation, we push each of the double bonds over, one at a time:

It is not necessary to waste time recalculating formal charges for each resonance structure, because
the arrows indicate what is happening. Think of a positive charge as a hole of electron density—a
place that is missing an electron. When we push 7 electrons to plug up the hole, a new hole is
created nearby. In this way, the hole is simply moved from one location to another. Notice that in
the above structures the tails of the curved arrows are placed on the 7 bonds, not on the positive
charge. Never place the tail of a curved arrow on a positive charge (that is a common mistake).

CONCEPTUAL CHECKPOINT

2.19 Draw the resonance structure(s

OO WO

@)

) for each of the compounds below:

3. A lone pair adjacent to C+. In the following example, the oxygen atom exhibits three lone pairs,

all of which are adjacent to the positive charge. This pattern requires only one curved arrow.
The tail of the curved arrow is placed on a lone pair, and the head of the arrow is placed to
form a m bond between the lone pair and the positive charge:

Notice what happens with the formal charges. The atom with the lone pair has a negative charge
in this case, and therefore the charges end up canceling each other. Let’s consider what happens
with formal charges when the atom with the lone pair does not bear a negative charge. For
example, consider the following:

2 «—> NS

Once again, there is a lone pair adjacent to C+. Therefore, we draw only one curved arrow: The
tail goes on the lone pair, and the head is placed to form a 7 bond. In this case, the oxygen atom
did not start out with a negative charge. Therefore, it will incur a positive charge in the resonance
structure (remember conservation of charge).
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CONCEPTUAL CHECKPOINT

2.20 For each of the compounds below, locate the lone pair adjacent to a positive charge

and draw the resonance structure:

o _~ o @

In one of the previous problems, a negative charge and a positive charge are seen canceling
each other to become a double bond. However, there is one situation where it is not possible to
combine charges to form a double bond—this occurs with the nitro group. The structure of the
nitro group looks like this:

.OQiQ/O-

In this case, there is a lone pair adjacent to a positive charge, yet we cannot draw a single curved
arrow to cancel out the charges:

o O Not a

HONE) V[\O: lid
NN e )( vali

"\l resonance

structure

Why not? The curved arrow shown above violates the octet rule, because it would give the
nitrogen atom five bonds. Remember that second-row elements can never have more than four
bonds. There is only one way to draw the curved arrow above without violating the octet rule—
we must draw a second curved arrow, like this:

.o 8O .
=?/\\<3£9= 0L

@
A |

Look carefully. These two curved arrows are simply our first pattern (a lone pair next to a 7
bond). Notice that the charges have not been canceled. Rather, the location of the negative
charge has moved from one oxygen atom to the other. The two resonance structures above
are the only two valid resonance structures for a nitro group. In other words, the nitro group
must be drawn with charge separation, even though the nitro group is overall neutral. The
structure of the nitro group cannot be drawn without the charges.

4. A bond between two atoms of differing electronegativity.  Recall that electronegativity measures

the ability of an atom to attract electrons. A chart of electronegativity values can be found in
Section 1.11. For purposes of recognizing this pattern, we will focus on C=0O and C=N

double bonds.

In these situations, we move the 7 bond up onto the electronegative atom to become a lone pair:

= K

Notice what happens with the formal charges. A double bond is being separated into a positive
and negative charge (this is the opposite of our third pattern, where the charges came together
to form a double bond).
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CONCEPTUAL CHECKPOINT

2.21 Draw a resonance structure for each of the compounds

below.

OH

N 0
(@)
6}
@) (b) © 2.23 Draw a resonance structure of the compound shown below,

2.22 Draw a resonance structure of the following compound,

called 2-heptanone, which is found in some kinds of cheese.

(0]

which was isolated from the fruits of Ocotea corymbosa, a native )J\/\/\

plant of the Brazilian Cerrado.

LOOKING AHEAD

In this molecule, called
benzene, the electrons are
delocalized. As a result,
benzene exhibits significant
resonance stabilization.

We will explore the
pronounced stability of
benzene in Chapter 17.

5. Conjugated w bonds enclosed in a ring. In one of the previous patterns, we referred to 7 bonds as

being conjugated when they are separated from each other by one o bond (i.e., C=C—C=C).

When conjugated 7 bonds are enclosed in a ring of alternating double and single bonds, we
can push all of the 7 bonds over by one position:

When drawing the resonance structure above, all of the 7 bonds can be pushed clockwise or they
can all be pushed counterclockwise. Either way achieves the same result.

CONCEPTUAL CHECKPOINT

2.24 Fingolimod is a novel drug that has been developed for the HO OH

treatment of multiple sclerosis. In 2008, researchers reported the results HoN

of phase Il clinical trials of fingolimod, in which 70% of patients who

took the drug daily for three years were relapse free. This was a tremen- ~
dous improvement over previous drugs that only prevented relapse in Fingolimod

30% of patients. Draw a resonance structure of fingolimod:

Figure 2.6 summarizes the five patterns for drawing resonance structures. Take special notice of the
number of curved arrows used for each pattern. When drawing resonance structures, always begin
by looking for the patterns that utilize only one curved arrow. Otherwise, it is possible to miss a
resonance structure. For example, consider the resonance structures of the following compound:

. O.s O.e
O HoH :0:

a.. — 1 — LI
207 T %

Notice that each pattern used in this example involves only one curved arrow. If we had started
by recognizing a lone pair next to a 7 bond (which utilizes two curved arrows), then we might
have missed the middle resonance structure above:

.'O'.

O.e
C HoH
)CJE,O,./ - /g%/



FIGURE 2.6

A summary of the five
patterns for drawing
resonance structures.
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Two curved arrows | One curved arrow | One curved arrow One curved arrow Three curved arrows

Allylic Allylic Lone pair adjacent | 7 bond between two | Conjugated 7 bonds
lone pair carbocation to C+ atoms of differing enclosed in a ring
. O@ electronegativity

QNV o | She~ | AL

CONCEPTUAL CHECKPOINT

2.25 Draw resonance structures for each of the following compounds:

0 O/
IR
=R © TN ) )ko/ ) )oN

2.11 Assessing the Relative Importance
of Resonance Structures

When resonance structures can be drawn for a given molecule, it is understood that the actual structure
of the molecule is a hybrid, or blend, of all of the various resonance forms. However, all resonance
forms do not necessarily contribute equally to the hybrid. The structure of the hybrid will most closely
resemble the resonance form(s) that contributes the most to the hybrid. It is important to be able to
evaluate the quality of each resonance form’s Lewis structure, because a resonance form with a better
Lewis structure will contribute more character to the hybrid. Recall the analogy in which we merged the
image of a peach with the image of a plum to obtain an image of a nectarine (Section 2.7). Imagine we
create a new type of fruit that is a hybrid between #hree fruits; a peach, a plum, and a kiwi, and suppose
that the hypothetical hybrid fruit has the following character: 65% peach character, 30% plum char-
acter, and 5% kiwi character. Since the kiwi contributes such a small amount to the hybrid, the hybrid
fruit is still expected to look like a nectarine, but this contribution may still be significant since it might
be adding something unique to the complex flavor of the fruit. Although some resonance forms may be
only minor contributors to the resonance hybrid, they can still be significant and can often help explain
or even predict the reactivity of a given compound. The following rules, listed in order of importance,
can be used to evaluate the relative significance of resonance contributors.

1. The most significant resonance forms have the greatest number of filled octers. In the following
example, the first resonance form exhibits a carbon atom that lacks an octet (C+), while all of
the atoms in the second resonance form have filled octets. Therefore, the second resonance form
is the major contributor:

A o [
H3C—Q—C\® — H30—QIC\
H H

Minor contributor Maijor contributor

In this case, and in general, the resonance form with more covalent bonds is the major contribu-
tor. This is because a resonance form with more covalent bonds will have a greater number of

filled octets.
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It is fairly common to encounter a carbon atom with a positive charge, even though
it lacks an octet (as seen in the first resonance form above). In contrast, oxygen is much
more electronegative than carbon, so you should never draw a resonance form in which an
oxygen atom lacks an octet. In the example below, the second resonance form is a minor
contributor because the carbon atom lacks an octet, but the third resonance form shown
is insignificant because the positively charged oxygen atom lacks an octet. Avoid drawing
insignificant resonance forms.

.. .0 .0
‘O° :0: :0:
®,
.0. .0, .09

Major contributor Minor contributor Insignificant

The structure with fewer formal charges is more significant. Any resonance form that con-
tains an atom bearing a +2 or —2 charge is highly unlikely. In the example below, the first
resonance form is the best Lewis structure and the largest contributor to the hybrid because
it has filled octets and no formal charges. The second resonance form is still a major con-
tributor since it has filled octets, but it is less significant than the first because it has formal
charges. The third resonance form is a minor contributor because it has a carbon atom that
lacks an octet

@

‘NH NH ‘NH
SpEL - (it e - S
H—C=NH H—C—NH H—C—NH

P o~ & -
Laraest contributor Maior contributor Minor contributor

In cases where there is an overall net charge, as seen in the example below, the creation of new
charges is not favorable. For such charged compounds, the goal in drawing resonance forms is to
delocalize the charge — relocate it to as many different positions as possible.

'b"@ ‘o 59
<G o T e
CH3—C=CH, <—> CHz—C—CH, <%= CHy—C—CH,

C e-¢

N J
Y Insignificant
resonance

Delocalized negative charge

Other things being equal, & structure with a negative charge on the more electronegative element
will be more significant.  To illustrate this, let’s revisit the previous example, in which there are
two significant resonance forms. The first resonance form has a negative charge on oxygen, while
the second resonance form has a negative charge on carbon. Since oxygen is more electronegative
than carbon, the first resonance form is the major contributor:

NS) . .
:0: ‘O
< n o
CH3_C:\}:H2 € > CH3_C_.QH2

Major contributor Minor contributor

Similarly, a positive charge will be more stable on the less electronegative element. In the follow-
ing example, both resonance forms have filled octets, so we consider the location of the positive
charge. Nitrogen is less electronegative than oxygen, so the resonance form with N+ is the
major contributor:

He.. He..
£o® ~0:
)J\/.\./H AR /§®/H
I \
H H

Minor contributor Major contributor
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4. Resonance forms that have equally good Lewis structures are described as equivalent and contrib-
ute equally to the resonance hybrid. As an example, consider the carbonate ion (CO32_),
shown here:

. .0 ..O INe)
Do o T 0 S
-0 «— :Q\f_C:Q' «— 0=C-0: s :Q—%—Q:

\/ Insignificant
resonance

Equivalent and major contributors

This ion has a net charge, so recall from Rule 2 that the goal is to delocalize the charges as
much as possible and to avoid creating new charges. In the actual structure of the carbon-
ate ion (the resonance hybrid), the two negative charges are shared equally among all three
oxygen atoms.

SKILLBUILDER

K—\ 2.8 RANKING THE SIGNIFICANCE OF RESONANCE STRUCTURES

) LEARN the skill Rank the following resonance forms, from most significant to least significant, and briefly

{
explain the rankings.
%gy p g

.0 S ..
s ? b
CHg—C=NH, < — CHQ—(%—NHz <> CHy—C—NH,
A B C
SOLUTION

STEP 1 We begin by looking for any atoms that lack an octet in any of the resonance forms.
Identify any atoms Structures A and C both have filled octets on all atoms (you can count the total number of
that lack an octet. bonded and nonbonded electrons around each atom to verify that there are always eight

electrons around all atoms in A and C). In structure B, however, the carbon atom with a
positive charge (called a carbocation) has only three bonds, for a total of six electrons, so it
lacks an octet. Therefore, structure B is the poorest Lewis structure and the least significant
resonance contributor.
.0
!Cl):
CHz—C—NH
3 & 2

Least significant resonance form

STEP 2 Next, we look for formal charges. Since structure C has filled octets and no formal charges,
'de”t'fyhformal it is the best Lewis structure and the most significant resonance contributor:
charges.
:ﬂ.-
CHz—C—NH,
Best resonance form
STEP 3 When comparing resonance forms, the next step is to consider the location of the formal

Consider the
location of the
formal charge(s).

charge(s) for those resonance forms that have charges. In this case, only structures A and B
have formal charges. But we have already seen that structure B has an atom that lacks an
octet. Structure A has filled octets, so it is a better Lewis structure than structure B (recall
that octets are the most important consideration). Therefore, we don't need to compare
the locations of the formal charges in this case. All other features must be equal (octets and
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STEP 4

Determine major and
minor contributors
and rank resonance
forms.

0 PRACTICE the skill
ﬁ
0 APPLY the skill

number of formal charges) before the locations of the charges are evaluated. Structure A is
the second best resonance form:
..@

HON
o
CHz—C=NH,

Second best resonance form

After applying all of the rules, we can now rank the resonance forms. The most significant
contributor (the best Lewis structure) is C, because it has filled octets and no formal charges.
The next most significant resonance form is A (filled octets, but has formal charges) and the
least significant resonance form, B, is a minor contributor (incomplete octet). As a general
rule, if one or more of the resonance forms have all filled octets, then any resonance form
missing an octet will be a minor contributor.

.0 ..0
ok HeH :0:
T > @ > .
CH;—C—NH, CH;—C=NH, CH:,i—(%—NH2
Largest contributor (#1) Major contributor (#2) Minor contributor (#3)

In summary, resonance form C is the best representation of this molecule. However, consid-
eration of the other contributing structures, even the minor contributor, helps us to identify
positions that are electron-rich (§—) or electron-deficient (5+).

Oa— {—— Electron-rich site

Il
CHz—C—NH,

8+ o+

VR

Electron-deficient sites

2.26 For each of the following, draw all significant resonance forms and rank them from
most significant to least significant. Briefly explain the rankings.
e

NH o
%OO
(a) (b) © Z o0 X
i “' oA
(d) NN (e) T ETE=N ) o

2.27 Inthe compounds shown below, the six-membered rings are called benzene rings. Such
rings are commonly found in natural products, and we will learn more about the remarkable
stability of these ring systems in Chapter 17. Because of resonance effects with the attached
groups, one of the benzene rings shown is electron-rich and the
other is electron-poor. Draw the significant resonance contribu-
tors for each to determine which is which. Use 8§— and 6+ sym- AN OH
bols to indicate any electron-rich and electron-deficient sites, | ©/
respectively.

(o}

=

2.28 Valderramenol A, a natural product that was isolated from the leaves of a plant native
to the Philippines, was found to be antitubercular (can be used to treat tuberculosis).® The
structure of valderramenol A contains two benzene rings. Using resonance, demonstrate
which ring is more electron-rich and which ring is more electron-deficient.

OMe

O OH

Valderramenol A

need more PRACTICE? Try Problems 2.41, 2.47, 2.56, 2.57, 2.59, 2.67, 2.68
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2.12 The Resonance Hybrid

Recall from Section 2.7 that chemists draw resonance structures to deal with the inadequacy of bond-
line structures. No matter how many resonance structures are drawn, they collectively represent only
one entity. This entity, often called the resonance hybrid, is a combination of the individual resonance
structures. A resonance hybrid can be drawn by using partial bonds and partial charges to illustrate
the delocalization of electrons. As an example, let’s consider the resonance hybrid for an allylic car-
bocation. Recall that this cation has two resonance structures. These resonance structures are shown
here, as well as a drawing that depicts the resonance hybrid.

N T @/\
8+ 8+

Resonance structures Resonance hybrid

In the first resonance structure, the bond between the left carbon atom and the middle carbon atom
is a double bond. But in the second resonance structure, that same bond is depicted as a single bond.
Likewise, the bond between the right carbon atom and the middle carbon atom is a single bond
in one resonance structure and a double bond in the other resonance structure. In the resonance
hybrid, each of these bonds is shown with one solid line and one dashed line, to indicate that the
actual structure of this cation is a combination of the individual resonance structures, with bonds
that are somewhere between single bonds and double bonds. Overall, the resonance hybrid illustrates
that the 7 bond is delocalized between all three carbon atoms in the allylic cation. This description
is consistent with MO theory for the allylic cation. The 7 electrons occupy the bonding molecular
orbital (Figure 2.4), which is spread out over all three carbon atoms.

Next, let’s consider the formal charge in the hybrid. The central carbon atom has no formal charge in
the resonance structures, so it must also have no formal charge in the resonance hybrid. The carbon
atom on the left has no formal charge in one resonance structure and a +1 charge in the other reso-
nance structure. Likewise, the carbon atom on the right has no formal charge in one resonance struc-
ture and a +1 charge in the other resonance structure. In the resonance hybrid, each of these carbon
atoms is assigned a partial positive charge (6+) to indicate that the actual structure is a combination,
or average, of the individual resonance structures. That is, each of these carbon atoms has a charge
somewhere between zero and +1. Overall, the resonance hybrid illustrates that the positive charge
is delocalized, or spread out, over two of the three carbon atoms in the allylic cation. Once again,
this description is consistent with molecular orbital theory for the allylic cation. Positive charges are
areas of electron deficiency, and, in the case of an allylic carbocation, these areas are represented by
the nonbonding molecular orbital (as first described in Section 2.7). This molecular orbital (Figure
2.5) indicates that the electron deficiency is delocalized exclusively over the two carbon atoms at the
periphery, not the central carbon atom:

In the allylic cation, both resonance contributors are equally significant; that is, neither one is
more important than the other. Therefore, they should contribute equally to the resonance hybrid.
Each of the two partial bonds is halfway between a single bond and a double bond, and each of the
partial charges is halfway between 0 and +1.

Some resonance structures contribute equally to their resonance hybrid, as is the case for the
allylic cation. But in other cases, the resonance structures are not equally significant, and their con-
tributions to the resonance hybrid will not be equal. The following SkillBuilder will show one such
example as well as a step-by-step method for drawing a resonance hybrid.
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SKILLBUILDER

/ﬁ\ 2.9 DRAWING A RESONANCE HYBRID
O LEARN the skill Draw a resonance hybrid for the following anion:

%_y A6

SOLUTION
STEP 1 This anion exhibits a lone pair that is adjacent to a 7 bond, and therefore has the following
Draw the significant resonance structures:
resonance structures.
M- © 5 e
STEP 2 Both of these resonance structures have atoms with full octets, so we consider the loca-
Determine the relative tion of the formal charge. The more significant resonance structure has a negative formal

significance of each

charge on the oxygen atom, because oxygen is more electronegative than carbon.
resonance structure.

More significant

STEP 3 The carbon-carbon bond and the carbon-oxygen bond are each somewhere between a single
Draw the average bond and a double bond. We indicate this in the hybrid by using one solid line and one dot-
of the resonance ted line to indicate a single bond and a partial double bond, respectively. The negative charge

structures to indicate
partial bonds and
partial charges.

is delocalized over two positions, each of which bears a partial charge between 0 and —1. We
indicate this in the hybrid using the symbol §— to indicate a partial negative charge. The non-
bonding electrons are not drawn since they can be inferred from the charges. A further consid-
eration against showing the nonbonding electrons in the hybrid is that averaging the number of
nonbonding electrons in this case, as in many others, would lead to an odd number of electrons.
This would imply a radical (an unpaired electron) and the evidence does not support radical
character in this resonance hybrid.

5 5
STEP 4 In this example, one resonance structure is more significant than the other, so the resonance
Refine the drawing hybrid will be an unequal combination, or weighted average, of the individual resonance

by drawing the partial
charges to reflect the
relative significance

structures. The more significant resonance structure will contribute more character to the
resonance hybrid. The negative charge is still shared between the oxygen and carbon atoms;

of the individual however, more of the negative charge will reside on the more electronegative oxygen atom.
resonance structures, This unequal sharing is indicated by using differently sized 6— signs, highlighted in the fol-
as appropriate. lowing revised resonance hybrid.

)

PRACTICE the skill 2.29 Draw a resonance hybrid for each of the following.

™ ¥ O
S

¢

® G U &
(a) B 7 % (©) P (d) P () I

‘o @Q o
(f) )J\ (9) (h) )I\/\
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2.30 The dragmacidin class of natural products has been isolated from various marine
sponges. They have been shown to have many interesting biological properties, including
anti-viral, anti-fungal, and anti-bacterial activity. (+)-Dragmacidin D, shown below, was also
made in the laboratory, which allowed the structure to be confirmed.? The positive charge in
dragmacidin D is delocalized. Draw all resonance structures that show delocalization of this
charge, and then draw a resonance hybrid.

H

-

H_ ®
N
H

H\N)kN’ R =
=

R
(+)-Dragmacidin D HO

Br

need more PRACTICE? Try Problems 2.69, 2.70

FIGURE 2.7
An illustration of the overlapping
atomic p orbitals of an amide.

2.13 Delocalized and Localized Lone Pairs

In this section, we will explore some important differences between lone pairs that participate in
resonance and lone pairs that do not participate in resonance.

Delocalized Lone Pairs

Recall that one of our five patterns was a lone pair that is allylic to a 7 bond. Such a lone pair will
participate in resonance and is said to be delocalized. When an atom possesses a delocalized lone
pair, the geometry of that atom is affected by the presence of the lone pair. As an example, consider
the structure of an amide:

An amide

The rules we learned in Section 1.10 would suggest that the nitrogen atom should be sp° hybridized and
trigonal pyramidal, but this is not correct. Instead, the nitrogen atom is actually 5> hybridized and trigo-
nal planar. Why? The lone pair is participating in resonance and is therefore delocalized:

O
:0:
/& _R
R T@
R

s
R)J\/?\.I/R -
K
In the second resonance structure above, the nitrogen atom does not bear a lone pair. Rather, the
nitrogen atom bears a 77 bond. In that resonance structure, the nitrogen atom is clearly sp> hybridized.
This creates a conflict: How can the nitrogen atom be 5p° hybridized in one resonance structure and
sp” hybridized in the other structure? That would imply that the geometry of the nitrogen atom is
flipping back and forth between trigonal pyramidal and trigonal planar. This cannot be the case,
because resonance is not a physical process. The nitrogen atom is actually sp” hybridized and trigo-
nal planar in both resonance structures. How? The nitrogen atom has a delocalized lone pair, and
it therefore occupies a p orbital (rather than a hybridized orbital), so that it can overlap with the p
orbitals of the 7 bond (Figure 2.7).

Whenever a lone pair participates in resonance, it will occupy a p orbital rather than a hybrid-
ized orbital, and this must be taken into account when predicting geometry. This will be extremely

important in Chapter 24 when we discuss the three-dimensional shape of proteins.
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Localized Lone Pairs

A localized lone pair, by definition, is a lone pair that does not participate in resonance. In other
words, the lone pair is not allylic to a 7 bond:

Localized Delocalized

In some cases, a lone pair might appear to be delocalized even though it is actually localized. For
example, consider the structure of pyridine:

Lone pair —— (..
N
7bond —> | ~
4
Pyridine

The lone pair in pyridine appears to be allylic to a 7 bond, and it is tempting to use our pattern to
draw the following resonance structure:

~ 2R
<l —X—
= RN
Not a valid

resonance structure

. However, this resonance structure is not valid. Why not? In this case, the lone pair on the

Lore b2y nitrogen atom is actually not participating in resonance, even though it is next to a

bond. Recall that in order for a lone pair to participate in resonance, it must occupy a p
d orbital that can overlap with the neighboring p orbitals, forming a “conduit.”

In the case of pyridine, the nitrogen atom is already using a p orbital for the 7 bond

(Figure 2.8). The nitrogen atom can only use one p orbital to join in the conduit shown in

Figure 2.8, and that p orbital is already being utilized by the 7 bond. As a result, the lone pair

cannot join in the conduit, and therefore it cannot participate in resonance. In this case, the lone

FIGURE 2.8 pair occupies an sp°-hybridized orbital, which is in the plane of the ring,
The overlapping p Here is the bottom line: Whenever an atom possesses both a w bond and a lone pair, they will not both
orbitals of pyridine. participate in resonance. In general, only the 7 bond will participate in resonance, and the lone pair will not.

Lets get some practice identifying localized and delocalized lone pairs and using that information to
determine geometry.

SKILLBUILDER

2.10 IDENTIFYING LOCALIZED AND DELOCALIZED LONE PAIRS
/\ LEARN the skill Histamine is a compound that plays a key role in many biological functions. Most notably, it

% is involved in immune responses, where it triggers the symptoms of allergic reactions:
NH,
=
=N
Histamine

Each nitrogen atom exhibits a lone pair. In each case, identify whether the lone pair is local-
ized or delocalized and then use that information to predict the geometry for each nitrogen
atom in histamine.
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APPLY the skill
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SOLUTION
Let's begin with the nitrogen on the right side of the compound. This lone pair is localized,
and therefore we can use the method outlined in Section 1.10 to determine the geometry:

T There are 3 bonds and 1 lone pair, and therefore:
— [‘.‘\H 1) Steric number=3+1=4
H—N 2) 4 electron pairs = tetrahedral arrangement of electron pairs

=N 3) Arrangement of atoms = trigonal pyramidal

This lone pair is not participating in resonance, so our method accurately predicts the geom-
etry to be trigonal pyramidal. This geometry is consistent with sp* hybridization.

Now, let's consider the nitrogen atom on the left side of the compound. The lone pair
on that nitrogen atom is next to a 7 bond, so it is delocalized by resonance:

/\’/\/NHZ /\’/\/NHZ
- VA
H—N > H—

N
N\ :
NN

Therefore, this lone pair is actually occupying a p orbital, rendering the nitrogen atom sp?
hybridized, rather than sp® hybridized. As a result, the geometry is trigonal planar.
Now let's consider the remaining nitrogen atom:

This nitrogen atom already has a 7 bond participating in resonance. Therefore, the lone pair
cannot also participate in resonance. In this case, the lone pair must be localized. The nitrogen
atom is in fact sp2 hybridized and exhibits bent geometry.

To summarize, each of the nitrogen atoms in histamine has a different geometry.

Trigonal
| pyramidal

N
/ﬁ/\/ \H
H—N

=N
Trigonal Bent
planar

2.31 For each compound below, identify all lone pairs and indicate whether each lone
pair is localized or delocalized. Then, use that information to predict the geometry for each
atom that exhibits a lone pair.

N
HzN \©/\NH2 | N N
P |
(a) (b) N () H

2.32 Nicotine is a toxic substance present | 2.33 lIsoniazid is used in the treatment of

in tobacco leaves. There are two lone pairs
in the structure of nicotine. In general, local-
ized lone pairs are much more reactive than
delocalized lone pairs. With this information
in mind, do you expect both lone pairs in
nicotine to be reactive? Justify your answer.

N\
| /
N

=

Nicotine

need more PRACTICE? Try Problems 2.46, 2.58

tuberculosis and multiple sclerosis. Identify
each lone pair as either localized or delocal-
ized. Justify your answer in each case.

(0]
NH
T
|
N\~ H
Isoniazid
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REVIEW OF CONCEPTS AND VOCABULARY

SECTION 2.1

o Chemists use many different drawing styles to communicate
structural information, including Lewis structures, partially
condensed structures, and condensed structures.

 The molecular formula does not provide structural information.

SECTION 2.2

* In bond-line structures, carbon atoms and most hydrogen
atoms are not drawn.

» Bond-line structures are faster to draw and easier to interpret
than other drawing styles.

SECTION 2.3

« A functional group is a characteristic group of atoms/bonds
that show a predictable chemical behavior.

e The chemistry of every organic compound is determined by
the functional groups present in the compound.

SECTION 2.4

o A formal charge is associated with any atom that does not
exhibit the appropriate number of valence electrons.

» When a carbon atom bears either a positive or negative
charge, it will have only three, rather than four, bonds.

SECTION 2.5

 Lone pairs are often not drawn in bond-line structures. It is
important to recognize that these lone pairs are present.

SECTION 2.6

« In bond-line structures, a wedge represents a group com-
ing out of the page, and a dash represents a group behind
the page.

o Other drawings used to show three dimensionality include
Fischer projections and Haworth projections.

SECTION 2.7

o Bond-line structures are inadequate in some situations, and
an approach called resonance is required.

» Resonance structures are separated by double-headed
arrows and surrounded by brackets:

N — Y

» Resonance stabilization refers to the delocalization of elec-

trons via resonance.

SECTION 2.8
« Curved arrows are tools for drawing resonance structures.

o When drawing curved arrows for resonance structures,
avoid breaking a single bond and never exceed an octet for
second-row elements.

SECTION 2.9
o All formal charges must be shown when drawing resonance
structures.

SECTION 2.10
» Resonance structures are most easily drawn by looking for
the following five patterns:

1. An allylic lone pair
2. An allylic carbocation
3. Alone pair adjacent to C+
4. A 7 bond between two atoms of differing
electronegativity
5. Conjugated 7 bonds enclosed in a ring
« When drawing resonance structures, always begin by looking
for the patterns that utilize only one curved arrow.

SECTION 2.11

o The following rules can be used to identify the significance of
resonance structures:

1. The most significant resonance forms have the greatest
number of filled octets.

2. The structure with fewer formal charges is more significant.

3. Other things being equal, a structure with a negative charge
on the more electronegative element will be more significant.
Similarly, a positive charge will be more stable on the less
electronegative element.

4. Resonance forms that have equally good Lewis structures

are described as equivalent and contribute equally to the
resonance hybrid.

SECTION 2.12

» Resonance structures collectively represent only one entity.
This entity, often called the resonance hybrid, is a combina-
tion of the individual resonance structures.

» A resonance hybrid can be drawn by using partial bonds
and partial charges to illustrate the delocalization of elec-
trons.

SECTION 2.13

» A delocalized lone pair participates in resonance and occu-
pies a p orbital.

» Alocalized lone pair does not participate in resonance.

» Whenever an atom possesses both a 7 bond and a lone pair,
they will not both participate in resonance.



SKILLBUILDER REVIEW

2.1 CONVERTING BETWEEN DIFFERENT DRAWING STYLES

Draw the Lewis structure of
this compound.

STEP 1 Draw each group
separately.

CHj
(CH3)3C§):CH3 H3C»?*§*CH3

CHjy

2.2 READING BOND-LINE STRUCTURES

Identify all carbon atoms
and hydrogen atoms.

STEP 1 The end of every line
represents a carbon atom.

cl cl
& B a B
S | N == \ N

2.3 DRAWING BOND-LINE STRUCTURES

Draw a bond-line drawing of this STEP 1 Delete all hydrogen

compound. atoms except for those
connected to heteroatoms.
H—O H H
[ L . OH
H—C—C—0—C—C=C—C H | —
[ [ N C—C—0—C—C=C—C
H H H C—C—H N
H\d [ £
H
2 C
yoH

2.4 IDENTIFYING LONE PAIRS ON OXYGEN ATOMS

Oxygen with a negative charge... A neutral oxygen atom...

\/Oe \/O\/

...has three lone pairs. ...has two lone pairs.

@ S

SkillBuilder Review 85

STEP 2 Draw all C—H bonds.

Try Problems 2.1, 2.2, 2.43, 2.44, 2.48, 2.49

STEP 2 Each carbon atom will possess enough
hydrogen atoms in order to achieve four bonds.

Try Problems 2.3, 2.4, 2.34, 2.48, 2.50

STEP 2 Draw in zigzag

STEP 3 Delete all carbon

format,keeping triple bonds atoms.
linear.
HO. C C
\U/\d/\CQ HQ\/\D/\“\
e AN
~
i |
C/C\C

Try Problems 2.5, 2.6, 2.35, 2.36, 2.42, 2.51, 2.55

Oxygen with a positive charge...

o
~oX

...has one lone pair.

Try Problems 2.8, 2.9, 2.38, 2.39
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2.5 IDENTIFYING LONE PAIRS ON NITROGEN ATOMS

Nitrogen with a negative charge... A neutral nitrogen atom...

e, |
SN SN

...has two lone pairs. ...has one lone pair.

2.6 IDENTIFYING VALID RESONANCE ARROWS
RULE 1: The tail of a

curved arrow should not be
placed on a single bond.

5 E

Tail Head

RULE 2: The head of a curved arrow
cannot result in a bond causing a

2.7 ASSIGNING FORMAL CHARGES IN RESONANCE STRUCTURES

Read the curved arrows.

This negative C_)O@ o

charge... )\/ )}\/
\ >

G 3 ...has been pushed
to here.

2.8 DRAWING SIGNIFICANT RESONANCE STRUCTURES

STEP 1 Identify any atoms STEP 2 Identify formal charges. The structure with

that lack an octet. The most : fewer formal charges is more significant.
significant resonance forms
have the greatest number of

filled octets. — ® 7
- ] e, e
AWk H—CZNH H—C—NH
HC—Q = \® Largest Major
i H contributor contributor
Minor
contributor ]
€] /CH3 :’TIHZ..@
HC—0=C H—C—NH,
b \H @ .
Major Minor
contributor contributor

second-row element to exceed an octet.

2.9 DRAWING A RESONANCE HYBRID

STEPS 1 and 2 Draw the resonance structures
and identify which is more significant.

A -
DAl o, o

More significant

STEP 3 Indicate partial
bonds and partial charges.

Nitrogen with a positive charge...

\&/
N~ N ~

...has no lone pairs.

Try Problems 2.10, 2.11, 2.34, 2.45

Try Problems 2.12, 2.13

Try Problems 2.15, 2.16, 2.40

STEP 3 Consider the location of the formal charge(s).
Other things being equal, a structure with a negative
charge on the more electronegative element will be more
significant. Similarly, a positive charge will be more stable
on the less electronegative element.

82 ‘o
< oS!
CH;—C=CH, «—— CH;—C—CH,
Major Minor
contributor contributor

STEP 4 Determine major and minor contributors and rank
resonance forms. As a general rule, if one or more of the
resonance forms has all filled octets, then any resonance
form missing an octet will be a minor contributor.

Try Problems 2.26-2.28, 2.41, 2.47, 2.56, 2.57, 2.59, 2.67, 2.68

STEP 4 Revise the size of the partial charges
to indicate distribution of electron density.

Try Problems 2.29, 2.30, 2.69, 2.70



2.10 IDENTIFYING LOCALIZED AND DELOCALIZED LONE PAIRS

..O
o° :0:

4 A,

(¥

The lone pair on this nitrogen atom As a result, the nitrogen atom is

is delocalized by resonance, and it sp? hybridized and is therefore
trigonal planar.

therefore occupies a p orbital.

PRACTICE PROBLEMS

Ve

87

Practice Problems

Try Problems 2.31-2.33, 2.46, 2.58

Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

2.34 Draw all carbon atoms, hydrogen atoms, and lone pairs for the

following compounds:
O OH
I? O
g g )
O (e} )\ 7
HO o) N N
|
Caffeine

Acetylsalicylic acid
(aspirin)

Acetaminophen
(Tylenol)

2.35 Draw bond-line structures for all constitutional isomers of C4H (.
2.36 Draw bond-line structures for all constitutional isomers of CsH5.

2.37 Draw bond-line structures for vitamin A and vitamin C:

H H
HH H H H
| H [ H ~ A
IO EY%
H_\C/C\C/C\\C/CQC/CQC/ QC/C\O/H
I /| I | | \
H /C\C/C\C—HH H H
N
H H/ \H |_{ H Vitamin A
H
HO Ho\C/ 'I-| )
~c” \C/ \040
/\ \ /
H H c=C
/ N
HO OH
Vitamin C

2.38 How many lone pairs are found in the structure of vitamin C?

2.39 Acarbeneis a highly reactive intermediate in which a carbon atom
bears a lone pair and no formal charge:

SN
How many hydrogen atoms are attached to the central carbon atom

above?

2.40 Draw the missing formal charge in each case below:

.o e - .

HeH ‘N ‘O

N I L b A
N A

2.41 Draw significant resonance structures for the following compound:

2.42 Draw bond-line structures for all constitutional isomers of the
following compound:

CH3CH,CH(CH3),

2.43  |dentify which two compounds below are constitutional isomers:

(CH3)3COCHs (CHa)2CHOCHS (CHg)2CHOCH,CH,

2.44  I|dentify the number of sp>-hybridized carbon atoms in the follow-
ing compound:

(CH3)o,C=CHC(CH3)3

2.45 Amino acids are biological compounds with the 0
following structure, where the R group can vary. The R
structure and biological function of amino acids will be o’

discussed in Chapter 25. Identify the total number of
lone pairs present in an amino acid, assuming that the R

@NHs
An amino acid
group does not contain any atoms with lone pairs.

2.46 Each structure below exhibits one lone pair. In each case, iden-
tify the type of atomic orbital that the lone pair occupies.

|
(a) (b) (©)

2.47 Draw all significant resonance structures for each of the following:

OH
PN
(a) ) % 0 ©

2.48 Write a condensed structural formula for each of the following
compounds:

(a>>k/\( (©) )\/VOH © f<:
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2.49 What is the molecular formula for each compound in the previ-
ous problem?

2.50 Identify the number of carbon atoms and hydrogen atoms in the

compound below:
\/\@i

2.51 Draw bond-line structures for all constitutional isomers with the

N

N\

molecular formula C4HoCl.

2.52 Draw resonance structures for each of the following:

o
o)
| @ (f N
(a) O\ (b) Q (© @ @ N7

NH. ©
2 o
©
@ — )~ 5 s
(e) (f) @ (h)
(@]
E)\%\(‘B(
a4
M OH ()

2.53 Determine the relationship between the two structures below.
Are they resonance structures or are they constitutional isomers?

o° 0
@ @\o
2.54 Consider each pair of compounds below and determine whether

the pair represents the same compound, constitutional isomers, or dif-
ferent compounds that are not isomeric at all:

OO Lo

@/\//

2.55 Draw a bond-line structure for each of the following compounds:
(a) CH,=CHCH,C(CH3)3 (b) (CH3CH,),CHCH,CH,OH

(c) CH=COCH,CH(CH3), (d) CH3CH,OCH,CH,OCH,CH;
(e) (CH3CH,)sCBr (f) (CH3),C=CHCH;,

© 7 X /\/

2.56 A mixture of sulfuric acid and nitric acid will produce small quan-
tities of the nitronium ion (NO,™):

S
:O=N=0:

Does the nitronium ion have any significant resonance structures? Why
or why not?

2.57 Consider the structure of ozone:

@
@O/ <0

Ozone is formed in the upper atmosphere, where it absorbs short-
wavelength UV radiation emitted by the sun, thereby protecting us from
harmful radiation. Draw all significant resonance structures for ozone.
(Hint: Begin by drawing all lone pairs.)

2.58 Melatonin is an animal hormone believed to have a role in regu-
lating the sleep cycle:

OCHj

Melatonin

The structure of melatonin incorporates two nitrogen atoms. What is
the hybridization state and geometry of each nitrogen atom? Explain
your answer.

2.59 Draw all significant resonance structures for each of the follow-
ing compounds:

Testosterone
(Male sex hormone)

Estradiol
(Female sex hormone)

2.60 Use resonance structures to help you identify all sites of low elec-
tron density (8+) in the following compound:

(e}

\\J\

2.61 Use resonance structures to help you identify all sites of high
electron density (6—) in the following compound:

OH
@1/\)\
2.62 Draw and rank all significant resonance forms for the following
compound. Briefly explain your rankings.
-'ﬁ'-
HO—C—NH,
2.63 Enamines, compounds with an amino group attached to a dou-
ble bond, are electron-rich alkenes that have important synthetic appli-

cations. Draw the major resonance contributors for the enamine shown
and determine which site(s) on the structure are most electron-rich.

e



INTEGRATED PROBLEMS

2.64 Cycloserineisan antibioticisolated from the microbe Streptomyces
orchidaceous. It is used in conjunction with other drugs for the treatment
of tuberculosis.

(0]
H\N .wNH2
\
(0]
Cycloserine

(a) What is the molecular formula of this compound?

(b) How many sp3-hybridized carbon atoms are present in this structure?
(c) How many sp>hybridized carbon atoms are present in this structure?
(d) How many sp-hybridized carbon atoms are present in this structure?
(e) How many lone pairs are present in this structure?

(f) Identify each lone pair as localized or delocalized.

(9) Identify the geometry of each atom (except for hydrogen atoms).
(

h) Draw all significant resonance structures of cycloserine.

2.65 Ramelteon is a hypnotic agent used in the treatment of insomnia:

/a

Ramelteon

(a) What is the molecular formula of this compound?

(b) How many sp™-hybridized carbon atoms are present in this
structure?

(c) How many sp>hybridized carbon atoms are present in this
structure?

(d) How many sp-hybridized carbon atoms are present in this
structure?

(e) How many lone pairs are present in this structure?
(f) Identify each lone pair as localized or delocalized.

(9) Identify the geometry of each atom (except for hydrogen atoms).

2.66 In each of the following compounds, identify all carbon atoms
that you expect will be deficient in electron density (5+). If you need
help, refer to Section 1.5.

:'B'r: .
.. . Cl:
)\N 0L 23 )J\/x
(@) H (b (©

2.67 In the compound below, identify all carbon atoms that are elec-
tron deficient (5+) and all carbon atoms that are electron rich (§—). Justify
your answer with resonance structures.

W\
H H

Integrated Problems "‘ ‘ 89

2.68 Consider the following two compounds:

0} O
)k@/o\ )ﬁ
O/
Compound A Compound B

(a) Identify which of these two compounds has greater resonance
stabilization.

(b) Would you expect compound C (below) to have a resonance stabi-
lization that is more similar to compound A or to compound B?

o o

Compound C

2.69 The natural products 3 and 4 have similar core structures even
though they have been isolated from different plants. This allowed both
of them to be made in the laboratory from a common precursor 2,
which was made from compound 1.'% The reaction that converts com-
pound 1 into compound 2 makes a new carbon-carbon bond that is
present in both compounds 3 and 4.

(0]

(@) How many carbon atoms are introduced into compound 1 in order
to make compound 2?

(b) Which carbon atom in compound 1 is involved in the reaction to
make compound 2?

(c) Draw a resonance hybrid of compound 1.

(d) What does the resonance hybrid tell you about the partial charge
on the reactive carbon atom in compound 1?

2.70 Compound 2 is produced by the fungus Exserohilum rostratum
and has been shown to fight inflammation and block/prevent tissue scar-
ring. Compound 2 was made in the laboratory from compound 1, as
shown."" One of the early steps in this process involves the formation
of a new carbon-carbon bond between the highlighted carbon atoms,
thereby forming the 12-membered ring in compound 2. As we will learn
in upcoming chapters, the reaction occurs because one of these carbon
atoms is electron rich (5—) while the other is electron poor (§+). Identify
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each highlighted carbon atom as being 8+ or 8—, and in each case, draw
a resonance hybrid that justifies your choice.

O (6}

Cl

RO several HO

OH O

2.71 CL-20 and HMX are both powerful explosives. CL-20 produces a
more powerful blast but is generally considered too shock-sensitive for
practical use. HMX is significantly less sensitive and is used as a stan-
dard military explosive. When a 2:1 mixture of the two compounds is
cocrystallized, the resulting explosive is expected to be more powerful
than HMX alone, but with a sensitivity similar to HMX."?

ON~ TNy NO, OzN\N/\ N/Noz
PN,
O,N—NJ—IN—NO, < >
/ \
AL N, NN,
O,N NO, ON NO,
CL-20 HMX

(a) What are the molecular formulas for CL-20 and HMX?

(b) Consider the lone pair of electrons on one of the nitrogen atoms within
the ring(s) for either molecule. Is the lone pair localized or delocalized?

2.72 Progesterone is a female hormone that plays a critical role in the
menstrual cycle by preparing the lining of the uterus for implantation of
an egg. During W. S. Johnson'’s biomimetic synthesis of progesterone (a
synthesis that draws inspiration from and mimics naturally occurring, bio-
synthetic pathways), one of the final reactions in the synthesis was believed
to have proceeded via the following intermediate.’® Use resonance struc-
tures to explain why this intermediate is particularly stable.

2.73 Many compounds with desirable medicinal properties are iso-
lated from natural sources and are thus referred to as natural products.
However, a compound’s medicinal properties are often known before
the structure of the compound has been determined. Below are exam-
ples of compounds where the first proposed structure was incorrect.
In each case, the corresponding correct structure is also shown. Identify
all functional groups in each pair of compounds and then compare the
similarities and differences between their molecular structures.

(a)

OH

Correct structure
of cholesterol

Proposed structure
of cholesterol

(b)

0 0
Y\/O NH Y\/O \
N\ om
o)
OCH, OCH;,

Proposed structure of porritoxin Correct structure of porritoxin

2.74 Triphenylmethane dyes are among the first synthetic dyes devel-
oped for commercial use. A comparison of the structures of these com-
pounds reveals that even small differences in structure can lead to large
differences in color."® The structures of three such dyes are shown below.

R
/
R—N
X R
/R 5 Basic green 4 H CHs
_C N\® cl Basic red 9 NH, H
R Basic violet 4 | N(C,Hs), [C,Hg
X

(@) Draw resonance structures for basic green 4 that illustrate the
delocalization of the positive charge.

(b) Determine whether basic green 4 or basic violet 4 is expected to
have greater resonance stabilization. Justify your choice.

Problems 2.75-2.76 are intended for students who have
already covered IR spectroscopy (Chapter 14).

2.75 Polymers are very large compounds, assembled from smaller
units, called monomers. For example, polymer 2, called poly(vinyl
acetate), is made from vinyl acetate (1). Polymer 2 can be converted
to polymer 4, called poly(vinyl alcohol), or PVA, via a process called
hydrolysis (explored further in Chapter 20). Complete hydrolysis of 2
leads to 4, while incomplete hydrolysis of 2 leads to 3 in which the
polymer chain still contains some residual acetate groups. Polymer 2 is
one of the main ingredients in white glue, while polymer 3 is present
in aqueous PVA glues. Describe how IR spectroscopy can be used to
monitor the conversion of 3 to 4. Specifically, describe what you would
look for to confirm complete hydrolysis of the acetate groups.'®

(0]

0
OJ\ OH OH
) q P
o o//< OH
(0] NaOH
—_— —_—
)j\ H,0
o OH OH
0
OJ\ OH OH
2 3 4

2.76 Coumarin and its derivatives exhibit a broad array of industrial
applications, including, but not limited to, cosmetics, food preserva-
tives, and fluorescent laser dyes. Some derivatives of coumarin, such as
warfarin, exhibit antithrombic activity and are currently used as blood



thinners (to prevent the formation of potentially fatal blood clots).
Identify how you might use IR spectroscopy to monitor the following
reaction, in which compound 1 is converted into a coumarin derivative
(compound 2). Describe at least three different signals that you could
analyze to confirm the transformation of 1 to 2."”

(o} o e}
H )J\/U\O/\
>N OH Piperidine l o
o
N
N 0" o

0o,

Problems 2.77-2.80 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

2.77 All of the following are significant resonance structures of the
phenyl carbocation, EXCEPT:

Q@

Benzyl carbocation

O v o W
@ (b) © o

©] [©)

CHALLENGE PROBLEMS

2.81 The following compound is an intermediate in the synthesis of a
gelator, which is a compound capable of self-assembling to form a gel
in an organic liquid."®
O(CH,);;CHg 0
H

CHg(CHy),0 "
N
CH4(CH,);,0
o

(a) Identify each functional group in the molecule.

(b) In Chapter 4, we will learn that single bonds experience free rotation
at room temperature, while double bonds do not. Consider the
two C—N bonds in the structure. One of these bonds exhibits free
rotation, as expected for a single bond, but the other C—N bond
exhibits restricted rotation. Identify the C—N bond with restricted
rotation, and justify your answer by drawing resonance structures.

2.82 The following compound is an amino acid derivative (Chapter 25).
In solution, molecules of this compound show a tendency to “stick”
together, or self-assemble, via a series of intermolecular hydrogen bonds.
During self-assembly, the growing aggregate can entrap molecules of lig-
uid, thereby forming a gel."”

H o} Iii (0] IIi />
\\)J\ :
N N .
<y YT N
= H H o)

Challenge Problems \” ‘ 91

2.78 Which of the following resonance structures is the greatest con-
tributor to the resonance hybrid?

Oe (0] Q (0]
| 7 | 7 N X
N (b) N (c) e (d N

2.79 Which of the following structures exhibits an sp*-hybridized
nitrogen atom?

a)

0

HaC )J\

N N/H
NG =N D o
(a) CHa b) = (© NF (d)

2.80 Which is a bond-line drawing of (CH3),CHCH,OC(CH3)3?

@) YOX ) )\ 0><
© W/\OX o) )\A 0><

(a) Each of the six hydrogen atoms bound directly to nitrogen can
form a hydrogen bond, but H's that are on the amides can form
stronger hydrogen bonds than H’s on the amines. Explain why this
is so using resonance.

(b) Draw the intermolecular hydrogen bonds that form during self-
assembly. Do this by drawing three molecules stacked directly
on top of each other, each in the orientation shown. Then, draw
hydrogen bonds from the central molecule to each of the other
two molecules, showing eight intermolecular H bonds between
amide H's on one molecule to amide O’s on adjacent molecules.

2.83 In Chapter 3, we will explore the factors that render compounds
acidic or basic. Tropolone (1) is a compound that is both fairly acidic and
fairly basic.?? It is acidic because it is capable of losing a proton (H") to
form a relatively stable anion (2), while it is basic because of its ability to
receive a proton to form cation 3:

7H+ O H+
Ml
° !
o 1 (0]C)

H
o” o~

2 3

(@) Draw all significant resonance structures of anion 2 and of cation 3
and explain why each of these ions is stabilized.
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(b) In compound 1, the bond lengths for the C—C bonds vary greatly
and alternate in length (long, short, long, etc.). But in ions 2 and 3,
the lengths of the bonds are similar. Explain.

(c) The intramolecular hydrogen bonding interaction in 3 is signifi-
cantly diminished in comparison to 1. Explain.

2.84 Basicred 1is a tetracyclic compound (it has four rings) that is used
as a commerical dye,22 much like the compounds seen in Problem 2.74.
This compound has many significant resonance structures, and the
positive charge is highly delocalized. While resonance structures can
be drawn in which the positive charge is spread throughout all four
rings, nonetheless, one of the rings likely bears very little of the charge
relative to the other rings. Identify the ring that is not participating as
effectively in resonance and suggest an explanation.

(
|
@ Cl

Basic red 1
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DID YOU EVER WONDER... Lowry Acids and Bases

how dough rises to produce fluffy 3.2 Flow of Electron Density:
(leavened) rolls and bread? Curved-Arrow Notation
3.3 Brensted-Lowry Acidity:

Quantitative Perspective

3.4 Brensted-Lowry Acidity:
Qualitative Perspective

ough rises fairly quickly in the presence of a leavening agent,
such as yeast, baking powder, or baking soda. All of these

leavening agents work by producing bubbles of carbon dioxide gas 3.5 Position of Equilibrium and
that get trapped in the dough, causing it to rise. Then, upon heating Choice of Reagents

in an oven, these gas bubbles expand, creating holes in the dough. 3.6 Leveling Effect

Although leavening agents work in similar ways, they differ in how 3.7 Solvating Effects

they produce the CO,. Yeast produces CO, as a by-product of meta-

3.8 Counterions

bolic processes, while baking soda and baking powder produce CO, 3.9 Lewis Acids and Bases

as a by-product of acid-base reactions. Later in this chapter, we will
take a closer look at the acid-base reactions involved, and we will
discuss the difference between baking soda and baking powder. An

understanding of the relevant reactions will lead to a greater appre-
ciation of food chemistry.

In this chapter, our study of acids and bases will serve as an intro-
duction to the role of electrons in ionic reactions. An ionic reaction
is a reaction in which ions participate as reactants, intermediates, or
products. These reactions represent 95% of the reactions covered in
this textbook. In order to prepare ourselves for the study of ionic
reactions, it is critical to be able to identify acids and bases. We will
learn how to draw acid-base reactions and to compare the acidity or 4
basicity of compounds. These tools will enable us to predict when
acid-base reactions are likely to occur and to choose the appropriate
reagent to carry out any specific acid-base reaction.
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

e |dentifying Formal Charges (Sections 1.4 and 2.4) e |dentifying Lone Pairs (Section 2.5)

* Drawing and Interpreting Bond-Line Structures (Section 2.2) e Drawing Resonance Structures (Section 2.10)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

3.1 Introduction to Brensted-Lowry Acids and Bases

This chapter will focus primarily on Bronsted-Lowry acids and bases. There is also a brief section deal-
ing with Lewis acids and bases, a topic that will be revisited in Chapter 6 and subsequent chapters.

The definition of Brensted-Lowry acids and bases is based on the transfer of a proton H").
An acid is defined as a proton donor, while a base is defined as a proton acceptor. As an example, con-
sider the following acid-base reaction:

H
H—Cl oN — 7 5
—Cl:  + —— i CIr + :
e H/ \H e H/®\
Acid Base
(proton donor) (proton acceptor)

In the reaction above, HCl functions as an acid because it donates a proton to H,O, while H,O func-
tions as a base because it accepts the proton from HCI. The products of a proton transfer reaction are
called the conjugate base and the conjugate acid:

HCI + H,0 == CF + HO"

Acid Base Conjugate  Conjugate
base acid

In this reaction, Cl  is the conjugate base of HCL In other words, the conjugate base is what remains
of the acid after it has been deprotonated. Similarly, in the reaction above, H;O™ is the conjugate
acid of HyO. We will use this terminology throughout the rest of this chapter, so it is important to
know these terms well.

In the example above, H,O served as a base by accepting a proton, but in other situations, it can
serve as an acid by donating a proton. For example:

O..

Bas.e: Acid Conjugate Conjugate
acid base
In this case, water functions as an acid rather than a base. Throughout this course, we will see count-
less examples of water functioning either as a base or as an acid, so it is important to understand that
both are possible and very common. When water functions as an acid, as in the previous reaction,
the conjugate base is HO .

3.2 Flow of Electron Density: Curved-Arrow Notation

All reactions are accomplished via a flow of electron density (the motion of electrons). Acid-base reac-
tions are no exception. The flow of electron density is illustrated with curved arrows:

e o
27w = 8w + B

Although these curved arrows look exactly like the curved arrows used for drawing resonance struc-
tures, there is an important difference. When drawing resonance structures, curved arrows are used
simply as tools and do not represent any real physical process. But in the reaction above, the curved
arrows do represent an actual physical process. There is a flow of electron density that causes a proton to
be transferred from one reagent to another; the curved arrows illustrate this flow. The arrows show the
reaction mechanism; that is, they show how the reaction occurs in terms of the motion of electrons.
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Notice that the mechanism of a proton transfer reaction involves electrons from a base depro-
tonating an acid. This is an important point, because acids do not lose protons without the participa-
tion of a base. It is necessary for a base to abstract the proton. Here is a specific example:

O .
IOH + H /lJ\ — 5 H,0: + @,_k
Base Acid Conjugate Conjugate
acid base

In this example, hydroxide (HO ) functions as a base to abstract a proton from the acid. Notice that
there are exactly two curved arrows. The mechanism of a proton transfer always involves at least two
curved arrows.

In Chapter 6, reaction mechanisms will be introduced and explored in more detail. Mechanisms
represent the core of organic chemistry, and by proposing and comparing mechanisms, we will discover
trends and patterns that define the behavior of electrons. These trends and patterns will enable us to predict
how electron density flows and to explain new reactions. For almost every reaction throughout this book,
we will propose a mechanism and then analyze it in detail. Most mechanisms involve one or more proton
transfer steps. Therefore, in order to become proficient in drawing mechanisms, it is essential to master pro-
ton transfers. Important skills to be mastered include drawing curved arrows properly, being able to predict
when a proton transfer is likely or unlikely, and being able to determine which acid or base is appropriate
for a specific situation. We will begin with some practice drawing the mechanism of a proton transfer.

3.1 DRAWING THE MECHANISM OF A PROTON TRANSFER

LEARN the skill Draw a mechanism for the following acid-base reaction. Label the acid, base, conjugate acid,

STEP 1
Identify the acid
and the base.

STEP 2
Draw the first
curved arrow.

STEP 3
Draw the second
curved arrow.

and conjugate base:

: ..0 .0 ..
L, * CHQT == HO: &  CHOH

Water Methoxide Hydroxide Methanol

. SOLUTION

We begin by identifying the acid and the base. Water is losing a proton to form hydroxide.
Therefore, water is functioning as a proton donor, rendering it an acid. Methoxide (CH;0")
is accepting the proton to form methanol (CH3;OH). Therefore, methoxide is the base.

To draw the mechanism properly, remember that there must be two curved arrows. The
tail of the first curved arrow is placed on a lone pair of the base, and the head is placed on
the proton of the acid. This first curved arrow shows the base abstracting the proton. The
next curved arrow always comes from the X—H bond being broken and goes to the atom

connected to the proton:

oX /;H\ij@ _— HOY  +  CHyOH

H/'E/\H 3e° o 3

Acid Base
Make sure that the head and tail of each arrow are positioned in exactly the right place or
the mechanism will be incorrect.

When water loses a proton, hydroxide is generated. Therefore, hydroxide is the conju-

gate base of water. When methoxide receives the proton, methanol is generated. Methanol
is therefore the conjugate acid of methoxide:

S
L0l + CHO == HO + CHOH

Acid Base Conjugate Conjugate
base acid
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PRACTICE the skill 3.1 All of the following acid-base reactions are reactions that we will study in greater detail

APPLY the skill

in the chapters to follow. For each one, draw a mechanism and then clearly label the acid,
base, conjugate acid, and conjugate base:

_H
| Hﬁ©
(a) H
o |
(b) )k + H/ - )k \H
o) H

|
(N* Y — % SN
oy
+ “on —s + _o.
(d) H H

3.2 In an intramolecular proton transfer reaction, the H H

acidic site and the basic site are tethered together in ~ :0:  0: . :0° 0
the same structure, and a proton is passed from the M . M .
acidic region of the structure to the basic region of the o 9*
structure. An example is shown. Draw a mechanism for

this process.

3.3 Dextromethorphan is a commonly used cough suppressant (antitussive) that is under
investigation for other therapeutic uses, including treatment of bipolar disorder." To increase
its shelf-life, the drug is prepared as its hydrobromide salt by treating it with HBr. Draw a
mechanism for this acid-base reaction, shown below. Label the acid, base, conjugate acid,
and conjugate base:

.0
:_B_r:
HBr
—_—
Dextromethorphan Dextromethorphan-HBr
need more PRACTICE? Try Problem 3.42
® Medically Speaking Antacids and Heartburn
I Most of us have experienced occasional Alka Seltzer Tums or Rolaids
- )) heartburn, especially after eating pizza. Heartburn
. - is caused by the buildup of excessive amounts 0
of stomach acid (primarily HCI). This acid is used )J\ - % )J\ o
to digest the food we eat, but it can often back up into the HO®™ O Na O~ Ca**
esophagus, causing the burning sensation referred to as Sodium bicarbonate Calcium carbonate
. heartburn. The symptoms of heartburn can be treated by
~..' using a mild base to neutralize the excess hydrochloric acid.
\ k. Many different antacids are on the Pepto Bismol Maalox or Mylanta
& e market and can be purchased o
over the counter. Here are M
just a few that you will (I) + HO” 9™0H
robably recognize: _Bi
P y 9 0~ TOH Aluminum Magnesium
Bismuth subsalicylate hydroxide hydroxide




3.3

All of these work in similar ways. They are all mild bases
that can neutralize HCl in a proton transfer reaction. For
example, sodium bicarbonate deprotonates HCI to form
carbonic acid:

.‘o'. L\ . .‘O‘.
/\ H—Ck: ® ..o
Ao T/ L K.+ Na g
HO O: HO OH
Na® Carbonic acid
Sodium bicarbonate l
CO, + H,0

Carbonic acid then quickly degrades into carbon dioxide

. and water (a fact that we will discuss again later in this
. chapter).

heartburn and no access to any of the antacids above, a

. substitute can be found in your kitchen. Baking soda is just
. sodium bicarbonate (the same compound found in Alka
Seltzer). Take a teaspoon of baking soda, dissolve it in a
glass of water by stirring with a spoon, and then drink it
. down. The solution will taste salty, but it will alleviate the

" burning sensation of heartburn. Once you start burping,

- you know it is working; you are releasing the
© carbon dioxide gas that is produced as a

- by-product of an acid-base reaction. ’
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If you ever find yourself in a situation where you have

N

3.3 Brensted-Lowry Acidity: Quantitative Perspective

There are two ways to predict when a proton transfer reaction will occur: (1) via a quantitative
approach (comparing pK; values) or (2) via a qualitative approach (analyzing the structures of the
acids). It is essential to master both methods. In this section, we focus on the first method, and in
the upcoming sections we will focus on the second method.

Using pK, Values to Compare Acidity

The terms K, and pK, were defined in your general chemistry textbook, but it is worthwhile to
quickly review their definitions. Consider the following general acid-base reaction between HA (an
acid) and H,O (functioning as a base in this case):

HA + H0 == A" + HO"

The reaction is said to have reached equilibrium when there is no longer an observable change in the
concentrations of reactants and products. At equilibrium, the rate of the forward reaction is exactly
equivalent to the rate of the reverse reaction, which is indicated with two arrows pointing in oppo-
site directions, as shown above. The position of equilibrium is described by the term Kg, which is
defined in the following way:

_[H0"][A7]
1 [HA] [H0]

It is the product of the equilibrium concentrations of the products divided by the product of the
equilibrium concentrations of the reactants. When an acid-base reaction is carried out in dilute aque-
ous solution, the concentration of water is fairly constant (55.5M) and can therefore be removed
from the expression. This gives us a new term, K;:

[HO 1 [A7]

Ka= Keq [H20] = [HA]

The value of K, measures the strength of the acid. Very strong acids can have a K, on the
order of 10'° (or 10,000,000,000), while very weak acids can have a K, on the order of 1070 (or
0.00000000000000000000000000000000000000000000000001). The values of X, are often very
small or very large numbers. To deal with this, chemists often express pX] values, rather than X, values,
where pK is defined as

pKy = —log Ky

When pK; is used as the measure of acidity, the values will generally range from —10 to 50. We will
deal with pK; values extensively throughout this chapter, and there are two things to keep in mind:
(1) A strong acid will have a low pX;, value, while a weak acid will have a high pX] value. For example,
an acid with a pK, of 10 is more acidic than an acid with a pK; of 16. (2) Each unit represents an order
of magnitude. An acid with a pK; of 10 is six orders of magnitude (one million times) more acidic
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than an acid with a pK], of 16. Table 3.1 provides pX; values for many of the compounds commonly
encountered in this course. A pK,, table with more data can be found on the inside cover of this book.

TABLE 3.1 pK; VALUES OF COMMON COMPOUNDS AND THEIR CONJUGATE BASES

Strongest
acid
A

Weakest
acid

ACID

Cl—H

Pk,

=78

—-1.74

4.75

9.0

9.9

15.7

16

18

19.2

25

38

44

50

CONJUGATE BASE

Weakest
base

\
Strongest
base
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SKILLBUILDER

K-% 3.2 USING pK, VALUES TO COMPARE ACIDS
° LEARN the skill Acetic acid is the main constituent in vinegar solutions, and acetone is a solvent often used
in nail polish remover:

— (o] (0]

1o A

(6]
H H
Acetic acid Acetone

Using the pKj values in Table 3.1, identify which of these two compounds is more acidic.

. SOLUTION

Acetic acid has a pK; of 4.75, while acetone has a pKj of 19.2. The compound with the lower
pKj is more acidic, and therefore, acetic acid is more acidic. In fact, when we compare the
pK, values, we see that acetic acid is approximately 14 orders of magnitude (10" more
acidic than acetone (or approximately 100,000,000,000,000 times more acidic). We will dis-
cuss the reason for this in the upcoming sections of this chapter.

| PRACTICE the skill 3.4 For each pair of compounds below, identify the more acidic compound:

O\
H /O\
H H >< _H o
(a) ©/ (b) o H™ “H

D

v v
H—C=C—H o _
(c) T (d) H7®™H o
H
A o H—O lsol 0—H
H—C—C—H H—C=C—H —0—S—0—
(D) o o
( 0 ) APPLY the skill 3.5 Propranolol is an antihypertensive agent (used to treat high blood pressure). Using
% y Table 3.1, identify the most acidic proton in the compound and indicate the approximate
= expected pK,.

‘O O“ﬁwk

OH H
Propranolol
o
3.6 L-dopaisused in the treatment of Parkinson’s disease. Using
OH

Table 3.1, identify the four most acidic protons in the compound
and then arrange them in order of increasing acidity (two of the HO NH,
protons will be very similar in acidity and difficult to distinguish at

. . OH
this point in time):

L-dopa

need more PRACTICE? Try Problem 3.36

Using pK, Values to Compare Basicity

We have seen how to use pK, values to compare acids, but it is also possible to use pK, values to
compare bases to one another. It is not necessary to use a separate chart of pKj, values. The following
example will demonstrate how to use pK, values to compare basicity.
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SKILLBUILDER
~ 3.3 USING pK, VALUES TO COMPARE BASICITY
(D) p

( 0 )| LEARN the skill Using the pK, values in Table 3.1, identify which of the following anions is a stronger base:

S o o o
P N

S] €]

SOLUTION

Each of these bases can be thought of as the conjugate base of some acid. We just need to
compare the pK, values of those acids. To do this, we imagine protonating each of the bases
above, producing the following conjugate acids:

STEP 1

(0] (0] (0]
Draw the M )J\

conjugate acid

of each base. We then look up the pK, values of these acids and compare them:

(6] (6] (0]
STEP 2 M )k
pK, = 9.0

Compare pK, pK, = 19.2
values.
The first compound has a lower pK, value and is therefore a stronger acid than the second
STEP 3 compound. Remember that the stronger acid always generates the weaker base. As a result,
Identify the the conjugate base of the first compound will be a weaker base than the conjugate base of
stronger base. the second compound:
(¢} (0} (0] O (0} 0]
M generates )J\/U\ )k generates )k
o S
Stronger acid Weaker base Weaker acid Stronger base

)

PRACTICE the skill 3.7 Identify the stronger base in each of the following cases:

0
(a) H—c=c" H (b) ><o® 0 (© )J\ a O~y

i

S
G,

H H
H—C—C—H H—C=C~
S PSS /e e S
(d) OH ° (€) H ) a OH
( 0 APPLY the skill 3.8 Compound 1 was isolated from a species of Streptomyces bacteria and has been shown
\- to have antibacterial and anticonvulsant properties. Compound 1 has also been made in the
laboratory; however, it was prepared as its conjugate acid rather than in its neutral form.?

Using the representative pK, values shown below, predict whether the oxygen atom or the
nitrogen atom in compound 1 is more basic and use that information to draw the structure
of the conjugate acid of 1.

L ~__OH H i
-/ @
Z N + . . HC—0® HaC—N—CHs
H
———— conjugate acid of 1 \ |
HN H H

pK,=-2.2 pK,=10.6
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3.9 Nicotine is an addictive natural product found in tobacco. It has been proposed® that
the amount of nicotine taken in by the body may depend on the relative proportions of the
free base 1, as compared to its mono- and di-protonated forms, 2 and 3. Using the pKa val-
ues on the inside cover of the textbook, identify the mono-protonated form of nicotine (2).

need more PRACTICE? Try Problem 3.47

Using pK, Values to Predict the Position of Equilibrium

Using the chart of pK], values, we can also predict the position of equilibrium for any acid-base reac-
tion. The equilibrium will always favor formation of the weaker acid (higher pK] value). For example,
consider the following acid-base reaction:

Oe OH
/JT\ + H/O\H = /JT\ +  HO®
Base Acid Conjugate acid Conjugate base
pK, = 15.7 pK, =18

The equilibrium for this reaction will lean to the right side, favoring formation of the weaker acid.

For some reactions, the pK, values are so vastly different that for practical purposes the reac-
tion is treated not as an equilibrium process but rather as one that goes to completion. For example,
consider the following reaction:

H
"/_N -'O'- N /\) 4 Q..
P H/\T\H ‘OH

Base Acid Conjugate acid Conjugate base
pK, = 15.7 pK, = 50

The reverse process is negligible, and for such reactions, organic chemists draw an irreversible arrow,
rather than the traditional equilibrium arrows. Technically, it is true that all proton transfers are
equilibrium processes, but in the case above, the pK] values are so vastly different (34 orders of mag-
nitude) that we can essentially ignore the reverse reaction.

SKILLBUILDER

= 3.4 USING pKy VALUES TO PREDICT THE POSITION OF EQUILIBRIUM
/0\ LEARN the skill Using pK, values from Table 3.1, determine the position of equilibrium for each of the
% y following two proton transfer reactions:
© _H
o} o}

I
+ o) \——‘)J\Jr o
(a)/JL\ H®™H H” H
o o o o
T = I
T > H™ H

(b)
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STEP 1
Identify the
acid on each
side of the
equilibrium.

STEP 2
Compare pK,
values.

STEP 1
Identify the
acid on each
side of the
equilibrium.

STEP 2
Compare pK,
values.

PRACTICE the skill

Acids and Bases

SOLUTION

(a) We begin by identifying the acid on either side of the equilibrium, and then we compare
their pK, values:

H
0 H o
. A — + o
)J\ H & H )J\ H” H
pK, =-1.74 pK, =-73

In this reaction, the C=0O bond receives a proton (protonation of C=0O bonds will be
discussed in more detail in Chapter 19). The equilibrium always favors the weaker acid (the
acid with the higher pK, value). The pK, values shown above are both negative numbers, so
it can be confusing as to which is the higher pK, value: —1.74 is a larger number than —-7.3.
Therefore, the equilibrium will favor the left side of the reaction, which is drawn like this:

® _H
o/

\
+ (0] — )J\ + (0]
)J\ H & H H” H

The difference in pK, values represents a difference in acidity of nearly six orders of mag-
nitude. This means that at any given moment in time, approximately one out of every
million C=0O bonds will bear a proton. When we study this process later on, we will see
that protonation of a C=0O bond can serve as a way to catalyze a number of reactions.
For catalytic purposes, it is sufficient to have only a small percentage of the C=0O bonds
protonated.

(b) We must first identify the acid on either side of the equilibrium and then compare their
pK, values:

o o
©) e} o
)J\/U\ + OH — + H/o\H
8
pK, = 9.0 pK, = 15.7

This reaction shows the deprotonation of a B-diketone (a compound with two C=0 bonds
separated from each other by one carbon atom). Once again, this is a proton transfer that we
will study in more depth later in the course. The equilibrium will favor the side of the weaker
acid (the side with the higher pK, value). Therefore, the equilibrium will favor the right side
of the reaction:

The difference in pK, values represents a difference in acidity of six orders of magnitude. In
other words, when hydroxide is used to deprotonate a B-diketone, the vast majority of the
diketone molecules are deprotonated (only one out of every million is not deprotonated).
We can conclude from this analysis that hydroxide is a suitable base to accomplish this
deprotonation.

3.10 Determine the position of equilibrium for each acid-base reaction below:
H oy — © 0
(a) /\o/ + OH —— /\O + H/ \H

H
| o

o) o)
©/ + “oH =— ©/ +  HO
(b)
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H—Cl: + O
(C) oo H/ \H

(d) H—c=c—H +

. APPLY the skill 3.1

make medical implants.4
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o o
NH, == H—C=C: + NHs

Polyether ether ketone (PEEK) is a biocompatible polymer material that is used to

1as Yo See S

Polyether ether ketone (PEEK)

The conjugate base of hydroquinone is used in the synthesis of PEEK. Is hydroxide a strong
enough base for deprotonating hydroquinone?

HOOOH +  ©oH

Hydroquinone

need more PRACTICE? Try Problem 3.45

HOOOQ +  H,0

® Medically Speaking Drug Distribution and pK,

| | Most drugs will endure a very long journey before

- ) reaching their site of action. This journey involves
. several transitions between polar environments and

nonpolar environments. In order for a drug to reach

its intended target, it must be capable of being distributed in
both types of environments along the journey. A drug’s ability to
transition between environments is, in most cases, a direct result
of the drug’s acid-base properties. In fact, most drugs today are
acids or bases and, as such, are in equilibrium between charged
and uncharged forms. As an example, consider the structure of
aspirin and its conjugate base:

o} 0}
OH = o
—_— | + H*
N
OﬁCHa O?CHa
(6]
Aspirin Conjugate base

Uncharged form Charged form

In the equilibrium above, the left side represents the uncharged
form of aspirin, while the right side represents the charged form
(the conjugate base). The position of this equilibrium, or percent
ionization, will depend on the pH of the solution. The pK, of
aspirin is approximately 3.0. At a pH of 3.0 (when pH = pK,),
aspirin and its conjugate base will be present in equal amounts.
That is, 50% ionization occurs. At a pH below 3, the uncharged
form will predominate. At a pH above 3, the charged form will
predominate.

With this in mind, consider the journey that aspirin takes
after you ingest it. This journey begins in your stomach, where
the pH can be as low as 2. Under these very acidic conditions,
aspirin is mostly in its uncharged form. That is, there is very
little of the conjugate base present. The uncharged form
of aspirin is absorbed by the nonpolar environment of the

gastric mucosa in your stomach and the intestinal mucosa

in the intestinal tract. After passing through these nonpolar
environments, the molecules of aspirin enter the blood, which
is a polar (aqueous) environment with a pH of approximately
7.4. At that pH, aspirin exists mainly in the charged form (the
conjugate base), and it is distributed throughout the circulatory
system in this form. Then, in order to pass the blood-brain
barrier, or a cell membrane, the molecules must be converted
once again into the uncharged form so that they can pass
through the necessary nonpolar environments. The drug is
capable of successfully reaching the target because of its ability
to exist in two different forms (charged and uncharged). This
ability allows it to pass through polar environments as well as
nonpolar environments.

The case above (aspirin) was an example of an acid that
achieves biodistribution as a result of its ability to lose a
proton. In contrast, some drugs are bases, and they achieve
biodistribution as a result of their ability to gain a proton.

For example, codeine (discussed in the previous chapter) can
function as a base and accept a proton:

:g§|:

Codeine
Uncharged form

Codeine
Charged form

Once again, the drug exists in two forms: charged and
uncharged. But in this case a low pH favors the charged form
rather than the uncharged form. Consider the journey that
codeine takes after you ingest it. The drug first encounters the
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acidic environment of the stomach, where it is protonated and
exists mostly in its charged form:

With a pK, of 8.2, the charged form predominates at low pH. It
cannot pass through nonpolar environments and is therefore not
absorbed by the gastric mucosa in the stomach. When the drug
reaches the basic conditions of the intestines, it is deprotonated,
and the concentration of the uncharged form increases. Only then
can it transition at an appreciable rate into a nonpolar environment.

Accordingly, the efficacy of any drug is highly dependent
on its acid-base properties. This must be taken into account

in the design of new drugs. It is certainly important that a
drug can bind with its designated receptor, but it is equally
important that its acid-base properties allow it to reach the
receptor efficiently.

® CONCEPTUAL CHECKPOINT

3.12 Amino acids, such as glycine, are the key building blocks of
proteins and will be discussed in greater detail in Chapter 25. At
the pH of the stomach, glycine exists predominantly in a proton-
ated form in which there are two acidic protons of interest. The
pK, values for these protons are shown. Using this information,
draw the form of glycine that will predominate at physiological
pH of 7.4.

HH O
\N/\)J\
HT® O—H

Glycine

pK, = 9.87 pK, = 2.35

LOOKING AHEAD
In Section 21.2, we will
see an exceptional case
of a stabilized negative
charge on a carbon atom.
Until then, most instances
of C™ are considered

to be very unstable.

3.4 Bronsted-Lowry Acidity: Qualitative Perspective

In the previous section, we learned how to compare acids or bases by comparing pK; values. In this
section, we will now learn how to make such comparisons by analyzing and comparing their struc-
tures and without the use of pX; values.

Conjugate Base Stability

In order to compare acids without the use of pX; values, we must look at the conjugate base of each
acid:

-H" &
HA — A:
Conjugate base
of HA

If A is very stable (weak base), then HA must be a strong acid. If, on the other hand, A"~ is very
unstable (strong base), then HA must be a weak acid. As an illustration of this point let’s consider
the deprotonation of HCI:
-H" .0
HCI — Cl:

Conjugate base

Chlorine is an electronegative atom, and it can therefore stabilize a negative charge. The chloride
ion (Cl") is in fact very stable, and therefore, HCl is a strong acid. HCI can serve as a proton donor
because the conjugate base left behind is stabilized.

Let’s look at one more example. Consider the structure of butane:

—

—H* o,
/\/\H I~
Conjugate base

When butane is deprotonated, a negative charge is generated on a carbon atom. Carbon is not a very
electronegative element and is generally not capable of stabilizing a negative charge. Since this C™ is
very unstable, we can conclude that butane is a very weak acid.



FIGURE 3.1

Examples of elements in the

same row or in the same

column of the periodic table.

Increasing electronegativity

_— s
C N O F
P S Ci
Br
I
FIGURE 3.2

Electronegativity trends
in the periodic table.
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This approach can be used to compare the acidity of two compounds, HA and HB. We simply
look at their conjugate bases, A” and B, and compare them to each other:
hA =P v
Compare these two
conjugate bases

HB — B:

By determining the more stable conjugate base, we can identify the stronger acid. For example,
if we determine that A~ is more stable than B, then HA must be a stronger acid than HB. This
approach does not allow us to predict exact pK] values, but it does allow us to compare the relative
acidity of two compounds quickly, without the need for a chart of pX values.

Factors Affecting the Stability of Negative Charges

A qualitative comparison of acidity requires a comparison of the stability of negative charges. The
following discussion will develop a methodical approach for comparing negative charge stability.
Specifically, we will consider four factors: (1) the atom bearing the charge, (2) resonance, (3) induc-
tion, and (4) orbitals.

1. Which atom bears the charge? The first factor involves comparing the atoms bearing the
negative charge in each conjugate base. For example, consider the structures of butane and
propanol:

SNy /\/O\H

Butane Propanol

In order to assess the relative acidity of these two compounds, we must first deprotonate each of these
compounds and draw the conjugate bases:

o e

/\/. /\/Q.
Now we compare these conjugate bases by looking at where the negative charge is located in each case.
In the first conjugate base, the negative charge is on a carbon atom. In the second conjugate base, the
negative charge is on an oxygen atom. To determine which of these is more stable, we must consider
whether these elements are in the same row or in the same column of the periodic table (Figure 3.1).

In the same row In the same column
N [O] F c N [Oo] F
P S Cl P [S] Cl
Br Br
I I

For example, C™ and O appear in the same row of the periodic table. When two atoms are in
the same row, electronegativity is the dominant effect. Recall that electronegativity is a measure of
the ability of an atom to attract electrons, and electronegativity increases across a row (Figure 3.2).
Oxygen is more electronegative than carbon, so oxygen is more capable of stabilizing the negative
charge. Therefore, RCH,O  is more stable than RCH, . That is, RCH,O " is the weaker conjugate
base, and as such, it has the stronger parent acid. In summary, a proton on the more electronegative
oxygen is more acidic than a proton on carbon:

NNy /\/O\H

More acidic
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FIGURE 3.3

Competing trends in the periodic
table: size vs. electronegativity.

SKILLBUILDER

Acids and Bases

The story is different when comparing two atoms in the same column of the periodic table. For
example, let’s compare the acidity of water and hydrogen sulfide:

/o\ -

H™ H H™ H

In order to assess the relative acidity of these two compounds, we deprotonate each of them and
compare their conjugate bases:

o..
:0H

o
:SH

In this example, we are comparing O™ and S, which appear in the same column of the periodic
table. In such a case, electronegativity is not the dominant effect. Instead, the dominant effect is
size (Figure 3.3). Sulfur is larger than oxygen and can therefore better stabilize a negative charge by

C N O F C N O F
P S Cl . P S Cl .
Increasing Increasing
electronegativity size
Br (less important) Br (more important)
I I

spreading the charge over a larger volume of space. As such, HS™ is more stable than HO . That is,
HS™ is the weaker conjugate base, and as such, it has the stronger parent acid. Therefore, H,S is a
stronger acid than H,O. We can verify this prediction by looking at pX, values (the pX, of H,S is
7.0, while the pK, of H,O is 15.7).

To summarize, there are two important trends: electronegativity (for comparing atoms in the
same row) and size (for comparing atoms in the same column).

3.5 ASSESSING RELATIVE STABILITY: FACTOR 1—ATOM

LEARN the skill

STEP 1
Draw the
conjugate bases.

STEP 2

Compare the
location of the
charge in each case.

STEP 3

The more stable
conjugate base
corresponds with
the more acidic
proton.

Compare the two protons that are shown in the following compound. Which one is more

acidic?
.. _H
\N/
/K/\ _H
No¥
‘ SOLUTION
The first step is to deprotonate each location and draw the two possible conjugate bases:
" .. H
\N:® \N/

We now compare these two conjugate bases and determine which one is more stable. The
first conjugate base has a negative charge on nitrogen, while the second conjugate base
has a negative charge on oxygen. Nitrogen and oxygen are in the same row of the periodic
table, so electronegativity is the determining factor. Oxygen is more electronegative than
nitrogen and can better stabilize the negative charge. That is, RO™ is the weaker conjugate
base. Therefore, the proton on oxygen can be removed with greater ease than the proton
on nitrogen:

\N/H

/K/\ H1 More
0~ acidic
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PRACTICE the skill 3.13 In each compound below, two protons are color-coded (red and blue). Determine

APPLY the skill

which of the two protons is more acidic:

Ho oy
/H | a
Y\o H_?_N\ HS /O@N—H
(a) H (b) H H \/\/\OH (d) .

(c)

3.14 Arsenicis an elementthat can cause a variety of cancers. The Environmental Protection
Agency (EPA) and the World Health Organization (WHO) have thus set limits on acceptable
levels of arsenic in drinking water. Monitoring these limits in developing countries, however,
can be a challenge. The following compound was used in the development of a method to
detect arsenic at very low levels in the field, meaning that the detection does not have to
be done in a laboratory setting.” Without the use of a pK, table, pre-

. . . . . T . H\ /\/\ /H
dict which proton shown in this compound is more acidic. Explain your N s
choice. H

need more PRACTICE? Try Problems 3.43b, 3.44h, 3.48b,h, 3.50

2. Resonance. The second factor for comparing conjugate base stability is resonance. To illus-
trate the role of resonance in charge stability, let’s consider the structures of ethanol and
acetic acid:

-'o"
o
~Nor 207
Ethanol Acetic acid

In order to compare the acidity of these two compounds, we must deprotonate each of them and
draw the conjugate bases:

.'o'.

g )J\:Q(?

In both cases, the negative charge is on oxygen. Therefore, factor 1 does not indicate which is more
stable. But there is a critical difference between these two negative charges. The first conjugate base
has no resonance structures, while the second conjugate base does:

;o' %6
)J\/z)e N /&O

In this case, the charge is delocalized over both oxygen atoms. Such a negative charge will be more
stable than a negative charge localized on one oxygen atom:

..O..
Mo
/\O O
Charge is localized Charge is delocalized
(less stable) (more stable)

For this reason, compounds containing a C=0 bond directly next to an OH are generally
mildly acidic, because their conjugate bases are resonance stabilized:

‘o - Co
R)k..o_./ 4 RJ\%? -

A carboxylic acid

e
:0:

P

Q

R

Resonance-stabilized
conjugate base
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Acids and Bases

These compounds are called carboxylic acids. The R group above simply refers to the rest of the
molecule that has not been drawn. Carboxylic acids are actually not very acidic at all compared
with inorganic acids such as H,SO4 or HCL. Carboxylic acids are only considered to be acidic when
compared with other organic compounds. The “acidity” of carboxylic acids highlights the fact that
acidity is relative.

SKILLBUILDER

(

B

<

/ LEARN the skill

STEP 1
Draw the
conjugate
bases.

STEP 2
Look for
resonance
stabilization.

STEP 3

The more stable
conjugate base
corresponds with
the more acidic
proton.

(

/ 9 PRACTICE the skill

\ 3.6 ASSESSING RELATIVE STABILITY: FACTOR 2—RESONANCE

Compare the two protons shown in the following compound. Which one is more acidic?

SOLUTION

Begin by drawing the respective conjugate bases:

Charge is localized
NOT resonance stabilized

In the second conjugate base, the charge is delocalized by resonance:
e S5:
/\ﬁl\ — /\)\\
.. ~: -
R NS N N
| © I -
H H

Charge is resonance stabilized

The charge is distributed over two atoms, N and O. This delocalization of charge renders
it more stable (it is the weaker conjugate base), and therefore, the following highlighted
proton is more acidic:

| |
H H

3.15 In each compound below, two protons are color-coded (red and blue). Determine
which of the two protons is more acidic:
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3.16 Ascorbic acid (vitamin C) does not contain a traditional carboxylic acid group, but it s,
nevertheless, still fairly acidic (oK, = 4.2). Identify the acidic proton and explain your choice
using resonance structures, if necessary:

OH

(¢}
HO OH

Ascorbic acid
(Vitamin C)

3.17 In the following compound, two protons are clearly identified. Determine which of
the two is more acidic. After comparing the conjugate bases, you should get stuck on the
following question: Is it more stabilizing for a negative charge
to be spread out over one oxygen atom and three carbon o o
atoms or to be spread out over two oxygen atoms? Draw all _H
of the resonance structures of each conjugate base and then
take a look at the pK, values listed in Table 3.1 to answer the
question above.

H

~

need more PRACTICE? Try Problems 3.43a, 3.44b,e-g, 3.48¢c—f

3. Induction. The two factors we have examined so far do not explain the difference in acidity
between acetic acid and trichloroacetic acid:

o o
)k._o_ H CI%.Q-/H

Cl Cl
Acetic acid Trichloroacetic acid

Which compound is more acidic? In order to answer this question without help from a chart of pX;
values, we must draw the conjugate bases of the two compounds and then compare them:

o o
)J\..@ Cl e
o %o
Cl Cl

Factor 1 does not answer the question because the negative charge is on oxygen in both cases. Factor 2
also does not answer the question because there are resonance structures that delocalize the charge
over two oxygen atoms in both cases. The difference between these conjugate bases is clearly the
chlorine atoms. Recall that each chlorine atom withdraws electron density via induction:

]
Cl&~ o
f)& 0
cl “cl

The net effect of the chlorine atoms is to withdraw electron density away from the negatively charged
region of the structure, thereby stabilizing the negative charge. Therefore the conjugate base of tri-
chloroacetic acid is more stable than the conjugate base of acetic acid:

- -
)J\ O Cl .
&t %99

Cl Cl
More stable
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From this, we can conclude that trichloroacetic acid is more acidic:

o} 6}
)J\O/H CI%O/H

Cl Cl

More acidic

We can verify this prediction by looking up pX, values. In fact, we can use pK; values to verify the
individual effect of each Cl:

(0] (e} o} o]
)J\O/H CI\)J\O/H CI%O/H CI})J\O/H
Cl
Cl Cl

pK, = 4.75 pK, = 2.87 pK, = 1.25 pK, = 0.70

Notice the trend. With each additional Cl, the compound becomes more acidic.

\ 3.7 ASSESSING RELATIVE STABILITY: FACTOR 3—INDUCTION

S

) LEARN the skill Identify which of the protons shown below is more acidic:
FsC CFq
OH
HO
' SOLUTION
STEP 1 Begin by drawing the respective conjugate bases:
Draw the conjugate
bacos. FsC CFs FsC CFs -
O.s OH (oH
o} HO -
STEP 2
Look for inductive . . - . .
offects. In the conjugate base on the left, the charge is stabilized by the inductive effects of the
rEP 3 nearby fluorine atoms. In contrast, the conjugate base on the right lacks this stabilization.

Therefore, we predict that the conjugate base on the left is more stable (it is the weaker
The more stable

conjugate base o
corresponds with be more acidic:

the more acidic F.C CF,

proton. HOWOH

conjugate base). And as a result, we conclude that the proton near the fluorine atoms will

) PRACTICE the skill 3.18 Identify the most acidic proton in each of the following compounds and explain your

)

choice:

0 O ¢ ¢

OH
HOM

(a) F;C O—H (b) o)
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3.19 For each pair of compounds below, identify which compound is more acidic and
explain your choice:

%OH /\)OJ\OH /\)J\OH MOH

(a) Cl Cl Cl (b) Br

3.20 Water disinfection has greatly reduced the incidence of waterborne infectious
diseases; however, disinfectants also lead to the unintended formation of drinking water
disinfection by-products (DBPs) from the reaction of disinfectants with any organic materials
in the water. The compound shown below is an example of a DBP that has been evaluated
for potential toxicity.®

(0]

Cl/ﬁ)J\OH

Cl

This compound has many constitutional isomers.
(a) Draw a constitutional isomer that is slightly more acidic and explain your choice.

(b) Draw a constitutional isomer that is slightly less acidic and explain your choice.

(c) Draw a constitutional isomer that is significantly (at least 10 pK, units) less acidic and
explain your choice.

need more PRACTICE? Try Problems 3.44c, 3.48g

sp?

sp?
FIGURE 3.4

Relative shapes of
hybridized orbitals.

o
”
sp

4. Orbitals. The three factors we have examined so far will not explain the difference in acidity
between the two identified protons in the following compound:

H
~
H oA~~~ %
Draw the conjugate bases to compare them:
= -~ Za
= =
0T Hooo S~

In both cases, the negative charge is on a carbon atom, so factor 1 does not help. In both cases, the
charge is not stabilized by resonance, so factor 2 does not help. In both cases, there are no inductive
effects to consider, so factor 3 does not help. The answer here comes from looking at the hybri-
dization states of the orbitals that accommodate the charges. Recall from Chapter 1 that a carbon
atom with a triple bond is sp hybridized, a carbon atom with a double bond is spz hybridized, and a
carbon atom with all single bonds is sp° hybridized. The first conjugate base (above left) has a negative
charge on an sp*-hybridized carbon atom, while the second conjugate base (above right) has a nega-
tive charge on an sp-hybridized carbon atom. What difference does this make? Let’s quickly review
the shapes of hybridized orbitals (Figure 3.4).

A pair of electrons in an sp-hybridized orbital is held closer to the nucleus than a pair of electrons
in an p*- or sp°-hybridized orbital. As a result, electrons residing in an sp orbital are stabilized by
being close to the positively charged nucleus. Therefore, a negative charge on an sp-hybridized carbon
is more stable (a weaker conjugate base) than a negative charge on an xpz—hybridized carbon:

©

A\

=
e:/\/\/ M

More stable
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FIGURE 3.5
pK, values for ethane,
ethylene, and acetylene.

SKILLBUILDER
(D)

) LEARN the skill

STEP 1
Draw the conjugate
bases.

STEP 2

Analyze the orbital
that accommodates
the charge in each
case.

STEP 3

The more stable
conjugate base
corresponds with the

()

\more acidic proton.
PRACTICE the skill

Acids and Bases

We conclude that a proton on a triple bond will be more acidic than a proton on a double bond,
which in turn will be more acidic than a proton on a carbon atom with all single bonds. We can verify
this trend by looking at the pK] values in Figure 3.5. These pK; values suggest that this effect is very
significant; acetylene is 19 orders of magnitude more acidic than ethylene.

[ \ / —
H—C—C—H C=C H—C=C—H
| | / \
H H H H
Ethane Ethylene Acetylene
pK, = 50 pK, =44 pK, =25

\ 3.8 ASSESSING RELATIVE STABILITY: FACTOR 4—ORBITALS

Determine which of the protons identified below is more acidic:

H
o
—gme”
H H

-Pentene

H—

I—O0O—I
I—0O—I

iy

SOLUTION

Begin by drawing the respective conjugate bases:

In both cases, the negative charge is on a carbon atom, so factor 1 does not help. In
both cases, the charge is not stabilized by resonance, so factor 2 does not help. In both
cases, there are no inductive effects to consider, so factor 3 does not help. The answer
here comes from looking at the hybridization states of the orbitals that accommodate the
charges. The first conjugate base has the negative charge in an sp3-hybridized orbital,
while the second conjugate base has the negative charge in an spz-hybridized orbital.
An sp”-hybridized orbital is closer to the nucleus than an sp-hybridized orbital and
therefore better stabilizes a negative charge. That is, the second conjugate base is more
stable (a weaker base) than the first conjugate base. So we conclude that the vinylic

proton is more acidic:

H

T
|
H

T
I—(l)—I
I—(‘l)—I
I—(':)—I

Identify the most acidic proton in each of the following compounds:

va/%

3.21

A\
74
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3.22 Methods used in organic synthesis — the process of making new organic molecules —
are continuously being developed.” The following proton transfer reaction was used to study
an improved method for synthesizing alkynes (compounds that contain a carbon-carbon
triple bond). Predict the major product of this reaction:

BuLi L) N
n-buLl
@: n-BuLi = H—(l:—(l:—(‘:—(l::@ Li®
[ ]
H HH H

need more PRACTICE? Try Problem 3.43c

Son AN
pK,=16 pK,=43

FIGURE 3.6
pK; values for ethanol
and ethylene.

Ranking the Factors That Affect the Stability of Negative Charges

We have thus far examined four factors that affect the stability of negative charges. We must now
consider their order of priority—in other words, which factor takes precedence when two or more
factors are present?

Generally speaking, the order of priority is the order in which the factors were presented:

1. Atom. Which atom bears the charge? (How do the atoms compare in terms of electronegativity
and size? Remember the difference between comparing atoms in the same row vs. atoms in the
same column.)

2. Resonance. Are there any resonance effects that make one conjugate base more stable than the
other?

3. Induction. Are there any inductive effects that stabilize one of the conjugate bases?

4. Orbital. In what orbital do we find the negative charge for each conjugate base?

A helpful way to remember the order of these four factors is to take the first letter of each factor,
giving the following mnemonic device: ARIO.
As an example, let’s compare the protons shown in the following two compounds:

/\O/H o~ M

Ethanol Propylene
We compare these compounds by drawing their conjugate bases:

Factor 1 suggests that the first conjugate base is more stable (O™ better than C ). However,
factor 2 suggests that the second conjugate base is more stable (resonance that delocalizes the
charge). This leaves us with an important question: Is a negative charge more stable when it is
localized on one oxygen atom or is a negative charge more stable when it is delocalized over two
carbon atoms? The answer is: In general, factor 1 beats factor 2. A negative charge is more stable
on one oxygen than on two carbon atoms. We can verify this assertion by comparing pX;, values
(Figure 3.0).

In fact, the pK, values indicate that a negative charge on one oxygen atom is 27 orders of magni-
tude (a billion billion billion times) more stable than a negative charge on two carbon atoms.

This prioritization scheme (ARIO) will often be helpful, but strict adherence to it can sometimes
produce the wrong prediction. In other words, there are many exceptions. As an example, compare
the structures of acetylene and ammonia:

H—C=C—H :NH,

Acetylene Ammonia
To determine which compound is more acidic, we draw the conjugate bases:

H—C=cC:e ©:NH,
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When comparing these two negative charges, there are two competing factors. Factor 1 suggests that
the second conjugate base is more stable (N is more stable than C™), but factor 4 suggests that the
first conjugate base is more stable (an sp-hybridized orbital can stabilize a negative charge better than
an spa-hybridized orbital). In general, factor 1 wins over the others. But

this case is an exception, and factor 4 (orbitals) actually predominates H—c=c:e ©:NH,
here. In this case, the negative charge is more stable on the carbon atom, More stable

even though nitrogen is more electronegative than carbon.

In fact, for this reason, H,N " is often used as a base to deprotonate acetylene:

H—C=C—H + QI:NHZ —— H—C=C:© + :NHg
pK, = 25 pK, = 38
We see from the pK, values that acetylene is 13 orders of magnitude more acidic than ammonia. This
explains why HyN ™ is a suitable base for deprotonating acetylene.

There are, of course, other exceptions to the ARIO prioritization scheme, but the exception
shown above is the most common. In the vast majority of cases, it would be a safe bet to apply the
four factors in the order ARIO to provide a qualitative assessment of acidity. However, to be certain,
it is always best to look up pK, values and verify your prediction.

3.9 ASSESSING RELATIVE STABILITY: ALL FOUR FACTORS

LEARN the skill

STEP 1
Draw the
conjugate
bases.

STEP 2
Analyze all four
factors.

STEP 3

The more stable
conjugate base
corresponds with
the more acidic
proton.

Determine which of the two protons identified below is more acidic and explain why:

o} CCly
Ho _H
O O
O
SOLUTION
We always begin by drawing the respective conjugate bases:
‘0* CCly o] CCly
H H e
% o~ \OJ\/\H)\.Q?
O (6]

Now we consider all four factors (ARIO) in comparing the stability of these negative charges:
1. Atom. In both cases, the charge is on an oxygen atom, so this factor doesn’t help.

2. Resonance. The conjugate base on the left is resonance stabilized while the conjugate
base on the right is not. Based on this factor alone, we would say the conjugate base
on the left is more stable.

3. Induction. The conjugate base on the right has an inductive effect that stabilizes the
charge while the conjugate base on the left does not. Based on this factor alone, we
would say the conjugate base on the right is more stable.

4. Orbital. This factor does not help.

Our analysis reveals a competition between two factors. In general, resonance will beat
induction. Based on this, we predict that the conjugate base on the left is more stable (the
weaker base). Therefore, we conclude that the following highlighted proton is more acidic:

o CCly
H

e

O O
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PRACTICE the skill 3.23 In each compound below, two protons are color-coded (red and blue). Determine
which of the two protons is more acidic:

OH o o o}
(@) F (b) H H () NS
N H (o]
A vy oy
(d) H (e) K/KH ) S
(@] H
\N o
HO
Pl oo
// | ) I \H
(g) H H (h) (i) 0

3.24 For each pair of compounds below, predict which will be more acidic:

(a) HCI  HBr (b) H,O  H,S
(c) NH;  CH,4 (d) H—=—=—wH H,C=CH,
APPLY the skill 3.25 The following compound is one of the strongest known acids:
/H
? i
FaC—S—N\\S/N:?:N\S//N—ﬁ—CFs
N CFs «
Orc” Yo Fog” Ner,

(a) Explain why it is such a strong acid.

(b) Suggest a modification to the structure that would render the compound even more
acidic.

3.26 Amphotericin B is a powerful antifungal agent used for intravenous treatment of
severe fungal infections. Identify the most acidic proton in this compound:

Amphotericin B

need more PRACTICE? Try Problems 3.44d, 3.48a, 3.56-3.60
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B

) LEARN the skill

Pan

STEP 1
Identify the
base on either
side of the
equilibrium.

STEP 2

Compare the
stability of these two
bases using all four
factors.

3.5 Position of Equilibrium and Choice of Reagents

Earlier in this chapter, we learned how to use pKj values to determine the position of equi-
librium. In this section, we will learn to predict the position of equilibrium just by compar-
ing conjugate bases without using pK values. To see how this works, let’s examine a generic
acid-base reaction:

H—A + B° =——= A + H—B

This equilibrium represents the competition between two bases (A~ and B”) for H. The ques-
tion is whether A~ or B™ is more capable of stabilizing the negative charge. The equilibrium will
always favor the more stabilized negative charge. If A~ is more stable, then the equilibrium will favor
formation of A”. If B” is more stable, then the equilibrium will favor formation of B . Therefore,
the position of equilibrium can be predicted by comparing the stability of A~ and B ™. Let’s see an
example of this.

Predict the position of equilibrium for the following reaction:

o o o g
< l NP < l NE = i ‘N@ + < l N—H
SOLUTION

We look at both sides of the equilibrium and compare the stability of the base on each

side:
o - o -
< NP+ i NS = { NSO+ < f-—H

To determine which of these bases is more stable, we use the four factors (ARIO):

1. Atom. In both cases, the negative charge appears to be on a nitrogen atom, so this
factor is not relevant.

2. Resonance. Both of these bases are resonance stabilized, but we do expect one of
them to be more stable:

5°

- 58 o2
Cr — o [ —

The first base has the negative charge delocalized over N and S. The second base has
the negative charge delocalized over N and O. Because of its size, sulfur is more effi-
cient than oxygen at stabilizing a negative charge, so we expect the first base to be
more stable (it is the weaker base).
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3. Induction. Neither of these bases is stabilized by inductive effects.

4. Orbital. Not a relevant factor in this case.

Based on factor 2, we conclude that the base on the left side is more stable, and there-
fore the equilibrium favors the left side of the reaction. Our prediction can be verified if we

STEP 3 look up pK; values for the acid on either side of the equilibrium:
The

equilibrium . - . e
will favor the Q s Q =

more stable % . % .. % . % ..

base. N N-'e — Ne N N
pK, = 15 pK, =13
(Weaker acid) (Stronger acid)

The equilibrium favors production of the weaker acid (higher pKj), so the left side is favored,
just as we predicted.

0 PRACTICE the skill 3.27 Predict the position of equilibrium for each of the following reactions:
=
H HHH HHHH
H—C—G—C—CF  + I _ H—GC—C—C—C—H  + N
[ H” H [ H” “H
(@ H HHH H HHH
H
o~ o
S]
@ % — @ o
(b)
0 APPLY the skill 3.28 The development of chemical sensors that can detect harmful contaminants, like the
toxic cyanide anion, is a prevalent line of research. Compound 1 was explored as a chemical
- sensor for cyanide in water.® When 1 comes into the presence of cyanide, it reversibly forms

the fluorescent anion 3, via anion 2. Since 1 is not fluorescent and 3 is, this could afford a
powerful way to detect cyanide in drinking water.

S}
C=N o H //N H //N
Og, M o_I_c* HO_ | €7
e
HO o. .0 HO o_ _0 o o_ _0
= = =
1 2 3

(a) Draw curved arrows showing the intramolecular proton transfer that converts 2 into 3.

(b) Predict whether the equilibrium favors 2 or 3.

need more PRACTICE? Try Problems 3.46, 3.49, 3.54

The process described in the previous SkillBuilder can also be used to determine whether
a specific reagent is suitable for accomplishing a particular proton transfer, as shown in
SkillBuilder 3.11.
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SKILLBUILDER

\ 3.11 CHOOSING THE APPROPRIATE REAGENT FOR A PROTON TRANSFER REACTION

(D

A%

STEP 1
Draw the
equilibrium.

STEP 2

Compare the
stability of the bases
on either side of the
equilibrium using all
four factors.

STEP 3

The reagent is
only suitable if
the equilibrium
favors the desired
products.

(5
Ny

()
<

] LEARN the skill

PRACTICE the skill

APPLY the skill

Determine whether H,O would be a suitable reagent for protonating the acetate ion:

.'d.

)LO@

SOLUTION
We begin by drawing the acid-base reaction that occurs when the base is protonated by
water:

-.O.- '.O.'
)J\ m .-O-_ N )J\ + e.b’H
Q: H/\T\H ~ ..O_./H b
Now compare the bases on either side of the equilibrium and ask which is more stable:

.'O'.

Oes
)k.. :0H
57 Q

Applying the four factors (ARIO), we see that the base on the left side is more stable because
of resonance. Therefore, the equilibrium will favor the left side of the reaction. This means
that H,O is not a suitable proton source in this situation. In order to protonate this base, an
acid stronger than water is required. A suitable acid would be H;O™.

3.29 In each of the following cases, identify whether the reagent shown is suitable to
accomplish the task described. Explain why or why not:

S]
N o] o]
(@) To protonate \r Y using H,0 (d) To protonate )J\/U\ using  H,O

S
"
(b) To protonate )@\ using YNY (e) To protonate )@\ using H,0O

H\ /H
C) To deprotonate Cc=C usin eNH
/ \ g 2
H H

) 1o deprotonate H—C=C—H using G)NHZ

3.30 We will learn the following reactions in upcoming chapters. For each of these
reactions, notice that the product is an anion (ignore the positively charged ion in each
case). In order to obtain a neutral product, this anion must be treated with a proton source
in a process called “working up the reaction.” For each of the following reactions, identify
whether water will be a suitable proton source for working up the reaction:

.'O'.

-.o.-
@) \)J\O/ NaOH, \)J\a@ na®  Chapter 20
a -0:

cl 67 o
©/ _NaOH ©/ Na Chapter 18
Heat
(b)

need more PRACTICE? Try Problems 3.38, 3.40
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3.6 Leveling Effect

Bases stronger than hydroxide cannot be used when the solvent is water. To illustrate why, consider
what happens if we mix the amide ion (H,N ) and water:

The amide ion is a strong enough base to deprotonate water, forming a hydroxide ion (HO ).
A hydroxide ion is more stable than an amide ion, so the equilibrium will favor formation of
hydroxide. In other words, the amide ion is destroyed by the solvent and replaced with a hydroxide
ion. In fact, this is true of any base stronger than HO . If a base stronger than HO "~ is dissolved
in water, the base reacts with water to produce hydroxide. This is called the leveling effect, and it
dictates the strongest base that can be present in any particular solvent. Specifically, the base can-
not be stronger than the conjugate base of the solvent. If the solvent is water, than hydroxide is the
strongest base that can be used.

In order to work with bases that are stronger than hydroxide, a solvent other than water must
be employed. For example, in order to work with an amide ion as a base, we use liquid ammonia
(NHj) as a solvent. If a specific situation requires a base even stronger than an amide ion, then liquid
ammonia cannot be used as the solvent. Just as before, if a base stronger than H)N ™ is dissolved in
liquid ammonia, the base will be destroyed and converted into H,N . Once again, the leveling effect
prevents us from having a base stronger than an amide ion in liquid ammonia. In order to use a base
that is even stronger than HyN ', we must use a solvent that cannot be readily deprotonated. There
are a number of solvents with high pK] values, such as hexane and THE, that can be used to dissolve
very strong bases. Throughout the course, we will see other examples of solvents suitable for working
with very strong bases.

.'O.-
T O
Hexane Tetrahydrofuran
(THF)

The leveling effect is also observed in acidic solutions. For example, consider the following equi-
librium that is established in an aqueous solution of H,SOy:

Although this is indeed an equilibrium process, consider the difference in pK; values (approximately
seven pK; units). This indicates that H,SOy is 107 (or 10 million) times more acidic than a hydro-
nium ion (H30™). As such, there is very little H,SOy that is actually present in an aqueous solu-
tion of H,SOy. Specifically, there will be one molecule of H,SOy for every 10 million hydronium
ions. That is, 99.99999% of all sulfuric acid molecules will have transferred their protons to water
molecules. A similar situation occurs with aqueous HCI or any other strong acid that is dissolved
in water. In other words, an aqueous solution of either H,SO4 or HCI can simply be viewed as an
aqueous solution of H3;O . This is a result of the leveling effect, which prevents us from having an
acid stronger than H;0™ when the solvent is water.

In summary, the leveling effect dictates the strongest base and the strongest acid that can be
present in any particular solvent. In a basic solution, the base cannot be stronger (less stable) than
the conjugate base of the solvent; and in an acidic solution, the acid cannot be stronger than the
conjugate acid of the solvent. If the solvent for a reaction is water (H,O), then the leveling effect
prevents the use of bases stronger than hydroxide (HO ™) or the use of acids stronger than hydro-
nium (H3O+). Similarly, if the solvent is ammonia (NHj3), then the leveling effect prevents the

use of bases stronger than an amide ion (H,N ) or the use of acids stronger than an ammonium
. +
ion (NH4 ).
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FIGURE 3.7
Electrostatic potential maps of
tert-butoxide and ethoxide.

3.7 Solvating Effects

In some cases, solvent effects are invoked to explain small differences %@* \—6H

in pK; values. For example, compare the acidity of ferr-butanol and b b

ethanol. tert-Butanol Ethanol
pK, = 18 pK, = 16

The pK, values indicate that zer+-butanol is less acidic than ethanol
by two orders of magnitude. In other words, the conjugate base of zer+-butanol is less stable than the
conjugate base of ethanol. This difference in stability is best explained by considering the interactions
between each conjugate base and the surrounding solvent molecules (Figure 3.7). Compare the way
in which each conjugate base interacts with solvent molecules. The zers-butoxide ion is very bulky,
or sterically hindered, and is less capable of interacting with the solvent. The ethoxide ion is not as
sterically hindered so it can accommodate more solvent interactions. As a result, ethoxide is better
solvated and is therefore more stable than zers-butoxide (Figure 3.7). This type of solvent effect is
generally weaker than the other effects we have encountered in this chapter (ARIO).

Ethoxide &,

an0s

CONCEPTUAL CHECKPOINT

3.31 Predict which of the following compounds is more acidic:

0
~"oH H™ H

Ethanol Water

After making your prediction, use the pKj, values from Table 3.1 to determine whether your prediction was correct.

LOOKING BACK
Your general chemistry
textbook likely used the
term spectator ion to
refer to a counterion.

3.8 Counterions

Negatively charged bases are always accompanied by positively charged species, called cations (pro-
nounced CAT-EYE-ONZ). For example, HO ™ must be accompanied by a counterion, such as Lit,
Na™, or K. We will often see the following reagents: LiOH, or NaOH, or KOH. Don't be alarmed.
All of these reagents are simply HO ~ with the counterion indicated. Sometimes it is shown; some-
times not. Even when the counterion is not shown, it is still there. It is just not indicated because it
is largely irrelevant. Up to this point in this chapter, counterions have not been shown, but from here
on they will be. For example, consider the following reaction:

H

S, . | Qe
N+ jor NG, b M

This reaction might be shown like this:

NaNH, + H,0 —> NH; + NaOH

It is important to become accustomed to ignoring the cations when they are indicated and to
focus on the real players—the bases. Although counterions generally do not play a significant
role in reactions, they can, under some circumstances, influence the course of a reaction. We
will only see one or two such examples throughout this course. The overwhelming majority of
reactions that we encounter are not significantly affected by the choice of counterion.
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® Practically Speaking Baking Soda versus Baking Powder

In the opening of this chapter, we mentioned that baking soda and an acid salt, such as potassium

and baking powder are both leavening agents. That is, they ! bitartrate:

both produce CO, that will make a dough or batter fluffy. We BH G

will now explore how each of these compounds accomplishes ..

its task, beginning with baking soda. As mentioned earlier in HQ 57k®

this chapter, baking soda is the household name for sodium
bicarbonate. Because sodium bicarbonate is mildly basic, it
will react with an acid to produce carbonic acid, which in turn
degrades into CO, and water:

0. :OH

Potassium bitartrate

Baking powder also contains some
. starch to keep the mixture dry, which prevents the acid and base
. from reacting with each other. When mixed with water, the acid
© and the base can react with each other, ultimately producing CO:

.‘O'.

.'o'-
Hﬁ)J\/\ Lo o— e W

© Na@ + H

9: HQ™ QM
Sodium bicarbonate Carbonic acid . 26H ‘0
(baking soda) o .
| L R 0 @
HO 6'6 Na~ H™V o K
CO, + H,0 o Q O iOH
The mechanism for the conversion of carbonic acid into CO, and Sodium bicarbonate Potassium bitartrate
water will be discussed in Chapter 20. Looking at the reaction H G
above, it is clear that an acid must be present in order for baking
O. :OH

citrus fruits (such as lemons) all contain naturally occurring organic

acids: Carbonic acid
o OH OH O l
HO CO, + H,0
OH OH
on o on ' Baki der is often used when maki kes, muffins, and
L actic acid Gluconic acid - Baking powder is often used when making pancakes, muffins, an
(found in buttermilk) (found in honey) - waffles. It is an essential ingredient in the recipe if you want your
. pancakes to be fluffy. In any recipe, the exact ratio of acid and base
o OH is important. Excess base (sodium bicarbonate) will impart a bitter
16) 16) taste, while excess acid will impart a sour n,
. taste. In order to get the ratio just right, a :
HO OH + recipe will often call for some specific
OH | .
. amount of baking soda and some
Citric acid

© specific amount of baking powder. ’

. The recipe is taking into

- account the amount of acidic
compounds present in the
other ingredients, so that

. the final product will not be

' unnecessarily bitter or sour.
Baking is truly a science!

(found in citrus fruits)

When an acidic compound is present in the dough or batter, baking
soda can be protonated, causing liberation of CO,. However, when
acidic ingredients are absent, the baking soda cannot be protonated,
and CO; is not produced. In such a situation, we must add both

the base (baking soda) and some acid. Baking powder does exactly

3 o

: Oes
soda to do its job. Many breads and pastries include ingredients : )J\ b NS :QN&O K®
that naturally contain acids. For example, buttermilk, honey, and } HQ™ "OH -
that. It is a powder mixture that contains both sodium bicarbonate 3

3.9 Lewis Acids and Bases

The Lewis definition of acids and bases is broader than the Bronsted-Lowry definition. According
to the Lewis definition, acidity and basicity are described in terms of electrons, rather than protons.
A Lewis base is defined as an electron-pair donor, while a Lewis acid is defined as an electron-pair
acceptor. As an illustration, consider the following Brensted-Lowry acid-base reaction:

G0N TRk = e + Qe
Base Acid
(electron-pair (electron-pair

donor) acceptor)
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SKILLBUILDER
e 3.12 IDENTIFYING LEWIS ACIDS AND LEWIS BASES
Pt o

( o ) LEARN the skill

Identify the
direction of the flow
of electrons.

STEP 2

Identify the
electron-pair
acceptor as the
Lewis acid and the
electron-pair donor
as the Lewis base.

D)
)

¢

H H
THF
' SOLUTION Q
STEP 1

HCl is an acid according to either definition. It is a Lewis acid because it serves as an electron-pair
acceptor, and it is a Brensted-Lowry acid because it serves as a proton donor. But the Lewis defini-
tion is an expanded definition of acids and bases, because it includes reagents that would otherwise
not be classified as acids or bases. For example, consider the following reaction:

F
../\I HooF

S |
AT ®>0_‘|3®_F
H F
Base Acid
(electron-pair (electron-pair
donor) acceptor)

According to the Bronsted-Lowry definition, BFj is not considered an acid because it is has no
protons and cannot serve as a proton donor. However, according to the Lewis definition, BF; can
serve as an electron-pair acceptor, and it is therefore a Lewis acid. In this reaction, H,O is a Lewis
base because it serves as an electron-pair donor.

Take special notice of the curved-arrow notation. There is only one curved arrow in the reaction
above, not two.

Chapter 6 will introduce the skills necessary to analyze reactions, and in Section 6.7 we will
revisit the topic of Lewis acids and bases. In fact, we will see that most of the reactions in this text-
book occur as the result of the reaction between a Lewis acid and a Lewis base. For now, let’s get some
practice identifying Lewis acids and Lewis bases.

Identify the Lewis acid and the Lewis base in the F|| < 7 H—B=H

reaction between BH3 and THF. (l)

We must first decide the direction of electron flow. Which reagent is serving as the
electron-pair donor and which reagent is serving as the electron-pair acceptor? To answer
this question, we analyze each reagent and look for a lone pair of electrons. Boron is in the
third column of the periodic table and only has three valence electrons. It is using all three
valence electrons to form bonds, which means that it does not have a lone pair of electrons.
Rather, it has an empty p orbital (for a review of the structure of BHs, see Section 1.10).
Oxygen does have a lone pair. So, we conclude
that oxygen attacks boron. " o H—B=

BHjs is the electron-pair acceptor (Lewis acid), ||3‘/+\(J . .-C')®

H™ H

and THF is the electron-pair donor (Lewis base). Q

|
B=H

3.32 In each case below, identify the Lewis acid and the Lewis base:

PRACTICE the skill o a Ce_ci

Al
®.-O/ \

|
+ —
)k CI/AI\CI )k ¢

(a)

H H
o | . %0 o
+ + N
)J\ o, = H™ H
(b) H ® "H

Br
Br .. ol 8 .
Al + Br—Br: = Br—AI—Br—Br:
PN o ee | o

(C) Br Br Br
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Review of Concepts and Vocabulary

o
\
)
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\
®0—T
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>:o®
\
Jd
\
)
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I
\
o
/
I

®,
(e))k T P

3.33 The Nazarov cyclization is a versatile method for making five-membered rings, a
common feature in many natural products. This process has been used successfully in the
preparation of many complex structures with a wide variety of biological activities, includ-
ing antibiotic and anticancer properties.” The key step of the Nazarov cyclization involves a

APPLY the skill

Lewis acid, such as AICl5. In the first step of
the mechanism, the carbonyl group (C=0)
in compound 1 interacts with AICI; to give
a Lewis acid-Lewis base complex. Draw all
significant resonance structures of this com-
plex, and identify the major contributor to

the resonance hybrid.
need more PRACTICE? Try Problem 3.37

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 3.1

o A Brgnsted-Lowry acid is a proton donor, while a Brgnsted-
Lowry base is a proton acceptor.

» A Bronsted-Lowry acid-base reaction produces a conjugate
acid and a conjugate base.

SECTION 3.2

« A reaction mechanism utilizes curved arrows to show the
flow of electrons that account for a chemical reaction.

« The mechanism of proton transfer always involves at least
two curved arrows.

SECTION 3.3

« For an acid-base reaction occurring in water, the position of
equilibrium is described using K, rather than K.

o Typical pK, values range from —10 to 50.

o A strong acid has a low pK,, while a weak acid has a
high pK.

« Equilibrium always favors formation of the weaker acid
(higher pK)).

SECTION 3.4
« Relative acidity can be predicted (qualitatively) by analyzing
the structure of the conjugate base. If A™ is very stable, then

HA must be a strong acid. If A™ is very unstable, then HA

must be a weak acid.

e To compare the acidity of two compounds, HA and HB,
simply compare the stability of their conjugate bases.

 There are four factors to consider when comparing the stabil-
ity of conjugate bases:

1. Which atom bears the charge? For elements in the same
row of the periodic table, electronegativity is the domi-
nant effect. For elements in the same column, size is the
dominant effect.

2. Resonance—a negative charge is stabilized by resonance.

3. Induction—electron-withdrawing groups, such as halo-
gens, stabilize a nearby negative charge via induction.

4. Orbital—a negative charge in an sp-hybridized orbital will
be closer to the nucleus and more stable than a negative
charge in an sp>-hybridized orbital.

» When multiple factors compete, ARIO (atom, resonance,
induction, orbital) is generally the order of priority, but there
are exceptions.

SECTION 3.5

o The equilibrium of an acid-base reaction always favors the
more stabilized negative charge.

SECTION 3.6

« The leveling effect dictates the strongest base and the stron-
gest acid that can be present in any particular solvent.

« In a basic solution, the base cannot be stronger than the con-
jugate base of the solvent.

» In an acidic solution, the acid cannot be stronger than the
conjugate acid of the solvent.

SECTION 3.7

 In some cases, solvent effects explain small differences in
pK,'s. For example, bases that are bulky, or sterically hin-
dered, are generally less efficient at forming stabilizing sol-
vent interactions.

SECTION 3.8

» Negatively charged bases are always accompanied by posi-
tively charged species called cations.

o The choice of the counterion does not affect most reactions
that we will encounter.

SECTION 3.9

» A Lewis acid is an electron-pair acceptor, while a Lewis base
is an electron-pair donor.
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SKILLBUILDER REVIEW

3.1 DRAWING THE MECHANISM OF A PROTON TRANSFER

STEP 1 Identify the acid STEP 2 Draw the first curved arrow.... STEP 3 Draw the second curved arrow....
and the base. (a) Place tail on lone pair (of base). (a) Place tail on O—H bond.
(b) Place head on proton (of acid). (b) Place head on O.
. ‘0" £ ot Lo O\ o
cHOY  HT H oSS h O CHGY I H
Base Acid Base Acid Base Acid

Try Problems 3.1-3.3, 3.42

3.2 USING pK, VALUES TO COMPARE ACIDS

The compound with the lower pKj, is more acidic.

o} o
)S( H )J\O/ H
H H More acidic
pK, = 19.2 pK, = 4.75

Try Problems 3.4-3.6, 3.36

3.3 USING pK, VALUES TO COMPARE BASICITY

EXAMPLE Compare the STEP 1 Draw the conjugate STEP 2 Compare pK, STEP 3 Identify the stronger base.
basicity of these two anions. acid of each. values.
0} (0]
o o] 0 0 )OJ\/?‘\ )J\ generates )k
S pKa =
H Weaker acid Stronger base
N i 5\
© )J\ PK, = 19
H
Try Problems 3.7-3.9, 3.47
3.4 USING pK, VALUES TO PREDICT THE POSITION OF EQUILIBRIUM
STEP 1 Identify the acid on each side of the equilibrium. STEP 2 Compare pK, values.
0 0 (o] o]
O ? IS — o M O~
M * TOH T HTTH oo H
S) pK, = 9.0 pK, = 15.7
Acid Base Base Acid The equilibrium will

favor the weaker acid.

Try Problems 3.10-3.11, 3.45
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3.5 ASSESSING RELATIVE STABILITY: FACTOR 1—ATOM

STEP 1 Draw the conjugate bases... STEP 2 Compare location of

STEP 3 The more stable conjugate base...
charge, taking into account

two trends.

’—> S, ‘

/.N.\/\/o\ .. N b'.@

H Electronegativity oSNNS
H —_—
| ...in order to compare
/N\/\/O\H their stability. CNOF L} |
\_) |.|i P S CI Size H/N\/\/O\H
59 ...corresponds with
/N\/\/O Br the more acidic proton.
I
Try Problems 3.13, 3.14, 3.43b, 3.44h, 3.48b,h, 3.50
3.6 ASSESSING RELATIVE STABILITY: FACTOR 2—RESONANCE

STEP 1 Draw the conjugate bases...

| e-&iJVO\H B
.C\JJ\/O Our (ONg
O o) “H ) H
H\O)J\/O\

STEP 2 Look for resonance

STEP 3 The more stable conjugate base...
stabilization.

...in order to compare

their stability. Resonance stabilized

H L) 0
e =0 \O \H
H )J\/O: H_ O
~0 o (@) ...corresponds with

Not resonance stabilized the more acidic proton.

Try Problems 3.15-3.17, 3.43a, 3.44b,e-g, 3.48c—f
3.7 ASSESSING RELATIVE STABILITY: FACTOR 3—INDUCTION
STEP 1 Draw the conjugate bases... STEP 2 Look for inductive STEP 3 The more stable
effects. conjugate base...
CCls
= _H
| ge] 0 cCly
CCls
H H ...in order to compare CCl3 H\O/\ 09
~0 o~ their stability. H /\/k 5 b
-
CClj O °H CCls
H H
H \O/\)\(-j@ More ~0 o~
= stable ...corresponds with
the more acidic proton.
Try Problems 3.18-3.20, 3.44c, 3.48¢g
3.8 ASSESSING RELATIVE STABILITY: FACTOR 4—ORBITALS
STEP 1 Draw the conjugate bases... STEP 2 Analyze orbitals. STEP 3 The more stable conjugate base...
H
~
e =
> ~" u /.@
- /
H /H ...in order to compare @\/// \/ sp
% their stability. H
K/ sp3 H P> ~
\_, H /-_@ K//
V//"@ \//sp ...corresponds with

the more acidic proton.

Try Problems 3.21-3.22, 3.43c
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3.9 ASSESSING RELATIVE STABILITY: ALL FOUR FACTORS

STEP 1 Draw the conjugate bases...

H
~
2 =
> P N \/
H - H ...in order to compare
! = their stability.
AN

H o

STEP 2 Analyze all four
factors in this order:

Atom
Resonance
Induction

Orbital

Identify all factors
that apply.

3.10 PREDICTING THE POSITION OF EQUILIBRIUM WITHOUT USING pK, VALUES

STEP 3 Take into account exceptions
to the order of priority (ARIO)
and determine the more stable base...

H je
I =
NS

H /H
. =
L) /NM/

...which corresponds with
the more acidic proton.

Try Problems 3.23-3.26, 3.44d, 3.48a, 3.56-3.60

STEP 1 Identify the base on either side of the equilibrium.

o e o g
.. + o —— - + ..
< ;N/H ( e - ¢ M

STEP 2 Compare the
stability of these
conjugate bases using
all four factors, in this
order:

Atom

Resonance
Induction
Orbital

STEP 3 Equilibrium
will favor the more
stable base.

Try Problems 3.27, 3.28, 3.46, 3.49, 3.54

3.11 CHOOSING THE APPROPRIATE REAGENT FOR A PROTON TRANSFER REACTION

STEP 1 Draw the equilibrium and identify the base on either side.

STEP 2 Compare the stability
of these conjugate bases using
all four factors, in this order:

Atom
0 Resonance — i
S
— )J\O/H +  “on Induction o
More stable
Orbital

STEP 3 Equilibrium will
favor the more stable base.
If products are favored, the
reaction is useful.

If starting materials are
favored, the reaction is

not useful.

In this case,
water is not a suitable
proton source.

3.12 IDENTIFYING LEWIS ACIDS AND LEWIS BASES

STEP 1 Identify the direction
of the flow of electrons.

To here From here
H Jo:
| +
AN

STEP 2 |dentify the electron-pair acceptor as the Lewis acid
and the electron-pair donor as the Lewis base.

Acceptor Donor
1/////////#—\Wy
H o ’ Q
Lewis acid Lewis base

Try Problems 3.29, 3.30, 3.38, 3.40

Try Problems 3.32, 3.33, 3.37
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Practice Problems

Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

3.34 Draw the conjugate base for each of the following acids:

(c) NH;z (d) H;O"

"
Py :
(e) OH (f) Y Y

3.35 Draw the conjugate acid for each of the following bases:

(@) NHy"

(c) NaNH,

PN i
©) OH >N () )k

3.36 Compound A has a pK, of 7 and compound B has a pK, of 10.
Compound A is how many times more acidic than compound B?

(@ 3 (b) 3000 (c) 1000

(d) H0

(h) NaOH

3.37 In each reaction, identify the Lewis acid and the Lewis base:

H
- /K — o
OH + ® AN O><

(@)
H
'|= ®/
~SoH  + B — o F
F7OF ~B
(b) F e F
cl
/—C' + v — S-Ac
Al =
AN |
9 cl cl CI

3.38 What reaction will take place if H,O is added to a mixture of
NaNH2/NH37

3.39 Would ethanol (CH3CH,OH) be a suitable solvent in which to
perform the following proton transfer? Explain your answer:

S]
\\\ + NH, — \\:6-%— NH,4
H

3.40 Would water be a suitable proton source to protonate the fol-
lowing compound?

(o}

N ONa

2

3.41 Write an equation for the proton transfer reaction that occurs
when each of the following acids reacts with water. In each case, draw
curved arrows that show a mechanism for the proton transfer:

H—O—%—O—H 0
(a) HBr (b)

3.42 Write an equation for the proton transfer reaction that occurs
when each of the following bases reacts with water. In each case, draw
curved arrows that show a mechanism for the proton transfer:

O
A w T
a) <O (b) (@ (d)

3.43 In each case, identify the more stable anion. Explain why it is

more stable:
a) )@\ vs. )@\/ (b) /@K vs. /N\

(O]

3.44 For each pair of compounds below, identify the more acidic
compound:

O 0.
P

(e}
)J\O/H

OH

A\

J

9 o)
(e) )k o () )k XOX
O O

0o
9) )k PN (h) )J\NHZ )LOH

3.45 HA has a pK, of 15, while HB has a pK, of 5. Draw the equilib-
rium that would result upon mixing HB with NaA. Does the equilibrium
favor formation of HA or formation of HB?

3.46 For each reaction below, draw a mechanism (curved arrows) and
then predict which side of the reaction is favored under equilibrium

conditions:
o° OH
= L
(@) H
SH + oe =
/\/S + /\/OH
S S
)J\ + HS@ pr—— )k + HZS
© SH s?
/H o _~ S H\ s
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3.47 Rank the following anions in terms of increasing basicity:

0 ><
HO® )J\o@ o® P

3.48 For each compound below, identify the most acidic proton in the

compound:
(C) é

NH, ; N/\(\OH
H—= 2
() ‘{ (b) SH

INTEGRATED PROBLEMS

3.49 In each case below, identify the acid and the base. Then
draw the curved arrows showing a proton transfer reaction. Draw
the products of that proton transfer and then predict the position
of equilibrium:

o}
H f o @ PN
(@) )J\O/ +  LOH b) " L + H H
6} ¢}

© M T NaoH

3.50 Draw all constitutional isomers with the molecular formula C,H,S
and rank them in terms of increasing acidity.

3.51 Draw all constitutional isomers with the molecular formula
C3HgO and rank them in terms of increasing acidity.

3.52 Consider the structure of cyclopentadiene and then answer the

following questions:

Cyclopentadiene

(a) How many sp’-hybridized carbon atoms are present in the
structure of cyclopentadiene?

(b) Identify the most acidic proton in cyclopentadiene. Justify your
choice.

(c) Draw all resonance structures of the conjugate base of
cyclopentadiene.

(d) How many sp*-hybridized carbon atoms are present in the
conjugate base?

(e) What is the geometry of the conjugate base?
(f) How many hydrogen atoms are present in the conjugate base?

(g9) How many lone pairs are present in the conjugate base?

3.53 In Section 3.4, we learned four factors (ARIO) for comparing
the relative acidity of compounds. When two of these factors are in
competition, the order of priority is the order in which these factors
were covered (“atom” being the most important factor and “orbital”
being the least important). However, we also mentioned that there are
exceptions to this order of priority. One such exception was covered at
the end of Section 3.4. Compare the two compounds below and deter-

mine if they constitute another exception. Justify your choice:

o)
)J\OH

pK, = 4.75

~sH

pK, = 10.6

3.54 As we will learn in Chapter 20, treating a lactone (a cyclic ester)
with sodium hydroxide will initially produce an anion:

.O—H
NaOH
€
Q:

Initially formed

This anion rapidly undergoes an intramolecular proton transfer (see
Problem 3.2), in which the negatively charged oxygen atom abstracts
the nearby acidic proton. Draw the product of this intramolecular acid-
base process and then identify which side of the equilibrium is favored.
Explain your answer.

3.55 Consider the pKj values of the following constitutional isomers:
(0]
OH OH

OH HO

Salicylic acid
pK, = 3.0

para-Hydroxybenzoic acid
pK, = 4.6

Using the rules that we developed in this chapter (ARIO), we might have
expected these two compounds to have the same pK,. Nevertheless,
they are different. Salicylic acid is apparently more acidic than its con-
stitutional isomer. Can you offer an explanation for this observation?

3.56 Consider the following compound with the molecular formula

C4H8022
’j/\OH
]

C,Hz0,

(a) Draw a constitutional isomer that you expect will be approximately
one trillion (10'?) times more acidic than the compound above.



(b) Draw a constitutional isomer that you expect will be less acidic
than the compound above.

(c) Draw a constitutional isomer that you expect will have approxi-
mately the same pKj as the compound above.

3.57 There are only four constitutional isomers with the molecular for-
mula C4HeNO; that contain a nitro group (—NO,). Three of these iso-
mers have similar pK, values, while the fourth isomer has a much higher
pK; value. Draw all four isomers and identify which one has the higher
pK,. Explain your choice.

3.58 Predict which of the following compounds is more acidic and
explain your choice:

3.59 Below is the structure of rilpivirine, a promising new anti-HIV
drug that combats resistant strains of HIV. Its ability to side-step resis-
tance will be discussed in the upcoming chapter.

i H
N N N
TT
/\/@i \/N
N

Rilpivirine

Vi

(a) Identify the two most acidic protons in rilpivirine.

(b) Identify which of these two protons is more acidic. Explain your
choice.

3.60 Most common amines (RNH,) exhibit pK, values between 35
and 45. R represents the rest of the compound (generally carbon and
hydrogen atoms). However, when R is a cyano group, the pK; is found
to be drastically lower:

H H
/ — /
R—N N=C—N
AY AY
H H
pK, = 35-45 pK, = 17

(a) Explain why the presence of the cyano group so drastically impacts
the pK,.

(b) Can you suggest a different replacement for R that would lead to
an even stronger acid (pK, lower than 17)?

3.61 In one step of a recent total synthesis of (—)-seimatopolide A, a
potential antidiabetic drug, the following two structures reacted with

each other in an acid-base reaction."®

e
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Integrated Problems

(a) Identify the acid and the base, draw the products of the reaction,
and show a mechanism for their formation.

(b) Using the pK, values provided in the inside cover of this textbook
as a rough guideline, predict the position of equilibrium for this
acid-base reaction.

3.62 The following compound has been designed to allow for label-
ing of a specific site of a protein."" Identify the four most acidic protons
in this compound, and rank them in order of increasing acidity.

CO,H o}

H,N H (@) \\

3.63 Asteltoxin, isolated from the cultures of Aspergillus stellatus,
exhibits a potent inhibitory effect on the activity of E. coli BF;-ATPase.
During S. L. Schreiber’s synthesis of asteltoxin'?, compound 1 was
treated with a strong base to form anion 2. Draw all significant reso-
nance structures of anion 2, and identify the major contributor to the
resonance hybrid.

Asteltoxin

Problems 3.64-3.65 are intended for students who have
already covered IR spectroscopy (Chapter 14).

3.64 Deuterium (D) is an isotope of hydrogen, in which the nucleus
has one proton and one neutron. This nucleus, called a deuteron,
behaves very much like a proton, although there are observed differ-
ences in the rates of reactions involving either protons or deuterons (an
effect called the kinetic isotope effect). Deuterium can be introduced

into a compound via the process below:
X‘ XD
)Mg Et,0
3) D0
Bry
Chapter EtZO

(Chapter)

1) Bry, hv

(@) The C—Mg bond in compound 3 can be drawn as ionic. Redraw
3 as an ionic species, with Bng+ as a counterion, and then draw a
mechanism for the conversion of 3 to 4.

(b) The IR spectrum of compound 4 exhibits'® a group of signals
between 1250 and 1500 cm ™, a signal at 2180 cm ',
group of signals between 2800 and 3000 cm ™. Identify the loca-
tion of the C—D signal in the spectrum and explain your reasoning.

and another
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3.65 The bengamides are a series of natural products that have
shown inhibitory effects on the enzyme methionine aminopeptidase,
which plays a key role in the growth of new blood vessels, a neces-
sary process for the progression of diseases such as solid tumor can-
cers and rheumatoid arthritis. During the synthesis of bengamides,
it is often required to convert OH groups into other, less reactive
groups, called protecting groups, which can be converted back into
OH groups when desired. For example, compound 1 is protected
upon treatment with compound 2 in the presence of compound 4."*
First, 1 reacts with 2 to give intermediate 3, which is then deproton-
ated by 4 to give 5:

(a) Draw the structure of 5 and show a mechanism for its formation
from 3.

(b) Use a quantitative argument (pK, values) to verify that 4 is an
appropriate base for this transformation.

(c) Explain how you would use IR spectroscopy to verify the conver-

sion of 1to 5.

o} OH OMe

S & S

Ph 0 Z P
] oYo OSiMe,
Ph
Me N Me
“ MesSi®_H
0
NS
5 —*  |pp” o Zph

OYO OSiMey
3

Ph Ph=§©

CHALLENGE PROBLEMS

3.70 During a synthesis of (+)-coronafacic acid, a key component in the
plant toxin coronatine, the following reaction was performed, in which a
ketone was converted into an acetal (the acetal functional group will be
covered in Chapter 19). In this case, p-toluenesulfonic acid (p-TsOH) func-
tions as an acid catalyst."

PSRN

p TsOH

= i;;—

(@) The accepted mechanism for this process begins with a proton
transfer step in which the ketone is protonated. Draw this mecha-
nistic step using curved arrows.

p-TsOH =

(b) For this protonation step, predict whether the equilibrium favors the
protonated ketone. Justify your prediction with estimated pK, values.

Problems 3.66-3.69 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

3.66 What is the strongest base that is present after methyl magne-
sium bromide (CH3MgBY) is treated with water?

3.67 Which side of the following equilibrium is favored?

o (o} O (0]

©

(@) The right side.

(b) The left side.

(c) Depends on temperature.
(

d) Cannot determine without more information.

3.68 All of the following are more acidic than water (H,O) EXCEPT:

(o] O
OH
_S_ HO
@H TH (b AOH (c)X (d) C (

3.71 Phakellin (3), a natural product isolated from marine organisms,
has been studied for its potential use as an antibiotic agent. During
studies aimed at developing a strategy for the synthesis of phakellin and
its derivatives, compound 1 was investigated as a potential precursor."®

TR Y wgiﬁ

1

(a) Identify the most acidic proton in compound 1, draw the
corresponding conjugate base, 2, and justify your choice.

(b) Using a quantitative argument based on pK, values as well as a
qualitative argument based on structural comparisons, justify why
lithium diisopropyl amide (LDA) is a suitable base to deprotonate 1.

(c) Draw a mechanism for the conversion of 1 to 2.

3.72 Crude extracts from the ginkgo tree, Ginkgo biloba, have been
used for centuries to alleviate symptoms associated with asthma. There
are four principal components of Ginkgo extracts, called ginkgolide A,



B, D, and M. During E. J. Corey’s synthesis'’ of ginkgolide B, compound
1 was converted into compound 5.

o Li®

i

LI [3wsb}

H,CO,

7—0
1

(0]

i
_ NS
T = E‘ﬁ_CFs T
0 4
HACO,
-6- Li@ O
SNY “,
©/ m + TfO m\%
6 5

(a) Draw the resonance-stabilized anion (3) that is expected when com-
pound 1 is treated with LDA (compound 2), which was introduced in
Problem 3.71.

(b) Draw a mechanism for the conversion of 1 to 3 and explain why this
step is irreversible.

(c) Upon treatment with 4, anion 3 is converted into compound 5, and
by-product 6 is formed. Describe the factors that render 6 a particu-
larly stable anion.

3.73 The pK, of the most acidic CH, group in each of the following
compounds was measured in DMSO as solvent."®

Acid PK,
CH4COCH,CO,CH,CHy 1 14.1

PhCH,CN, 2 21.9
PhCH,CO,CH,CH, 3 227 P =}
PhCH,CON(CHy),, 4 26.6

Challenge Problems 131

Given the data above, determine which of the following two com-
pounds (5 or 6) is more acidic by comparing the stability of the
corresponding conjugate bases. Include all necessary resonance con-
tributors in your discussion. Consider the given pK, values in determin-
ing which resonance contributors are more effective in stabilizing the
conjugate bases.

oo Uy

5 6
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Cycloalkanes

DID YOU EVER WONDER...

why scientists have not yet developed a
cure for AIDS?

As you probably know, acquired immunodeficiency syndrome

(AIDS) is caused by the human immunodeficiency virus
(HIV). Although scientists have not yet developed a way to destroy
HIV in infected people, they have developed drugs that significantly
slow the progress of the virus and the disease. These drugs interfere
with the various processes by which the virus replicates itself. Yet,
anti-HIV drugs are not 100% effective, primarily because HIV has
the ability to mutate into forms that are drug resistant. Recently,
scientists have developed a class of drugs that shows great promise in
the treatment of patients infected with HIV. These drugs are designed
to be flexible, which apparently enables them to evade the problem
of drug resistance.

A flexible molecule is one that can adopt many different
shapes, or conformations. The study of the three-dimensional
shapes of molecules is called conformational analysis. This chap-
ter will introduce only the most basic principles of conformational
analysis, which we will use to analyze the flexibility of molecules.
To simplify our discussion, we will explore compounds that lack a
functional group, called alkanes and cycloalkanes. Analysis of these
compounds will enable us to understand how molecules achieve
flexibility. Specifically, we will explore how alkanes and cycloalkanes
change their three-dimensional shape as a result of the rotation of
C—C single bonds.

Our discussion of conformational analysis will involve the
comparison of many different compounds and will be more efficient
if we can refer to compounds by name. A system of rules for naming
alkanes and cycloalkanes will be developed prior to our discussion of
molecular flexibility.
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

e Molecular Orbital Theory (Section 1.8) e Bond-Line Structures (Section 2.2)
e Predicting Geometry (Section 1.10) e Three-Dimensional Bond-Line Structures (Section 2.6)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

4.1 Introduction to Alkanes

Recall that hydrocarbons are compounds comprised of only C and H; for example:

H H H H
| \ / _
H— C|2 ? H /C:C\ H—C=C—H
H H H H
Ethane Ethylene Acetylene Benzene
CoHg CaHy CoH, CeHs

Ethane is unlike the other examples in that it has no 7 bonds. Hydrocarbons that lack 7 bonds are
called saturated hydrocarbons, or alkanes. The names of these compounds usually end with the
suffix “-ane,” as seen in the following examples:

P N N G

Propane Butane Pentane

This chapter will focus on alkanes, beginning with a procedure for naming them. The system of nam-
ing chemical compounds, or nomenclature, will be developed and refined throughout the remaining
chapters of this book.

4.2 Nomenclature of Alkanes

An Introduction to IUPAC Nomenclature

In the early nineteenth century, organic compounds were often named at the whim of their discover-
ers. Here are just a few examples:

o
o A

0} o}
PN i
H OH HoN NH, )\/KO
Formic acid Urea Morphine Barbituric acid
Isolated from ants Isolated from urine A painkiller named after Adolf von Baeyer named this
and named after the the Greek god of dreams, compound in honor of a
Latin word for ant, formica Morpheus woman named Barbara

A large number of compounds were given names that became part of the common language
shared by chemists. Many of these common names are still in use today.

As the number of known compounds grew, a pressing need arose for a systematic method for
naming compounds. In 1892, a group of 34 European chemists met in Switzerland and developed
a system of organic nomenclature called the Geneva rules. The group ultimately became known as
the International Union of Pure and Applied Chemistry, or IUPAC (pronounced “I-YOU-PACK?”).
The original Geneva rules have been regularly revised and updated and are now called IUPAC
nomenclature.
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Names produced by IUPAC rules are called systematic names. There are many rules, and we
cannot possibly study all of them. The upcoming sections are meant to serve as an introduction to
ITUPAC nomenclature.

Selecting the Parent Chain

The first step in naming an alkane is to identify the longest chain, called the parent chain:

Choose longest chain
e

/

In this example, the parent chain has nine carbon atoms. When naming the parent chain of a com-
pound, the names in Table 4.1 are used. These names will be used very often in this course. Parent
chains of more than 10 carbon atoms will be less common, so it is essential to commit to memory at
least the first 10 parents on the list in Table 4.1.

TABLE 4.1 PARENT NAMES FOR ALKANES

NUMBER OF PARENT NAME NUMBER OF PARENT NAME

CARBON ATOMS OF ALKANE CARBON ATOMS OF ALKANE

1 meth methane 11 undec undecane

2 eth ethane 12 dodec dodecane

3 prop propane 13 tridec tridecane

4 but butane 14 tetradec tetradecane
5 pent pentane 15 pentadec pentadecane
6 hex hexane 20 eicos eicosane

7 hept heptane 30 triacont triacontane
8 oct octane 40 tetracont tetracontane
9 non nonane 50 pentacont pentacontane
10 dec decane 100 hect hectane

If there is a competition between two chains of equal length, then choose the chain with the
greater number of substituents. Substituents are branches connected to the parent chain:

Correct Incorrect
(8 substituents) (2 substituents)

Taal ]

The term “cyclo” is used to indicate the presence of a ring in the structure of an alkane. For
y p g
example, these compounds are called cycloalkanes:

A ] O

Cyclopropane Cyclobutane Cyclopentane
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SKILLBUILDER
~ 4.1 IDENTIFYING THE PARENT
.\

I\ 0 )| LEARN the skill Identify and provide a name for the parent in the following compound:
SOLUTION
STEP 1 Locate the longest chain. In this case, there are two choices that have 10 carbon atoms.
Choose the longest Either way, the parent will be decane, but we must choose the correct parent chain. The cor-
chain.

rect parent is the one with the greatest number of substituents:
Correct Incorrect

STEP 2
When two chains Sy SO\
compete, choose

the chain with more

substituents. 4 Substituents 2 Substituents

| PRACTICE the skill 4.1 Identify and name the parent in each of the following compounds:

(a)/\j\ (b)k/i/\ (c)/\H\A (d)\/\Ci\
(e)\§ (f)y\j/b <g>©/ <h>©< M [>—

4.2 |dentify the two compounds below that have the same parent:

ISV VU VS V¥

Pan

( 0 ) APPLY the skill 4.3 Under strongly acidic conditions, hexane is observed to undergo an isomerization pro-
% cess, during which it is converted into branched alkanes having the same molecular formula
— as hexane (CgHq4). The rate at which each constitutional isomer is produced is related to

the type of acid that is used in the reaction and the degree of mixing that occurs during the
reaction.” There are four branched isomers of hexane. Draw a bond-line structure of hexane
and each of its isomers and identify the parent chain for each isomer.

need more PRACTICE? Try Problem 4.36
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TABLE 4.2 NAMES OF
ALKYL GROUPS

NUMBER OF TERMINOLOGY

CARBON ATOMS
IN SUBSTITUENT

methyl
ethyl
propyl
butyl
pentyl
hexyl
heptyl
octyl

NV 0N 0N R W I N

nonyl

—_
o

decyl

SKILLBUILDER
= 4.2 IDENTIFYING AND NAMING SUBSTITUENTS
(o

( o ) LEARN the skill

Naming Substituents

Once the parent has been identified, the next step is to list all of the substituents:

/

Substituents <— Parent

Substituents are named with the same terminology used for naming parents, only we add the
letters “yl.” For example, a substituent with one carbon atom (a CHj group) is called a methyl
group. A substituent with two carbon atoms is called an ethyl group. These groups are generically
called alkyl groups. A list of alkyl groups is given in Table 4.2. In the example above, the substitu-
ents would have the following names:

ethyl

propyl

When an alkyl group is connected to a ring, the ring is generally treated as the parent:

Substituent
Parent

Propylcyclohexane

However, when the ring is comprised of fewer atoms than the rest of the structure, it is common
practice to name the ring as a substituent (a cycloalkyl group). For example, the following compound
might be called 1-cyclopropylbutane:

Substituent I>_/_\ Parent

1-Cyclopropylbutane

Identify and name all substituents in the following compound:



STEP 1
Identify the
parent.

STEP 2

Identify all alkyl
substituents
connected to the

—\‘/ parent.

B

)} PRACTICE the skill

P

() >_>_<:2:

\/
g—

N\

) APPLY the skill

()

"> need more PRACTICE? Try Problem 4.36
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. SOLUTION

First identify the parent by looking for the longest chain. In this case, the parent has 10
carbon atoms (decane). Everything connected to the chain is a substituent, and we use the
names from Table 4.2 to name each substituent:

methyl
ethyl
propyl

Y

methyl

4.4 For each of the following compounds, identify all groups that would be considered
substituents and then indicate how you would name each substituent:

/b/\/ PN
(b) (c)

4.5 The following compound is found in the urine of male mice and is believed to play a
role both in attracting females and inducing aggression toward other males.? Identify and
= name all substituents in this compound.

@ Practically Speaking  Pheromones: Chemical Messengeg 4

Many animals use chemicals, called pheromones, to
communicate with each other. In fact, insects use pheromones
as their primary means of communication. An insect secretes
the pheromone, which then binds to a receptor in another
insect, triggering a biological response. Some insects use
compounds that warn of danger (alarm pheromones), while
other insects use compounds that promote aggregation
among members of the same species (aggregation

Pheromones
are also
used by many
insects to
attract members
of the opposite
sex for mating
purposes (sex
pheromones).
For example,

pheromones).

. 2-methylheptadecane is a sex pheromone used by some
' moths, and undecane is used as an aggregation pheromone
by some cockroaches.

)\/\/\/\/\/\/\/\

2-Methylheptadecane
Sex pheromone of the
female tiger moth

P N N NN

Undecane
Aggregation pheromone of the
Blaberus cranifer cockroach

Both of these examples above are alkanes, but many

. pheromones exhibit one or more functional groups. Examples
. of such pheromones will appear throughout this book.
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Naming Complex Substituents

Naming branched alkyl substituents is more complex than naming straight-chain substituents. For
example, consider the following substituent:

How do we name this substituent? It has five carbon atoms, but it cannot simply be called a
pentyl group, because it is not a straight-chain alkyl group. In situations like this, the follow-
ing method is employed: Begin by placing numbers on the substituent, going away from the
parent chain:

Place the numbers on the longest straight chain present in the substituent, and in this case, there are
four carbon atoms. This group is therefore considered to be a butyl group that has one methyl group
attached to it at the 2 position. Accordingly, this group is called a (2-methylbutyl) group. In essence,
treat the complex substituent as if it is a miniparent with its own substituents. When naming a com-
plex substituent, place parentheses around the name of the substituent. This will avoid confusion, as
we will soon place numbers on the parent chain and we don’t want to confuse those numbers with
the numbers on the substituent chain.

Some complex substituents have common names. These common names are so well entrenched
that IUPAC allows them. It would be wise to commit the following common names to memory, as
they will be used frequently throughout the course.

An alkyl group bearing three carbon atoms can only be branched in one way, and it is called an

isopropyl group:

Branched alkyl group with 3 carbon atoms

Coo STttt T I
| 1
1 |
Parent —/_ l Parent < |
| 1
1 1
| 1
1 |
1 1
! !
| 1

isopropyl
(1-methylethyl)

propyl

Alkyl groups bearing four carbon atoms can be branched in three different ways:

Branched alkyl groups with 4 carbon atoms

| 1

| |

J_/ : } :
| |

Parent : Parent 4<7 Parent Parent % ;
| |

| |

| |

| |

| |

1 |

butyl sec-butyl isobutyl tert-butyl

(1-methylpropyl) (2-methylpropyl) (1,1-dimethylethyl)

Alkyl groups bearing five carbon atoms can be branched in many more ways. Here are two common
ways:

Branched alkyl groups with 5 carbon atoms

|
|
JI | J_< )L
|
Parent ! Parent Parent
|
|
|
|

isopentyl or isoamyl neopentyl
(8-methylbutyl) (2,2-dimethylpropyl)
J
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SKILLBUILDER
= 4.3 IDENTIFYING AND NAMING COMPLEX SUBSTITUENTS
(D

( )| LEARN the skill In the following compound, identify all groups that would be considered substituents and
\ then indicate the systematic name as well as the common name for each substituent:

&j“

SOLUTION
STEP 1 First, identify the parent (shown in red). Then, consider the substituents. In this example, there
Identify the parent. are two complex substituents. To name them, we place numbers on each substituent, going away
from the parent in each case. Then, we consider 2
. (1-methylethyl) 1
each complex substituent to be composed of
STEP 2 “a substituent on a substituent,” and we use the

Place numbers numbers for that purpose. \)\i\/\
on the complex 3 e 1 (1-methylpropyl)

substituent.
Alternatively, IUPAC rules allow us to use the following common names:

isopropyl
STEP 3 /\I/
Name the
complex
substituent. sec-butyl

PRACTICE the skill 4.6 Foreach of the following compounds, identify all groups that would be considered substitu-
ents and then indicate the systematic name as well as the common name for each substituent:

= (a) /\ji/\ (b) /\/\:;/\ (c) \/vé\/ (d) HEQE

APPLY the skill 4.7 Bile acids, such as compound 1, are made from cholesterol in the liver through a series of
reactions that are catalyzed by enzymes. Compound 2 is an important intermediate in this pathway.
Compound 2 has also been made from compound 1 by chemists who used laboratory reactions
(synthesis) to convert a five-carbon side chain into an eight-carbon side chain.? Provide a system-
atic name for the eight-carbon side chain in compound 2. For now, we will ignore stereochemistry
(wedges and dashes), an important consideration that will be covered in the next chapter.

)

(.
<

P
)

side chain

Five-carbon ,
O

Eight-carbon

P ., side chain
o/l/i 'OH

need more PRACTICE? Try Problem 4.61
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Assembling the Systematic Name of an Alkane

In order to assemble the systematic name of an alkane, the carbon atoms of the parent chain are
numbered, and these numbers are used to identify the location of each substituent. As an example,
consider the following two compounds:

2-Methylpentane 3-Methylpentane

In each case, the location of the methyl group is clearly identified with a number, called a locant.
In order to assign the correct locant, we must number the parent chain properly, which can be done
by following just a few rules:

* If one substituent is present, it should be assigned the lower possible number. In this example,
we place the numbers so that the methyl group is at C2 rather than C6:

Correct Incorrect

1 3 5 7 7 5 3 1

* When multiple substituents are present, assign numbers so that the first substituent receives the
lower number. In the following case, we number the parent chain so that the substituents are
2,5,5 rather than 3,3,6 because we want the first locant to be as low as possible:

Correct Incorrect

2,5,5 beats 3,3,6
e If there is a tie, then the second locant should be as low as possible:

Correct Incorrect

2,3,6 beats 2,5,6

e If the previous rule does not break the tie, such as in the case below, then the lowest number
should be assigned alphabetically:

Correct Incorrect

4-ethyl-5-methyl beats 5-ethyl-4-methyl

* When dealing with cycloalkanes, all of the same rules apply. For example:

Correct Incorrect

2 2
\ 3 3 1

1,1,3 beats 1,3,3

* When a substituent appears more than once in a compound, a prefix is used to identify how
many times thatsubstituentappears in the compound (di = 2, tri = 3, tetra = 4, penta = 5, and
hexa = 6). For example, the previous compound would be called 1,1,3-trimethylcyclohexane.
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Notice that a hyphen is used to separate numbers from letters, while commas are used to
separate numbers from each other.

* Once all substituents have been identified and assigned the proper locants, they are placed
in alphabetical order. Prefixes (di, tri, tetra, penta, and hexa) are not included as part of the
alphabetization scheme. In other words, “dimethyl” is alphabetized as if it started with the
letter “m” rather than “d.” Similarly, sec and zert are also ignored for alphabetization purposes;
however, iso is not ignored. In other words, sec-butyl is alphabetized as a “b” while isobutyl is

@ »

alphabetized as an “i.
In summary, four discrete steps are required when assigning the name of an alkane:
1. Identify the parent chain: Choose the longest chain. For two chains of equal length, the par-
ent chain should be the chain with the greater number of substituents.
Identify and name the substituents.

3. Number the parent chain and assign a locant to each substituent: Give the first substituent
the lower possible number. If there is a tie, choose the chain in which the second substituent has
the lower number.

4. Arrange the substituents alphabetically. Place locants in front of each substituent. For identi-
cal substituents, use di, tri, or tetra, which are ignored when alphabetizing.

SKILLBUILDER

/ﬁ\ 4.4 ASSEMBLING THE SYSTEMATIC NAME OF AN ALKANE

S

LEARN the skill Provide a systematic name for the following compound:

~
SOLUTION

Assembling a systematic name requires four discrete steps. The first two steps are to identify
the parent and the substituents:

STEP 1
Identify the parent. methyl
methyl
STEP 2
Identify and name ethyl
substituents.
STEP 3 Then, assign a locant to each substituent and arrange the substituents alphabetically:

Assign locants.

STEP 4
Arrange the
substituents

alphabetically.

4-Ethyl-2,3-dimethyloctane

Notice that ethyl is placed before dimethyl in the name. Also, make sure that hyphens sepa-
rate letters from numbers, while commas separate numbers from each other.
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PRACTICE the skill 4.8 Provide a systematic name for each of the following compounds:

j@ O O
(a) (b) () (d)
(e) /\i/ (f) r%lg (9) /\;i\

4.9 Draw a bond-line drawing for each of the following compounds:

(a) 3-Isopropyl-2,4-dimethylpentane (b) 4-Ethyl-2-methylhexane
(c) 1,1,2,2-Tetramethylcyclopropane

APPLY the skill 4.10 When crude oil is distilled, the fraction collected in the boiling point range of
150-275°C is known as kerosene. Kerosene has a wide range of uses, from lamp oil to jet
fuel, and scientists have been developing synthetic formulations to reduce the unpleas-
ant odor produced when kerosene burns.” Provide a systematic name for each of the
following compounds, which are found in a kerosene composition that has been submit-
ted for patent protection.

(a) ></\/\/\/\ (b) (c) (d)

need more PRACTICE? Try Problems 4.36a-i, 4.40a,b

Naming Bicyclic Compounds

Compounds that contain two fused rings are called bicyclic compounds, and they can be drawn in

@ is the same as Lb

The second drawing style implies the three dimensionality of the molecule, a topic that will be

different ways:

covered in more detail in the upcoming chapter. For now, we will focus on naming bicyclic systems,
which is very similar to naming alkanes and cycloalkanes. We follow the same four-step procedure
outlined in the previous section, but there are differences in naming and numbering the parent. Lets
start with naming the parent.

For bicyclic systems, the term “bicyclo” is introduced in the name of the parent; for example,
the compound above is comprised of seven carbon atoms and is therefore called bicycloheptane.
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The problem is that this parent is not specific enough. To illustrate this, consider the following two
compounds, both of which are called bicycloheptane:

Ay

Both compounds consist of two fused rings and seven carbon atoms. Yet, the compounds are
clearly different, which means that the name of the parent needs to contain more information.
Specifically, it must indicate the way in which the rings are constructed. In order to do this, we
must identify the two bridgeheads, which are the two carbon atoms where the rings are fused

Bridgehead
45

N\

Bridgehead

together:

There are three different paths connecting these two bridgeheads. For each path, count the number
of carbon atoms, excluding the bridgeheads themselves. In the compound above, one path has two
carbon atoms, another path has two carbon atoms, and the third (shortest path) has only one carbon
atom. These three numbers, ordered from largest to smallest, [2.2.1], are then placed in the middle
of the parent, surrounded by brackets:

Bicyclo[2.2.1]heptane

These numbers provide the necessary specificity to differentiate the compounds shown earlier:

= N

Bicyclo[3.1.1]heptane Bicyclo[2.2.1]heptane

If a substituent is present, the parent must be numbered properly in order to assign the correct
locant to the substituent. To number the parent, start at one of the bridgeheads and begin numbering
along the longest path, then go to the second longest path, and finally go along the shortest path. For
example, consider the following bicyclic system:

In this example, the methyl substituent did not get a low number. In fact, it got the highest number
possible because of its location. Specifically; it is on the shortest path connecting the bridgeheads.
Regardless of the position of substituents, the parent must be numbered beginning with the longest
path first. The only choice is which bridgehead will be counted as C1; for example:

Correct Incorrect

Either way, the numbers begin along the longest path. However, we must start numbering at the
bridgehead that gives the substituent the lowest possible number. In the example above, the correct
path places the substituent at C6 rather than at C7, so this compound is 6-methylbicyclo[3.2.1]
octane.
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SKILLBUILDER

( 0 ) LEARN the skill

A%

STEP 1
Identify the
parent.

STEP 2
Identify

and name
substituents.

STEP 3
Assign locants.

STEP 4
Arrange the
substituents

K—% alphabetically.

)| PRACTICE the skill

—

) APPLY the skill

A%

need more PRACTICE?

Kﬁ% 4.5 ASSEMBLING THE NAME OF A BICYCLIC COMPOUND

Assign a name for the following compound:

SOLUTION

Once again, we use our four-step procedure. First identify the parent. In this

case, we are dealing with a bicyclic system, so we count the total number of

carbon atoms comprising both ring systems. There are seven carbon atoms

in both rings combined, so the parent must be “bicycloheptane.” The two

bridgeheads are highlighted. Now count the number of carbon atoms

along each of the three possible paths that connect the bridgeheads. The longest path (on
the right side) has three carbon atoms in between the bridgeheads. The second longest path
(on the left side) has two carbon atoms in between the bridgeheads. The shortest path has
no carbon atoms in between the bridgeheads; that is, the bridgeheads are connected
directly to each other. Therefore the parent is “bicyclo[3.2.0]lheptane.” Next, identify and
name the substituents:

methyl

methyl
isopropyl

at one of the bridgeheads and continue numbering along the longest path
that connects the bridgeheads. In this case, we start at the lower bridge-
head, so as to give the isopropyl group the lower number.

Finally, arrange the substituents alphabetically:

Then number the parent, and assign a locant to each substituent. Start 6 .
7| |
1 2

2-Isopropyl-7,7-dimethylbicyclo[3.2.0]heptane

4.11 Name each of the following compounds:

(a éﬁ\(b) ; ; (c) %(d) i (e)

4.12 Draw a bond-line structure for each of the following compounds:

(a) 2,2,3,3-Tetramethylbicyclo[2.2.1]heptane  (b) 8,8-Diethylbicyclo[3.2.1]octane

(c) 3-Isopropylbicyclo[3.2.0lheptane

4.13 Vitamin D helps the body absorb calcium, iron, magnesium, phosphate, and zinc.
Several compounds with the general structure below were synthesized and tested for their
ability to mimic vitamin D activity.” Naming this general structure requires nomenclature

rules that were not covered in this chapter, although you should be able to assign a name
to the hydrocarbon core (highlighted). Provide a systematic name for this hydrocarbon core.

OH

(o}

-

R

Try Problems 4.36j,k, 4.40c
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® Medically Speaking: Naming Drugs

I/ Pharmaceuticals often have cumbersome IUPAC The IUPAC name for this compound is quite a mouthful, so a
ot ’ names and are therefore given shorter names, generic name, esomeprazole, has been assigned and accepted
. \ called generic names. For example, consider the by the international community. For marketing purposes, drug
following compound: companies will also select a catchy name, called a trade name.
The trade name of esomeprazole is Nexium. This compound is
O a proton-pump inhibitor used in the treatment of reflux disease
(heartburn).

In summary, pharmaceuticals have three important names:
(1) trade names, (2) generic names, and (3) systematic [IUPAC
(S)-5-Methoxy-2-[(4-methoxy-3,5-dimethyl names. Table 4.3 lists several common drugs whose trade names
pyridin-2-yl)methylsulfinyl]-3H-benzoimidazole are Iikely to sound familiar.

TABLE 4.3 NAMES OF COMMON PHARMACEUTICALS

TRADE NAME GENERIC NAME STRUCTURE AND IUPAC NAME USES

Aspirin Acetylsalicylic o] OH Analgesic, antipyretic
acid (reduces fever),
OY anti-inflammatory
O

2-Acetoxybenzoic acid

Advil or Motrin  Ibuprofen Analgesic, antipyretic,
o] anti-inflammatory

OH
2-[4-(2-Methylpropyl)phenyl]propanoic acid
Demerol Pethidine (o] Analgesic

N—
/\O

Ethyl 1-methyl-4-phenylpiperidine-4-carboxylate

Dramamine Meclizine Cl Antiemetic (inhibits
O nausea and vomiting)
N N
~ § O
1-[(4-Chlorophenyl)-phenyl-methyl]-4-[(3-methylphenyl)methyl]piperazine
Tylenol Acetaminophen Analgesic, antipyretic

jont

N-(4-Hydroxyphenyl)ethanamide
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4.3 Constitutional Isomers of Alkanes

For an alkane, the number of possible constitutional isomers increases with increasing molecular size.

Table 4.4 illustrates this trend.

TABLE 4.4 NUMBER OF CONSTITUTIONAL ISOMERS FOR
VARIOUS ALKANES

MOLECULAR FORMULA NUMBER OF CONSTITUTIONAL ISOMERS
C3Hg 1

CsHqg 2

CsHi 3

CeHia 5

G hlTe 9

CgHig 18

CoH2o 35

CioH22 75

CisHsp 4,347
CaoHaz 366,319
CsoHe2 4,111,846,763
CaoHs2 62,481,801,147,341

When drawing the constitutional isomers of an alkane, make sure to avoid drawing the same
isomer twice. As an example, consider C¢H 4, for which there are five constitutional isomers.
When drawing these isomers, it might be tempting to draw more than five structures. For
example:

At first glance, the two highlighted compounds seem to be different. But upon further inspection, it
becomes apparent that they are actually the same compound. To avoid drawing the same compound
twice, it is helpful to use IUPAC rules to name each compound. If there are duplicates, it will become
apparent:

3-Methylpentane 3-Methylpentane

These two drawings generate the same name, and therefore, they must be the same compound. Even
without formally naming these compounds, it is helpful to simply look at molecules from an IUPAC
perspective. In other words, each of these compounds should be viewed as a parent chain of five car-
bon atoms, with a methyl group at C3. Viewing molecules in this way (from an [UPAC perspective)
will prove to be helpful in many cases.
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\ 4.6 IDENTIFYING CONSTITUTIONAL ISOMERS

(D)

) LEARN the skill

\

STEP 1
Name each
compound.

STEP 2
Compare the names.

()

/ PRACTICE the

APPLY the skill

(TN

™\
J

need more PRACT
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Identify whether the following two compounds are constitutional isomers or whether they
are simply different drawings of the same compound:

o

. SOLUTION
Use the rules of nomenclature to name each compound. In each case, identify the parent,
locate the substituents, number the parent, and assemble a name:

3,4-Diethyl-2,7-dimethylnonane 3,4-Diethyl-2,7-dimethylnonane

These compounds have the same name, and therefore, they are not constitutional isomers.
They are actually two representations of the same compound.

skill 4.14 For each pair of compounds, identify whether they are constitutional isomers or two
representations of the same compound:

S oYs

V=N S

4.15 As we will soon see in Section 4.5, gasoline is a complex mixture of alkanes and other
hydrocarbons, and the term "octane rating” is used as a standard measure of the performance
of engine fuel. In the petroleum industry, one area of interest is the use of catalysts to convert
unbranched alkanes into branched alkanes with higher octane ratings.® For example, heptane
can undergo isomerization in the presence of suitable catalysts to give eight different consti-
tutional isomers, all of which are branched alkanes with the molecular formula C;H14. Draw all
eight constitutional isomers, making sure not to draw the same compound twice.

ICE? Try Problems 4.37, 4.63

4.4 Relative Stability of Isomeric Alkanes

In order to compare the stability of constitutional isomers, we look at the heat liberated when they
each undergo combustion. For an alkane, combustion describes a reaction in which the alkane reacts
with oxygen to produce CO, and water. Consider the following example:

N + 80, —> 5C0O, + 6H,0  AH°=-3509 kJ/mol
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FIGURE 4.1

An energy diagram comparing
the heats of combustion for three
constitutional isomers of octane.

In this reaction, an alkane (pentane) is ignited in the presence of oxygen, and the resulting reac-
tion is called combustion. The value shown above, AH”° for this reaction, is the change in enthalpy
associated with the complete combustion of 1 mol of pentane in the presence of oxygen. We will
revisit the concept of enthalpy in more detail in Chapter 6, but for now, we will simply think of
it as the heat given off during the reaction. For a combustion process, —AH* is called the heat of
combustion.

Combustion can be conducted under experimental conditions using a device called a calorimeter,
which can measure heats of combustion accurately. Careful measurements reveal that the heats of
combustion for two isomeric alkanes are different, even though the products of the reactions are
identical:

SN+ 1250, —— 8C0, + 9H,0  —AH=5470 kJ/mol

+ 1250, — 8CO, + 9H;0  —AH"=5452 ki/mol

Notice that although the two reactions shown above yield the same number of moles of CO, and
water, the heats of combustion for the two reactions are different. We can use this difference to com-
pare the stability of isomeric alkanes (Figure 4.1). By comparing the amount of heat given off by each
combustion process, we can compare the potential energy that each isomer had before combustion.
This analysis leads to the conclusion that branched alkanes are lower in energy (more stable) than
straight-chain alkanes.

T
+ 12} 0,
,,,,,,,,,,,,,,,,,,,,, -
10 kd/mol  + 12} O, :
v + 123 O,
,,,,,,,,,,,,,,,,,,,,,,,,, 1+
8 kJ/mol
-5470 BB —
kJ / mol 5460
AH°
e kJ / mol -5452
kJ / mol

8CO, + 9H,0

Heats of combustion are an important way to determine the relative stability of compounds. We
will use this technique several times throughout this book to compare the stability of compounds.

4.5 Sources and Uses of Alkanes

The main source of alkanes is petroleum, which comes from the Latin words pesro (“rock”) and oleum
(“oil”). Petroleum is a complex mixture of hundreds of hydrocarbons, most of which are alkanes (ranging
in size and constitution). It is believed that Earth’s petroleum deposits were formed slowly, over millions of
years, by the decay of prehistoric bioorganic material (such as plants and forests).

The first oil well was drilled in Pennsylvania in 1859. The petroleum obtained was separated into its
various components by distillation, the process by which the components of a mixture are separated from
each other based on differences in their boiling points. At the time, kerosene, one of the high-boiling frac-
tions, was considered to be the most important product obtained from petroleum. Automobiles based on
the internal combustion engine were still waiting to be invented (some 50 years later), so gasoline was not yet
a coveted petroleum product. There was a large market opportunity for kerosene, as kerosene lamps pro-
duced better night light than standard candles. Over time, other uses were found for the other fractions
of petroleum. Today, every precious drop of petroleum is put to use in one way or another (Table 4.5).
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TABLE 4.5 INDUSTRIAL USES OF PETROLEUM FRACTIONS

BOILING RANGE OF NUMBER OF CARBON USE

FRACTION (°C) ATOMS IN MOLECULES

Below 20 C—Cy Natural gas, petrochemicals, plastics
20-100 Cs-C5 Solvents

20-200 Cs—Cyp Gasoline

200-300 C1-Cqg Kerosene, jet fuel

200-400 Cs, and higher Heating oil, diesel

Nonvolatile liquids Cy0 and higher Lubricating oil, grease

Nonvolatile solids Cyo and higher Wax, asphalt, tar

The process of separating crude oil (petroleum) into commercially available products is called refining. A
typical refinery can process 100,000 barrels of crude oil a day (1 barrel = 42 gallons). The most impor-
tant product is currently the gasoline fraction (Cs—Cj,), yet this fraction only represents approximately
19% of the crude oil. This amount does not satisfy the current demand for gasoline, and therefore, two
processes are employed that increase the yield of gasoline from every barrel of crude oil.

1. Cracking is a process by which C—C bonds of larger alkanes are broken, producing smaller
alkanes. This process effectively converts more of the crude oil into compounds suitable for
use as gasoline. Cracking can be achieved at high temperature (thermal cracking) or with
the aid of catalysts (catalytic cracking). Cracking generally yields straight-chain alkanes.
Although suitable for gasoline, these alkanes tend to give rise to preignition, or krocking, in
automobile engines.

H, (200 atm)

/\/\/\/\/\/W/\/\/\‘*’\/\/

2. Reforming is a process involving many different types of reactions (such as dehydrogenation and
isomerization reactions) with the goal of converting straight-chain alkanes into branched hydro-
carbons and aromatic compounds (discussed in Chapter 17):

M )

2,2,4-Trimethylpentane Benzene
A branched alkane An aromatic compound

Branched hydrocarbons and aromatic hydrocarbons show less of a tendency for knocking. It is
therefore desirable to convert some petroleum into branched alkanes and aromatic compounds and
then blend them with straight-chain alkanes. The combination of cracking and reforming effectively
increases the gasoline yield from 19 to 47% for every barrel of crude oil. Gasoline is therefore a
sophisticated blend of straight-chain alkanes, branched alkanes, and aromatic hydrocarbons. The
precise blend is dependent on a number of conditions. In colder climates, for example, the blend
must be appropriate for temperatures below zero. Therefore gasoline used in Chicago is not the same
as the gasoline used in Houston.

Petroleum is not a renewable energy source. At our current rate of consumption it is estimated
that Earth’s supply of petroleum will be exhausted by 2060. We may find more petroleum deposits,
buct that will just delay the inevitable. Petroleum is also the primary source of a wide variety of organic
compounds used for making plastics, pharmaceuticals, and numerous other products. It is vital that
Earth’s supply of petroleum not be completely exhausted, although such a dire picture is unlikely. As
the supply of petroleum dwindles and the demand increases, the price of crude oil will rise (and so
will the price of gasoline at the pump). Eventually, the price of petroleum will surpass the price of
alternative energy sources, at which point a major shift will occur. What do you think will replace
petroleum as the next global energy source?
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® Practically Speaking An Introduction to Polymers

Table 4.5 reveals that low-molecular-weight alkanes (such as
methane or ethane) are gases at room temperature, alkanes of
slightly higher molecular weight (such as hexane and octane) are
liquids at room temperature, and alkanes of very high molecular
weight (such as hectane, with 100 carbon atoms) are solids at
room temperature. This trend is explained by the increased
London dispersion forces experienced by higher molecular
weight alkanes (as described in Section 1.12). With this in mind,
consider an alkane composed of approximately 100,000 carbon
atoms. It should not be surprising that such an alkane should be

a solid at room temperature. This material, called polyethylene,

is used for a variety of purposes, including garbage containers,
plastic bottles, packaging material, bulletproof vests, and toys. As
its name implies, polyethylene is produced from polymerization of |

. Polyethylene is an example of a polymer, because it is created by
. the joining of small molecules called monomers. Over 100 billion
- pounds of polyethylene are produced worldwide each year.

: In our everyday lives, we are surrounded by a variety of

. polymers. From carpet fibers to plumbing pipes, our society has
- clearly become dependent on polymers. Polymers are discussed
- in more detail in later chapters. &

ethylene:
Repeating units
H HH/ HHHH HH
H\%\ H Polymerization §W§
H Ry © HY W WY W H
Ethylene Polyethylene
(monomer) (polymer)
- D
4.6 Drawing Newman Projections
We will now turn our attention to the way in which molecules change their shape with time. Rotation
about C—C single bonds allows a compound to adopt a variety of possible three-dimensional
shapes, called conformations. Some conformations are higher in energy, while others are lower in
energy. In order to draw and compare conformations, we will need to use a new kind of drawing—
one specially designed for showing the conformation of a molecule. This type of drawing is called a
Newman projection (Figure 4.2). To understand what a Newman projection represents, consider
the wedge and dash drawing of ethane in Figure 4.2.
FIGURE 4.2

Three drawings of ethane:
(a) wedge and dash,

(b) sawhorse, and (c) a
Newman projection.

FIGURE 4.3
A Newman projection of
ethane, showing the front

carbon and the back carbon.

H H H H H
) anid H H H H
H H H H
H H
H™ H H

Wedge and dash

Sawhorse Newman projection

Begin rotating it about the vertical axis drawn in gray so that all of the red H’s come out in front of the
page and all of the blue H’s go back behind the page. The second drawing (the sawhorse) represents
a snapshot after 45° of rotation, while the Newman projection represents a snapshot after 90° of
rotation. One carbon is directly in front of the other, and each carbon atom has three Hs attached to
it (Figure 4.3). The point at the center of the drawing in Figure 4.3 represents the front carbon atom,

H Back carbon
H ‘/H

H H

H
Front carbon
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while the circle represents the back carbon. We will use Newman projections extensively throughout
the rest of this chapter, so it is important to master both drawing and reading them.

SKILLBUILDER

Kx\ 4.7 DRAWING NEWMAN PROJECTIONS
{

0 ) LEARN the skill Draw a Newman projection of the following compound, as viewed from the angle indicated:

N -

Br

~
Observer ~ }H/

Br

SOLUTION
Identify the front and back carbon atoms. From the angle of the observer, the front and back
carbon atoms are:

y# Front
S . Br Back

Observer  ~ }H//

Br

Now we must ask: From the perspective of the observer, what is connected to the front
carbon? The observer will see a methyl group, a bromine, and a hydrogen atom. Remember
that a wedge is coming out of the page, and a dash is going back behind the page. So, from
the perspective of the observer, the front carbon atom looks like this:

When viewed from the
perspective of the observer...
Front carbon
‘pointing up and to the left

STEP 1 Vf . - up and up and
... pointing up and .
Identify the three S ~H2 Br " io the right totheleft  {o the right
to the front carbon S
atom. Br CHs
: straight down
and the methyl group is pointing straight down
Now let’s focus our attention on the back carbon atom. The back carbon has one CH; group,
one Br, and one H. From the perspective of the observer, it looks like this:
When viewed from the
perspective of the observer...
Back carbon
STEP 2 traiaht
Identify the three yf . . straight up
groups connected S N Br .-g:‘r:fir?roslifalis htu CHs
to the back carbon = CHs P 9 ghtup
atom K H B
. Y r
Bl M _ thisHis
. A A down and down and
...the Br is pointing pointing down to the left to the right
down and to the right and to the left T fight
Now we put both pieces of our drawing together:
CHs
STEP 3 H Br
Draw the Newman H Br

groups connected e > HYBF
projection. CH,
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-

B\

)} PRACTICE the skill 4.16 In each case below, draw a Newman projection as viewed from the angle indicated:

U

Observer
l ~ ~ ] ~ ~ Cl
- ></ Ob - sl
server
(a) (b)

P

FIGURE 4.4

H: $ :H
H H
The dihedral angle between

two hydrogen atoms in a

Cl

H ,/W cl ¢l

e
(©) P U Observer (d) %

-
A(’ “Observer
Cl
(e _> (f) ¢ /,‘Y
,&"‘ Cl Y< Observer
Observer Br
| APPLY the skill 4.17 Various Newman projections of the compound shown below were evaluated using

computational methods to determine its most stable three-dimensional shape.” We will be
learning more about such conformational analysis in the next section. Provide an IUPAC
name for this compound, and draw its Newman projection as viewed from the angle
indicated:

EER

\N
a

need more PRACTICE? Try Problems 4.47, 4.53, 4.66

4.7 Conformational Analysis of Ethane and Propane

Consider the two hydrogen atoms shown in red in the Newman projection of ethane (Figure 4.4).

Newman projection of ethane. Dihedral angle=60°

These two hydrogen atoms appear to be separated by an angle of 60°. This angle is called the dihedral
angle or torsional angle. This dihedral angle changes as the C—C bond rotates—for example, if the
front carbon rotates clockwise while the back carbon is held stationary. Therefore, there are an infi-
nite number of possible conformations. Nevertheless, there are two conformations that require our
special attention: the lowest energy conformation and the highest energy conformation (Figure 4.5).
The staggered conformation is the lowest in energy, while the eclipsed conformation is the highest

in energy.
H ! H H o
H
H H
H
FIGURE 4.5 H H
Staggered and eclipsed Staggered conformation Eclipsed conformation

conformations of ethane. Lowest in energy Highest in energy



FIGURE 4.6

An energy diagram
showing the conformational
analysis of ethane.

LOOKING BACK

For a review of bonding
and antibonding molecular
orbitals, see Section 1.8.

FIGURE 4.7

In the staggered conformation,
favorable overlap occurs
between a bonding MO

and an antibonding MO.

FIGURE 4.8

The total energy cost
associated with the eclipsed
conformation of ethane (relative
to the staggered conformation)
amounts to 12 kJ/mol.
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The difference in energy between staggered and eclipsed conformations of ethane is 12 kJ/mol, as
shown in the energy diagram in Figure 4.6.

Potential
energy 12 kJ/mol

H H H H
HhH HyhH HyhH HehH
H)&H H:&H H)$(H H)$(H

H H H H

180° 120° 60° 0° 60° 120° 180°

Dihedral angle

Notice that all staggered conformations of ethane are degenerate; that is, all of the staggered conforma-
tions have the same amount of energy. Similarly, all eclipsed conformations of ethane are degenerate.
The difference in energy between staggered and eclipsed conformations of ethane is referred to as
torsional strain, and its cause has been somewhat debated over the years. Based on recent quantum
mechanical calculations, it is now believed that the staggered conformation possesses a favorable
interaction between an occupied, bonding MO and an unoccupied, antibonding MO (Figure 4.7).

Bonding (¢) MO Antibonding (¢*) MO

Overlap

This interaction lowers the energy of the staggered conformation. This favorable interaction is
only present in the staggered conformation. When the C—C bond is rotated (going from a stag-
gered to an eclipsed conformation), the favorable overlap above is temporarily disrupted, causing
an increase in energy. In ethane, this increase amounts to 12 kJ/mol. Since there are three separate
eclipsing interactions, it is reasonable to assign 4 kJ/mol to each pair of eclipsing H’s (Figure 4.8).

4 kdfmol 7 H "\ 4 kJ/mol
H H
HH Total cost = 12 kd/mol
4 kJd/mol

This energy difference is significant. At room temperature, a sample of ethane gas will have
approximately 99% of its molecules in staggered conformations at any given instant.

The energy diagram of propane (Figure 4.9) is very similar to that of ethane, except that the tor-
sional strain is 14 kJ/mol rather than 12 kJ/mol. Once again, notice that all staggered conformations
are degenerate, as are all eclipsed conformations.
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FIGURE 4.9

An energy diagram
showing the conformational
analysis of propane.

FIGURE 4.10
The energy cost associated

with a methyl group eclipsing a

hydrogen atom amounts to
6 kJ/mol.

Alkanes and Cycloalkanes

H H H.C H
H H 3
g g Mg
HH H,CH HH
Potential
energy 14 kJ/mol
CH, H H CH,
i SN S s
H T H H"T"CH; H,C"T°H H T H
H H H H R
180° 120° 60° 0° 60° 120° 180°

Dihedral angle

We already assigned 4 k]/mol to each pair of eclipsing H’s. If we know that the torsional strain of
propane is 14 kJ/mol, then it is reasonable to assign 6 k]/mol to the eclipsing of an H and a methyl
group. This calculation is illustrated in Figure 4.10.

TN

1 5 Voo e

4 kJ/mo%_i H \\'f J\ ' 14 kJmol

T g CH, I !

1— 8kJ/mol !

14 | |

kd/mol HH 1= 6kd/mol ,
Y — s

4 kd/mol

...then we can conclude
that the energy cost
of an H eclipsing a CH3 group
must be 6 kd/mol

...and we already know that
each pair of eclipsing H’s
has an energy cost of 4 kd/mol...

If the total energy cost
is 14 kd/mol...

‘ CONCEPTUAL CHECKPOINT

4.18 For each of the following compounds, predict the energy barrier to rotation (looking down any one of the C—C bonds). Draw a
Newman projection and then compare the staggered and eclipsed conformations. Remember that we assigned 4 kJ/mol to each
pair of eclipsing H's and 6 kJ/mol to an H eclipsing a methyl group:

(a) 2,2-Dimethylpropane

FIGURE 4.11

An energy diagram
showing the conformational
analysis of butane.

(b) 2-Methylpropane

4.8 Conformational Analysis of Butane

Conformational analysis of butane is a bit more complex than the conformational analysis of either
ethane or propane. Look carefully at the shape of the energy diagram for butane (Figure 4.11), and
then we will analyze it step by step.

CH,
H H
HCH,
Potential
energy
‘ 3.81<$Jlmol
CH3 H H CH3
H H H:@iH H:@iH H H
H T"H H"T°CH, H,C"TH H T H
5 CH, CH, CH, .
180° 120° 60° 0° 60° 120° 180°

Dihedral angle



FIGURE 4.12

Two of the three staggered
conformations of butane
exhibit gauche interactions.

FIGURE 4.13

The two staggered conformations
that exhibit gauche

interactions are degenerate.

FIGURE 4.14

The energy cost associated with
two methyl groups eclipsing each
other amounts to 11 kJ/mol.

4.8 Conformational Analysis of Butane x 155

The three highest energy conformations are the eclipsed conformations, while the three low-
est energy conformations are the staggered conformations. In this way, the energy diagram above
is similar to the energy diagrams of ethane and propane. But in the case of butane, notice that one
eclipsed conformation (where dihedral angle = 0) is higher in energy than the other two eclipsed
conformations. In other words, the three eclipsed conformations are not degenerate. Similarly, one
staggered conformation (where dihedral angle = 180°) is lower in energy than the other two stag-
gered conformations. Clearly, we need to compare the staggered conformations to each other, and we
need to compare the eclipsed conformations to each other.

Let’s begin with the three staggered conformations. The conformation with a dihedral angle of
180° is called the anti conformation, and it represents the lowest energy conformation of butane.
The other two staggered conformations are 3.8 kJ/mol higher in energy than the ant#i conformation.
Why? We can more easily see the answer to this question by drawing Newman projections of all three
staggered conformations (Figure 4.12).

" H
H \c/ H H
H H H H H ~H
/H H\

H H H C. P H
H/?\ H/$\ A . | ﬁ a
m platd Hy
Anti Gauche Gauche

Methyl groups are
farthest apart

Methyl groups experience
a gauche interaction

Methyl groups experience
a gauche interaction

In the anti conformation, the methyl groups achieve maximum separation from each other.
In the other two conformations, the methyl groups are closer to each other. Their electron clouds
are repelling each other (trying to occupy the same region of space), causing an increase in energy of
3.8 kJ/mol. This unfavorable interaction, called a gauche interaction, is a type of steric interaction,
and it is different from the concept of torsional strain. The two conformations above that exhibit this
interaction are called gauche conformations, and they are degenerate (Figure 4.13).

(r——=—=—== h! (———-——-== bl

I H I I H I

| H]$[H I | H]$[H :

I I X T

| H CH, | | H,C H |

____32_J ___~23_J
Gauche Gauche

Now let’s turn our attention to the three eclipsed conformations. One eclipsed conformation is
higher in energy than the other two. Why? In the highest energy conformation, the methyl groups are
eclipsing each other. Experiments suggest that this conformation has a total energy cost of 19 kJ/mol.
Since we already assigned 4 kJ/mol to each H—H eclipsing interaction, it is reasonable to assign 11 k]J/
mol to the eclipsing interaction of two methyl groups. This calculation is illustrated in Figure 4.14.

.
19
|7

f_/% __________
T H,C CN: 19 kd/mol

H
4 kJ/mol {HQ\H
H /4 kJ/mol

...and we already know that
each pair of eclipsing H’s
has an energy cost of 4 kJ/mol...

\
1

19
kd/mol™~ \  TRIEEIAN S\ Rn/ ...
\

...then we can conclude
that the energy cost
of eclipsing CH3 groups
must be 11 kd/mol

If the total energy cost
is 19 kd/mol...
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The conformation with the two methyl groups eclipsing each other is the highest energy conformation.

The other two eclipsed conformations are degenerate (Figure 4.15).

FIGURE 4.15

Two of the eclipsed
conformations of butane
are degenerate.

H. . i

|

H CH
| 3] |
|Hﬁ = =1 -1
| | |
|__ HCH; L

In each case, there is one pair of eclipsing H’s and two pairs of eclipsing H/CH3. We have all

the information necessary to calculate the energy of these conformations. We know that eclipsing
H’s are 4 kJ/mol, and each set of eclipsing H/CHj is 6 k]J/mol. Therefore, we calculate a total

energy cost of 16

FIGURE 4.16

The total energy cost associated
with the degenerate eclipsed
conformations of butane
amounts to 16 kJ/mol.

kJ/mol (Figure 4.16).

4 kJd/mol
4 H Heny

HCHs

—_—

6 kd/mol
Total cost = 16 kd/mol

To summarize, we have seen just a few numbers that can be helpful in analyzing energy costs.

With these numbers, it is possible to analyze an eclipsed conformation or a staggered conformation and

determine the energy cost associated with each conformation. Table 4.6 summarizes these numbers.

TABLE 4.6 ENERGY COSTS FOR COMPARING THE RELATIVE ENERGY OF CONFORMATIONS

INTERACTION

T

~
I T =g
(9] =g
S
@

-

(@)
T

Hs/

ac
)
(2]
(9]
I
&

TYPE OF STRAIN

Torsional strain

Eclipsed

Torsional strain

Eclipsed

Torsional strain + steric
interaction

CHs/CHj Eclipsed

CH,
CH,

54

Steric interaction

CHs3/CH3 Gauche

SKILLBUILDER

LEARN the skill Consider the

{

= 4.8 IDENTIFYING RELATIVE ENERGY OF CONFORMATIONS

following compound:

/\r\/

ENERGY COST (KJ/MOL)
4

3.8

(a) Rotating only the C3—C4 bond, identify the lowest energy conformation.

(b) Rotating only the C3—C4 bond, identify the highest energy conformation.



STEP 1
Draw a Newman
projection.

BY THE WAY

The symbol "Et” is
commonly used for an
ethyl group and the
symbol “Me" is used
for a methyl group.

STEP 2

Compare all

three staggered
conformations. Look
for the fewest or
least severe gauche
interactions.

STEP 3

Compare all

three eclipsed
conformations. Look
for the highest energy

\ interactions.

)

PRACTICE the skill

S
\ APPLY the skill
_J

¢

_

()

need more PRACTICE?

4.8 Conformational Analysis of Butane x 157

SOLUTION
(a) Begin by drawing a Newman projection, looking along the C3—C4 bond:
CH,CHs Et
/\(\/ H H H H
P L 4 —_— =
A’ s H CHs H Me
CH,CHs Et

Observer

To determine the lowest energy conformation, compare all three staggered conformations.
To draw them, we can either rotate the groups on the back carbon or rotate the groups on
the front carbon. It will be easier to rotate the back carbon since the back carbon has only
one group. It is easier to keep track of only one group. Notice that the difference between
these three conformations is the position of the ethyl group on the back carbon:

Et Et Et
H H Et H H Et
H Me H Me H Me
Et H H

Now compare these three conformations by looking for gauche interactions. The first confor-
mation has one Et/Me gauche interaction. The second conformation has one Et/Et gauche
interaction. The third conformation has two gauche interactions: one Et/Et interaction and
one Et/Me interaction. Choose the one with the fewest and least severe gauche interactions.
The first conformation (with one Et/Me interaction) will be the lowest in energy.

(b) To determine the highest energy conformation, we will need to compare all three
eclipsed conformations. To draw them, simply take the three staggered conformations and
turn each of them into an eclipsed conformation by rotating the back carbon 60°. Notice
once again that the difference between these three conformations is the position of the Et
group on the back carbon:

EtH Et[Et EtH

Et H H
Me Me Me
H H H H Et

Now compare these three conformations by looking for eclipsing interactions. In the first
conformation, none of the alkyl groups are eclipsing each other (they are all eclipsed by H’s).
In the second conformation, the ethyl groups are eclipsing each other. In the third conforma-
tion, a methyl group and an ethyl group are eclipsing each other. Of the three possibilities,
the highest energy conformation will be the one in which the two ethyl groups are eclipsing
each other (the second conformation).

4.19 In each case below, identify the highest and lowest energy conformations. In cases
where two or three conformations are degenerate, draw only one as your answer.

(a) \></ (b) \\JV\ (c) \/k/ (d) \\7:\/\

4.20 The conformations® of (+)-epichlorohydrin (1), viewed along the C,—C,, bond, can
be analyzed in exactly the same manner as the acyclic alkanes discussed in Chapter 4.

(a) Draw all staggered conformations for 1 viewed along this bond.

(b) Identify the least stable staggered conformation for 1.

H
H o
D od b>~CH,
~7a
Voo

Cl

H

Try Problems 4.42, 4.56, 4.65
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® Medically Speaking Drugs and Their Conformations

/] Recall from Chapter 2 that a drug will bind with a we must study the structure and behavior of

o ’ biological receptor if the drug possesses a specific that particular virus and then design drugs
. - three-dimensional arrangement  CH, that interfere with the key steps in the

of functional groups, called | replication process for that virus.
a pharmacophore. For example, the N The vast majority of antiviral research
pharmacophore of morphine is shown \ has focused on designing drugs to treat those
in red. O viral infections that are life threatening, such as
Morphine is a very rigid molecule, O OH HIV. Many anti-HIV drugs have been developed over

because it has very few bonds that undergo OH the last few decades. Nevertheless, these drugs are not 100%
free rotation. As a result, the pharmacophore Morphine effective, because HIV can undergo genetic mutations that
is locked in place. In contrast, flexible effectively change the geometry of the cavity where the drugs

molecules are capable of adopting a variety
of conformations, and only some of those
conformations can bind to the receptor.

For example, methadone has many single
bonds, each of which undergoes free
rotation.

Methadone is used to treat heroin
addicts suffering from withdrawal
symptoms. Methadone binds to the same
receptor as heroin, and it is widely believed that the active

! i
conformation is the one in which the position of the functional N N N
groups matches the pharmacophore of heroin (and morphine): - |
N
>
N/%/\ Y

are supposed to bind. The new strain of the virus is then drug
resistant, because the drugs cannot bind with their intended
receptors.

A new class of compounds, exhibiting conformational
flexibility, appears to evade the problem of drug resistance. One
such example, called rilpivirine, exhibits five single bonds whose
rotation would lead to a conformational change:

N

~ O
Methadone

Rilpivirine

Bonds shown in red can undergo rotation without a
significant energy cost, rendering the compound
very flexible. The flexibility of rilpivirine
enables it to bind to the desired receptor

Methadone Heroin and tolerate changes to the geometry of
the cavity resulting from virus mutation.

Other, more open conformations of methadone are In this way, rilpivirine makes it more
probably incapable of binding to the receptor. difficult for the virus to develop

This explains how it is possible for one drug to resistance to it.
produce several physiological effects. In many cases, Rilpivirine was approved
one conformation binds to one receptor, while another by the FDA (Food and Drug
conformation binds to an entirely different receptor. Administration) in 2011.
Conformational flexibility is therefore an important Compounds like rilpivirine have
consideration in the study of how drugs behave in our changed the way scientists
bodies. approach drug design of

As mentioned in the chapter opener, antiviral agents. It is now clear

conformational flexibility has recently received much | that conformational flexibility
attention in the design of novel compounds to treat : plays an important role in the
viral infections. To treat the symptoms of a virus, design of effective drugs.

4.9 Cycloalkanes

In the nineteenth century, chemists were aware of many compounds containing five-membered
rings and six-membered rings, but no compounds with smaller rings were known. Many unfruit-
ful attempts to synthesize smaller or larger rings fueled speculation regarding the feasibility of ever
creating such compounds. Toward the end of the nineteenth century Adolph von Baeyer proposed a
theory describing cycloalkanes in terms of angle strain, the increase in energy associated with a bond
angle that has deviated from the preferred angle of 109.5°. Baeyer’s theory was based on the angles
found in geometric shapes (Figure 4.17). Baeyer reasoned that five-membered rings should contain
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almost no angle strain, while other rings would be strained (both smaller rings and larger rings). He
also reasoned that very large cycloalkanes cannot exist, because the angle strain associated with such
large bond angles would be prohibitive.

FIGURE 4.17

Bond angles found in 7 C @ <;> Q Q

geometric shapes. 60° 90° 108° 120° 129° 135°

Evidence refuting Baeyer’s conclusions came from thermodynamic experiments. Recall from ear-
lier in this chapter that heats of combustion can be used to compare isomeric compounds in terms of
their total energy. It is not fair to compare the heats of combustion for rings of different sizes since heats
of combustion are expected to increase with each additional CH, group. We can more accurately com-
pare rings of different sizes by dividing the heat of combustion by the number of CH, groups in the
compound, giving a heat of combustion per CH, group. Table 4.7 shows heats of combustion per CH,
group for various ring sizes. The conclusions from these data are more easily seen when plotted (Figure
4.18). Notice that a six-membered ring is lower in energy than a five-membered ring, in contrast with
Baceyer’s theory. In addition, the relative energy level does not increase with increasing ring size, as
Baceyer predicted. A 12-membered ring is in fact much lower in energy than an 11-membered ring.

TABLE 4.7 HEATS OF COMBUSTION PER CHy GROUP

FOR CYCLOALKANES Heats of combustion per CH, group
CYCLOALKANE NUMBER OF CHy  HEAT OF HEAT OF COMBUSTION 700
GROUPS COMBUSTION  PER CH, GROUP

(kJ / moL) (kJ / moL) 690
Cyclopropane 3 2091 697
Cyclobutane 4 2721 680 g 680
Cyclopentane 5 3291 658 r*] 670
Cyclohexane 6 3920 653
Cycloheptane 7 4599 657 660

p mmninhb
Cyclooctane 8 5267 658 -
Cyclononane 9 5933 659 650 3 4 5 6 7 8 9 10 11 12
Cyclodecane 10 6587 659 Ring size
Cycloundecane 11 7273 661 FIGURE 4.18
Heats of combustion per CH,

Cyclododecane 12 7845 654

group for cycloalkanes.

Baeyer’s conclusions did not hold because they were based on the incorrect assumption that
cycloalkanes are planar, like the geometric shapes shown earlier. In reality, the bonds of a larger
cycloalkane can position themselves three dimensionally so as to achieve a conformation that mini-
mizes the total energy of the compound. We will soon see that angle strain is only one factor that
contributes to the energy of a cycloalkane. We will now explore the main factors contributing to the
energy of various ring sizes, starting with cyclopropane.

Cyclopropane
The angle strain in cyclopropane is severe. Some of this strain can be alleviated if the orbitals making
up the bonds bend outward, as in Figure 4.19. Not all of the angle strain is removed, however, because
there is an increase in energy associated with inefficient overlap of the orbitals. Although some of the
angle strain is reduced, cyclopropane still has significant angle strain.

In addition, cyclopropane also exhibits significant torsional strain, which can best be seen in a
Newman projection.

FIGURE 4.19

The C— C bonds of HH
cyclopropane bend outward (on Q}CHz
the dotted red lines) to alleviate H

some of the angle strain. H
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Notice that the ring is locked in an eclipsed conformation, with no possible way of achieving a stag-
gered conformation.

In summary, cyclopropane has two main factors contributing to its high energy: angle strain (from
small bond angles) and torsional strain (from eclipsing H’s). This large amount of strain makes three-
membered rings highly reactive and very susceptible to ring-opening reactions. In Chapter 13, we will
explore many ring-opening reactions of a special class of three-membered rings.

Cyclobutane

Cyclobutane has less angle strain than cyclopropane. However, it has more torsional strain, because
there are four sets of eclipsing H’s rather than just three. To alleviate some of this additional tor-
sional strain, cyclobutane can adopt a slightly puckered conformation without gaining too much
angle strain.

T
T

88°

Cyclopentane

Cyclopentane has much less angle strain than cyclobutane or cyclopropane. It can also reduce much
of its torsional strain by adopting the following conformation.

In total, cyclopentane has much less total strain than cyclopropane or cyclobutane. Nevertheless,
cyclopentane does exhibit some strain. This is in contrast with cyclohexane, which can adopt a con-
formation that is nearly strain free. We will spend the remainder of the chapter discussing conforma-

tions of cyclohexane.

® Medically Speaking Cyclopropane as an Inhalation Anesthetic

In the mid-1840s, surgeons began utilizing
the anesthetic properties of diethyl ether and
chloroform to anesthetize patients during surgery:

.)

H H H H Cl
H—C—C—0—C—C—H  CI—C—H
R 5

Diethyl ether Chloroform

Despite the known risks and side effects associated with each
of these anesthetic agents, they were commonly used for
nearly 100 years, because a suitable alternative was not yet
available. Diethyl ether is highly flammable, it is irritating to
the respiratory tract, and it causes nausea and vomiting (which
can lead to serious lung damage in an unconscious patient).
In addition, the onset and recovery from anesthesia are slow.
Chloroform is nonflammable, which was greatly appreciated
by anesthesiologists and surgeons, but it caused a substantial
incidence of heart arrhythmias, sometimes fatal. It also caused
dangerous drops in blood pressure and liver damage with
Kprolonged exposure.

With time, other anesthetic agents were discovered. One
such example is cyclopropane, which became commercially
available as an inhalation anesthetic in the mid-1930s:

H H
\/
c
A
H—C—C—H
/ \
H H

It did not induce vomiting, did not cause liver damage,
provided rapid onset and recovery from anesthesia, and
maintained normal blood pressure. Its major shortcoming
was its instability due to the ring strain associated with the
three-membered ring. Even a static spark could trigger an
explosion, with disastrous consequences for the patient.
Anesthesiologists took meticulous measures to prevent
explosions, and accidents were very rare, but the use of
cyclopropane was not for the faint-hearted. It was largely
replaced in the 1960s when other inhalation anesthetics were
discovered. The inhalation anesthetics most commonly used
today are discussed in a medically speaking application in
Section 13.3.




FIGURE 4.20

An energy diagram showing
the conformational analysis
of cyclohexane.
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4.10 Conformations of Cyclohexane

Cyclohexane can adopt many conformations, as we will soon see. For now, we will explore two con-
formations: the chair conformation and the boat conformation.

Chair Boat

In both conformations, the bond angles are fairly close to 109.5°, and therefore, both conformations pos-
sess very little angle strain. The significant difference between them can be seen when comparing torsional
strain. The chair conformation has no torsional strain. This can best be seen with a Newman projection.

Look down both _

of these bonds - H H
simultaneously ~--_ H H
R
H H H
H H

Notice that all H’s are staggered. None are eclipsed. This is not the case in a boat conformation,
which has two sources of torsional strain. Many of the H’s are eclipsed, and the H’s on either side of
the ring experience steric interactions called flagpole interactions:

HH HH H H
H H
H H
H H
(a) H’s are eclipsed (b) Flagpole interactions

The boat can alleviate some of this torsional strain by twisting (very much the way

cyclobutane puckers to alleviate some of its torsional strain), giving a conformation called

a twist boat. Twist boat
In fact, cyclohexane can adopt many different conformations, but the most important is the chair

conformation. There are actually two different chair conformations that rapidly interchange via a path-

way that can pass through many different conformations, including a high-energy half-chair conforma-

tion, as well as twist boat and boat conformations. This is illustrated in Figure 4.20, which is an energy

diagram summarizing the relative energy levels of the various conformations of cyclohexane.

7 \

Half-chair Half-chair
Potential Twist
energy boat
45 kJ/mol
23 kJ/mol
Chair

A 4
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The lowest energy conformations are the two chair conformations, and therefore, cyclohexane

will spend the majority of its time in a chair conformation. Accordingly, the remainder of our treat-

ment of cyclohexane will focus on chair conformations. Our first step is to master drawing them.

4.11 Drawing Chair Conformations

When drawing a chair conformation, it is important to draw it precisely. Make sure that you avoid draw-

ing sloppy chairs, because it will be difficult to draw the substituents correctly if the skeleton is not precise.

Drawing the Skeleton of a Chair Conformation

Let’s get some practice drawing chairs.

SKILLBUILDER

O

D ()

¢

S\

LEARN the skill

PRACTICE the skill

APPLY the skill

K—% 4.9 DRAWING A CHAIR CONFORMATION

Draw a chair conformation of cyclohexane:

SOLUTION

The following procedure outlines a step-by-step method for drawing the skeleton of a chair
conformation precisely:

Step 1 _~ Draw a wide V.

Draw a line going down at a 60° angle,
Step 2 \17/ ending just before the center of the V.
| . .
Draw a line parallel to the left side of the V,
Step 3 y ending just before the left side of the V.
Draw a line parallel to the line from Step 2,
Step 4 ﬁ/[fif going down exactly as low as that line.

Step 5 M Connect the dots.

When you are finished drawing a chair, it should contain three sets of parallel lines. If your
chair does not contain three sets of parallel lines, then it has been drawn incorrectly.

L7 [T LT

4.21 Practice drawing a chair several times using a blank piece of paper. Repeat the pro-
cedure until you can do it without looking at the instructions above. For each of your chairs,
make sure that it contains three sets of parallel lines.

4.22 Chemists have developed micron-sized, doughnut-shaped structures that might be used
someday to deliver drugs across cell membranes.” During a procedure to prepare such micron-
sized structures, dioxane (shown below) was found to be a crucial co-solvent, ensuring a good
yield of structures with the desired shape and size. Draw a chair conformation of dioxane.

o) o)
n__/

Dioxane
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Drawing Axial and Equatorial Substituents

Each carbon atom in a cyclohexane ring can bear two substituents (Figure 4.21). One group is said

to occupy an axial position, which is parallel to a vertical axis passing through the center of the ring.

The other group is said to occupy an equatorial position, which is positioned approximately along
the equator of the ring (Figure 4.21). In order to draw a substituted cyclohexane, we must first prac-
tice drawing all axial and equatorial positions properly.

FIGURE 4.21
Axial and equatorial positions
in a chair conformation.

SKILLBUILDER

LEARN the skill

¢
S -

STEP 1

Draw all axial
positions as vertical
lines alternating in
direction.

STEP 2

Draw all equatorial
positions as pairs of
parallel lines.

PRACTICE the skill

APPLY the skill

D (D)
O\

need more PRACTICE?

X Axial

M\Y Equatorial

—\ 4.10 DRAWING AXIAL AND EQUATORIAL POSITIONS

Draw all axial and all equatorial positions on a chair conformation of cyclohexane.

SOLUTION

Let's begin with the axial positions, as they are easier to draw. Begin at the right side of the
V and draw a vertical line pointing up Then, go around the ring, drawing vertical lines, alter-
nating in direction (up, down, up, etc.)

= = a - Ay

These are the six axial positions. All six lines are vertical.

Now let’s draw the six equatorial positions. The equatorial positions are more difficult to
draw properly, but mistakes can be avoided in the following way. We saw earlier that a properly
drawn chair skeleton is composed of three pairs of parallel lines. Now we will use these pairs
of parallel lines to draw the equatorial positions. In between each pair of red lines, we draw two
equatorial groups that are parallel to (but not directly touching) the red lines:

L7 S Iz

Notice that all equatorial positions are drawn going to the outside of,
or away from, the ring, not going into the ring. Now let's summarize by
drawing all six axial positions and all six equatorial positions.

4.23 Practice drawing a chair conformation with all six axial positions and all six equatorial
positions. Practice several times on a blank piece of paper. Repeat until you can draw all
twelve positions without looking at the instructions above.

4.24 (—)-Cassioside, an anti-ulcer agent isolated from the dried stem bark of Chinese cinna-
mon,'? contains two six-membered rings, one of which adopts a chair conformation as shown.
(a) Identify each group attached to the chair as

being in an axial or equatorial position.

(b) Draw each of the missing hydrogen atoms
connected to this six-membered ring, and
properly position each in an axial or equa-
torial position, as appropriate.

Try Problems 4.46, 4.59




164 CHAPTER 4 Alkanes and Cycloalkanes

FIGURE 4.22
Aring flip drawn with
Newman projections.

SKILLBUILDER

K—\ 4.11 DRAWING BOTH CHAIR CONFORMATIONS OF A MONOSUBSTITUTED CYCLOHEXANE

) LEARN the skill

CJ

STEP 1
Draw a chair
conformation.

STEP 2
Place the substituent.

STEP 3

Draw a ring flip,
and the axial group
should become
equatorial.

4.12 Monosubstituted Cyclohexane

Drawing Both Chair Conformations

Consider a ring containing only one substituent. Two possible chair conformations can be drawn:
The substituent can be in an axial position or in an equatorial position. These two possibilities repre-
sent two different conformations that are in equilibrium with each other:

X

[T —

The term “ring flip” is used to describe the conversion of one chair conformation into the other. This
process is not accomplished by simply flipping the molecule like a pancake. Rather, a ring flip is a
conformational change that is accomplished only through a rotation of all C—C single bonds. This
can be seen with a Newman projection (Figure 4.22). Let’s get some practice drawing ring flips.

Equatorial | X

Draw both chair conformations of bromocyclohexane:

: Br
SOLUTION

Begin by drawing the first chair conformation, and place the bromine in any position:

Br

[

In this chair conformation, the bromine occupies an axial position. In order to draw the other
chair conformation (the result of a ring flip), redraw the skeleton of the chair. Only this time,
we will draw the skeleton differently. The first chair was drawn by following these steps:

Step 1 Step 2 Step 3 Step 4 Step 5

The second chair must now be drawn by mirroring these steps:

Step 1 Step 2 Step 3 Step 4 Step 5

In the second chair, the bromine will occupy an equatorial position:

[ — T\
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FIGURE 4.23
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PRACTICE the skill 4.25 Draw both chair conformations for each of the following compounds:

OH NH, Cl OX
(a)g (b)g (C)U (e O/ (@)

APPLY the skill 4.26 The following disubstituted cyclohexane, drawn in a Newman projection, was shown
to have moderate antiviral activity."’

NH,
= N Adenine
N | \> P | group
S
N H
H
Ho™~
H H
H H

(a) As depicted above, is the adenine group (highlighted) occupying an axial or an equato-
rial position? Is the CH,OH group occupying an axial or an equatorial position?

(b) Convert the Newman projection into a bond-line chair form.

need more PRACTICE? Try Problem 4.51a

Comparing the Stability of Both Chair Conformations

When two chair conformations are in equilibrium, the lower energy conformation will be favored.
For example, consider the two chair conformations of methylcyclohexane:

Me

ﬁ = m/Me

5% 95%
At room temperature, 95% of the molecules will be in the chair conformation that has the methyl
group in an equatorial position. This must therefore be the lower energy conformation, but why?

When the substituent is in an axial position, there are steric interactions with the other axial H’s on
the same side of the ring (Figure 4.23).

Steric interactions that / H
occur when a substituent
occupies an axial position.

FIGURE 4.24

An illustration showing that
1,3-diaxial interactions are

The substituent’s electron cloud is trying to occupy the same region of space as the H’s that are
highlighted, causing steric interactions. These interactions are called 1,3-diaxial interactions, where
the numbers “1,3” describe the distance between the substituent and each of the H’s. When the chair
conformation is drawn in a Newman projection, it becomes clear that most 1,3-diaxial interactions
are nothing more than gauche interactions. Compare the gauche interaction in butane with one of the
1,3-diaxial interactions in methylcyclohexane (Figure 4.24).

CHj H H H |CH;3

H H H

really just gauche interactions. Gauche interaction 1,3-Diaxial interaction
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FIGURE 4.25

When a substituent is in
an equatorial position, it
experiences no gauche

interactions.

The presence of 1,3-diaxial interactions causes the chair conformation to be higher in energy
when the substituent is in an axial position. In contrast, when the substituent is in an equatorial posi-
tion, these 1,3-diaxial (gauche) interactions are absent (Figure 4.25).

H H

H CH,

For this reason, the equilibrium between the two chair conformations will generally favor the
conformation with the equatorial substituent. The exact equilibrium concentrations of the two chair
conformations will depend on the size of the substituent. Larger groups will experience greater steric
interactions, and the equilibrium will more strongly favor the equatorial substituent. For example,
the equilibrium of rer-butylcyclohexane almost completely favors the chair conformation with an

=~ v

0.01% 99.99%

equatorial zer-butyl group:

Table 4.8 shows the steric interactions associated with various groups as well as the equilibrium con-
centrations that are achieved.

TABLE 4.8 1,3-DIAXIAL INTERACTIONS FOR SEVERAL COMMON SUBSTITUENTS

SUBSTITUENT 1,3-DIAXIAL INTERACTIONS EQUATORIAL-AXIAL RATIO
(kJ/moL) (AT EQUILIBRIUM)

—Cl 2.0 70: 30
—OH 4.2 83:17
—CHs 7.6 95:5
—CH,CHs; 8.0 96 :4
—CH(CH3), 9.2 97:3
—C(CH3)3 22.8 9999 :1

CONCEPTUAL CHECKPOINT

H\
[0}

4.27 The most stable conformation of 5-hydroxy-1,3-dioxane has the OH group in an axial position, rather than an equatorial oﬁ
position. Provide an explanation for this observation. /-0

4.13 Disubstituted Cyclohexane

Drawing Both Chair Conformations

When drawing chair conformations of a compound that has two or more substituents, there is an
additional consideration. Specifically, we must also consider the three-dimensional orientation, or
configuration, of each substituent. To illustrate this point, consider the following compound:

ClisUP | CI

wMe

Me is DOWN



SKILLBUILDER

4.13 Disubstituted Cyclohexane x 167

Notice that the chlorine atom is on a wedge, which means that it is coming out of the page: it is UR.
The methyl group is on a dash, which means that it is below the ring, or DOWN. The two chair
conformations for this compound are as follows:

Cl
H

" -
H cl
Me
H
Notice that the chlorine atom is above the ring (UP) in both chair conformations, and the methyl
group is below the ring (DOWN) in both chair conformations. The configuration (i.e., UP or
DOWN) does not change during a ring flip. It is true that the chlorine atom occupies an axial posi-
tion in one conformation and an equatorial position in the other conformation, but a ring flip does
not change configuration. The chlorine atom must be UP in both chair conformations. Similarly, the

methyl group must be DOWN in both chair conformations. Let’s get some practice using these new
descriptors (UP and DOWN) when drawing chair conformations.

Me

4.12 DRAWING BOTH CHAIR CONFORMATIONS OF DISUBSTITUTED CYCLOHEXANES

LEARN the skill

STEP 1
Determine the
location and
configuration of
each substituent.

STEP 2
Place the
substituents on

the first chair using

the information
from step 1.

Draw both chair conformations of the following compound:

Et

”’”’Me

SOLUTION
Begin by numbering the ring and identifying the location and three-dimensional orientation
of each substituent:

Et Ethyl is at C-1 and is UP

“Me Methyl is at C-3 and is DOWN

This numbering system does not need to be in accordance with I[UPAC rules. It does not mat-
ter where the numbers are placed; these numbers are just tools used to compare positions in
the original drawing and in the chair conformation to ensure that all substituents are placed
correctly. The numbers can be placed either clockwise or counterclockwise, but they must be
consistent. If the numbers are placed clockwise in the compound, then they must be placed
clockwise as well when drawing the chair. Once the numbers have been assigned, place the
substituents in the correct locations and with the correct configuration. The ethyl group is at
C-1 and must be UP, while the methyl group is at C-3 and must be DOWN:

Et Et

]
2 3 1 H
3] 2

“Me Me

Notice that it is not possible to draw substituents properly without being able to draw all 12
positions on the cyclohexane ring. If you do not feel comfortable drawing all 12 positions,
it would be a worthwhile investment of time to go back to that section of the chapter
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STEP 3

Place the
substituents on the
second chair using
the information from
step 1.

Pan

J

K. )} APPLY the skill
A

%

and practice. The previous drawing represents the first chair conformation. In order to draw
the second chair conformation, begin by drawing the other skeleton and numbering it. Then,
once again, place the substituents so that the ethyl group is at C-1 and is UP, while the
methyl group is at C-3 and is DOWN:

Et
@ H@ra
“Me
Me H

Therefore, the two chair conformations of this compound are:

Et
M - Et
Me
Br

Me

| PRACTICE the skill 4.28 Draw both conformations for each of the following compounds:

(a) b) () (d)
S o dite Sl o}

4.29 Lindane (hexachlorocyclohexane) is an agricultural insecticide that can also be used in
the treatment of head lice. Draw both chair conformations of lindane.

(
(e) (f)

cl

C|nc|
Cl H Cl
Cl
Lindane

need more PRACTICE? Try Problems 4.51b-d, 4.63g

Comparing the Stability of Chair Conformations

Let’s compare the stability of chair conformations once again, this time for compounds that bear
more than one substituent. Consider the following example:

Et

O W//Me

The two chair conformations of this compound are:

%Et E
Me Me  Et

In the first conformation, both groups are equatorial. In the second conformation, both groups are
axial. In the previous section, we saw that chair conformations will be lower in energy when sub-
stituents occupy equatorial positions (avoiding 1,3-diaxial interactions). Therefore, the first chair will
certainly be more stable.
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In some cases, two groups might be in competition with each other. For example, consider the
following compound:

Et

“rcl
The two chair conformations of this compound are:

Et

5T = Y«

cl Ci

In this example, neither conformation has two equatorial substituents. In the first conformation, the
chlorine is equatorial, but the ethyl group is axial. In the second conformation, the ethyl group is
equatorial, but the chlorine is axial. In a situation like this, we must decide which group exhibits a
greater preference for being equatorial: the chlorine atom or the ethyl group. To do this, we use the
numbers from Table 4.8:

Et
[~ = g
al Cl

Axial ethyl=8 kJ/mol Axial chlorine=2 kJ/mol

Both conformations will exhibit 1,3-diaxial interactions, but these interactions are less pro-
nounced in the second conformation. The energy cost of having a chlorine atom in an axial position
is lower than the energy cost of having an ethyl group in an axial position. Therefore, the second
conformation is lower in energy. Let’s get some practice with this.

\ 4.13 DRAWING THE MORE STABLE CHAIR CONFORMATION OF POLYSUBSTITUTED CYCLOHEXANES

LEARN the skill Draw the more stable chair conformation of the following compound:

Et
Me

cl o

' SOLUTION

Begin by drawing both chair conformations using the method from the previous section.
Recall that the numbering system does not need to be in accordance with IUPAC rules. We
are simply using numbers as tools to compare positions in the original drawing and in the
chair conformation. So for our purposes, it is acceptable to start numbering from the top of
the ring, going clockwise. Then, for each substituent, identify its location and configuration:

Ethyl is at C-1 and is UP

Et
STEP 1
Determine the location Me
and configuration of &
each substituent. AR o Methyl is at C-2 and is UP

and is DOWN
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)

() €

S S

Now draw the skeleton of the first chair conformation, placing the substituents in the correct
locations and with the correct configuration:

Then draw the skeleton of the second chair conformation, number it, and once again, place
the substituents in the correct locations and with the correct configuration:

Et
Me Me
al - 3 i 1 Et
Cl

Therefore, the two chair conformations of this compound are:

™

STEP 2 Et Me
Draw both chair cl
conformations. Me I Et
Cl
STEP 3 Now we can compare the relative energy of these two chair conformations. In the first con-
Assess the energy formation, there is one ethyl group in an axial position. According to Table 4.8, the energy

cost of each axial

cost associated with an axial ethyl group is 8.0 kJ/mol. In the second conformation, two
group.

groups are in axial positions: a methyl group and a chlorine atom. According to Table 4.8,
the total energy cost is 7.6 kJ/mol + 2.0 kJ/mol = 9.6 kJ/mol. According to this calculation,
the energy cost is lower for the first conformation (with an axial ethyl group). The first confor-
mation is therefore lower in energy (more stable).

PRACTICE the skill 4.30 Draw the lowest energy conformation for each of the following compounds:

(a) (b) (c) O\q (d) (e)

APPLY the skill 4.31 In Problem 4.29, you drew the two chair conformations of lindane. Carefully inspect
them and predict the difference in energy between them, if any.

4.32 Compound A exists predominantly in a chair conformation, while compound B exists
predominantly in a twist boat conformation. Explain.

Compound A Compound B

need more PRACTICE? Try Problems 4.50, 4.52, 4.54, 4.58, 4.67

4.14 cis-trans Stereoisomerism

When dealing with cycloalkanes, the terms c¢is and z7ans are used to signify the relative spatial rela-
tionship of similar substituents:

CH; CH, CH; H
H H H  CH,

cis-1,2-Dimethylcyclohexane trans-1,2-Dimethylcyclohexane



FIGURE 4.26

Each stereoisomer of
1,2-dimethylcyclohexane has
two chair conformations.

4.15 Polycyclic Systems X) 171

The term cis is used to signify that the two groups are on the same side of the ring, while the term zans
signifies that the two groups are on opposite sides of the ring. The drawings above are Haworth projec-
tions (as seen in Section 2.6) and are used to clearly identify which groups are above the ring and which
groups are below the ring. These drawings are planar representations and do not represent conforma-
tions. Each compound above is better represented as an equilibrium between two chair conformations
(Figure 4.26). cis-1,2-Dimethylcyclohexane and #7ans-1,2-dimethylcyclohexane are stereoisomers (as we
will see in the next chapter). They are different compounds with different physical properties, and they
cannot be interconverted via a conformational change. #rans-1,2-Dimethylcyclohexane is more stable,
because it can adopt a chair conformation in which both methyl groups occupy equatorial positions.

CH,
%CHS — mcm — mcm

CH;  CHs H CH,

CH,4 CH3

CH, CH,

CONCEPTUAL CHECKPOINT

4.33 Draw Haworth projections for cis-1,3-dimethylcyclohexane
and trans-1,3-dimethylcyclohexane. Then, for each compound, draw
the two chair conformations. Use these conformations to determine
whether the cis isomer or the trans isomer is more stable.

4.34 Draw Haworth projections for cis-1,4-dimethylcyclohexane
and trans-1,4-dimethylcyclohexane. Then for each compound, draw

the two chair conformations. Use these conformations to determine
whether the cis isomer or the trans isomer is more stable.

4.35 Draw Haworth projections for cis-1,3-di-tert-butylcyclohexane
and trans-1,3-di-tert-butylcyclohexane. One of these compounds
exists in a chair conformation, while the other exists primarily in a
twist boat conformation. Offer an explanation.

4.15 Polycyclic Systems

Decalin is a bicyclic system composed of two fused six-membered rings. The structures of ¢is-decalin
and #rans-decalin are as follows:

H H
H w
H
cis-Decalin trans-Decalin

The relationship between these compounds is stereoisomeric (as in the previous section). These two
compounds are not interconvertible by ring flipping. They are two different compounds with differ-
ent physical properties. Many naturally occurring compounds, such as steroids, incorporate decalin
systems into their structures. Steroids are a class of compounds comprised of four fused rings (three
six-membered rings and one five-membered ring). Below are two examples of steroids:

Testosterone Estradiol



172 CHAPTER 4 Alkanes and Cycloalkanes

FIGURE 4.27
The structure of diamonds.

Testosterone is an androgenic hormone (male sex hormone) produced in the testes, and estradiol

is an estrogenic hormone (female sex hormone) produced from testosterone in the ovaries. Both

compounds play a number of biological roles, ranging from the development of secondary sex

characteristics to the promotion of tissue and muscle growth.

Another common polycyclic system is norbornane. Norbornane is the common name for
bicyclo[2.2.1]heptane. We can think of this compound as a six-membered ring locked into a boat
conformation by a CH, group that is connected to the two flagpole positions. Many naturally

occurring compounds are substituted norbornanes, such as camphor and camphene:

A

Bicyclo[2.2.1]heptane

(norbornane)

Camphor Camphene

Camphor is a strongly scented solid that is isolated from evergeen trees in Asia. It is used as

a spice as well as for medicinal purposes. Camphene is a minor constituent in many natural

oils, such as pine oil and ginger oil. It is used in the preparation of fragrances.

Polycyclic systems based on six-membered rings are also found in nonbiological materials.
Most notably, the structure of diamond is based on fused six-membered rings locked in chair
conformations. The drawing in Figure 4.27 represents a portion of the diamond structure.

Every carbon atom is bonded to four other carbon atoms forming a three-dimensional lattice

of chair conformations. In this way, a diamond is one large molecule. Diamonds are one of

C—C single bonds.

the hardest known substances, because cutting a diamond requires the breaking of billions of

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 4.1

o Hydrocarbons that lack 7 bonds are called saturated hydro-
carbons or alkanes.

 The system of rules for naming compounds is called nomen-
clature.

SECTION 4.2

o Although IUPAC rules provide a systematic way for naming
compounds, many common names are still in use. Assigning
a systematic name involves four discrete steps:

1.

2.

Identify the parent compound. Alkanes containing a ring
are called cycloalkanes.

Name the substituents, which can be either simple alkyl
groups or branched alkyl groups, called complex substit-
uents. Many common names for complex substituents are
allowed according to IUPAC rules.

. Number the carbon atoms of the parent and assign a

locant to each substituent.

. Assemble the substituents alphabetically, placing locants

in front of each substituent. For identical substituents,
use di, tri, tetra, penta, or hexa, which are ignored when
alphabetizing.

« Bicyclic compounds are named just like alkanes and cycloal-
kanes, with two subtle differences:

1.

2.

The term “bicyclo” is used, and bracketed numbers indi-
cate how the bridgeheads are connected.

To number the parent, travel first along the longest path
connecting the bridgeheads.

SECTION 4.3

« The number of possible constitutional isomers for an alkane
increases with increasing molecular size.

* When drawing constitutional isomers, use IUPAC rules to
avoid drawing the same compound twice.

SECTION 4.4

o For an alkane, the heat of combustion is the negative of
the change in enthalpy (—AH°®) associated with the complete
combustion of 1 mol of alkane in the presence of oxygen.

 Heats of combustion can be measured experimentally and
used to compare the stability of isomeric alkanes.

SECTION 4.5

o Petroleum is a complex mixture of hydrocarbons, most of
which are alkanes (ranging in size and constitution).

o These compounds are separated into fractions via distil-
lation (separation based on differences in boiling points).
The refining of crude oil separates it into many commercial

products.

 The yield of useful gasoline can be improved in the following
ways:
1. Cracking is a process by which C—C bonds of larger

alkanes are broken, producing smaller alkanes suitable
for gasoline.

. Reforming is a process in which straight-chain alkanes are

converted into branched hydrocarbons and aromatic com-
pounds, which exhibit less knocking during combustion.



SECTION 4.6

 Rotation about C—C single bonds allows a compound to
adopt a variety of conformations.

« Newman projections are often used to draw the various
conformations of a compound.

SECTION 4.7

« In a Newman projection, the dihedral angle, or torsional
angle, describes the relative positions of one group on the
back carbon and one group on the front carbon.

» Staggered conformations are lower in energy, while
eclipsed conformations are higher in energy.

« Inthe case of ethane, all staggered conformations are degen-
erate (equivalent in energy), and all eclipsed conformations
are degenerate.

» The difference in energy between staggered and eclipsed
conformations of ethane is referred to as torsional strain.
The torsional strain for propane is larger than that of ethane.

SECTION 4.8

 For butane, one of the eclipsed conformations is higher in
energy than the other two.

« One staggered conformation (the anti conformation) is
lower in energy than the other two staggered conformations,
because they possess gauche interactions.

SECTION 4.9

» Angle strain occurs in cycloalkanes when bond angles are
less than the preferred 109.5°.

» Angle strain and torsional strain are components of the total
energy of a cycloalkane, which can be assessed by measuring
heats of combustion per CH, group.

SECTION 4.10

o The chair conformation of cyclohexane has no torsional
strain and very little angle strain.

o The boat conformation of cyclohexane has significant tor-
sional strain (from eclipsing H's as well as flagpole interac-
tions). The boat can alleviate some of its torsional strain by
twisting, giving a conformation called a twist boat.

» Cyclohexane is found in a chair conformation most of the time.

SKILLBUILDER REVIEW

4.1 IDENTIFYING THE PARENT

STEP 1 Choose the longest chain.
more substituents.

/ Correct
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SECTION 4.11

o Each carbon atom in a cyclohexane ring can bear two
substituents.

» One substituent is said to occupy an axial position, while the
other substituent is said to occupy an equatorial position.

SECTION 4.12

* When a ring has one substituent, the substituent can occupy
either an axial or an equatorial position. These two possibili-
ties represent two different conformations that are in equilib-
rium with each other.

« The term ring flip is used to describe the conversion of one
chair conformation into the other.

» The equilibrium will favor the chair conformation with the
substituent in the equatorial position, because an axial sub-
stituent generates 1,3-diaxial interactions.

SECTION 4.13

« To draw the two chair conformations of a disubstituted
cyclohexane, each substituent must be identified as being
either UP or DOWN. The three-dimensional orientation of
the substituents (UP or DOWN) does not change during a
ring flip.

» After drawing both chair conformations, the relative energy
levels can be determined by comparing the energy cost asso-
ciated with all axial groups.

SECTION 4.14

» The terms cis and trans signify the relative spatial relationship
of similar substituents, as can be seen clearly in Haworth pro-
jections.

SECTION 4.15

 The relationship between cis-decalin and trans-decalin is ste-
reoisomeric. These two compounds are not interconvertible
by ring flipping.

» Norbornane is the common name for bicyclo[2.2.1]heptane
and is a commonly encountered bicyclic system.

o Polycyclic systems based on six-membered rings are also
found in the structure of diamonds.

STEP 2 In a case where two chains compete, choose the chain with

Incorrect

Try Problems 4.1-4.3, 4.36
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4.2 IDENTIFYING AND NAMING SUBSTITUENTS

STEP 1 Identify the parent. STEP 2 Identify all alkyl substituents STEP 3 Name each substituent using the names
connected to the parent. in Table 4.2.

methyl
ethyl
propyl
/\ methyl

Try Problems 4.4, 4.5, 4.36
4.3 IDENTIFYING AND NAMING COMPLEX SUBSTITUENTS

STEP 1 Identify the parent. STEP 2 Place numbers on the STEP 3 Treat the entire group as
complex substituent, going away a substituent on a substituent.
from the parent chain.

2 (1-methyl

2 3 1
\/\)\/\:\/ \/\ﬁ\/ \/\I:s\j) "

4.4 ASSEMBLING THE SYSTEMATIC NAME OF AN ALKANE

Try Problems 4.6, 4.7, 4.61

STEP 1 Identify the STEP 2 |dentify and name STEP 3 Number the parent STEP 4 Arrange the
parent. substituents. chain and assign a locant substituents alphabetically.

to each substituent.
methyl
methyl
ethyl Ve

4.5 ASSEMBLING THE NAME OF A BICYCLIC COMPOUND

4-Ethyl-2,3-dimethyloctane

Try Problems 4.8-4.10, 4.36a-i, 4.40a,b

STEP 1 Identify the bicyclo STEP 2 Identify and name STEP 3 Number the parent STEP 4 Assemble the
parent and then indicate substituents. chain (start with longest substituents alphabetically.
how the bridgeheads are bridge) and assign a locant
connected. to each substituent.
4
6 5
methyl
methyl

Bicyclo[3.2.0]heptane isopropyl 2-Isopropyl-7,7-dimethyl

bicyclo[3.2.0]heptane

Try Problems 4.11-4.13, 4.36j, 4.36k, 4.40c
4.6 IDENTIFYING CONSTITUTIONAL ISOMERS

Constitutional isomers have different names. If two compounds have the
same name, then they are the same compound.

3,4-Diethyl-2,7-dimethylnonane 3,4-Diethyl-2,7-dimethylnonane

Try Problems 4.14, 4.15, 4.37, 4.63
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4.7 DRAWING NEWMAN PROJECTIONS

STEP 1 Identify the three groups connected to STEP 2 |dentify the three groups connected to STEP 3 Assemble the Newman
the front carbon atom. the back carbon atom. projection from the two pieces
obtained in the previous steps.
Up Up
b left ::;?: ril;’fﬂ ¥ o, B up CHg CHs
“soJH Br P b CHy —> H Br
~.zp right H Br A2
> _) ¢ H B H B
HsC Br 'H r r
il CH
Down Br 3 Down Down Dlozn D_ovr\::l 3
Down right left e rg
Try Problems 4.16, 4.17, 4.47, 4.53, 4.66
4.8 IDENTIFYING RELATIVE ENERGY OF CONFORMATIONS
STEP 1 Draw a STEP 2 Draw all three staggered conformations STEP 3 Draw all three eclipsed conformations
Newman projection. and determine which one has the fewest or least and determine which one has the highest
severe gauche interactions. energy interactions.

1 I
| I Et Et
Et Et
= H " Et Et H H
I H TRER HoH Et Et H H
H H ! e | = /
| I

Et H Me H Me
,,,,,,,,,,,,, I H H
H Me Lowest energy Highest energy
Et
Try Problems 4.19, 4.20, 4.42, 4.56, 4.65

4.9 DRAWING A CHAIR CONFORMATION
STEP 1 Draw STEP 2 Draw aline STEP 3 Draw aline STEP 4 Draw a line STEP 5 Connect
a wide V. going down parallel to the left side parallel to the line the dots.

at a 60° angle, of the V ending just from step 2, going

ending just before before the left side down exactly

the center of the V. of the V. as low as that line.

Try Problems 4.21, 4.22
4.10 DRAWING AXIAL AND EQUATORIAL POSITIONS

STEP 1 Draw all axial STEP 2 Draw all equatorial positions as pairs SUMMARY All substituents
positions as parallel lines, of parallel lines. are drawn like this:
alternating in directions.

Vs Q= .

4.11 DRAWING BOTH CHAIR CONFORMATIONS OF A MONOSUBSTITUTED CYCLOHEXANE

Try Problems 4.23, 4.24, 4.46, 4.59

STEP 1 Draw STEP 2 Place the substituent STEP 3 Draw the ring flip and the axial
a chair conformation. in an axial position. group becomes equatorial.
Br Br
LT [~ ( M> ffffffff > N e
Axial Axial Equatorial

Try Problems 4.25, 4.26, 4.51a
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4.12 DRAWING BOTH CHAIR CONFORMATIONS OF DISUBSTITUTED CYCLOHEXANES

STEP 1 Using a numbering system,
determine the location and
configuration of each substituent.

Et Ethylis at C-1
and is UP

“Me | Methylis at C-3
and is DOWN

STEP 2 Place the substituents
on the first chair using the
information from step 1.

Ethyl is at C-1
and is UP

H

Et
1 H
2

Me ' Methyl is at C-3
and is DOWN

3

STEP 3 Draw the second chair
skeleton, and place substituents
using the information from step 1.

Ethyl is at C-1
— and is UP
H%Et
Me H

Methyl is at C-3
and is DOWN

Try Problems 4.28, 4.29, 4.51b-d, 4.63g

4.13 DRAWING THE MORE STABLE CHAIR CONFORMATION OF POLYSUBSTITUTED CYCLOHEXANES

STEP 1 Using a numbering system,
determine the location and configuration from step 1, draw both chai
of each substituent.

Ethyl is at C-1
and is UP
t

Me
Methyl is at C-2
CI“‘“\.. and is UP

Chlorine is at C-5

PRACTICE PROBLEMS

and is DOWN

STEP 2 Using the information STEP 3 Assess the energy cost of

conformations.

r each axial group.

8.0 7.6
kJ/mol | Et kJd/mol Me
Cl —
Me | Et
Total energy cost Cl 20
= 8.0 kd/mol kJ/mol
Total energy cost
Lower energy = 9.6 kd/mol

Try Problems 4.30-4.32, 4.50, 4.52, 4.54, 4.58, 4.67

Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

4.36 Provide a systematic name for each of the following compounds:

L

oWt
%
9@

(i) ) (k)

4.37 For each of the following pairs of compounds, identify whether
the compounds are constitutional isomers or different representations
of the same compound:

oA T G O

4.38 Use a Newman projection to draw the most stable conformation
of 3-methylpentane, looking down the C2—C3 bond.

4.39 Identify which of the following compounds is expected to have
the larger heat of combustion:

/\/\/X/



4.40 Draw each of the following compounds:
(a) 2,2,4-Trimethylpentane

(b) 1,2,3,4-Tetramethylcycloheptane

(c) 2,2,4,4-Tetraethylbicyclo[1.1.0]butane

4.41 Sketch an energy diagram that shows a conformational analysis of
2,2-dimethylpropane. Does the shape of this energy diagram more closely
resemble the shape of the energy diagram for ethane or for butane?

4.42 What are the relative energy levels of the three staggered
conformations of 2,3-dimethylbutane when looking down the C2—C3
bond?

4.43  Draw the ring flip for each of the following compounds:

Cl
(a) Cl (b) © CleH

4.44 For each of the following pairs of compounds, identify the
compound that would have the higher heat of combustion:

O O

4.45 Draw a relative energy diagram showing a conformational
analysis of 1,2-dichloroethane. Clearly label all staggered conforma-
tions and all eclipsed conformations with the corresponding Newman
projections.

4.46 In the following compound, identify the number of hydrogen
atoms that occupy axial positions as well as the number of hydrogen
atoms that occupy equatorial positions:

/-

4.47 Draw a bond-line structure for each of the following compounds:

CHj CH3 H H
CHs CH,CH, H H H
CHg3 H H H H

(a) CH,CHg (b) CHjy (© H H

4.48 Assign IUPAC names for each of the following compounds:
H H H
HgH/\ H CH,
H H H
@ ) H H
CH, CH,
H H
H H
@ H @

4.49 The barrier to rotation of bromoethane is 15 kJ/mol. Based on
this information, determine the energy cost associated with the eclips-
ing interaction between a bromine atom and a hydrogen atom.
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4.50 Menthol, isolated from various mint oils, is used in the treatment
of minor throat irritation. Draw both chair conformations of menthol and
indicate which conformation is lower in energy.

OH

Menthol

4.51 Draw both chair conformations for each of the following

compounds. In each case, identify the more stable chair conformation:
(@) Methylcyclohexane

(b) trans-1,2-Diisopropylcyclohexane
(c) cis-1,3-Diisopropylcyclohexane

(

d) trans-1,4-Diisopropylcyclohexane

4.52  For each of the following pairs of compounds, determine which
compound is more stable (you may find it helpful to draw out the chair
conformations):

4.53 Draw a Newman projection of the following compound as
viewed from the angle indicated:

cl Br

4.54 Glucose (a sugar) is produced by photosynthesis and is used by
cells to store energy. Draw the most stable conformation of glucose:

Glucose

4.55 Sketch an energy diagram showing a conformational analysis
of 2,2,3,3-tetramethylbutane. Use Table 4.6 to determine the energy
difference between staggered and eclipsed conformations of this
compound.
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4.56 Rank the following conformations in order of increasing energy:

Br Br
Br Br
H Br.
H Br H Br q H H H
H H H H
H HH HH Br

4.57 Consider the following two conformations of 2,3-dimethylbu-
tane. For each of these conformations, use Table 4.6 to determine the
total energy cost associated with all torsional strain and steric strain.

CH,

CHj
H CH; H3|_c|: CH,
H CH;
(a) CHS (b) H CHS

4.58 myo-Inositol is a polyol (a compound containing many OH
groups) that serves as the structural basis for a number of secondary
messengers in eukaryotic cells. Draw the more stable chair conforma-
tion of myo-inositol.

INTEGRATED PROBLEMS

4.61 Derivatives of griselimycin, a natural product isolated in the
1960s, are being investigated for the treatment of tuberculosis.'? For
each of the highlighted substituents in the griselimycin derivative shown
below, indicate the systematic name as well as the common name (for
those substituents that have common names).

an
T

Griselimycin derivative

4.62 trans-1,3-Dichlorocyclobutane has a measurable dipole moment.
Explain why the individual dipole moments of the C—Cl bonds do not
cancel each other to produce a zero net dipole moment.

o—

trans-1,3-Dichlorocyclobutane

4.63  For each pair of compounds below, determine whether they are
identical compounds, constitutional isomers, or stereoisomers:

CH,CH,

H CH, HLC CH,
H CH,CH, H CH,CH, ﬁ \O/
(@) H H (b)

4.59 Below is the numbered skeleton of trans-decalin:

Identify whether each of the following substituents would be in an
equatorial position or an axial position:

a) A group at the C-2 position, pointing UP
b) A group at the C-3 position, pointing DOWN
c) A group at the C-4 position, pointing DOWN

(
(
(
(d) A group at the C-7 position, pointing DOWN
(e) A group at the C-8 position, pointing UP

(

f) A group at the C-9 position, pointing UP

4.60 There are 18 constitutional isomers with the molecular formula
CgH1g. Without drawing all 18 isomers, determine how many of the
isomers will have a parent name of heptane.

() i (d) % :

CH, CH, H H CH, CHy H CH,
@ H H CH, CH 7y H H CH, H

H  CH,
- H CH3

Oy b e
() (h) H H

CH, CH,

H CH,  HC CH,
CH, CH,4 0

(i)
" M =

4.64 Consider the structures of cis-1,2-dimethylcyclopropane and
trans-1,2-dimethylcyclopropane:

AN A

(@) Which compound would you expect to be more stable? Explain
your choice.

(b) Predict the difference in energy between these two compounds.



4.65 Compare the three staggered conformations of ethylene glycol.
The anti conformation of ethylene glycol is not the lowest energy con-
formation. The other two staggered conformations are actually lower in
energy than the anti conformation. Suggest an explanation.

OH
Ho™ >
Ethylene glycol

4.66 Determine whether the following compounds are constitutional
isomers:
H

H H HaC CHj
H CH, HaC CHy
H H

4.67 Consider the following tetra-substituted cyclohexane:

OH

T3

(a) Draw both chair conformations of this compound.
(b) Determine which conformation is more stable.

(c) At equilibrium, would you expect the compound to spend more
than 95% of its time in the more stable chair conformation?

4.68 Consider the structures of cis-decalin and trans-decalin:

H H
H %
H
cis-Decalin trans-Decalin

(a) Which of these compounds would you expect to be more stable?

(b) One of these two compounds is incapable of ring flipping. Identify
it and explain your choice.

4.69 The structural unit below has been incorporated into a synthetic
polymer designed to mimic the skeletal muscle protein titin."® In its
most stable conformation (shown), it forms one intramolecular hydro-
gen bond and four intermolecular hydrogen bonds to an identical unit
in the same conformation. Draw two equivalents of this structural unit
and clearly show all of the interactions described above.

v

oH\N A 53

;\NJJ\N)\\N

|
H

e}

4.70 Aspernomine, a natural product isolated from the fungus Asper-
gillus nomius, was found to be an antiinsectan (it protects against
predation by insects).'*

Me oH

Aspernomine
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(a) Two of the six-membered rings are represented in chair conforma-
tions. Is the connection between these two rings analogous to that
in cis- or trans-decalin?

(b) Is the aromatic ring in an axial or equatorial position?

(c) Consider the six-carbon acyclic substituent bound to one of the
bridgehead carbons. What is its relationship (axial or equatorial) to
each of the chairs?

(d) What is the approximate dihedral angle between the two methyl
groups directly bound to the chairs?

Problems 4.71-4.74 follow the style of the ACS organic chemistry
exam. For each of these problems, there will be one correct answer
and three distractors.

4.71  All of the following are representations of cis-1,2-dimethylcyclo-
hexane, EXCEPT:

ﬁ CHo
(a) CH, (b) CHs CHs
H CHg
H CH,
H H CHgy
@ H H (d) CHy

4.72 All of the following are representations of 2-methylpentane,
EXCEPT:

H
H CH,CHs H H
HsC CH, H CHs
(a) H (b) H
H
H H H CH,CH,CHg
H H H H
(© CHa d CHg

4.73 Which of the following is expected to have the largest heat of
combustion?

(a) Q

>

4.74  Which of the following is a constitutional isomer of heptane?

(a) O
(c) >§<
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CHALLENGE PROBLEMS

4.75 Draw all three staggered conformations for the following com-
pound, viewed along the C;,—C3 bond. Determine which conforma-
tion is the most stable, taking into account gauche interactions and
hydrogen-bonding interactions.'® Provide a reason for your choice by
identifying all of the interactions that led to your decision.

H
H;CaZ OH
Y <—C,

«——GC,

HO"S “CH,

g

4.76 The all-trans-1,2,3,4,5,6-hexaethylcyclohexane (1) prefers the all-
equatorial conformation while the all-trans-1,2,3,4,5,6-hexaisopropylcyclo-
hexane (2) possesses a severely destabilized all-equatorial conformation.®

Et Et i-Pr. i-Pr

N
S s

Etinne Et  i-Priw i-Pr

Et Et i-Pr i-Pr

(a) By examining a molecular model of cyclohexane with several
all-trans-equatorial isopropyl groups and another model with
several all-trans-equatorial ethyl groups, determine why adjacent
equatorially oriented isopropyl groups experience severe steric
interactions which are lacking in the ethyl case. Draw a chair con-
formation of the former case which illustrates these severe steric
interactions. Also draw a Newman projection looking down one
of the C—C bonds connecting the cyclohexyl ring to an equato-
rial isopropyl group and illustrate a conformation with severe
steric strain.

(b) The all-axial conformation of 2 possesses a fairly stable con-
formation where the steric repulsion among the axial isopropyl
groups can be minimized. Again, use models to examine this
chair conformation and draw it. Also, draw a Newman projection

looking down one of the C—C bonds connecting the cyclohexyl
ring to an axial isopropyl group and illustrate why this conforma-
tion is lower than the all-equatorial chair conformation in steric
destabilization.

4.77 Compounds 1 and 2 were prepared, and the difference in their
respective heats of combustion was found to be 17.2 kJ/mol."”

H H

(@) Redraw compounds 1 and 2 showing chair conformations for the
six-membered rings. In each case, draw the lowest energy confor-
mation for the compound.

(b) Identify which compound has the larger heat of combustion.
Explain your reasoning.
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Stereoisomerism

5.1 Overview of Isomerism

DID YOU EVER WONDER...

whether pharmaceuticals are really safe?

5.2 Introduction to Stereoisomerism

5.3 Designating Configuration Using
the Cahn-Ingold-Prelog System

As mentioned in the previous chapter, most drugs cause mul- 5.4 Optical Activity

tiple physiological responses. In general, one response is 5.5 Stereoisomeric Relationships:

desirable, while the rest are undesirable. The undesirable responses Enantiomers and Diastereomers

can range in severity and can even result in death. This might sound 5.6 Symmetry and Chirality

scary, but the FDA (Food and Drug Administration) has strict 5.7 Fischer Projections

guidelines that must be followed before a drug is approved for sale 5.8 Conformationally Mobile Systems
to the public. Every potential drug must first undergo animal testing 5.9 Chiral Compounds That

followed by three separate clinical trials involving human patients Lack a Chiral Center

(phases I, II, and III). Phase I involves a small number of patients 5.10 Resolution of Enantiomers
(20-80), phase II can involve several hundred patients, and phase I1I 5.11 E and Z Designations for

can involve several thousand patients. The FDA will only approve Diastereomeric Alkenes

drugs that have passed all three phases of clinical trials. Even after

receiving approval to be sold, the effects of a drug are still monitored
for potential long-term adverse effects. In some cases, a drug must be
pulled off the market after adverse side effects are observed in a small
percentage of the population. One such example is Vioxx, an anti-
inflammatory drug that was heavily used in the treatment of osteoar-
thritis and acute pain. Vioxx was approved by the FDA in 1999 and
instantly became very popular, providing its manufacturer (Merck
& Co.) with over two billion dollars in annual sales. In 2004, Merck
had to remove Vioxx from the market because of concerns that long-
term use increased the risk of heart attacks and strokes. This example
highlights the fact that pharmaceutical safety cannot be absolutely
guaranteed. Nevertheless, the development of pharmaceuticals has
vastly improved our quality of life and longevity, and the positive
effects significantly outweigh the rare examples of negative effects.
The effects of any particular drug are determined by a host of fac-
tors. We have already seen many of these factors, including the role of
the pharmacophore, conformational flexibility, and acid-base properties.
In this chapter, we will take a closer look at the three-
dimensional structure of compounds, and we
will see that this characteristic is arguably
one of the most important factors to
be considered when designing drugs
and assessing their safety. In partic-
ular, we will explore compounds
that differ from each other only
in the three-dimensional, spa-
tial arrangement of their atoms,

continued >
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but not in the connectivity of their atoms. Such compounds are called stereoisomers, and we will
explore the connection between stereoisomerism and drug action.

This chapter will focus on the different kinds of stereoisomers. We will learn to
identify stereoisomers, and we will learn several drawing styles that will allow us to
compare stereoisomers. The upcoming chapters will focus on reactions that produce

stereoisomers.

DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.
e Constitutional Isomerism (Section 1.2) ¢ Drawing and Interpreting Bond-Line Structures (Section 2.2)

e Tetrahedral Geometry (Section 1.10) * Three-Dimensional Representations (Section 2.6)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

5.1 Overview of Isomerism

The term isomers comes from the Greek words isos and meros, meaning “made of the same parts.” That
is, isomers are compounds that are constructed from the same atoms (same molecular formula) but
that still differ from each other. We have already seen two kinds of isomers: constitutional isomers
(Section 4.3) and stereoisomers (Section 4.14), as illustrated in Figure 5.1.

Isomers
Constitutional isomers Stereoisomers
Same molecular formula Same molecular formula and
but different constitution constitution but different spatial
FIGURE 5.1 (order of connectivity of atoms) arrangement of atoms

The main categories of isomers.

Constitutional isomers differ in the connectivity of their atoms; for example:

H H H
H—C—O—é—H H*Clifé*O*H
Heoh oW
Methoxymethane Ethanol
Boiling point = -23°C Boiling point = 78.4°C

The two compounds above have the same molecular formula, but they differ in their constitution. As

a result, they are different compounds with different physical properties.
Stereoisomers are compounds that have the same constitution but differ in the spatial arrange-
ment of their atoms. In the previous chapters, we discussed one example of cis-zrans stereoisomerism

among disubstituted cycloalkanes:

CH; CH, CH; H

H H H  CHs

cis- trans-
1,2-Dimethylcyclohexane 1,2-Dimethylcyclohexane
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The cis stereoisomer exhibits groups on the same side of the ring, while the z7ans stereoisomer exhibits
groups on opposite sides of the ring. In addition to the examples above, the terms cis and zrans are
also used to describe stereoisomerism among double bonds:

H3C CHj3 H3C H
H H H CHj3
cis-2-Butene trans-2-Butene
Boiling point = 4°C Boiling point = 1°C

The cis stereoisomer exhibits groups on the same side of the double bond, while the #7ans stereoiso-
mer exhibits groups on opposite sides of the double bond. The two drawings above represent dif-
ferent compounds with different physical properties, because the double bond does not experience
free rotation as single bonds do. Why not? Recall that a 7 bond is formed from the overlap of two p
orbitals (Figure 5.2). Rotation about the C—C double bond would effectively destroy the overlap
between the p orbitals. Therefore, the C—C double bond does not experience free rotation at room
temperature.

Chemists use cis-trans terminology to describe disubstituted alkenes, even when the two
substituents (connected to the 7 bond) are different from each other, as seen in the following

= Bond examples:
FIGURE 5.2 (0]
An illustration of p orbitals J\
overlappi f bond X
pping to form a m bond. OH
M
cis-2-Octene trans-Cinnamic acid

However, cis-trans terminology does not apply for disubstituted alkenes in which the two substituents

Y

In such cases, the double bond is not stereoisomeric and should not be labeled as cis or trans.

are connected to the same position:

CONCEPTUAL CHECKPOINT

5.1 In the following compound, identify each C=C unit as cis, | 5.3 Compound X and compound Y are constitutional isomers

trans, or not stereoisomeric. with the molecular formula CsHqip. Compound X possesses a
carbon-carbon double bond in the trans configuration, while
@ compound Y possesses a carbon-carbon double bond that is not

stereoisomeric:

5.2 Identify the number of sterecisomers that are pos- @ (a) Identify the structure of compound X.

sible for a compound with the following constitution: | (b) Identify four possible structures for compound V.
H2C:CHCH2CH2CH2CH:CH2

5.2 Introduction to Stereoisomerism

In the previous section, we reviewed cis-trans stereoisomerism, but there are other kinds of stereoiso-
mers. We begin our exploration of the various kinds of stereoisomers by investigating the relationship
between an object and its mirror image.

Chirality
FIGURE 5.3

An object that is superimposable Any object can be viewed in a mirror, revealing its mirror image. Take, for example, a pair of sunglasses
on its mirror image. (Figure 5.3). For many objects, like the sunglasses in Figure 5.3, the mirror image is identical to the
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FIGURE 5.4

An object that is not
superimposable on
its mirror image.

FIGURE 5.5

There are two ways to
arrange four different groups
around a carbon atom.

BY THE WAY

To see that these

two compounds are
nonsuperimposable,
build a molecular model
using any one of the
commercially available
molecular model kits.

BY THE WAY

Despite the IUPAC
recommendation to use

the term “chirality center,”
the terms “stereocenter”

and “stereogenic center”

are more commonly used.
However, these terms have

a broader definition: A
stereocenter, or stereogenic
center, is defined as a location
at which the interchange of
two substituents will generate
a stereoisomer. This definition
includes chirality centers,

but it also includes cis and
trans double bonds, which
are not chirality centers.

Stereoisomerism

actual object. The object and its mirror image are said to be superimposable. This is not the case if
we remove one of the lenses (Figure 5.4). The object and its mirror image are now different. One pair
is missing the right lens, while the other pair is missing the left lens. In this case, the object and its
mirror image are nonsuperimposable. Many familiar objects, such as hands, are nonsuperimposable on
their mirror images. A right hand and a left hand are mirror images of one another, but they are not
identical; they are not superimposable on one another. A left hand will not fit into a right-handed
glove, and a right hand will not fit into a left-handed glove.

Objects that are not superimposable on their mirror images are called chiral objects, from the
Greek word cheir (meaning “hand”). All three-dimensional objects can be classified as either chiral
or achiral. Molecules are three-dimensional objects and can therefore also be classified as either chiral
or achiral. Chiral molecules are nonsuperimposable on their mirror images. Achiral molecules are
superimposable on their mirror images. What makes a molecule chiral?

Molecular Chirality

The most common source of molecular chirality is the presence of a carbon atom bearing four dif-
ferent groups. There are two different ways to arrange four groups around a central carbon atom
(Figure 5.5). These two arrangements are nonsuperimposable mirror images.

b

Consider, for example, the structure of 2-butanol, which can be arranged in two different ways in
three-dimensional space:

1
OH OH
: K
Etuu\"‘ | \ 11} Et
Me H i H Me

I
Mirror

These two compounds are nonsuperimposable mirror images, and they represent two different com-
pounds. They differ from each other only in the spatial arrangement of their atoms, and therefore,
they are stereoisomers.

In 1996, the IUPAC recommended that a tetrahedral carbon bearing four different groups
be called a chirality center. Despite this recommendation, organic chemists often use other more
common terms, including chiral center, stereocenter, stereogenic center, or asymmetric center. For the
remainder of our discussion, we will use the term chiral center. Below are several examples of chiral
centers:

Br
Cl

)\//W

OH

Each of the highlighted carbon atoms bears four different groups. In the last compound, the carbon
atom is a chiral center because one path around the ring is different than the other path (one path
encounters the double bond sooner). In contrast, the following compound does not have a chiral center.
In this case, the clockwise path and the counterclockwise path are identical.

Br
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SKILLBUILDER
5.1 LOCATING CHIRAL CENTERS
(D)

{ ) LEARN the skill Propoxyphene, sold under the trade name Darvon, is an analgesic (painkiller) and antitussive
%-/ (cough suppressant). Identify all chiral centers in propoxyphene:

e
5§

|
o]
. SOLUTION
S'2I'EP 1 We are looking for a tetrahedral carbon atom that O
Ignore sp™- and bears four different groups. Each of the sp>-hybridized O
sp-hybridized

carbon atoms are connected to only three groups,
rather than four. So, none of these carbon atoms can
be chiral centers.

~
carbon atoms. T 0
(@)
These carbon atoms cannot be chiral centers

STEP 2 We can also rule out any CH, groups or CH3 groups,
Ignore CH; and as these carbon atoms do not bear four different O
CHs groups. O
groups.

}o

These carbon atoms cannot be chiral centers

It is helpful to become proficient at identifying carbon atoms that cannot be chiral centers.
This will make it easier to spot the chiral centers more quickly. In this example, there are only
two carbon atoms worth considering:

STEP 3
Identify any O
carbon atoms O
bearing four “
different groups. T o
o}

Each of these positions has four different groups, so each of these positions is a chiral center.

| PRACTICE the skill 5.4 Identify all chiral centers in each of the following compounds:

D\

OH

HO 0) fe)
HO
_ = =
HO OH

Ascorbic acid
(a) (vitamin C) (b) Vitamin D3

OH

N

HO
OH
N

Mestranol Fexofenadine
(C) An oral contraceptive (d) A nonsedating antihistamine
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()

( 0 ) APPLY the skill 5.5 Draw all constitutional isomers with the molecular formula C4HgBr and identify the

\ / isomer(s) that possess chiral centers.

5.6 Do you expect the following compound to be chiral? Explain your answer (consider
whether this compound is superimposable on its mirror image).

Sin

need more PRACTICE? Try Problem 5.34b

Enantiomers

When a compound is chiral, it will have one nonsuperimposable mirror image, called its enantiomer
(from the Greek word meaning “opposite”). The compound and its mirror image are said to be a
pair of enantiomers. The word “enantiomer” is used in speech in the same way that the word “twin”
is used in speech. When two children are @ pair of twins, each one is said to be the rwin of the other.
Similarly, when two compounds are  pair of enantiomers, each compound is said to be the enantiomer
of the other. A chiral compound will have exactly one enantiomer, never more and never less. Let’s
practice drawing the enantiomer of chiral compounds.

SKILLBUILDER

\ 5.2 DRAWING AN ENANTIOMER

(D)

( 0 ] LEARN the skill Amphetamine is a prescription stimulant used in the treatment of ADHD NH,
\ / (attention-deficit hyperactivity disorder) and chronic fatigue syndrome. ©/Y
During World War Il it was used heavily by soldiers to reduce fatigue and
increase alertness. Draw the enantiomer of amphetamine. Amphetamine
SOLUTION

This problem is asking us to draw the mirror image of the compound shown. There are three
ways to do this, because there are three places where we can imagine placing a mirror:
(1) behind, (2) next to, or (3) beneath the molecule:

Mirror behind \

the molecule

NH,
Mirror next to
the molecule

Mirror beneath the molecule

BY THE WAY It is easiest to place the mirror behind the molecule, because the skeleton of the molecule
In most cases, it is is drawn in exactly the same way except that all dashes become wedges and all wedges
easiest to draw a become dashes. Every other aspect of the molecule is drawn in exactly the same way:

mirror image by
placing the mirror
behind the molecule.

Mirror behind the molecule

Enantiomer

NH,
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The second way to draw an enantiomer is to place the Mirror next to the molecule
mirror on the side of the molecule. When doing so,
draw the mirror image of the skeleton, but all dashes

remain dashes and all wedges remain wedges. ©/\rNH2 HZN\‘/\©

Enantiomer

Finally, we can place the mirror under the molecule. When doing so, draw the mirror image
of the skeleton; once again, all dashes remain dashes and all wedges remain wedges:

NH,

the molecule

©\/L Mirror beneath

. NH,
Enantiomer

Of the three ways to draw an enantiomer, only the first method involves interchanging
wedges and dashes. Even so, make sure to understand that all three of these methods pro-
duce the same answer:

NH, HoN
is the is the
©/\§/ same as j/\© same as ©\)\
NH

All three drawings represent the same compound. They might look different, but rotation of any
one drawing will generate the other drawings. Remember that a molecule can only have one
enantiomer, so all three methods must produce the same answer.

In general, it is easiest to use the first method. Simply redraw the compound, replacing
all dashes with wedges and all wedges with dashes. However, this method will not work in
all situations. In some molecular drawings, wedges and dashes are not drawn, because the
three-dimensional geometry is implied by the drawing. This is the case for bicyclic com-
pounds. When dealing with bicyclic compounds, it will be easier
to use one of the other two methods (placing the mirror either on
the side of the molecule or below the molecule). In the example
shown here, it is easiest to place the mirror on the side of com- H H
pound A, which allows us to draw compound B (the enantiomer Cl Cl
of Compound A). Compound A Compound B

2

Mirror

| PRACTICE the skill 5.7 Draw the enantiomer of each of the following compounds:

()

OH II'
e} N ﬁ P
H
>< J\ % o
HO !
OH H
Albuterol
(sold under the trade name Ventolin) Propranolol
A bronchodilator used A beta blocker used in the Oxybutynin
(a) in the treatment of asthma (b) treatment of hypertension (C) Used to treat urinary and bladder disorders
OH I?
HO N_

CHj;

HO

H
(d) A hormone that acts Ketamine Nicotine

Adrenaline
as a bronchodilator (e) An anesthetic (f) An addictive substance present in tobacco (g) OH
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(=)

° APPLY the skill 5.8

Stereoisomerism

Ixabepilone is a cytotoxic compound approved by the FDA in 2007 for the treatment of
advanced breast cancer. Bristol-Myers Squibb is marketing this drug under the trade name
= Ixempra. Draw the enantiomer of this compound:

O,

‘.“\\O H

(0] OH O

Ixabepilone

need more PRACTICE? Try Problems 5.32, 5.33a, 5.38a—c,e

@ Practically Speaking The Sense of Smell

In order for an object to have an odor, it must release organic
compounds into the air. Most plastic and metal items do not
release molecules into the air at room temperature and are
therefore odorless. Spices, on the other hand, have very strong
odors, because they release many organic compounds. These
compounds enter your nose when you inhale, where they
encounter receptors that detect their presence. The compounds
bind to the receptors, causing the transmission of nerve signals
that the brain interprets as an odor.

A specific compound can bind to a number of different
receptors, creating a pattern that the brain identifies as a particular
odor. Different compounds generate different patterns, enabling
us to distinguish over 10,000 odors from one another. This
mechanism has many fascinating features. In particular, “mirror-
image” compounds (enantiomers) will often bind to different
receptors, thereby creating different patterns which are interpreted
as unique odors. To understand the reason for this, consider the
following analogy. A right hand will fit into a brown paper bag just
as easily as a left hand will, because the bag is not chiral. However,
a right hand will not fit into a left-handed glove just as easily as
a left hand will, because the glove itself is chiral. Similarly, if a
receptor is chiral, as is usually the case, then we might expect that
only one enantiomer of a pair will effectively bind to it.

dhild

As an example, carvone has one chiral center and therefore

has two enantiomeric forms:
(0] (0]
(S)-Carvone

(R)-Carvone
(odor of spearmint) (odor of caraway seeds)

One enantiomer is responsible for the odor of spearmint,
while the other is responsible for the odor of caraway seeds (the
seeds found in seeded rye bread). In
order for us to detect different odors,
our receptors must themselves
be chiral. This illustrates the chiral
environment of the human
body (a sea of chiral molecules
interacting with each other). We
will soon explore how drug action
is also determined by the chiral nature
of most biological receptors.

5.3 Designating Configuration Using the
Cahn-Ingold-Prelog System

In the previous section, we used bond-line structures to illustrate the difference between a pair of

enantiomers:

\/\o/\

)

cl
\/ko/\

A pair of enantiomers

In order to communicate more effectively, we also need a system of nomenclature for identifying
each enantiomer individually. This system is named after the chemists who devised it: Cahn, Ingold,



LOOKING AHEAD
A summary of the Cahn-
Ingold-Prelog system
appears immediately
prior to SkillBuilder 5.3.

BY THE WAY

To visualize this rotation,
you may find it helpful to
build a molecular model
using any one of the
commercially available
molecular model kits.
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and Prelog. The first step of this system involves assigning priorities to each of the four groups
attached to the chiral center, based on atomic number. The atom with the highest acomic number is
assigned the highest priority (1), while the atom with the lowest atomic number is assigned the lowest
priority (4). As an example, consider one of the enantiomers just shown:

o B
o

3 2

Of the four atoms attached to the chiral center, chlorine has the highest atomic number so it is
assigned priority 1. Oxygen has the second highest atomic number, so it is assigned priority 2. Carbon
is assigned priority 3, and finally, hydrogen is priority 4 because it has the lowest atomic number.

After assigning priorities to all four groups, we then rotate the molecule so that the fourth
priority is directed behind the page (on a dash):

Rotate
1 \\4
— X
2 3

Then, we look to see if the sequence 1-2-3 is clockwise or counterclockwise. In this enantiomer, the
sequence is counterclockwise:

1 4

2 3

Counterclockwise = S

A counterclockwise sequence is designated as § (from the Latin word sinister, meaning “left”). The

q g g
enantiomer of this compound will have a clockwise sequence and is designated as R (from the Latin
word rectus, meaning “right”):

Clockwise = R

The descriptors R and S are used to describe the configuration of a chiral center. Assigning the
configuration of a chiral center therefore requires three distinct steps. The following sections will
deal with some subtle nuances of these steps.

1. Prioritize all four groups connected to the chiral center.

2. If necessary, rotate the molecule so that the fourth priority group is on a dash.

3. Determine whether the sequence 1-2-3 is clockwise or counterclockwise.

Assigning Priorities to All Four Groups

The previous example was fairly straightforward because all four atoms attached to the chiral center
were different (Cl, O, C, and H). It is more common to encounter two or more atoms with the same

In this case, two carbon atoms are directly connected to the chiral center. Certainly, oxygen is
assigned priority 1 and hydrogen is assigned priority 4. But which carbon atom is assigned priority

atomic number. For example:
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Stereoisomerism

2? In order to make this determination, notice that each carbon atom is connected to the chiral
center and to three other atoms. Make a list of the three atoms on either side in decreasing order of
atomic number and compare:

H OH

:”/

ITO
IITO

These lists are identical, so we move farther away from the chiral center and repeat the process:

C

C
Ti
bre;ier H
We are specifically looking for the first point of difference. In this case, the left side will be assigned
the higher priority, because C has a higher atomic number than H.
Here is another example that illustrates an important point:

H OH

HO\)><

Tie

H breaker c

H C
In this case, the left side will be assigned the higher priority, because oxygen has a higher atomic
number than carbon. We do not compare the sum total of each list. It might be true that three car-
bon atoms have a greater sum total of atomic numbers (6+6+6) than one oxygen atom and two
hydrogen atoms (8+1+1). However, the deciding factor is the first point of difference, and in this
case, oxygen beats carbon.

When assigning priorities, a double bond is considered as two separate single bonds. The follow-

ing carbon atom (highlighted) is treated as if it is connected to two oxygen atoms:

The list for this (o}
carbon atom is [o)
—_—

H

The oxygen atom
counts twice

The same rule is applied for any type of multiple bond, as illustrated in the following example:

8 HO, H /ﬁ
= c . X o M
H C

Rotating the Molecule

After assigning priorities to all four groups connected to the chiral center, the next step is to rotate the
molecule so that the fourth priority is on a dash. Some students have trouble rotating a molecule and
redrawing it in the proper perspective. If you are having trouble, there is a helpful technique based
on the following principle: Switching any two groups on a chiral center will invert the configuration:

N
1 \\4 4 \\1
MO — M
2 3 2 3
S R

It doesn’t matter which two groups are switched. Switching any two groups will change the configu-
ration. Then, switching any two groups a second time will switch the configuration back to the way
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it was originally. Based on this idea, we can devise a simple procedure that will allow us to rotate a
molecule without actually having to visualize the rotation. Consider the following example.

1 3

S
S

2 7]

To assign the configuration of this chiral center, first find the fourth priority and switch it with the
group that is on the dash. Then, switch the other two groups:

ke 1 @ 2 @
N — O — N
27 4 27 B 17 13

Two switches have been performed, so the final drawing must have the same configuration as the
original drawing. But now, the molecule has been redrawn in a perspective that exhibits the fourth
priority on a dash. This technique provides a method for redrawing the molecule in the appropriate
perspective (as if the molecule had been rotated). In this example, the sequence 1-2-3 is clockwise,
so the configuration is R. The following is a summary of the procedure for assigning configuration:

A REVIEW OF CAHN-INGOLD-PRELOG RULES: ASSIGNING THE CONFIGURATION OF A CHIRAL CENTER

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5
Identify the four  Assign a priority to If two atoms have the  Rotate the molecule  Determine whether
atoms directly each atom based on  same atomic number,  so that the fourth the sequence 1-2-3
attached to the its atomic number. move away fromthe  priorityisonadash  follows a clockwise
chiral center. The highest atomic chiral center looking (going behindthe ~ order (R) ora
number receives for the first point of plane of the page).  counterclockwise
priority 1, and the difference. When order (S).
lowest atomic constructing lists to
number (often a compare, remember
hydrogen atom) that a double bond
receives priority 4. is treated as two sepa-

rate single bonds.

SKILLBUILDER

5.3 ASSIGNING THE CONFIGURATION OF A CHIRAL CENTER

LEARN the skill The following bond-line structure represents one enantiomer of
2-amino-3-(3,4-dihydroxyphenyl)propanoic acid, used in the treat-
ment of Parkinson’s disease. Assign the configuration of the chiral
center in this compound.

SOLUTION

STEP 1 Begin by identifying the four atoms directly attached to the chiral center:

Identify the four
atoms attached to
the chiral center and
prioritize by atomic
number.

STEP 2

If two or more atoms . . . . .
are carbon, look The four atoms are N, C, C, and H. Nitrogen has the highest atomic number, so it is assigned

for the first point of priority 1. Hydrogen is assigned priority 4. We must now decide which carbon atom is
difference. assigned priority 2. Make a list in each case and look for the first point of difference.
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STEP 3

Redraw the chiral
center showing only
priorities.

STEP 4

Rotate the molecule
so that the fourth
priority is on a dash.

STEP 5

Assign the
configuration based
on the order of the
sequence 1-2-3.

PRACTICE the skill

Vs
\_

OH

Zz—I

(a)

Ephedrine

A bronchodilator and decongestant
obtained from the Chinese plant Ephedra sinica

HoH
O N
HO S,
> 'lu/N\
(d) s OH
Biotin
(vitamin B7)

Stereoisomerism

Tie
breaker

Cc
(6] H

(e} H
Oxygen has a higher atomic number than carbon, so the left side is assigned the higher
priority. The priorities are therefore arranged in the following way:

In this case, the fourth priority is not on a dash, so the molecule must be rotated into the
appropriate perspective:

1 4
3 S
Rotate — > >\
S\ 37 13

1 4

The sequence of 1-2-3 is counterclockwise, so the configuration is S. If the rotation step is
difficult to see, the technique described earlier will help. Switch the 4 and the 1, so that the
4 is on a dash. Then switch the 2 and the 3. After two successive switches, the configuration
remains the same:

)
p) 3 p) 3 3 2
x —— X — =X
1) 4 4 N 4 N

Now the 4 is on a dash, where it needs to be. The sequence of 1-2-3 is counterclockwise, so
the configuration is S.

5.9 Each of the following compounds possesses carbon atoms that are chiral centers.
Locate each of these chiral centers and identify the configuration of each one:

(b)

Br

Cl

Halomon
An antitumor agent isolated
from marine organisms

Streptimidone
An antibiotic

S

! Cl
O H 6] "////\/
(e)

I

—
-

-~

e
=

Kumepaloxane

A signal agent produced by Haminoea cymbalum,

a snail indigenous to Guam

Chloramphenicol
An antibiotic agent isolated from
the Streptomyces venezuelae bacterium
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APPLY the skill 5.10 In Chapter 24, we will see that amino acids (like the ones shown below) can be linked
together to give short chains, called peptides, or longer chains (~50-2000 amino acids
linked together) called proteins. High-protein foods such as chicken egg whites are good
sources of peptides and proteins that are good for your health.” Of the 20 naturally occurring
amino acids, 19 are chiral and all but one has the same configuration at the alpha carbon (the
carbon atom next to the COOH group).

Pam
Y

(a) Assign a configuration to each of the four amino acids shown below, and determine
which one is the exception.

(b) Explain why glycine is achiral.

O

R o] (0] 0 o)

(23

OH HO
NH, N \\ OH HS OH OH Y OH
An @-amino acid NN NH, NH; N\H o] NH,
Al = side chain Histidine Cysteine Proline Aspartic acid
(for glycine, R = H)

need more PRACTICE? Try Problems 5.31, 5.34, 5.35, 5.39a-e,g, 5.50

Designating Configuration in IUPAC Nomenclature

When naming a chiral compound, the configuration of the chiral center is indicated at the beginning
of the name, italicized, and surrounded by parentheses:

OH OH
(R)-2-Butanol (S)-2-Butanol

When multiple chiral centers are present, each configuration must be preceded by a locant (a number)
to indicate its location on the parent chain:

OH

(2R,3S)-3-Methyl-2-pentanol

® Medically Speaking Chiral Drugs

J Thousands of drugs are marketed throughout the (called three-point binding), then one enantiomer of the drug may
- ’ world. The origins of these drugs fall into three be more capable of binding with the receptor:
. categories:
R R
1. natural products—compounds isolated from natural sources, (|3 (l;
! / iy / K
such as plants or bacteria, Hd \
2. natural products that have been chemically modified in the labo- | & H )

ratory, or

3. synthetic compounds (made entirely in the laboratory).
Most drugs obtained from natural sources consist of a single
enantiomer. It is important to realize that a pair of enantiomers

will rarely exhibit the same potency. We have seen in previous
chapters that drug action is usually the result of drug-receptor The first compound (left) can bind with the receptor, while its
binding. If the drug binds to the receptor in at least three places enantiomer (right) cannot bind with the receptor. For this reason,
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enantiomers will rarely produce the same biological response. As
an example, consider the enantiomers of ibuprofen:

: OH OH
m I

(S)-Ibuprofen

(R)-lbuprofen

Ibuprofen is an analgesic (painkiller) with anti-inflammatory
properties. The S enantiomer is the active agent, while the R
enantiomer is inactive. Nevertheless, ibuprofen is sold as a
mixture of both enantiomers (under the trade names Advil and
Motrin), because the benefit of separating the enantiomers
is not clear. In fact, there is evidence that the human body is
capable of slowly converting the R enantiomer into the desired
S enantiomer. Many synthetic drugs are sold as a mixture of
enantiomers, because of the high cost and difficulty associated
with separating enantiomers.

In many cases, enantiomers can trigger entirely different
physiological responses. For example, consider the enantiomers
of Timolol:

@

‘..o

/\ N
MR \”X “HC)WX

\s

(S)-Timolol (R)-Timolol

The S enantiomer treats angina and high blood pressure,

while the R enantiomer is useful in treating glaucoma. In this
example, both enantiomers produce desirable, albeit different,
results. In other cases, one enantiomer can produce an
undesirable response. For example, consider the enantiomers of
penicillamine:

I ML
HS OH Hs™ > “oH
NH, NH,

(R)-Penicillamine (S)-Penicillamine

The S enantiomer was used to treat chronic arthritis (until other,
more effective drugs were developed), while the R enantiomer is
highly toxic. In such a case, the drug cannot be sold as a mixture
of enantiomers.

Another example is naproxen:

‘ _OH
“OO o
e

(S)-Naproxen

(R)-Naproxen

The S enantiomer is an anti-inflammatory
agent, while the R enantiomer is a
liver toxin.

In these cases where one
enantiomer of the drug is
known to be a toxin, the

drug is sold as a single .
enantiomer. However, ..
the vast majority of drugs .

on the market are sold as
mixtures of enantiomers. The
FDA has recently encouraged
development of single enantiomers by
allowing drug companies to apply for new
patents that cover single enantiomers
of drugs previously sold as mixtures
(provided that they demonstrate the
advantages of the single enantiomer
over the mixture of enantiomers).
Recent advances in enantioselective
synthesis have opened new doorways Bainisal
to the production of single-enantiomer - -
drugs. This is reflected by the fact that most new
drugs entering the market are sold as a single
enantiomer. .
For more examples of enantiomers that produce .
different biological responses, see J. Chem. Ed., 1996, .
73,481.

5.4 Optical Activity

Enantiomers exhibit identical physical properties. For example, compare the melting and boiling

points for the enantiomers of carvone:

(R)-Carvone

Melting point =
Boiling point

(S)-Carvone

o) 2 o

25°C
=231°C

=25°C
=231°C

Melting point
Boiling point

This should make sense, because physical properties are determined by intermolecular interactions,

and the intermolecular interactions of one enantiomer are just the mirror image of the intermolecular
interactions of the other enantiomer. Nevertheless, enantiomers do exhibit different behavior when
exposed to plane-polarized light. To explore this difference, let’s first quickly review the nature of light.



FIGURE 5.6
Light waves consist of
perpendicular, oscillating

electric and magnetic fields.

FIGURE 5.7
Unpolarized light.

FIGURE 5.8
Plane-polarized light.
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Plane-Polarized Light

Electromagnetic radiation (light) is comprised of oscillating electric and magnetic fields propagating
through space (Figure 5.6). Notice that each oscillating field is located in a plane, and these planes

Electric
field

Magnetic

field  Magnetic
wave Direction of

motion of the
light beam

are perpendicular to each other. The orientation of the electric field (shown in red) is called the
polarization of the light wave. When many waves of light are traveling in the same direction, they
each have a different polarization, randomly oriented with respect to one another (Figure 5.7). When
light passes through a polarizing filter, only photons of a particular polarization are allowed to pass
through the filter, giving rise to plane-polarized light (Figure 5.8). When plane-polarized light is
passed through a second polarizing filter, the orientation of the filter will determine whether light

passes through or is blocked (Figure 5.9).

9 o 1@ O

(a) light (b)  no light
passes passes
through through

FIGURE 5.9
Plane-polarized light passing through (a) two parallel polarizing filters or (b) two perpendicular
polarizing filters.

Polarimetry

In 1815, French scientist Jean Baptiste Biot was exploring the nature of light by passing plane-
polarized light through various solutions of organic compounds. In so doing, he discovered
that solutions of certain organic compounds (such as sugar) rotate the plane of plane-polarized
light. These compounds were therefore said to be optically active. He also noted that only some
organic compounds possess this quality. Compounds lacking this ability were said to be opti-
cally inactive.

The rotation of plane-polarized light caused by optically active compounds can be measured
using a device called a polarimeter (Figure 5.10). The light source is generally a sodium lamp, which
emits light at a fixed wavelength of 589 nm, called the D line of sodium. This light then passes
through a polarizing filter, and the resulting plane-polarized light continues through a tube contain-
ing a solution of an optically active compound, which causes the plane to rotate. The polarization of
the emerging light can then be determined by rotating the second filter and observing the orientation
that allows the light to pass.
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Light source

Polarizer (fixed)

The plane of polarization
of the emerging light is Polarimeter tube
not the same as that of

the entering polarized light.

As the arrows indicate, the optically

Analyzer active substance in solution in the
(can be rotated) tube is causing the plane of the
-90° polarized light to rotate.
FIGURE 5.10
The components of Observer Degree scale
a polarimeter. 180° (fixed)

Source of Optical Activity

In 1847, an explanation for the source of optical activity was proposed by French scientist Louis
Pasteur. Pasteur’s investigation of tartrate salts (discussed later in this chapter) led him to the conclu-
sion that optical activity is a direct consequence of chirality. That is, chiral compounds are optically
active, while achiral compounds are not. Moreover, Pasteur noted that enantiomers (nonsuperimpos-
able mirror images) will rotate the plane of plane-polarized light in equal amounts but in opposite
directions. We will now explore this idea in more detail.

Specific Rotation

When a solution of a chiral compound is placed in a polarimeter, the observed rotation (symbolized by
the Greek letter alpha, @) will be dependent on the number of molecules that the light encounters as it
travels through the solution. If the concentration of the solution is doubled, the observed rotation will
be doubled. The same is true for the distance that the light travels through the solution (the pathlength).
If the pathlength is doubled, the observed rotation will be doubled. In order to compare the rotations
for various compounds, scientists had to choose a set of standard conditions. By using a standard con-
centration (1 g/mL) and a standard pathlength (1 dm) for measuring rotations, it is possible to make
meaningful comparisons between compounds. The specific rotation for a compound is defined as the
observed rotation under these standard conditions.

It is not always practical to use a concentration of 1 g/mL when measuring the optical activity
of a compound, because chemists often work with very small quantities of a compound (milligrams,
rather than grams). Very often, optical activity must be measured using a very dilute solution. To
account for the use of nonstandard conditions, the specific rotation can be calculated in the follow-
ing way:

[0
c X/

Specific rotation = [a] =

where [o] is the specific rotation, « is the observed rotation, ¢ is the concentration (measured in
grams per milliliter), and / is the pathlength (measured in decimeters, where 1 dm = 10 cm). In
this way, the specific rotation for a compound can be calculated for nonstandard concentrations or
pathlengths. The specific rotation of a compound is a physical constant, much like its melting point
or boiling point.

The specific rotation of a compound is also sensitive to temperature and wavelength, but these
factors cannot be incorporated into the equation, because the relationship between these factors
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and the specific rotation is not a linear relationship. In other words, doubling the temperature
does not necessarily double the observed rotation; in fact, it can sometimes cause a decrease in the
observed rotation. The wavelength chosen can also affect the observed rotation in a nonlinear fash-
ion. Therefore, these two factors are simply reported in the following format:

laly

where 7'is the temperature (in degrees Celsius) and A is the wavelength of light used. Some examples
are as follows:

Br Br
(R)-2-Bromobutane (S)-2-Bromobutane
[ = —23.1 [® = +23.1

where D stands for the D line of sodium (589 nm). Notice that the specific rotations for enantiomers
are equal in magnitude but opposite in direction. A compound exhibiting a positive rotation (+) is
called dextrorotatory, while a compound exhibiting a negative rotation (—) is called levorotatory.
In the example above, the first enantiomer is levorotatory and is therefore called (—)-2-bromobutane,
while the second enantiomer is dextrorotatory and is therefore called (+)-2-bromobutane. There is
no direct relationship between the R/S system of nomenclature and the sign of the specific rotation
(+ or —). The descriptors (R) and (S) refer to the configuration (the three-dimensional arrangement)
of a chiral center, which is independent of conditions. In contrast, the descriptors (+) and (—) refer
to the direction in which plane-polarized light is rotated, which is dependent on conditions. As an
example, consider the structure of (§)-aspartic acid, which has one chiral center:

O

HO
NOH

O  NH,

The configuration of the chiral center is S, regardless of temperature. But the optical activity of this
compound is very sensitive to temperature: It is levorotatory at 20°C, but it is dextrorotatory at
100°C. This example illustrates that we cannot use the configuration (R or ) to predict whether a
compound will be (+) or (—). The magnitude and direction of optical activity can only be deter-
mined experimentally.

SKILLBUILDER

5.4 CALCULATING SPECIFIC ROTATION

LEARN the skill When 0.300 g of sucrose is dissolved in 10.0 mL of water and placed in a sample cell 10.0 cm
in length, the observed rotation is +1.99° (using the D line of sodium at 20°C). Calculate the
specific rotation of sucrose.

' SOLUTION
STEP 1 The following equation can be used to calculate the specific rotation:
Use the following

equation. . . o
Specific rotation = [a] =
c X |

and the problem provides all of the necessary values to plug into this equation. We just need
to make sure that the units are correct: Concentration (c) must be in units of grams per mil-
liliter. The problem states that 0.300 g is dissolved in 10.0 mL. Therefore, the concentration
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(L

STEP 2
Plug in the given
values.

PRACTICE the skill

APPLY the skill

Stereoisomerism

is 0.300 g/10.0 mL = 0.03 g/mL. Pathlength (I) must be reported in decimeters (where
1 dm = 10 cm). The problem states that the pathlength is 10.0 cm, which is equivalent to
1.00 dm. Now, simply plug these values into the equation:

e +1.99°

= = = +66.
c X 0.03g/mL X 1.00dm 66.3

Specific rotation = [«]

The temperature (20°C) and wavelength (D line of sodium) are reported as a superscript and
subscript, respectively. Notice that the specific rotation is generally reported as if it were a
unitless number:

(¥ = +66.3

5.11 When 0.575 g of monosodium glutamate (MSG) is dissolved in 10.0 mL of water and
placed in a sample cell 10.0 cm in length, the observed rotation at 20°C (using the D line of
sodium) is +1.47°. Calculate the specific rotation of MSG.

5.12 When 0.095 g of cholesterol is dissolved in 1.00 mL of ether and placed in a sample
cell 10.0 cm in length, the observed rotation at 20°C (using the D line of sodium) is —2.99°.
Calculate the specific rotation of cholesterol.

5.13 When 1.30 g of menthol is dissolved in 5.00 mL of ether and placed in a sample cell
10.0 cm in length, the observed rotation at 20°C (using the D line of sodium) is +0.57°.
Calculate the specific rotation of menthol.

5.14 Levetiracetam is used for the treatment of seizures in patients with epilepsy.
For patients who have a hard time swallowing the needed pills twice daily, relief is
in sight now that the FDA has granted approval for the use of rapidly dissolving,
porous tablets produced with a 3D printer.? Levetiracetam has a specific rotation of
[]*° = —93.4.

Levetiracetam

(a) If a 500-mg tablet of levetiracetam is dissolved in 10.0 mL of acetone and placed in a
sample cell with a length of 10.0 cm, what observed rotation is expected?

(b) Levetiracetam is the (S) enantiomer of the memory-enhancing racemic drug called
etiracetam. What do you think inspired the name of levetiracetam?

need more PRACTICE? Try Problems 5.41, 5.42, 5.49, 5.54c, 5.56

Enantiomeric Excess

A solution containing a single enantiomer is said to be optically pure, or enantiomerically pure.

That is, the other enantiomer is entirely absent.

A solution containing equal amounts of both enantiomers is called a racemic mixture and will

be optically inactive. When plane-polarized light passes through such a mixture, the light encounters

one molecule at a time, rotating slightly with each interaction. Since there are equal amounts of both

enantiomers, the net rotation will be zero degrees. Although the individual compounds are optically

active, the mixture is not optically active.

A solution containing both enantiomers in unequal amounts will be optically active. For exam-

ple, imagine a solution of 2-butanol, containing 70% (R)-2-butanol and 30% (S)-2-butanol. In such
a case, there is a 40% excess of the R stereoisomer (70% — 30%). The remainder of the solution is a
racemic mixture of both enantiomers. In this case, the enantiomeric excess (¢e¢) is 40%.
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The % ee of a compound is experimentally measured in the following way:

|observed «f
% ee = - X 100%
| of pure enantiomer|

Let’s get some practice using this expression to calculate % ee.

SKILLBUILDER

STEP 1
Use the following
equation.

STEP 2
Plug in the given
values.

PRACTICE the skill

D\
s

APPLY the skill

P
)

need more PRACTICE?

= 5.5 CALCULATING % ee
/ 0 \ LEARN the skill The specific rotation of optically pure adrenaline in water (at 25°C) is —53. A chemist devised

a synthetic route to prepare optically pure adrenaline, but it was suspected that the prod-
uct was contaminated with a small amount of the undesirable enantiomer. The observed
rotation was found to be —45°. Calculate the % ee of the product.

SOLUTION
We use the following equation to calculate the % ee:
|observed «|

% ee = - X 100%
| of pure enantiomer|

and then plug in the given values:

%eezgx 100%
= 85%

An 85% ee indicates that 85% of the product is adrenaline, while the remaining 15% is a
racemic mixture of adrenaline and its enantiomer (7.5% adrenaline and 7.5% of the enantio-
mer). An 85% ee therefore indicates that the product is comprised of 92.5% adrenaline and
7.5% of the undesired enantiomer.

5.15 The specific rotation of L-dopa in water (at 15°C) is —39.5. A chemist prepared
a mixture of L-dopa and its enantiomer, and this mixture had a specific rotation of —37.
Calculate the % ee of this mixture.

5.16 The specific rotation of ephedrine in ethanol (at 20°C) is —6.3. A chemist prepared
a mixture of ephedrine and its enantiomer, and this mixture had a specific rotation of —6.0.
Calculate the % ee of this mixture.

5.17 The specific rotation of vitamin By in water (at 22°C) is +92. A chemist prepared a
mixture of vitamin B; and its enantiomer, and this mixture had a specific rotation of +85.
Calculate the % ee of this mixture.

5.18 Synthetic chemists often employ enzymes to conduct asymmetric syntheses that
favor the production of one enantiomer over another. Baker's yeast was used to convert
the diketone shown into alcohol 1, with an ee of 84%.% The specific rotation for the pure (S)
enantiomer of 1 is reported to be +88.6. Calculate the observed specific rotation, [o], for the
sample of 1 that was synthesized with baker’s yeast.

OMe OMe
o) = | OH O
A Baker's yeast
e RIEes
o (o}
MeO MeO

Compound 1

Try Problems 5.40, 5.43, 5.54a,b
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5.5 Stereoisomeric Relationships: Enantiomers and
Diastereomers

In Section 5.1, we saw that stereoisomers have the same constitution (connectivity of atoms) but are

nonsuperimposable (they differ in their spatial arrangement of atoms). Stereoisomers can be subdi-
vided into two categories, as shown in Figure 5.11.

Isomers

Stereoisomers
Constitutional isomers o
(Same connectivity)
(Different connectivity) )
Nonsuperimposable

FIGURE 5.11
The main categories
of stereoisomers.

Enantiomers Diastereomers
Nonsuperimposable Nonsuperimposable,
mirror images and NOT mirror images

Enantiomers are stereoisomers that are mirror images of one another, while diastereomers are stereo-
isomers that are not mirror images of one another. According to these definitions, we can understand
why cis-trans isomers (discussed at the beginning of this chapter) are said to be diastereomers, rather
than enantiomers. Consider, once again, the structures of cis-2-butene and zrans-2-butene:

H3C CH;3 H3C H
H H H CH3
cis-2-Butene trans-2-Butene

They are stereoisomers, but they are not mirror images of one another and are therefore diastereo-
mers. An important difference between enantiomers and diastereomers is that enantiomers have
the same physical properties (as seen in Section 5.4), while diastereomers have different physical
properties (as seen in Section 5.1).

The difference between enantiomers and diastereomers becomes especially relevant when we con-
sider compounds containing more than one chiral center. As an example, consider the following structure:

OH
1

2 Me

This structure has two chiral centers. Each one can have cither the R configuration or the S configura-
tion, giving rise to four possible stereoisomers (two pairs of enantiomers):

A pair of enantiomers A pair of enantiomers

OH J“\\\OH OH »l“\\\OH

uy,

Me Me

1R, 2S 1S, 2R 1R, 2R 1S, 28

To describe the relationship between these four stereoisomers, we will look at one of them and
describe its relationship to the other three stereoisomers. The first stereoisomer listed above has the
configuration (1R, 2§). This stereoisomer has only one mirror image, or enantiomer, which has
the configuration (15, 2R). The third stereoisomer is not a mirror image of the first stereoisomer and
is therefore its diastereomer. In a similar way, there is a diastereomeric relationship between the first
stereoisomer and the fourth stereoisomer above because they are not mirror images of one another.
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To help better visualize the relationship between the four compounds above we will use an analogy.
Imagine a family with four children (two sets of twins). The first pair of twins are identical to each other
in almost every way, except for the placement of one birthmark. One child has the birthmark on the right
cheek, while the other child has the birthmark on the left cheek. These twins can be distinguished from
each other based on the position of the birthmark. They are nonsuperimposable mirror images of each
other. The second pair of twins look very different from the first pair. But the second pair of twins are once
again identical to each other in every way, except the position of the birthmark on the cheek. They are
nonsuperimposable mirror images of each other.

In this family of four children, each child has one twin and two other siblings. The same rela-
tionship exists for the four stereoisomers shown above. In this molecular family, each stereoisomer
has exactly one enantiomer (mirror-image twin) and two diastereomers (siblings).

Now consider a case with three chiral centers:

OH
d

3 2 Me
Cl

Once again, each chiral center can have either the R configuration or the S configuration, giving rise
to a family of eight possible stereoisomers:

OH WOH OH WOH
Me : u///Me - Me "/I//Me
cl cl @ cl
1R, 2R, 3S 1S, 2S, 3R 1R, 2R, 3R 1S, 25, 3S

. wOH OH OH
“"Me : Me ; “"Me Me
cl Cl Cl Cl
1R, 28, 38 1S, 2R, 3R 1R, 2S, 3R 1S, 2R, 3S

These eight stereoisomers are arranged above as four pairs of enantiomers. To help visualize this, imag-
ine a family with eight children (four sets of twins). Each pair of twins are identical to each other with
the exception of the birthmark, allowing them to be distinguished from one another. In this family,
each child will have one twin and six other siblings. Similarly, in the molecular family shown above,
each stereoisomer has exactly one enantiomer (mirror-image twin) and six diastereomers (siblings).

Note that the presence of three chiral centers produces a family of four pairs of enantiomers. A
compound with four chiral centers will generate a family of eight pairs of enantiomers. This begs the
obvious question: What is the relationship between the number of chiral centers and the number of
stereoisomers in the family? This relationship can be summarized as follows:

Maximum number of stereoisomers = 2”

where 7 refers to the number of chiral centers. A compound with four chiral centers can have a maxi-
4 . . . . .

mum of 2" stereoisomers = 16 stereoisomers, or eight pairs of enantiomers. As another example,

consider the structure of cholesterol:

P
~,

HO

Cholesterol

Cholesterol has eight chiral centers, giving rise to a family of 28 stereoisomers (256 stereoisomers).
The specific stereoisomer shown has only one enantiomer and 254 diastereomers, although the struc-
ture shown is the only stereoisomer produced by nature.
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SKILLBUILDER

5.6 DETERMINING THE STEREOISOMERIC RELATIONSHIP BETWEEN TWO COMPOUNDS

(=)

) LEARN the skill

STEP 1

Compare the
configuration of
each chiral center.

STEP 2

If only some of

the chiral centers
have opposite
configuration, then
the compounds are
diastereomers.

STEP 1

Compare the
configuration of each
chiral center.

STEP 2

If all chiral centers
have opposite
configuration, then
the compounds are
enantiomers.

J

)| PRACTICE the skill

A

Stereoisomerism

Identify whether each pair of compounds are enantiomers or diastereomers:

H OH

\\\Y

(a) O OH

SOLUTION

(a) In SkillBuilder 5.1, we saw how to draw the enantiomer of a compound. In particular,
we saw that the easiest method is to redraw the compound and invert all chiral centers.
That is, all dashes are redrawn as wedges, and all wedges are redrawn as dashes. Remember
that two compounds can only be enantiomers if all of their chiral centers have opposite
configuration. Let's carefully analyze all three chiral centers in each compound. Two of the
chiral centers do have opposite configurations:

Q)

g

\/\_/\/\

I

OH E\/\

(b)

H OH

But there remains one chiral center that has the same configuration in both stereoisomers:

OH
D

Therefore, these stereoisomers are not mirror images of each other; they must be
diastereomers.

wanQ

OH

OH

OH

(b) Once again, compare the configurations of the chiral centers in both compounds. The
first chiral center is easily identified as having a different configuration in each compound:

é\/\

The second chiral center is harder to compare with a brief inspection, because the skeleton

is drawn in a different conformation (remember that single bonds are always free to rotate).
When in doubt, you can always just assign a configuration (R or S) to each chiral center and
compare them that way:

N N NN .
éR
_\/\

S

When comparing these stereoisomers, both chiral centers have opposite configurations, so
these compounds are enantiomers.

5.19 Identify whether each of the following pairs of compounds are enantiomers or

diastereomers:
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Cl

(c) cl (d)

(e) ~.

5.20 In the field of chemical research, one area of interest is the study of how varia-
tions in structure, including stereochemical variations, affect the biological activity of
natural products. (-)-Lariciresinol, shown on the

right, is a natural product that exhibits plant growth
inhibition. (=)-Lariciresinol and all of its stereoiso-

mers were made in the laboratory and evaluated for ~ HsCO
their ability to regulate plant growth.* Draw all ste-
reoisomers of (=)-lariciresinol, and identify each as
either an enantiomer or a diastereomer of the natu- (-)-Lariciresinol
ral product.

HO S —oH

need more PRACTICE? Try Problems 5.19, 5.20, 5.36a-g, 5.44b, 5.53b-d, 5.63

5.6 Symmetry and Chirality

Rotational Symmetry Versus Reflectional Symmetry

In this section we will learn how to determine whether a compound is chiral or achiral. It is true
that any compound with a single chiral center must be chiral. But the same statement is not
necessarily true for compounds with two chiral centers. Consider the cis and trans isomers of
1,2-dimethylcyclohexane:

CHgs CH; CHj
CH3
trans- cis-
1,2-Dimethylcyclohexane 1,2-Dimethylcyclohexane

Each of these compounds has two chiral centers, but the z7ans isomer is chiral, while the ¢is isomer
is not chiral. To understand why, we must explore the relationship between symmetry and chirality.
Let’s quickly review the different types of symmetry.

Broadly speaking, there are only two types of symmetry: rotational symmetry and reflectional sym-
metry. The first compound above (the #rans isomer) exhibits rotational symmetry. To visualize this,
imagine that the cyclohexane ring is pierced with an imaginary stick. Then, while your eyes are closed,
the stick is rotated:

CH3 CHj3
L= —  —
CHj3 CHj;
Rotate 180° This operation generated
about this axis the same exact image

If, after opening your eyes, it is impossible to determine whether or not the rotation occurred, then the
molecule possesses rotational symmetry. The imaginary stick is called an axis of symmetry.
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HsC CHj

¥

H

FIGURE 5.12

An illustration showing the plane
of symmetry that is present in
cis-1,2-dimethylcyclohexane.

Now let’s consider the structure of the cis isomer:

CH; CH,

This compound does not have the same axis of symmetry that the #7ans isomer exhibits. If we pierce
the molecule with an imaginary stick, we would have to rotate 360° in order to regenerate the exact
same image. The same is true if we pierce the molecule from any angle. Therefore, this compound
does not exhibit rotational symmetry. However, the compound does exhibit reflectional symmetry.
Imagine closing your eyes while the molecule is reflected about the plane shown in Figure 5.12. That
is, everything on the right side is reflected to the left side, and everything on the left side is reflected
to the right side. When you open your eyes, you will not be able to determine whether or not the
reflection took place. This molecule possesses a plane of symmetry.

To summarize, a molecule with an axis of symmetry possesses rotational symmetry, and a mol-
ecule with a plane of symmetry possesses reflectional symmetry. With an understanding of these
two types of symmetry, we can now explore the relationship between symmetry and chirality. In
particular, chirality is not dependent in any way on rotational symmetry. That is, the presence or absence
of an axis of symmetry is completely irrelevant when determining whether a compound is chiral or
achiral. We saw that #rans-1,2-dimethylcyclohexane possesses rotational symmetry; nevertheless, the
compound is still chiral and exists as a pair of enantiomers:

CH, CH,
< >[ <>
\ CHj CH,4 y
R

Enantiomers

Even the presence of several different axes of symmetry does not indicate whether the compound is
chiral or achiral. Chirality is only dependent on the presence or absence of reflectional symmetry.
Any compound that possesses a plane of symmetry in any conformation will be achiral. We saw that the
cis isomer of 1,2-dimethylcyclohexane exhibits a plane of symmetry, and therefore, the compound is
achiral. It is identical to its mirror image. It does not have an enantiomer.

Although the presence of a plane of symmetry renders a compound achiral, the converse is not
always true—that is, the absence of a plane of symmetry does not necessarily mean that the com-
pound is chiral. Why? Because a plane of symmetry is only one type of reflectional symmetry. There
are other types of reflectional symmetry, and the presence of any kind of reflectional symmetry will
render a compound achiral. As an example, consider the following compound:

This compound does not have a plane of symmetry, but it does have another kind of reflectional sym-
metry. Instead of reflecting about a plane, imagine reflecting about a point at the center of the com-
pound. Reflection about a point (rather than a plane) is called inversion. During the inversion process,
the methyl group at the top of the drawing (on a wedge) is reflected to the bottom of the drawing (on
a dash). Similarly, the methyl group at the bottom of the drawing (on a dash) is reflected to the top of
the drawing (on a wedge). All other groups are also reflected about the center of the compound. If your
eyes are closed when the inversion takes place, you would not be able to determine whether anything
had happened. The compound is said to exhibit a center of inversion, which endows it with reflectional
symmetry. As a result, the compound is achiral even though it lacks a plane of symmetry.

There are also other types of reflectional symmetry, but they are beyond the scope of our discus-
sion. For our purposes, it will be sufficient to look for a plane of symmetry. We can summarize the
relationship between symmetry and chirality with the following three statements:

¢ 'The presence or absence of rotational symmetry is irrelevant to chirality.
e A compound that has a plane of symmetry will be achiral.

e A compound that lacks a plane of symmetry will most likely be chiral (although there are rare
exceptions, which can mostly be ignored for our purposes).

We will now practice identifying planes of symmetry.
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CONCEPTUAL CHECKPOINT
5.21 For each of the following objects determine whether or 5.22 In the previous problem, one object has three planes of
not it possesses a plane of symmetry: symmetry. Identify that object.
5.23 Each of the following molecules has one plane of symme-
- try. Find the plane of symmetry in each case: (Hint: A plane of
i'j symmetry can slice atoms in half.)
-4 Me Cl

(a) j :
(c) \
(e) l

(d)
(f)

Meso Compounds

We have seen that the presence of chiral centers does not necessarily render a compound chiral.
Specifically, a compound that exhibits reflectional symmetry will be achiral even though it has chiral
centers. Such compounds are called meso compounds. A family of stereoisomers containing a meso
compound will have fewer than 2" stereoisomers. As an example, consider the following structure:

OH
. . 2 .
This structure has two chiral centers and therefore we would expect 27 (=4) stereoisomers. In other
words, we expect two pairs of enantiomers:

O/OH i WOH C{OH O_N\OH
0N OH OH 0K

A pair of But these two drawings
enantiomers represent the same compound

The first pair of enantiomers meets our expectations. But the second pair is actually just one com-
pound. It has reflectional symmetry and is therefore a meso compound:

/\/OH

OH

Plane of symmetry

The compound is not chiral, and it does not have an enantiomer. To help visualize this, imagine a family
with three children: a pair of twins and a single child. The pair of twins are identical to each other in almost
every way, except for the placement of one birthmark. One child has the birthmark on the right cheek,
while the other child has the birthmark on the left cheek. They are nonsuperimposable mirror images of
each other. In contrast, the single child has two birthmarks: one on each cheek. This child is superimpos-
able on his own mirror image; he does not have a twin. This family of three children is similar to the
molecular family of three stereoisomers shown above.
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SKILLBUILDER

5.7 IDENTIFYING MESO COMPOUNDS

(I

LEARN the skill

Stereoisomerism

Draw all possible stereoisomers of 1,3-dimethylcyclopentane: \Q/

SOLUTION
This compound has two chiral centers, so we expect four possible stereoisomers (two pairs
of enantiomers):

Before concluding that there are four stereoisomers here, we must look to see if either pair of
enantiomers is actually just a meso compound. The first pair does in fact represent a pair
of enantiomers.

Students often have trouble seeing that these two compounds are nonsuperimpos-
able. It is a common mistake to believe that rotating the first compound will generate the
second compound. This is not the case! Recall that a methyl group on a dash is pointing
away from us (behind the page) while a methyl group on a wedge is pointing toward us
(in front of the page). When the first compound above is rotated about a vertical axis, the
methyl group on the left side ends up on the right side of the compound, but it does not
remain as a wedge. Why? Before the rotation, it was pointing toward us, but after the
rotation, it is pointing away from us (a molecular model will help you see this). As a result,
that methyl group ends up as a dash on the right side of the compound. The fate of the
other methyl group is similar. Before the rotation, it is on a dash on the right side of the
compound, but after the rotation, it ends up as a wedge on the left side of the compound.
As a result, rotating this compound will only regenerate the same drawing again:

Rotate

Lt it
E—

Rotating this compound will never give its enantiomer:

Rotate

st Yy,

%

These compounds are enantiomers because they lack reflectional symmetry. They only
possess rotational symmetry, which is completely irrelevant.

In contrast, the second pair of compounds do not represent a pair of enantiomers;
instead, they represent two drawings of the same compound (a meso compound):

\Q — - Q/ \Q/ — Q -

A pair of These two drawings
enantiomers represent the same compound



5.7 Fischer Projections ™ “@ 207

This molecular family is therefore comprised of only three sterecisomers—a pair of enantio-
mers and one meso compound:

A pair of enantiomers A meso compound

PRACTICE the skill 5.24 Draw all possible stereoisomers for each of the following compounds. Each possible

APPLY the skill

stereoisomer should be drawn only once:

OH
SO S S at
0 . Walal

(d) if: (e) ii

5.25 A racemic mixture with the constitution shown below was isolated from the
Maytenus apurimacensis plant that is used in South American folk medicine. In an

effort to find another source of these compounds, o o

all of the stereoisomers with this constitution have ©_< >_©
been made in the Iaboratory.5 Draw all possible o o
stereoisomers of this compound and identify

whether each one is chiral or achiral. Deduce HO O O OH
which two stereocisomers were isolated from the

plant. HsC—O 0—CHs

need more PRACTICE? Try Problems 5.37, 5.51, 5.52, 5.55, 5.57a,b,d,f-h, 5.61, 5.62

5.7 Fischer Projections

There is another drawing style that is often used when dealing with compounds bearing mul-
tiple chiral centers. These drawings, called Fischer projections, were devised by the German
chemist Emil Fischer in 1891. Fischer was investigating sugars, which have multiple chiral
centers. In order to quickly draw these compounds, he developed a faster method for drawing
chiral centers:

O\\C/H
O HO——H
O H—t—OH HO——H
H——OH HO——H H——OH
HO——H H—r—OH HO——H
CH,OH CH,OH CH,OH
Two chiral centers Three chiral centers Four chiral centers

For each chiral center in a Fischer projection, the horizontal lines are considered to be coming out of
the page, and the vertical lines are considered to be going behind the page:

Et Et
HO+H = HO=C—H

Me Me
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Fischer projections are primarily used for analyzing sugars (Chapter 24). In addition, Fischer projec-
tions are also helpful for quickly comparing the relationship between stereoisomers:

R1 R1 R4 R1
H—r—Br Br H H Br H—r—Br
H—r—Br Br H H Br Br——H

Rz Rz Ro Ra

_ J _ J
e Y
Enantiomers Diastereomers

The first pair of compounds are enantiomers because all chiral centers have opposite configu-
ration. The second pair of compounds are diastereomers. Recall that two compounds will be
enantiomers only if all of their chiral centers have opposite configurations. Students often have
trouble assigning configurations to chiral centers in a Fischer projection, so let’s get some prac-
tice with that skill.

5.8 ASSIGNING CONFIGURATION FROM A FISCHER PROJECTION

)| LEARN the skill

A%

STEP 1

Draw one
horizontal line as a
wedge and draw

one vertical line as
a dash.

STEP 2

Assign the
configuration
using the steps in
SkillBuilder 5.3.

Assign the configuration of the chiral center in the following compound:

Os_ _OH
H OH
CH,OH

SOLUTION
Remember what a Fischer projection represents. All horizontal lines are wedges and all verti-
cal lines are dashes:

Oy -OH Oxy-OH
H OH is the same as H—E‘OH
CH,OH CH,OH

Until now, chiral centers have not been shown in this way. We are more accustomed to
assigning configurations when a chiral center is shown with only one dash and one wedge:

The chiral center of a Fischer projection can easily be converted into this more familiar type
of drawing. Simply choose one horizontal line in the Fischer projection and redraw it as a
wedge; then choose one vertical line and draw it as a dash. The answer will be the same,
regardless of which two lines are chosen:

Os_ _OH Os_ _OH OxyOH O OH
Hj: OH = HI OH = H—i—OH = H—i—-OH

CH,OH CH,OH CH,OH CH,0H

The configuration of this chiral center will be R in all of the drawings. To see why this works,
build a molecular model and rotate it around to convince yourself.

When a Fischer projection has multiple chiral centers, this process is simply repeated
for each chiral center.
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PRACTICE the skill 5.26 Identify the configuration of the chiral center in each of the following compounds:

APPLY the skill

O OH (o] H
CH,OH CH,OH
H NH, HO H HO+H Br+H
) (b) CHs (c)

(a CH,O0H CH,CHg (d CHs

5.27 Protease inhibitors are a class of anti-viral drugs that have had success in treating
HIV/AIDS. The following molecules were synthesized as potential HIV protease inhibitors.”
Compound 1 was found to be an effective protease inhibitor, while compound 2 was found
to be ineffective.

H\N/BOC H\N/Boc .
PhOH,C——H PhOH,C——H )k J<
HO——H H——OH Boc = § 0

H——H H——H
H——CH,OPh H——CH,OPh Ph = §©
H/N\BOC H/N\Boc

1 2

(a) Assign the configuration of each chiral center in compounds 1 and 2.
(b) Determine the relationship between compounds 1 and 2.

(c) Draw bond-line structures, using dashes and wedges, for compounds 1 and 2.

need more PRACTICE? Try Problems 5.39f, 5.44a, 5.46c, 5.47, 5.48, 5.57c,e, 5.58-5.60

5.8 Conformationally Mobile Systems

In the previous chapter, we learned how to draw Newman projections, and we used them to compare
the various conformations of butane. Recall that butane can adopt two staggered conformations that
exhibit gauche interactions:

H H

H H H H

H CH, HsC H
CH, CH,

These two conformations are nonsuperimposable mirror images of each other, and their relationship is
therefore enantiomeric. Nevertheless, butane is not a chiral compound. It is optically inactive, because
these two conformations are constantly interconverting via single-bond rotation (which occurs with a
very low energy barrier). The temperature would have to be extremely low to prevent interconversion
between these two conformations. In contrast, a chiral center cannot invert its configuration via single-
bond rotations. (R)-2-Butanol cannot be converted into (§)-2-butanol via a conformational change.
In the previous chapter, we also saw that substituted cyclohexanes adopt various conformations.
Consider, for example, (cis)-1,2-dimethylcyclohexane. Below are both chair conformations:

~ - =

The second chair has been rotated in space to illustrate the relationship between these two chair
conformations. These conformations are mirror images, yet they are not superimposable on one
another. To see this more clearly, compare them in the following way: Traveling clockwise around
the ring, the first chair has an axial methyl group first, followed by an equatorial methyl group.
The second chair, going clockwise again, has an equatorial methyl group first, followed by an
axial methyl group. The order has been reversed. These two conformations are distinguishable
from one another; that is, they are not superimposable. The relationship between these two chair
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conformations is therefore enantiomeric; however, this compound is optically inactive, because the
conformations rapidly interconvert at room temperature.

The following procedure will be helpful for determining whether or not a cyclic compound is
optically active: (1) Either draw a Haworth projection of the compound or simply draw a ring with
dashes and wedges for all substituents and then (2) look for a plane of symmetry in either one of these
drawings. For example, (ci5)-1,2-dimethylcyclohexane can be drawn in either of the following ways:

P N
SN

Me Me

Internal plane of symmetry Internal plane of symmetry

In each drawing, a plane of symmetry is apparent, and the presence of that symmetry plane indicates
that the compound is not optically active.

5.9 Chiral Compounds That Lack a Chiral Center

As we have seen throughout this chapter, the most common source of molecular chirality is the pres-
ence of one or more chiral centers. However, the presence of a chiral center is not a necessary condi-
tion for a compound to be chiral. Indeed, there are many examples of chiral compounds that lack a
chiral center. In this section, we will explore a few such examples, and an additional example can be
found in the end-of-chapter exercises.

Atropisomers

Substituted biphenyls, like the one shown below, exhibit severely restricted rotation about the bond
that connects the two aromatic rings. When this bond rotates, the substituents experience steric
interactions that prevent the molecule from adopting a fully planar conformation (with both rings
occupying the same plane). Such a conformation is too high in energy and cannot form, not even for
an instant. This locks the molecule into one of two possible conformations, shown here.

Br Br)(Br Br
o % = O
I Br
I 1)(1 I
Does not form
(too high in energy)

Each of these conformations is a nonsuperimposable mirror image of the other, so these conforma-
tions have an enantiomeric relationship. Since they cannot interconvert, it is possible to separate the
enantiomers, each of which is observed to be optically active. They are called atropisomers, because
they are stereoisomers that result from the hindered rotation of a single bond.

There are many well-known examples of atropisomers. Another common example, called
BINAD, also has two enantiomeric forms, despite the absence of a chiral center:

O PPh, g4 O PPh2 Ph,P
NPPh x N x Ph,P
99 99

(S)-BINAP Does not form (R)-BINAP
(S)-2,2"-Bis(diphenyl (too high in energy) (S)-2,2’-Bis(diphenyl
phosphino)-1,1’-binaphthyl phosphino)-1,1’-binaphthyl

Once again, the bond connecting the naphthalene rings exhibits severely restricted rotation. Steric
interactions prevent the molecule from adopting a planar conformation, which is too high in energy
and cannot form. This locks the molecule into one of two possible conformations, which have an
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enantiomeric relationship. Indeed, (R)-BINAP and (S)-BINAP are each regularly used in the prepa-
ration of chiral catalysts, as we will explore in Section 8.7.

Allenes

Compounds that contain two adjacent C=C bonds are called allenes and they are another common
class of compounds that can be chiral despite the absence of a chiral center:

R R

\ R o \ R
/C—C—C‘R = /C—C—C‘R
An allene R

Notice that the central carbon atom is sp hybridized because it is using two different p orbitals. One
p orbital (shown in grey) is used to form the C=C bond on the left, and the other p orbital (shown
in orange) is used to form the C=C bond on the right. Since the central carbon atom is using two
different p orbitals, and since these p orbitals are perpendicular to one another, the compound is
endowed with an inherent twist. That is, the R groups on the left are drawn on straight lines (in the
plane of the page), while the R groups on the right are drawn with a wedge and dash (coming in and
out of the page). If the R groups on the left are different from each other, and if the R groups on
the right are also different from each other, then the allene will be chiral. For example, the following
allene has two configurations which are nonsuperimposable mirror images:

Mirror plane
H3C CH3

Houn, 7
HSC,C_C_C\

N i
e

Enantiomers

o ~wH
c=c=cgy,

You may find it helpful to build molecular models and prove to yourself that the structures above are
enantiomers (nonsuperimposable mirror images).

CONCEPTUAL CHECKPOINT

5.28 Determine whether each of the following allenes is chiral or achiral:

H3C H3C
C_C_C""‘“CHS \C_C_C"““\H . _ |
/T T TCH /7T T T CHLCHg CCZCZC""\“‘CH CC:C:CQCH
(@ H b) H (©) s (d s

5.10 Resolution of Enantiomers

As mentioned earlier, enantiomers have the same physical properties (boiling point, melting point,
solubility, etc.). Since traditional separation techniques generally rely on differences in physical prop-
erties, they cannot be used to separate enantiomers from each other. The resolution (separation) of
enantiomers can be achieved in a variety of other ways.

Resolution via Crystallization

The first resolution of enantiomers occurred in 1847, when Pasteur successfully separated enantio-
meric tartrate salts from each other. Tartaric acid is a naturally occurring, optically active compound
found in grapes and easily obtained during the wine-making process:

Oy OH
H——OH
HO——H

O \OH
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Only this stereoisomer is found in nature, yet Pasteur was able to obtain a racemic mixture of tartrate
salts from the owner of a chemical plant:

o @ o @
00O ‘Na 0x 0 “Na
H——OH —

o . HO——H
HO——H H——OH

o @

0“0 “NH, 0“0 “NH,
e s
—

Racemic mixture of tartrate salts

The tartrate salts were then allowed to crystallize, and Pasteur noticed that the crystals had two dis-
tinct shapes that were nonsuperimposable mirror images of each other. Using only a pair of tweezers,
he then physically separated the crystals into two piles. He dissolved each pile in water and placed
each solution in a polarimeter to discover that their specific rotations were equal in amount but
opposite in sign. Pasteur correctly concluded that the molecules themselves must be nonsuperimpos-
able mirror images of each other. He was the first to describe molecules as having this property and
is therefore credited with discovering the relationship between enantiomers.

Most racemic mixtures are not easily resolved into mirror-image crystals when allowed to crys-
tallize, so other methods of resolution are required. Two common ways will now be discussed.

Chiral Resolving Agents

When a racemic mixture is treated with a single enantiomer of another compound, the resulting
reaction produces a pair of diastereomers (rather than enantiomers):

®
NH; NH3 OH O
S)
0
S OH O OH
HO
y NOH O
(0]

Ha

’%l ’;lH WJ\
A pair of enantiomers Diastereomeric salts

On the left are the enantiomers of 1-phenylethylamine. When a racemic mixture of these enantiomers
is treated with (S5)-malic acid, a proton transfer reaction produces diastereomeric salts. Diastereomers
have different physical properties and can therefore be separated by conventional means (such as
crystallization). Once separated, the diastereomeric salts can then be converted back into the original
enantiomers by treatment with a base. Thus (§)-malic acid is said to be a resolving agent in that it
makes it possible to resolve the enantiomers of 1-phenylethylamine.

Chiral Column Chromatography

Resolution of enantiomers can also be accomplished with column chromatography. In column
chromatography, compounds are separated from each other based on a difference in the way
they interact with the medium (the adsorbent) through which they are passed. Some compounds
interact strongly with the adsorbent and move very slowly through the column; other compounds
interact weakly and travel at a faster rate through the column. When enantiomers are passed
through a traditional column, they travel at the same rate because their properties are identical.
However, if a chiral adsorbent is used, the enantiomers interact with the adsorbent differently,
causing them to travel through the column at different rates. Enantiomers are often separated in
this way.
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5.11 E and Z Designations for Diastereomeric Alkenes

In the beginning of this chapter, we introduced stereoisomerism by exploring the relationship
between cis and trans alkenes, such as cis-2-butene and #rans-2-butene, which have a diastereomeric
relationship. They are not enantiomers because they are not mirror images of each other.

The stereodescriptors cis and trans are generally reserved for alkenes that are disubstituted. For
trisubstituted and tetrasubstituted alkenes, we cannot use cis-zrans terminology because it would be
ambiguous. Consider, for example, the following two compounds:

F OCHs F H

These two compounds are not the same; they are diastereomers. But which compound should
be called cis and which should be called #7ans? In situations like this, [IUPAC rules provide us
with a method for assigning different, unambiguous stereodescriptors. Specifically, we look at
the two groups on each vinylic position and choose which of the two groups is assigned the
higher priority:

F gets priority O gets priority
over C over H

In each case, a priority is assigned by the same method used in Section 5.3. Specifically, priority is
given to the element with the higher atomic number. In this case, F has priority over C, while O
has priority over H. We then compare the position of the higher priority groups. If they are on the
same side (as shown above), the configuration is designated with the letter Z (for the German word
zussamen, meaning “together”); if they are on opposite sides, the configuration is designated with the
letter E (for the German word entgegen, meaning “opposite”):

F OCH, F H
z E

These examples are fairly straightforward, because the atoms connected directly to the vinylic
positions all have different atomic numbers. Other examples may require the comparison of two
carbon atoms. In those cases, we will use the same tie-breaking rules that we used when assign-
ing the configurations of chiral centers. The following SkillBuilder will serve as a reminder of
those rules.

5.9 ASSIGNING THE CONFIGURATION OF A DOUBLE BOND

B\

) LEARN the skill

Pan

Identify the configuration of the following alkene:

HO
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STEP 1

Identify the two
groups connected to
one vinylic position
and then determine
which group has
priority.

STEP 2

Identify the two
groups connected
to the other vinylic
position and then
determine which
group has priority.

SOLUTION

This compound has two 7 bonds, but only one of them is stereoiso-
meric. The 7 bond shown on the bottom right is not stereoisomeric
because it has two hydrogen atoms connected to the same vinylic A\
position.

Let's focus on the other double bond and try to assign its configuration.
Consider each vinylic position separately. Let's begin with the vinylic
position on the left side. Compare the two groups connected to it and
identify which group should be assigned the higher priority. A\

In this case, we are comparing two carbon atoms (which have the same atomic number), so
we construct a list for each carbon atom (just as we did in Section 5.3) and look for the first
point of difference:

Tie c HO
breaker

C
H C
L/ 3
Remember that we do not add atomic numbers of the atoms in each
list, but rather, we look for the first point of difference. O has a higher

atomic number than C, so the group in the upper left corner is assigned
priority over the tert-butyl group. N\

HO

Now we turn our attention to the right side of the double bond. Using the same rules, we try
to identify which group gets the priority. Once again, we are comparing two carbon atoms,
but in this case, constructing lists does not provide us with a point of difference. Both lists
are identical:

HO

|
L T O
T

\KJ

So, we move farther away from the stereoisomeric double bond and again construct lists
and look for the first point of difference. Recall that a double bond is treated as two separate
single bonds:

HO C C

C has a higher atomic number than H, so the group in the bottom right corner is assigned
priority over the propyl group.

HO
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STEP 3

Determine whether
the priorities are on
the same side (Z) or
opposite sides (E)
of the double bond.

either E or Z:

D\

/5/\)\
a)

O\\//

| APPLY the skill

need more PRACTICE? Try Problem 5.68

Yy 215

Finally, compare the relative positions of the priority groups. These groups are on opposite
sides of the double bond, so the configuration is E:

=
A\

) PRACTICE the skill 5.29 For each of the following alkenes, assign the configuration of the double bond as

oy
(b)

C
d) )\)\/

5.30 Bogorol A is a natural product with the potential to fight antibiotic-resistant bacteria.
Shown below is an intermediate that was used in a synthesis of bogorol A.” Assign the con-
figuration of the alkene unit as either E or Z.

T o)
R N
\TJ}‘/ OMe
H O

Intermediate in synthesis of bogorol A

® Medically Speaking Phototherapy Treatment for Neonatal Jaundice

When red blood cells reach the end of their

of hemoglobin is metabolized into a yellow-orange-colored
compound called bilirubin:

HOOC

Bilirubin

Bilirubin contains many polar functional groups, and we
might therefore expect it to be highly soluble in water. But
surprisingly, the solubility of bilirubin in water (and hence
urine and feces) is very small. This is attributed to the ability
of bilirubin to adopt a low-energy conformation in which the
carboxylic acid groups and the amide groups form internal
hydrogen bonds:

’ lifetime (about 3 months), they release red-colored
. hemoglobin, the molecule that is responsible for

transporting oxygen in the blood. The heme portion

With all of the polar groups pointing toward the interior of
the molecule, the exterior surface of the molecule is primarily
hydrophobic. Therefore, bilirubin behaves much like a nonpolar
compound and is only sparingly soluble in water. As a result,
high concentrations of bilirubin build up in the fatty tissues and
membranes in the body (which are nonpolar environments). Since
bilirubin is a yellow-orange-colored compound, this produces
jaundice, a condition characterized by yellowing of the skin.
The major route for excretion of bilirubin out of the body is
in feces (stools). But since stools are mostly water, bilirubin must
be converted into a more water-soluble compound in order to
be excreted. This is achieved when the liver enzyme glucurony!
transferase is used to covalently attach two very polar molecules
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of glucuronic acid (or glucuronate) onto the nonpolar bilirubin
molecule to make bilirubin glucuronide, more commonly called
conjugated bilirubin. (Note that this use of the term “conjugated”
means that the bilirubin molecule has been covalently bonded to
another molecule, in this case glucuronic acid.)

Bilirubin glucuronide
(conjugated bilirubin)

Bilirubin glucuronide (conjugated bilirubin) is much more water
soluble and is excreted from the liver in bile and from there into
the small intestine. In the large intestine, bacteria metabolize it

in a series of steps into stercobilin (from the Greek word sterco
for poop), which has a brown color. However, if liver function is
inadequate, there may be insufficient levels of the glucuronyl
transferase enzyme to carry out the conjugation of glucuronic
acid molecules to bilirubin. And as a result, the bilirubin cannot
be excreted in the stools. The accumulation of bilirubin in the
body is the cause of jaundice. There are three common situations
in which liver function is impaired sufficiently to produce jaundice:

1. Hepatitis
2. Cirrhosis of the liver due to alcoholism

3. Immature liver function in babies, especially common in prema-
ture babies, resulting in neonatal jaundice. The following picture
shows a baby with yellow skin associated with neonatal jaundice.

[ -
A

4

Neonatal jaundice has serious long-term consequences for
the baby’s mental growth because high levels of bilirubin in
the brain can inhibit development of the baby’s brain cells
and cause permanent retardation. Consequently, if blood
bilirubin levels get too high (more than about 15 mg/dL

for substantial lengths of time), action must be taken to
reduce blood bilirubin levels. In the past, this involved
expensive blood transfusions. A major advance took place
when it was noticed that babies with neonatal jaundice would
demonstrate increased urinary excretion rates of bilirubin
after being exposed to natural sunlight. Further studies
revealed that exposure to blue light causes the increased
bilirubin excretion in the urine. Neonatal jaundice is now
treated with a bili-light that exposes the baby’s skin to high-
intensity blue light.

How does the bili-light work? Upon exposure to blue light, one
of the C=C double bonds (adjacent to the five-membered
ring in bilirubin) undergoes photoisomerization, and the
configuration changes from Z to E:

Blue light

In the process, more polar groups are exposed to the
environment. This renders the bilirubin considerably more
water soluble, even though the composition of the molecule
has not changed (only the configuration of a C=C 7 bond has
changed). Bilirubin excretion in the urine increases substantially
and neonatal jaundice decreases!
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REVIEW OF CONCEPTS AND VOCABULARY

SECTION 5.1

« Constitutional isomers have the same molecular formula but
differ in their connectivity of atoms.

 Stereoisomers have the same connectivity of atoms but differ
in their spatial arrangement. The terms cis and trans are used
to differentiate stereoisomeric alkenes as well as disubstituted
cycloalkanes.

SECTION 5.2

» Chiral objects are not superimposable on their mirror images.

» The most common source of molecular chirality is the pres-
ence of a chirality center (or chiral center), a carbon atom
bearing four different groups.

» A compound with one chiral center will have one nonsuperim-
posable mirror image, called its enantiomer.

SECTION 5.3

e The Cahn-Ingold-Prelog system is used to assign the
configuration of a chiral center. The four groups are each
assigned a priority, based on atomic number, and the molecule
is then rotated into a perspective in which the fourth priority is
on a dash. A clockwise sequence of 1-2-3 is designated as R,
while a counterclockwise sequence is designated as S.

SECTION 5.4

o A polarimeter is a device used to measure the ability of
chiral organic compounds to rotate the plane of plane-
polarized light. Such compounds are said to be optically
active. Compounds that do not rotate plane-polarized light
are said to be optically inactive.

» Enantiomers rotate plane-polarized light in equal amounts but
in opposite directions. The specific rotation of a substance is
a physical property. It is determined experimentally by mea-
suring the observed rotation and dividing by the concentra-
tion of the solution and the pathlength.

» Compounds exhibiting a positive rotation (+) are said to be
dextrorotatory, while compounds exhibiting a negative rota-
tion (—) are said to be levorotatory.

» A solution containing a single enantiomer is optically pure,
while a solution containing equal amounts of both enantio-
mers is called a racemic mixture.

» A solution containing a pair of enantiomers in unequal
amounts is described in terms of enantiomeric excess.

SECTION 5.5

e For a compound with multiple chiral centers, a family of ste-
reoisomers exists. Each stereoisomer will have at most one
enantiomer, with the remaining members of the family being
diastereomers.

» The number of stereoisomers of a compound can be no larger
than 2", where n = the number of chiral centers.

» Enantiomers are mirror images. Diastereomers are not mirror
images.

SECTION 5.6

o There are two kinds of symmetry: rotational symmetry and
reflectional symmetry.

» The presence or absence of an axis of symmetry (rotational
symmetry) is irrelevant.

e A compound that possesses a plane of symmetry will be
achiral.

» A compound that lacks a plane of symmetry will most likely be
chiral (although there are rare exceptions, which can mostly
be ignored for our purposes).

» A meso compound contains multiple chiral centers but is nev-
ertheless achiral, because it possesses reflectional symmetry.
A family of stereoisomers containing a meso compound will
have fewer than 2" stereoisomers.

SECTION 5.7

« Fischer projections are drawings that convey the configura-
tions of chiral centers, without the use of wedges and dashes.
All horizontal lines are understood to be wedges (coming out
of the page) and all vertical lines are understood to be dashes
(going behind the page).

SECTION 5.8

e Some compounds, such as butane and (cis)-1,2-dimethyl-
cyclohexane, can adopt enantiomeric conformations. These
compounds are optically inactive because the enantiomeric
conformations are in equilibrium.

SECTION 5.9

 The presence of a chiral center is not a necessary condition for
a compound to be chiral.

 Atropisomers are stereoisomers that result from the hindered
rotation of a single bond.

» Compounds that contain two adjacent C=C bonds are called
allenes, and they are another common class of compounds
that can be chiral despite the absence of a chiral center.

SECTION 5.10

» Resolution (separation) of enantiomers can be accomplished
in a number of ways, including the use of chiral resolving
agents and chiral column chromatography.

SECTION 5.11

» The stereodescriptors cis and trans are generally reserved for
alkenes that are disubstituted. For trisubstituted and tetra-
substituted alkenes, the stereodescriptors E and Z must be
used. Z indicates priority groups on the same side, while E
indicates priority groups on opposite sides.
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SKILLBUILDER REVIEW

5.1 LOCATING CHIRAL CENTERS

STEP 1 Ignore sp?- and STEP 2 Ignore STEP 3 Identify any carbon
sp-hybridized centers. CH, and CHg groups. atoms bearing four different groups.

[

5.2 DRAWING AN ENANTIOMER

o

R

Try Problems 5.4-5.6, 5.33b

Either place the mirror or place the mirror on or place the mirror
behind the compound... the side of the compound... below the compound.

— /\‘/ NH,

NH
/\/ 2 NH2 H2N \/‘\
. /\rNHz NH,
Try Problems 5.7, 5.8, 5.32, 5.33a, 5.38a-c,e
5.3 ASSIGNING CONFIGURATION
STEP 1 Identify the STEP 2 If two (or more) atoms STEP 3 Redraw STEP 4 Rotate STEP 5 Identify direction
four atoms attached to are identical, make a list of the chiral center, molecule so that of 1-2-3 sequence:
the chiral center and substituents and look for the first showing only the the fourth priority clockwise is R, and
prioritize by atomic point of difference. priorities. is on a dash. counterclockwise is S.
number.
C
o (o} o

?)K(?\ o ™~ 7 |H 2 B 1 @
HO 3 o HO/“E(\ H \< >\

H—N H

1] 4 H—N

5.4 CALCULATING SPECIFIC ROTATION

EXAMPLE Calculate the specific rotation
given the following information:

* 0.300 g sucrose dissolved in 10.0 mL of
water

e Sample cell = 10.0 cm

* Observed rotation = +1.99°

5.5 CALCULATING % ee

EXAMPLE Given the following
information, calculate the enantiomeric
excess:

* The specific rotation of optically pure
adrenaline is —-53. A mixture of (R)- and
(S)-adrenaline was found to have a specific
rotation of —45. Calculate the % ee of the
mixture.

1] {4 2 3
Counterclockwise=$

Try Problems 5.9-5.10, 5.31, 5.34, 5.35, 5.39a-e,g, 5.50

STEP 1 Use the following equation: STEP 2 Plug in the given values:
Specific rotation = [a] = @ | _ +1.99°
¢ x 0.03 g/mL X 1.00 dm
= +66.3

Try Problems 5.11-5.14, 5.41, 5.42, 5.49, 5.54c, 5.56

STEP 1 Use the following equation: STEP 2 Plug in the given values:
4
% ee = | observed 0_" X 100% = il X 100% = 85%
| o of pure enantiomer | 53

Try Problems 5.15-5.18, 5.40, 5.43, 5.54a,b
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5.6 DETERMINING THE STEREOISOMERIC RELATIONSHIP BETWEEN TWO COMPOUNDS

STEP 1 Compare the STEP 2 If all chiral centers have opposite configuration, the
configuration of each chiral compounds are enantiomers. If only some of the chiral centers
center. have opposite configuration, then the compounds are diastereomers.
OH OH
H OH

Q)

o
:’ o .

Enantiomers

Try Problems 5.19, 5.20, 5.36a-g, 5.44b, 5.53b-d, 5.63

5.7 IDENTIFYING MESO COMPOUNDS

Draw all possible stereoisomers and then look for a plane of symmetry in any of the drawings.

Example The presence of a plane of symmetry indicates a meso compound.
OH
OH WOH OH WwOH
X (- (L =L - )
oH "OH OoH oy ""OH
Enantiomers Meso

Try Problems 5.24, 5.25, 5.37, 5.51, 5.52, 5.55, 5.57a,b,d,f-h, 5.61, 5.62

5.8 ASSIGNING CONFIGURATION FROM A FISCHER PROJECTION

EXAMPLE Assign STEP 1 Choose one horizontal STEP 2 STEP 3 Rotate STEP 4 Assign
the configuration line and draw it as a wedge. Assign so that the fourth configuration.
of this chiral center. Choose one vertical line and priorities. priority is on

draw it as a dash. a dash.

PN

CH,OH CH,OH

Try Problems 5.26, 5.27, 5.39f, 5.44a, 5.46¢, 5.47, 5.48, 5.57c,e, 5.58-5.60

5.9 ASSIGNING THE CONFIGURATION OF A DOUBLE BOND

STEP 1 Identify the two groups STEP 2 Repeat step 1 for the other vinylic STEP 3 Determine whether the
connected to one vinylic position and then position, moving away from the double priorities are on the same side (Z)
determine which group has priority. bond and looking for the first point of difference. or opposite sides (E) of the double bond.
HO
HO HO
\ E

Try Problems 5.29, 5.30, 5.68
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PRACTICE PROBLEMS

Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

5.31 Atorvastatin is sold under the trade name Lipitor and is used for
lowering cholesterol. Annual global sales of this compound exceed $13
billion. Assign a configuration to each chiral center in atorvastatin:

@\ o OH OH O
'T‘ a N/\/k/k/U\OH
) .

F

5.32  Atropine, extracted from the plant Atropa belladonna, has been
used in the treatment of bradycardia (low heart rate) and cardiac arrest.
Draw the enantiomer of atropine:

N/CHS

5.33 Paclitaxel (marketed under the trade name Taxol) is found in the bark
of the Pacific yew tree, Taxus brevifolia, and is used in the treatment of cancer:

(0]
>¥o O on

(a) Draw the enantiomer of paclitaxel.
(b) How many chiral centers does this compound possess?

5.34 Assign the configuration of the chiral center in the following com-

pound:

=
x>
\\

5.35 Carbon is not the only element that can function as a chiral cen-
ter. In Problem 5.6 we saw an example in which a phosphorus atom is a
chiral center. In such a case, the lone pair is always assigned the fourth
priority. Using this information, assign the configuration of the chiral

center in this compound:
S

5.36 For each of the following pairs of compounds, determine the
relationship between the two compounds:

5.37
following:

Me
)OiHCI\ )Oi( "
(@) OH (b) OH © cl

" C( o o /KOH . Q/H/H/

5.38 Draw the enantiomer for each of the following compounds:

Identify the number of stereoisomers expected for each of the

Q)
-n

H—f—OH
H—f—OH
HO——H
) CH,4
5.39 Identify the configuration of each chiral center in the following
compounds:
Cl
O Et ¢

/



5.40 You are given a solution containing a pair of enantiomers (A and
B). Careful measurements show that the solution contains 98% A and
2% B. What is the ee of this solution?

5.41 Predict the value for the specific rotation of the following com-
pound. Explain your answer.

% OH

5.42 The specific rotation of (5)-2-butanol is +13.5. If 1.00 g of
its enantiomer is dissolved in 10.0 mL of ethanol and placed in a
sample cell with a length of 1.00 dm, what observed rotation do
you expect?

5.43 The specific rotation of L-alanine in water (at 25°C) is +2.8. A
chemist prepared a mixture of L-alanine and its enantiomer, and 3.50 g
of the mixture was dissolved in 10.0 mL of water. This solution was then
placed in a sample cell with a pathlength of 10.0 cm and the observed
rotation was +0.78. Calculate the % ee of the mixture.

5.44 For each of the following pairs of compounds, determine the
relationship between the two compounds:

0.__H 0. _H
HO——H HO——H e ]
H——OH HO——H CL O/
(@) CH,OH CH,OH (b) cl e

.

5.45 For each of the following pairs of compounds, determine the

relationship between the two compounds:

/\(‘7'/ (d K:IO

5.46 Determine whether each statement is true or false:

i

w

)\/\

i Q
T

Om

(c)

(a) A racemic mixture of enantiomers is optically inactive.

(b) A meso compound will have exactly one nonsuperimposable mirror
image.

(c) Rotating the Fischer projection of a molecule with a single chiral
center by 90° will generate the enantiomer of the original Fischer
projection:

™ .
o

w)
oO——>
@
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Practice Problems

5.47 Determine the configuration for every chiral center in each of the
following compounds:

Os.__-OH Os.__OH Os.__-OH
H——OH HO——H HO——H
HO——H HO——H H——OH
H——OH HO——H HO——H
(@) CH,OH b) CH,OH © CH,OH

5.48 Draw the enantiomer of each compound in the previous problem.

5.49 When 0.075 g of penicillamine is dissolved in 10.0 mL of pyridine
and placed in a sample cell 10.0 cm in length, the observed rotation at
20°C (using the D line of sodium) is —0.47°. Calculate the specific rota-
tion of penicillamine.

5.50 (R)-Limonene is found in many citrus fruits, including oranges

and lemons:
\\\‘ O/

For each of the following compounds identify whether it is (R)-limonene

or its enantiomer, (S)-limonene:
(b) /LO\

5.51 Each of the following compounds possesses a plane of symme-

try. Find the plane of symmetry in each compound. In some cases, you

will need to rotate a single bond to place the molecule into a conforma-
tion where you can more readily see the plane of symmetry.

o]
H,C Br H Me
OH wy—LenH
HO ; Bre Me H
(a) ) H O © ¢

5.52 cis-1,3-Dimethylcyclobutane has two planes of symmetry. Draw
the compound and identify both planes of symmetry.

5.53 For each of the following pairs of compounds, determine the
relationship between the two compounds:

Me Me
Cl——H
HO——H /=

@  Me Me (b)

7

)

CH, CH, Et Et
H——OH HO——H H——OH HO——H
HO——H H——OH HO——H H——OH
H——0H HO——H H——OH HO——H
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5.54 The specific rotation of (S)-carvone (at +20°C) is +61. A chemist
prepared a mixture of (R)-carvone and its enantiomer, and this mixture
had an observed rotation of —55°.

(a) What is the specific rotation of (R)-carvone at 20°C?
(b) Calculate the % ee of this mixture.

(c) What percentage of the mixture is (S)-carvone?

5.55 Identify whether each of the following compounds is chiral or
achiral:
OH
= - CI llllll M
(a) (b) /'v () (d) OH

INTEGRATED PROBLEMS

5.57 Determine whether each of the following compounds is optically
active or optically inactive:

CH,
OH Et

H Me Me cl HO——H

H——OH

Me H H Me |

(@)  OH (b) H @ O
O\ _H

CH,CH

HO——H Ho L h°

R e
) ) CH,OH ) CHg

e

()

5.58 Draw bond-line structures using wedges and dashes for the
following compounds:

CHy Et Et
H——OCH H——OH HO——H
HO——H HO——H H——OH
H——CH H——OH HO——H
@ % ()  Me ©  Me
Me Me
H——Cl Cl——H
HO——H HO——H
(d) Me (e) Me

5.59 The following questions apply to the five compounds in the previ-
ous problem.

(@) Which compound is meso?

(b) Would an equal mixture of compounds b and c be optically active?

(c) Would an equal mixture of compounds d and e be optically active?

L /Clk/'\ H

(e) OH (f) "OH
OH OH

i) : oy 0) C( H ()

5.56 The specific rotation of vitamin C (using the D line of sodium, at
20°C) is +24. Predict what the observed rotation would be for a solution
containing 0.100 g of vitamin C dissolved in 10.0 mL of ethanol and
placed in a sample cell with a length of 1.00 dm.

5.60 Draw a Fischer projection for each of the following compounds,
placing the —CO,H group at the top:
OH O

HO
OH

HO OH

5.61 There are only two stereoisomers of 1,4-dimethylcyclohexane.
Draw them and explain why only two stereoisomers are observed.

5.62 How many stereoisomers do you expect for the following com-
pound? Draw all of the stereocisomers.

OH

5.63 For each of the following pairs of compounds, determine the
relationship between the two compounds:

Et

5.64 The following compound is known to be chiral. Draw its enantio-
mer and explain the source of chirality.

5.65 The following compound is optically inactive. Explain why.

o
HC e J——CHS
o

5.66 The following compound, whose central ring is referred to as
a 1,2,4-trioxane, is an anticancer agent that demonstrates activity



against canine osteosarcoma.® Assign the configuration of each chi-
ral center and then draw all possible stereoisomers of this compound,
showing the specific stereochemical relationship between each of your

drawings.
QOY -

5.67 Coibacin B is a natural product that exhibits potent anti-
inflammatory activity and potential activity in the treatment of leishmani-
asis, a disease caused by certain parasite59:

(a) Assign the configuration of each chiral center in coibacin B.

(b) Identify the number of possible sterecisomers for this compound,
assuming that the geometry of the alkenes is fixed.

5.68 There are many forms of cancer, all of which involve abnormal cell
growth. The growth and production of cells, called cell proliferation, is
known to involve an enzyme called protein farnesyltransferase (PFTase).
It is thought that inhibitors of PFTase may be useful as anticancer drugs.
The following molecule showed moderate activity as a potential PFTase
inhibitor.'® Draw all sterecisomers of this compound.

O OH

N

HO (@)

5.69 Over 100 cannabinoid compounds, including the one shown
below, have been isolated from the marijuana plant in order to
explore the plant's medicinal properties. Identify the chiral centers in
11-acetoxy-A’-tetrahydrocannabinoic acid A, and draw all its possible

stereoisomers. '’

CH,OCOCH3

11-Acetoxy-2°-tetrahydrocannabinoic acid A

5.70 One class of anti-viral drugs, called protease inhibitors, has been
studied for the treatment of hepatitis C. A series of related compounds,
represented by structure 2 (with varying R groups) were prepared from
compound 1. Several of the compounds under investigation showed
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promise as inhibitors of a key protease of the hepatitis C virus.'” Draw

the enantiomer of compound 1.

5.71 Chiral catalysts can be designed to favor the formation of a single
enantiomer in reactions where a new chiral center is formed. Recently, a
novel type of chiral copper catalyst was developed that is “redox recon-
figurable” in that the S enantiomer of the product predominates when
the Cul form of the catalyst is used, and the R enantiomer is the main
product when the Cu™ form is used (see below). This is not a general
phenomenon, and only works for a limited number of reactions.®

o o} o o
EtO OEt Catalyst
n (cu or cu' form), EtO OEt
-
Base, NO,
Solvent

(a) Draw the major products that form when the Cul or the Cul! catalyst
is used, specifying the stereochemistry and the catalyst required to
make each product.

(b) Consider the chart below, which summarizes the results of the reac-
tion using different solvents. For each solvent, calculate the %S and
%R. Which solvent produces the optimal results?

% ee OF % YIELD OF
SOLVENT (S)-PRODUCT  PRODUCT
Toluene 24 55
Tetrahydrofuran 48 33
CH3CN 72 55
CHCl; 30 40
CHCl, 46 44
Hexane 51 30

5.72  In 2010 the structure of the compound (+)-trigonoliimine A (iso-
lated from the leaves of a plant in the Yunnan province of China) was
reported as shown below. In 2011, a synthesis of the reported structure
was accomplished, although it was observed to be levorotatory at room
temperature, not dextrorotatory like the natural product. As a result, it
was determined that the configuration of the chiral center had been
incorrectly assigned in 2010." Draw the correct structure of (+)-trigono-
liimine A and provide its absolute stereochemical configuration.

A\
N

Reported structure of (+)-trigonoliimine A
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5.73 Consider the reaction below, which involves both a dehydroge-
nation (removal of two neighboring hydrogen atoms) and a Diels-Alder
reaction (which we will learn about in Chapter 16). Utilizing a specially
designed catalyst, the achiral starting materials are converted to a total
of four stereoisomeric products—two major and two minor.'> One of the
major products is shown:

o]

0 e

e

Catalyst

oA

o H

+ Stereoisomers

(a) Draw the other major product, which is the enantiomer of the prod-
uct shown.

(b) The two minor products retain the cis connectivity at the bridgehead
carbons but differ from the major products in terms of the relative
stereochemistry of the third chiral center. Draw the two minor prod-
ucts.

(c) What is the relationship between the two minor products?

(d) What is the relationship between the major products and the minor
products?

Problems 5.74-5.76 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

5.74 What is the configuration of the stereocenter in the following
compound?

H CH,

\%N

(d) Dependson T

CHALLENGE PROBLEMS

5.77 When a toluene solution of the sugar-derived compound below is
cooled, the molecules self-assemble into fibrous aggregates which work
in concert with the surface tension of the solvent to form a stable gel."®
Redraw the structure showing both nonaromatic rings in chair conforma-
tions with the bridgehead hydrogen atoms in axial positions. Be sure to

conserve the correct absolute stereochemistry in your answer.

H

0. ~OCH,

o
“”L\o “1OH
H
OH
H,N

5.75 What is the relationship between the following two compounds?

OH H

OH

(a) Enantiomers (b) Diastereomers

(c) Constitutional isomers (d) Resonance forms

5.76 Which of these compounds is expected to be optically active at
room temperature?

COOH
H——OH CHg
HO——H H
H——OH CHa
@) COOH (b) H
CHg H H
Br H H CHs
(  CHs @ H H

17

5.78 Consider the structure of the following ketone:

(6}
|

(a) Does this compound exhibit rotational symmetry?
(b) Does this compound exhibit reflectional symmetry?

(c) Is the compound chiral? If so, draw its enantiomer.



5.79 The natural product meloscine can be prepared via a 19-step syn-
thesis, featuring the following allene as a key intermediate:'®

\ w—OSi(iPr
c=c=cC: (Ps
| o)

\

0

(a) Draw a Newman projection of the allene when viewed from the
left side of the C=C=C unit. Note that in this case the “front”
and "back” carbons of the Newman projection are not directly
attached to each other but instead are separated by an intervening
sp-hybridized carbon atom.

(b) Draw the enantiomer of this compound in bond-line format (using
wedges/dashes to show stereochemistry where appropriate) and as
a Newman projection.

(c) Draw two diastereomers of this compound in bond-line and
Newman formats.

5.80 Each of 10 stereoisomeric sugar derivatives can be prepared via
a multiple-step synthesis starting from either glucuronolactone 1D or
its enantiomer 1L. Depending on the specific series of reactions used,
the configuration at carbons 2, 3, and 5 can be selectively retained or
inverted over the course of the synthesis. This protocol does not allow
for inversion at C4, but selection of 1D or 1L allows access to products
with either configuration at this chiral center."’

1D (or enantiomer) (10 possible stereoisomers)
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(a) Draw the structure of 1L.
(b) How many stereoisomers of 1D are possible?

(c) Draw the structures of the eight chiral products (as pairs of enantio-
mers) and the two achiral products.

(d) Only four of the products (including the two achiral ones) can theo-
retically be prepared from either reactant, 1D or 1L. Identify these
four compounds and explain your answer.
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DID YOU EVER WONDER...

how Alfred Nobel made the fortune that he used
to fund all of the Nobel Prizes (each of which
includes a cash prize of over one million dollars)?

As we will see later in this chapter, Alfred Nobel earned his

vast fortune by developing and marketing dynamite. Many
of the principles that inform the design of explosives are the same
principles that govern all chemical reactions. In this chapter, we
will explore some of the key features of chemical reactions (includ-
ing explosions). We will explore the factors that cause reactions to
occur as well as the factors that speed up reactions. We will practice
drawing and analyzing energy diagrams, which will be used heavily

" throughout this book to compare reactions. Most importantly, we

will focus on the skills necessary to draw and interpret the individual
steps of a reaction. This chapter will develop the core concepts and
critical skills necessary for understanding chemical reactivity.
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

e |dentifying Lone Pairs (Section 2.5) e Drawing Resonance Structures via
e Curved Arrows in Drawing Resonance Pattern Recognition (Section 2.10)
Structures (Section 2.8) e The Flow of Electron Density:

Curved-Arrow Notation (Section 3.2)
Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

6.1 Enthalpy

In Chapter 1, we discussed the nature of electrons and their ability to form bonds. In particular,
we saw that electrons achieve a lower energy state when they occupy a bonding molecular orbital
(Figure 6.1). It stands to reason, then, that breaking a bond requires an input of energy.

Antibonding MO

7 \
Potential Atomic 1 // \\ L Atomic
energy orbital \ y orbital
FIGURE 6.1 N
An energy diagram showing ]
that bonding electrons Bonding MO
occupy a bonding MO. Lower in energy

For a bond to break, the electrons in the bonding MO must receive energy from their surroundings.
Specifically, the surrounding molecules must transfer some of their kinetic energy to the system (the
bond being broken). The term enthalpy is used to measure this exchange of energy:

AH = g (at constant pressure)

The change in enthalpy (AH) for any process is defined as the exchange of kinetic energy, also called
heat (g), between a system and its surroundings under conditions of constant pressure. For a bond-
breaking reaction, AH is primarily determined by the amount of energy necessary to break the bond
homolytically. Homolytic bond cleavage generates two uncharged species, called radicals, each of
which bears an unpaired electron (Figure 6.2). Notice the use of single-headed curved arrows, often
called fish-hooks. Radicals and fish-hook arrows will be discussed in more detail in Chapter 10.
In contrast, heterolytic bond cleavage is illustrated with a two-headed curved arrow, generating
charged species, called ions (Figure 6.3).

A S v —  x® 4+ P
Homolytic Radicals Heterolytic lons

bond cleavage bond cleavage

FIGURE 6.2 FIGURE 6.3

Homolytic bond cleavage produces two radicals. Heterolytic bond cleavage produces ions.

The energy required to break a covalent bond via homolytic bond cleavage is called the bond
dissociation energy. The term AH° (with the “naught” symbol, or small circle, next to the H) refers
to the bond dissociation energy when measured under standard conditions (i.e., where the pressure is
1 atm and the compound is in its standard state: a gas, a pure liquid, or a solid). Table 6.1 gives AH®
values for a variety of bonds commonly encountered in this text.
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TABLE 6.1 BOND DISSOCIATION ENERGIES (AH°) OF COMMON BONDS

KJ/MOL  KCAL/MOL KJ/MOL  KCAL/MOL KJ/MOL  KCAL/MOL
Bonds to H H,C—CH—CHs 385 92 (CH3),CH—F 444 106
HeH 435 104 HC=C—CH, 489 117 (CH3),CH—ClI 335 80
H—CHj 435 104 (CH3),CH—Br 285 68
H—CH,CHj 410 98 Bonds to methyl (CH3),CH—I 222 53
H—CH(CHs), 397 95 CHs;—H 435 104 (CH3),CH—OH 381 1
H—C(CHj3)3 381 91 CH;—F 456 109
H@ 473 113 CHs—Cl 351 84 (|2H3
CHy—Br 293 70 HsC—C—X
CHy—| 234 56 (|3H3
H\_© 36 - Sy Sl 71 (CH3);C—H 381 91
(CH3):C—F 444 106
PN 464 111 H (CH3)sC—Cl 331 79
HC—C—X (CH3);C—Br 272 65
W N 364 & H (CH3)sC—1 209 50
HoF Fio | 136 CH3CH,—H 410 98 (CH3);C—OH 381 91
S 31 103 CH4CH,—F 448 107
H_br 368 P CH3CH,—Cl 339 81 X—X bonds
H—I 297 71 CH3CH,—Br 265 68 F—F 159 38
H—OH 498 19 Sy g2 e cl—cl 243 58
H—OCH,CH; 435 104 CHsCH,—OH 381 91 Br—Br 193 46
[l 151 36
C—C bonds C|;H3 HO—OH 213 51
HsC—C—X
CHs—CH; 368 88 |
CH4CH,— CHs 356 85 H
(CH3),CH—CH; 351 84 (CH3),CH—H 397 95
Most reactions involve the breaking and forming of several bonds. In such cases, we must take
into account each bond being broken or formed. The total change in enthalpy (AH®) for the reaction
is referred to as the heat of reaction. The sign of AH" for a reaction (whether it is positive or nega-
tive) indicates the direction in which the energy is exchanged and is determined from the perspective
of the system. A positive AH* indicates that the system increased in energy (it received energy from
the surroundings), while a negative AH® indicates that the system decreased in energy (it gave energy
to the surroundings). The direction of energy exchange is described by the terms endothermic and
exothermic. In an exothermic process, the system gives energy to the surroundings (AH° is negative).
In an endothermic process, the system receives energy from the surroundings (AH® is positive).
This is best illustrated with energy diagrams (Figure 6.4) in which the curve represents the change
Enthalpy || /________ N\ ______ - Enthalpy R
(H) Starting (H) Products T
materials AH° = © Exothermic AH° = @ Endothermic
FIGURE 6.4 Products itaatzll’rl]gs
Energy diagrams of exothermic >

and endothermic processes. Reaction coordinate Reaction coordinate
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in energy of the system as the reaction proceeds. In these diagrams, the progress of the reaction (the
x axis of the diagram) is referred to as the reaction coordinate. Students are often confused by the sign
of AH", and there is a valid reason for this confusion. In physics, the signs are the reverse of those
shown here. Physicists think of AH* in terms of the surroundings rather than the system. They care
about how devices have an impact on the environment—how much work the device can perform.
Chemists, on the other hand, think in terms of the system. When chemists run a reaction, they care
about the reactants and the products; they don't care about how the reaction ever so slightly changes
the temperature in the laboratory. If you are currently enrolled in a physics course and find yourself
confused about the sign of AH°, just remember that chemists think of AH” from the perspective of
the reaction (the system). For a chemist, an exothermic process involves the system losing energy to
the surroundings, so AH” is negative.

SKILLBUILDER

) LEARN the skill

A%

STEP 1

Identify the bond
dissociation energy
of each bond that is
broken or formed.

STEP 2

Determine the
appropriate sign
for each value from
step 1.

STEP 3

Add the values for
all bonds broken and
formed.

Lets get some practice predicting the sign and value of AH® for a reaction.

\ 6.1 PREDICTING AH® OF A REACTION

(D)

Predict the sign and magnitude of AH® for the following reaction. Give your answer in units
of kilojoules per mole, and identify whether the reaction is expected to be endothermic

or exothermic.
Cl
)\ + cl — + HCl

SOLUTION
Identify all bonds that are either broken or formed:
Bonds broken Bonds formed
e e
H C—C—H + Cl—Cl —— HgC—C—Cl + H—CI
&, CHy

Then use Table 6.1 to find the bond dissociation energies for each of these bonds:

Bond kJ/mol
H—C(CH3)3 381
Cl—Cl 243
(CH3);C—Cl 331
H—CI 431

Now we must decide what sign (+ or —) to place in front of each value. Remember that AH°
is defined with respect to the system. For each bond broken, the system must receive energy
in order for the bond to break, so AH® must be positive. For each bond formed, the electrons
are going to a lower energy state, and the system releases energy to the surroundings, so
AH° must be negative. Therefore, AH® for this reaction will be the sum total of the following
numbers:

Bonds broken  kJ/mol Bonds formed  kJ/mol
H—C(CHj3)3 +381 (CH3);C—ClI —331
Cl—cCl +243 H—CI —431

That is, AH° = —138 kJ/mol. For this reaction AH® is negative, which means that the system
is losing energy. It is giving off energy to the environment, so the reaction is exothermic.
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PRACTICE the skill 6.1 Using the data in Table 6.1, predict the sign and magnitude of AH® for each of the fol-

APPLY the skill

lowing reactions. In each case, identify whether the reaction is expected to be endothermic
or exothermic:

Br
(a)/\+Br2—>/K+HBr

Cl OH

(b) + HO0 —— X + HCI
Br OH

(© + HO0 — X + HBr
I OH

(d) X + HO —— X + HI

6.2 (—)-Cameroonanol has been isolated from the essential oil of Echinops giganteus
(globe thistle) plants and it is associated with a strong woody fragrance. Its structure, includ-
ing relative stereochemistry, was confirmed when it was made in the laboratory according to
the sequence shown below." Recall that a C=C bond is made up of one ¢ bond and one 7
bond. These two bonds together have a combined BDE (bond dissociation energy) of 607
kJ/mol. Use this information to estimate the AH® for the conversion of compound 1 into
compound 2.

1 2 (—)-Cameroonanol

need more PRACTICE? Try Problem 6.20a

6.2 Entropy

The sign of AH" is not the ultimate measure of whether or not a reaction can or will occur. Although
exothermic reactions are more common, there are still plenty of examples of endothermic reactions
that readily occur. This raises the question: What is the ultimate measure for determining whether
or not a reaction can occur? The answer to this question is entropy, which is the underlying principle
guiding all physical, chemical, and biological processes. Entropy is informally defined as the measure
of disorder associated with a system, although this definition is overly simplistic. Entropy is more
accurately described in terms of probabilities. To understand this, consider the following analogy.
Imagine four coins, lined up in a row. If we toss all four coins, the chances that exactly half of the
coins will land on heads are much greater than the chances that all four coins will land on heads.
Why? Compare the number of possible ways to achieve each result (Figure 6.5). There is only one
state in which all four coins land on heads, yet there are six different states in which exactly two coins
land on heads. The probability of exactly two coins landing on heads is six times greater than the
probability of all four coins landing on heads.

Expanding the analogy to six coins, we find that the probability of exactly half of the coins land-
ing on heads is 20 times greater than the probability of all six coins landing on heads. Expanding
the analogy further to eight coins, we find that the probability of exactly half of the coins landing on
heads is 70 times greater than the probability of all eight coins landing on heads. A trend is appar-
ent: As the number of coins increases, the chances of all coins landing on heads becomes less likely.
Imagine a floor covered with one billion coins. What are the chances that flipping all of them will
result in all heads? The chances are miniscule (you have better chances of winning the lottery one



FIGURE 6.5

Comparing the number of ways
to achieve various outcomes

in a coin-tossing experiment.

FIGURE 6.6
Free expansion of a gas.
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Only one state in which all
four coins land on heads

hundred times in a row). It is much more likely that approximately half of the coins will land on
heads because there are so many more ways of accomplishing that.

Now apply the same principle to describe the behavior of gas molecules in a two-chamber sys-
tem, as shown in Figure 6.6. In the initial condition, one of the chambers is empty, and a divider
prevents the gas molecules from entering that chamber. When the divider between the chambers is
removed, the gas molecules undergo a free expansion. Free expansion occurs readily, but the reverse
process is never observed. Once spread out into the two chambers, the gas molecules will not sud-
denly collect into the first chamber, leaving the second chamber empty. This scenario is very similar
to the coin-tossing analogy. At any moment in time, each molecule can be in either chamber 1 or
chamber 2 (just like each coin can be either heads or tails). As we increase the number of molecules,
the chances become less likely that all of the molecules will be found in one chamber. When dealing
with a mole (6 X 10** molecules), the chances are practically negligible, and we do not observe the
molecules suddenly collecting into one chamber (at least not in our lifetimes).

Closed

Free expansion is a classic example of entropy. When molecules occupy both chambers, the system
is said to be at a higher state of entropy, because the number of states in which the molecules are spread
between both chambers is so much greater than the number of states in which the molecules are all
found in one chamber. Entropy is really nothing more than an issue of likelihood and probability.

A process that involves an increase in entropy is said to be spontaneous. That is, the process can
and will occur, given enough time. Chemical reactions are no exception, although the considerations
are slightly more complex than in a simple free expansion. In the case of free expansion, we only
had to consider the change in entropy of the system (of the gas particles). The surroundings were
unaffected by the free expansion. However, in a chemical reaction, the surroundings are affected. We
must take into account not only the change in entropy of the system but also the change in entropy
of the surroundings:

AS{O[ = A*S.SyS + A'S‘Sl.ll'['

where AS,,, is the total change in entropy associated with the reaction. In order for a process to be
spontaneous, the total entropy must increase. The entropy of the system (the reaction) can actually
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FIGURE 6.7
Two ways in which the entropy of
a chemical system can increase.

decrease, as long as the entropy of the surroundings increases by an amount that offsets the decreased
entropy of the system. As long as AS,, is positive, the reaction will be spontaneous. Therefore, if we
wish to assess whether a particular reaction will be spontaneous, we must assess the values of AS,

and AS,,,,. For now, we will focus our attention on AS,,; we will discuss AS,,, in the next section.

S
The value of AS,; is affected by a number of factorys. The two most dominant factors are shown
in Figure 6.7. In the first example in Figure 6.7, one mole of reactant produces two moles of product.
This represents an increase in entropy, because the number of possible ways to arrange the molecules
increases when there are more molecules (as we saw when we expanded our coin-tossing analogy
by increasing the number of coins). In the second example, a cyclic compound is being converted
into an acyclic compound. Such a process also represents an increase in entropy, because acyclic
compounds have more freedom of motion than cyclic compounds. An acyclic compound can adopt
a larger number of conformations than a cyclic compound, and once again, the larger number of
possible states corresponds with a larger entropy.

A—B — A + B

|
}
|
I —> X Y
One mole Two moles | U
|
|
|

of reactant of products Cyclic Acyclic

CONCEPTUAL CHECKPOINT

6.3 For each of the following processes predict the sign of AS for the reaction. In other words, will AS, s be positive (an increase in entropy)

or negative (a decrease in entropy)?

=
] —
(@) X
Br o
(d)x - )@\ B

BY THE WAY

Organic chemists generally
carry out reactions

under constant pressure
(atmospheric pressure) and
at a constant temperature.
For this reason, the
conditions most relevant to
practicing organic chemists
are conditions of constant
pressure and temperature.

C -0 O —C
e e +
(b) F (©) X
H
o H\Q@_H C|)®
H” H
() )@\ X () )Q - )oR/VOH

6.3 Gibbs Free Energy

In the previous section, we saw that entropy is the one and only criterion that determines whether or
not a chemical reaction will be spontaneous. But it is not enough to consider AS of the system alone;
we must also take into account AS of the surroundings:

AS,, = AS.. + AS

sys surr

The total change in entropy (system plus surroundings) must be positive in order for the process to be
spontaneous. It is fairly straightforward to assess ASy; using tables of standard entropy values (a skill
that you likely learned in your general chemistry course). However, the assessment of AS,,, presents
more of a challenge. It is certainly not possible to observe the entire universe, so how can we possibly
measure AS,,? Fortunately, there is a clever solution to this problem.

Under conditions of constant pressure and temperature, it can be shown that:

AH

sys
ASsurr == T

Notice that AS,,, is now defined i terms of the system. Both AH,, and T (temperature in Kelvin)
are easily measured, which means that AS;,,; can in fact be measured. Plugging this expression for
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AS,; into the equation for AS,,, we arrive at a new equation for AS,,, for which all terms are
measurable:

+ AS,

sys

_AHSYS)

A =
Stot ( T

This expression is still the ultimate criterion for spontaneity (AS,,, must be positive). As a final step,
we multiply the entire equation by — 7, which gives us a new term, called Gibbs free energy:

~TASy = AH,,— TAS

sys

AG
In other words, AG is nothing more than a repackaged way of expressing total entropy:

AG = |AH — [TAS
/ \

Associated with Associated with
the change in entropy the change in entropy
of the surroundings of the system

In this equation, the first term (AH) is associated with the change in entropy of the surroundings
(a transfer of energy to the surroundings increases the entropy of the surroundings). The second
term (7AS) is associated with the change in entropy of the system. The first term (AH) is often
much larger than the second term (7AS), so for most processes, AH will determine the sign of
AG. Remember that AG is just AS,,, multiplied by negative T. So if AS,,, must be positive in order
for a process to be spontaneous, then AG must be negative. In order for a process to be spontaneous,
AG for that process must be negative. This requirement is called the second law of thermodynamics.

In order to compare the two terms contributing to AG, we will sometimes present the equation
in a nonstandard way, with a plus sign between the two terms:

AG = AH + (=TAS)

@ Practically Speaking Explosives

\_

Explosives are compounds that can be detonated, generating
sudden large pressures and liberating excessive heat. Explosives
have several defining characteristics:

1. In the presence of oxygen, an explosive will produce a

reaction for which both expressions contribute to a very
favorable AG:

That is, the changes in entropy of both the surroundings and
the system are extremely favorable. As a result, both terms
contribute to a very large and negative value of AG. This
makes the reaction extremely favorable.

. Explosives must generate large quantities of gas very quickly

in order to produce the sudden increase in pressure observed
during an explosion. Compounds containing multiple nitro
groups are capable of liberating gaseous NO,. Several exam-
ples are shown.

3. When detonated, the reaction must occur very rapidly. This

VA

o3

CHjy
= — O—NO.
AG = AH TAS 2 ON NO,
O—NO,
O—NO, NO,
Nitroglycerin Trinitrotoluene
(TNT)
OZN\ /N02
O}go OZN\’\L/\J\‘/NOZ
(6} (o} ’Tl
O,N" “NO, NO,
Pentaerythritol tetranitrate Cyclotrimethylenetrinitramine
(PETN) (RDX)

aspect of explosives will be discussed later in this chapter.
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FIGURE 6.8

Energy diagrams of an
exergonic process and an
endergonic process.
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In some cases, this nonstandard presentation will allow for a more efficient analysis of the competi-
tion between the two terms. As an example, consider the following reaction:

=0
o —
A
In this reaction, two molecules are converted into one molecule, so AS, is not favorable. However,
A8y is favorable. Why? AS, . is determined by AH of the reaction. In the first section of this chap-
ter, we learned how to estimate AH for a reaction by looking at the bonds being formed and broken.
In the reaction above, three 7 bonds are broken while one 7 bond and two ¢ bonds are formed. In
other words, two 7 bonds have been transformed into two 0 bonds. Sigma bonds are stronger (lower
in energy) than 7 bonds, and therefore, AH for this reaction must be negative (exothermic). Energy
is transferred to the surroundings, and this increases the entropy of the surroundings. To recap, AS,,
is not favorable, but AS,,, is favorable. Therefore, this process exhibits a competition between the
change in entropy of the system and the change in entropy of the surroundings:

AG=AH + (—=TAS)
S} ®

Remember that AG must be negative in order for a process to be spontaneous. The first term is nega-
tive, which is favorable, but the second term is positive, which is unfavorable. The term that is larger
will determine the sign of AG. If the first term is larger, then AG will be negative, and the reaction
will be spontaneous. If the second term is larger, then AG will be positive, and the reaction will not be
spontaneous. Which term dominates? The value of the second term is dependent on 7, and therefore,
the outcome of this reaction will be very sensitive to temperature. Below a certain 7, the process will
be spontaneous. Above a certain 7, the reverse process will be favored.

Any process with a negative AG will be spontaneous. Such processes are called exergonic. Any
process with a positive AG will not be spontaneous. Such processes are called endergonic (Figure 6.8).

These energy diagrams are incredibly useful when analyzing reactions, and we will use these
diagrams frequently throughout the course. The next few sections of this chapter deal with some of
the more specific details of these diagrams.

Free | . v e  \ N Free i
Reactants T Products T
energy AG = O energy AG = O
@ lExergonic @) JLEndergonic
Products Reactants 7

Reaction coordinate Reaction coordinate

CONCEPTUAL CHECKPOINT

6.4 For each of the following reactions predict the sign of AG. If a
prediction is not possible because the sign of AG will be temperature
dependent, describe how AG will be affected by raising the temperature.

(a) An endothermic reaction for which the system exhibits an
increase in entropy.

(b) An exothermic reaction for which the system exhibits an
increase in entropy.

(c) An endothermic reaction for which the system exhibits a
decrease in entropy.

(d) An exothermic reaction for which the system exhibits a decrease
in entropy.

6.5 At room temperature, molecules spend most of their time in
lower energy conformations. In fact, there is a general tendency for
any system to move toward lower energy. As another example, elec-
trons form bonds because they “prefer” to achieve a lower energy
state. We can now appreciate that the reason for this preference
is based on entropy. When a compound assumes a lower energy
conformation or when electrons assume a lower energy state, AS,;
increases. Explain.
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@ Practically Speaking Do Living Organisms Violate the Second Law of Thermodynamics?

Students often wonder whether life is a violation of the second

law of thermodynamics. It is certainly a legitimate question.

Our bodies are highly ordered, and we are capable of imposing

order on our surroundings. We are able to take raw materials

and build tall skyscrapers. How can that be? In addition, many

of the reactions necessary to synthesize the macromolecules

necessary for life, such as DNA and proteins, are endergonic

processes (AG is positive). How can those reactions occur?
Earlier in this chapter, we saw that it is possible for

a reaction to exhibit a decrease in entropy and still be

spontaneous if and only if the entropy of the surroundings

increases such that AS,.; for the process is positive. In other

words, we have to take the whole picture into account

when determining if a process will be spontaneous. Yes, it

is true that many of the reactions employed by life are not

spontaneous by themselves. But when they are coupled with

other highly favorable reactions, such as the metabolism

of food, the total entropy (system plus surroundings) does

actually increase. As an example, consider the metabolism

of glucose:

HO :
HO ° o4 + 60, — 6CO, + 6H,0 AG® =-2880 kJ/mol
o »9 3

This transformation has a large and negative AG. Processes like
this one are ultimately responsible for driving otherwise non-
spontaneous reactions that are necessary for life.

Living organisms do not violate the second law of
thermodynamics—quite the opposite, in fact. Living organisms
are prime examples of entropy at its finest. Yes, we do impose
order on our environment, but that is only permitted because
we are entropy machines. We give off heat to our surroundings
and we consume highly ordered
molecules (food) and break
them down into smaller,
more stable compounds
with much lower
free energy. These
features allow us to
impose order on our
surroundings, because
our net effect is to
increase the entropy of
the universe.

OH
Glucose
- O
6.4 Equilibria
Consider the energy diagram in Figure 6.9, showing a reaction in which the reactants, A and B, are
converted into products, C and D. The reaction exhibits a negative AG and therefore will be spon-
taneous. Accordingly, we might expect a mixture of A and B to be converted completely into C and
D. But this is not the case. Rather, an equilibrium is established in which all four compounds are
present. Why should this be the case? If C and D are truly lower in free energy than A and B, then
why is there any amount of A and B present when the reaction is complete?
A+B —— C+D
Free & _/ ______ \o______ __
energy | A+B i
(G) AG° = O
FIGURE 6.9 l

The energy diagram of an
exergonic reaction in which
reactants (A and B) are converted
into products (C and D).

Reaction coordinate

To answer this question, we must consider the effect of having a large number of molecules. The
energy diagram in Figure 6.9 describes the reaction between one molecule of A and one molecule
of B. However, when dealing with moles of A and B, the changing concentrations have an effect on
the value of AG. When the reaction begins, only A and B are present. As the reaction proceeds, the
concentrations of A and B decrease, and the concentrations of C and D increase. This has an effect
on AG, which can be illustrated with the diagram in Figure 6.10. As the reaction proceeds, the free
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A+B —— C+D

Decreasing
free energy

Decreasing

Free free energy
energy
(G)
Minimum

FIGURE 6.10 value of G
An energy diagram illustrating
the relationship between AG and !
concentration. A minimum in free e
energy is achieved at particular Only Equilibrium Only
concentrations (equilibrium). A+B Concentrations C+D

energy decreases until it reaches a minimum value at very particular concentrations of reactants and
products. If the reaction were to proceed further in either direction, the result would be an increase
in free energy, which is not spontaneous. At this point, no further change is observed, and the system
is said to have reached equilibrium. The exact position of equilibrium for any reaction is described
by the equilibrium constant, K,

[products] _ [C][D]

[reactants] [A][B]

€q =
where K. is defined as the equilibrium concentrations of products divided by the equilibrium
concentrations of reactants.

If the concentration of products is greater than the concentration of reactants, then K, will be
greater than 1. On the other hand, if the concentration of products is less than the concentration
of reactants, then K, will be less than 1. The term K, indicates the exact position of the equilib-
rium, and it is related to AG in the following way, where R is the gas constant (8.314 J/mol - K)
and 7'is the temperature measured in Kelvin:

AG = —RTn K,

For any process, whether it is a reaction or a conformational change, the relationship between
K.qand AG is defined by the equation above. Table 6.2 gives a few examples and illustrates that
AG determines the maximum yield of products. If AG is negative, the products will be favored
(Keq > 1). If AG is positive, then the reactants will be favored (K. < 1). In order for a reaction
to be useful (in order for products to dominate over reactants), AG must be negative; that is, Kq
must be greater than 1. The values in Table 6.2 indicate that a small difference in free energy can
have a significant impact on the ratio of reactants to products.

TABLE 6.2 SAMPLE VALUES OF AG AND CORRESPONDING Keq

AG° (KJ/MOL) Keq % PRODUCTS AT EQUILIBRIUM
17 10° 99.9%
11 10? 99%
—6 10" 90%
0 1 50%
+6 107" 10%
+11 1072 1%

+17 1073 0.1%



FIGURE 6.11
Thermodynamics of a reaction
is based on the difference

in energy between starting
materials and products.
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In this section, we have investigated the relationship between AG and equilibrium—a topic
that falls within the realm of thermodynamics. Thermodynamics is the study of how energy is dis-
tributed under the influence of entropy. For chemists, the thermodynamics of a reaction specifically
refers to the study of the relative energy levels of reactants and products (Figure 6.11). This difference
in free energy (AG) ultimately determines the yield of products that can be expected for any reaction.

Free © @/ _______ N\ ______ -
energy
(G)

Difference
in free energy

Reaction coordinate

CONCEPTUAL CHECKPOINT

6.6 In each of the following cases, use the data given to deter-

(c) A reaction carried out at 298 K, for which AH = +33 kJ/mol

mine whether the reaction favors reactants or products:
(a) A reaction for which AG = +1.52 kJ/mol
(b) A reaction for which Keq = 0.5

and AS = +150 J/mol - K
(d) An exothermic reaction with a positive value for ASgs

(e) An endothermic reaction with a negative value for AS

6.5 Kinetics

In the previous sections, we saw that a reaction will be spontaneous if AG for the reaction is nega-
tive. The term spontaneous does not mean that the reaction will occur suddenly. Rather, it means
that the reaction is thermodynamically favorable; that is, the reaction favors formation of products.
Spontaneity has nothing to do with the speed of the reaction. For example, the conversion of dia-
monds into graphite is a spontaneous process at standard pressure and temperature. In other words,
all diamonds are turning into graphite at this very moment. But even though this process is spontane-
ous, it is nevertheless very, very slow. It will take millions of years, but ultimately, all diamonds will
eventually turn into graphite!

Why is it that some spontaneous processes are fast, like explosions, while others are slow, like
diamonds turning into graphite? The study of reaction rates is called kinetics. In this section, we will
explore issues related to reaction rates.

Rate Equations

The rate of any reaction is described by a rate equation, which has the following general form:

Rate = k [reactants]

Rate constant Concentration of
starting materials

The general equation above indicates that the rate of a reaction is dependent on the rate constant
(k) and on the concentration of the reactants. The rate constant (k) is a value that is specific to each
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FIGURE 6.12

Rate equations for
first-order, second-order,
and third-order reactions.

LOOKING AHEAD

If you are having trouble
understanding how the rate
would not be affected by the
concentration of a reactant,
don‘t worry. This will be
explained in Chapter 7.

FIGURE 6.13

An energy diagram showing
the energy of activation

(E,) of a reaction.
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reaction and is dependent on a number of factors. We will explore those factors in the next section.
For now, we will focus on the effect of concentrations on the rate.

A reaction is the result of a collision between reactants, and therefore, it makes sense that increas-
ing the concentrations of reactants should increase the frequency of collisions that lead to a reaction,
thereby increasing the rate of the reaction. However, the precise effect of concentration on rate must
be determined experimentally:

Rate = k [A]X [B)Y

In this rate equation notice that the concentrations of A and B are shown with exponents
(x and y). These exponents must be experimentally determined, by exploring how the rate is affected
when the concentrations of A and B are each separately doubled. Here are just a few of the possibili-
ties that we might discover for any particular reaction (Figure 6.12).

Rate = k[A]? [B]
Third order

Rate = k[A]
First order

Rate = k[A] [B]
Second order

The first possibility has [B] absent from the rate equation. This is a situation where doubling the
concentration of A has the effect of doubling the rate of the reaction, but doubling the concentration
of B has no effect at all. In such a case, the sum of the exponents is 1, and the reaction is said to be
first order.

The second possibility above represents a situation where doubling [A] has the effect of doubling
the rate, while doubling [B] also has the effect of doubling the rate. In such a case, both [A] and [B]
are present in the rate equation, and the exponent of each is 1. The sum of the exponents in this case
is 2, and the reaction is said to be second order. The third possibility above represents a situation
where doubling [A] has the effect of guadrupling the rate, while doubling [B] has the effect of dou-
bling the rate. In such a case, the exponent of [A] is 2 and the exponent of [B] is 1. The sum of the
exponents in this case is 3, and the reaction is said to be third order.

Factors Affecting the Rate Constant

As seen in the previous section, the rate of a reaction is dependent on the rate constant (4):

Rate = K [A]* [B]Y

A relatively fast reaction is associated with a large rate constant, while a relatively slow reaction is
associated with a small rate constant. The value of the rate constant is dependent on three factors: the
energy of activation, temperature, and steric considerations.

1. Energy of Activation. The energy barrier between the reactants and the products is called the
energy of activation, or E, (Figure 6.13). This energy barrier represents the minimum amount
of energy required for a reaction to occur between two reactants that collide. If a collision
between the reactants does not involve this much energy, they will not react with each other to
form products. The number of successful collisions is therefore dependent on the number of
molecules that have a certain threshold kinetic energy.

Potential Reactants

energy

Products

Reaction coordinate



FIGURE 6.14

Distribution of kinetic energy.
Shown in blue is the fraction of
molecules that possess enough
energy to produce a reaction.

FIGURE 6.15
The rate of a reaction is
dependent on the size of E,.

FIGURE 6.16

Increasing the temperature
increases the number of
molecules with sufficient
energy to produce a reaction.

3.

Potential
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At any specific temperature, the reactants will have a specific average kinetic energy, but not
all molecules will possess this average energy. In fact, most molecules have either less than the
average or more than the average, giving rise to a distribution as shown in Figure 6.14. Notice

Number of
molecules

Ea
Energy

that only a certain number of the molecules will have the minimum energy necessary to produce
a reaction. The number of molecules with this energy will be dependent on the value of E,. If
E, is small, then a large percentage of the molecules will have the threshold energy necessary to
produce a reaction. Therefore, a low E, will lead to a faster reaction (Figure 6.15).

Faster rate Slower rate

Reactants

Potential

energy energy Reactants

Products Products

Reaction coordinate Reaction coordinate

Temperature. The rate of a reaction is also very sensitive to temperature (Figure 6.16). Raising
the temperature of a reaction will cause the rate to increase, because the molecules will have
more kinetic energy at a higher temperature. At higher temperature, a larger number of mol-
ecules will have the kinetic energy sufficient to produce a reaction. As a rule of thumb, raising
the temperature by 10°C causes the rate to double.

1 Lower T

Higher T

Number of
molecules

Energy

Steric Considerations. The gecometry of the reactants and the orientation of their collision can
also have an impact on the frequency of collisions that lead to a reaction. This factor will be
explored in greater detail in Section 7.3.
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® Medically Speaking Nitroglycerin: An Explosive with Medicinal Properties

I/, Explosives can be divided into two categories:

) primary explosives and secondary explosives.
. : Primary explosives are very sensitive to shock or

heat, and they detonate very easily. That is, the

energy of activation for the explosion is very small and easily
overcome. In contrast, secondary explosives have a larger
activation energy and are therefore more stable. Secondary
explosives are often detonated with a very small amount of
primary explosive.

Primary explosives

Explosive
material

Products of
explosion

Explosive
material

Potential
energy

Potential
energy

Products of
explosion

Secondary explosives

from heart problems found that their conditions greatly
improved. For many decades, the reason for this response
was not clear, but a clear pattern had been established. As
a result, doctors began to treat patients experiencing heart
problems by giving them small quantities of nitroglycerin
to ingest. Ultimately, Nobel himself suffered from heart
problems, and his doctor suggested that he ingest small
quantities of nitroglycerin. Nobel refused to ingest what he
considered to be an explosive, and he ultimately died of
heart complications.

With the passing decades, it became clear that
nitroglycerin serves as a vasodilator (dilates blood
vessels) and therefore reduces the chances of blockage
that leads to a heart attack. However, it was not known
how nitroglycerin functions as a vasodilator. The study
of drug action belongs to a broader field of study called
pharmacology. A scientist at UCLA by the name of Louis
Ignarro was interested in this pharmacological question
and heavily investigated the action of nitroglycerin in the
body. He discovered that metabolism of nitroglycerin

Reaction coordinate

The first commercial secondary explosive was produced by

Alfred Nobel in the mid-1800s. At the time, there were no strong

explosives safe enough to handle. Nobel focused his efforts on
finding a way to stabilize nitroglycerin:

Nitroglycerin

Nitroglycerin is very shock sensitive and unsafe to handle. In an
effort to find a formulation of nitroglycerin that would have a
larger energy of activation, Nobel conducted many experiments.
Many of those experiments caused explosions in the Nobel
factory, one of which killed his younger brother, Emil, along with
several co-workers. Ultimately, Nobel was successful in stabilizing
nitroglycerin by mixing it with diatomaceous earth, a type of
sedimentary rock (made from the shells of algae called diatoms)
that easily crumbles into a fine powder. The resulting mixture,
which he called dynamite, became the first commercial secondary
explosive, and numerous factories across Europe were soon built
in order to produce dynamite in large quantities. As mentioned in
the chapter opener, Alfred Nobel became fabulously wealthy from
his invention and used some of the proceeds to fund the Nobel
prizes, with which we are all so familiar.

Over time, it was discovered that workers in the
dynamite production factories experienced several
physiological responses associated with prolonged exposure
to nitroglycerin. Most importantly, workers who suffered

N

Reaction coordinate

produces nitric oxide (NO) and that this small compound
is ultimately responsible for a large number of
physiological processes. At first, his discovery was met with
skepticism by the scientific community since nitric oxide was
known to be an atmospheric contaminant (present in smog),
and it was difficult to believe that the very same compound
could be responsible for the medicinal value of nitroglycerin.
Ultimately, his ideas were verified, and he was credited with
discovering the mechanism for the physiological effects
of nitroglycerin. Ignarro’s discovery ultimately led to the
development of many new commercial drugs, including Viagra.
Viagra is a vasodilator of the blood vessels
of the penis, resulting in an erection.
Erectile dysfunction is estimated to
afflict 9% of all adult males in
the United States.
Perhaps if Alfred
Nobel had been privy
to Ignarro’s research,
he might have
followed his doctor's
instructions after all and
taken nitroglycerin for its ‘
medicinal value. It is therefore
quite interesting that Ignarro was
awarded the 1998 Nobel Prize in
Physiology or Medicine, a prize that was
funded by Nobel with the fortune that
he accrued for his discovery of stabilized
nitroglycerin. It appears that history does in
fact have a sense of irony.
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Catalysts and Enzymes

A catalyst is a compound that can speed up the rate of a reaction without itself being consumed by
the reaction. A catalyst works by providing an alternate pathway with a smaller activation energy
(Figure 6.17). Notice that a catalyst does not change the energy of reactants or products, and there-
fore, the position of equilibrium is not affected by the presence of a catalyst. Only the rate of reaction
is affected by the catalyst. We will see many examples of catalysts in the coming chapters.

—— Without catalyst

Ea —— With catalyst
Potential E
a
energy
Reactants
FIGURE 6.17
An energy diagram showing
an uncatalyzed pathway Products
and a catalyzed pathway. Reaction coordinate

Nature employs catalysis in many biological functions as well. Enzymes are naturally occurring
compounds that catalyze very specific biologically important reactions. Enzymes will be discussed in
greater detail in Chapter 25.

® Practically Speaking Beer Making

Yeast is a microorganism that utilizes many enzymes that catalyze
many different reactions. Some of these enzymes enable the

| yeast to metabolize sugars, producing ethanol
and CO; as waste products. The ethanol
generated in the process is toxic to the

. yeast, so as the concentration of ethanol
rises, the fermentation slows. As a
result, it is difficult to

Beer making relies on the fermentation of sugars (produced i
- achieve an alcohol

from grains such as wheat or barley). The fermentation process
produces ethanol and is thermodynamically favorable (AG is
negative). The direct conversion of sugar into ethanol has a very
large activation energy and therefore does not occur by itself at
an appreciable rate:

. concentration
. greater than

Peor:z?tial 12% when using
ay Sugar . standard brewing
produced !
from grains { yeast.
Without the

Beer '
catalytic action of

yeast, beer might
. never have been
. discovered.

Reaction coordinate

When yeast is added to the mixture, the energy of activation
is lowered, and the process takes place at an observable rate.
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6.6 Reading Energy Diagrams

As we begin to study reactions in the next chapter, we will rely heavily on the use of energy diagrams.
Let’s quickly review some of the features of energy diagrams.

Kinetics Versus Thermodynamics

Don’t confuse kinetics and thermodynamics—they are two entirely separate concepts (Figure 6.18).

Kinetics
(rate of reaction)

Potential

Potential =~ © =7 """\ T

Thermodynamics
(equilibrium)

FIGURE 6.18

Energy diagrams showing the
difference between kinetics
and thermodynamics.

energy Reactants energy Reactants

Products Products

Reaction coordinate Reaction coordinate

Kinetics refers to the rate of a reaction, while thermodynamics refers to the equilibrium con-
centrations of reactants and products. Suppose that two compounds, A and B, can react with each
other in one of two possible pathways (Figure 6.19). The pathway determines the products. Notice
that products C and D are thermodynamically favored over products E and E because C and D are
lower in energy. In addition, C and D are also kinetically favored over E and F because formation of
C and D involves a smaller activation energy. In summary, C and D are favored by thermodynamics
as well as kinetics. When reactants can react with each other in two possible ways, it is often the case
that one reaction pathway is both thermodynamically and kinetically favored, although there are
many cases in which thermodynamics and kinetics oppose each other. Consider the energy diagram
in Figure 6.20 showing two possible reactions between A and B. In this case, products C and D are
favored by thermodynamics because they are lower in energy. However, products E and F are favored
by kinetics because formation of E and F involves a lower energy of activation. In such a case, tem-
perature will play a pivotal role. At low temperature, the reaction that forms E and F will be more
rapid, even though this reaction does not produce the most stable products. At high temperature,

Potential Potential

energy

C+D

Reaction coordinate

FIGURE 6.19
An energy diagram showing two possible
pathways for the reaction between A and B.

A+B energy A+B

E+F

C+D

Reaction coordinate

FIGURE 6.20

An energy diagram showing two possible
pathways for the reaction between A and B.

In this case, C and D are the thermodynamic
products, while E and F are the kinetic products.



FIGURE 6.21

In an energy diagram, all peaks
are transition states, and all
valleys are intermediates.

FIGURE 6.22
In a transition state, bonds are
being broken and/or formed.
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equilibrium concentrations will be quickly achieved, favoring formation of C and D. We will see
several examples of kinetics versus thermodynamics throughout this course.

Transition States Versus Intermediates

Reactions often involve multiple steps. In the energy diagram of a multistep process, all local minima
(valleys) represent intermediates, while all local maxima (peaks) represent transition states (Figure 6.21).
It is important to understand the difference between transition states and intermediates.

Transition states

C A\

Potential
energy

\

Intermediates

Reaction coordinate

A transition state, as the name implies, is a state through which the reaction passes. Transition
states cannot be isolated. In this high-energy state, bonds are in the process of being broken and/or
formed simultaneously, as shown in Figure 6.22.

Bond Bond
breaking forming
H -
5 I 5 -
Br---L--- C---F--- cl Transition
\ state
H H
Potential ©
energy CHsBr + CI
CH3CI + Br®

Reaction coordinate

As a crude analogy for the difference between a transition state and an intermediate, consider
jumping in the air as high as you can while your friend takes a photograph of the highest point of
your trajectory. The picture shows the height that you achieved, although it would not be fair to say
that you were able to spend any considerable amount of time at that height (to hover in midair). It
was a state through which you passed. In contrast, imagine jumping onto a desk and then jump-
ing back down. A photograph of you standing on the desk will be very different from the previous
picture. It is actually possible to stand on a desk for a period of time, but it is not possible to remain
hovering in the air for any reasonable period of time. The picture of you standing on the desk is
similar to the picture of a reaction intermediate. Intermediates have a certain, albeit short, lifetime.
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Intermediate

Potential o
energy Br + CI

FIGURE 6.23
An energy diagram of a reaction ©
that exhibits an intermediate Cl + Br
characterized by a valley >
in the energy diagram. Reaction coordinate
Intermediates, such as the one shown in Figure 6.23, are very common, and we will encounter them
hundreds of times throughout this course.
The Hammond Postulate
Consider the two highlighted points on the energy diagram in Figure 6.24. Because these two points
are close to each other on the curve, they are close in energy and are therefore structurally similar.
H
5 I 5
Br------- _C\f ——————— cl
H H
H
5 I o
peem— C\ =
H H
i S}
Potential CHgBr + Cl
energy
FIGURE 6.24 BY
. ¥+ CHgCl
On an energy diagram,
two points that are close
together will represent >
structurally similar states. Reaction coordinate

Using this principle, we can make a generalization about the structure of a transition state in any
exothermic or endothermic process (Figure 6.25). In an exothermic process the transition state is
closer in energy to the reactants than to the products, and therefore, the structure of the transition

Exothermic process Endothermic process
Transition Transition
~ state state
Closer in
energy Closer in
/ \energy
Potential Potential
FIGURE 6.25 energy Reactants energy Products

A transition state will be closer

in energy to the starting

materials in an exothermic Products Reactants
process, but it will be closer

in energy to the products in
an endothermic process. Reaction coordinate Reaction coordinate
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state more closely resembles the reactants. In contrast, the transition state in an endothermic process
is closer in energy to the products, and therefore, the transition state more closely resembles the
products. This principle is called the Hammond postulate. We will use this principle many times in
our discussions of transition states in the upcoming chapters.

' CONCEPTUAL CHECKPOINT

6.7 Consider the relative energy diagrams for four different processes:

B C D

A
Potentialf Potential 1 Potentialf Potentialf
energy energy energy energy
—)

— — —
Reaction Reaction Reaction Reaction
coordinate coordinate coordinate coordinate
(a) Compare energy diagrams A and D. Assuming all other . (e) Compare energy diagrams A and B. Assuming all other
factors (such as concentrations and temperature) are factors (such as concentrations and temperature) are
identical for the two processes, identify which process will identical for the two processes, identify which process will

occur more rapidly. Explain.

occur more rapidly. Explain.

(b) Compare energy diagrams A and B. Which process will (f) Compare energy diagrams B and D. Which process will
more greatly favor products at equilibrium? Explain. more greatly favor products at equilibrium? Explain.

(c) Do any of the processes exhibit an intermediate? Do any (g) Compare energy diagrams C and D. In which case will the
of the processes exhibit a transition state? Explain. 1 transition state resemble products more than reactants?

(d) Compare energy diagrams A and C. In which case will the

Explain.

transition state resemble reactants more than products?

Explain.

LOOKING BACK
For a review of inductive
effects, see Section 1.11.

FIGURE 6.26

Electrostatic potential maps

of methyl chloride and
methyllithium, clearly indicating
the inductive effects.

6.7 Nucleophiles and Electrophiles

Ionic reactions, also called polar reactions, involve the participation of ions as reactants, intermedi-
ates, or products. In most cases, the ions are present as intermediates. These reactions represent most
(approximately 95%) of the reactions that we will encounter in this course. The other two major
categories, radical reactions and pericyclic reactions, occupy a much smaller focus in the typical
undergraduate organic chemistry course but will be discussed in upcoming chapters. The remainder
of this chapter will focus on ionic reactions.

Tonic reactions occur when one reactant has a site of high electron density and the other reactant
has a site of low electron density. For example, consider the following electrostatic potential maps of
methyl chloride and methyllithium (Figure 6.26). Each compound exhibits an inductive effect, but
in opposite directions.

Methyl chloride Methyllithium

17 11
Zcd oAy
H™ | "H H™ | "H
H H
The carbon atom is The carbon atom is

electron deficient electron rich
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LOOKING BACK
For a review of Lewis
bases, see Section 3.9.

A site of high
electron density

7 Bond

FIGURE 6.27
A mbond is a region in space
of high electron density.

LOOKING BACK
For a review of Lewis
acids, see Section 3.9.

Chemical Reactivity and Mechanisms

The carbon atom in methyl chloride represents a site of low electron density, while the carbon atom
in methyllithium represents a site of high electron density. Since opposite charges attract, these two
compounds will react with each other. The type of reaction that occurs between methyl chloride and
methyllithium will be explored in the upcoming chapter. For now, we will focus on the nature of
each reactant.

An electron-rich center, such as the carbon atom in methyllithium, is called a nucleophile,
which comes from Greek meaning “nucleus lover.” That is, a nucleophilic center is characterized by
its ability to react with a positive charge or partial positive charge. In contrast, an electron-deficient
center, such as the carbon atom in methyl chloride, is called an electrophile, which comes from
Greek meaning “electron lover.” That is, an electrophilic center is characterized by its ability to react
with a negative charge or partial negative charge.

Throughout this text, we will focus extensively on the behavior of nucleophiles and electrophiles.
Ultimately, there are just a handful of principles that will enable us to explain, and even predict, most
reactions. However, in order to learn and use these principles, it will first be necessary to become
proficient in identifying the nucleophilic and electrophilic centers in any compound. This skill is
arguably one of the most important in organic chemistry. We have said before that the essence of
organic chemistry is to study and predict how electron density flows during a reaction. It will not
be possible to make any intelligent predictions without knowing where the electron density can be
found and where it is likely to go. The following sections will explore the nature of nucleophiles and
electrophiles.

Nucleophiles

A nucleophilic center is an electron-rich atom that is capable of donating a pair of electrons. Notice
that this definition is very similar to the definition of a Lewis base. Indeed, nucleophiles are Lewis bases.
Two examples of nucleophiles are as follows:

ge o o Nor"
Ethoxide Ethanol

Each of these examples has lone pairs on an oxygen atom. Ethoxide bears a negative charge and is
therefore more nucleophilic than ethanol. Nevertheless, ethanol can still function as a nucleophile
(albeit weak), because the lone pairs in ethanol represent regions of high electron density. Any atom
that possesses a localized lone pair can be nucleophilic.

We will see in Chapter 9 that 7 bonds can also function as nucleophiles, because a 7 bond is a
region in space of high electron density (Figure 6.27).

The strength of a nucleophile is affected by many factors, including polarizability.
Polarizability, loosely defined, describes the ability of an atom to distribute its electron density
unevenly in response to external influences. Polarizability is directly related to the size of the
atom (and more specifically, the number of electrons that are distant from the nucleus). For
example, sulfur is very large and has many electrons that are distant from the nucleus, and its
electron density can be unevenly distributed when it comes near an electrophile. Iodine shares
the same feature. As a result, I and HS ™ are particularly strong nucleophiles. This fact will be
revisited in the upcoming chapter.

Electrophiles

An electrophilic center is an electron-deficient atom that is capable of accepting a pair of electrons.
Notice that this definition is very similar to the definition for a Lewis acid. Indeed, electrophiles are
Lewis acids.

Two examples of electrophiles are as follows:

o+
/\/7\\‘C|57 )@N

The first compound exhibits an electrophilic carbon atom as a result of the inductive effects of the chlo-
rine atom. The second example exhibits a positively charged carbon atom and is called a carbocation.



Empty p orbital

&

FIGURE 6.28
The empty p orbital
of a carbocation.
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A carbocation has an empty p orbital (Figure 6.28). The empty p orbital functions as a site that can
accept a pair of electrons, rendering the compound electrophilic. We will discuss carbocations in
more depth later in this chapter.

Table 6.3 provides a summary of some common features that render a compound nucleophilic
or electrophilic.

TABLE 6.3 A SUMMARY OF SOME COMMON NUCLEOPHILIC CENTERS
AND ELECTROPHILIC CENTERS

NUCLEOPHILES ELECTROPHILES
FEATURE EXAMPLE FEATURE EXAMPLE
Inductive effects H Inductive effects H
lg— lo+
H—C—Li H—C—CI
| <+ | +—
H H

Lone pair H/-'o'-\H Empty p orbital )\
©)
7 Bond @

K—% 6.2 IDENTIFYING NUCLEOPHILIC AND ELECTROPHILIC CENTERS
( o ) LEARN the skill Identify all nucleophilic centers and all electrophilic centers in the following o,
% compound: O/
St ' SOLUTION
nucleof)r;wtilliz Let's first look for nucleophilic centers. Specifically, we are looking for induc- -'o'-\H

centers by looking
for inductive
effects, lone pairs,
or 7 bonds.

STEP 2

Identify
electrophilic
centers by looking
for inductive effects
or empty p orbitals.

tive effects, lone pairs, or 7 bonds. In this compound, there are two nucleo- O/
philic centers:

Next, we look for electrophilic centers. Specifically, we are looking for 550 s
. . . . . ZAASTTL
inductive effects or an empty p orbital. None of the atoms in this compound

exhibit an empty p orbital, but there are inductive effects:

The oxygen atom is electronegative, causing the adjacent atoms to be electron O
deficient. In this case, there are two adjacent atoms that incur a partial positive O/ H
charge (6+): the adjacent carbon atom and the adjacent hydrogen atom. In

general, a hydrogen atom with a partial positive charge is described as acidic,

rather than electrophilic. Therefore, this compound is considered to have only

one electrophilic center.

/ PRACTICE the skill 6.8 Identify all of the nucleophilic centers in each of the following compounds:

|
4 L
@~ > u (b) )\/VNHZ © d)
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P

APPLY the skill

6.9 Identify all of the electrophilic centers in each of the following compounds:

(0]
Arachidonic acid 2-Heptanone
A precursor in the biosynthesis Used to control the population
of many hormones of Varroa mites in honey bee colonies

6.10 (R)-(—)-Carvone is responsible for the characteristic minty odor
and flavor of spearmint oil, and it can also serve as a useful chiral start-
ing material for organic synthesis.” A carbon-carbon 7 bond is normally <
nucleophilic, but one of the two carbon-carbon 7 bonds in (R)-(—)-carvone \
is actually electrophilic! Draw resonance structures to identify all of the (R)-(—)-Carvone
electrophilic centers in (R)-(—)-carvone.

0]

need more PRACTICE? Try Problems 6.29, 6.30, 6.46

LOOKING BACK

Recall that we also used a
handful of patterns for arrow
pushing to master resonance
structures in Chapter 2.

6.8 Mechanisms and Arrow Pushing

Recall from Chapter 3 that a mechanism shows how a reaction takes place using curved arrows to
illustrate the flow of electrons. The tail of every curved arrow shows where the electrons are coming
from, and the head of every curved arrow shows where the electrons are going:

] <]
B:A\Hﬁ-\ — B—H + A

In order to master ionic mechanisms, it will be helpful to become familiar with characteristic
patterns for arrow pushing. We will now learn patterns of electron flow, and these patterns will
empower us to understand reaction mechanisms and even propose new mechanisms. There are only
four characteristic patterns, and all ionic mechanisms are simply combinations of these four steps.
Let’s go through them one by one.

Nucleophilic Attack

The first pattern is nucleophilic attack, characterized by a nucleophile attacking an electrophile;
for example:

:E}}C?/>®L — B)<

Nucleophile Electrophile

Bromide is a nucleophile because it possesses a lone pair, and the carbocation is an electrophile
because of its empty p orbital. In this example, the attack of the nucleophile on the electrophile
involves just one curved arrow. The tail of this curved arrow is placed on the nucleophilic center
and the head is placed on the electrophilic center. It is also common to see a nucleophilic attack that
utilizes more than one curved arrow; for example:

../\ 5
R—O—H ——

h Cl .\ Cl
Nucleophile Electrophile F{/®\H

In this case, there are two curved arrows. The first shows the nucleophile attacking the electrophile,
but what is the function of the second curved arrow? There are a couple of ways to view this second
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curved arrow. We can simply think of it as a resonance arrow: We can imagine first drawing the reso-
nance structure of the electrophile and then having the nucleophile attack:

)JE /k\
Cl A\ Cl
R/'G) ~ H

From this perspective, it seems that only one of the curved arrows is actually showing the nucleo-
philic attack. The other curved arrow can be thought of as a resonance curved arrow.

Alternatively, we can think of the second curved arrow as an actual flow of electron density that
goes up onto the oxygen atom when the nucleophile attacks:

.'O'.
A
Electron density cl
is pushed up
onto oxygen
R—O—H

This perspective is perhaps more accurate, but we must keep in mind that both curved arrows are
showing just one arrow-pushing pattern: nucleophilic attack.
As we will see in upcoming chapters, it is also common for 7 bonds to serve as nucleophiles; for

example:
ol e
Cg :(\):
-'9?\\\9" o=s=0.
)
— (Chapter 18)

Loss of a Leaving Group

The second pattern for arrow pushing is characterized by the loss of a leaving group; for example:

. a9
>< )9\ +oBr

This step involves one curved arrow, although it is common to see more than one curved arrow being
used to show the loss of a leaving group. For example:

©0 e 0® 00 e 0
V) ~N
Ci .0

7:'C.|:
L
©Cl OH OH

Only one of the curved arrows above actually shows the chloride leaving (the curved arrow at the very
bottom). The remaining curved arrows can be viewed in two different ways (just as in the previous sec-
tion). We can view the other curved arrows as resonance arrows, drawn after the leaving group leaves:
©0._g O®© 00, e O©  ©0._g 0:
N0~ ~0AS N

c

A
‘Cl OH OH OH
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or we can view the process as a flow of electron density that pushes out the leaving group:

©0_g 0O©
~ N /,\)
Electron density §_
is pushed down
to kick off a

leaving group

N

:Cl. OH

Regardless of how we view the process, it is important to recognize that all of these curved arrows
together show only one arrow-pushing pattern: loss of a leaving group.

Proton Transfers

The third pattern for arrow pushing has already been discussed in detail in Chapter 3. Recall that a
proton transfer is characterized by two curved arrows:

H
.
. h -0; @ _H

2 X

In this example, a ketone is being protonated, which is shown with two curved arrows. The first is

drawn from the ketone to the proton. The second curved arrow shows what happens to the electrons
that were previously holding the proton.

A proton transfer step is illustrated with two curved arrows, whether the compound is proton-
ated (as above) or deprotonated, as shown below:

@, HT\ ..
08 o ‘o

Jo—= N

Sometimes, proton transfers are shown with only one curved arrow:

‘0 ) —H® ‘o

In this case, the base that removes the proton has not been indicated. Chemists will sometimes use
this approach for clarity of presentation, even though a proton doesnt fall off into space by itself.
In order for a compound to lose a proton, a base must be involved in order to deprotonate the
compound. In general, it is preferable to show the base involved and to use zwo curved arrows.

At times, more than two curved arrows are used for a proton transfer step. For example, the
following case has three curved arrows:

form X

Once again, this step can be viewed in one of two ways. We can view this as a simple proton transfer
followed by drawing a resonance structure:

(e} o.. (e} HeH
)J\/ /_\‘:OH_ )C'J\ /&
H P 5 R
< [
These two curved arrows show These curved arrows

the proton transfer step show resonance



FIGURE 6.29
Neighboring alkyl groups
will stabilize a carbocation
through hyperconjugation.

FIGURE 6.30
Carbocations with more
alkyl groups will be more
stable than carbocations
with fewer alkyl groups.

WATCH OUT

Hydride is H: ". Itis a
hydrogen atom with an
extra electron (two electrons
total). Don't confuse the
hydride ion with a proton
(H™), which is a hydrogen
atom missing its electron.
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or we can argue that all of the curved arrows together show the flow of electron density that takes
place during the proton transfer:

Electron density flows up
onto the oxygen of the ketone

For proton transfers, both perspectives are equally valid.

Rearrangements

The fourth, and final, pattern is characterized by a rearrangement. There are several kinds of rear-
rangements, but at this point, we will focus exclusively on carbocation rearrangements. In order to
discuss carbocation rearrangements, we must first explore one feature of carbocations. Specifically,

carbocations are stabilized by neighboring alkyl groups (Figure 6.29).

Me

This methyl
group stabilizes
the carbocation...

... by donating electron density
into the empty p orbital

As illustrated in Figure 6.29, the presence of a neighboring alkyl group will stabilize a carboca-
tion because a bonding MO slightly overlaps with the empty p orbital, placing some of its electron
density in the empty p orbital. This effect, called hyperconjugation, stabilizes the empty p orbital.
This explains the observed trend in Figure 6.30. The terms primary, secondary, and tertiary refer
to the number of alkyl groups attached directly to the positively charged carbon atom. Tertiary car-
bocations are more stable (lower in energy) than secondary carbocations, which are more stable than
primary carbocations.

Increasing stability

H O H R)@\H RT®TR

Methyl Primary

b

Tertiary

R R

Secondary

At the end of this chapter, we will learn to predict when rearrangements are likely to occur. For now,
we will just focus on recognizing carbocation rearrangements. Carbocations can rearrange in a variety of

ways, such as a hydride shift or a methyl shift.
A hydride shift involves the migration of H :

H H
7R X

In this example, a secondary carbocation is transformed into a more stable, tertiary carbocation. How does
this occur? As an analogy, imagine that there is a hole in the ground. Now imagine digging another hole
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LEARN the skill

nearby and using the dirt to fill up the first hole. The first hole can be filled, but in its place, a new hole has
been created nearby. A hydride shift is a similar concept. The carbocation is a hole (a place where electron
density is missing). The neighboring hydrogen atom takes both of its electrons and migrates over to fill the
empty p orbital. This process generates a new, more stable, empty p orbital nearby.

A carbocation rearrangement can also occur via a methyl shift:

H4C CHj
ﬁﬁg —

Once again, a secondary carbocation is being converted into a tertiary carbocation. But this time,
it is a methyl group (rather than a hydride) that migrates with its two electrons to plug up the hole.
In order for a methyl shift to occur, the methyl group must be attached to the carbon atom that is
adjacent to the carbocation.

The two examples above (hydride shift and methyl shift) are the most common types of carboca-
tion rearrangements.

In summary, we have seen only four characteristic patterns for arrow pushing in ionic reactions:
(1) nucleophilic attack, (2) loss of a leaving group, (3) proton transfer, and (4) rearrangement. Let’s
get some practice identifying them.

= 6.3 IDENTIFYING AN ARROW-PUSHING PATTERN

Consider the following step:

:Cl:
Jooch = NN NN

Identify which arrow-pushing pattern is utilized in this case.

SOLUTION
Read the curved arrows. The first three curved arrows show double bonds moving over, and
the last curved arrow shows chloride being ejected from the compound:

:Cl:
B -0
SO QN S W\ + Gl

In other words, chloride is functioning as a leaving group. The other curved arrows can be
viewed as resonance arrows:

:6I: e)
5 f:(‘j.lz

Loss of a leaving group Resonance

Alternatively, we can view the 7 bonds as “pushing out” the chloride ion:

:Cl:
A
S SRS ‘:\)@\W\

7 Bonds pushing out the chloride ion

Either way, there is only one arrow-pushing pattern being utilized here: loss of a leaving group.
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| PRACTICE the skill 6.11 Foreach of the following cases, read the curved arrows and identify which arrow-pushing

pattern is utilized:

H ®
N W — AN o 1% /\j\

(b) X
(c) ©

© @ (d) /\/\)@)\ —_ iﬁ)/H
Hpu -

/\/‘k ANAL

6.12 Most fabrics do a good job at protecting skin from exposure to sunlight, but addition
of UV-absorbing compounds to clothing can further reduce the amount of ultraviolet light that
passes through the fabric.® The following transformation takes place upon absorption of UV
light by one such compound. Identify which arrow-pushing pattern is utilized in this reaction.

O

o0

(\Ho

@ _Uviight |

\ /Z\I

need more PRACTICE? Try Problem 6.27

6.9 Combining the Patterns of Arrow Pushing

All ionic mechanisms, regardless of how complex, are just different combinations of the four char-
acteristic patterns seen in the previous section. As an example, consider the reaction in Figure 6.31.

Proton Loss of a Carbocation Nucleophilic

transfer leaving group rearrangement attack
)X /5( 7H20 W
FIGURE 6.31

A reaction containing all four characteristic patterns for arrow pushing.

The mechanism in Figure 6.31 has four steps, each of which is one of the characteristic patterns
from the previous section. Sometimes, a single mechanistic step will involve two simultaneous pat-
terns; for example:

. 2O
/\/\QH +

There are two curved arrows shown here. One curved arrow, coming from the hydroxide (HO ™)
ion, shows a nucleophilic attack. The second curved arrow shows loss of a leaving group. In this case,
we are utilizing two arrow-pushing patterns simultaneously. This is called a concerted process. In
the next chapter, we will explore some of the important differences between concerted and stepwise
mechanisms. For now, we will simply focus on recognizing the various patterns that can arise as a
result of combining the various arrow-pushing patterns. By doing so, similarities will emerge between
apparently different mechanisms.



254 CHAPTER 6 Chemical Reactivity and Mechanisms

SKILLBUILDER

( o ) LEARN the skill

A%

™ .
J PRACTICE the skill
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Kﬁ% 6.4 IDENTIFYING A SEQUENCE OF ARROW-PUSHING PATTERNS

Identify the sequence of arrow-pushing patterns in the following reaction:

.. .0 .. ..
ol O :0: ‘o' O o
4 /_\:OH C, 0R
bl /\ b
2, oo = Hpa T A
OH © o}
SOLUTION
In the first step, hydroxide is attacking the C=0 bond in a nucleophilic attack:
.. e
;0" :0:
OR /% OR
OH
In the next step, an alkoxide ion (RO ™) is being ejected as a leaving group:
ay e
/\OR D )J\OH + RO:
OH

Finally, the last step is a proton transfer, which always involves two curved arrows:

M I
(o NOIC)
The sequence of this reaction is therefore (1) nucleophilic attack, (2) loss of a leaving group,
and (3) proton transfer. Throughout this book, and especially in Chapter 20, we will see
dozens of reactions that follow this three-step sequence. By viewing all of these reactions in
this format (as a sequence of characteristic patterns), it will be easier to see the similarities
between apparently different reactions.

6.13 For each of the following multistep reactions, read the curved arrows and identify the
sequence of arrow—pushing patterns:
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Compound 1 i Compound 2
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6.14 Several natural products have been isolated from the flowering plant Sarcostemma
acidum, which has been used in folk medicine as a cough suppressant. During efforts to
make these compounds in the laboratory, it was discovered that one of the natural prod-
ucts is readily converted into another one of the natural products in a cyclization reac-
tion that occurs upon treatment with a strong acid.* A similar cyclization is shown below.
Identify the sequence of arrow-pushing patterns in the following mechanism for the con-
version of compound 1 to compound 2.

:OH g&sz /_\
N @ A ‘o
CHs 4 GTs O o CHs  OL, CHy
9 | _-HO HTH
/ N
CHy CHs CHs CHs
Ph

Ph

Ph

need more PRACTICE? Try Problems 6.31-6.36

WATCH OUT

C, N, and O are the second-
row elements that require
special attention. Never
give one of these elements
more than four orbitals.

There may be more than 100 mechanisms in a full organic chemistry course, but there are fewer
than a dozen different sequences of arrow-pushing patterns in these mechanisms. As we proceed
through the chapters, we will learn rules for determining when each pattern can and cannot be uti-
lized. These rules will empower us to propose mechanisms for new reactions.

6.10 Drawing Curved Arrows

Curved arrows have a very precise meaning, and they must be drawn precisely. Avoid sloppy arrows.
Make sure to be deliberate when drawing the tail and the head of every arrow. The tail must be placed
on either a bond or a lone pair. For example, the following reaction employs two curved arrows. One
of the curved arrows has its tail placed on a lone pair, and the other has its tail placed on a bond:

On a lone pair On a bond

<,
T A e I

These are the only two possible locations where the tail of a curved arrow can be placed. The tail
shows where electrons are coming from, and electrons can only be found in lone pairs or bonds.
Never place the il of a curved arrow on a positive charge.

The head of a curved arrow must be placed so that it shows either the formation of a bond or
the formation of a lone pair:

Forming
a bond Forming a

/\ lone pair
g A,

N /\o/\ + ¢ i

When drawing the head of a curved arrow, make sure to avoid drawing an arrow that violates the octet
rule. Specifically, never draw an arrow that gives more than four orbitals to a second-row element:

/_\"" H K_\H H
8 )4..01': S )Q.?:I:

Violates octet rule Does not violate octet rule

In the first example the head of the curved arrow is giving a fifth bond to the carbon atom. This vio-
lates the octet rule. The second example does not violate the octet rule, because the carbon atom is
gaining one bond but losing another. In the end, the carbon atom never has more than four bonds.
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Make sure that all the curved arrows you draw accomplish one of the four characteristic arrow-
pushing patterns.

Nucleophilic attack

T mﬂ

—_ /\O/\ + :é}:l(?

Loss of a leaving group

Avoid drawing arrows like the one below. This arrow violates the octet rule, and it does not accom-
plish any one of the four characteristic arrow-pushing patterns.

/\/\/\
K-\ 6.5 DRAWING CURVED ARROWS
{ ° ) LEARN the skill Draw the curved arrows that accomplish the following transformation:
\ s w
H/%\H
H

SOLUTION
\dentify which of the We begin by iden.tifying which fh.aract.eristic arrow-pushing pattern to use in this case. Look
four arrow-pushing carefully, and notice that H30™ is losing a proton. That proton has been transferred to a
patterns to use. carbon atom. Therefore, this is a proton transfer step, where the m bond is functioning as the
base to deprotonate H3O ™. A proton transfer step requires two curved arrows. Make sure
to properly place the head and the tail of each curved arrow. The first curved arrow must
originate on the 7 bond and end on a proton:

STEP 1

STEP 2

Draw the curved
arrows focusing

on the proper /\T

placement of the tail A H/:O

and head of each
curved arrow.

@ H

Don't forget to draw the second curved arrow (students will often leave out the second
arrow, producing an incomplete mechanism). The second curved arrow shows what happens
to the electrons that were previously holding the proton. Specifically, the tail is placed on the
O—H bond, and the head is placed on the oxygen atom:

'7
g
-0
L —&\H + oN
H

()
<

{ O PRACTICE the skill 6.15 Draw the curved arrows that accomplish each of the following transformations:
o
© + H/O\H —

(a)



FIGURE 6.32
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H
@
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+ 0 O—H
R
(b) (c) © H™ H
APPLY the skill 6.16 Indolizomycin is a potent antibiotic agent produced by a microorganism, called

SK2-52. Of particular interest is the fact that SK2-52 is a mutant microorganism that was cre-
ated in a laboratory from two different strains, Streptomyces teryimanensis and Streptomyces
grisline, neither of which is antibiotic-producing. This raises the possibility of using mutant
microorganisms as factories for producing novel structures with a variety of medicinal proper-
ties. During S. J. Danishefsky’s synthesis of racemic indolizomycin, compound 1 was treated
with triphenylphosphine (PPh3) to afford compound 2.° The reaction between 2 and 3 then
gave compound 4. These processes are believed to proceed via the following intermedi-
ates. Complete the mechanism by drawing all curved arrows, and identify the arrow-pushing
pattern employed in each step.
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/ 0
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need more PRACTICE? Try Problems 6.37-6.40, 6.47

6.11 Carbocation Rearrangements

Throughout this course, we will encounter many examples of carbocation rearrangements, so we
must be able to predict when these rearrangements will occur. Recall that two common types of
carbocation rearrangement are hydride shifts and methyl shifts (Figure 6.32).

Hydride shift Methyl shift

Hydride shifts and methyl shifts H H i HsC —~ CHj3
are the two most common types CNO §_< ! ﬂ ®> <

of carbocation rearrangements.

In both cases, a secondary carbocation is converted into a more stable, tertiary carbocation.
Stability is the key. In order to predict when a carbocation rearrangement will occur, we must deter-
mine whether the carbocation can become more stable via a rearrangement. For example, consider
the following carbocation:
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LOOKING BACK
Recall that the term
allylic describes the
positions connected
directly to the 7 bond:

Allylic
- positions

SKILLBUILDER
= 6.6 PREDICTING CARBOCATION REARRANGEMENTS
()

. ) LEARN the skill Predict whether the following carbocation will rearrange, and if so, draw a curved arrow

STEP 1
Identify neighboring
carbon atoms.

STEP 2

Identify any H

or CH3 groups
attached directly
to the neighboring
carbon atoms.

In order to determine if this carbocation can undergo a rearrangement, we must identify any hydro-
gen atoms or methyl groups attached directly to the neighboring carbon atoms:

Identify any H or CH3 attached directly to @ H
@ the neighboring carbon atoms
H H [CH;

These are the
neighboring carbon atoms

There are four candidates. Now imagine each one of these groups shifting over to plug the carboca-
tion, generating a new carbocation. Would the new carbocation be more stable? In this example only
one group can migrate to produce a more stable carbocation:

H
W Hydride shift W
_—>

H
@
H H CH, H H CH,

If this hydride migrates, it will generate a new, tertiary carbocation. Therefore, we do expect a hydride
shift in this case.

Carbocation rearrangements generally do not occur when the carbocation is already tertiary
unless a rearrangement will produce a resonance-stabilized carbocation; for example:

H H
SN 2
This tertiary carbocation

will undergo rearrangement... ...because this carbocation is resonance stabilized

In this case, the original carbocation is tertiary. However, the newly formed carbocation is tertiary
and it is stabilized by resonance. Such a carbocation is called an allylic carbocation because the posi-
tive charge is located at an allylic position.

showing the carbocation rearrangement:

' SOLUTION

This carbocation is secondary, so it certainly has the potential to rearrange. ®
We must look to see if a carbocation rearrangement can produce a more
stable, tertiary carbocation. Begin by identifying the carbon atoms neigh-
boring the C+:

Look at all hydrogen atoms or methyl groups connected to these carbon atoms:

H o
H



STEP 3
Determine which of
these groups can

migrate to generate

Pan
<

()

™\
J

a more stable
carbocation.

STEP 4

Draw a curved
arrow showing
the carbocation
rearrangement
and draw the new
carbocation.

APPLY the skill
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Consider if migration of any of these groups will generate a more stable, tertiary carboca-
tion. Migration of either of the neighboring hydride groups will only generate another sec-
ondary carbocation. So, we do not expect a hydride shift to occur.

H
H P@ Heg,
H
—X—
Secondary C+ Secondary C+

However, if either of the methyl groups migrates, a tertiary carbocation is generated.
Therefore, we expect a methyl shift to take place, generating a more stable tertiary

carbocation:
H @K\ H
H H &
—_—

Secondary C+ Tertiary C+

| PRACTICE the skill 6.17 For each of the following carbocations determine if it will rearrange, and if so, draw

the carbocation rearrangement with a curved arrow:
®
@

(a) (b) (c) (d) @

)\/ ©/\(-B
(e) & (f) ® (9) (h)
6.18 George Olah was awarded the 1994 Nobel Prize in Chemistry for his research involv-
ing carbocations. An interesting series of carbocation rearrangements studied by Olah is
shown below.® Each of these rearrangements is accomplished via the migration of a methy-
lene (CHy) group, rather than a methyl group. For each step, draw a curved arrow showing
the migration of the methylene group:

® CH,
CH,
CH, —— _— ®
CHs CHy CHs

need more PRACTICE? Try Problem 6.41

6.12 Reversible and Irreversible Reaction Arrows

As we explore ionic reaction mechanisms in the upcoming chapters, you might notice that some steps
will be drawn with reversible reaction arrows (equilibrium arrows), while other steps will be drawn
with irreversible reaction arrows; for example:

0 (0]
H ROT L wele CHy
y\) ixs 5 o
_— _—— + Br
Reversible Irreversible

With each new mechanism that we explore, you might wonder how to determine whether it is more
appropriate to use a reversible or an irreversible reaction arrow. In this section, we will explore some
general rules for each of the four patterns (nucleophilic attack, loss of a leaving group, proton trans-
fer, and carbocation rearrangement).
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Nucleophilic Attack

For a step in which a nucleophile attacks an electrophile, a reversible reaction arrow is generally used
if the nucleophile is capable of functioning as a good leaving group after the attack has occurred,
while an irreversible reaction arrow is used if the nucleophile is a poor leaving group. To illustrate
this concept, consider the following two examples:

Reversible H Good
\ D leaving

)\/\_ . O=HJ group
o~ H/O\H X

Nucleophile
Irreversible
Bad
CO/—\G @O CH3 leaving
J\ + DiCHg >< group
R R Nucleophile R R

In the first case, the nucleophile (water) can function as a good leaving group after it has attacked.
Therefore, a reversible reaction arrow was used to indicate that the following reverse process occurs
at an appreciable rate:

H
NG
\OjiH )\ o
o
X - ® AT

In contrast, the second example employs a nucleophile that is a poor leaving group. As such, an irre-
versible reaction arrow was used to indicate that the following reverse process does not occur:

..
:0: CHg o
<_><$ X )J\ + ?CHs
R R R R
In Section 7.1, we will learn to distinguish between good leaving groups and poor leaving groups.
Specifically, we will see that weak bases (such as H,O) are good leaving groups, while strong bases

(such as H3C ) are poor leaving groups.

Loss of a Leaving Group

For a step involving the loss of a leaving group, a reversible reaction arrow is generally used if the
leaving group is capable of functioning as a good nucleophile; for example:

Good
><\Brj roun” )\ + Br@
group @ o
Good
nucleophile
Most leaving groups that we will encounter in this course can also function as nucleophiles, so loss of
a leaving group is rarely drawn with an irreversible reaction arrow.

Proton Transfer

It should be noted that all proton transfer steps are technically reversible. However, there are many
cases that can be effectively treated as irreversible. For example, consider the following example, in
which water is deprotonated by a very strong base:

Iy Iy

o S)

e W T oo o
H H H H H H H H
pK, = 15.7 pK, = 50

In this case, the difference between the pK, values of the two acids (water and butane) is approxi-
mately 34. This indicates that there should be 10°* molecules of butane for every one molecule of
water. In a solution containing one mole (~10%molecules), the chances are exceedingly small that
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even a single molecule of butane will be deprotonated by a hydroxide ion at any given moment in

time. As such, the process shown above is effectively irreversible.
Now consider a proton transfer step in which the pX, values are more similar; for example:

©
t-BuOH + OH

pK, = 15.7 pK, =18

In such a case, a reversible reaction arrow is more appropriate, because an equilibrium is established
in which both acids are present (the compound with the higher pX; is favored, but both are present).
This raises the question: What is the cutoff? That is, how large must the difference in pK; values be
in order to justify the use of an irreversible reaction arrow. Unfortunately, there is no clear answer for
this question, as it often depends on the context of the discussion. Generally speaking, irreversible
reaction arrows are used for reactions in which the acids differ in strength by more than 10 pX; units,
as seen in the following example:

o} ) O
)J\ /e%H
_ e
OSH o +t HO
pK, = 4.8 pK, = 15.7

When the difference in pK] values is between 5 and 10 pX, units, either reversible or irreversible reac-
tion arrows might be used, depending on the context of the discussion.

Carbocation Rearrangement

Technically speaking, whenever a carbocation rearrangement can occur, an equilibrium will be estab-
lished in which all of the possible carbocations are present, with the most stable carbocation domi-
nating the equilibrium. The difference in energy between the possible carbocations (for example,
secondary vs. tertiary) is often significant, so carbocation rearrangements will generally be drawn as
irreversible processes:

H
Fx—

The reverse process (the transformation of a tertiary carbocation to a secondary carbocation) is

effectively negligible.

In this section, we have seen many rules for determining when it is appropriate to draw a revers-
ible reaction arrow and when it is appropriate to draw an irreversible reaction arrow. These rules are
meant to serve as general guidelines, and there will certainly be exceptions. Keep in mind that there
are other relevant factors that were not presented in this section, so strict adherence to the rules in
this section is not advisable. For example, when a step involves the liberation of a gas, which is free
to exit the reaction vessel, the reaction is expected to proceed to completion (Le Chételier’s prin-

ciple). To illustrate this concept, consider the following step, which we will encounter in Chapter 19
(Mechanism 19.8):

XS]

.'N/ @
/{2 — A+ N=EN:
Nitrogen gas escapes
from the reaction flask

This step proceeds to completion, despite the formation of a high-energy species, because the evolu-
tion of nitrogen gas serves as a driving force for the reaction.

Most of the steps in most of the mechanisms that we will explore in this textbook will conform
to the rules described in this section. You may find it helpful to revisit this section periodically, as you
continue to progress through the subsequent chapters.
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REVIEW OF CONCEPTS AND VOCABULARY

SECTION 6.1

o The total change in enthalpy for any reaction (AH), also called
the heat of reaction, is a measure of the energy exchanged
between the system and its surroundings.

« Each type of bond has a unique bond dissociation energy,
which is the amount of energy necessary to accomplish
homolytic bond cleavage, producing radicals.

« Exothermic reactions involve a transfer of energy from the sys-
tem to the surroundings, while endothermic reactions involve
a transfer of energy from the surroundings to the system.

SECTION 6.2

» Entropy is loosely defined as the disorder of a system and
is the ultimate criterion for spontaneity. In order for a reac-
tion to be spontaneous, the total change in entropy (ASgys +
ASg) must be positive.

¢ Reactions with a positive AS, involve an increase in the num-
ber of molecules, or an increase in the amount of conforma-
tional freedom.

SECTION 6.3

 In order for a process to be spontaneous, the change in
Gibbs free energy (AG) must be negative.

» A process with a negative AG is called exergonic, while a
process with a positive AG is called endergonic.

SECTION 6.4

 Equilibrium concentrations of a reaction represent the point
of lowest free energy available to the system.

» The exact position of equilibrium is described by the equilib-
rium constant, Ko, and is a function of AG.

« If AG is negative, the reaction will favor products over reactants,
and Keq will be greater than 1. If AG is positive, the reaction will
favor reactants over products, and Keq will be less than 1.

 The study of relative energy levels (AG ) and equilibrium con-
centrations (Keq) is called thermodynamics.

SECTION 6.5

« The study of reaction rates is called kinetics. The rate of any
reaction is described by a rate equation. A reaction can be
first order, second order, or third order, depending on
whether the sum of the exponents in the rate equation is 1,
2, or 3, respectively.

» Alow energy of activation, E,, corresponds with a fast rate.

* Increasing the temperature will increase the number of mol-
ecules that possess the minimum necessary kinetic energy for
a reaction, thereby increasing the rate of reaction.

 Catalysts speed up the rate of a reaction by providing an
alternate pathway with a lower E,.

SECTION 6.6

o The term kinetics refers to the rate of a reaction and is depen-
dent on the relative energy levels of the reactants and the
transition state.

» The term thermodynamics refers to the equilibrium concen-
trations and is dependent on the relative energy levels of the
reactants and products.

» On an energy diagram, each peak represents a transition
state while each valley represents an intermediate. Transition
states cannot be isolated; intermediates have a finite lifetime.

o The Hammond postulate states that a transition state
will resemble the reactants for an exergonic process but will
resemble the products for an endergonic process.

SECTION 6.7

« lonic reactions, also called polar reactions, involve the par-
ticipation of ions as reactants, intermediates, or products—in
most cases, as intermediates.

» A nucleophile has an electron-rich atom that is capable of
donating a pair of electrons. Nucleophilic centers include
atoms with lone pairs, 7 bonds, or atoms that are electron rich
due to inductive effects.

 An electrophile has an electron-deficient atom that is capable
of accepting a pair of electrons. Electrophilic centers include
atoms that are electron deficient due to inductive effects as
well as carbocations, which have an empty p orbital.

o Polarizability describes the ability of an atom to distribute its
electron density unevenly as a result of external influences.

SECTION 6.8

e In drawing a mechanism, the tail of a curved arrow shows
where the electrons are coming from, and the head of the
arrow shows where the electrons are going.

o There are four characteristic arrow-pushing patterns: (1)
nucleophilic attack, (2) loss of a leaving group, (3) proton
transfer, and (4) rearrangement.

» The most common type of rearrangement is a carbocation
rearrangement, in which a carbocation undergoes either a
hydride shift or a methyl shift to produce a more stable car-
bocation. As a result of hyperconjugation, tertiary carboca-
tions are more stable than secondary carbocations, which are
more stable than primary carbocations.

SECTION 6.9

o All ionic mechanisms, regardless of complexity, are different
combinations of the four characteristic arrow-pushing patterns.

* When a single mechanistic step involves two simultaneous
arrow-pushing patterns, it is called a concerted process.

SECTION 6.10

 The tail of a curved arrow must be placed either on a bond or
a lone pair, while the head of a curved arrow must be placed
so that it shows either formation of a bond or of a lone pair.

« Never draw an arrow that gives a fifth orbital to a second-row
element (C, N, O, F).

SECTION 6.11

» A carbocation rearrangement will occur if it leads to a more
stable carbocation.

o Tertiary carbocations generally do not rearrange, unless a
rearrangement will produce a resonance-stabilized carboca-
tion, such as a tertiary allylic carbocation.

SECTION 6.12

o Irreversible reaction arrows are generally used in the follow-
ing circumstances: 1) for a nucleophilic attack involving a
strong nucleophile that is also a poor leaving group, or 2) for
a proton transfer step in which there is a vast difference in pK,
values between the acids on either side of the equilibrium, or
3) for a carbocation rearrangement.

 Reversible reaction arrows are used in most other instances.
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SKILLBUILDER REVIEW

6.1 PREDICTING AH° OF A REACTION

EXAMPLE Calculate STEPS 1 AND 2 Identify the bond dissociation energy of each bond STEP 3 Take the sum of
AH® for this reaction. broken and formed, and then determine the appropriate sign for each value. steps 1 and 2.

Broken Formed
Cl
)\ + 2 \/ +  cl—cl \ +  H—CI <+624> N <762>

/ ~ / ~ kJ/mol kJd/mol
+381 +243 -331 -431
l kJd/mol kJ/mol kJd/mol kJ/mol - /
PN J NS
Cl Y ' -138 kJd/mol
+623 762 Exothermic
X * H—Cl kd/mol kJd/mol

Try Problems 6.1, 6.2, 6.20a

6.2 IDENTIFYING NUCLEOPHILIC AND ELECTROPHILIC CENTERS

STEP 1 Identify nucleophilic centers by looking STEP 2 lIdentify electrophilic centers by
for inductive effects, lone pairs, or 7 bonds: looking for inductive effects or empty p orbitals:
H H
H <|;5‘ Li ‘o H—<|:SLC| /k
—C——L
| «—t H/ \H | —_— ®
H H
Inductive Lone pair 7 bond Inductive .
effect effect Empty p orbital

Try Problems 6.8-6.10, 6.29, 6.30, 6.46

6.3 IDENTIFYING AN ARROW-PUSHING PATTERN

Nucleophilic attack Loss of a leaving group
/\)\ Br)< “BF. R
..O _— ..
:Br: &) Xj P )®\ + :I.3.r:
Proton transfer C+ rearrangement

o H o o HaC CHy
S s

Try Problems 6.11, 6.12, 6.27

6.4 IDENTIFYING A SEQUENCE OF ARROW-PUSHING PATTERNS

Identify each characteristic pattern of arrow pushing.
Proton transfer
C+ rearrangement

Mg
_Hzo />< /_\
Loss of a Nucleophilic
attack Br

leaving group

Try Problems 6.13, 6.14, 6.31-6.36
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6.5 DRAWING CURVED ARROWS

STEP 1 Identify which of the four arrow-pushing
patterns to use.

STEP 2 Draw the curved arrows, focusing on the proper
placement of the tail and head of each curved arrow.

; :
O A0
H @ H 0
NN — ® + /O\ H/®\H N

H H NS _— ®
Proton H
transfer H

Try Problems 6.15, 6.16, 6.37-6.40, 6.47
6.6 PREDICTING CARBOCATION REARRANGEMENTS

STEP 1 Identify STEP 2 Identify any H

neighboring carbon or CHj attached directly

atoms. to the neighboring
carbon atoms.

STEP 3 Find any
groups that can
migrate to generate
a more stable C+.

STEP 4 Draw a curved arrow showing the C+
rearrangement and then draw the new carbocation.

H ] [cr; H H  CH, H H  CH, H H  CH,

Try Problems 6.17, 6.18, 6.41

Note: Most of the Problems are available within WiIeyPLUS,
an online teaching and learning solution.

PRACTICE PROBLEMS

6.19 In each of the following cases compare the bonds identified in red, 6.23  Which value of AG corresponds with Ko < 12
and determine which bond you would expect to have the largest bond (@) +1 kJ/mol (b) 0 kJ/mol (© —1 kJ/mol
dissociation energy: cl
F 6.24  For each of the following reactions determine whether AS for the

reaction (ASsy) will be positive, negative, or approximately zero:

6.20 Consider the following reaction:

Br ©) cl
_H
o} o}
QHO +  HBr +H20—>/>(\+HCI
(C) OH

a) Use Table 6.1 to estimate AH for this reaction.

b) AS of this reaction is positive. Explain.

/X\
(
‘ soRee
(c) Determine the sign of AG. t/\/ —
(d) Is the sign of AG dependent on temperature? (d) S
( X =
S =0

e) Is the magnitude of AG dependent on temperature?

6.21 For each of the following cases use the information given to deter-
mine whether or not the equilibrium will favor products over reactants: (©)
a) A reaction with Koq = 1.2
b) A reaction with Koq = 0.2

(

( 6.25 Draw an energy diagram of a reaction with the following
(c) A reaction with a positive AG

(

(

characteristics:

(a) A one-step reaction with a negative AG

d

e

An exothermic reaction with a positive AS

An endothermic reaction with a negative AS (b) A one-step reaction with a positive AG

(c) A two-step reaction with an overall negative AG, where the inter-
6.22  Which value of AG corresponds with Keq = 1?

(@) +1 kJ/mol (b) 0 kd/mol () —1 kd/mol

mediate is higher in energy than the reactants and the first transi-
tion state is higher in energy than the second transition state



6.26 Consider the following four energy diagrams:

A B
Potentialf Potentialf/\/\
energy energy
—— ——
Reaction Reaction
coordinate coordinate
D
Potennalf Potentlal
energy energy
Reachon Reaction
coordinate coordinate

(a) Which diagrams correspond with a two-step mechanism?

(b) Which diagrams correspond with a one-step mechanism?

(c) Compare energy diagrams A and C. Which has a relatively
larger E;?

(d

(e

) Compare diagrams A and C. Which has a negative AG?

) Compare diagrams A and D. Which has a positive AG?

(f) Compare all four energy diagrams. Which one exhibits the largest
E?

(9) Which processes will have a value of Keq that is greater than 1?

(h) Which process will have a value of Keq that is roughly equal to 1?

6.27 For each of the following reactions identify the arrow-pushing
pattern that is being utilized:

%ﬁ:l : )@D\ + Cle
(@)

©><\/ ©/QH/
©
b)
7 o) o

o
;Psebles
\/(: %

o)

(@]
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Practice Problems

o} o

)J\A- @)v
o] 0® — 0 OH

6.28 Rank the three carbocations shown in terms of increasing stability:

PO
O oo

6.29 The following hypothetical compound cannot be prepared or
isolated, because it has a very reactive nucleophilic center and a very
reactive electrophilic center, and the two sites would react with each
other rapidly. Identify the nucleophilic center and electrophilic center in
this hypothetical compound:

|
B
- \/\/\Li

6.30 Each of the following compounds exhibits two electrophilic cen-
ters. Identify both centers in each compound (Hint: You will need to
draw resonance structures in each case.)

A cockroach repellant
(a) found in cucumbers (b)

Nootkatone
Found in grapefruits

6.31 For the following mechanism, identify the sequence of arrow-

pushing patterns:
cl
o}

o) /_\‘,L{|\ cl
¢’ ~al . e
C8—A—cl
cl: & |

H Cl
O
/ﬁ)l@ C|—/|A|®—C|
Cl

6.32  For the following mechanism, identify the sequence of arrow-pushing patterns:

0=s=0 H "

S\ NS
~ N
T 0 0 |
@ o
H @ \H
—>

~H

O /o
g
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6.33  The following two reactions will be explored in different chapters. Yet, they are very similar. Identify and compare the sequences of arrow-
pushing patterns for the two reactions.

Reaction 2 (Chapter 17)

@,. . 20 o
\®¢\; \®/ O\®/O'

Reaction 1 (Chapter 19)
d 0H - CI
H—s %wm #  § J
Ci: OH

6.34  For the following mechanism, identify the sequence of arrow-pushing patterns:

;O :0: ;0" : :
U — ﬂ»m S LR
R z o RTT U R z R RT\R RT\R
" R R
‘Ro
6.36 For the following mechanism, identify the sequence of arrow-pushing patterns:

@ H 5" .

o) : :OH

¢ /,; —
NOK%)

l
R

. R
:OR /\ @o/
5
e :QR e OR

6.37 Draw curved arrows for each step of the following mechanism:

Q 0 OH
e AN ) e o
S0 OH -8 —CH,S0;
HeC™ N\ | 2 meY o —22
o AN®..0 o ®_ 0
" \
Og (o
6.38 Draw curved arrows for each step of the following mechanism
H H
o .. | H_® e \ o
o) ‘o o o o) KoR .. :0—H o
H H H H H H
.'o'-
H H
) e H ] ) 5
: : o] :
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6.39  Draw curved arrows for each step of the following mechanism:

H H H ..
. H ol | @oxH | :OH
N 0 N oX N oX N
H
4
H @ H
H .
@| H\ :OH

H

. /

:0 oX KS) N

3 A — [°
H/N\/\ H/!\!

6.40 Draw curved arrows for each step of the following mechanism:

)CL CH )(L HQ{ “OH H§§><Q_

. ., “: C“ . o) e
Bl AL vl e

6.41 Predict whether each of the following carbocations will rearrange. If so, draw the expected rearrangement using curved arrows.

® X
5w W W STO Y A
(@) (b) (@ (d (e) (f) (@)

INTEGRATED PROBLEMS

6.42 Consider the following reaction:

H,C CH,
e .. . / e
H—OT + H/C—Br: E— H—O—C\H + :Br:
= it = { ~
H H

The following rate equation has been experimentally established for

thi Potential
is process:
P energy . HaC
HO™ + —C—B

Rate = k[HO " ][CH3CH,Br] HH/ r

An energy diagram for this process is shown on the right: /CHs
HO—C—yy + B
H

Reaction coordinate

(a) Identify the two characteristic arrow-pushing patterns that are
required for this mechanism.

(b) Would you expect this process to be exothermic or endothermic?
Explain.
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(c) Would you expect AS, for this process to be positive, negative, or
approximately zero?

(d) Is AG for this process positive or negative?

(e) Would you expect an increase in temperature to have a significant
impact on the position of equilibrium (equilibrium concentrations)?
Explain.

(f) Draw the transition state of this process and identify its location on
the energy diagram.

(9) Is the transition state closer in structure to the reactants or prod-
ucts? Explain.

(h) Is the reaction first order or second order?

(i) How will the rate be affected if the concentration of hydroxide is
doubled?

() Will the rate be affected by an increase in temperature?

6.43  |dentify whether each of the following factors will affect the rate
of a reaction:
@ K (b) AG

eq (c) Temperature
(e) E,

(d) AH (f) AS

6.44 In the presence of a special type of catalyst, hydrogen gas will
add across a triple bond to produce a double bond:

/TN

The process is exothermic. Do you expect a high temperature to favor
products or reactants?

~ Catalyst
/222 T LN

6.45 Consider the following reaction. Predict whether an increase in
temperature will favor reactants or products. Justify your prediction.

- =
/

6.46 When an amine is protonated, the resulting ammonium ion is
not electrophilic:

N _—
R™ TR R @ R

An amine An ammonium ion

However, when an imine is protonated, the resulting iminium ion is
highly electrophilic:

H
RYN\R —)HL\(:::I: RYg\R T
R R
An imine An iminium ion

Explain this difference in reactivity between an ammonium ion and an
iminium ion.

6.47  Draw the curved arrows that accomplish the following transformation:

9 ?
N _N
N~ TH N~
=
o — o e
o
Me Me Me

+ N=N + CIe

6.48 As seen in Problem 6.18, carbocation rearrangements can
occur via the migration of a carbon atom other than a methyl group.
For example, carbocation 1 was observed” to rearrange to give
carbocation 2.

(a) Identify the carbon atom that is migrating, and draw a curved
arrow that shows the migration.

(b) Explain why 2 is more stable than 1.

6.49 Under basic conditions (catalytic MeO™ in MeOH), compound
1 rearranges through the mechanistic sequence shown below® to a
propellane-type isomer 5. Note that MeO™ is catalytic in that it is con-
sumed in the first step of the mechanism and regenerated in the final
step. Provide curved arrows consistent with each mechanistic step and
the resonance structure of 2 that is the greatest contributor to the reso-
nance hybrid.

Greatest
<« contributing

resonance

structure of 2

6.50 Compound 1 has been prepared and studied to investigate a
novel type of intramolecular elimination mechanism.? The proposed
mechanistic pathway for this transformation is presented below.
Complete the mechanism by drawing curved arrows consistent with
the change in bonding in each step.

H,O

6.51 The following sequence was utilized in a biosynthetically inspired
synthesis of preussomerin, an antifungal agent isolated from a coproph-
ilous (dung-loving) fungus.'®
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infestations. The sophisticated structure of strychnine, first elucidated
in 1946, served as a tantalizing goal for synthetic organic chemists. The
first synthesis of strychnine was achieved by R. B. Woodward (Harvard
Univ.) in 1954."% In the last step of Woodward's synthesis, 1 was con-
verted into 6 via intermediates 2-5, as shown:

(a) Draw curved arrows for each step of the mechanism.

(b) Include an explanation for the observed stereochemistry.

6.52  (+)-Aureol is a natural product that shows selective anticancer
activity against certain strains of lung cancer and colon cancer. A key
step in the biosynthesis of (+)-aureol (how nature makes the molecule)
is believed'" to involve the conversion of carbocation A to carbocation
B. Propose a possible mechanism for this transformation and explain the
observed stereochemical outcome.

HO HO
;©\ (=)-Strychnine
OH OH

©) (a) Draw all curved arrows that show the entire transformation of 1 into
_— 6 and identify the entire sequence of arrow-pushing patterns.
(b) For the step in which 4 is transformed into 5, identify the nucleo-
philic center and the electrophilic center and use resonance struc-
A B tures to justify why the latter is electron poor.
(c) The conversion of 4 into 5 involves the creation of a new chiral
6.53 Strychnine (6), a notorious poison isolated from the strychnos center. Determine its configuration and explain why the other pos-
genus, is commonly used as a pesticide in the treatment of rodent sible configuration is not observed.

Problems 6.54-6.56 follow the style of the ACS organic chemistry exam. For each of these problems, there will be one correct answer and
three distractors.

6.54  For a reaction with AG < 0, which of the following MUST be true? 1
(a) The reaction must be exothermic
(b) The reaction must be endothermic
Free
(©) Keq > 1 energy
(d) None of the above (G) | Reactants
6.55  Which of the following can serve as a nucleophile?
Products
H H
| o H Reaction coordinate
H—C—H H—N=H |

| | _B. PO

(a) H (b) H () H H (dH H @1, lll, and V (b) Il and IV
(c) Only 1ll (d) 1,1, 11, 1V, and V

6.56 In the following energy diagram showing the progress of a reac-
tion, which location(s) represent an intermediate?



270 CHAPTER 6 Chemical Reactivity and Mechanisms

CHALLENGE PROBLEMS

6.57 There are many examples of carbocation rearrangements that
cannot be classified as a methyl shift or hydride shift. For example, con-
sider the following rearrangement that was employed in the synthesis
of isocomene, a tricyclic compound isolated from the perennial plant
Isocoma wrightii."®

(a) Identify the carbon atom that is migrating and draw a mechanism
for this carbocation rearrangement.

(b) This process generates a new chiral center, yet only one configura-
tion is observed. That is, the process is said to be diastereoselec-
tive, because only one of the two possible diastereomeric carbo-
cations is formed. Draw the diastereomeric carbocation that is not
formed, and provide a reason for its lack of formation (Hint: You
may find it helpful to construct a molecular model.)

(¢) In this case, a tertiary carbocation is rearranging to give a differ-
ent tertiary carbocation. Suggest a driving force for this process
(explain why this process is favorable).

6.58 Compound 1 undergoes a thermal elimination of nitrogen at
250°C to form nitrile 4. One proposed (and subsequently refuted)
mechanism for this transformation involves intermediates 2 and 3:

NH, g
N/
‘ N
N\\N N\:
1 R
| L
Nse 1 H-N !
[y - — B
.. N
N 7o N:
HN \ H \
4 R 3 R

(a) Draw curved arrows that show the conversion of 2 to 3.

(b) To determine whether or not the proposed mechanism operates,

one of the nitrogen atoms was isotopically labeled as N, and its
location in the product was determined. The absence of 4b in the
product mixture demonstrates that the proposed mechanism is not
operating. Using resonance structures, explain why the proposed
mechanism predicts that 4b should be formed.

15
NH, R; 15N\ Ry N~ R;
Sc Sc
NZ o
| Ny  _250°C, | A\ | A\
NS N N HANT N
\ | \ | \
R R

2 H Ry
1 4a 4b

2

6.59 In the presence of a Lewis acid, compound 1 rearranges, via
intermediate 2, to afford compound 3.5

o}
)\ —_ B —
=
0~ “Ph 507 ph g

1 2 3

(a) Draw curved arrows showing how 1 is transformed into 2. Note
that the Lewis acid has been left out for simplicity.

(b) Draw curved arrows showing how 2 is transformed into 3. (Hint: It
may be helpful to redraw 2 in a different conformation.)
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Alkyl Halides:

Nucleophilic
Substitution and
Elimination Reactions

DID YOU EVER WONDER...

what chemotherapy is?

s its name implies, chemotherapy is the use of chemical agents

in the treatment of cancer. Dozens of chemotherapy drugs
are currently in clinical use, and researchers around the world are
currently working on the design and development of new drugs
for treating cancer. The primary goal of most chemotherapeutic
agents is to cause irreparable damage to cancer cells while causing
only minimal damage to normal, healthy cells. Since cancer cells
grow much faster than most other cells, many anticancer drugs have
been designed to interrupt the growth cycle of fast-growing cells.
Unfortunately, some healthy cells are also fast growing, such as hair
follicles and skin cells. For this reason, chemotherapy patients often
experience a host of side effects, including hair loss and rashes.

The field of chemotherapy began in the mid-1930s, when scien-
tists realized that a chemical warfare agent (sulfur mustard) could be
modified and used to attack tumors. The reaction of sulfur mustard
(and its derivatives) was thoroughly investigated and was found to
involve a series of reactions called substitution reactions. Throughout
this chapter, we will explore many important features of substitu-
tion reactions, and we will then revisit the topic of chemotherapy
by exploring the rational design of the first

chemotherapeutic agents.
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Systems—Methylation
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

¢ Introduction to Stereoisomerism (Section 5.2) * Nucleophiles and Electrophiles (Section 6.7)
e The Cahn-Ingold-Prelog System (Section 5.3) e Arrow Pushing and Carbocation Rearrangements
¢ Kinetics and Energy Diagrams (Sections 6.5, 6.6) (Sections 6.8-6.11)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

7.1 Introduction to Substitution and Elimination Reactions

In this chapter, we will focus on reactions of alkyl halides—compounds in which a halogen (such as
Cl, Br, or I is connected to an sp° hybridized carbon atom. Aryl halides and vinyl halides, in which a
halogen is connected to an sp* hybridized carbon atom, will be explored in Chapter 28.

sp sp sp’
&

4 4 .
“\--$X @X >y ( X = Cl, Br, or I)

Alkyl halide Aryl halide Vinyl halide
(Chapter 28) (Chapter 28)

3 2 2

Alkyl halides commonly undergo two general types of reactions. When treated with a nucleophile, an
alkyl halide can undergo a substitution reaction, in which the nucleophile replaces the halogen. When treated
with a base, an alkyl halide can undergo an elimination reaction, in which a 7 bond (an alkene) is formed:

Substitution o
PPN Q. Noe 450
Elimination

S
X - o
X :Base /K + H-—Base + :X:

Since many reagents, such as hydroxide (HO ), can function either as a nucleophile or as a base,
substitution and elimination reactions will often compete with each other, as seen in the example
below. In this chapter, we will explore substitution and elimination reactions, as well as the factors
that govern the competition between them:

NaOH OH

)CI\ —_— PN + PY + HO + NaCl

Elimination product Substitution product
(major product) (minor product)

During our coverage of substitution and elimination reactions, we will use the term substrare to refer
to the alkyl halide. Substitution and elimination reactions occur for a variety of substrates, not just
alkyl halides, as we will see at the end of this chapter.

In an alkyl halide, the halogen serves two critical functions that render the alkyl halide reactive
towards substitution and elimination processes:

1. The halogen withdraws electron density via induction, rendering the adjacent carbon atom
electrophilic, and therefore subject to attack by a nucleophile. This can be visualized with elec-
trostatic potential maps of various methyl halides (Figure 7.1). In each image, the blue color
indicates a region of low electron density.

FIGURE 7.1

Electrostatic potential i I I I E

maps of methyl halides. CH3F CH3Cl CH3Br CHs3l
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2. The halogen can serve as a leaving group, and substitution/elimination processes can only occur
when a leaving group is present. Good leaving groups are the conjugate bases of strong acids. For
example, iodide (I") is the conjugate base of a very strong acid (HI),

H—I:
Strong acid

FXX S
PO = Lt

+ (@)
H H g

0

H H

Conjugate base

(weak)

and therefore, iodide is a very weak base, which makes it an excellent leaving group. In contrast,

hydroxide is a bad leaving group, because it is not a stabilized base. In fact, hydroxide is a rela-

tively strong base, and therefore, it rarely functions as a leaving group. Table 7.1 shows a list of

good leaving groups, all of which are the conjugate bases of strong acids.

TABLE 7.1 THE ACIDITY OF SEVERAL COMPOUNDS AND THE STABILITY OF THEIR CONJUGATE BASES

Acid
Strongest
acid I—H
Br—H
CI—H
(e}

H
Weakest |
acid

Most stable
base

—2

Least stable
base

Conjugate base

Best
leaving
group

Good
leaving
groups

Bad
leaving
groups

Worst
leaving
group

As a rule of thumb, a good leaving group is the conjugate base of an acid with a pK, < 0. For this
reason, chloride, bromide, and iodide are all good leaving groups, while fluoride is not (the pX, of
HF is 3.2). Among the halides, iodide is the best leaving group because it is the weakest base.

The most commonly used leaving groups are halides (I, Br , Cl ) and sulfonate ions (RSO3 ).
This chapter focuses on reactions of alkyl halides, although alkyl sulfonates will be covered briefly in

Section 7.12.

7.2 Nomenclature and Uses of Alkyl Halides

Structure of Alkyl Halides

In an alkyl halide, each carbon atom can be described in terms of its proximity to the halogen, using letters
of the Greek alphabet. The alpha (@) position is the carbon atom connected directly to the halogen, while

the beta (8) positions are the carbon atoms connected to the « position:



274  CHAPTER 7  Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

An alkyl halide will have only one a position, but there can be as many as three 8 positions.
Alkyl halides are classified as primary (1°), secondary (2°), or tertiary (3°) based on the number of
alkyl groups connected to the « position.

/FL .
R ol R cl RXCI
Primary Secondary Tertiary

(1°) (2°) (3

Naming Alkyl Halides

Recall from Section 4.2 that systematic (IUPAC) names of alkanes are assigned using four discrete steps:

1. Identify and name the parent.

2. Identify and name the substituents.

3. Number the parent chain and assign a locant to each substituent.
4. Assemble the substituents alphabetically.

The same exact four-step procedure is used to name compounds that contain halogens, and
all of the rules discussed in Chapter 4 apply here as al Br

well. Halogens are simply treated as substituents and )2\ >2</4\
receive the following names: fluoro-, chloro-, bromo-, 1 3 1 3 5
and iodo-. To the right are two examples. 2-Chloropropane 2-Bromo-2-methylpentane

As we saw in Chapter 4, the parent is the longest
chain, and it should be numbered so that the first substituent receives the lower number:

Correct Incorrect

2, 5,5 beats |3, 3,6

When a chiral center is present in the compound, the configuration must be indicated at the begin-
ning of the name:

Br
(R)-5-Bromo-2,3,3-trimethylheptane

CONCEPTUAL CHECKPOINT

7.1 Assign a systematic name for each of the following compounds:

Br. Br
Cl

F
9
] )\/\/(-: ﬁ@m
(e) () @) (h) cl

In addition to systematic names, IUPAC nomenclature also recognizes common names for

many halogenated organic compounds.

S i

Chloroethane Ethyl chloride
(systematic name) (common name)
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The systematic name treats the halogen as a substituent, calling the compound a haloalkane.
The common name treats the compound as an alkyl substituent connected to a halide, and the
compound is called an alkyl halide, or more generally, an organohalide. The latter term describes
any organic compound containing a halogen (including aryl halides and vinyl halides).

Uses of Organohalides

Many organohalides are toxic and have been used as insecticides:

cl cl cl. ql
Cl Cl, Cl
Cl ", L o cl

H

/ I

W 7 Gl H—C—Br
Cl Cl Cl H
DDT Lindane Chlordane Methyl bromide

DDT (dichlorodiphenyltrichloroethane) was developed in the late 1930s and became one of the first
insecticides to be used around the globe. It was found to exhibit strong toxicity for insects but rather low
toxicity for mammals. DDT was used as an insecticide for many decades and has been credited with saving
more than half a billion lives by killing mosquitos that carry deadly diseases. Unfortunately, it was found
that DDT does not degrade quickly and persists in the environment. Rising concentrations of DDT in
wildlife began to threaten the survival of many species. In response, the Environmental Protection Agency
(EPA) banned the use of DDT in 1972, and it was replaced with other, environmentally safer, insecticides.

Lindane is used in shampoo formulations that treat head lice, while chlordane and methyl
bromide have been used to prevent and treat termite infestations. The use of methyl bromide has
recently been regulated due to its role in the destruction of the ozone layer (for more on the hole in
the ozone layer, see Section 10.8).

Organohalides are particularly stable compounds, and many of them, like DDT, persist and accu-
mulate in the environment. PCBs (polychlorinated biphenyls) represent another well-known example.
Biphenyl is a compound comprised of two benzene rings, and PCBs are compounds in which a biphe-
nyl parent is connected to multiple chlorine atoms. One example of a PCB is shown below:

Cl Cl
(O~ )
Cl Cl

Biphenyl
Aroclor 1254

PCBs were originally produced as coolants and insulating fluids for industrial transformers and
capacitors. They were also used as hydraulic fluids and as flame retardants, but their accumulation in
the environment began to threaten wildlife, and their use was banned.

The above examples have contributed to the bad reputation of organohalides. As a result,
organohalides are often viewed as man-made poisons. However, research over the last 20 years has
indicated that organohalides are actually more common in nature than had previously been thought.
For example, methyl chloride is the most abundant organohalide in the atmosphere. It is produced
in large quantities by evergreen trees and marine organisms, and it is consumed by many bacteria,
such as Hyphominocrobium and Methylobacterium, that convert methyl chloride into CO, and Cl .

Many organohalides are also produced by marine organisms. Over 6000 such compounds have
already been identified, and several hundred new compounds are discovered each year. Organohalides
serve a variety of functions in living organisms. In sponges, corals, snails, and seaweeds, organohalides are
used as a defense mechanism against predators (a form of chemical warfare). Here are two such examples:

(3E)-Laureatin Kumepaloxane
Used by the red algae Laurencia nipponina Used by the snail Haminoea cymbalum
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BY THE WAY

Sucralose was discovered

by accident in 1976 when

a British company (Tate

and Lyle) was conducting
research on potential uses

of chlorinated sugars. A
foreign graduate student
participating in the research
misunderstood a request to
“test” one of the compounds
and instead thought he was
being asked to “taste” the
compound. The graduate
student reported an intensely
sweet taste, which ultimately
lead to the use of sucralose
as an artificial sweetener.

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

Not all halogenated compounds are toxic. In fact, many organohalides have clinical applications.
For example, the following compounds are widely used and have contributed much to the improve-

ment of physical and psychological health:

Br NOg
Ho M _oH

~
N H
SN FIF
~N
P o
ci

(R)-Fluoxetine

Bronopol
(2-Bromo-2-nitropropane-1,3-diol) Chlorpheniramine
An antidepressant, sold under

the trade name Prozac

An antihistamine, sold under
the trade name Chlor-Trimeton

A powerful anti-microbial compound
safe enough to use in baby-wipes

Some organohalides have even been used in the food industry. Consider, for example, the structure
of sucralose, which contains three chlorine atoms. It is several hundred times sweeter than sugar and
is sold as an artificial, low-calorie sweetener under the trade name Splenda.

HO
Cl HO, QH
(¢} b‘\
HO H (0] /3 0 cl
OH Cl
Sucralose

An artificial sweetener, sold
under the trade name Splenda

Organohalides as Synthetic Precursors

For synthetic organic chemists, organohalides are useful because they can serve as starting materials
for the synthesis of more complex molecules. With the development of modern synthetic methods,
as we will see in Chapter 23, aryl and vinyl halides have become particularly useful starting materi-
als. In this chapter, we will explore reactions that convert alkyl halide into a wide range of different

compounds:
/\/CI
NaOH An alkyl halide tBuOK
~_-oH NaOCH3 NaCN PN
An alcohol
NaSH CHaCO,Na An alkene
/\/OCHS /\/CN
An ether oH o A nitrile
N N \n/
A thiol

Anester ©O

7.3 SN2 Reactions

During the 1930s, Sir Christopher Ingold and Edward D. Hughes (University College, London)
investigated substitution reactions in an effort to elucidate their mechanisms. Based on their observa-
tions and the observations of others, they proposed two different mechanisms for nucleophilic substi-
tution reactions, and they suggested that each mechanism operates under a specific set of conditions.
These two mechanisms are shown here:
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For a review of rate
equations and second-order
processes, see Section 6.5.
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A concerted mechanism

Nucleophilic attack

o
/\[\;NUC /\/NUC 4 X@
> Loss of a ”

leaving group

A stepwise mechanism

Nucleophilic attack
Loss of a leaving group

S
Y T T N
X ® Nuc X
.0

+oiXx:

Both mechanisms involve nucleophilic attack and loss of a leaving group, but consider the timing of these
events. In the first mechanism, both events occur simultaneously; that is, they occur in a concerted fashion.
However, in the second mechanism, they occur separately, in a stepwise fashion. First the leaving group
leaves to give an intermediate carbocation, and then a nucleophile attacks the carbocation in a separate step.

In this section, we will explore the conditions that favor the concerted process. In Section 7.10,
we will explore the conditions that favor the stepwise process.

Kinetics

For many of the reactions that they investigated, Ingold and Hughes found the rate of reaction to
be dependent on the concentrations of both the alkyl halide and the nucleophile. Specifically, they
found that doubling the concentration of the alkyl halide caused the reaction rate to double, and
similarly, doubling the concentration of the nucleophile also caused the rate to double. These obser-
vations are consistent with a second-order process that has the following rate equation:

Rate = 4 [alkyl halide] [nucleophile]

Based on their observations, Ingold and Hughes concluded that the mechanism must exhibit a
step in which the alkyl halide and the nucleophile collide with each other. Because that step involves
two chemical entities, it is said to be bimolecular. Ingold and Hughes coined the term Sy2 to refer to
bimolecular nucleophilic substitution reactions:

S 2

- N <
-7 1
I
|
I

Substitution

Bimolecular

Nucleophilic

The experimental observations for Sy2 reactions are consistent with a concerted process, involv-
ing both the nucleophile and the alkyl halide in a single step (Mechanism 7.1).

MECHANISM 7.1 THE Sy2 MECHANISM

Nucleophilic attack Loss of a

Nuc:

leaving group

H H
| Sp\2 | O
@mc—/x\ N R—(IZ—Nuc + :.X.:

| A nucleophile attacks the alkyl halide,
H causing the loss of a leaving group H
in a concerted fashion (simultaneous)
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CONCEPTUAL CHECKPOINT

7.2 The following substitution reaction exhibits second-order kinetics, and is therefore presumed to occur via an SN2 process:
A~ o+ NaOH —— A _OH 1 Na

(@) What happens to the rate if the concentration of 1-iodopropane is tripled and the concentration of sodium hydroxide remains the same?
(b) What happens to the rate if the concentration of 1-iodopropane remains the same and the concentration of sodium hydroxide is doubled?

(c) What happens to the rate if the concentration of 1-iodopropane is doubled and the concentration of sodium hydroxide is tripled?

Stereospecificity of S\2 Reactions

There is another crucial piece of evidence that led Ingold and Hughes to propose the concerted

mechanism. When the « position is a chiral center, a change in configuration is generally observed,

as illustrated in the following example:
H

"

Moo g+ HgE  —— M+ a7

Front-side e
attack t (R) ) Et
MeH
Z’)_Br The reactant exhibits the R configuration, while the product exhibits the S configuration.

Et That is, this reaction is said to proceed with inversion of configuration. This stereochemical
Back-side

ook outcome is often called a Walden inversion, named after Paul Walden, the German chemist
attac

who first observed it. The requirement for inversion of configuration means that the nucleo-
FIGURE 7.2 ‘ phile can only attack from the back side (the side opposite the leaving group) and never from
The front and back sides of a the front side (Figure 7.2). There are two ways to explain why the reaction proceeds through
substrate. .

back-side attack:

1. The lone pairs of the leaving group create regions of high electron density that effectively block
the front side of the substrate, so the nucleophile can only approach from the back side.

2. Molecular orbital (MO) theory provides a more sophisticated answer. Recall that molecular

LOOKING BACK orbitals are associated with the entire molecule (as opposed to azomic orbitals, which are asso-

For a review of molecular ciated with individual atoms). According to MO theory, the electron density flows from the

orbital theory and the HOMO of the nucleophile into the LUMO of the electrophile. As an example let’s focus our
zeereiseEtCii),\:? g nd LUMO, attention on the LUMO of methyl bromide (Figure 7.3).

o If a nucleophile attacks methyl bromide from the front side, the nucleophile will

Front-side encounter a node, and as a result, no net bonding will result from the overlap
attack between the HOMO of the nucleophile and the LUMO of the electro-
Node phile. In contrast, nucleophilic attack from the back side allows for

efficient overlap between the HOMO of the nucleophile and the
LUMO of the electrophile.

Back-side —
attack The observed stereochemical outcome for an Sy2 process

(inversion of configuration) is consistent with a concerted mecha-

nism. The nucleophile attacks with simultaneous loss of the leaving
group. This causes the chiral center to behave like an umbrella flipping

FIGURE 7.3 in the wind:
The lowest unoccupied molecular
orbital (LUMO) of methyl bromide. u s Me 1_| s 1% H
/e\_)Me: I\ .. \§ .. - T _Me ..O
HS: B ——  |[H§---Co---Bl ——  H§—<"® o+
Et | Et
(R) Et (S)

The transition state (drawn in brackets) will soon be discussed in more detail. This reaction is
said to be stereospecific, because the configuration of the product is dependent on the configuration
of the starting material.
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SKILLBUILDER

7.1 DRAWING THE PRODUCTS OF AN S,2 PROCESS

obtained. An SN2 process is responsible for generating one of the minor products, while the
major product is generated via an elimination process, as will be discussed later in this chapter.
Draw the SN2 product that is obtained when (R)-2-bromobutane reacts with a hydroxide ion.

J LEARN the skill When (R)-2-bromobutane is treated with sodium hydroxide (NaOH), a mixture of products is

(o)
J

. SOLUTION
First draw the reagents described in the problem statement:

Br
Jo 0 e — 9
]
(R)-2-Bromobutane Hydroxide

Now identify the nucleophile and the substrate. (R)-2-Bromobutane is the substrate, and
hydroxide is the nucleophile. When hydroxide attacks, it will eject the bromide ion as a leav-
ing group. The net result is that Br will be replaced with OH. In this case, the a position is a
chiral center, so we expect inversion of configuration:

Br OH
&

NG S

PRACTICE the skill 7.3 Draw the product for each of the following Sy2 reactions:

(a) (S)-2-Chloropentane and NaSH (b) (R)-3-lodohexane and NaCl
= (c) (R)-2-Bromohexane and NaCN (d) 1-Bromoheptane and NaOH
0 APPLY the skill 7.4 A common method for confirming the proposed structure and stereochemistry of

a natural product is to synthesize the proposed structure and then compare its proper-
ties with those of the natural product. This technique was used to verify the structure of
cameroonanol,’ a compound with a woody fragrance, isolated from the essential oil of the
flowering plant Echniops giganteus. During the synthesis, compound 1 was deprotonated
with a strong base to give a short-lived carbanion intermediate, which rapidly underwent
an intramolecular Sy2-type mechanism to afford compound 2. Draw curved arrows for both
steps shown.

D\ (D
O\

Compound 1 A carbanion intermediate Compound 2

need more PRACTICE? Try Problems 7.54, 7.55

The Effect of Substrate Structure on the Rate of an Sy2 Process

The rate of an S2 process is extremely sensitive to the nature of the starting alkyl halide. Specifically,
it has been found that the presence of substituents at the o or 8 positions can significantly reduce
the rate. These findings are supported by the data presented in Table 7.2, which compares the relative
rates of reaction for a series of alkyl bromides, when each is treated with iodide at 25°C in acetone
(the role of acetone, the solvent, will be discussed in the next section).
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TABLE 7.2 EFFECT OF SUBSTITUENTS ON THE RATES OF Sn2 REACTIONS

I@
R—Br —— > R—I + B
acetone
25°C
' Effectof o-Substituents | Effect of f-Substituents
,,,,,,,,,,,,,,,,,,,,, .
Structure Relative rate* Structure Relative rate*
(¢4
HC—Br 145 E~pr 1
BBy 1 ~E g, 0.8

>< Negligible
a>Br

*All rates are relative to the rate of reaction between ethyl bromide
and iodide in acetone at 25°C.

|
|
|
|
|
|
|
|
: )
:
|
)\ 0.008 : 2 Br 0.04
a>Br 1
|
|
|
|
|
|
|

When we compare the relative rates presented in Table 7.2, the following trends emerge:

1. The rate of an Sy2 reaction is most sensitive to the number of substituents at the o position.
Methyl bromide is over one hundred times more reactive than ethyl bromide (a primary alkyl
halide), which is over one hundred times more reactive than isopropyl bromide (a secondary
alkyl halide). Notice that #butyl bromide (a tertiary alkyl halide) is unreactive toward Sy2.
These observations indicate that Sy2 reactions are most effective for methyl halides and primary
alkyl halides, and Sy2 reactions cannot be performed with tertiary alkyl halides.

Reactivity toward Sy2

Most .
. — Unreactive
reactive

HaC—X Ay )\x ><x
2 3

Methyl 1°

2. 'The rate of an SN2 reaction is also sensitive to the presence of substituents at the 3 position, but
this effect is not as great as the effect observed at the « position. Even with two substituents at
the B position, the rate is only moderately reduced. However, with three substituents at the 8
position, the rate of the SN2 process is so significantly reduced that it is too slow to be of any
practical use. That is, an SN2 process will generally not occur if there are three substituents at the
« position or if there are three substituents at a 8 position.

All of these observations are consistent with a concerted process in which the nucleophile
encounters steric hindrance as it approaches the alkyl halide. To understand the nature of the steric
effects that govern Sy2 reactions, we must explore the transition state for a typical Sy2 reaction,
shown here in general form.

H ¥
8- | 5
Nuc -------- C\- ------- LG
H H

Notice that dotted lines are used to indicate the bonds that are in the process of being broken
or formed, and the double-dagger symbol, just outside the brackets, indicates that the drawing rep-
resents a transition state rather than an intermediate. Recall that a transition state is represented by
a maximum (a peak) in an energy diagram. Consider, for example, an energy diagram showing the
reaction between a cyanide ion and methyl bromide (Figure 7.4).



FIGURE 7.4

An energy diagram of the Sy2
reaction that occurs between
methyl bromide and a cyanide ion.

-

Incoming
nucleophile

FIGURE 7.5

An electrostatic potential
map of the transition state for
the reaction between methyl
bromide and cyanide. The
red areas represent regions
of high electron density.

FIGURE 7.6

Energy diagrams comparing Sn2
processes for methyl, primary,
and secondary substrates.

Outgoing
leaving group
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H +
5 | 5
N=C-------- _c\- ------- Br
H H

Transition state

Potential
energy

/H
N=C—C—y + :Br
H

Reaction coordinate

The highest point on the curve (highlighted) represents the transition state. The relative energy
of this transition state determines the rate of the reaction. If the transition state is high in energy,
then the energy of activation (£,) will be large, and the rate will be slow. If the transition state is low
in energy, then E, will be small, and the rate will be fast. With this in mind, we can now explore the
effect of steric hindrance on the reaction rates of SN2 processes, and we can justify why tertiary alkyl
halides are unreactive toward Sy?2.

Take a close look at the transition state. The nucleophile is in the process of forming a bond

with the alkyl halide, and the leaving group is in the process of breaking its bond. Notice that

there is a partial negative charge on either side of the transition state. This can be seen more
clearly in an electrostatic potential map of the transition state (Figure. 7.5).

If the hydrogen atoms in Figure 7.5 are replaced with alkyl groups, steric interactions

cause the transition state to be even higher in energy, raising E, for the reaction. Compare

the relative energy diagrams for reactions involving methyl, primary, and secondary alkyl

halides (Figure 7.6).

Sn2 with a Sn2 with a Sn2 with a
methyl substrate primary substrate secondary substrate

Potential
energy

Potential
energy

Potential
energy

Reaction coordinate Reaction coordinate Reaction coordinate

For a methyl halide, £, is relatively small, and the reaction is rapid. In contrast, E, for the
reaction of a secondary alkyl halide is relatively high, and the reaction is slower. With a tertiary
alkyl halide, there are three substituents connected to the o position, and the Sy2 transition
state is so high in energy that the reaction occurs too slowly to be observed. For similar reasons,
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CH, *
Hsc\é/CHa
(- | 0
Nuc--=----- Coomies Br
£\
H H

FIGURE 7.7

The transition state for an
SN2 process involving a
neopentyl substrate.

SKILLBUILDER

K—\ 7.2 DRAWING THE TRANSITION STATE OF AN Sn2 PROCESS

{ %l LEARN the skill
L/

STEP 1

Identify the
nucleophile and
the leaving group.

STEP 2

Draw the carbon
atom with the Nuc
and LG on either
side.

STEP 3

Draw the three
groups attached to
the carbon atom,
draw brackets
around the
structure, and draw
the double-dagger
symbol indicating a
transition state.

()

an SN2 process will also not occur when the starting alkyl halide has three substituents con-
nected to a 8 position. As an example, we revisit the structure of neopentyl bromide (first shown

in Table 7.2):
%B“

Neopentyl bromide

This compound is a primary alkyl halide, but it has three methyl groups attached to the 8 position.
These methyl groups provide steric interactions that raise the energy of the Sy2 transition state
(Figure 7.7), and as a result, the rate of S\2 is too slow to be useful. This is an interesting example,
because the substrate is a primary alkyl halide that essentially does not undergo an Sy2 reaction. This
example illustrates why it is best to understand concepts in organic chemistry rather than memorize
rules without knowing what they mean.

Draw the transition state of the following reaction:

P _NaSH | ~>Sgy + NaCl

SOLUTION
First identify the nucleophile and the leaving group. These are the two groups that will be on
either side of the transition state:

“sH ~ ol
Nucleophile Leaving group

The transition state will need to show a bond forming with the nucleophile and a bond
breaking with the leaving group. Dotted lines are used to show the bonds that are breaking
or forming:

Bond Bond
Forming Breaking

Notice that a §— symbol is placed on both the incoming nucleophile and the outgoing leav-
ing group to indicate that the negative charge is spread out over both locations. Now we
must draw all of the alkyl groups connected to the « position. In our example, the « position
has one CHj3 group and two H's:

H)(H

o - Hac)ACI

So we draw these groups in the transition state connected to the « position. One group is
placed on a straight line, and the other two groups are placed on a wedge and on a dash.

It does not matter whether the CH3 group is placed on the line, CHg +
wedge, or dash. But don't forget to indicate that the drawing is Z ________ C|: ________ (Z)_I

a transition state by surrounding it with brackets and using the A\
double-dagger symbol that indicates a transition state. H H

J PRACTICE the skill 7.5 Draw the transition state for each of the following Sy2 reactions:

Br OH
O/\ _NaOH | O/\ +  NaBr
(a)
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)| APPLY the skill

—
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© 7 o MO, S Son 0 Nao

Br SH
C( NasH, C( © NaBr
()

7.6 Atotal synthesis of the marine natural product aldingenin C in the laboratory” resulted
in a significant revision of its proposed structure. The synthesis involved the conversion of
compound 1 to compound 2, which is an intramolecular Sy2-type process. This substitu-
tion reaction involves a very poor leaving group, but the reaction is nevertheless favorable,
because it involves opening of the strained
three-membered ring (called an epoxide). o

The relief of ring strain can be a powerful o®

driving force for reactions, as seen in this N
example. Draw the transition state for this ""/‘)

reaction, and identify the leaving group. 1 | 2

need more PRACTICE? Try Problem 7.51

® Medically Speaking Pharmacology and Drug Design

I Pharmacology is the study of how drugs interact
o/ ’ with biological systems, including the mechanisms
. \ that explain drug action. Pharmacology is a very
important field of study because it serves as
the basis for the design of new drugs. In this section, we will

explore one specific example, the design and development of
chlorambucil, an antitumor agent:

Cl

0 p
HOWN

Chlorambucil cl

Chlorambucil was designed by chemists using principles that
we have learned in this and previous chapters. The story of
chlorambucil begins with a toxic compound called sulfur mustard.
This compound was first used as a chemical weapon in
World War I. It was sprayed as an aerosol mixture with other
chemicals and exhibited a characteristic odor similar to that of
mustard plants, thus the name mustard gas. Sulfur mustard is a
powerful alkylating agent. The mechanism of alkylation involves
a sequence of two substitution reactions:

?’ﬁl ®Nuc
8/7/ i @.Sér\"”“c :S:
\_\CI Cl \_\CI

Sulfur mustard

The first substitution reaction is an intramolecular Sy2-type process
in which a lone pair on sulfur serves as a nucleophile, expelling
chloride as a leaving group. The second reaction is another Sy2
process involving attack of an external nucleophile. The net result is
the same as if the nucleophile had attacked directly:

®
Cl Nuc
/ .'N o
:S: e, HeH + ClI
Cl Cl

The reaction occurs much more rapidly than a regular SN2 process
on a primary alkyl chloride because the sulfur atom assists in
ejecting chloride as a leaving group. The effect that sulfur has on
the rate of reaction is called anchimeric assistance.

Each molecule of sulfur mustard has two chloride leaving
groups and is, therefore, capable of alkylating DNA two times.
This causes individual strands of DNA to cross-link (Figure 7.8):

DNA

DNA

FIGURE 7.8
Sulfur mustard can alkylate two different strands of DNA,
causing cross-linking.

Cross-linked
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Cross-linking of DNA prevents the DNA from replicating and
ultimately leads to cell death. The profound impact of sulfur
mustard on cell function inspired research on the use of this
compound as an antitumor agent. In 1931, sulfur mustard was
injected directly into tumors with the intention of stopping tumor
growth by interrupting the rapid division of the cancerous cells.
Ultimately, sulfur mustard was found to be too toxic for clinical
use, and the search began for a similar, less toxic, compound.
The first such compound to be produced was a nitrogen
analogue called mechlorethamine:

Cl Cl

SH
\_\C I

Sulfur mustard

—N\_\

Cl
Nitrogen mustard
(mechlorethamine)

Mechlorethamine is a “nitrogen mustard” that reacts with nucl-
eophiles in the same way as sulfur mustard, via two successive
substitution reactions. The first reaction is an intramolecular
Sn2-type process; the second reaction is another Sy2 process
involving attack of an external nucleophile:

‘Ci ®Nuc
o
oA Y d
\_\Cl \_\Cl \_\Cl

This nitrogen mustard is also capable of alkylating DNA, causing
cell death, but is less toxic than sulfur mustard. The discovery of
mechlorethamine launched the field of chemotherapy, the use of
chemical agents to treat cancer.

Mechlorethamine is still in use today, in combination
with other agents, for the treatment of advanced Hodgkin’s
lymphoma and chronic lymphocytic leukemia (CLL). The use of
mechlorethamine is limited, though, by its high rate of reactivity
with water. This limitation led to a search for other analogues.
Specifically, it was found that replacing the methyl group with an
aryl group had the effect of delocalizing the lone pair through
resonance, rendering the lone pair less nucleophilic:

. [\.N/—/m i N N/®—/|
O — -

Aryl group I

/—/CI | /—/CI
e, €

The resonance structures above all exhibit a negative charge
on a carbon atom, and therefore, these resonance structures
do not contribute very much to the overall resonance hybrid.
Nevertheless, they are valid resonance structures, and they
do contribute some character. As a result, the lone pair on

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

the nitrogen atom is delocalized (it is spread out over the aryl
group) and less nucleophilic. This decreased nucleophilicity
is manifested in a decrease of anchimeric assistance from the
nitrogen atom. The compound can still function as an antitumor
agent, but its rate of reactivity with water is reduced.
Introduction of the aryl group (in place of the methyl group)
might have solved one problem, but it created another problem.
Specifically, this new compound was not water soluble, which
prevented intravenous administration. This problem was solved
by introducing a carboxylate group, which rendered the com-
pound water soluble:

5 './—/CI
BO-C

This group renders the compound
water soluble.

But, once again, solving one problem created another.
Now, the lone pair on the nitrogen atom was too delocalized,
because of the following resonance structure:

3 30

The lone pair was delocalized onto an oxygen atom, and a
negative charge on an oxygen atom is much more stable than

a negative charge on a carbon atom. The delocalization effect
was so pro-nounced that the reagent no longer functioned as

an antitumor agent. The lone pair on the nitrogen atom was not
sufficiently nucleophilic to provide anchimeric assistance. Solving
all these problems required a way to maintain water solubility
without overly stabilizing the lone pair on the nitrogen atom.
This was achieved by placing methylene groups (CH, groups)
between the carboxylate group and the aryl group:

C
O}— (CHa)r 4@7N/—/
" \_\CI

This way, the nitrogen lone pair is no longer participating in
resonance with the carboxylate group, but the presence of the
carboxylate group is still able to render the compound water
soluble. This final change solves all of the problems. In theory,
only one methylene group is needed to ensure that the nitrogen
lone pair is not overly delocalized by resonance. But in practice,
research with various compounds indicated that optimal
reactivity was achieved when three methylene groups were
placed between the carboxylate group and the aryl group:

(0] /—/
Cl
Chlorambucil
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The resulting compound, called chlorambucil, was marketed a CONCEPTUAL CHECKPOINT

under the trade name Lukeran by GlaxoSmithKline. It was mainly
used for treatment of CLL, until other, more powerful agents
were discovered.

The design and development of chlorambucil is just
one example of drug design, but it demonstrates how an
understanding of pharmacology, coupled with an understanding
of the first principles of organic chemistry, enables chemists to o NH, al

design and create new drugs. Each year, organic chemists and /
biochemists make enormous strides in the exciting fields of W N
pharmacology and drug design. \
Cl
Melphalan

- 0

7.7 Melphalan is a chemotherapy drug used in the treatment
of multiple myeloma and ovarian cancer. Melphalan is an alkyl-
ating agent belonging to the nitrogen mustard family. Draw a
likely mechanism for the alkylation process that occurs when a
nucleophile reacts with melphalan:

7.4 Nucleophilic Strength and Solvent Effects in
Sn2 Reactions

Nucleophilicity

The term “nucleophilicity” refers to the rate at which a nucleophile will attack a suitable electrophile.
A strong nucleophile will give a relatively fast S\2 reaction, while a weak nucleophile will give a
relatively slow Sy2 reaction. For this reason, a strong nucleophile is generally required in order for an
SN2 reaction to be efficient and practical.

There are many factors that contribute to nucleophilicity, as first described in Section 6.7. One
such factor is the presence of a charge, which can be illustrated by comparing hydroxide (HO ") and
water (H,O). Hydroxide has a negative charge, and it is therefore a strong nucleophile. In contrast,
water lacks a charge and is a weak nucleophile. Indeed, hydroxide is over a million times more reac-
tive than water toward an SN2 reaction with methyl iodide:

K_\H H
S | | ..
© [\ Fast . @

HO: + H—(IZ—I HO—(I')—H + I
Strong nucleophile H H
H
\O.:/\ll-l y H |I_|
/- ery slow \ ..O
H + H—?—I EEE—— @/O—(ID—H + Ik
Weak nucleophile H H H

With a weak nucleophile, Sy2 reactions are generally too slow to be of practical use.

Another factor that impacts nucleophilicity is polarizability, which is often even more important
than charge. Recall that polarizability describes the ability of an atom to distribute its electron density
unevenly as a result of external influences (Section 6.7). Polarizability is directly related to the size of
the atom and, more specifically, to the number of electrons that are distant from the nucleus. A sulfur
atom is very large and has many electrons that are distant from the nucleus, and it is therefore highly
polarizable. As a result, hydrosulfide (HS ) and thiolate (RS ") ions are particularly strong nucleo-
philes. Many of the halogens share this same feature.

The following is a list of some commonly encountered nucleophiles:

Strong nucleophiles Weak nucleophiles
.0 .o .0 HS HO: _© . ..
;15 :Bri :Cl: 5 o ‘N=C: H,0O ROH
RS: RO:

Notice that many of the halides are present on the list (iodide, bromide, and chloride), but fluoride is
absent. Why? Fluoride can behave either as a weak nucleophile or as a strong nucleophile, depending
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on the identity of the solvent. Indeed, the nucleophilicity of fluoride is an excellent illustration of the
profound impact that the solvent can have on the rate of an S\2 process. Let’s explore the role of the
solvent in Sy2 reactions.

Solvent Effects in Sy2 Reactions

For S\2 reactions, the nucleophile is generally ionic, as is the leaving group, so a polar solvent is
required in order to solvate these ionic species. Furthermore, the transition state also has ionic char-
acter, so a polar solvent helps stabilize the transition state as well. For these reasons, Sy2 reactions
generally cannot be performed in nonpolar solvents, such as benzene, unless special techniques are
employed (we will see one such technique in Chapter 13). Polar solvents are broadly classified into
two categories: protic and aprotic. Protic solvents contain a hydrogen atom connected directly to an
electronegative atom, while polar aprotic solvents lack such a hydrogen atom. Several examples are
shown for each category:

Protic solvents Polar aprotic solvents
(0] (0]
PIeN H )J\ o}
H” H CHO—H "o~ HJ\N/ N/
Water Methanol Ethanol Acetone | /N_T_N\
1) Dimethylformamide - N\
i Q (DMIF)
N )J\ H I Hexamethyl-
H” “H o~ S phosphoramide
Ammonia Acetic acid Dimethylsulfoxide HsC—C=N (HMPA)
(DMSO) Acetonitrile

Notice that each of the protic solvents has at least one hydrogen atom (shown in red) connected to an

electronegative atom (such as O or N). Aprotic solvents also have hydrogen atoms, but none of those

hydrogen atoms are connected to an electronegative atom. It is observed that S\2 reactions are gener-

ally much faster when performed in polar aprotic solvents, rather than protic solvents. Indeed, the

effect of polar aprotic solvents on the rate of Sy2 reactions can be very significant, as seen in Table 7.3.
A couple of trends become apparent when we compare the data in Table 7.3:

TABLE 7.3 EFFECT OF SOLVENTS ON THE RATES OF Sn2 REACTIONS

H
| Nuga: ©
H—?—I 25°C R—Nuc + I
H
Nucleophile  Relative rate in MeOH* Relative rate in DMF* Increase in rate
(protic solvent) (polar aprotic solvent) (due to polar aprotic solvent)

1° 43" 6,500"" x 150
Br° 1 21,000 x 21,000
Cle 0.04 41,000 % 1,030,000
Fe 0.0006 49,000 X 82,000,000

* All rates are relative to the rate of reaction between methyl iodide and bromide at 25°C.
** Rate of reaction is measured by using an isotope of iodine and then tracking its location.

e For each of the nucleophiles shown, the rate of reaction is significantly enhanced when the
solvent is changed from protic (methanol) to polar aprotic (DMF). The extent of the rate
enhancement is different for each nucleophile, although fluoride is the most affected by the
change in solvent—the rate is 82 million times faster in a polar aprotic solvent. These data
indicate that the use of a polar aprotic solvent will speed up the rate of an Sy2 process by
many orders of magnitude.

e If we compare the relative rates of the halides in methanol (protic solvent), we find that iodide
reacts most rapidly, and fluoride is the least reactive. However, if we compare the relative rates
in DMF (aprotic solvent), we find the opposite trend—fluoride reacts most rapidly.

To understand these observations and trends, we must explore the interaction between the solvent
. L . . +

and the nucleophile. When NaCl is dissolved in a protic solvent, such as water, both the Na™ and

Cl™ ions are well solvated.
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H H H H
/ @ \ \ ) /
H—O:----+ Na~ ----- O—H :0O—H----¢% Cli----- H-0O
The lone pairs on the oxygen atoms The protons in H,0 stabilize the anion
of H,0 stabilize the cation. via hydrogen bonding interactions.

Protic solvents have electronegative atoms with lone pairs (in this case oxygen) that can stabilize Na*
ions, and protic solvents also have the ability to form hydrogen bonds with the Cl™ ions, thereby
stabilizing them as well. In contrast, a polar aprotic solvent can only stabilize the cations, not the
anions. For example, dimethylsulfoxide (DMSO) can stabilize the Na' ions, but it lacks the ability to
stabilize the Cl™ ions via hydrogen bonds. Why? In DMSO, the electron-poor region (6+) is located
at the center of the compound, surrounded by lone pairs and methyl groups (highlighted below). For
steric reasons, this 8+ region is relatively inaccessible to an anion dissolved in the solvent, so anions
are not stabilized by the solvent.

//O: :O\\ HAC. //5O : =) : Bo\\ CH,
HSC—"S\ /STCHS 3 \.S\Jr x-CI--x J;S’ 3
CHj HsC " (CHg HaC) -

The lone pairs on the oxygen atoms DMSO is not a protic solvent, and the region of 5+ is
of DMSO stabilize the cation. sterically inaccesible, so anions are not stabilized.

The result is that nucleophiles are less stabilized (higher in energy) when placed in a polar aprotic
solvent. Polar aprotic solvents enhance the rate of an Sy2 process by raising the energy of the nucleo-
phile, giving a smaller £, (Figure 7.9).

In protic solvents, fluoride ions can form very strong hydrogen bonds with the solvent, so

Reaction coordinate

FIGURE 7.9

A comparison of energy
diagrams for an SN2 process
in different solvent systems
(protic and polar aprotic).

the fluoride ions are very tightly bound to their solvent shell, rendering them mostly unavailable
to function as nucleophiles. In such an environment, fluoride ions are weak nucleophiles because they
would have to shed part of their solvent shell, which would be a large increase in energy. However,
when a polar aprotic solvent is used, the fluoride ions do not form hydrogen bonds and they are not
tightly bound to the solvent shell, rendering them fully available to function as nucleophiles.

The case of fluoride is a powerful illustration of the fact that nucleophilicity is strongly depen-
dent on the identity of the solvent. Indeed, nucleophilicity can be sensitive to other factors as well,
including the identity of the starting alkyl halide and the temperature.

CONCEPTUAL CHECKPOINT

7.8 Which of the following reactions is expected to produce 7.9 Which of the following reactions is expected to exhibit a

1-propanol (CH3CH,CH,OH) at a faster rate? Explain. faster rate? Explain.
(S]
/\/CI NaOH / H,O /\/OH + Cl CH3CH,Br Nal/EtOH CHiCHoI + Br@
©
_~_Cl _NaOH/DMSO , _~ __OH + Cl CHyCHoBr —NBCU/EOH o ool + B

7.5 Sn2 Reactions in Biological Systems—Methylation

In the laboratory, the transfer of a methyl group can be accomplished via an SN2 process using

methyl iodide:
mcﬁl : 0
‘N Nuc—CH; + :I:

uc S2

This process is called alkylation, because an alkyl group has been transferred to the nucleophile. It
is an SN2 process, which means there are limitations on the type of alkyl group that can be used.
Tertiary alkyl groups cannot be transferred. Secondary alkyl groups can be transferred, but slowly.
Primary alkyl groups and methyl groups are transferred most readily. The alkylation process shown
above is the transfer of a methyl group and is therefore called methylation. Methyl iodide is ideally
suited for this task, because iodide is an excellent leaving group and because methyl iodide is a liquid
at room temperature. This makes it easier to handle than methyl chloride or methyl bromide, which
are gases at room temperature.
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Methylation reactions also occur in biological systems, but instead of CHj3l, a methylating agent
called SAM (S-adenosylmethionine) is employed. Your body produces SAM via an Sy2 reaction
between the amino acid methionine and ATP:

o
|
6o—||:=o
0
eO—li’:O @cl)
o 1) |O NH, 6O—Ii’:o
S e
HsN,, & O—||=_O /N N 5 (l)
O < | ) O—pP=0
J NN 6
0] +
- 0
6o—FI»=o
(0)
OH OH OH OH ©
Methionine Adenosine triphosphate S-Adenosylmethionine (Leaving group)
(ATP) (SAM)

In this reaction, methionine acts as a nucleophile and attacks adenosine triphosphate (ATP), expel-
ling a triphosphate leaving group (highlighted). The resulting product, called SAM, is able to func-
tion as a methylating agent, very much like CH;I. Both CH3l and SAM exhibit a methyl group
(shown in red below) attached to an excellent leaving group (highlighted in green).

(0]
@
HaN,, O@
lodide is a relatively NH,
simple leaving group. "
~N This leaving group
/ . </ | )N = 99
NN

is more complex.
H,C—1I Ve
Methyl iodide

HsC o

OH OH
S-Adenosylmethionine (SAM)

SAM is the biological equivalent of CHj3l. The leaving group is much larger, but SAM functions
in the same way as CH3l. When SAM is attacked by a nucleophile, an excellent leaving group is

expelled:
/M %
NG+ mclds —— Nu—cH, + S
\ \
R R
S-Adenosylmethionine Excellent LG
(SAM)

SAM plays a role in the biosynthesis of many compounds, such as adrenaline, which is released into
the bloodstream in response to danger or excitement. Adrenaline is produced via a methylation reac-
tion that takes place between noradrenaline and SAM in the adrenal gland:

HO H///—“\\\\& OH H
I, |
. 4 HO N
HO N “H \CH3
HO HO
Noradrenaline Adrenaline

After being released into the bloodstream, adrenaline increases heart rate, elevates sugar levels to
provide a boost of energy, and increases levels of oxygen reaching the brain. These physiological
responses prepare the body for “fight or flight.”
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HsC OH CHs —oH
o . . . , : . N/ SAM ol ~ /"
7.10 Choline is a compound involved in neurotransmission. The biosynthesis of choline N —_— HSC—'}‘
involves the transfer of a methyl group from SAM. Draw a mechanism for this transformation: ~ HsC CHj

CONCEPTUAL CHECKPOINT

7.6 Introduction to E2 Reactions

At the beginning of this chapter, we noted that alkyl halides can undergo substitution as well as elimina-
tion reactions. Thus far, we have exclusively explored substitution (Sn2) reactions of alkyl halides. In this
section, we will begin to explore elimination reactions. These reactions involve the use of bases, rather
than nucleophiles, so we must quickly review some differences between strong bases and weak bases. For
anionic bases (bearing a negative charge), a weak base is a stabilized base, and a strong base is an unstable
base. In Chapter 3, we saw several factors (ARIO) that can stabilize an anionic base. We also saw an inverse
relationship between the strength of a base and the strength of its conjugate acid. For example, iodide (I")
is a very weak base, and accordingly, its conjugate acid (HI) is a very strong acid (pK, = —10). As another
example, hydroxide (HO ) is a strong base, and accordingly; its conjugate acid (H,O) is a weak acid (see
the inside cover of this text for a list of acids, ranked according to strength). In Section 7.11, we will explore
the structures of several other bases. For now, we will continue our introduction of elimination reactions.

When treated with a strong base, an alkyl halide can undergo a type of elimination process,
called beta elimination, also known as 1,2-¢limination, in which a proton is removed from the 3
position, the halide is ejected as a leaving group (X™) from the « position, and a double bond is
formed between the « and 3 positions:

H )
\a By H \ / Re)
_—C—C— —Base | /C:C + H—Base + Xt

When an alkyl halide undergoes a beta elimination reaction, the process is also called a dehydrohaloge-
nation, because H and X are removed from the substrate. In this chapter, we will explore two different
mechanisms for beta elimination reactions, and we will see that each mechanism operates under a
specific set of conditions. These two mechanisms are shown here:

A concerted mechanism

Proton transfer

\ (\/Hf\ezBase \
~C~C—
/.
O\
Loss of a
leaving group

A stepwise mechanism

Proton transfer

Loss of a leaving group

\ /H \ {\,H[\:Base N/ ® .0
\/C—C\\ @/C— \\ /C:C\ + H—Base + 1 X:
x>

+ Xe

Both mechanisms involve proton transfer and loss of a leaving group, but consider the timing of
these events. In the first mechanism, both events occur simultaneously. That is, they occur in a
concerted fashion. However, in the second mechanism, they occur separately, in a stepwise fashion.
First the leaving group leaves to give an intermediate carbocation, and then a proton is transferred
in a separate step.

In this section, we will explore the conditions that favor the concerted process. In Section 7.10,
we will explore the conditions that favor the stepwise process.
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LOOKING BACK

For a review of rate
equations and second-order
processes, see Section 6.5.

MECHANISM 7.2 TH

lides: Nucleophilic Substitution and Elimination Reactions

Kinetics

When an alkyl halide is treated with a strong base, the rate of reaction is generally found to be depen-
dent on the concentrations of both the alkyl halide and the base. Specifically, doubling the concentra-
tion of the alkyl halide causes the reaction rate to double, and similarly, doubling the concentration
of the base also causes the rate to double. These observations are consistent with a second-order
process that has the following rate equation:

Rate = £ [alkyl halide] [base]

Based on these observations, we conclude that the mechanism must exhibit a step in which the
alkyl halide and the base collide with each other. Because that step involves two chemical entities, it
is said to be bimolecular. Bimolecular elimination reactions are called E2 reactions:

---1E 12 --__

Elimination =~ ~ = Bimolecular

The experimental observations for E2 reactions are consistent with a concerted process, involving
both the base and the alkyl halide in a single step (Mechanism 7.2). Such a process is expected to
exhibit second-order kinetics, exactly as observed. If the observations had been otherwise, a concerted
mechanism could not have been proposed. In Section 7.10, we will explore other observations that
are consistent with a concerted process.

E E2 MECHANISM

Proton transfer

/_\9

H
\ :Base N/ .0
— IE\ c=C + H—Base + tX:
/. \ A base removes a proton / \ .
X<> from the 3 position of
the alkyl halide, causin
Loss of a Y g

leaving group

the loss of a leaving group
(and formation of a C—=C bond)
in a concerted fashion
(simultaneous)

CONCEPTUAL CHECKPOINT

7.11  The following reaction exhibits a second-order rate equation: (b) What happens to the rate if the concentration of chlorocyclo-
cl pentane remains the same and the concentration of sodium
Q/ _NaOH | @ hydroxide is doubled?
(@) What happens to the rate if the concentration of chlorocyclo- (c) What happens to the rate if the concentration of chlorocyclo-
pentane is tripled and the concentration of sodium hydroxide pentane is doubled and the concentration of sodium hydrox-

remains the same?

ide is tripled?

The Effect of Substrate Structure on the Rate of an E2 Process

In Section 7.4, we saw that the rate of an S\2 process with a tertiary alkyl halide is generally so slow
that it can be assumed that the alkyl halide is inert under such reaction conditions. It might therefore
come as a surprise that tertiary alkyl halides undergo E2 reactions quite rapidly. To explain why ter-
tiary substrates undergo E2 but not S\2 reactions, we must recognize that the key difference between
substitution and elimination is the role played by the reagent. A substitution reaction occurs when
the reagent functions as a nucleophile and attacks the @ position, while an elimination reaction occurs
when the reagent functions as a base and abstracts a proton from a 3 position. With a tertiary sub-
strate, steric hindrance prevents the reagent from functioning as a nucleophile at an appreciable rate,
but the reagent can still function as a base without encountering much steric hindrance (Figure 7.10).



FIGURE 7.10
Steric effects in Sn2
and E2 reactions.
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Substitution Elimination

Hydroxide functions as a nucleophile Hydroxide functions as a base

H
Lo Lo
HMLG pe }LG

A tertiary substrate is too sterically hindered. A B proton can be abstracted
The nucleophile cannot penetrate and attack. even though the substrate is tertiary.

7.7 Nomenclature and Stability of Alkenes

In the previous section, we saw that alkyl halides can undergo beta elimination reactions to give
alkenes. Before we continue our coverage of beta elimination reactions, we must first familiarize
ourselves with some features of alkenes, including rules for naming them as well as the relationship
between structure and stability. We will begin with rules of nomenclature for alkenes.

Nomenclature of Alkenes

Recall that naming an alkane, or an alkyl halide, requires four discrete steps:

1. Identify the parent.

2. Identify the substituents.

3. Assign a locant to each substituent.

4. Arrange the substituents alphabetically.

Alkenes are named using the same four steps, with the following additional guidelines:
When naming the parent, replace the suffix “ane” with “ene” to indicate the presence of a C=C

double bond:
P VAN N

Pentane Pentene

When we learned to name alkanes, we chose the parent by identifying the longest chain. When
choosing the parent of an alkene, use the longest chain that includes the 7 bond:

b L

Parent = octane Parent = heptene

When numbering the parent chain of an alkene, the 7 bond should receive the lowest number
possible despite the presence of alkyl substituents:

Correct Incorrect

The position of the double bond is indicated using a single locant, rather than two locants.
Consider the previous example where the double bond is between C2 and C3 on the parent chain.
In this case, the position of the double bond is indicated with the number 2. The IUPAC rules
published in 1979 dictate that this locant be placed immediately before the parent, while the
TUPAC recommendations released in 1993 (and subsequently) allow for the locant to be placed
before the suffix “ene.” Both names are acceptable:

5,5,6-Trimethyl-2-heptene

or
5,5,6-Trimethylhept-2-ene

Notice that the double bond in this compound has the £ configuration, which must be indicated in
the beginning of the name, parenthetically: (£)-5,5,6-trimethyl-2-heptene.
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CONCEPTUAL CHECKPOINT

7.12 Provide a systematic name for each of the following com- | 7.13 Draw a bond-line structure for each of the following com-
pounds: pounds:

(a) 3-Isopropyl-2,4-dimethyl-2-pentene
(b) 4-Ethyl-2-methyl-2-hexene
(c) 1,2-Dimethylcyclobutene (The name of a cycloalkene will often

not include a locant to specify the position of the 7 bond, because,
by definition, it is assumed to be between C1 and C2.)

7.14 In Section 4.2, we learned how to name bicyclic compounds.
Using those rules, together with the rules discussed in this section,

() X » . o

provide a systematic name for the following bicyclic compound. In a
case like this, the lowest number is assigned to a bridgehead (not to
the 7 bond).

\
Y
(e) W:/g/

IUPAC nomenclature also recognizes common names for many simple alkenes. Here are three such

-~ On

Ethylene Propylene Styrene

examples:

IUPAC nomenclature recognizes common names for the following groups when they appear as
substituents in a compound:

§=<H A\ 2\l

In addition to their systematic and common names, alkenes are also classified by their degree of
substitution. Do not confuse the word substitution with the type of reaction discussed earlier in this
chapter. The same word has two different meanings. In Section 7.3, the word “substitution” referred
to a reaction involving replacement of a leaving group with a nucleophile. In the present context, the
word “substitution” refers to the number of alkyl groups connected to a double bond.

_/R R R R
~ = ~ !
R R R R R R

Monosubstituted Disubstituted Trisubstituted Tetrasubstituted

CONCEPTUAL CHECKPOINT

7.15 Classify each of the following alkenes as monosubstituted, disubstituted, trisubstituted, or tetrasubstituted:

OO PN ¢
(a) (b) (c) (d) (e)

Stability of Alkenes

In general, a cis alkene will be less stable than its stereoisomeric zrans alkene. The source of this insta-
bility is attributed to steric strain exhibited by the cis isomer. This steric strain can be visualized by
comparing space-filling models of ¢is-2-butene and zrans-2-butene (Figure 7.11). The methyl groups
are only able to avoid a steric interaction when they occupy a trans configuration.
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Steric strain

FIGURE 7.11
Space-filling models of the
stereoisomers of 2-butene. trans-2-Butene cis-2-Butene

The difference in energy between stereoisomeric alkenes can be quantified by comparing their heats

of combustion:
LOOKING BACK X~ + 60, —— 4C0, + 4H,0 AH° = -2682 kJ/mol
For a review of heats of
combustion, see Section 4.4. /\ + 60, —— 4CO, + 4H,0 AH° = -2686 kJ/mol

Both reactions yield the same products. Therefore, we can use heats of combustion to compare the

relative energy levels of the starting materials (Figure 7.12). This analysis suggests that the trans

isomer is 4 kJ/mol more stable than the cis isomer.

/ — \ + 6 02
I XN + 60
axdimol | X ~
Enthalpy e
—2686
kJ/mol
e —2682
N kJd/mol

FIGURE 7.12
Heats of combustion of the AT e
stereoisomers of 2-butene.

When comparing the stability of alkenes, another factor must be taken into account, in addition to
steric effects. We must also consider the degree of substitution. By comparing heats of combustion
for isomeric alkenes (all with the same molecular formula, C¢Hj5), the trend in Figure 7.13 emerges.
Alkenes are more stable when they are highly substituted. Tetrasubstituted alkenes are more stable
than trisubstituted alkenes. The reason for this trend is not a steric effect (through space), but rather
an electronic effect (through bonds). In Section 6.11, we saw that alkyl groups can stabilize a carboca-
tion by donating electron density to the neighboring sp*-hybridized carbon atom (C™). This effect,
called hyperconjugation, is a stabilizing effect because it enables the delocalization of electron density.
In a similar way, alkyl groups can also stabilize the neighboring sp*-hybridized carbon atoms of a 7
bond. Once again, the resulting delocalization of electron density is a stabilizing effect.

Increasing stability

FIGURE 7.13 JI 4/:/7 4f< >:<

The relative stability of
isomeric alkenes with varying
degrees of substitution. Monosubstituted Disubstituted Trisubstituted Tetrasubstituted
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CONCEPTUAL CHECKPOINT

7.16 Arrange each set of isomeric alkenes in order of stability: 7.17 Consider the following two isomeric alkenes. The first iso-

mer is a monosubstituted alkene, while the second isomer is a

disubstituted alkene. We might expect the second isomer to be

more stable, yet heats of combustion for these two compounds
@) indicate that the first isomer is more stable. Offer an explanation.
(b) )\/

e Ao A

Stability of Cycloalkenes

Cycloalkenes comprised of fewer than seven carbon atoms cannot accommodate a #rans m bond.
These rings can only accommodate a 7 bond in a ¢is configuration:

> O D ()

Cyclopropene Cyclobutene Cyclopentene Cyclohexene

In these examples, there is no need to identify the configuration of the double bond when naming
each of these compounds, because the cis configuration is inferred. For example, the last compound
is called cyclohexene, rather than cis-cyclohexene. A seven-membered ring containing a zrans double
bond has been prepared, but this compound (zrans-cycloheptene) is not stable at room temperature.
An eight-membered ring is the smallest ring that can accommodate a #rans double bond and be stable
at room temperature (as shown at right):

trans-Cyclooctene

This rule also applies to bridged bicyclic compounds and is called Bredt’s rule. Specifically, Bredt’s
rule states that it is not possible for a bridgehead carbon of a bicyclic system to possess a C=C double
bond if it involves a 7ans ™ bond being incorporated in a small ring. For example, the following com-

A

This compound is not stable

pound is too unstable to form:

This compound would require a #7ans double bond in a six-membered ring, highlighted in red.
The compound is not stable because the geometry of the bridgehead prevents it from maintaining the
parallel overlap of p orbitals necessary to keep the 7 bonding intact. As a result, this type of compound
is extremely high in energy, and its existence is fleeting.

Bridged bicyclic compounds can only exhibit a double bond at a bridgehead position if one of
the rings has at least eight carbon atoms. For example, the following compound can maintain parallel
overlap of the p orbitals, and as a result, it is stable at room temperature:

This compound is stable
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7.8 Regiochemical and Stereochemical Outcomes
for E2 Reactions

Regioselectivity of E2 Reactions

In many cases, an elimination reaction can produce more than one possible product:

—

PO A

In this example, the B8 positions are not identical, so the double bond can form in two different
regions of the molecule. This consideration is an example of regiochemistry, and the reaction is said
to produce two different regiochemical outcomes. Both products are formed, but the more substi-
tuted alkene is generally observed to be the major product. For example:

Br
X/ NaoEt )\/ )\/
—_— o +

71% 29%

The reaction is said to be regioselective. This trend was first observed in 1875 by Russian chemist
Alexander M. Zaitsev (University of Kazan), and as a result, the more substituted alkene is called
the Zaitsev product. However, many exceptions have been observed in which the Zaitsev product
is the minor product. For example, when both the substrate and the base are sterically hindered, the
less substituted alkene is often the major product. The less substituted alkene is called the Hofmann
product. The product distribution (the relative ratio of Zaitsev and Hofmann products) is dependent
on a number of factors and is often difficult to predict. The choice of base (how sterically hindered
the base is) certainly plays an important role. Table 7.4 illustrates that the product distribution for
the reaction above is highly dependent on the choice of base.

TABLE 7.4 PRODUCT DISTRIBUTION OF AN E2 REACTION AS A FUNCTION OF BASE

N o= L A

BASE ZAITSEV HOFMANN

71% 29%

EtC)6
%o@ 28% 72%
900 8% 92%

When ethoxide is used, the Zaitsev product is the major product. But when sterically hindered
bases are used, the Hofmann product becomes the major product. This case illustrates a critical con-
cept: The regiochemical outcome of an E2 reaction can often be controlled by carefully choosing the base.
Sterically hindered bases are employed in a variety of reactions, not just elimination, so it is useful to
recognize a few sterically hindered bases.

; é
FEL

Potassium tert-butoxide Diisopropylamine Triethylamine
(t-BuOK)
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7.3 PREDICTING THE REGIOCHEMICAL OUTCOME OF AN E2 REACTION

) LEARN the skill

STEP 1

Identify all B
positions bearing
protons.

STEP 2

Draw all possible
regiochemical
outcomes.

STEP 3

Identify the Zaitsev
and Hofmann
products.

STEP 4

Analyze the base
to determine
which product
predominates.

)| PRACTICE the skill

APPLY the skill

Predict the major and minor products of the following E2 reaction:

NaOMe ’)
Cl n

SOLUTION B4
First identify all of the B positions that bear protons. <:><CI
B

These are the positions that must be explored. The two positions inside the ring are identi-
cal, because removing a proton from either of these positions will result in formation of the

same product:

Removing a proton from the other 8 position (outside the ring) will produce a different alkene:

=

So there are two possible regiochemical outcomes. The 7 bond can be formed inside the
ring or outside the ring.

The first outcome gives a trisubstituted alkene, while the second outcome gives a disub-
stituted alkene. The more substituted alkene (trisubstituted) is the Zaitsev product, and the
disubstituted alkene is the Hofmann product.

This example does not employ a sterically hindered base, so we expect that the Zaitsev
product will be the major product:

On= OO

Major Minor

7.18 Predict the major and minor products for each of the following E2 reactions:

[¢]]
Cl
NaOEt 9 LHBUOK,, ?

(a) - (b)

I I

NaOH ? +-BuOK ?

(©) >§/\ n (d) ></\ n

Br Br

\&/ NaOH 9 \&/ t-BUOK ?
(e) (f)

7.19 For each of the following reactions, identify whether you would use hydroxide or tert-
butoxide to accomplish the desired transformation:

(a) Cl (b) Br

7.20 Adamantane, a tricyclic alkane consisting of fused cyclohexane rings, has an intrigu-
ing structure that was first proposed as a theoretical structure in 1924. Chemists set out
to synthesize the molecule and succeeded® in 1941. Because its structure resembles the
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carbon framework found in diamond, it was named adamantane after the Greek adamas
(meaning unconquerable or invincible). An alkene with the molecular formula Cy1H45Br was
prepared from the adamantane-derived dibromide” shown below. Draw the major product
of this reaction and explain why only a single product is formed:

Br

t-BuOK ’
u

Adamantane

need more PRACTICE? Try Problems 7.59, 7.60a,d, 7.63, 7.64b, 7.67

FIGURE 7.14

An energy diagram showing
formation of cis and trans
products in an E2 reaction.

Stereoselectivity of E2 Reactions

The examples in the previous sections focused on regiochemistry. We will now focus our attention
on stereochemistry. For example, consider performing an E2 reaction with 3-bromopentane as the
substrate, as shown below. This substrate has two identical 8 positions so regiochemistry is not an
issue in this case. Deprotonation of either 8 position produces the same result. But in this case,
stereochemistry is relevant, because two possible stereoisomeric alkenes can be obtained:

/Y\ R N T /\)

Br Major Minor

Both stereoisomers (cis and #rans) are produced, but the zrans product predominates. Consider an
energy diagram showing formation of the ¢is and #rans products (Figure 7.14). Using the Hammond
postulate (Section 6.6), we can show that the transition state for formation of the #rans alkene must
be more stable than the transition state for formation of the cis alkene. This reaction is said to be
stereoselective because the substrate produces two stereoisomers in unequal amounts.

Potential
energy )
cis

trans
Reaction coordinate
Stereospecificity of E2 Reactions H H
In the previous example, the 8 position had two different protons. /Yk
Br

In such a case, both the cis and the #rans isomers were produced, with the #7ans isomer being favored.
Now let’s consider a case where the 8 position contains only one proton. For example, consider per-
forming an elimination reaction with the following substrate:

Ph Br
Me,,,,H,,,,F Ph = §©
H H

In this example, there are two 3 positions. One of these positions has no protons at all, and the other
position has only one proton. In such a case, a mixture of stereoisomers is not obtained. In this case,
there will only be one stereoisomeric product:

Ph Br Ph

Me ,,,,\ NaOEt
5_(..,,”” MaoEt,
H H é Me
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Why is the other possible stereoisomer not obtained? To understand the answer to this question, we
must explore the alignment of orbitals in the transition state. In the transition state, a 7 bond is form-
ing. Recall that a 7 bond is comprised of overlapping p orbitals. Therefore, the transition state must
involve the formation of p orbitals that are positioned such that they can overlap with each other as
they are forming. In order to achieve this kind of orbital overlap, the following four atoms must all
lie in the same plane: the proton at the 8 position; the leaving group; and the two carbon atoms that
will ultimately bear the 7 bond. These four atoms must all be coplanar:
. \ /Br
""/C—C\-..
H
These four atoms (shown in red)
must all lie in the same plane

iy

Recall that the C—C single bond is free to rotate before the reaction occurs. If we imagine rotating
this bond, we see that there are two ways to achieve a coplanar arrangement:

Ph Br H Br

Me .., Rotate the C-C bond )_(
Lﬁ 6 e s ) 6
H H Me H

The first conformation is called anti-coplanar, while the second conformation is called syn-coplanar.

LOOKING BACK
For practice drawing

Newman projections,
see Section 4.7.

In this context, the terms anti and syn refer to the relative positions of the proton and the leaving
group, which can be seen more clearly with Newman projections:

Br HBr
Me Ph ;@
t-Bu
t-Bu H Ph Me
H
H

Anti-coplanar Syn-coplanar

(staggered) (eclipsed)

When viewed in this way, we can see that the anti-coplanar conformation is staggered, while the syn-
coplanar conformation is eclipsed. Elimination via the syn-coplanar conformation would involve a
transition state of higher energy as a result of the eclipsed geometry. Therefore, elimination occurs more
rapidly via the anti-coplanar conformation. In fact, in most cases, elimination is observed to occur
exclusively via the anti-coplanar conformation, which leads to one specific stereoisomeric product:

Br

M Me Ph
e Ph " Elimination Me;@,\Ph _ I
t-Bu H =
t-Bu H
H t-Bu H
Anti-coplanar
(staggered)

The requirement for coplanarity is not entirely absolute. That is, small deviations from coplanar-
ity can be tolerated. If the dihedral angle between the proton and the leaving group is not exactly
180°, the reaction can still proceed as long as the dihedral angle is close to 180°. The term periplanar
(rather than coplanar) is used to describe a situation in which the proton and leaving group are nearly
coplanar (for example, a dihedral angle of 178° or 179°). In such a conformation, the orbital overlap
is significant enough for an E2 reaction to occur. Therefore, it is not absolutely necessary for the pro-
ton and the leaving group to be anti-coplanar. Rather, it is sufficient for the proton and the leaving
group to be anti-periplanar. From now on, we will use the term anti-periplanar when referring to
the stereochemical requirement for an E2 process.

The requirement for an anti-periplanar arrangement will determine the stereoisomerism of the
product. In other words, the stereoisomeric product of an E2 process depends on the configuration of the

starting alkyl halide:
Ry  Br Ry Ry
Rz““>_4 _Base | >:<
Py Ry
H R, Rz R,
Ry Br R, R,

sz}_L __Base |
% Ry
R



7.8 Regiochemical and Stereochemical Outcomes for E2 Reactions & 299

It would be absolutely wrong to say that the product will always be the zrans isomer. The product
obtained depends on the configuration of the starting alkyl halide. The only way to predict the con-
figuration of the resulting alkene is to analyze the substrate carefully and determine which stereoisomeric
product is obtained. The E2 reaction is said to be stereospecific, because the stereoisomerism of the product
is dependent on the stereoisomerism of the substrate. The stereospecificity of an E2 reaction is only rel-
evant when the 3 position has only one proton:

R Br
R T\ «,
} B ZTR
H R

In such a case, the 8 proton must be arranged anti-periplanar to the leaving group in order for
the reaction to occur, and that requirement will determine the stereoisomeric product obtained. If,
however, the 8 position has two protons, then either of these two protons can be arranged so that
it is anti-periplanar to the leaving group. As a result, both stereoisomeric products will be obtained:

Ry Br R, R, H R
Ho,, N Base
)ﬁ /‘R2 > = * >=<
H H Rs R; Rs

In such a case, the more stable isomeric alkene will predominate. This is an example of stereoselectiv-
ity, rather than stereospecificity. The difference between these two terms is often misunderstood, so
let’s spend a moment on it. The key is to focus on the nature of the substrate (Figure 7.15):

Stereoselectivity Stereospecificity
e

— Major
FIGURE 7.15
An illustration of the difference ™
between stereoselectivity >
and stereospgofloty Minor
in an E2 reaction.

e In a stereoselective E2 reaction: The substrate itself is not necessarily stereoisomeric; nevertheless,
this substrate can produce two stereoisomeric products, and it is found that one stereoiso-
meric product is formed in higher yield.

* In a stereospecific E2 reaction: The substrate is stereoisomeric, and the stereochemical outcome
is dependent on which stereoisomeric substrate is used.

SKILLBUILDER

7.4 PREDICTING THE STEREOCHEMICAL OUTCOME OF AN E2 REACTION

=
0 LEARN the skill Identify the major and minor products for the E2 reaction that occurs when each of the
A following substrates is treated with a strong base:
@ b) O
SOLUTION
STEP 1 (a) In this case, regiochemistry is irrelevant because there is only one B position that bears
Identify all B protons:

positions bearing H H
protons.
B B
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STEP 2

If the B position
has two protons,
expect cis and
trans isomers.

STEP 1

Identify all B
positions bearing
protons.

STEP 2

If the B position has
only one proton,
rotate the central
C-C bond so that
the B proton is
anti-periplanar to
the leaving group.

STEP 3

Using the wedges
and dashes to
guide you, draw
the product.

PRACTICE the skill

In order to determine if the reaction is stereoselective or stereospecific, count the number of
protons at the B position. In this case, the 8 position has two protons. Therefore, we expect
the reaction to be stereoselective.

That is, we expect both cis and trans isomers, although the trans isomer is expected to

predominate:
>§/\/ — Mo - X)/
Cl

Major Minor

(b) In this case, the regiochemistry is also irrelevant, because there is once again only one

B position that has protons:
7 H
>%/

Cl

In order to determine if the reaction is stereoselective or stereospecific, count the number
of protons at the B position. In this case, the 8 position has only one proton. Therefore, we
expect the reaction to be stereospecific. That is, we expect only one particular stereoiso-
meric product, not both.

To determine which product to expect, we must rotate the central C—C bond so that
the beta proton is anti-periplanar to the leaving group. In this case, we will do this in two
stages. First, we rotate the central C—C bond in a manner that places the Cl in the plane of
the page (rather than on a wedge):

H

%, Rotate about
A = central C—C bond
e L,

Cl

Then, we rotate the central C—C bond again, in a manner that places the 8 proton in the
plane of the page:

Rotate about

central C—C bond H

\""" CH
cl ¢

In this conformation, the proton and the leaving group are anti-periplanar.

To draw the product, use the wedges and dashes as guides. In this case, the tert-butyl
group and the ethyl group are both on wedges, so they will be cis to each other in the
product:

HS  \@ H CH,

Hom ‘Base Hu,,_ . .m\mCH3

CL> ’”ICHS =

In this case, the product is the Z isomer. The E isomer is not obtained, because that would
require elimination from a syn-periplanar conformation, which is eclipsed and too high in energy.

7.21 Identify the major and minor products for the E2 reaction that occurs when each of
the following substrates is treated with a strong base:

(b)

Cl

(e) ) /Y\©

cl cl

B

(d)
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) APPLY the skill

)
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Cl
(9) /\/\© (h)

7.22 Retinol, one of the forms of vitamin A, is found in animal food sources and is essen-

iy

tial for good vision. Below are two organohalides that were used” to make synthetic forms
of vitamin A. Upon treatment with a strong base, each of these compounds undergoes a
stereospecific E2 reaction to form a new double bond between Cé6 and C7. Because the
starting organohalides differ in their configuration at C6, each affords a different E2 product
(compounds 1 and 2, respectively). Draw the E2 product obtained in each case, and identify
which is the more stable/lower-energy compound. Explain your choice:

JBase lBase

Compound 1 Compound 2

need more PRACTICE? Try Problems 7.61, 7.62, 7.74

LOOKING BACK
For practice drawing
chair conformations, see
Sections 4.10-4.13.

Stereospecificity of E2 Reactions on Substituted Cyclohexanes

In the previous section, we explored the requirement that an E2 reaction proceed via an anti-peripla-
nar conformation. That requirement has special significance when dealing with substituted cyclohex-
anes. Recall that a substituted cyclohexane ring can adopt two different chair conformations:

M :mm

In one chair conformation, the leaving group occupies an axial position. In the other chair confor-
mation, the leaving group occupies an equatorial position. The requirement for an anti-periplanar
conformation demands that an E2 reaction can only occur from the chair conformation in which
the leaving group occupies an axial position. To see this more clearly, consider Newman projections
for each chair conformation:

Cl H Cl H H
- % H H H cl
. H H o~ H H
H H H H
When Cl is axial, When Cl is equatorial,
it can be anti-periplanar it cannot be anti-periplanar with any
with a neighboring hydrogen atom of its neighboring hydrogen atoms

When the leaving group occupies an axial position, it is anzi-periplanar with a neighboring pro-
ton. Yet, when the leaving group occupies an equatorial position, it is not anti-periplanar with any
neighboring protons. Therefore, on a cyclohexane ring, an E2 reaction only occurs from the chair
conformation in which the leaving group is axial. From this, it follows that an E2 reaction can only
take place when the leaving group and the proton are on opposite sides of the ring (one on a wedge
and the other on a dash):

Only the two hydrogen atoms shown in red
can participate in an E2 reaction
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If there are no such protons, then an E2 reaction cannot occur at an appreciable rate. As an
example, consider the following compound:

This compound will not undergo
an E2 reaction

This compound has two 3 positions, and each 8 position bears a proton. But, neither of these pro-
tons can be anti-periplanar with the leaving group. Since the leaving group is on a wedge, an E2 reaction
will only occur if there is a neighboring proton on a dash.

Consider another example:

In this case, only one proton can be anti-periplanar with the leaving group, so in this case, only one

product is obtained:
Cl
Me «Me Me
@N\\ @.m
Base
—

Not
observed
The other product (the Zaitsev product) is not formed in this case, even though it is the more sub-
stituted alkene.
For substituted cyclohexanes, the rate of an E2 reaction is greatly affected by the amount of
time that the leaving group spends in an axial position. As an example, compare the following two
compounds:

W’"CI
Neomenthyl chloride Menthyl chloride

Neomenthyl chloride is 200 times more reactive toward an E2 process. Why? Draw both chair con-
formations of neomenthyl chloride:

Cl
N b A

More stable

The more stable chair conformation has the larger isopropyl group occupying an equatorial position.
In this chair conformation, the chlorine occupies an axial position, which is set up nicely for an E2
elimination. In other words, neomenthyl chloride spends most of its time in the conformation neces-
sary for an E2 process to occur. In contrast, menthyl chloride spends most of its time in the wrong

~ e

More stable

conformation:

The large isopropyl group occupies an equatorial position in the more stable chair conformation. In
this conformation, the leaving group occupies an equatorial position as well, which means that the
leaving group spends most of its time in an equatorial position. In this case, an E2 process can only
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occur from the higher energy chair conformation, whose concentration is small at equilibrium. As a
result, menthyl chloride will undergo an E2 reaction more slowly.

CONCEPTUAL CHECKPOINT

7.23 When menthyl chloride is treated with a strong base, only 7.24 Predict which of the following two compounds will undergo
one elimination product is observed. Yet, when neomenthyl chlo- an E2 reaction more rapidly:
ride is treated with a strong base, two elimination products are

observed. Draw the products and explain.
cl el

\\“\»\"' Cl \\\\\‘“' ""//,Cl
Neomenthyl chloride Menthyl chloride

Drawing the Products of an E2 Reaction

As we have seen, predicting the products of an E2 reaction is often more complex than predicting
the products of an Sy\2 reaction. With an E2 reaction, two major issues must be considered before
drawing the products: regiochemistry and stereochemistry. Both of these issues are illustrated in the
following example.

SKILLBUILDER
> 7.5 DRAWING THE PRODUCTS OF AN E2 REACTION
(D

° )} LEARN the skill Predict the product(s) of the following E2 reaction:
B
%_y /rk/\ NaOEt ?
SOLUTION

We must consider both the regiochemistry and the stereochemistry of this reaction. We will
start with the regiochemistry.

First identify all of the B positions that possess protons:
STEP 1

Determine Br

the expected W

regiochemical

outcome.
There are two 8 positions. The base (ethoxide) is not sterically hindered, so we expect the
Zaitsev product (the more substituted alkene) as the major product. The less substituted
alkene will be the minor product.
STEP 2 Next, we must identify the stereochemistry of formation of each of the products. Let’s
Determine begin with the minor product (the less substituted alkene), because its double bond does
the expected not exhibit stereoisomerism:
stereochemical
outcome. NN

This alkene is neither E nor Z, so we don‘t need to worry about stereoisomerism of
the double bond in this product. But with the major product we must predict which stereo-
isomer will be obtained. To do this, rotate the central C—C bond so that the beta proton
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is anti-periplanar to the leaving group. In SkillBuilder 7.4, this rotation was done in two

stages. In some cases, it will be much easier to do both stages at the same time, as shown
below.

o
=
w LT

;

Rotate about Br
Bra 2 central C—C bond wCH
= "'WCH3 —_— Hwy \ 3

H,C H HC H

The reaction occurs via this anti-periplanar conformation, so the wedges and dashes serve
as guides to draw the correct stereoisomeric alkene, as shown:

S
H ,..n\CHa Bai) Hlln,n..—.., o .m\\\\CHa _ __
Y H.C™ N =
H3C \/ H 3 H.C

To summarize, we expect the following products:

Br
/‘\/\ A /—<;
_— —
Major Minor
A\

) PRACTICE the skill 7.25 Predict the major and minor products for each of the following E2 reactions:

é

P

Br

©/\‘/ _NaOEt 9 NaOEt ?

(a) c - (b) -
) Br

”’""'@)\ NaOEt 9 OLI NaOEt 9

(c) - (d) -

Br Br
eouok . D S~ 29
u
(e) ) ("
K 0 APPLY the skill 7.26 Compound 2 was prepared as part of an effort® to determine the absolute stereochem-
% / istry of compound 3, which was isolated from the liverwort plant. The synthesis of compound

2 involved the formation of four C=C double bonds. The first double bond was formed via
an E2 reaction, when compound 1 was treated with potassium tert-butoxide. Draw the prod-
uct of this E2 reaction, and draw curved arrows to show a mechanism for its formation:

H
many
steps
=P R
u D

2 3

need more PRACTICE? Try Problems 7.58, 7.59, 7.60, 7.63, 7.64
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7.9 Unimolecular Reactions (Sy1 and E1)

Thus far, we have seen that alkyl halides can react with strong nucleophiles via an Sy2 process, or
with strong bases via an E2 process. When a tertiary alkyl halide is dissolved in a polar solvent that is
both a weak base and a weak nucleophile (such as ethanol, EtOH), we expect an Sy2 process to be
disfavored, because the substrate is tertiary and because the nucleophile is weak. We also expect an
E2 process to be disfavored because the base is weak. However, substitution and elimination products
are both observed to form over time, as seen in the following example:

Br EtOH OFt +
R
(Solvent)
Substitution Elimination
product product

Experimental observations for this reaction (and others like it) are not consistent with Sy 2 and E2 processes.
For example, the rate of formation of each product is found to have the following rate expression:

Rate = / [substrate]

The rate equation is said to be first order, because the rate is linearly dependent on the concentra-
tion of only one compound (the substrate). This observation demonstrates that the products must be
formed via processes other than S\2 and E2 reactions, which would be expected to exhibit second-
order rate equations. In this section, we will explore new mechanisms, called Syl and E1, that
account for these and other observations. Both mechanisms begin with the same first step—loss of a
leaving group to give a carbocation intermediate:

Br - Bre P Substitution
PY
@

T Elimination
The tertiary alkyl halide is said to undergo ionization, because it dissociates into a pair of ions (a car-
bocation and a bromide ion). The fate of the carbocation intermediate then determines the resulting
product. There are two possibilities, depending on the role played by the solvent in the next step.
Either the solvent can function as a nucleophile, giving a substitution reaction, or the solvent can

function as a base, giving an elimination reaction. Let’s first explore the substitution process, and
then we will explore the elimination process.

The Sy1 Mechanism

When a tertiary alkyl halide undergoes ionization in a polar solvent, such as EtOH, the solvent can
function as a nucleophile and attack the intermediate carbocation, resulting in a two-step substitu-
tion process:

Loss of a leaving group Nucleophilic attack

..@

H
hX @
Br ’:ﬁr /_E?QH \O_'—Et
Y Pl
@

Since a solvent molecule functions as the attacking nucleophile, the process is called a solvolysis.
Notice that the result of this two-step substitution process is an oxonium ion (an intermediate with a
positive charge on an oxygen atom). This oxonium ion can then lose its proton to a solvent molecule,
giving the observed substitution product:

)
><>\<Q(?— Et EtOH >2Et

Substitution
product
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FIGURE 7.16

An energy diagram for
the solvolysis of tert-butyl
bromide in ethanol.

Figure 7.16 shows an energy diagram that depicts all steps in this solvolysis process.

Substitution

&

Loss of a
leaving
group

Nucleophilic

attack Proton

transfer

Energy

X >2Et

Reaction coordinate

The figure has been divided into two regions, according to color. The first region (blue) shows the two steps
of the substitution process (loss of a leaving group to give a carbocation intermediate, followed by nucleo-
philic attack). The next region (purple) shows the proton transfer step that removes the proton from the
oxonium ion, giving the observed product. If we focus our attention on the first two steps of this process
(the substitution steps), we will find that these are exactly the same two steps of an SN2 process, but the steps
are not occurring at the same time. In an Sy2 process, these two steps (loss of leaving group and nucleo-
philic attack) occur in a concerted fashion (simultaneously), and there is no carbocation intermediate. But
here, the two steps are occurring separately, and the reaction proceeds via a carbocation intermediate.

If we carefully study the energy diagram in Figure 7.16, we can rationalize the observed first-order
kinetics for this process. For any process, the step with the highest energy transition state (the highest
point on the curve) is called the rate-determining step, because the rate of the entire process is most pro-
foundly affected by any changes in the rate of that step. In our case, the first step (loss of a leaving group)
is the rate-determining step of this process. If we could somehow lower the energy of the transition state
for that step, then the rate of the entire process would be faster. Similarly, if we could somehow raise the
energy of the transition state for that step, then the rate of the entire process would be slower. In con-
trast, the rates of the other steps are less significant in determining the overall rate of the entire process.
If we could somehow lower the energy of the transition state of either the second or third step, the rate
of the entire process would not be greatly affected. With this in mind, take notice that the solvent only
functions as a nucleophile in the second step of our process (not in the rate-determining step). The rate-
determining step is said to be unimolecular because it involves only one chemical entity (the substrate).
The term Sy is used to refer to unimolecular nucleophilic substitution reactions:

S 1
- N R

Substitution Unimolecular

Nucleophilic

As shown in Mechanism 7.3, an Sy1 mechanism is comprised of two core steps: 1) loss of a leaving group
to give a carbocation intermediate; and 2) nucleophilic attack. If the nucleophile is uncharged (which is

MECHANISM 7.3 THE Sy1 MECHANISM

Y&

Loss of a
leaving group

e S
@

Loss of the leaving A nucleophile attacks
group gives a Carbocation the carbocation
carbocation intermediate intermediate to
intermediate afford the product

Nucleophilic attack
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often the case for Sy1 processes), then there will be an additional step at the end of the mechanism, in
which the extra proton is removed by a solvent molecule (as shown in the purple region of Figure 7.16).

The E1 Mechanism

When a tertiary alkyl halide undergoes ionization in a polar solvent, such as EtOH, the solvent
can function as a base (rather than as a nucleophile) and deprotonate the intermediate carbocation,
resulting in a two-step elimination process:

Loss of a leaving group Proton transfer
e \
g - .B.r: )\/ /;QH /K
H
X ® £
Elimination
product

These two steps are the same steps of an E2 process, but the steps are not occurring at the same time. In
an E2 process, these two steps (loss of leaving group and proton transfer) occur in a concerted fashion,
and there is no carbocation intermediate. But here, the two steps are occurring separately, and the reac-
tion proceeds via a carbocation intermediate. Much as we saw for Sy1 processes, the rate-determining
step is the first step (loss of the leaving group), because that step has the highest energy transition state.
Notice that the solvent only functions as a base in the second step of our process (not in the rate-
determining step). The rate-determining step is said to be unimolecular because it involves only one
chemical entity (the substrate). The term E1 is used to refer to unimolecular elimination reactions:

P N
Elimination Unimolecular

As shown in Mechanism 7.4, an E1 mechanism is comprised of two core steps: 1) loss of a leaving
group, to give a carbocation intermediate; and 2) deprotonation by the solvent to give an alkene.

MECHANISM 7.4 THE E1 MECHANISM

B

Loss of a
leaving group Proton transfer
-x® /\: Base @
N\ H _— + H—Base
Loss of the leaving &) A base removes
group gives a carbocation a 3 proton to
intermediate afford the product

If we compare Mechanisms 7.3 and 7.4 (Sy1 and E1), we will find that they share the same first
step—ionization of the alkyl halide to give a carbocation intermediate. These mechanisms differ in
the second step, where the solvent can either function as a nucleophile or as a base:

Nucleophile Nuc
) )Q (Sn1)
AN Base )\ (E1)
X

R}

Both processes are illustrated together in Figure 7.17, where it is clear that the two processes share the
same first step, and then diverge in the second step. The first step has the highest energy transition
state, so the first step is the rate-determining step for both processes. That step determines the rate at
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FIGURE 7.17

An energy diagram of E1 and
Sn1 processes. Both processes
share the same first step,
which is rate-determining.

SKILLBUILDER

7.6 DRAWING THE CARBOCATION INTERMEDIATE OF AN Sn1 OR E1 PROCESS

()

CJ

STEP 1
Identify the leaving

group.

STEP 2

Draw all three
groups pointing
away from each
other.

()

which the two products appear. However, the distribution of products (which product is favored over
the other) depends on the relative energy of the transition states in the second step. In this energy
diagram, the substitution pathway is shown as the lower energy pathway, with the Sy1 product being
favored over the E1 product. Indeed, this is often the case, although elimination is generally favored
over substitution when the resulting alkene is tri- or tetrasubstituted.

Energy

M

Reaction coordinate

It should be noted that alkyl halides are generally slow to react in unimolecular processes, and a mixture of
products is unavoidable. For both of these reasons, solvolysis of tertiary alkyl halides is not a useful tech-
nique for practicing synthetic organic chemists. And while it might initially appear unnecessary to study
reactions of such low utility, we will soon see that the mechanisms covered in this section will reappear
in a variety of extremely useful reactions (two such reactions will be explored at the end of this chapter).

) LEARN the skill Draw the carbocation intermediate that is expected when the following alkyl chloride under-

goes ionization:

e

. SOLUTION
First identify the leaving group, in this case chloride.

Then remove the leaving group and draw the resulting carbocation. When drawing a
carbocation, recall that the carbon atom bearing the positive charge is sp® hybridized with
trigonal planar geometry. That is, the bond angles are expected to be approximately 120°,
and they should be drawn accordingly, as shown:

Notice that this carbocation is not only tertiary, but it is also resonance-stabilized, so we
expect it to be even more stable than a typical tertiary carbocation:

o — ]

\ PRACTICE the skill 7.27 Draw the carbocation intermediate that is expected when each of the following alkyl

chlorides undergoes ionization. In each case, if the carbocation is resonance-stabilized,
make sure to draw the resonance structures.

cl
I
(a) (b) (o) (d) Br
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Br ><
I Br Cl

7.28 Later in this chapter (Section 7.12), we will see that a carbocation can be formed from
an alcohol substrate in the presence of an acid, and an example of such a reaction is given
below. This reaction was employed in the development of new synthetic methods that can
be applied to the preparation of medicinally relevant compounds.” Draw the carbocation
intermediate that is expected in the Sy1 reaction shown. If the carbocation is resonance-
stabilized, be sure to draw all significant resonance structures.

CHjy CHj
OH Ht Nuc
Nuc
N (] N (]

Ph/' Ph/l

need more PRACTICE? Try Problems 7.83, 7.85, 7.91

Rearrangements in Unimolecular Processes

There is additional evidence that solvolysis processes involve carbocation intermediates. For example,
consider the following solvolysis reaction, in which two substitution products are obtained:

+  Elimination products
heat

Subsmutlon products

In this case, the solvent is water, and the substitution products are both alcohols (ROH). The reac-
tion also affords elimination products, but let’s focus our attention on the substitution products.
Formation of the first product could certainly be rationalized by an S\2 process, but formation of the
second product requires a rearrangement, which is inconsistent with an S\2 process. The observed
rearrangement is strong evidence that the reaction proceeds via a carbocation intermediate, which is
consistent with an Sy1 process. The following Sy1 mechanism, involving a hydride shift, justifies the
formation of the rearranged product:

o Hydride H” \ H” \
N —Br ® _shift
Br -
H

@OH

H

Loss of the leaving group generates a secondary carbocation, which rearranges via a hydride shift
to give a more stable, tertiary carbocation. The solvent (water) then functions as a nucleophile and
attacks the carbocation. The resulting oxonium ion is then deprotonated by the solvent to give the
rearranged substitution product.

Methyl shifts are also observed, as seen in the following example:

H20 R
%Br — %OH + % +  Elimination products
OH

N J
Y

Substitution products

Once again, formation of the second product requires a rearrangement, which is inconsistent
with an Sy2 process. The observed rearrangement is strong evidence that the reaction proceeds
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via a carbocation intermediate, which is consistent with the following Sy1 process involving a
methyl shift:

A o Methy!
-Br ®  shift
Br 27— @
CHs @o H

This reaction is very similar to the previous reaction, although a methyl shift occurs instead of a
hydride shift.

Curiously, neopentyl bromide undergoes solvolysis in water to give only one substitution product:

Br
_ Mo "
heat >(\
. NOT Only
Neopentyl bromide observed substitution product

The first alcohol drawn above is not observed at all, because it cannot be formed via either pathway
(SN2 or Syl). It cannot be formed via an SN2 pathway because of steric factors (as we saw in
Section 7.3), and it cannot be formed via an Sy1 pathway, because that would require formation of

NOT formed
(primary carbocation)

a primary carbocation:

As we saw in Chapter 6, primary carbocations are very high in energy and should not be proposed
as intermediates in reaction mechanisms. With this in mind, how can we justify the formation of
the observed substitution product? Formation of that product requires a rearrangement, suggesting
a carbocation intermediate (an Syl process). But an Syl process begins with ionization to give a
carbocation, and we just said that a primary carbocation is too high in energy to form. Therefore, it
is more likely that, in this case, ionization (loss of the leaving group) occurs in a concerted fashion
together with a methyl shift. In this way, a primary carbocation is never actually formed, and ioniza-
tion produces the tertiary carbocation directly:

>€}D

ﬁ/\ + "B‘f?
Tertiary carbocation
The process is still an Sy1 process. In the first step (shown above), ionization occurs with a simul-
taneous methyl shift to give a tertiary carbocation. This carbocation is then attacked by a molecule

of the solvent (water) to give an oxonium ion, which is then deprotonated by the solvent to give the
observed substitution product.

H” ~H H” ~H
A
TH

T

Effect of Solvent on lonization Rates

We have seen that ionization is the first step of Syl and E1 reactions of tertiary alkyl halides:

This step is also the rate-determining step for Sy1 and E1 reactions, so this step determines the rate
at which products are formed. Table 7.5 compares relative rates of ionization of zer#-butyl chloride in
several different solvents:




FIGURE 7.18

(a) An energy diagram
illustrating the effect of the
solvent on an Sy2 process.
(b) An energy diagram
illustrating the effect of the
solvent on an Sy1 process.
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TABLE 7.5 EFFECT OF SOLVENTS ON THE RATE OF IONIZATION OF TERT-BUTYL CHLORIDE

>§5 Solvent )\ N . c|@
S —— 5 :Cl:
.

,,,,,,,,,,,, o
Solvent | Structure |  Dielectric constant () |  Typeof solvent |  Relative rate*
s | |
Water ! H™ H ! 78 ! Polar protic ! 40
| | | |
| | | |
Methanol | CH3OH | B8] | Polar protic | 5
| | | |
I I I I
Ethanol } ~S0oH | 24 : Polar protic ! 1
l l l l
| | | |
I I I I
Acetone : >:o : 21 : Polar aprotic : 0.005
| | | |
l l l l
Diethyl ether | o } 43 } Aprotic l 0.00001
| | | |

*All rates are relative to the rate of ionization of tert-butyl chloride in ethanol at 25°C.

The solvents listed in Table 7.5 are arranged according to their dielectric constants (g), which can be
used as a measure of solvent polarity. Among the solvents listed, water is the most polar, and the rate
of ionization in water is the fastest. Indeed a trend emerges, and we see that the rate of ionization is
very much dependent on the polarity of the solvent. Specifically, the data indicate that the ionization
process occurs most readily in protic solvents. This should come as no surprise, because ionization
produces two ions (a carbocation and a chloride ion), both of which are well solvated in protic sol-
vents. Carbocations are stabilized by interacting with the lone pairs of the oxygen atom, and chloride
ions are stabilized via hydrogen bonds. Aprotic solvents cannot stabilize both ions equally well (as
described in Section 7.4) and are therefore unsuitable for solvolysis reactions.

In this section, we have seen that Syl processes are favored by protic solvents, and in Section 7.4,
we saw that S\2 processes are favored by polar aprotic solvents. The reasons for these trends are different,
so let’s quickly review them:

e Polar aprotic solvents enhance the rate of an Sy2 process by raising the energy of the
nucleophile, thereby giving a smaller £, (Figure 7.18a).

e For Syl processes, protic solvents are more suitable, because they stabilize the ionic
intermediates and transition states, thereby giving a smaller £, (Figure 7.18b).

SN2 SN1
Polar aprotic

Polar aprotic

Potential Potential
energy energy
Protic
Protic

Reaction coordinate Reaction coordinate

(a) (b)

CONCEPTUAL CHECKPOINT

7.29 (a) Draw the products that are expected when tert-butyl bromide undergoes solvolysis in isopropanol, (CH3),CHOH.
(b) The dielectric constant of isopropanol is 18. Would you expect the solvolysis of tert-butyl bromide in isopropanol to be faster or slower

than solvolysis in ethanol? Explain.
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Effect of Substrate on lonization Rates
When we compare the relative rates of ionization of tertiary alkyl halides, we find that alkyl iodides

are the most reactive, and alkyl fluorides are the least reactive:

Reactivity toward Sy1 and E1

—

R—F R—CI R—Br R—I
Least reactive Most reactive

This trend is easily rationalized if we consider the leaving group in each case. Among the halides,
iodide is the best leaving group (it is the weakest base), so it is not surprising that alkyl iodides
undergo ionization most readily. In contrast, fluoride is a poor leaving group, so alkyl fluorides are
much less reactive toward solvolysis reactions.

Snl and E1 processes are observed for tertiary alkyl halides and are rarely observed for second-
ary or primary alkyl halides, although there are exceptions. For example, the benzylic and allylic
carbocations shown below are not tertiary, but they are stabilized by resonance, so they can serve as
intermediates in unimolecular processes:

A Ok ~

Tertiary carbocation Benzylic carbocation Allylic carbocation

As a result, allylic and benzylic halides are also observed to undergo solvolysis reactions. As an
example, consider the following solvolysis reaction involving a secondary benzylic bromide. In this
case, water is the solvent, and the solvolysis process gives a mixture of Sy1 and E1 products.

Br OH
©)\ Ho0 ©)\ 4 ©/\
heat
(Sn1)

(E1)

Sx1 and E1 processes are generally not observed at sp” hybridized centers. That s, vinyl halides and
aryl halides do not undergo unimolecular reactions, because loss of a leaving group would result in
an unstable carbocation.

R/\/\X] Y e R ©/\Xf EE VAN ©® . e

A vinyl halide A vinyl carbocation An aryl halide An aryl carbocation
(not formed - too unstable) (not formed — too unstable)

CONCEPTUAL CHECKPOINT

7.30 For each pair of compounds, identify which is expected to undergo solvolysis more rapidly in water, and explain your choice in each case:

Br Br
(a) @ ©>§ (b) )\/Br /J‘\/Br (0 /J'\/CI /J'\/Br

7.31 Draw the expected products of the following solvolysis process:

Br

MeOH f ,
_—
L

heat
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7.32 Traditional medicines derived from the roots of nut-grass (Cyperus rotundus) have been used to treat a variety of ailments, including
blood disorders and leprosy. Compound 2 is the active component in these medicines derived from nut-grass. One laboratory procedure
for making compound 2 includes an intramolecular Sy1 reaction to form a new ring.® Two possible starting materials (structures 1 and 3)
for such a reaction are shown below. Identify which structure represents a better candidate for a rapid Sy1 process and justify your choice.

HeC X HeC. OOH

H;C

Sy1 Sy1
OOH ° HC X
H;C CH, H;C

Regiochemical and Stereochemical Outcomes for E1 Reactions
Lets now consider an example of a solvolysis process in which there is more than one elimination product.
>£/ e )\/ ></
heat

Substitution
product

Elimination products

In this example, the 8 positions of the alkyl halide are not equivalent, and there are two possible
regiochemical outcomes (just as we saw for E2 reactions in Section 7.7). Both elimination products
are formed, and the more-substituted alkene is generally observed to be the major product. That is,
the trisubstituted alkene is favored over the disubstituted alkene. For E2 reactions, we saw that the
regiochemical outcome can sometimes be controlled by carefully choosing the base (Section 7.7).
In contrast, the E1 pathway does not offer a similar level of control over the regiochemical outcome.
In an E1 process, there is no direct way to favor the less-substituted alkene.

In the following example, there are also two possible regiochemical outcomes for elimination,
but one of those outcomes leads to two possible stereoisomeric alkenes:

\)&/ Hzo \)\/ \)J\/ OH
heat
Substitution
product

Elimination products

The first two products share the same regiochemical outcome—they are both trisubstituted, so they are
favored over the disubstituted alkene. The trisubstituted alkenes are stereoisomers. Both are observed in
the product mixture, although the one with the fewest or weakest steric interactions is favored. The first
alkene (the E isomer) exhibits a steric interaction between two methyl groups, while the second alkene
(the Z isomer) exhibits a steric interaction between a methyl group and an ethyl group. The £ isomer
exhibits a weaker steric interaction, so it is expected to be lower in energy. As a result, the £ isomer will be
favored over the Zisomer in this case. Once again, keep in mind that a mixture of products is unavoidable.

Stereochemistry of S\1 Reactions

Recall that SN2 reactions proceed via an inversion of configuration (Section 7.3). In contrast, Syl
reactions involve formation of an intermediate carbocation, which can then be attacked from either
side, leading to both inversion of configuration and retention of configuration.

Me =0 Me Me
Z —:Br: < 4
z - @ 5 z @®
Prag /slr Nuc—vpr + Pr7_ Nuc
Et Et Et
Inversion of Retention of

configuration configuration
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Since the carbocation can be attacked on either side with equal likelihood, we should expect Syl
reactions to produce a racemic mixture (equal mixture of inversion and retention). In practice,
though, Sy1 reactions rarely produce exactly equal amounts of inversion and retention products.
There is usually a slight preference for the inversion product. The accepted explanation involves the
formation of ion pairs. When the leaving group first leaves, it is initially very close to the intermediate
carbocation, forming an intimate ion pair:

Intimate ion pair Fully dissociated ions

If the nucleophile attacks the carbocation while it is still participating in an ion pair, then the leaving
group effectively blocks one face of the carbocation. The other side of the carbocation can experience
unhindered attack by a nucleophile. As a result, the nucleophile will attack more often on the side
opposite the leaving group, leading to a slight preference for inversion over retention.

Nucleophilic attack Nucleophilic attack

is unhindered is hindered
:NV Nuc
® Pr Pr ®
Nuc (..m\ Me Meu,,.’, Nuc
Et Et
=50%) [=50%)
Inversion of configuration Retention of configuration

CONCEPTUAL CHECKPOINT

7.33 Draw all of the expected products for each of the following solvolysis reactions:

Br
EtOH H,O
e ? o % T ?

Br 2, Cl

SAvE
heat ]
(© (d)

(a)

MeOH
heat ]

7.34 The following tertiary alkyl halide was heated in ethanol for several days, and the resulting mixture of products contained five differ-

ent elimination products and two substitution products:

a) Draw the substitution products and identify the relationship between them.

(
(b) Identify which substitution product is expected to be favored, and explain your choice.
(c) Draw all of the elimination products, and identify which products are stereoisomers.

(

d) For each pair of stereoisomeric alkenes, identify which stereoisomer is expected to be favored.
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7.10 Kinetic Isotope Effects in Elimination Reactions

Kinetic Isotope Effects in E2 Processes

In Section 7.6, we saw that an E2 reaction can occur when an alkyl halide is treated with a strong
base. Strong evidence for the concerted (E2) mechanism comes from kinetic studies that involve the
use of isotopes. Recall from your general chemistry course that isotopes differ from each other only in
the number of neutrons. For example, hydrogen has three isotopes: 'H (called protium), *H (called
deuterium), and *H (called tritium). Each of these isotopes has one proton and one electron, but
they differ in their number of neutrons. They have zero, one, and two neutrons, respectively. All of
these isotopes are found in nature, but 'H is the most abundant, constituting 99.98% of all hydrogen
atoms found on Earth. Therefore, for most organic compounds, it is a reasonable assumption that all
of the hydrogen atoms will be 'H, unless they have been purposefully replaced with another isotope
such as deuterium. Compounds containing deuterium are called deuterated compounds.

Useful information can be obtained if we compare the rates of elimination for alkyl halides
and deuterated alkyl halides. Specifically, if the 8 position of the alkyl halide is deuterated, the rate
of the reaction is found to be significantly reduced. As an example, compare the following two
reactions:

S)
‘B
S Br B PN + H—Base + Br~

% D
)&/ _ chase | /& + D—Base + Br"
i Br

In the first reaction, an alkyl halide is treated with a strong base, resulting in an elimination reaction
in which H" and Br~ are removed to form an alkene. The second reaction is also an elimination
process, but the starting alkyl halide is deuterated at the 8 position. When this deuterated alkyl halide
is treated with a strong base, the result is the removal of D" and Br~. Thatis, D" can function very
much like H" and can also be removed by the base. While these two reactions are indeed very similar,
their rates are different. Compare the rate equation for each process:

Rate = &y [CH3CH,CH,Br] [Base]
Rate = kp [CH3CD,CH,Br] [Base]

Both processes exhibit second-order kinetics, but the rate constants, 4y and kp, are different.
This difference in rate is referred to as a kinetic isotope effect, or more specifically in this case,
it can be called a deuterium isotope effect because the isotope under investigation is deuterium.
The rate constants can be measured experimentally, and their ratio (ky/4p) provides valuable
information. For the reactions above, ky/4p is measured to be 6.7. Let’s explore the significance
of this finding.

For reasons that are beyond the scope of our discussion, C—D bonds are generally stronger
than their corresponding C—H bonds by approximately 1-2 kcal/mol. Since a C—D bond is
stronger than a C—H bond, any step that involves breaking a C—D bond will have a larger £,
than a similar step in which a C—H bond is broken. The larger E, associated with breaking a
C—D bond results in a slower rate (lower rate constant, k). Since kp is smaller than 4y, the ratio
ky/kp will be greater than 1. If a C—H bond is being broken in the rate-determining step, then
ky/kp is generally found to be in the range of 3-8, and the effect is said to be a primary isotope effect.
If, however, the C—H bond is broken during a step that is not rate-determining, then the ratio of
ky/kp will generally be 1-2, and any measureable effect is said to be a secondary isotope effect. For
the reactions above, ky/kp is found to be 6.7 (a primary isotope effect), which confirms that the
C—H bond is broken during the rate-determining step. This is consistent with a concerted process
(E2) in which there is only one mechanistic step, which must be rate-determining because it is the
only step. If we had not observed a primary isotope effect in this case, we could not have proposed
a concerted mechanism.
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In summary, the presence or absence of a primary isotope effect can confirm whether or not a
particular C—H bond is broken during the rate-determining step of a process. This is extremely
useful, because a large variety of reactions involve the breaking of C—H bonds, and therefore, deu-
terium isotope effects are often investigated as a technique for elucidating mechanisms.

Kinetic Isotope Effects in E1 Processes

In Section 7.9, we saw that a tertiary alkyl halide can undergo E1 and Sy1 processes when dissolved
in a protic solvent, such as water:

heat *
(E1) (Sn1)
Let’s focus on the rate of formation of the elimination product, and let’s consider what happens to the

rate if we replace H for D at the 8 position. We investigate what change in rate (if any) is observed
when the following reaction is performed instead:

D,C Cl H,0 CD;
Mo e D
p,c” “op, "™ pe
D

Certainly, this elimination product is also accompanied by a substitution product. But let’s focus
our attention on elimination, and let’s compare the rate equation for each of these elimination

Cl H.O
2
X heat /& Rate = ky [C4HoCl]

processes:

D3C><CI 40 CD,
—Z Rate = k;, [C,DCl]
heat D D L¥4-9
D,C~ CD, e D,C )ﬁ/
D

In this case, the ratio of the rate constants (ky/kp) is measured to be 1.1. This value indicates the
absence of a primary isotope effect. Therefore, we conclude that the C—H bond must be break-
ing during a step that is NOT the rate-determining step. This finding is consistent with an E1
mechanism, in which the C—H bond is broken in the second step of the mechanism, after the rate-
determining step has occurred (Mechanism 7.3).

CONCEPTUAL CHECKPOINT

7.35 For each pair of compounds below, identify which one is expected to undergo elimination more rapidly when treated with a strong base.
D D

Br. CDg Br Br. H Br. D D
Cl
(a) DsCXCDa )< X )Q E?i\ )<CI

(b) DsC™ CDy (©

7.36 Identify whether each of the following reactions is expected to exhibit a primary isotope effect if (CD3);CBr is used instead of
(CH3)3CBr. Explain your reasoning in each case.

Br NaOFEt /& Br EtOH /&
@) X (b) )<
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7.11 Predicting Products: Substitution vs. Elimination

Substitution and elimination reactions are very often in competition with each other. In order to
predict the products of a reaction, it is necessary to determine which mechanisms are likely to occur.
In some cases, only one mechanism will predominate:

>< NaOMe /&
_—

E2 product
(only product)

In other cases, two or more mechanisms will compete, giving multiple products, as seen in the fol-
lowing example:

Br OH
major minor minor
N J
Y
E2 products S\2 product

Don’t fall into the trap of thinking that there must always be just one product. Sometimes there is,
but that is often not the case. The goal is to predict all of the products, and to predict which products
are major and which are minor. To accomplish this goal, three steps are required:

1. Determine the function of the reagent.
2. Analyze the substrate and determine the expected mechanismy(s).

3. Consider any relevant regiochemical and stereochemical requirements.

Each of these three steps will now be explored individually.

Step One: Determining the Function of the Reagent

We have seen earlier in this chapter that the main difference between substitution and elimination is
the function of the reagent. A substitution reaction occurs when the reagent functions as a nucleo-
phile, while an elimination reaction occurs when the reagent functions as a base. Nucleophilicity
and basicity are not the same concepts, as first described in Section 6.7. Nucleophilicity is a kinetic
phenomenon and refers to the rate of reaction, while basicity is a thermodynamic phenomenon and
refers to the position of equilibrium.

Nucleophilicity is determined by factors such as the presence of high electron density and polar-
izability (as seen in Section 7.4), while basicity is determined by the stability of a base. In Chapter
3, we saw two methods for assessing the relative stability of a base: a quantitative approach and a
qualitative approach. The former requires access to pK; values. Specifically, the strength of a base is
determined by assessing the pK; of its conjugate acid. For example, a bromide ion is an extremely
weak base, because its conjugate acid (HBr) is strongly acidic (pK, = —9). The other approach, the
qualitative method, was described in Section 3.4 and involves the use of four factors for determining
the relative stability of a base containing a negative charge. For example, a bromide ion has a negative
charge on a large, electronegative atom and is therefore highly stabilized (a weak base). Notice that
both the quantitative approach and qualitative approach provide the same prediction: that bromide is
a weak base. The example of bromide illustrates that nucleophilicity and basicity do not always paral-
lel each other. Bromide is large and polarizable, and it bears a negative charge, so it is a very strong
nucleophile. However, it is also a very weak base, because it is so stable.

As another illustration of the difference between nucleophilicity and basicity, consider the
hydride ion (H™) of NaH, which generally does not function as a nucleophile. The hydride ion
is extremely small (hydrogen is the smallest atom), and it is not sufficiently polarizable to function
as a nucleophile, even though it has a negative charge. Nevertheless, it is a very strong base because
its conjugate acid (H—H) is an extremely weak acid. Once again, this example demonstrates that
nucleophilicity and basicity are different concepts.
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FIGURE 7.19
Classification of common
reagents used for
substitution/elimination.

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

If we classify common reagents as either strong or weak nucleophiles, and if we also classify them
as either strong or weak bases, then there are four categories. Each of these four categories is shown
in Figure 7.19, with specific examples of each category:

Strong base Strong base Weak base Weak base
Weak nucleophile Strong nucleophile Strong nucleophile Weak nucleophile

S © C]
&) ) o I Br Cl
NaH DBN DBU | HO MeO  EtO H,O MeOH EtOH

RS” HS® RSH H,S

Keep in mind that some reagents may not fit perfectly into one of these four categories. For example,
the cyanide ion (N=C") is a strong nucleophile but only a moderate base (neither very strong nor
very weak). Nevertheless, the simplified classification scheme in Figure 7.19 will enable us to make
useful predictions regarding the outcomes of many substitution and elimination reactions.

We will now briefly discuss each of the four categories in Figure 7.19. The first category shows
reagents that function almost exclusively as bases (they rarely function as nucleophiles when reacting
with alkyl halides). The first reagent on this list is sodium hydride (NaH). The use of this reagent
indicates that an elimination reaction will occur, rather than substitution. There are indeed many
reagents, other than hydride, that will also function exclusively as bases upon reaction with an alkyl
halide. Two such examples are DBN and DBU:

N N
= =
1,5-Diazabicyclo[4.3.0]non-5-ene 1,8-Diazabicyclo[5.4.0Jundec-7-ene
(DBN) (DBU)

These two compounds are very similar in structure. When either of these compounds is protonated,
the resulting positive charge is resonance-stabilized:

A N0 ol
T |y — T -+

Resonance-stabilized

The positive charge is spread over two nitrogen atoms, rather than one, so this cation is highly stabi-
lized and therefore weakly acidic. As a result, both DBN and DBU are strongly basic. These examples
demonstrate that it is possible for a neutral compound to be a strong base. When an alkyl halide is
treated with DBN or DBU, an elimination reaction will occur (not substitution).

The second category in Figure 7.19 shows reagents that are both strong nucleophiles and strong
bases. These reagents include hydroxide (HO ) and alkoxide ions (RO ™). Such reagents are generally
used for bimolecular processes (Sy2 and E2).

The third category in Figure 7.19 shows reagents that function only as nucleophiles. That is,
they are strong nucleophiles because they are highly polarizable, but they are weak bases because they
are highly stabilized. The use of a reagent from this category signifies that a substitution reaction is
occurring (not elimination).

The fourth and final category in Figure 7.19 shows reagents that are weak nucleophiles and weak
bases. These reagents include water (H,0O) and alcohols (ROH). Such reagents are generally used for
unimolecular processes (Sy1 and E1), as seen in Section 7.9.

In summary, determining the function of the reagent (the category to which it belongs) is the
first step in predicting the products of substitution and elimination reactions of alkyl halides. Once
we have that information, we can move on to the next step.



FIGURE 7.20

The operative mechanism(s) can
be determined by considering
the identity of the substrate
(primary, secondary, or tertiary)
and the identity of the reagent
(nucleophile or base).
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Step Two: Determining the Expected Mechanism(s)

After determining the function of the reagent, the next step is to analyze the substrate and identify
which mechanism(s) are operating. For each of the four categories of reagents, we must explore the
expected outcome with a primary, secondary, or tertiary substrate. All of this information is sum-
marized in Figure 7.20.

Strong base Strong base Weak base Weak base
Weak nucleophile |Strong nucleophile | Strong nucleophile | Weak nucleophile

>
>

Sy1  Ef

It is extremely important to have a strong command of all the information presented in Figure 7.20,
but it is best to avoid memorization. Rather, we will focus on understanding all of the trends
represented in the figure, so that you can readily reconstruct the figure at a later time. Let’s begin our
analysis of Figure 7.20 by focusing on the left side of the figure (the left two columns). Those two
columns correspond with strong bases. Notice that these two columns appear to be dominated by
the E2 mechanism, as we would expect when a strong base is used. In the first column, E2 is the only
mechanism observed, regardless of the type of substrate (primary, secondary, or tertiary), because the
reagent is a weak nucleophile, and SN2 reactions are not observed. In the absence of competing Sy2
reactions, the E2 pathway dominates. The second column in Figure 7.20 represents reagents that are
both strong bases and strong nucleophiles (such as hydroxide or alkoxide ions). With such a reagent,
the identity of the substrate is the key to determining which mechanism competes most effectively:

NaOH / +
/\/\ Br > /\/ MOH
1° Substrate Minor (E2) ‘ Major (Sy2)
Br OH
NaOH )\
_Nabn | N
/\
2° Substrate Major (E2) Minor (Sy2)
Br
X NaOH /K
—_—
3° Substrate [ Only E2 )

For primary substrates, the Sy2 process is very rapid (even more so than E2), so the Sy2 product is
the major product. However, with secondary substrates, the Sy2 pathway is hindered (slow), so the
E2 product is the major product. For tertiary substrates, the Sy2 process does not occur at an observ-
able rate—only the E2 mechanism operates. Notice that elimination dominates in all cases except
for primary substrates. If we must perform an E2 reaction with a primary substrate, then a sterically
hindered base can be used:

SNy _HBUOK NF + /\/\O><
1° Substrate "Major (E2) | Minor (Sy2)

With a sterically hindered base, such as rers-butoxide, the S\2 pathway is hindered, so it occurs more
slowly. As a result, the E2 pathway effectively competes, and the E2 product is favored.
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Let’s now continue our analysis of Figure 7.20 by focusing on the right side of the figure (the right
two columns). Those two columns correspond with weak bases, and the outcomes appear to be dominated
by substitution reactions (because E2 processes are too slow when a weak base is used). If we focus on
the first of these two columns (strong nucleophile), we find that all instances yield substitution products.
Primary substrates react exclusively through the S\2 mechanism, while tertiary substrates react exclusively
through the Sy1 mechanism. Over the last several decades, there has been much debate/confusion over
the fate of secondary alkyl halides, although there is very strong evidence that secondary alkyl halides react
almost exclusively via an Sy2 process, and very rarely, if at all, through an Sy1 process.”"’

The final column in Figure 7.20 corresponds with reagents that are both weak nucleophiles and
weak bases (such as water, or alcohols, ROH). In the absence of a strong base or strong nucleophile,
bimolecular reactions (Sy2 and E2) do not occur. Under such conditions, unimolecular reactions
(Sx1 and El) can occur. These reactions are observed for tertiary substrates (not for primary and
secondary substrates, unless they are allylic or benzylic). The product distribution (Sy1 vs. El) is
affected by the identities of the E1 products. When one or more of the possible E1 products is a tri-
or tetra-substituted alkene, then E1 is generally favored over Sy1:

H0 + +
Br§_< i H — Ho>—<
J

Major Minor Minor
N J

Yo
E1 products Sn1 product

In this example, the first alkene is tetrasubstituted, so this E1 product is favored over the Syl
product. However, in a case where the E1 products are not highly substituted, then Syl is generally
favored.

As mentioned earlier, Sy1 and E1 reactions of alkyl halides are generally not useful methods
for synthetic organic chemists. Nevertheless, these mechanisms are important because they serve as
the foundation for other useful reactions that we will encounter throughout the upcoming chapters
of this text. Therefore, a solid understanding of Sy1 and E1 processes will be crucial as we move
forward.

In summary, when we consider the function of the reagent and the structure of the substrate, we
can make useful predictions regarding which mechanism(s) operate, as shown in Figure 7.20. Armed
with this information, we can now move on to the final step of predicting products.

Step Three: Considering Regiochemical and
Stereochemical Outcomes

After determining which mechanism(s) operates, the final step is to consider the regiochemical and
stereochemical outcomes for each of the expected mechanisms. Table 7.6 provides a summary of
guidelines that must be followed when drawing products. All of the information in this table has
already been presented in this chapter. The table is meant only as a summary of all of the relevant
information, so that it is easily accessible in one location.

TABLE 7.6 GUIDELINES FOR DETERMINING THE REGIOCHEMICAL AND
STEREOCHEMICAL OUTCOME OF SUBSTITUTION AND ELIMINATION REACTIONS

REGIOCHEMICAL OUTCOME STEREOCHEMICAL OUTCOME
S\2 The nucleophile attacks the « position, where  The nucleophile replaces the leaving group
the leaving group is connected. with inversion of configuration.

E2 The Zaitsev product is generally favored over  This process is stereoselective, because when

the Hofmann product, unless a sterically applicable, a trans disubstituted alkene will be
hindered base is used, in which case the favored over a cis disubstituted alkene.
Hofmann product will be favored. This process is also stereospecific. Specifical-

ly, when the B position of the substrate has
only one proton, the stereoisomeric alkene
resulting from anti-periplanar elimination will
be obtained (exclusively, in most cases).
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Sy The nucleophile attacks the carbocation,

E1
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REGIOCHEMICAL OUTCOME STEREOCHEMICAL OUTCOME

The nucleophile replaces the leaving group
which is generally where the leaving group to give a nearly racemic mixture. In practice,
was originally connected, unless a carboca- there is generally a slight preference for

tion rearrangement took place. inversion over retention of configuration, as a
result of the effect of ion pairs.

The Zaitsev product is always favored over
the Hofmann product.

The process is stereoselective.
When applicable, a trans disubstituted alkene
will be favored over a cis disubstituted alkene.

‘

7.7 PREDICTING THE PRODUCTS OF SUBSTITUTION AND ELIMINATION

()

STEP 1
Determine the
function of the

reagent.

STEP 2
Analyze the
substrate and
determine
the expected
mechanisms.

STEP 3

Consider
regiochemical and
stereochemical
requirements.

LEARN the skill

REACTIONS OF ALKYL HALIDES

Predict the product(s) of the following reaction, and identify the major and minor products:

Cl
NaOEt 9
—_—
/\/'\ EtOH ]

SOLUTION
In order to draw the products, the following three steps must be followed:
1. Determine the function of the reagent.

2. Analyze the substrate and determine the expected mechanism(s).
3. Consider any relevant regiochemical and stereochemical requirements.
In the first step, we analyze the reagent.

The ethoxide ion is both a strong base and a strong nucleophile. In the presence of ethox-
ide, ethanol serves only as the solvent for the reaction.

Next, we analyze the substrate.

In this case, the substrate is secondary, so we would expect E2 and SN2 pathways to com-
pete with each other:

Strong base Strong base Weak base Weak base
Weak nt phi Strong leophile | Strong leophile | Weak nt phi
1° E2 E2
2° E2) E2)
3° E2 E2 Sy1 Sy El

The E2 pathway is expected to predominate, because it is less sensitive to steric hindrance
than the Sy2 pathway. Therefore, we would expect the major product(s) to be generated via
an E2 process, and the minor product(s) to be generated via an SN2 process.

In order to draw the products, we must complete the final step. That is, we must consider the
regiochemical and stereochemical outcomes for both the E2 and Sy2 processes.

Let's begin with the E2 process.

For the regiochemical outcome, we expect the Zaitsev product to be the major product,
because the reaction does not utilize a sterically hindered base:

Cl
/\/'\ NaOEt
- SN + SN

Major Minor
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Next, look at the stereochemistry. The E2 process is stereoselective, so we expect cis and
trans isomers, with a predominance of the trans isomer:

NN+ /\)

Major

Cl

/\/'\

NaOEt

Minor

The E2 process is also stereospecific, but in this case, the 8 position has more than one pro-
ton, so the stereospecificity of this reaction is not relevant.

Now consider the SN2 product. In this case the substitution reaction occurs at a chiral center,
so we expect inversion of configuration:

cl OEt
/\/'\ NaOEt H
PN
(S) (R)

In summary, we expect the following products:

cl OEt
NaOEt :
+ AN +
/\/'\ EtOH NI /\) X P N
Major Minor Minor Minor

N /

~

E2 products

Sn2 product

7.37 Identify the major and minor product(s) that are expected for each of the following
reactions.
Br Br
(@) DMSO (b) -
I Br
t-BUOK DBN
o, P oo, P
(c) (d)
/\/\I t-BuOK ? /\/\I NaSH 9
| ] | |

(f)

(j/\ Br  NaOEt 9

(h) -
SR

o) -

O/\( " o, D T ows, 9

(k) - 0) -

SN
iy - (n) "

7.38 Compound A and compound B are constitutional isomers with the molecular formula

Heat ]

(m)

C3H7Cl. When compound A is treated with sodium methoxide, a substitution reaction pre-
dominates. When compound B is treated with sodium methoxide, an elimination reaction
predominates. Propose structures for compounds A and B.

7.39 Compound A and compound B are constitutional isomers with the molecular for-
mula C4HoCl. Treatment of compound A with sodium methoxide gives trans-2-butene as
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the major product, while treatment of compound B with sodium methoxide gives a different
disubstituted alkene as the major product.
(a) Draw the structure of compound A.

(b) Draw the structure of compound B.

7.40 An unknown compound with the molecular formula C,Hq3Cl is treated with sodium
ethoxide to produce 2,3-dimethyl-2-butene as the major product. Identify the structure of
the unknown compound.

need more PRACTICE? Try Problems 7.76, 7.77

At the beginning of this section, we mentioned that some reagents may not be easily classified using
the classification scheme presented in Figure 7.19. For example, the cyanide ion (N=C") is a strong
nucleophile, but it is only a moderate base (not very strong and not very weak). As such, it does
not fit cleanly into any one of the four categories presented. It is not a “strong nucleophile/strong
base,” nor is it a “strong nucleophile/weak base.” Rather, cyanide is somewhere in between those two
extremes. With this in mind, let’s consider the outcomes when a primary or secondary alkyl halide
is treated with cyanide:

NaCN B Nacn N
" e )\ )\ T
1° Substrate Only product 2° Substrate Major Minor
(Sn2) (Sn2) (E2)

With a primary substrate, the S\2 product is often observed to be the exclusive product, because
cyanide is not a strong base, so the E2 pathway cannot effectively compete. For secondary substrates,
we saw earlier that the E2 pathway generally predominates over the S\2 pathway. But in this case, the
reagent is cyanide, which is a moderate base and a strong nucleophile. As such, the Sy2 product pre-
dominates, despite the steric effects associated with a secondary substrate. For tertiary alkyl halides,
the SN2 pathway cannot compete, so treatment with cyanide will generally lead to E2 products,
although there are certainly more efficient ways of performing E2 reactions (a stronger base can be
used). In summary, although the cyanide ion is not easily classified using the classification scheme
in Figure 7.19, the observed outcomes (shown above) can still be rationalized with the principles
described in this chapter.

7.12 Substitution and Elimination Reactions with
Other Substrates

Nucleophilic substitution and beta-elimination reactions are not limited to alkyl halides, but are
also observed for a wide variety of substrates, including alcohols, ethers, and amines (as we will see
throughout the remaining chapters of this text). In this section, we will briefly explore the reactiv-
ity of alkyl sulfonates, and we will introduce the reactivity of alcohols (a topic further developed in

Chapter 13).

Tosylates

In Section 7.1, we saw that sulfonate ions (RSO3 ) are excellent leaving groups, much like halide
ions, so it should come as no surprise that alkyl halides and alkyl sulfonates undergo similar
reactions:

AN (X =1Br,orCl) A No-8-R

An alkyl halide An alkyl sulfonate
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With an alkyl sulfonate, the leaving group is a sulfonate ion, which is highly stabilized by resonance:

.. . ..
‘o &6 o
eflllb .1 L
:0O+S—R «—> .O=S—R “— O=S—R
- Tl e
o) .0 0%

Sulfonate leaving groups are resonance-stabilized

Since sulfonate ions are such good leaving groups, alkyl sulfonates undergo substitution and elimina-
tion reactions, much like alkyl halides. Many sulfonates are commonly used, including mesylates,
tosylates, and triflates:

mesylate tosylate triflate
group group group
(0} (0} (0}
/\/\O—g—CHa /\/\O—g@CHa /\/\O—g—CFa
i i ;
An alkyl mesylate (ROMs) An alkyl tosylate (ROTs) An alkyl triflate (ROTf)

Tosylates are the most commonly used, although triflates have the best leaving group. Recall that the
best leaving groups are the weakest bases. The triflate ion is one of the weakest known bases, because
it is the conjugate base of an especially strong acid. Compare the pK; values of the following sulfonic

acids (RSO;H):

i i i
H—o—ﬁ—CH3 H—O—ﬁ@CHS H—O—ﬁ—CFa
0] 0] o]
Methanesulfonic acid p-Toluenesulfonic acid Trifluoromethanesulfonic acid
(MsOH) (TsOH) (TfOH)
pK, =-1.9 pK,=-2.8 pK, =-14

Trifluoromethanesulfonic acid (TfOH) is the most acidic, by far. It is even more acidic than HI, so
its conjugate base (the triflate ion) is extraordinarily stable. Since it is such a weak base, the triflate
ion is an excellent leaving group. Indeed, the triflate ion is stabilized in two ways: 1) resonance; and
2) the inductive effects of the fluorine atoms (see Section 3.4). Triflates are often used in situations
that require extremely good leaving groups.

Tosylates (ROTs) are more commonly used and can be prepared by treating the corresponding
alcohol (ROH) with tosyl chloride (TsCl) in the presence of pyridine. Under these conditions, the
alcohol serves as a nucleophile and displaces the chloride ion in TsCl, and the resulting oxonium ion
is deprotonated by pyridine (a base) to give an alkyl tosylate:

o}
Il

Cl—S CH .
) TNy
H o H” O 0

\ .. Tosyl chloride (TsCl) NCHI| (pyridine) I

o — Q/O,.—ﬁ CHy ——— R-0-§ CHg
R R fo)

(e}

An alcohol An oxonium ion An alkyl tosylate (ROTs)

The bond between R and O (in ROH) is not broken during the process, and as a result, a chiral
alcohol will retain its configuration when converted to its corresponding tosylate:

OH OTs

TsCl, py

The configuration (S) does not change during formation of the tosylate. A common abbreviation for
g g g Y
pyridine is “py,” as shown in the reaction above.
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Alkyl sulfonates undergo substitution and elimination reactions, much like the corresponding
alkyl halides. For example, when treated with a strong nucleophile, an alkyl sulfonate will undergo
an SN2 reaction, characterized by inversion of configuration:

OTs Br

\/k ﬂ) R +  NaOTs
S SR

(S)

SN2 processes are limited to primary and secondary substrates, as we saw in Section 7.11. That is,
tertiary substrates cannot be used in Sy 2 reactions, because of steric effects. For secondary substrates,
the nucleophile cannot also be a strong base, or else E2 products will predominate. When treated
with a reagent that is both a strong nucleophile and a strong base, there will be a competition
between SN2 and E2 products. Much as we saw for alkyl halides, substitution is favored for primary
substrates, and elimination is favored for secondary substrates:

NaOH

/\/\OTS _Nabm M + /\/\OH
1° Tosylate Minor (E2) Major (Sy2)
OTs OH
NaOH
— s PY
X
2° Tosylate Major (E2) Minor (Sy2)

This trend is similar to the trend that was observed for alkyl halides (Section 7.11). Similarly, ter-
tiary sulfonates have been observed to undergo E2 reactions when treated with strong bases and to
undergo unimolecular reactions (Sy1 and E1) in protic solvents.

CONCEPTUAL CHECKPOINT

7.41 Predict the major and minor products for each of the following reactions.

() e 5
aOEt
— NaOH
(a) - (b) n

oT OTs
O/ ® Nast ? O/ NaH 9
© - (d) “CH, -

HO
% 1) TsCl, py ? o~ 1) TsCl, py 9
) 2) t-BuOK ] #) OH  2) NaOEt H

Alcohols

Chapter 12 covers reactions of alcohols (ROH), and in Section 12.9, we will explore a number of reac-
tions that involve substitution and elimination processes. We will now preview two such reactions:
1) the reaction between ROH and HBr; and 2) the reaction of ROH in concentrated sulfuric acid.
This current discussion is meant to reinforce the importance of the mechanisms covered in this
chapter.

Unlike alkyl halides and alkyl sulfonates, alcohols do not undergo SN2 reactions directly when
treated with a strong nucleophile. For example, no reaction is observed when an alcohol is treated
with sodium bromide:

NaBr

R/\OH ——— No reaction
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Alcohols are not suitable substrates for nucleophilic substitution reactions, because hydroxide (HO ™)
is a poor leaving group. However, under strongly acidic conditions (such as HBr), a substitution reac-
tion is indeed observed:

R on B, RTNg tH0

Under strongly acidic conditions, the OH group can be protonated, thereby converting a bad leaving
group (HO ") into a good leaving group (H,O). This allows for an SN2 reaction to occur, giving an
alkyl bromide:

el O W

I ® BI
OH R” [0Hs > R” VBr T HO

R Sn2 R Br

A similar reaction is also observed for secondary and tertiary alcohols, although tertiary alcohols
presumably react via an Syl process (rather than Sy2), as shown here:

D . R/\”.
R R H--Br: R R H,0 R R
RXQCN— \R>é,8H2 R)®\R T X
V

Syl

In the examples above, we see that strongly acidic conditions can activate an alcohol towards substi-
tution (either S\2 or Sy1, depending on the substrate). Similarly, strongly acidic conditions can also
activate an alcohol towards elimination. Consider the following example:

OH conc. HySO4 N o
_—
X heat Ha
Under these strongly acidic conditions, the OH group can be protonated, thereby converting it into

a good leaving group. This renders the substrate susceptible to an E1 process, giving an alkene as the
product:

Proton transfer Loss of a leaving group Proton transfer

of
>£q\H -Q\ﬁ >:®§H2 HO )@\/\/ H/:/-'O"\H /K
N N J

E1

Notice that this process has a three-step mechanism. The first step is protonation of the alcohol,
followed by the two steps of an E1 process (loss of leaving group and deprotonation). When
drawing the first step of this mechanism, notice that a hydronium ion (H30 ) is shown as the
source of the proton, rather than H,SOy,. Recall that the leveling effect (Section 3.6) prevents the
presence of acids stronger than H3O™ in an aqueous environment. Concentrated sulfuric acid is
generally a mixture of H,SOy and water, so H;0* will be the strongest acid present in substantial
quantities.

For some substrates, there will be more than one possible regiochemical outcome, and in such
instances, the more substituted alkene is generally favored, as we would expect for an E1 process.

OH conc. H,SOy4 4 N
_—
></ heat X H20
Major Minor

In the examples above, the substrates were tertiary, but the reaction is also observed to occur with
secondary, and even with primary substrates, for example:
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H H H H

[ conc. H,SO, \ /
H—C—C—OH —— 2%, c=c * HO

11 heat / \

H H H H

In this case, the reaction cannot occur via an E1 process, because that would require the formation
of a primary carbocation, which is too high in energy to form:

N
H H (\H_-Q\G) H H H o H
rorL H LN

| | /
H—G—G—0H H—C—C-OH, —>&= H—C—C®
H H H H H H
Primary carbocation
(NOT formed)

Rather, it is more likely that an E2 process occurs after the OH group is protonated:

o

Lo 'ﬂ Iﬁ ® H/O"\H H H
A H \ /
H—C—C—OH H—C/lc—(\bHQ c=C +  H0
IS [ E2 N
H H H H H H

Under these strongly acidic conditions, the OH group is protonated, followed by an E2 process to
give the alkene.

These reactions illustrate an important point. Specifically, the four mechanisms covered in this chap-
ter (Sn2, E2, Sy1, and E1) will all reappear many times throughout the remaining chapters of this
textbook. Even unimolecular reactions will play a prominent role in our discussions as we move forward.

Note: It is not possible to protonate an alcohol and then react the resulting oxonium ion
(ROH, ") with a strong base to give an E2 reaction. Students often make this mistake and conclude
that such a process should work, but it does not. An alcohol can only be protonated under strongly
acidic conditions, and those conditions are incompatible with the presence of a strong base.

CONCEPTUAL CHECKPOINT
7.42 Predict the major product for each of the following reactions.
OH OH
HBr conc. HySO4
? heat ?

(a) (b)

7.43 Draw a plausible mechanism for each of the following transformations.

OH Br conc. H,SO,4 /\)\
@) \></ e \>§/ (b) /\><OH heat &
HBr §_<OH conc. HySO4 >=<
© \/\/\OH — \/\/\Br ) heat

7.13 Synthesis Strategies

The goal of organic synthesis is to build complex molecules from simpler, commercially available
ones. Advancements in the field of organic synthesis have given rise to the many new products and
materials that improve our lives, such as medicines, plastics, and synthetic fibers, just to name a few.
The field of natural product synthesis is also ever-growing, as chemists are often needed to synthesize
naturally occurring compounds that cannot be isolated in large enough quantities or in a form pure
enough to test for biological activity. In the search for new drug candidates that might have lower
toxicity or perhaps fewer side effects, synthetic chemists can also modify the structure of natural
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FIGURE 7.21
Substitution and
elimination reactions
involving primary
substrates.

FIGURE 7.22

Substitution and elimination
reactions involving

tertiary substrates.

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

products by designing and preparing derivatives that are not found in nature. Performing a muld-
step synthesis requires careful planning before the first reaction is performed, in much the same way
that a road-trip must be planned in order to arrive at a desired location. Many skills are required for
such planning, and this topic will be explored in Chapter 11. In this section, we will focus on plan-
ning a one-step synthesis.

Thus far, we have learned how to use substitution and elimination reactions to convert alkyl
halides into a variety of other functional groups. A wide range of nucleophiles can be used, provid-
ing a great deal of versadility in the type of products that can be formed. Figure 7.21 shows reactions
involving primary substrates, and Figure 7.22 shows reactions involving tertiary substrates.

NaOH RN Br NaCN

/ An alkyl halide

HBr H. N
R/\/OH CH3CONa R/\/CN
An alcohol A nitrile
NaH NaOCHy NaSH
or
TsCl, NaOH t-BuOK
py

R\ OTs _HBUOK = R~ 0CHs R~ SH R~ >0
An alkyl tosylate An alkene An ether A thiol Anester
HBr Br t-BuOK

/ An alkyl halide NaOH
2
XH/ e /&/ )\/

An alcohol An alkene An alkene
NaOH (Zaitsev product) (Hofmann product)

\ TsCI ></ t+-BuOK

An alkyl tosylate

Notice that these reactions enable the interconversion between one type of functional group and
another. Throughout the chapters of this text, we will add many more reactions to our list of “func-
tional group interconversions,” and we will also learn many reactions that involve formation of new
carbon-carbon bonds. As our “toolbox” of reactions gets larger, we will be able to build molecules of
increasing complexity.

In order to propose a synthesis, it is certainly important to know what reactions are available, but
more importantly, you must know how and when to use those reactions. When proposing a synthesis
(even a one-step synthesis), it is generally helpful to think backwards. To illustrate what this means,
consider the following SN2 reaction, in which an alkyl halide is converted into an ether:

SNy L S
An alkyl halide An ether

This reaction can also be viewed backwards, like this:

can be
made from
SN PN > g+ NaOE
An ether An alkyl halide An alkoxide ion

'This figure represents a retrosynthetic analysis, in which the product is shown first, followed by reagents that
can be used to make that product. The wavy line, also called a disconnection, identifies the bond that can
be made by the reaction. The special arrow indicates a retrosynthesis, which means that we are thinking
about this reaction backwards. Planning a retrosynthesis requires that we identify a suitable nucleophile
and electrophile that will react with each other to give the zarget molecule (the desired product).



SKILLBUILDER

7.8 PERFORMING A RETROSYNTHESIS AND PROVIDING A SYNTHESIS

¢

\ LEARN the skill

S

STEP 1

Identify a bond that
can be made via
known reactions.

STEP 2

Draw a suitable
nucleophile and
electrophile. Recall
that substitution
reactions require
a good leaving
group on a
tetrahedral (sp3
hybridized)
carbon.

STEP 3
Determine
the expected
mechanism
and verify that
the reaction is
reasonable.
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In the case above, the target molecule is an ether, which has two C—O bonds. The retrosynthe-
sis above shows disconnection of one C—O bond, while the retrosynthesis below shows disconnec-

tion of the other C—O bond:

can be
made from
K \/\/\
SN > ONa + B\
An ether An alkoxide ion An alkyl halide

This example illustrates how a retrosynthetic analysis can reveal more than one way to make a
target molecule. Indeed, this is just one of the many advantages of thinking backwards, as we will
see in Chapter 11. Retrosynthesis will be a recurring theme throughout the remaining chapters of
this text.

OF A TARGET MOLECULE

Provide a synthesis for the target molecule shown at the right, starting with
compounds that contain no more than two carbon atoms. Show your retrosyn-
thetic analysis, and then provide a complete synthesis, showing all necessary
reagents.

SOLUTION

The problem statement specifies that the reactants can have no more than two
carbon atoms, so we consider the two possible disconnections shown at the
right, each of which splits the target molecule into smaller fragments consisting
of two carbon atoms.

Mo~

(0]
/u f‘o}i\

The first disconnection is between an oxygen atom and an sp? hybridized atom. While
there are certainly ways to make such a bond (as we will see in Chapter 20), this bond cannot
be made with an Sy2 reaction, because Sy2 reactions generally do not occur at sp® hybrid-
ized centers (the same is generally true for Sy1 reactions). This leaves only one reasonable
disconnection: the bond between oxygen and an 5p3 hybridized carbon atom (the wavy line
on the right).

Next, we must identify a suitable nucleophile and electrophile that can react with each
other to form the desired C—O bond. The electronegative oxygen atom is more likely to
have served as the nucleophile, so we place a negative charge on the oxygen atom to give
a suitable nucleophile (a carboxylate ion). Then, placing a leaving group on the carbon chain
produces a recognizable electrophile (an alkyl halide) that can undergo a substitution reac-
tion with the nucleophile to give the desired product:

0} (0] Br
)J\O}Q:\ — )J\O@ + 5+k
Nucleophile Electrophile

To verify that the reaction is reasonable, we consider the mechanism for this reaction:

0 CBr o]
O )’I\
Target molecule

This is an SN2 process that employs a good nucleophile and a primary alkyl halide, so we can
expect the reaction to be favorable.
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Finally, draw the forward process, showing all reagents. Notice that the carboxylate
ion is shown as a sodium salt. It also could have been shown as a potassium salt or a

Q Br- N
_—

o
)J\ONa )J\o/\

7.44 Provide a synthesis for the target molecule shown below, starting with an alkyl halide
of your choice. Show your retrosynthetic analysis, and then provide a complete synthesis,

A

7.45 Which is the better retrosynthesis for the given target molecule? Explain, and provide

O =-C - O

In an effort to develop molecular surfaces with interesting electronic properties,
compounds such as the one below were prepared.’’ Consider the possibilities for prepara-
tion of this compound, by evaluating the construction of a new bond at either of the indicated
positions (a or b). Determine which would be the better disconnection to incorporate into the

STEP 4
Draw the forward

process. lithium salt:
J PRACTICE the skill
- showing all necessary reagents.

a one-step synthesis of the target molecule.

= Target molecule
0 APPLY the skill 7.46

retrosynthesis, and suggest a synthesis for this compound using an Sy2 reaction.

need more PRACTICE? Try Problems 7.86-7.88

&{wx

® Medically Speaking Radiolabeled Compounds in Diagnostic Medicine

f /] Recall from your general chemistry course that
- ’ isotopes are atoms of the same element that differ
. from each other only in the number of neutrons. For
example, carbon has three isotopes that are found
in nature: '2C (called carbon 12), '3C (called carbon 13), and "*C
(called carbon 14). Each of these isotopes has six protons and six
electrons, but they differ in their number of neutrons. They have
six, seven, and eight neutrons, respectively. Of these isotopes,
12C is the most abundant, constituting 98.9% of all carbon atoms
found on Earth. The second most abundant isotope of carbon
is 1°C, constituting approximately 1.1% of all carbon atoms. The
amount of '*C found in nature is very small (0.0000000001%).
The element fluorine (F) has many isotopes, although only
one is found to be stable ('F). Other isotopes of fluorine can be
produced, but they are unstable and will undergo radioactive
decay. One such example is 8F which has a half-life (t;,,) of
approximately 110 minutes. If a compound possesses '°F, then the

location of that compound can be tracked by observing the decay
process. For this reason, radiolabeled compounds (compounds
containing an unstable isotope, such as '8F) have found great
utility in the field of medicine. One such application will now be
described.

Consider the structure of glucose as well as the radiolabeled
glucose derivative, called "8F-2-fluorodeoxyglucose (FDG):

HO.
HO °
HO OH O
OH

Glucose 18F-2-Fluorodeoxyglucose

(FDG)

Glucose is an important compound that represents the
primary source of energy for our bodies. Our bodies are capable
of metabolizing glucose molecules in a series of enzymatic steps



called glycolysis, a process in which the high-energy C—C and
C—H bonds in glucose are broken and converted into lower
energy C—O and C=0 bonds. The difference in energy is
significant, and our bodies are capable of capturing that energy
and storing it for later use:

HO
O 6 CO,
HO + 60, — +
HO OH 6 HyO

OH

AG°=-2880 kJ

FDG is a radiolabeled compound that is a derivative of
glucose (an OH group has been replaced with 18F). In our bodies,
the first step of glycolysis occurs with FDG just as it does with
glucose. But in the case of FDG, the second step of glycolysis does
not proceed at an appreciable rate. Therefore, areas of the body
that utilize glucose will also accumulate FDG. This accumulation
can be monitored, because '®F decays via a process that ultimately
releases high-energy photons (gamma rays) that can be detected.
The details of the decay process are beyond the scope of our
discussion, but for our purposes, it can be summarized in the
following way: "8F decays via a process called positron emission (8"
decay), in which an antiparticle called a positron is created, travels
a short distance, and then encounters an electron and annihilates
it, causing two coincident gamma (y) rays to be emitted from the
body. These y rays are then detected using special instrumentation,
resulting in an image. This imaging technique is called positron
emission tomography (PET).

As an example, the brain metabolizes glucose, so
administering FDG to a patient will cause an accumulation of FDG
in specific locations of the brain corresponding to the level of
metabolic activity. Consider the following PET/ "8FDG scans of a
healthy volunteer and a cocaine abuser:

cocaine abuser

healthy volunteer

| O

Red/orange indicates regions of high metabolism, while
purple/blue indicates regions of low metabolism.

Notice that the cocaine abuser shows less accumulation of
FDG in the orbitofrontal cortex (indicated with red arrows). This
indicates a lower metabolism in that region, which is known to
play a large role in cognitive function and decision making. This
example demonstrates how neurologists can use radiolabeled
compounds, such as FDG, to explore the brain and learn more
about its function in normal and disease states. This technique
has found great utility in diagnostic medicine, because cancerous
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tissues exhibit enhanced metabolic rates of glucose relative to
surrounding normal tissues and therefore will also accumulate
more FDG. As a result, cancerous tissues can be visualized and
monitored with a PET/"®FDG scan.

FDG has been approved by the U.S. Food and Drug
Administration (FDA) to assist oncologists in the diagnosis and
staging of cancer, in addition to monitoring the response to
therapy. The increasing role of FDG in the field of medicine has
fueled the demand for the daily production of FDG. Because
'®F is a short-lived radionuclide, a fresh batch of FDG must
be made on a daily basis. Fortunately, the rate of decay is
slow enough to permit synthesis at a regional radiopharmacy
followed by distribution to regional hospitals for imaging
studies.

The synthesis of FDG utilizes many of the principles covered
in this chapter, because one important step in the process is an
SN2 reaction:

CF3
o—é—o Leaving
- | —~ group
AcO 0 K18F
ACO% Kryptoflx 22 20
AcO OAc  CHgON AcO

This reaction has a few important features worthy of our
attention:

e KF is the source of fluoride ions, which function as the
nucleophilic agent in this reaction. Generally, fluoride ions are
not good nucleophiles, but Kryptofix interacts with the K* ions,
thereby freeing the fluoride ions to function as nucleophiles.
The ability of Kryptofix to enhance the nucleophilicity of fluoride
ions is consistent with the action of crown ethers (a topic that
will be explored in more detail in Section 13.4).

This reaction proceeds with inversion of configuration, as
expected for an Sy2 process.

The solvent used for this reaction, acetonitrile (CH3CN), is a
polar aprotic solvent, and it is used to speed up the rate of the
process (as described in Section 7.4).

Notice that the OH groups (normally found in glucose) have
been converted into acetate groups (OAc). This was done in
order to minimize side reactions. These acetate groups can
be removed easily upon treatment with aqueous acid (we
will explore this process, called hydrolysis, in more detail in

Section 20.11).
AcO 3 Oo*
AcO O

The effective application of FDG in PET scans certainly
requires the contribution from many different disciplines, but
organic chemistry has played the most critical role: The synthesis
of FDG is achieved via an Sy2 process!
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Sn2 Reactions

" I Sp2 |

@/\ O

Nuc: + R—(ID—X 0N R—C—Nuc + :?f:
H

E2 Reactions

:Base _—

x>\

Sn1 and E1 Reactions
)é - )\
_—
@

Synthetically Useful Transformations

M K

Sn1 product

Primary Substrates
NaOH RN Br

\CI\/ /\@ E2 >c=c< + H—Base +

E1 product

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

NaCN

An alkyl halide

/

An alcohol

HBr
CH3CO,Na R/\/CN
A nitrile
NaH NaOCHy NaSH
or
TsCl, ( )NaQH t-BuOK

R/\/OTS __tBuOK | X R/\/OCHs R/\/SH R/\/O
An alkyl tosylate An alkene An ether A thiol Anester
Tertiary Substrates
HBr >z/ +-BuOK
/ An alkyl halide NaOH
2
XH/ conc.H,SO, /& )\/
An alcohol An alkene An alkene
NaOH (Zaitsev product) (Hofmann product)

t-BuOK

N M

An alkyl tosylate

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 7.1

¢ In an alkyl halide, the halogen can serve as a leaving group,
for substitution and elimination processes.

* Good leaving groups are the conjugate bases of strong acids.

SECTION 7.2

* The alpha (@) position is the carbon atom connected directly
to the halogen, while the beta (B) positions are the carbon
atoms connected to the a position.

e Alkyl halides are classified as primary (1°), secondary (2°), or
tertiary (3°) based on the number of alkyl groups connected
to the « position.

SECTION 7.3

* Bimolecular nucleophilic substitution reactions are called
SN2 reactions.

* SN2 reactions proceed via inversion of configuration,
because the nucleophile can only attack from the back side.



¢ SN2 reactions cannot be performed with tertiary alkyl halides.

* An SN2 process will generally not occur if there are three sub-
stituents at a B position.

SECTION 7.4

e There are many factors that contribute to nucleophilicity,
including the presence of a charge and polarizability.

¢ Protic solvents contain a hydrogen atom connected directly
to an electronegative atom, while polar aprotic solvents lack
such a hydrogen atom. A polar aprotic solvent will speed up
the rate of an SN2 process by many orders of magnitude.

SECTION 7.5

e The transfer of an alkyl group is called alkylation. If the alkyl
group is a methyl group, the process is called methylation.

* In the laboratory, methylation is accomplished via an
SN2 process using methyl iodide. In biological systems, a
methylating agent called SAM (S-adenosylmethionine) is
employed.

SECTION 7.6

* A weak base is a stabilized base, and a strong base is an
unstable base.

e There is an inverse relationship between the strength of a
base and the strength of its conjugate acid.

* When treated with a strong base, an alkyl halide can undergo
a type of elimination process, called beta elimination, also
known as 1,2-elimination.

» Bimolecular elimination reactions are called E2 reactions.

SECTION 7.7

¢ In addition to their systematic and common names, alkenes
are also classified by their degree of substitution, which
refers to the number of alkyl groups connected to a double
bond.

e A cis alkene will generally be less stable than its stereoiso-
meric trans alkene. This can be verified by comparing heats
of combustion for isomeric alkenes.

* A trans m bond cannot be incorporated into a small ring.
When applied to bicyclic systems, this rule is called Bredt's
rule, which states that it is not possible for a bridgehead
carbon of a bicyclic system to possess a C=C double bond
if it involves a trans m bond being incorporated in a small
ring.

SECTION 7.8

e E2 reactions are regioselective and generally favor the more
substituted alkene, called the Zaitsev product.

e When both the substrate and the base are sterically hindered,
an E2 reaction can favor the less substituted alkene, called the
Hofmann product.

¢ If the B position has two different protons, the resulting E2
reaction can be stereoselective, because the trans isomer will
be favored over the cis isomer (when applicable).

¢ If the B position has only one proton, an E2 reaction is said to
be stereospecific, because the proton and the leaving group
must be anti-periplanar to one another.
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SECTION 7.9

* When a tertiary alkyl halide is dissolved in a polar solvent
that is both a weak base and a weak nucleophile (such as
ethanol, EtOH), substitution and elimination products are
both observed.

* Unimolecular nucleophilic substitution reactions are called Sy1
reactions. An Sy1 mechanism is comprised of two core steps:
1) loss of a leaving group to give a carbocation intermediate; and
2) nucleophilic attack.

e When a solvent molecule functions as the attacking nucleo-
phile, the resulting Sy1 process is called solvolysis.

» Unimolecular elimination reactions are called E1 reactions.
* S\1 processes are favored by polar protic solvents.

e S\1 and E1 processes are observed for tertiary alkyl halides,
as well as allylic and benzylic halides.

* When the a position is a chiral center, an Sy reaction gives nearly
a racemic mixture. In practice, there is generally a slight prefer-
ence for inversion over retention of configuration, as a result of
the effect of ion pairs.

SECTION 7.10

¢ If a C—H bond is being broken in the rate-determining step,
then a primary isotope effect will be observed. If, however,
the C—H bond is broken during a step that is not rate-deter-
mining, then any measureable effect is said to be a secondary
isotope effect.

 For E2 processes, a primary isotope effect is observed, indi-
cating that the C—H bond is broken in the rate-determining
step. For E1 processes, the lack of a primary isotope effect
supports the fact that the C—H bond is broken in a step other
than the rate-determining step.

SECTION 7.11

¢ Substitution and elimination reactions often compete with
each other. To predict the products, three steps are required:
1) determine the function of the reagent; 2) analyze the substrate
and determine the expected mechanism(s); and 3) consider any
relevant regiochemical and stereochemical requirements.

SECTION 7.12
e Alkyl halides and alkyl sulfonates undergo similar reactions.

¢ Alcohols react with HBr to give alkyl halides, either via an Sy2
pathway (for primary and secondary substrates) or via an Sy
pathway (for tertiary substrates).

e When treated with concentrated sulfuric acid, tertiary alcohols
are converted into alkenes via an E1 process. Primary alcohols
are also converted into alkenes, likely via an E2 process.

SECTION 7.13

* A retrosynthetic analysis shows the product first, followed by
reagents that can be used to make that product. A wavy line
indicates a disconnection, which identifies the bond that can
be made by the reaction.

¢ Planning a retrosynthesis requires that we identify a suitable
nucleophile and electrophile that will react with each other to
give the target molecule (the desired product).
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SKILLBUILDER REVIEW

7.1 DRAWING THE PRODUCT OF AN Sy2 PROCESS

Replace the LG with the Nuc, and draw inversion of configuration.

Br OH
o.. H .0
/k/ + :QH e /\/ + :g'r:
Try Problems 7.3, 7.4, 7.54, 7.55

7.2 DRAWING THE TRANSITION STATE OF AN Sy2 PROCESS

EXAMPLE Draw the transition state of STEP 1 Identify the nucleophile STEP 2 Draw a carbon atom STEP 3 Draw the three groups attached
the following process. and the leaving group. with the Nuc and LG on either side. to the carbon atom. Place brackets and
Use &-symbols to indicate partial the symbol indicating a transition state.

charges.
NaSH S) 5 5
“Sa T s = e HS---=;--- Comoiooe Cl (|:H3 ¥
Nucleophile Leaving 8- 5
*+ NaCl group Bond Bond HS _C\ a
Forming Breaking .

””””””” I
STEP 1 Identfy | STEP 2 Draw all possible | STEP 3 Identify the Zaitsev| STEP 4 Analyze the base to determine which product predominates.
all B positions i regiochemical outcomes. i and Hofmann products.

bearing protons.

|

l l l

I I I

8 | . | | Zaitsev Hofmann
ﬁ =

<:>< i i Zaitsev i Not sterically hindered Major Minor
c 1 | | Sterically hindered Minor Major

| | |

| | |

| | Hofmann |

| I |

| | |

STEP 1 Identify STEP 2 If a B position has two protons, expect cis and trans | STEP3 Using the wedges and dashes to guide you,
all B positions isomers (with a preference for the trans isomer). If a 8 position | draw the product.
bearing protons. has only one proton, then rotate the central C-C bond in a

manner that places the leaving group in the plane of the page.

TEP 2 Using the skills from SkillBuilder 7.4,
etermine the stereochemical outcome.

STEP 1 Using the skills from
i SkillBuilder 7.3, determine all
| possible regiochemical outcomes.

(2]

EXAMPLE

Br
/'\/\ NaOEt ?

Q

Br

|
|
|
|
| |
| i/v\/\ﬂ\ .
| | "
| |
| |
| |
| |

nn
<
R
o
=
I
S
S
<]

Try Problems 7.25, 7.26, 7.58, 7.59, 7.60, 7.63, 7.64
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7.6 DRAWING THE CARBOCATION INTERMEDIATE OF AN Sy1 OR E1 PROCESS

Try Problems 7.27, 7.28, 7.83, 7.85, 7.91
7.7 PREDICTING THE PRODUCTS OF SUBSTITUTION AND ELIMINATION REACTIONS OF ALKYL HALIDES

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
STEP 1 Determine the function of the reagent.| STEP 2 Analyze the substrate and determine the | STEP 3 Consider regiochemical and stereochemical
I expected mechanism(s). | requirements.
Strong base Strong base | |
Weak nucleophile Strong nucleophile ! ! ¢l
DBN NaOH : w;tl:ong baie_ Strosr:;ong base Weak base | We:{l(eak bas:ﬂ, _ : /\/k NaOEt
DBU NaOMe | |
NaOEt L 1° E2 | /\)
| |
| |
Weak base Weak base |20 E2 | /\/\ * =
Strong nucleophile Weak nucleophile | I Major Minor OEt
I I
Nar ~ NaSH H,0 |3 E2 l N :
NaSR MeOH ‘ ‘ SN P N
NaBr ! !
H,S EtOH I I Minor Minor
NaCl | !
RSH | |

STEP 1 Identify a | STEP 2 Draw a suitable nucleophile

bond that can be made | and electrophile that will react to make

via known reactions. i the desired bond.

STEP 3 Verify that the reaction
is reasonable, by considering
the mechanism.

| | STEP 4 Draw the forward process,
| |
1 1
| |
Br i 0 Br i 0 BN O
| |
| |
| |
| |
| |
| |
| |

showing all reagents.

)ko?a\ — )J\o@ B

Nucleophile Electrophile

Try Problems 7.44-7.46, 7.86-7.88

PRACTICE PROBLEMS

7.47 |dentify the systematic name as well as the common name for Br
each of the following compounds: )\/%(
@ Br (h) Br

)\CI (b) ><Br © 1
7.49 Using E-Z designators, identify the configuration of each C=C

Br double bond in the following compound:
/'\/ X c
(d) (e) Brs, WGl

7.48 Assign a systematic (IUPAC) name for each of the following \\\v“"Q"”w,, AN
compounds:
= B
' I

AN Dactylyne
(a) (b) (© A natural product
Br

(a)

isolated from marine sources

7.50 Draw all constitutional isomers with the molecular formula
C4HgBr, and then arrange them in order of:

(a) increasing reactivity toward an Sy2 reaction.

\§7

(b) increasing reactivity toward an E2 reaction.
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7.51 Draw the transition state for the substitution reaction that occurs
between ethyl iodide and sodium acetate (CH3CO;,Na).

7.52 (S)-2-lodopentane undergoes racemization in a solution of
sodium iodide in DMSO. Explain.

7.53 In Chapter 9, we will see that an acetylide ion (formed by treat-
ment of acetylene with a strong base) can serve as a nucleophile in an
SN2 reaction:

Strong

base o RX
H—C=C—H —— H—C=C: ——> H—C=C—R
Acetylene Acetylide ion

This reaction provides a useful method for making a variety of substi-
tuted alkynes. Determine whether this process can be used to make
the following alkyne. Explain your answer.

H—CEC%

7.54 Consider the following Sy2 reaction:

Br
NaCN
/'\/o DMF
~

(a) Assign the configuration of the chiral center in the substrate.

N
O

llle]

(b) Assign the configuration of the chiral center in the product.

(c) Does this SN2 process proceed with inversion of configuration?
Explain.

7.55 The following reaction gives a product with the molecular for-
mula C4HgO,. Draw the structure of the product.

Br

N0 B T . [CHO, + 2NaBr

7.56  Each of the following compounds can be prepared with an alkyl
iodide and a suitable nucleophile. In each case, identify the alkyl iodide
and the nucleophile that you would use.

(a) ~ > OH ©) 0

)Q’CN \)\
(© (d) SH

7.57 Below are two potential methods for preparing the same ether,
but only one of them is successful. Identify the successful approach and

explain your choice.
ps K
R ——
><ON8
¢}
CHgl ——— >< ™~

7.58 When (R)-3-bromo-2,3-dimethylpentane is treated with sodium
hydroxide, four different alkenes are formed. Draw all four products and
rank them in terms of stability. Which do you expect to be the major
product?

NaOMe

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

7.59 When 3-bromo-2,4-dimethylpentane is treated with sodium
hydroxide (NaOH), only one alkene is formed. Draw the product and
explain why this reaction has only one regiochemical outcome.

7.60 How many different alkenes will be produced when each of the
following substrates is treated with a strong base?

(a) 1-Chloropentane

(b) 2-Chloropentane

(c) 3-Chloropentane

(d) 2-Chloro-2-methylpentane

(e) 3-Chloro-3-methylhexane

7.61  Draw the major product that is obtained when (2S,3S)-2-Bromo-
3-phenylbutane is treated with sodium ethoxide, and explain the

stereochemical outcome of this reaction.

7.62 Predict the stereochemical outcome for each of the following E2
reactions. In each case, draw only the major product of the reaction.

NaOH ?
—_—

7.63 Identify the sole product of the following reaction:

Br
NaOEt

7.64  Predict the major product for each of the following reactions:

/\/Yﬂ)?

(a) Br
/\/Y +-BUOK 9
(b) Br "

7.65 In each of the following cases, draw the structure of an alkyl halide
that will undergo an E2 elimination to yield only the indicated alkene.

0 ? =, o ? e

2= 7

7.66 Draw the transition state for the reaction between tert-butyl
chloride and sodium hydroxide.

7.67 Indicate whether you would use sodium ethoxide or potassium
tert-butoxide to achieve each of the following transformations.

R e



7.68 1-Bromobicyclo[2.2.2]octane does not undergo an E2 reaction
when treated with a strong base. Explain why not.

7.69 Explain why the following reaction yields the Hofmann product
exclusively (no Zaitsev product at all) even though the base is not steri-

cally hindered:
) =)
NaOEt
—_—
EtOH

7.70 Draw a plausible mechanism for each of the following transfor-

mations:
OH
()L conc. HySO, (jl/
_—
heat
(@)
conc. H,SO,
_—
heat

7.71  When the following optically active alcohol is treated with HBr,
a racemic mixture of alkyl bromides is obtained. Draw a mechanism for
this process, and explain the stereochemical outcome.

Br
+ Hy0

Racemic mixture

7.72 |dentify the reagents you would use to achieve each of the
following transformations:

)
K, — X,

(c)

SH

Cl
(d)\)\ - \/\

7.73 Predict which of the following substrates will undergo a solvoly-
sis reaction more quickly. Explain your choice.
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7.74 (5)-1-Bromo-1,2-diphenylethane reacts with a strong base to
produce cis-stilbene and trans-stilbene:

trans-Stilbene cis-Stilbene

(major product)

(a) This reaction is stereoselective, and the major product is trans-
stilbene. Explain why the trans isomer is the predominant product. To
do so, draw the Newman projections that lead to formation of each
product and compare their stability.

(b) When (R)-1-bromo-1,2-diphenylethane is used as the starting sub-
strate, the stereochemical outcome does not change. That is, trans-
stilbene is still the major product. Explain.

7.75 Therearetwo stereoisomers of 1-tert-butyl-4-chloro-cyclohexane.
One of these isomers reacts with sodium ethoxide in an E2 reaction
that is 500 times faster than the reaction of the other isomer. Identify
the isomer that reacts faster, and explain the difference in rate for these
two isomers.

7.76 Substitution vs. Elimination: ldentify the major and minor
product(s) for each of the following reactions:

Cl

t-BuOK NaOH
@) )\/ ul ? ©) /\/\CI ?
Br Br
NaOEt NaOEt
(c) /k/ ? (d) >§/ ?
Br
X NaOEt 9
| EtOH n
(&) NF
NaOEt
EE:OH ?
\>z/ t-BuOK ? \>z/ NaOMe 9
(@ = (h =
OH
cl conc. HySO4
H NaOH 9 Heat ?
M > - 0
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7.77 Predict the major product for each of the following reactions.

Cl

a N, ?
o /k/ NaSH ? o Br H

I Br
NaOH 9 H,0 9
—_ —_—
Hy0 I~ heat n

Br
+-BuOK ? /\)Q r\'t/zlaeoonf_'e ?
(e) U]
Br
M o D
u
(9)

INTEGRATED PROBLEMS

7.80 When the following ester is treated with lithium iodide in DMF, a
carboxylate ion is obtained:

o} o}

LiI
%O/\ o> %J\OO Li® n /\I

(a) Draw a plausible mechanism for this reaction.

(b) When a methyl ester is used as the substrate (instead of an ethyl
ester), as shown below, the reaction occurs ten times faster. Explain the

increase in rate.
L|I

7.81 When (1R,2R)-2-bromocyclohexanol is treated with a strong base,
an epoxide (cyclic ether) is formed. Suggest a mechanism for formation

of the epoxide:
OH
O/ Strong base OO
“Br

An epoxide
7.82 When butyl bromide is treated with sodium iodide in ethanol,
the concentration of iodide quickly decreases, but then slowly
returns to its original concentration. Identify the major product of
the reaction.

7.83  The following compound can react rapidly via an Sy1 process.
Explain why this primary substrate will undergo an S\1 reaction so

rapidly.
Mg

S

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

7.78 Consider the following substitution reaction:
Br CN

PN

DMSO
(a) Determine whether this reaction proceeds via an SN2 or Sy1
process, and draw a complete mechanism.

NaBr

(b) What is the expected rate equation for this process?
(c) Would the process occur at a faster rate if the concentration of
cyanide was doubled?

(d) Draw an energy diagram for this process.

7.79 When 2-bromo-2-methylhexane is treated with sodium ethoxide
in ethanol, the major product is 2-methyl-2-hexene.

(a) Draw a mechanism for this process.
(b) What is the expected rate equation for this process?

(c) What would happen to the rate if the concentration of base was
doubled?

(d) Draw an energy diagram for this process.

(e) Draw the transition state for this process.

7.84 Consider the reaction below. The rate of this reaction is mark-
edly increased if a small amount of sodium iodide is added to the reac-
tion mixture. The sodium iodide is not consumed by the reaction and
is therefore considered to be a catalyst. Explain how the presence of
iodide can speed up the rate of the reaction.

NaCN

/\/\/\CI DMSO /\/\/\CN

7.85 Propose a mechanism of formation for each of the following
products:

e

7.86 When a new synthetic method is developed, it is applied to a
series of compounds to explore its utility. 4-Fluorophenylacetonitrile
was used as a substrate in a synthetic methodology research pa|oer.12
Provide a synthesis for 4-fluorophenylacetonitrile using an S\2 reaction.
Begin with a retrosynthesis of the target molecule.

F@—CHZCN

4-Fluorophenylacetonitrile

7.87 Control of stereochemistry is always an important consideration
when designing a synthesis. Several techniques exist to invert the ste-
reochemistry of secondary alcohols, and a newly developed method was



used in the example shown below."* Provide reagents that can be used
to convert the given starting material into the desired product. Recall
that when planning a synthesis, it may be helpful to begin with a retro-
synthesis of the target molecule.

O £ 3O,

7.88 When you look up thermodynamic values in a table, such
as bond dissociation energies or heats of combustion, did you ever
wonder where all the numbers come from? You can thank the physical
organic chemists whose research involves studying chemical reactions.
The ether shown below was used in a study to determine activation
energies.'* Provide TWO different syntheses for this ether, using two
different, logical positions for bond formation. Then, identify which syn-
thesis is likely to be more efficient.

/\><OCH3

7.89 The following reaction sequence was part of a stereocontrolled
synthesis of cyoctol,’® used in the treatment of male pattern bald-
ness. The third step in this process employs an uncharged nucleophile,
affording an ion pair as the product (anion and cation).

(a) Draw the product of the reaction sequence, and describe the fac-
tors that make the third step favorable.

(b) Suggest a reason (a function) for the second step of this process.

(- +O)

7.90 Upon treatment with a strong base (such as NaOH), 2-naphthol
(compound 1) is converted to its conjugate base (anion 2), which is
then further converted into compound 3 upon treatment with butyl
iodide."®

(a) Draw the structure of 2, including a mechanism for its formation,
and justify why hydroxide is a sufficiently strong base to achieve the
conversion of 1 to 2.

OMe 1) TsCl, pyridine 9

\/k/\ 2) Nt
2Nl
OH 3 B =

) P.
Ph” | “Ph | heat
Ph

(b) Draw the structure of 3, including a mechanism for its formation.

OH
Neow, , L

1

7.91  Bromotriphenylmethane (compound 1) can be converted to 2a
or 2b or 2c upon treatment with the appropriate nucleophile.17

(a) Draw a mechanism for the conversion of 1 to 2b.

(b) In all three cases, conversion of 1 to 2 is observed to be nearly
instantaneous (the reaction occurs extremely rapidly). Justify this
observation with any drawings that you feel are necessary.

Ph o Ph
Ph% Br g Ph% OR

Ph Pn:§@ Ph 2
1 2a: R=H

2b: R=CH,
2¢: R = CH,CH,
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7.92 Pladienolide B is a macrocyclic (large ring) natural product
isolated from an engineered strain of the bacterium Streptomyces
platensis. An enantioselective, 31-step synthesis of it was reported18
in 2012—an improvement over a previously reported 59-step
approach.

o

OH

(a) Identify the trisubstituted 7 bond and determine whether it has the
E or Z configuration.

(b) How many total stereoisomers are possible for pladienolide B?
(c) Draw the enantiomer of pladienolide B.

(d) Draw the diastereomer that is identical to pladienolide B except for
the configuration of each of the chiral centers directly connected to an
ester oxygen.

(e) Draw the diastereomer that is identical to pladienolide B except
for the configuration of the disubstituted 7 bond that is outside of
the ring.

7.93 The following is intended for students who have
already covered IR spectroscopy (Chapter 14):

(a) Consider the figure shown in Problem 7.90. Compound 3 is most
easily purified via recrystallization in water. As such, the product would
have to be thoroughly dried in order to utilize IR spectral analysis to
verify the conversion of 1 to 3. Explain why a wet sample would inter-
fere with the utility of IR spectral analysis in this case, and explain how
you would use IR spectral analysis to verify complete conversion of 1
to 3, assuming the product was properly dried.

(b) Consider the figure shown in Problem 7.91. IR spectroscopy is a
great tool for monitoring the conversion of 1 to 2a, while other forms
of spectroscopy will be better suited for monitoring the conversion of
1-2b or 1-2c. Explain.

7.94  Thienamycin is a potent antibacterial agent isolated from the fer-
mentation broth of the soil microorganism, Streptomyces cattleya. The
following Sn2 process was utilized in a synthesis of thienamycin.'? Draw
the product of this process (compound 3).

Me,Si O
N

Li
%\ Sn2 3
+ S SiMe;, —— —
LS
2

7.95 The optically pure octyl sulfonate shown below was treated
with varying mixtures of water and dioxane, and the optical purity
of the resulting product (2-octanol) was found to vary with the ratio
of water to dioxane,?° as shown in the following table. As indicated
by the data, the optical purity of the product is highest (100%) when
the reaction is performed in the absence of dioxane. With dioxane
present, (R)-2-octanol is also formed (retention of configuration).
The formation of (R)-2-octanol can be attributed to two successive
SN2 reactions, the first of which involves dioxane functioning as a
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nucleophile. Draw a complete mechanism for formation of (R)-2-
octanol in the presence of dioxane.

O%S/OR ¢ 0
NS
7N
o 0 (dioxane) ?H
M H0 /-\/\/\/

(R)-2-Octyl sulfonate
(optically pure)

(S)-2-Octanol

Solvent ratio  Optical purity of
(water : dioxane) (S)-2-octanol

25:75 77%
50:50 88%
75:25 95%
100:0 100%

7.96 Cyclopropyl chloride (1) cannot generally be converted into
cyclopropanol (4) through a direct substitution reaction, because unde-
sired, ring-opening reactions occur. The following represents an alter-
native method for preparing cyclopropanol.z‘I

K

HE) _—

Vo V‘JTL

(a) Compound 2 is a powerful nucleophile, and for our purposes,
we will treat MgCI™ as a counterion. The transformation of 2 into 3
is accomplished via an Sy2-type process. Draw a mechanism for this
process and identify the leaving group.

2

(b) Explain why the conversion of 2 to 3 is an irreversible process.

(c) Under aqueous acidic conditions, 3 can be converted into 4 either
via an Sy1 process or via an Sy2 process. Draw a complete mechanism
for each of these pathways.

(d) During conversion of 3 to 4, another alcohol (ROH) is formed as a
by-product. Draw the structure of this alcohol.

7.97 Compound 1 is observed to undergo debromination upon treat-
ment with DMF to afford an alkene. The E-isomer (compound 2) is obtained
exclusively (none of the Z-isomer is observed). A concerted mechanism

(shown below) has been refuted by the observation that diastereomers of
F22

1 also afford the E-isomer exclusively when treated with DM

CHALLENGE PROBLEMS

7.102 Compound 1 was prepared during a recent synthesis of
1-deoxynojirimycin,?* a compound with application to HIV chemother-
apy. Upon formation, compound 1 rapidly undergoes ring contraction in
the presence of chloride ion to form compound 2. Propose a plausible
mechanism that includes a justification for the stereochemical outcome.
(Hint: Consider the role of anchimeric assistance, as described in the
Medically Speaking box entitled “Pharmacology and Drug Design.”)

Alkyl Halides: Nucleophilic Substitution and Elimination Reactions

(@) Explain why the mechanism shown is inconsistent with this observation.

(b) Classify this reaction as stereoselective or stereospecific, and
explain your choice.

7.98 The following sequence of reactions was performed during a
synthesis of (+)-coronafacic acid,”® a key component in the plant toxin
coronatine. Predict the product of this reaction sequence, and justify
the regiochemical outcome of the second reaction.

(0}
’ 10 pre, )
1) TsCl, pyridine
—_—
. 2) DBU ]
Y~ "OH
CO,CH,4

Problems 7.99-7.101 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

7.99 For the following substitution reaction, which statement is
FALSE?

NaOH

NN T SN o

(a) The process is bimolecular.

(b) Increasing the concentration of hydroxide will cause an increase in
the rate of reaction.

(c) The use of a polar aprotic solvent will enhance the rate.

(d) The reaction proceeds via a carbocation intermediate.

7.100 Which is the major product of this reaction?

Br

A e ?

(C)/_\

7.101  Which of the following can be used to make 1-butene?

(b) & > d) X

OH
NaOH conc. HySO,
/\/\ — > )\/ >
(a) Cl (b) Heat

OTs

NaOCH4
(d) )\/

1) TsCl, py
_—
2) t-BuOK

9 > on

N\
1 CHyPh



7.103 Halogenated derivatives of toluene will undergo hydrolysis via
an Sy1 process:

The rate of hydrolysis is dependent on two main factors: 1) the stability
of the leaving group, and 2) the stability of the intermediate carboca-
tion. The following are rates of hydrolysis (X 10%min) for halogenated

derivatives of toluene at 30°C in 50% aqueous acetone:?’
Z=H Z=Cl Z = Br
X=H,Y=Cl 0.22 2.21 31.1
X=Cl,Y=Cl 2.21 110.5 2122
X =Br, Y =Br 6.85 1803 1131

Using these data, answer the following questions:

(@) Using Table 7.1, determine whether chloride or bromide is the bet-
ter leaving group, and explain your choice. Then, determine whether
the hydrolysis data support your choice. Explain.

(b) Determine whether a carbocation is stabilized by an adjacent
chloro group (i.e., a chlorine atom attached directly to C+). Justify
your choice by drawing resonance structures for the carbocation.

(c) Determine whether a carbocation is stabilized by an adjacent
bromo group (i.e., a bromine atom attached directly to C+). Justify
your choice by drawing resonance structures for the carbocation.

(d) Determine whether a carbocation is more greatly stabilized by an
adjacent chloro group or an adjacent bromo group.

(e) For these hydrolysis reactions, determine which factor is more
important in determining the rate of hydrolysis: the stability of the
leaving group or the stability of the carbocation. Explain your choice.

7.104 Biotin (compound 4) is an essential vitamin that plays a vital
role in several important physiological processes. A total synthesis of
biotin,?¢ developed by scientists at Hoffmann-La Roche, involved the
preparation of compound 1. Conversion of 1 to 4 required removal
of the OH group, which was achieved in several steps. First, the OH

SOCl,
pyridine
O
HO
H N H
i B § Cl
N 1y, \ N Ty,
O=< CS «— O=<
N e N A
/ /
H 4 H 3

group was replaced with Cl by treating 1 with SOCI; to give 3. The
conversion of 1 to 3 is believed to proceed via intermediate 2, which
has an excellent leaving group (SO,Cl). Ejection of this leaving group
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causes the liberation of SO, gas and a chloride ion, which can occur if
2 is attacked by a chloride ion in an S\2 reaction. As such, we expect
the transformation of 2 to 3 to proceed via inversion of configura-
tion. However, X-ray crystallographic analysis of compound 3 revealed
that the transformation occurred with a net retention of configura-
tion, as shown. Propose a mechanism that explains this curious result.
(Hint: Consider the role of anchimeric assistance, as described in the
Medically Speaking box entitled “Pharmacology and Drug Design.”)

7.105 Steroids (covered in Chapter 26) and their derivatives are
among the most widely used therapeutic agents. They are used in
birth control, hormone replacement therapy, and in the treatment
of inflammatory conditions and cancer. New steroid derivatives are
discovered regularly by systematically modifying the structure of
known steroids and testing the resulting derivatives for therapeu-
tic properties. As part of a synthetic strategy for preparing a class
of promising steroid derivatives,”” compound 1a was treated with
TsCl and pyridine, followed by sodium acetate (CH3CO,Na) to give
compound 2a.

ia: R=R'=H
ib: R=H;R' =D

o ic: R=D;R' =H

(a) Sodium acetate functions as a base in this instance. Draw the
structure of 2a.

(b) If 1b or 1c were treated with TsCl and pyridine, followed by sodium
acetate, 2b or 2c would be produced, respectively. Identify which prod-
uct (2b or 2c¢) is expected to contain deuterium, and justify your choice.

7.106 When 2-iodobutane is treated with a variety of bases in DMSO
at 50°C, the percentage of 1-butene formed among total butenes is
found to be dependent on the choice of base, as seen in the chart

below.?®

% 1-BUTENE

NAME OF BASE STRUCTURE OF BASE ! (IN TOTAL BUTENES)

: o !
Potassium : :
benzoate : ®_< i /-2

| OK |
Potassigm i @—OK : 1.4
phenoxide

TSodium 2,2,2- | o

trifluoroethoxide ! NaOCH,CFs 158
Sodium ethoxide NaOEt 17.1

(a) Identify the trend observed by comparing the basicity of the bases,
and then describe the correlation between reactivity (base strength)
and selectivity (specifically regioselectivity).

(b) The pK, of 4-nitrophenol is 7.1. Based on the trend in the previ-
ous part of this problem, provide an estimate for the percentage

of 1-butene that is expected if 2-iodobutane is treated with the
conjugate base of 4-nitrophenol in DMSO at 50°C.
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Of Al ke n e S ~_ 8.1 Introduction to Addition Reactions
Ikenes in Nature and in Industry
. Addition vs. Elimination: A
DID YOU EVER WONDER... ~._Thermodynamic Perspective

what Styrofoam is and how it is made?

Packing peanuts, coffee cups, and coolers are made from a .
material that most people erroneously refer to as Styrofoam.

Hydrohalogenation
Acid-Catalyzed Hydration

6 Oxymercuration-Demercuration
3.7 Hydroboration-Oxidation

8.8 Catalytic Hydrogenation f
8.9 Halo.g_'e tion and Halohydrin Formatio X

Styrofoam, a trademark of the Dow Chemical Company, is a blue
product that is used primarily in the production of building materi-
als for insulating walls, roofs, and foundations. No coffee cups, pack- ¢ 8.10  Anti Dihydroxylation ‘

v
| B8 ative Cleavage 4
| ",
3.18 "Predicting the Products of
an ition Reaction :

ing peanuts, or coolers are made from Styrofoam. Instead, they are
made from a similar material called foamed polystyrene. Polystyrene
is a polymer that can be prepared either in a rigid form or as a foam.

The rigid form is used in the production of computer housings, CD
and DVD cases, and disposable cutlery, while foamed polystyrene is

used in the production of foam coffee cups and packaging materials. *
:: = '_,Polystyrene is made by polymerizing styrene via a type of reaction

called an addition reaction. This chapter will explore many different

“types of addition reactions. In the course of our discussion, we will
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

e Energy Diagrams (Sections 6.5, 6.6) * Nucleophiles and Electrophiles (Section 6.7)
e Arrow Pushing and Carbocation
Rearrangements (Sections 6.8-6.11)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

8.1 Introduction to Addition Reactions

In the previous chapter, we learned how to prepare alkenes via elimination reactions. In this chapter,
we will explore addition reactions, common reactions of alkenes, characterized by the addition of
two groups across a double bond. In the process, the pi () bond is broken:

J— Addition of X Y
> < Xand Y >_%

Some addition reactions have special names that indicate the identity of the two groups that
were added. Several examples are listed in Table 8.1.

TABLE 8.1 SOME COMMON TYPES OF ADDITION REACTIONS

TYPE OF ADDITION REACTION | NAME ! SECTION

| Hydrohalogenation
— Addition of H X
_—
Hand X

X =Cl,Br,orl)

X

X

Addition of  HO OH
OH and OH

Many different addition reactions are observed for alkenes, enabling them to serve as synthetic

. Hydration l 8.7
> — < Addition of H>_%OH : :
H and OH | i

. Hydrogenation l 8.8
> — < Addition of H>_%H ! ‘
—_— 1 1
Hand H | i

| Halogenation | 8.9
> _ < Addition of X>_%x ' (X =ClorBr) }
Xand X 1 |

. Halohydrin formation | 8.9
>_< Addition of HO>_%X ' (X =Cl, Br, or ) ;
OH and X 1 i

. Dihydroxylation . 8.10, 8.11

precursors for a wide variety of functional groups. The versatility of alkenes can be directly attributed
to the reactivity of 7 bonds, which can function either as weak bases or as weak nucleophiles:

As a base >:®HDA SN H>_<® N e
LOOKING BACK

For a review of the subtle
differences between

basicity and nucleophilicity, As a nucleophile >:®E® — E

see Section 7.11.
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The first process illustrates that 7 bonds can be readily protonated, while the second process illus-
trates that 7 bonds can attack electrophilic centers. Both processes will appear many times through-

out this chapter.

8.2 Alkenes in Nature and in Industry

Alkenes are abundant in nature. Here are just a few examples, all acylic compounds (compounds that

do not contain a ring):

(0]
S W W
/\/S\S/\/ X X OH ~ X NS

Allicin
Responsible for
the odor of garlic

Geraniol
Isolated from roses
and used in perfumes

Nature also produces many cyclic, bicyclic, and polycyclic alkenes:

} /
HO

a-Pinene
Isolated from pine resin;
a primary constituent
of turpentine (paint thinner)

S

Limonene
Responsible for the
strong smell of oranges

a-Farnesene

Found in the natural waxy coating

on apple skins

Cholesterol
Produced by all animals;
this compound plays a pivotal role
in many biological processes

Double bonds are also often found in the structures of pheromones. Recall that pheromones are chemi-
cals used by living organisms to trigger specific behavioral responses in other members of the same spe-
cies. For example, alarm pheromones are used to signal danger, while sex pheromones are used to attract
the opposite sex for mating. Below are several examples of pheromones that contain double bonds:

Muscalure
Sex pheromone of the
common housefly

Ectocarpene
A pheromone released by the eggs
of the seaweed Ectocarpus siliculosus
to attract sperm cells

productivity of apple - female to disrupt mating:
orchards is an infestation
of codling moths. A
bad infestation
can destroy
up to 95% of
an apple crop.
A female codling
moth can lay up

W

B-Farnesene
An aphid alarm pheromone

| these pests involves using one of the sex pheromones of the

AN
OH

A sex pheromone of the codling moth

to 100 eggs. Once hatched,
the larvae dig into the apples, where they are
shielded from insecticides. The so-called “worm” in an apple is
generally the larva of a codling moth. One tool for dealing with

This compound is easily produced in a laboratory. It can then be
sprayed in an apple orchard where its presence interferes with
the ability of the male to find the female. The sex pheromone

(2Z,6E)-3-Ethyl-7-methyldeca-2,6-dien-1-ol
. is also used to lure the males into traps, enabling farmers to
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monitor populations and time the use of insecticides to coincide
with the time period during which females are laying eggs,
thereby increasing the efficacy of insecticides.

Current research focuses on new compounds that attract

both males and females. One such example is

effective in controlling codling moth populations
than other compounds. This compound
will potentially allow farmers
to target the females and
their eggs with greater

ethyl (2E,42)-2,4-decadienoate, known as the pear ester:

m
NG o N

Ethyl (2E,42)-2,4-decadienoate
Pear ester

Researchers at the USDA (U.S. Department of Agriculture)
have discovered that the pear ester can be potentially more

precision. One of the
major advantages of
using pheromones

as insecticides is that
they tend to be less
toxic to humans and less
harmful to the environ-
ment.

FIGURE 8.1

Industrially important compounds
produced from ethylene and
propylene. The squiggly lines
(shown in the structures of
polyethylene, polypropylene,
and PVC) are used to indicate
the repeating unit of a polymer.
For example, PVC is comprised
of repeating units, which can
also be drawn in the following
way: —(CH,CHCI),,— where
nis a very large number.

Alkenes are also important precursors in the chemical industry. The two most important industrial
alkenes, ethylene and propylene, are formed from cracking petroleum and are used as starting materi-
als for preparing a wide variety of compounds. Each year, over 200 billion pounds of ethylene and
70 billion pounds of propylene are produced globally and used to make many compounds, including
those shown in Figure 8.1.

Petroleum

A [ 2]
Polyethylene Ethylene Ethanol )\/ / Propylene] ™\
/ Cl_~ \ / \
0 cl (o] Polypropylene Cumene
)k Ethylene > OH o
H dichloride Ethylene )\ P
Acetaldehyde oxide
J{ Isopropyl Propylene
l l alcohol oxide
Z el l l
Q Vinyl HO
)J\ OH chloride ol o OH
. . Ethylene )k HO
Acetic acid Iveol
gly Propylene
Acetone glycol
Cl
A
PVC

(Polyvinyl chloride)

8.3 Addition vs. Elimination: A Thermodynamic Perspective

In many cases, an addition reaction is simply the reverse of an elimination reaction:

>:< + HX H>—%X
AN Elimination S

These two reactions represent an equilibrium that is temperature dependent. Addition is favored

Addition

at low temperature, while elimination is favored at high temperature. To understand the reason for
this temperature dependence, recall that the sign of AG determines whether the equilibrium favors



BY THE WAY

The actual AH for this
reaction, in the gas phase,
has been measured to be
-17 kcal/mol, confirming
that bond strengths are, in
fact, the dominant factor
in determining the sign
and magnitude of AH.

BY THE WAY

Not all addition reactions

are reversible at high
temperature, because in
many cases high temperature
will cause the reactants and/
or products to undergo
thermal degradation.
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reactants or products (Section 6.3). AG must be negative for the equilibrium to favor products. The
sign of AG depends on two terms:

AG = (AH) + (=TAS)
-— -7
Enthalpy term Entropy term

Let’s consider these terms individually, beginning with the enthalpy term (AH). Many factors
contribute to the sign and magnitude of AH, but the dominant factor is generally bond strength.
Compare the bonds broken and formed in an addition reaction:

Ko = a

7 Bond o Bond o Bond o Bond
U /) \ J
Bonds broken Bonds formed

Notice that one 7 bond and one ¢ bond are broken, while two o bonds are formed. Recall from
Section 1.9 that 0 bonds are stronger than 7 bonds, and therefore, the bonds being formed are stron-
ger than the bonds being broken. Consider the following example:

H H HoH
— + H—C — Hﬁ—%”
H T H T H o
63 103 101 84
keal/mol T kcal/mol kcal/mol T  kcal/mol
166 kcal/mol 185 kcal/mol

Bonds broken — bonds formed = 166 kcal/mol — 185 kcal/mol = —19 kcal/mol

The important feature here is that AH has a negative value. In other words, this reaction is exother-
mic, which is generally the case for addition reactions.

Now let’s consider the entropy term — 7" AS. This term will always be positive for an addition
reaction. Why? In an addition reaction, two molecules are joining together to produce one molecule
of product. As described in Section 6.2, this situation represents a decrease in entropy, and AS will
have a negative value. The temperature component, 7 (measured in Kelvin), is always positive. As a
result, —7"AS will be positive for addition reactions.

Now let’s combine the enthalpy and entropy terms. The enthalpy term is negative and the
entropy term is positive, so the sign of AG for an addition reaction will be determined by the com-
petition between these two terms:

AG = (AH) + (=TAS)
N R—

Enthalpy term Entropy term
© ©)

In order for AG to be negative, the enthalpy term must be larger than the entropy term. This
competition between the enthalpy term and the entropy term is temperature dependent. At low tem-
perature, the entropy term is small, and the enthalpy term dominates. As a result, AG will be nega-
tive, which means that products are favored over reactants (the equilibrium constant K will be greater
than 1). In other words, addition reactions are thermodynamically favorable at low temperature.

However, at high temperature, the entropy term will be large and will dominate the enthalpy
term. As a result, AG will be positive, which means that reactants will be favored over products (the
equilibrium constant X will be less than 1). In other words, the reverse process (elimination) will be
thermodynamically favored at high temperature:

Low T
>:< + H—X H>—%X
AN High T e

For this reason, the addition reactions discussed in this chapter are generally performed below room
temperature.
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8.4 Hydrohalogenation

Regioselectivity of Hydrohalogenation

The treatment of alkenes with HX (where X = ClI, Br, or I) results in an addition reaction called
hydrohalogenation, in which H and X are added across the 7 bond:

N / + H—Br ﬂ

(76%) Br

In this example the alkene is symmetrical. However, in cases where the alkene is unsymmetrical,
the ultimate placement of H and X must be considered. In the following example, there are two pos-
sible vinylic positions where X can be installed:

1 1
Vinylic positions Where does X go?

‘This regiochemical issue was investigated over a century ago.

In 1869, Vladimir Markovnikov, a Russian chemist, investigated the addition of HBr across
many different alkenes, and he noticed that the H is generally installed at the vinylic position already
bearing the larger number of hydrogen atoms. For example:

This vinylic position H is installed
currgntly bears no H's here

This vinylic position . H i
currently bears one H NN >_< H—Br H?_% Br

Markovnikov described this regiochemical preference in terms of where the hydrogen atom is ulti-
mately positioned. However, Markovnikov’s observation can alternatively be described in terms of
where the halogen (X) is ultimately positioned. Specifically, the halogen is generally installed ar the
more substituted position:

Br is installed

Less \_ _4 More H 4" here
substituted Y _< e substituted H—Br H Br -

The vinylic position bearing more alkyl groups is more substituted, and that is where the Br is uldi-
mately installed. This regiochemical preference, called Markovnikov addition, is also observed for
addition reactions involving HCI and HI. Reactions that proceed with a regiochemical preference
are said to be regioselective.

Interestingly, attempts to repeat Markovnikov’s observations occasionally met with failure.
In many cases involving the addition of HBr, the observed regioselectivity was, in fact, the
opposite of what was expected—that is, the bromine atom would be installed at the less sub-
stituted carbon, which came to be known as anti-Markovnikov addition. These curious
observations fueled much speculation over the underlying cause, with some researchers even
suggesting that the phases of the moon had an impact on the course of the reaction. Over
time, it was realized that purity of reagents was the critical feature. Specifically, Markovnikov
addition was observed whenever purified reagents were used, while the use of impure reagents
sometimes led to anti-Markovnikov addition. Further investigation revealed the identity of the
impurity that most greatly affected the regioselectivity of the reaction. It was found that alkyl
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peroxides (ROOR), even in trace amounts, would cause HBr to add across an alkene in an
anti-Markovnikov fashion:

H Br
H—Br Anti-Markovnikov
ROOR addition
(95%)

In the following section we will explore Markovnikov addition in more detail and propose a mech-
anism that involves ionic intermediates. In contrast, anti-Markovnikov addition of HBr is known to
proceed via an entirely different mechanism, one involving radical intermediates. This radical pathway
(anti-Markovnikov addition) is efficient for the addition of HBr but not HCI or HI, and the details
of that process will be discussed in Section 10.10. For now, we will simply note that the regiochemical
outcome of HBr addition can be controlled by choosing whether or not to use peroxides:

5

Markovnikov
addition

‘ CONCEPTUAL CHECKPOINT

8.1

HBr
@) \)\/ ?

Draw the expected major product for each of the following reactions:

Br
HBr Anti-Markovnikov
ROOR addition
8.2 Identify the reagents that you would use to achieve

each of the following transformations:

HBr ?

—_—
ROOR =

\)J\/ \)3/
O/ HCI ? @
OO &2 o7
) ROOR =

A Mechanism for Hydrohalogenation

Mechanism 8.1 accounts for the Markovnikov addition of HX to alkenes.

' MECHANISM 8.1 HYDROHALOGENATION

Proton transfer Nucleophilic attack

The alkene is protonated,
forming a carbocation intermediate
and a bromide ion

The bromide ion functions as
a nucleophile and attacks
the carbocation intermediate
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In the first step, the 7 bond of the alkene is pro-
tonated, generating a carbocation intermediate.
Proton transfer In the second step, this intermediate is attacked
by a bromide ion. Figure 8.2 shows an energy
diagram for this two-step process. The observed
regioselectivity for this process can be attributed

Nucleophilic attack

Potential to the first step of the mechanism (proton trans-
energy g .
fer), which is the rate-determining step because
it exhibits a higher transition state energy than
the second step of the mechanism.
FIGURE 8.2
An energy diagram for the two
> steps involved in the addition
Reaction coordinate of HBr across an alkene.
In theory, protonation can occur with either of two regiochemical possibilities. It can either
occur to form the less substituted, secondary carbocation,
/\( , o
— H—%g: — & Hop X
Secondary carbocation
or occur to form the more substituted, tertiary carbocation:
34
X H .
/:< p— >—é + :x:
Tertiary carbocation
Recall that tertiary carbocations are more stable than secondary carbocations, due to hyperconjuga-
tion (Section 6.11). Figure 8.3 shows an energy diagram comparing the two possible pathways for
X
H
! &) Secondary
carbocation
Potential .
energy Transition state for Tertiary
formation of secondary carbocation
carbocation -
X |F
S o
; Transition state for
formation of tertiary
: carbocation
Reaction coordinate
FIGURE 8.3

An energy diagram illustrating the two possible pathways for the first step of hydrohalogenation. One pathway generates a secondary
carbocation, while the other pathway generates a tertiary carbocation.
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8.1 DRAWING A MECHANISM FOR HYDROHALOGENATION

STEP 1

Using two curved
arrows, protonate
the alkene to form
the more stable
carbocation.

STEP 2

Using one curved
arrow, draw the
halide ion attacking
the carbocation.
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the first step of HX addition. The blue curve represents HX addition proceeding via a secondary
carbocation, while the red curve represents HX addition proceeding via a tertiary carbocation. Look
closely at the transition states through which the carbocation intermediates are formed. Recall that
the Hammond postulate (Section 6.6) suggests that each of these transition states has significant
carbocationic character (large 8+). Therefore, the transition state for formation of the tertiary car-
bocation will be significantly lower in energy than the transition state for formation of the secondary
carbocation. The energy barrier for formation of the tertiary carbocation will be smaller than the
energy barrier for formation of the secondary carbocation, and as a result, the reaction will proceed
more rapidly via the more stable carbocation intermediate. The proposed mechanism therefore pro-
vides a theoretical explanation (based on first principles) for the regioselectivity that Markovnikov
observed. Specifically, the regioselectivity of an ionic addition reaction is determined by the preference for
the reaction to proceed through the more stable intermediate.

o LEARN the skill Draw a mechanism for the following transformation:

Seet

Cl

‘ SOLUTION
In this reaction, a hydrogen atom and a halogen are added across an alkene. The halogen
(Cl) is ultimately positioned at the more substituted carbon, which suggests that this reaction
takes place via an ionic mechanism (Markovnikov addition). The ionic mechanism for hydro-
halogenation has two steps: (1) protonation of the alkene to form the more stable carboca-
tion and (2) nucleophilic attack. Each step must be drawn precisely.
When drawing the first step of the mechanism (protonation), make sure to use two

curved arrows:
ﬁHL\élz .0
| = + :(_D_I:

One curved arrow is drawn with its tail on the 7 bond and its head on the proton. The second
curved arrow is drawn with its tail on the H—CI bond and its head on the ClI.

When drawing the second step of the mechanism (nucleophilic attack), only one curved
arrow is needed. The chloride ion, formed in the previous step, functions as a nucleophile

and attacks the carbocation:
O£ CL
:Cl:

O PRACTICE the skill 8.3 Draw a mechanism for each of the following transformations:

Br
HBr Cl
(T = U =
(c)
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APPLY the skill

8.4 The bicyclo[3.1.0]hexane ring system, highlighted in compound 3, is found in several natu-
ral products, including sabinene, a compound partially responsible for the flavor of ground
black pepper. One method for preparing this ring system involves the conversion of compound
1 to compound 2, as shown below.” Draw the structure of compound 2 and provide a reasonable
mechanism for its formation.

Excess Two
HCI steps
OCH3 ——— Compound2 — (0]
CgH,4CIL,0
Compound 1 Compound 3

need more PRACTICE? Try Problems 8.44c, 8.61, 8.64

FIGURE 8.4

In the second step of
hydrohalogenation, the
carbocation intermediate is
planar and can be attacked
from either face, leading
to a pair of mirror-image
products (enantiomers).

Stereochemistry of Hydrohalogenation

In many cases, hydrohalogenation involves the formation of a chiral center; for example:

/Y\ “~~JChiral center

Cl

o~ o

In this reaction, one new chiral center is formed. Therefore, two possible products are expected,
representing a pair of enantiomers:

¢ S

Quuere

Cl

The two enantiomers are produced in equal amounts (a racemic mixture). This stereochemical outcome
can also be explained by the proposed mechanism, which identifies the key intermediate as a carbocation.
Recall that a carbocation is trigonal planar, with an empty p orbital orthogonal to the plane. This empty p
orbital is subject to attack by a nucleophile from either side (the lobe above the plane or the lobe below the
plane), as seen in Figure 8.4. Both faces of the plane can be attacked with equal likelihood, and therefore,
both enantiomers are produced in equal amounts.

X

C-eontlll R2

~

R

1

Mirror plane

R

\\\\\ 2
R S
1\C ]l R

3

x
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CONCEPTUAL CHECKPOINT

8.5 Predict the products for each of the following reactions. Note: in some cases, the reaction produces a new chiral center, while in other
cases, no new chiral center is formed.

o LS /\)\/\ HCl —/ _HBr,
X

(@)
u HCI HCl

(@) (@) 2\/ ? M- ?
Hydrohalogenation with Carbocation Rearrangements
In Section 6.11, we discussed the stability of carbocations and their ability to rearrange via either
a methyl shift or a hydride shift. The problems in that section focused on predicting when and
how carbocations rearrange. That skill will be essential now, because the mechanism for HX
addition involves formation of an intermediate carbocation. Therefore, HX additions are subject
to carbocation rearrangements. Consider the following example, in which the 7 bond is proton-

ated to generate the more stable, secondary carbocation, rather than the less stable, primary
carbocation:

As we might expect, this carbocation can be captured by a chloride ion. However, it is also pos-
sible for this secondary carbocation to rearrange before encountering a chloride ion. Specifically,
a hydride shift will produce a more stable, tertiary carbocation, which can then be captured by a
chloride ion:

Secondary Tertiary

In cases where rearrangements are possible, HX additions produce a mixture of products, including
those resulting from a carbocation rearrangement as well as those formed without rearrangement:

Rearrangement
product
\)\ n=e \H\ + \k
Cl
Cl 40% 60%

The product ratio shown above (40 : 60) can be moderately affected by altering the concentration of
HCI, but a mixture of products is unavoidable. The bottom line is: When carbocation rearrangements
can occur, they do occur. As a result, HX addition is only synthetically useful in situations where car-
bocation rearrangements are not possible.
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8.2 DRAWING A MECHANISM FOR A HYDROHALOGENATION PROCESS WITH A CARBOCATION

STEP 1

Using two curved
arrows, protonate
the alkene to form
the more stable
carbocation.

STEP 2

Using one curved
arrow, draw the
carbocation
rearrangement.

STEP 3
Using one curved

arrow, draw the halide

D\
Y

()

S

jon attacking the
carbocation.

REARRANGEMENT
)
/ LEARN the skill Draw a mechanism for the following transformation:
) Cl
Q< Dilute HCI %
SOLUTION

The reaction is a hydrohalogenation. However, this product is not the expected product from
a simple addition. Rather, the carbon skeleton of the product is different from the carbon
skeleton of the reactant, and therefore, a carbocation rearrangement is likely.

In the first step, the alkene is protonated to form the more stable carbocation (second-
ary rather than primary):

:Cl:

‘_‘>

H O

\—/\>< e \>< + :(._‘,_I:
@

Now look to see if a carbocation rearrangement is possible. In this case, a methyl shift can
produce a more stable, tertiary carbocation:

o=k

Secondary Tertiary

Finally, the chloride ion attacks the tertiary carbocation to give the product:

KB

PRACTICE the skill 8.6 Draw a mechanism for each of the following transformations:

Br Cl
® Dilute O/\ )f/ Dilute  Br Dilute
HBr “HBr )C “HCI
(a) (b) (c)

APPLY the skill

8.7 Carbocation rearrangements during hydrohalogenation reactions can involve shifts of
carbon atoms other than a methyl group. For example, the addition of HBr to compound 1
leads to carbocation 2, which rearranges to
carbocation 3, before being converted into
compound 4 in 95% yield.?

(a) Provide curved arrows to complete the
mechanism shown.

(b) Notice that this process involves the
rearrangement of a tertiary carbocation
to give a secondary carbocation; never-
theless, the reaction occurs in high yield.
Suggest a reason why the rearrangement
is favorable.

need more PRACTICE? Try Problems 8.44d, 8.72, 8.76



@ Practically Speaking Cationic Polymerization and Polystyrene

Polymers were first introduced in Chapter 4, and discussions of
polymers appear throughout the book. We saw that polymers
are large molecules formed by the joining of monomers. More
than 200 billion pounds of synthetic organic polymers are
produced in the United States every year. They are used in a
variety of applications, including automobile tires, carpet fibers,
clothing, plumbing pipes, plastic squeeze bottles, cups, plates,
cutlery, computers, pens, televisions, radios, CDs and DVDs,
paint, and toys. Our society has clearly become dependent on
polymers.

Synthetic organic polymers are commonly formed via one
of three possible mechanistic pathways: radical polymerization,
anionic polymerization, or cationic polymerization. Radical
polymerization will be discussed in Chapter 10 and anionic
polymerization will be discussed in Chapter 27. In this section,
we will briefly introduce cationic polymerization.

The first step of cationic polymerization is similar to
the first step of hydrohalogenation. Specifically, an alkene is
protonated in the presence of an acid to produce a carbocation
intermediate. The most commonly used acid catalyst for cationic
polymerization is formed by treating BF3 with water:

R
F o H
|/?/0\H ol v/f\/
_BL F—B—0: ———>
F F [ O
F H

J,

Acid catalyst

In the absence of halide ions, hydrohalogenation cannot

occur. Instead, the carbocation intermediate must react with a
nucleophile other than a halide ion. Under these conditions, the
only nucleophile present in abundance is the starting alkene,
which can attack the carbocation to form a new carbocation.
This process repeats itself, adding one monomer at a time; for
example:

—_—

R
R ) R R
= ]
® ®
R
J/
R R R
Polymer «—«—«— )\/K)@

For monomers that undergo cationic polymerization, the
process is terminated when the carbocation intermediate is
deprotonated by a base or attacked by a nucleophile other than
an alkene (such as water).

Many alkenes polymerize readily via cationic polymerization,
making possible the production of a wide range of polymers
with varying properties and applications. For example,
polystyrene (mentioned in the chapter opener) can be prepared
via cationic polymerization:
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{J/\Y.R/]/.
12 R A 2 o YoV

=)

Ph P

Iy
J!

1
Ph Ph Ph Ph Ph Ph Ph Ph Ph
\/K/K/K/K)\)\ T W
| | :

Polystyrene

Ph
(PN, 5
U

Styrene

The resulting polymer is a rigid plastic that can be heated,
molded into a desired shape, and then cooled again. This
feature makes polystyrene ideal in the production of a variety
of plastic items, including plastic cutlery, toy pieces, CD jewel
cases, computer housings, radios, and televisions. In the early
1940s, an accidental discovery led to the development of
Styrofoam, which is also made from polystyrene. Ray Mclntire,
working for the Dow Chemical Company, was searching for

a polymeric material that could serve as a flexible electrical
insulator. His research efforts led to the discovery of a type of
foamed polystyrene, which is comprised of approximately 95%
air and is therefore much lighter (per unit volume) than regular
polystyrene. This new material was found to have many useful
physical properties. In particular, foamed polystyrene was found
to be moisture resistant, unsinkable, and a poor conductor

of heat (and therefore an excellent insulator). Dow called its
material Styrofoam and has continuously improved the method
of its production over the last half of a century. Coffee cups,
coolers, and packing materials are also made from foamed
polystyrene, but the method of preparation is not the same as
the process used by Dow, and as a result, the properties are not
exactly the same as the properties of Styrofoam.

Foamed polystyrene is generally prepared by heating
polystyrene and then using hot gases, called blowing agents,
to expand the polystyrene into a foam. In the past, CFCs
(chlorofluorocarbons) were primarily used as blowing agents,
but they are no longer in use because of their suspected role
in destroying the ozone layer. The alternative blowing agents
currently in use are safer for the environment.

Py awes
s Ny NN
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8.5 Acid-Catalyzed Hydration

The next few sections discuss three methods for adding water (H and OH) across a double bond,
a process called hydration. The first two methods provide Markovnikov additions, while the third
method provides an anti-Markovnikov addition. In this section, we will explore the first of these
three reactions.

Experimental Observations

Addition of water across a double bond in the presence of an acid is called acid-catalyzed hydra-
tion. For most simple alkenes, this reaction proceeds via a Markovnikov addition, as shown. The net
result is an addition of H and OH across the 7 bond, with the OH group positioned at the more

substituted carbon:
N
_ < HzO </ OH

(90%)

+ .
The reagent, H;O", represents the presence of both water (H,O) and an acid source, such as
& 3 P p 2
sulfuric acid. These conditions can be shown in the following way:

_< + ho [H,80,] < _OH

where the brackets indicate that the proton source is not consumed in the reaction. It is a catalyst,
and, therefore, this reaction is said to be an acid-catalyzed hydration.

The rate of acid-catalyzed hydration is very much dependent on the structure of the starting
alkene. Compare the relative rates of the following three reactions and analyze the effects of an alkyl
substituent on the relative rate of each reaction:

Relative rate

= HOT  HO - 1
\/ HsO" 108
OH
\K H3—O+) >( 10M
OH

With each additional alkyl group, the reaction rate increases by many orders of magnitude. Also notice
that the OH group is installed at the more substituted position. These observations can be justified
with a mechanism that involves a carbocation intermediate (Mechanism 8.2), as we will now explore:

.
“¢  MECHANISM 8.2 ACID-CATALYZED HYDRATION

Proton transfer

G
A\

The alkene is protonated,
forming a carbocation
intermediate.

I

Nucleophilic attack Proton transfer

HL/\

- H =

0 O. H e} HO: H
@: /\H/ \H %—< H/ \H %—<

Water functions as a
base and deprotonates
the oxonium ion,
yielding the product.

Water functions
Carbocation as a nucleophile and attacks

the carbocation intermediate. Oxonium ion



LOOKING AHEAD

A proposed mechanism must
always be consistent with the
stated conditions, as we see
here with the use of H,O in
acidic conditions rather than
hydroxide for the last step of
the mechanism. This principle
will appear many more

times throughout this text.
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Mechanism and Source of Regioselectivity

Mechanism 8.2 is consistent with the observed regiochemical preference for Markovnikov addition
as well as the effect of alkene structure on the rate of the reaction.

The first two steps of this mechanism are virtually identical to the mechanism we proposed for
hydrohalogenation. Specifically, the alkene is first protonated to generate a carbocation intermediate,
which is then attacked by a nucleophile. However, in this case, the attacking nucleophile is neutral
(H,0) rather than an anion (X™), and therefore, a charged intermediate is generated as a result of
nucleophilic attack. This intermediate is called an oxonium ion, because it exhibits an oxygen atom
with a positive charge. In order to remove this charge and form an electrically neutral product, the
mechanism must conclude with a proton transfer. Notice that the base shown deprotonating the oxo-
nium ion is H,O rather than a hydroxide ion (HO ). Why? In acidic conditions, the concentration
of hydroxide ions is negligible, but the concentration of H,O is quite large.

The proposed mechanism is consistent with the experimental observations discussed earlier in
this section. The reaction proceeds via a Markovnikov addition, just as we saw for hydrohalogena-
tion, because there is a strong preference for the reaction to proceed via the more stable carbocation
intermediate. Similarly, reaction rates for substituted alkenes can be justified by comparing the car-
bocation intermediates in each case. Reactions that proceed via tertiary carbocations will generally
occur more rapidly than reactions that proceed via secondary carbocations.

CONCEPTUAL CHECKPOINT

8.8 In each of the following cases, identify the alkene that is expected to be more reactive toward acid-catalyzed hydration.

\N__/ or
(a) :>: (b) 2-Methyl-2-butene or 3-methyl-1-butene

LOOKING BACK
Acid-catalyzed dehydration
was first discussed

in Section 7.12.

Controlling the Position of Equilibrium

Carefully examine the proposed mechanism for acid-catalyzed hydration. Notice the equilibrium
arrows (== rather than — ). These arrows indicate that the reaction actually goes in both direc-
tions. Consider the reverse path (starting from the alcohol and ending with the alkene). That process
is an elimination reaction in which an alcohol is converted into an alkene. More specifically, it is an
E1 process called acid-catalyzed dehydration. The truth is that most reactions represent equilibrium
processes; however, organic chemists generally draw equilibrium arrows only in situations where the
equilibrium can be easily manipulated (allowing for control over the product distribution). Acid-
catalyzed dehydration is an excellent example of such a reaction.

Earlier in this chapter, thermodynamic arguments were presented to explain why low tem-
perature favors addition, while high temperature favors elimination. For acid-catalyzed dehydra-
tion, there is yet another way to control the equilibrium. The equilibrium is sensitive not only
to temperature but also to the concentration of water that is present. By controlling the amount
of water present (using either concentrated acid or dilute acid), one side of the equilibrium can
be favored over the other:

Dilute H,SO,

" (more H,0) ™
HO

>ﬂ+Hzo S

~._ Conc.H,S0, ~

(less H,0)

Control over this equilibrium derives from an understanding of Le Chételier’s principle,
which states that a system at equilibrium will adjust in order to minimize any stress placed on
the system. To understand how this principle applies, consider the above process after equilib-
rium has been established. Notice that water is on the left side of the reaction. How would the
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introduction of more water affect the system? The concentrations would no longer be at equilib-
rium, and the system would have to adjust to reestablish new equilibrium concentrations. The
introduction of more water will cause the position of equilibrium to move in such a way that
more of the alcohol is produced. Therefore, dilute acid (which is mostly water) is used to convert
an alkene into an alcohol. On the flip side, removing water from the system would cause the
equilibrium to favor the alkene. Therefore, concentrated acid (very little water) is used to favor
formation of the alkene. Alternatively, water can also be removed from the system via a distilla-
tion process, which would also favor the alkene.

In summary, the outcome of a reaction can be greatly affected by carefully choosing the reaction
conditions and concentrations of reagents.

CONCEPTUAL CHECKPOINT

8.9 Identify whether you would use dilute sulfuric acid or concentrated sulfuric acid to achieve each of the following transformations. In

each case, explain your choice.

(a)

FIGURE 8.5

In the second step of acid-
catalyzed hydration, the
carbocation intermediate is
planar and can be attacked
from either face, leading

to a pair of mirror-image
products (enantiomers).

OH

HO.
\E> [H,SO,4] E> + HO
(b)

Stereochemistry of Acid-Catalyzed Hydration

The stereochemical outcome of acid-catalyzed hydration is similar to the stereochemical outcome of
hydrohalogenation. Once again, the intermediate carbocation can be attacked from either side with

equal likelihood (Figure 8.5).

(|)H
0'(5' —_— C~--I||”"R2
/—H\/ \H R/ \
1
RS
Mirror plane
Sk
\_//\ R _;‘
‘0 —_ 1\C',‘F{

Therefore, when a new chiral center is generated, a racemic mixture of enantiomers is expected:

2 OH HO,
)\/ —)H30+ /\/’4/ + /\/2/\/
N

50/50
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SKILLBUILDER

K—\ 8.3 DRAWING A MECHANISM FOR AN ACID-CATALYZED HYDRATION

{ ° ) LEARN the skill Draw a mechanism for the following transformation:
% y on
— H,O*
)\A M

‘ SOLUTION

In this reaction, water is added across an alkene in a Markovnikov fashion under acid-
catalyzed conditions. As a result, the OH group is installed at the more substituted position.
To draw a mechanism for this process, recall that the accepted mechanism for acid-catalyzed
hydration has three steps: (1) protonation to give a carbocation, (2) nucleophilic attack of
water to give an oxonium ion, and (3) deprotonation to generate a neutral product. When

STEP 1 drawing the first step of the mechanism (protonation), make sure to use two curved arrows
Using two curved and make sure to form the more stable carbocation:
arrows, protonate
the alkene to form N /H

the more stable

carbocation. /—N \H
L _ @

WATCH OUT H
Make sure to draw
both curved arrows One curved arrow is drawn with its tail on the 7 bond and its head on the proton, while the
and be very precise second curved arrow is drawn with its tail on an O—H bond and its head on the oxygen
when placing the atom of water. When drawing the second step of the mechanism (nucleophilic attack), only
head and tail of one curved arrow is required. The tail should be placed on a lone pair of water, and the head
each curved arrow. should be placed on the carbocation:

STEP 2

H
Usi N \
sing one curved Pey ©0—H
arrow, draw a water ® H H o
molecule attacking the ></\

carbocation.
In the final step of the mechanism, water (not hydroxide) functions as a base and abstracts a pro-

ton from the oxonium ion. Like all proton transfer steps, this process requires two curved arrows.
One curved arrow is drawn with its tail on a lone pair of water and its head on the proton, while the
STEP 3 second curved arrow is drawn with its tail on the O—H bond and its head on the oxygen atom:

With two curved

H
arrows, deprotonate @\ 2\ /\ ..

the oxonium ion using O—H O :OH

H H
water as a base. _

PRACTICE the skill 8.10 Draw a mechanism for each of the following transformations:

H30+ Dllute (Y O/
(a) é é (b) /§ .50, X © T

APPLY the skill 8.11 If an alkene is protonated and the solvent is an alcohol rather than water, a reaction
takes place that is very similar to acid-catalyzed hydration, but in the second step of the
mechanism the alcohol functions as a nucleophile instead of water. Draw a mechanism for
each of the following reactions.

/K Moo OMe )\/\/\ [HZSO4] (e}
e
(a) [H,SO,] X

need more PRACTICE? Try Problems 8.44a,b, 8.56

)

D

(.
& &
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BY THE WAY

As mentioned in Chapter 2,
we generally avoid breaking
single bonds when drawing
resonance structures.
However, this is one of

the rare exceptions. We

will see one other such
exception in the next
section of this chapter.

8.6 Oxymercuration-Demercuration

The previous section explored how acid-catalyzed hydration can be used to achieve a Markovnikov
addition of water across an alkene. The utility of that process is somewhat diminished by the fact that
carbocation rearrangements can produce a mixture of products:

\)\ H30+ \/‘\
N = +

OH
OH

No rearrangement Rearrangement

In cases where protonation of the alkene ultimately leads to carbocation rearrangements, acid-
catalyzed hydration is an inefficient method for adding water across the alkene. Many other methods
can achieve a Markovnikov addition of water across an alkene without carbocation rearrangements.
One of the oldest known methods is called oxymercuration-demercuration:

OH OH

Oxymercuration Demercuration

To understand this process, we must explore the reagents employed. The process begins when mer-
curic acetate, Hg(OAc),, dissociates to form a mercuric cation:

&)
Hony — _Hg + © % _
Aco” 0Ac AcO OAc | AcO )ko/é

Mercuric acetate Mercuric cation

This mercuric cation is a powerful electrophile and is subject to attack by a nucleophile, such as the 7
bond of an alkene. When a 7 bond attacks a mercuric cation, the nature of the resulting intermediate
is quite different from the nature of the intermediate formed when a 7 bond is simply protonated.
Let’s compare:

H*

When a 7 bond N
is protonated: - ) ®

A carbocation

(|DAc

®Hg

tH H
When a 7 bond ( g 9
attacks a mercuric — e & —
cation:

A mercurinium ion

When a 7 bond is protonated, the intermediate formed is simply a carbocation, as we have seen many
times in this chapter. In contrast, when a 7 bond attacks a mercuric cation, the resulting intermediate
cannot be considered as a carbocation, because the mercury atom has electrons that can interact with
the nearby positive charge to form a bridge. This intermediate, called a mercurinium ion, is more
adequately described as a hybrid of two resonance structures. A mercurinium ion has some of the
character of a carbocation, but it also has some of the character of a bridged, three-membered ring.
This dual character can be illustrated with the following drawing:

OAc
5+Hé
54/

Mercurinium ion



LOOKING AHEAD
Radical processes are
discussed in more
detail in Chapter 10.
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The more substituted carbon atom bears a partial positive charge (8+), rather than a full positive
charge. As a result, this intermediate will not readily undergo carbocation rearrangements, but it is
still subject to attack by a nucleophile:

OAc

Peng
2\ i)
Nuc:

Notice that the attack takes place at the more substituted position, ultimately leading to Markovnikov
addition. After attack of the nucleophile, the mercury can be removed through a process called demercu-
ration, which can be accomplished with sodium borohydride. There is much evidence that demercura-
tion occurs via a radical process. The net result is the addition of H and a nucleophile across an alkene:

1) Hg(OAC),[Nuc-H Nuc H
__ helOAd, B |
2) NaBH, %—<
Many nucleophiles can be used, including water:
1) Hg(OAc),/H,0 HO H
_ _ToPR%s
2) NaBH, %_<
This reaction sequence provides for a two-step process that enables the hydration of an alkene with-
out carbocation rearrangements:

1) Hg(OAc),, H,0O
NN - No rearrangement
2) NaBH,

OH
(94%)
CONCEPTUAL CHECKPOINT
8.12 Predict the product for each reaction, and predict the prod- 8.13 In the first step of oxymercuration-demercuration, nucleo-
ucts if an acid-catalyzed hydration had been performed rather than philes other than water may be used. Predict the product for

an oxymercuration-demercuration:

each of the following cases, in which a nucleophile other than
water is used.

X 1) Hg(OAG),, H,0 9

2) NaBH,
1) Hg(OAc),, H,O
K e,
(b)

1) Hg(OAc),, H,0
@]

P
?
P

1) Hg(OAc),, EtOH ?
D 9IRC),, B
2) NaBH, H

1) Hg(OAc),, EtNH, f)
1) Hg(OAc),, EINH, |
2) NaBH, H

8.7 Hydroboration-Oxidation

An Introduction to Hydroboration-Oxidation

The previous sections covered two different methods for achieving a Markovnikov addition of
water across a ™ bond: (1) acid-catalyzed hydration and (2) oxymercuration-demercuration. In
this section, we will explore a method for achieving an anti-Markovnikov addition of water.
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This process, called hydroboration-oxidation, installs the OH group at the less substituted

position:
1) BHy - THF oH
_——>
NN RN DO, NaOH NN N
} (90%) !
i i
Less substituted Anti-Markovnikov
vinylic position addition

The stereochemical outcome of this reaction is also of particular interest. Specifically, when two
new chiral centers are formed, the addition of water (H and OH) is observed to occur in a way that
places the H and OH on the same face of the 7 bond:

1) BHy - THF
_
2) H,0,, NaOH

Enantiomers

This mode of addition is called a syz addition. The reaction is said to be stereospecific because only
two of the four possible stereoisomers are formed. That is, the reaction does not produce the two
stereoisomers that would result from adding H and OH to opposite faces of the alkene:

(T =

Any mechanism that we propose for hydroboration-oxidation must explain both the regioselectivity
(anti-Markovnikov addition) as well as the stereospecificity (syz addition). We will soon propose a
mechanism that explains both observations. But first, we must explore the nature of the reagents used

o H

OH

These stereoisomers are not formed

for hydroboration-oxidation.

Reagents for Hydroboration-Oxidation

The structure of borane (BHj3) is similar to that of a carbocation, but without the charge:

<«—— Empty p orbital—>

Carbocation Borane

The boron atom lacks an octet of electrons and is therefore very reactive. In fact, one borane molecule
will even react with another borane molecule to form a dimeric structure called diborane. This
dimer is believed to possess a special type of bonding that is unlike anything we have seen in previous
chapters. It can be more easily understood by drawing the following resonance structures:

H_ /\lL /H H_ H\ /H
B =~ B —> B. B
/ H N / "H N\
H H H

As with the mercurinium ion (Section 8.6), this is another of those rare cases where we break a single
bond when drawing the resonance structures. Careful examination of these resonance structures
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shows that each of the hydrogen atoms, colored in red and blue above, is partially bonded to two
boron atoms using a total of two electrons:

Only two electrons Spread over three atoms
H . H
N\
2 TN
H H
H

Such bonds are called three-center, two-electron bonds. In the world of organic chemistry, there are
many other examples of three-center, two-electron bonds; however, we will not encounter any other
examples in this text.

Borane and diborane coexist in the following equilibrium:

H\ /H H\ e H\ /H
B—H + H—B —— /B\ ,B\
/ N H "H H
H H
Borane Diborane

This equilibrium lies very much to the side of diborane (B,Hj), leaving very little borane (BH;) pres-
ent at equilibrium. It is possible to stabilize BH3, thereby increasing its concentration at equilibrium,
by using a solvent such as THF (tetrahydrofuran), which can donate electron density into the empty
 orbital of boron:

|

#J — =]
H

THF (BHg - THF)

Although the boron atom does receive some electron density from the solvent, it is nevertheless still
very electrophilic and subject to attack by the 7 bond of an alkene. A mechanism for hydroboration-
oxidation follows.

A Mechanism for Hydroboration-Oxidation

We will begin by focusing on the first step of hydroboration, in which borane is attacked by a 7 bond,
triggering a simultaneous hydride shift. In other words, formation of the C—BH, bond and forma-
tion of the C—H bond occur together in a concerted process. This step of the proposed mechanism
explains both the regioselectivity (anti-Markovnikov addition) as well as the stereospecificity (syn
addition) for this process. Each of these features will now be discussed in more detail.

Regioselectivity of Hydroboration-Oxidation

As seen in Mechanism 8.3, a BH; group is installed at the less substituted position and is ultimately
replaced with an OH group, leading to the observed regioselectivity. The preference for BH, to be
installed at the less substituted position can be explained in terms of electronic considerations or
steric considerations. Both explanations are presented below:

1. Electronic considerations: In the first step of the proposed mechanism, attack of the 7 bond
triggers a simultaneous hydride shift. However, this process does not have to be perfectly simulta-
neous. As the 7 bond attacks the empty p orbital of boron, one of the vinylic positions can begin
to develop a partial positive charge (6+). This developing 6+ then triggers a hydride shift:
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‘ MECHANISM 8.3 HYDROBORATION-OXIDATION

Hydroboration
T'\_/I "
3———/—3\ — g—H
H H j
H
Oxidation

The first step is
repeated for R H
each B—H bond |
_—

R/B\R R= w

A trialkylborane

Nucleophilic attack

Proton transfer Fﬁ R
. Oy o .. Jo . F{/B\R a
0-0: oy == 0-Q:  + MO E— (JO—B—R
e P The hydroperoxide o |
H Ahydroxide ion  H PKa = 15.7 funztionps asa H—Q: R
functions as a base and )
pK, = 11.8 deprotonates hydrogen peroxide, nucleophile
forming a hydroperoxide and attacks the
trialkylborane Rearrangement
©
-HO
An alkyl group migrates,
Nucl hilic attack causing the expulsion of
% The first three steps of a hydroxide ion
oxidation are repeated,
. converting the R
:OH S ~ . trial_kylborane into |
.. ol .. HO: RO OR a trialkoxyborane :0 R
RO—BL\OR - ..\B/.. - Np o
I A hydroxide ion | |
:QR functions as a nucleophile OR R

and attacks the trialkoxyborane

Loss of a
leaving group

An alkoxide ion is
expelled, removing
the negative
charge from boron

R .Q\.H{?\H
RO—B—OR + RO: ~—

s o b The alkoxide ion

is protonated

Transition state
Markovnikov addition

Transition state
anti-Markovnikov addition

HSC\K\\\ /H H3CY~_\
N H- B D

CHg H CHy H<p -
\
H
More
crowded
FIGURE 8.6

A comparison of the transition states for hydroboration via
Markovnikov addition or anti-Markovnikov addition. The latter
will be lower in energy because of decreased steric crowding.

Proton transfer

A trialkoxyborane

ROH

In this way, one of the vinylic carbon atoms develops a partial posi-
tive charge when the alkene begins to interact with borane. There
will be a preference (as we have seen previously in this chapter) for
any positive character to develop at the more substituted carbon. In
order to accomplish this, the BH, group must be positioned at the
less substituted carbon atom.

2. Steric considerations: In the first step of the proposed mechanism,

both H and BH, are adding across the double bond simultaneously.
Since BH, is bigger than H, the transition state will be less crowded
and lower in energy if the BH, group is positioned at the less sterically
hindered position (Figure 8.6).

It is likely that both electronic and steric factors contribute to the
observed regioselectivity for hydroboration-oxidation.



CONCEPTUAL CHECKPOINT

8.14 Below are several examples of hydroboration-oxidation. In
each case, consider the expected regioselectivity and then draw

the product:
1) BHy - THF 9
_

/K 2) H,0,, NaOH =

1) BHg» THF 9
_— >

2) H,0,, NaOH H

1) BHy * THF ?
_—

2) H,0,, NaOH H
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8.15 Compound A has the molecular formula CsH;o. Hydroboration-
oxidation of compound A produces 2-methylbutan-1-ol. Draw the
structure of compound A:

Compound A 1) BH, + THF OH
-
2) H,0,, NaOH

(CsH4p) ) Fe0 ﬁ/\

2-Methylbutan-1-ol

Stereospecificity of Hydroboration-Oxidation

The observed stereospecificity for hydroboration-oxidation is consistent with the first step of the pro-
posed mechanism, in which H and BH, are simultaneously added across the 7 bond of the alkene.
The concerted nature of this step requires that both groups add across the same face of the alkene,
giving a syn addition. In this way, the proposed mechanism explains not only the regiochemistry but
also the stereochemistry.

When drawing the products of hydroboration-oxidation, it is essential to consider the number
of chiral centers that are created during the process. If no chiral centers are formed, then the stereo-
specificity of the reaction is not relevant:

N

In this case, only one product is formed, rather than a pair of enantiomers, and the syn requirement
is irrelevant.

1) BHy - THF

AR S— i
2) F,0,, NaOH No chiral centers

OH

Now consider the stereochemical outcome in a case where one chiral center is formed:
)\/

In this case, both enantiomers are obtained, because syz addition can take place from either face of

the alkene with equal likelihood:

.s <
e and e N 4
/ \ N ’
Now consider a case in which two chiral centers are formed:

Two chiral centers

1) BH;* THF

PR i
2) 1,05, NaOH One chiral center

OH

1) BH3 THF
202 NaOH
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In such a case, the requirement for sy» addition determines which pair of enantiomers is obtained:

H/,

\/]\/\ 1) BH, - THP
DBHs - THE |
AN 2) Hy0,, NaOH

H OH

—~—
A pair of enantiomers

The other two possible stereoisomers are not obtained.

Under special circumstances, it is possible to achieve enantioselective addition reactions, that is,

reactions where one enantiomer predominates over the other (and there is an observed % ee, or

enantiomeric excess). However, we have not yet seen any methods for accomplishing this. We will

see one such example later in this chapter, but as of yet, none of the reactions in this chapter have

been enantioselective. As a result, all of the reactions presented so far in this chapter will produce a

product mixture that is optically inactive.

SKILLBUILDER

) LEARN the skill

Pan

STEP 1

Determine the
regiochemical
outcome based on the
requirement for anti-
Markovnikov addition.

STEP 2

Determine the
stereochemical
outcome based on
the requirement for
syn addition.

J

)| PRACTICE the skill

D
A

= 8.4 PREDICTING THE PRODUCTS OF HYDROBORATION-OXIDATION

Predict the product(s) for the following process:
_ 1) BHy - THF
‘>—/ 2) H2C3)2, NaOH ?
SOLUTION

This process is a hydroboration-oxidation, which will add water across the double bond. The
first step is to determine the regiochemical outcome. That is, we must determine where the
OH group is installed. Recall that hydroboration-oxidation produces an anti-Markovnikov
addition, which means that the OH group is installed at the less substituted position:

_r 1) BH + THF
_—>
2) H,0,, NaOH
T OH

Less substituted

Now we know where to place the OH group, but the drawing is still not complete, because
the stereochemical outcome must be indicated. Specifically, we must ask if two new chiral
centers are formed in this reaction. In this example, there are, in fact, two new chiral centers
being formed. So, the stereospecificity of this process (syn addition) is relevant and must be
taken into account when drawing the products. The reaction will produce only the pair of
enantiomers that results from a syn addition:

. 1) BHg - THF _
R0, NaOH " o+ Enantiomer
H

H OH

8.16 Predict the product(s) for each of the following transformations:

1) BH, - THF 9 = 1) BH, - THF l,
() 2)H,0, NaoH & (b) 2)H,0, NaOH &
TN neHTHE ) nBHyTHE )
© 2)H,0, NaoH & d) — 2)H,0, NaOH &

NS
1) BHy - THF 9
. —_—
_BHs - THF | , 2)H,0, NaOH &
2)H,0, NaOH  =m )

(@) 7SN
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APPLY the skill
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8.17 «-Pinene can be isolated from pine resin and is a primary constituent of turpentine
(paint thinner). Both enantiomers of a-pinene are naturally occurring. To determine the enan-
tiomeric excess (% ee) of a-pinene in various spruce trees, the isolated a-pinene was modi-
fied by hydroboration-oxidation as shown below for the (—)-enantiomer.® In the first step,
diborane (B,H) was used as an alternative to BH3- THF to achieve hydroboration of the
alkene. Since hydroboration can take place from either face of the alkene, there are two
possible diastereomeric products, but the major product results from attack on the less hin-
dered face. Draw both products and predict which is the major diastereomer formed.

CH
HaC 8
1) BoHg 9
4 2) Hy0,, NaOH H
CH3
(-)-a-Pinene

need more PRACTICE? Try Problems 8.58, 8.66

LOOKING BACK

The hydrogen atoms
installed during this process
are not explicitly drawn

in the product, because

the presence of hydrogen
atoms can be inferred from
bond-line drawings. For
more practice “seeing” the
hydrogen atoms that are not
explicitly drawn, review the
exercises in Section 2.2.

8.8 Catalytic Hydrogenation

Catalytic hydrogenation involves the addition of molecular hydrogen (H,) across a double bond in
the presence of a metal catalyst; for example:

HZ
A Rt
(100%)
The net result of this process is to reduce an alkene to an alkane. Paul Sabatier was the first to dem-

onstrate that catalytic hydrogenation could serve as a general procedure for reducing alkenes, and for
his pioneering work, he was a corecipient of the 1912 Nobel Prize in Chemistry.

Stereospecificity of Catalytic Hydrogenation

In the previous reaction, there are no chiral centers in the product, so the stereospecificity of the pro-
cess is irrelevant. In order to explore whether a reaction displays stereospecificity, we must examine a
case where two new chiral centers are being formed. For example, consider the following case:

OC + (0

With two chiral centers, there are four possible stereoisomeric products (two pairs of enantiomers):

N N
+ + +
N - "/u/,/ j K “""///, j

Pair of enantiomers
(observed)

Pair of enantiomers
(not observed)

However, the reaction does not produce all four products. Only one pair of enantiomers is
observed, the pair that results from a sy» addition. To understand the reason for the observed
stereospecificity, we must take a close look at the reagents and their proposed interactions.

The Role of the Catalyst in Catalytic Hydrogenation

Catalytic hydrogenation is accomplished by treating an alkene with H, gas and a metal catalyst, often
under conditions of high pressure. The role of the catalyst is illustrated by the energy diagram in
Figure 8.7. The pathway without the metal catalyst (blue) has a very large energy of activation (£)),
rendering the reaction too slow to be of practical use. The presence of a catalyst provides a pathway
(red) with a lower energy of activation, thereby allowing the reaction to occur more rapidly.
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FIGURE 8.7

An energy diagram showing
hydrogenation with a catalyst
(red) and without a catalyst
(blue). The latter has a lower
energy of activation and
therefore occurs more rapidly.

=== \Without catalyst
=== \\/ith catalyst

Potential
energy

A 4

Reaction coordinate

A variety of metal catalysts can be used, such as Pt, Pd, or Ni. The process is believed to begin
when molecular hydrogen (H,) interacts with the surface of the metal catalyst, effectively breaking
the H—H bonds and forming individual hydrogen atoms adsorbed to the surface of the metal. The
alkene coordinates with the metal surface, and surface chemistry allows for the reaction between the
7 bond and two hydrogen atoms, effectively adding H and H across the alkene (Figure 8.8). In this
process, both hydrogen atoms add to the same face of the alkene, explaining the observed stereo-

specificity (syn addition).

FIGURE 8.8
The addition process takes place on the surface of a metal catalyst.

In any given case, the stereochemical outcome is dependent on the number of chiral centers formed in the
process, as summarized in Table 8.2.

TABLE 8.2 SUMMARY OF RELATIONSHIP BETWEEN NUMBER OF CHIRAL CENTERS
FORMED AND STEREOCHEMICAL OUTCOME OF CATALYTIC HYDROGENATION

Zero chiral centers Syn requirement is not relevant. Only one product formed.
One chiral center Both possible enantiomers are formed.
Two chiral centers The requirement for syn addition determines which pair of

enantiomers is obtained.

Care must be taken when applying the simple paradigm in Table 8.2, because symmetrical alkenes
will produce a meso compound rather than a pair of enantiomers. Consider the following case:

2

In this example, two new chiral centers are formed, and therefore, we might expect that syz addition
will produce a pair of enantiomers. However, in this case, there is only one product from syn addi-

tion, not a pair of enantiomers:
a
C( is the same as O

N v
—~
Syn addition produces only one product:
a meso compound
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A meso compound, by definition, does not have an enantiomer. A syz addition on one face of the

alkene generates exactly the same compound as a syn addition on the other face of the alkene. And,

therefore, care must be taken not to write “+ Enantiomer” or “+ En” for short:

SKILLBUILDER

8.5 PREDICTING THE PRODUCTS OF CATALYTIC HYDROGENATION

B\

] LEARN the skill

()

STEP 1

Determine the number
of chiral centers
formed.

STEP 2

Determine the
stereochemical
outcome based on
the requirement for
syn addition.

STEP 3

Verify that the
products do not
represent a single
meso compound.

LOOKING BACK
For practice
identifying meso
compounds, review
the exercises in
Section 5.6.

L X

Predict the products of each of the following reactions:

H2
A % ? D
t n
(a) (b)
SOLUTION

(a) This reaction is a catalytic hydrogenation process, in which H and H are added across
the alkene. Since both groups are identical (H and H), it is not necessary to consider
regiochemical issues. However, stereochemis-
try is a factor that must be considered. In order
to properly draw the products, it is first neces-
sary to determine how many chiral centers are
formed as a result of this reaction:

Hy
—=
Pt

Two chiral centers

In this case, two chiral centers are formed. Therefore, we expect only the pair of enantiomers
that would result from a syn addition:

LN

= Pt

As a final check, just make sure that the products do not represent a single meso compound.
The compounds above lack an internal plane of symmetry and do not represent a single
meso compound.

(b) Like the previous example, this reaction is a catalytic hydrogenation process, in which H and
H are added across the alkene. In order to properly draw the products, it is first necessary
to determine how many chiral centers are formed as a result of this reaction:

O+ O

One chiral center

In this case, only one chiral center is formed. Therefore, we expect both possible enantiomers,
because syn addition can occur from either face of the 7 bond with equal likelihood:

Sagiond

Itis impossible for a compound containing exactly one chiral center to be a meso compound,
so the compounds above are a pair of enantiomers.
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PRACTICE the skill 8.18 Predict the product(s) for each of the following reactions:

=
(b) (c)
5 — D
(d) (e)

| ° APPLY the skill 8.19 Compound 1 has been shown to be a useful precursor in the synthesis of natural

products.” In principle, four stereoisomers are possible when this compound is subjected to
catalytic hydrogenation. Draw these stereoisomers and describe their relationships:

need more PRACTICE? Try Problems 8.48, 8.67, 8.73, 8.75

Homogeneous Catalysts

The catalysts described so far (Pt, Pd, Ni) are all called heterogeneous catalysts because they do not

dissolve in the reaction medium. In contrast, homogeneous catalysts are soluble in the reaction

medium. The most common homogeneous catalyst for hydrogenation is called Wilkinson’s catalyst:
PheP_ PPhg

/Rh\

Phop” CI

Wilkinson’s catalyst

With homogeneous catalysts, a syz addition is also observed:

O{\ W||k|nson s catalyst (I\

Asymmetric Catalytic Hydrogenation

As seen earlier in this section, when hydrogenation involves the creation of either one or two chiral
centers, a pair of enantiomers is expected:

Creating one chiral center:

/ST < W|Ik|nson s catalyst / < / \

R} R,

Creating two chiral centers:

> < H, F.
- 2 @
- Wilkinson’s catalyst + / \

R R, R Ry

In both reactions a racemic mixture is formed. This raises the obvious question: Is it possible to create
only one enantiomer rather than a pair of enantiomers? In other words, is it possible to perform an
asymmetric hydrogenation?

Before the 1960s, asymmetric catalytic hydrogenation had not been achieved. However, a major
breakthrough came in 1968 when William S. Knowles, working for the Monsanto Company, developed
a method for asymmetric catalytic hydrogenation. Knowles realized that asymmetric induction might be



FIGURE 8.9

An energy diagram showing the
ability of a chiral catalyst to favor
formation of one enantiomer
(red pathway) over the other
enantiomer (green pathway).

X

LOOKING AHEAD
The L designation describes
the configuration of the
chiral center present in the
compound. This notation
will be described in greater
detail in Section 25.2.
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possible through the use of a chiral catalyst. He reasoned that a chiral catalyst should be capable of lower-
ing the energy of activation for formation of one enantiomer more dramatically than the other enantiomer
(Figure 8.9). In this way, a chiral catalyst could theoretically favor the production of one enantiomer over
another, leading to an observed enantiomeric excess (ee).

No catalyst

=== Formation of one enantiomer

Potential === Formation of the other enantiomer

energy

A 4

Reaction coordinate

Knowles succeeded in developing a chiral catalyst by preparing a cleverly modified version of

Wilkinson’s catalyst. Recall that Wilkinson’s catalyst has three triphenylphosphine ligands:

~

PhsP  PPhg--Tpree
Wilkinson’s catalyst Rh triphenylphosphine
/ N N
PhsP Cl ligands

Knowles™ idea was to use chiral phosphine ligands, rather than symmetrical phosphine ligands:

/Ph /Ph
:P'"”Me rather than :P\"‘"Ph
Ph
Chiral Symmetrical
phosphine ligand phosphine ligand

Using chiral phosphine ligands, Knowles prepared a chiral version of Wilkinson’s catalyst. He used
his chiral catalyst in a hydrogenation reaction and demonstrated a modest enantiomeric excess. He
didn’t get exclusively one enantiomer, but he got enough of an enantiomeric excess to prove the
point—that asymmetric catalytic hydrogenation was in fact possible.

Knowles developed other catalysts capable of much higher enantiomeric excess, and he then set
out to use asymmetric catalytic hydrogenation to develop an industrial synthesis of the amino acid
L-dopa:

Asymmetric hydrogenation of this 7 bond

COOH ) cooH
S 0 Several ) COOH

additional steps
—_—

H, )J\
—_—
HN \[( Chiral catalyst o HN \H/ NH,
(6]

HO
- OH

(S)-3,4-Dihydroxyphenylalanine
(L-dopa)

L-Dopa had been shown to be effective in treating dopamine deficiencies associated with Parkinson’s
disease (a discovery that earned Arvid Carlsson the 2000 Nobel Prize in Physiology or Medicine).
Dopamine is an important neurotransmitter in the brain. A dopamine NH
deficiency cannot be treated by administering dopamine to the patient, 2
because dopamine cannot cross the blood-brain barrier. However, L-dopa

can cross this barrier, and it is subsequently converted into dopamine in ~ ™©

the central nervous system. This provides a way to increase the levels of OH
dopamine in the brains of patients with Parkinson’s disease, thereby pro- Dopamine
viding temporary relief from some of the symptoms associated with the disease. The enantiomer of

L-dopa is believed to be toxic, and therefore, an enantioselective synthesis of L-dopa is required.
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@ Practically Speaking Partially Hydrogenated Fats and Oils

Earlier in this chapter, we focused on the role of hydrogenation
in the pharmaceutical industry. However, the best known role of
hydrogenation is in the food industry, where hydrogenation is
used to prepare partially hydrogenated fats and oils.

Naturally occurring fats and oils, such as vegetable oil, are
generally mixtures of compounds called triglycerides, which
contain three long alkyl chains:

A triglyceride

These important compounds are discussed in more detail
in Section 26.3. For now, we focus our attention on the 7 bonds
present in the alkyl chains. Hydrogenation of some of these =
bonds alters the physical properties of the oil. For example,

cottonseed oil is a liquid at room temperature; however,
partially hydrogenated cottonseed oil (Crisco) is a solid at room
temperature. This is advantageous because it gives the oil a
longer shelf-life. Margarine is prepared in a similar way from a
variety of animal and vegetable oils.

Partially hydrogenated oils do have issues, though.
There is much evidence that the catalysts present during the
hydrogenation process can often isomerize some of the double
bonds, producing trans double bonds:

(o}
H2
catalyst
)OJ\/\/\/\/\/\/\/\/\

OW/\/\/\/\/\/\/\N

trans

These so-called trans fats are believed to cause an increase
in LDL (low-density lipoprotein) cholesterol levels, which leads
to an increased rate of cardiovascular disease. In response, the
food industry has been making efforts to minimize or completely
remove the trans fats in food products. Current food labels
often boast: "0 grams of trans fats.” Recently (2015), the FDA
has ruled that partially hydrogenated oils must be removed from
food products by 2018.

LOOKING AHEAD

For a discussion of the connection between
cholesterol and cardiovascular disease, see the
Medically Speaking box in Section 26.5.

BY THE WAY

The other half of the 2001
Nobel Prize in Chemistry
was awarded to K. Barry
Sharpless, for his work on
enantioselective synthesis,
described in Section 13.9.

Asymmetric catalytic hydrogenation turned out to be an efficient way to prepare L-dopa with
high optical purity. For his work, Knowles shared half of the 2001 Nobel Prize in Chemistry, together
with Ryoji Noyori (Nagoya University, Japan), who was independently investigating a wide variety of
chiral catalysts that could produce an asymmetric catalytic hydrogenation.
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The products of this reaction
are a pair of enantiomers.
They are not the same
compound. Students are
often confused with this
particular example. For

a review of enantiomers,

see Section 5.5.
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Noyori varied both the metal and the ligands attached to the metal, and he was able to create
chiral catalysts that achieved enantioselectivity close to 100% e¢e. One example, commonly used in
synthesis these days, is based on the chiral ligand called BINAP:

PPh
= 2
N

(S)-(-)-BINAP
(S)-2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl

As described in Section 5.9, BINAP does not have a chiral center, but nevertheless, it is a chiral com-
pound because the single bond joining the two ring systems does not experience free rotation (as a
result of steric hindrance). BINAP can be used as a chiral ligand to form a complex with ruthenium,
producing a chiral catalyst capable of achieving very pronounced enantioselectivity:

Hp
NS
R OH R OH
Ph Ph
|, cl 95% enantiomeric
P\\\ /

excess
P.
| >Ph
Ph

Ru(BINAP)CI,

8.9 Halogenation and Halohydrin Formation

Experimental Observations

Halogenation involves the addition of X, (either Br; or Cl,) across an alkene. As an example, con-
sider the chlorination of ethylene to produce dichloroethane:

x&»m@m

(97%)

This reaction is a key step in the industrial preparation of polyvinylchloride (PVC):

! cl i cl c c ¢
Petroleum —— i A N bq i — L — %)\/%
777777777777777777777 Vinyl chloride PVC

Halogenation of alkenes is only practical for the addition of chlorine or bromine. The reaction with
fluorine is too violent, and the reaction with iodine often produces very low yields.

The stereospecificity of halogenation reactions can be explored in a case where two new chiral
centers are formed. For example, consider the products that are formed when cyclopentene is treated
with molecular bromine (Br,):

Br \\\\Br
Q= T
— +
“Br Br

Notice that addition occurs in a way that places the two halogen atoms on opposite sides of the
7 bond. This mode of addition is called an anti addition. For most simple alkenes, halogenation
appears to proceed primarily via an anti addition. Any proposed mechanism must be consistent with
this observation.
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Nuc:

FIGURE 8.10

An electrostatic potential

map showing the temporary
induced dipole moment of
molecular bromine when it is in
the vicinity of a nucleophile.

A Mechanism for Halogenation

Molecular bromine is a nonpolar compound, because the B—DBr bond is covalent. Nevertheless, the
molecule is polarizable, and the proximity of a nucleophile can cause a temporary, induced dipole
moment (Figure 8.10).
This effect places a partial positive charge on one of the bromine atoms, rendering that position
electrophilic. Many nucleophiles are known to react with molecular bromine:

ot -
NuGy + iEr-DBr

We have seen that 7 bonds are nucleophilic, and therefore, it is reasonable to expect an alkene
to attack molecular bromine as well:

:Br:
5+ 5
e e le — ji -t
)

Although this step seems plausible, there is a fatal flaw in this proposal. Specifically, the production
of a free carbocation is inconsistent with the observed anti stereospecificity of halogenation. If a free
carbocation were produced in the process, then both syz and anti addition would be expected to
occur, because the carbocation could be attacked from either side:

Syn addition

@ :B:r Dé:r : _—
8_

3+

Anti addition

This mechanism does not account for the observed anti stereospecificity of halogenation. The modi-
fied mechanism shown in Mechanism 8.4 is consistent with an an# addition:

. MECHANISM 8.4 HALOGENATION

Nucleophilic attack

Loss of a leaving group 'Br‘B Nucleophilic attack e
e O ° °
q B v + Br: + En
The alkene functions as a nucleophile ~_ Bromide functions
and attacks molecular bromine, as a nucleophile :Br:
expelling bromide as a leaving group Bromonium and attacks the bromonium ion ..
and forming a bridged intermediate, ion in an S2 process

called a bromonium ion

In this mechanism, an additional curved arrow has been introduced in the first step, forming a bridged
intermediate rather than a free carbocation. This bridged intermediate, called a bromonium ion, is similar
in structure and reactivity to the mercurinium jon discussed in Section 8.5. Compare their structures:

® ® /OAc
Br Hg
Bromonium ion Mercurinium ion

In the second step of the proposed mechanism, the bromonium ion is attacked by the bromide ion
that was produced in the first step. This step is an Sy2 process and must therefore proceed via a
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back-side attack (as seen in Section 7.4). The requirement for back-side attack explains the observed
stereochemical requirement for an# addition.

The stereochemical outcome for halogenation reactions is dependent on the configuration of the
starting alkene. For example, cis-2-butene will yield different products than #rans-2-butene:

trans-2-Butene

Anti addition across cis-2-butene leads to a pair of enantiomers, while an#i addition across mrans-
2-butene leads to a meso compound. These examples illustrate that the configuration of the starting
alkene determines the configuration of the product for halogenation reactions.

a
=  CONCEPTUAL CHECKPOINT

8.20 Predict the major product(s) for each of the following reactions:
Br, 9 N Br, 9 O/\ Br, 9 Br, 9
| | /\(\ | | | | [ ]
(a) (b) (c) (d)

Halohydrin Formation

When bromination occurs in a non-nucleophilic solvent, such as CHCIs, the result is the addition
of Br, across the 7 bond (as seen in the previous sections). However, when the reaction is performed
in the presence of water, the bromonium ion that is initially formed can be captured by a water mol-
ecule, rather than bromide:

Br /..O.'\ :é.r:

:A:5 B M 5 N <q +  En

L @
Bromonium ion PN

The intermediate bromonium ion is a high-energy intermediate and will react with any nucleophile
that it encounters. When water is the solvent, it is more likely that the bromonium ion will be
captured by a water molecule before having a chance to react with a bromide ion (although some
dibromide product is likely to be formed as well). The resulting oxonium ion is then deprotonated
to give the product (Mechanism 8.5).

[ ]
“¥  MECHANISM 8.5 HALOHYDRIN FORMATION

Nucleophilic attack

S +
?& loss of a leaving group Nucleophilic attack Proton transfer
.9,
'Br' o e .o o .o
7Br@ f :5 H/O\H :Br: H/O\H :Br:
JEELLEN - —_— + En _ + En
The alkene Water functions Water serves
attacks Br,, expelling bromide . as a nucleophile o as a base .
as a leaving group Bron.10n|um and attacks H/%\?H and deprotonates OH
and forming a bromonium ion ion the bromonium ion the oxonium ion

in an S\2 process



376 CHAPTER 8 Addition Reactions of Alkenes

The net result is the addition of Br and OH across the alkene. The product is called a bromohy-
drin. When chlorine is used in the presence of water, the product is called a chlorohydrin:

ol Cl
2
+ En
S—7 O @
OH
A chlorohydrin

These reactions are generally referred to as halohydrin formation.

Regiochemistry of Halohydrin Formation

In most cases, halohydrin formation is observed to be a regioselective process. Specifically, an
OH group is generally installed at the more substituted position:

Br
Br2
>: e Ho>_/
The proposed mechanism for halohydrin formation can justify the observed regioselectivity. Recall

that in the second step of the mechanism, the bromonium ion is captured by a water molecule:

Bromonium ion is captured by water

Focus carefully on the position of the positive charge throughout the reaction. Think of the positive
charge as a hole (or more accurately, a site of electron deficiency) that is passed from one place to
another. It begins on the bromine atom and is transferred to the oxygen atom. In order to do so, the
positive charge must pass through a carbon atom in the transition state:

.8+
Br: +

In other words, the transition state for this step will bear partial carbocationic character. This explains
why the water molecule is observed to attack the more substituted carbon. The more substituted
carbon is more capable of stabilizing the partial positive charge in the transition state. As a result,
the transition state will be lower in energy when nucleophilic attack occurs at the more substituted
carbon atom. The proposed mechanism is therefore consistent with the observed regioselectivity of
halohydrin formation.

SKILLBUILDER

\ 8.6 PREDICTING THE PRODUCTS OF HALOHYDRIN FORMATION

()

0 ) LEARN the skill Predict the major product(s) for the following reaction:

_Brp "
_ H,0 n
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STEP 1

Determine the
regiochemical
outcome. The OH
group should be
placed at the more
substituted carbon.

STEP 2

Determine the
stereochemical
outcome based on
the requirement for
anti addition.

PRACTICE the skill

APPLY the skill
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SOLUTION

The presence of water indicates halohydrin formation (addition of Br and OH). The first step
is to identify the regiochemical outcome. Recall that the OH group is expected to be posi-
tioned at the more substituted carbon:

HO Br
_Brp
3 H,O
OH group is placed here

at the more substituted position

The next step is to identify the stereochemical outcome. In this case, two new chiral centers
are formed, so we expect only the pair of enantiomers that would result from anti addition.
That is, OH and Br will be installed on opposite sides of the 7 bond:

When drawing the products of halohydrin formation, make sure to consider both the regio-
chemical outcome and the stereochemical outcome. It is not possible to draw the products
correctly without considering both of these issues.

8.21 Predict the major product(s) that are expected when each of the following alkenes is
treated with Br,/H,0:

L0 WO L0
(a (b) (c) (d)

8.22 Bromonium ions can be captured by nucleophiles other than water. Predict the prod-
ucts of each of the following reactions:

Bry Br,
( ) \A/ /\OH H \)\/ EtNH, ?
a

(b)
8.23 When trans-1-phenylpropene is treated with bromine, some syn addition is observed.
Explain why the presence of a phenyl group causes a loss of stereospecificity.

r Br
N :
Br,
— + En + + En
Br Br
- _/ - _/
e e

trans-1-Phenylpropene . -
anti addition products
(83%)

no

syn addition products
(17%)

need more PRACTICE? Try Problem 8.65

8.10 Anti Dihydroxylation

As mentioned in the introductory section of this chapter, dihydroxylation reactions are character-
ized by the addition of OH and OH across an alkene. As an example, consider the dihydroxylation
of ethylene to produce ethylene glycol:

Dihydroxylation
_——

OH
HO~

Ethylene glycol

x

Ethylene
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There are a number of reagents well suited to carry out this transformation. Some reagents pro-
vide for an anti dihydroxylation, while others provide for a syn dihydroxylation. In this section, we
will explore a two-step procedure for achieving an# dihydroxylation:

OH
N
@ e, O)o e, O/ + En

“OH

An epoxide A trans diol

The first step of the process involves conversion of the alkene into an epoxide, and the second
step involves opening the epoxide to form a frans diol (Mechanism 8.6). An epoxide is a three-
membered, cyclic ether.

MECHANISM 8.6 ANTI DIHYDROXYLATION

Formation of an epoxide

H
\
e H A O
\]o\/\\ o — Cﬁ;:q’ ol — @o + o:<
(6] _4 b - R
R R An epoxide
Transition state
Acid-catalyzed opening of an epoxide
Proton transfer
H H Nucleophilic attack Proton transfer
.. |
9T Lo 10 . o .
o V) SO :OH SO :OH
~ \7H T —>H H H H + En
The epoxide Water functions Water serves
is protonated as a nucleophile as a base

and attacks /8? and deprotonates
the protonated epoxide the oxonium ion

in an Sy2 process

In the first part of the process, a peroxy acid (RCO3H) reacts with the alkene to form an epoxide.
Peroxy acids resemble carboxylic acids in structure, possessing just one additional oxygen atom. Two
common peroxy acids are shown below:

o}
o Cl O
X o
(0]
HeC” 07 “H
Peroxyacetic acid meta-Chloroperoxybenzoic acid
(MCPBA)

DPeroxy acids are strong oxidizing agents and are capable of delivering an oxygen atom to an alkene in
a single step. The product is an epoxide.

Once the epoxide has been formed, it can then be opened with water under either acid-catalyzed
or base-catalyzed conditions. Both sets of conditions are explored and compared in more detail in
Section 13.10. For now, we will explore only the acid-catalyzed opening of epoxides, as seen in
Mechanism 8.6. Under these conditions, the epoxide is first protonated to produce an intermediate
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that is very similar to a bromonium or mercurinium ion. All three cases involve a three-membered
ring bearing a positive charge:

OAc
H
I g, @Hg/
A protonated epoxide A bromonium ion A mercurinium ion
LOOKING AHEAD We have seen that bromonium and mercurinium ions can be attacked by water from the back side.
You might be wondering In much the same way, a protonated epoxide can also be attacked by water from the back side, as
why a weak nucleophile seen in Mechanism 8.6. The necessity for back-side attack (Sy2) explains the observed stereochemical

can participate in an Sy2
process at a secondary
substrate. In fact, this
reaction can occur even if
the center being attacked
is tertiary. This will be
explained in Section 13.10.

preference for anti addition.

In the final step of the mechanism, the oxonium ion is deprotonated to yield a zrans diol. Once
again, notice that water is shown as the base (rather than hydroxide) in order to stay consistent with
the conditions. In acidic conditions, hydroxide ions are not present in sufficient quantity to partici-
pate in the reaction, and therefore, they cannot be involved when drawing the mechanism.

SKILLBUILDER

—\ 8.7 DRAWING THE PRODUCTS OF ANT/ DIHYDROXYLATION

LEARN the skill Predict the major product(s) for each of the following reactions:

%_y 4>:\ 1) CH,COH 9 o oo 9
(a)

2)H;0" = (b) 2) Hy0* n

SOLUTION
(a) These reagents achieve dihydroxylation, which means that OH and OH will add
across the alkene. Since the two groups are identical (OH and OH), we don't need to

STEP 1
Determine the number consider the regiochemistry of this process. However, the stereochemistry must be
of chiral centers considered. Begin by determining the number of chiral centers formed. In this case,
formed. two new chiral centers are formed, so we expect only the pair of enantiomers that

result from an anti addition. That is, the OH groups will be added to opposite sides

STEP 2 of the 7 bond:

Determine the

stereochemical
HO OH H OH

outcome based on H  oh.COM C
the requirement for #) mm,\  CaH : JaH
R 2) Hy0
anti addition.

(b) Inthis example, only one new chiral center is formed. It is true that the reaction proceeds
through an anti addition of OH and OH. However, with only one chiral center in the
product, the requirement for anti addition becomes irrelevant. Both possible enantio-
mers are formed:

o]

v

OH H
1) CH,CO4H /\/‘V N :
/\/\ 2) H,0" > OH /\/\/OH

nQ

)

PRACTICE the skill 8.24 Predict the products that are expected when each of the following alkenes is treated
with a peroxy acid (RCO3H) followed by aqueous acid:

_ |
(a) (b) / \ (<) (d) @ X (f)

(e
)
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APPLY the skill

Addition Reactions of Alkenes

8.25 Under acid-catalyzed conditions, epoxides can be opened by a variety of nucleo-
philes other than water, such as alcohols. In such a case, the nucleophile will generally attack
at the more substituted position. Using this information, predict the products for each of the
following reactions:

\/@ 1) RCOH @ f)
2) [H,S0,l, — Sop . (b)

[H2304]

(a)

8.26 Compound A and compound B both have the molecular formula C¢H;,. Both com-

pounds produce epoxides when treated with a peroxy acid (RCO3H).

(a) The epoxide resulting from compound A was treated with aqueous acid (H30™)
and the resulting diol had no chiral centers. Propose two possible structures for
compound A.

(b) The epoxide resulting from compound B was treated with H3O™ and the resulting diol
was a meso compound. Draw the structure of compound B.

need more PRACTICE? Try Problem 8.57d

8.11 Syn Dihydroxylation

The previous section described a method for anzi dihydroxylation of alkenes. In this section, we will
explore two different sets of reagents that can accomplish sy dihydroxylation of alkenes. When an
alkene is treated with osmium tetroxide (OsOy), a cyclic osmate ester is produced:

.'o-. o .
VAN, N/ \ AP
<> — :0s
&/// /N .
‘0. 9
A cyclic osmate ester

Osmium tetroxide adds across the alkene in a concerted process. In other words, both oxygen atoms
attach to the alkene simultaneously. This effectively adds two groups across the same face of the alkene;
hence, the syn addition. The resulting cyclic osmate ester can be isolated and then treated with either
aqueous sodium sulfite (Na,SO3) or sodium bisulfite (NaHSO3) to produce a diol:

\ 0 OH
4 Na,S04/H,0
/ NS or

g © NaHSO4/H,0 OH

This method can be used to convert alkenes into diols with fairly high yields, but there are several

n.

disadvantages. In particular, OsOy is expensive and toxic. To deal with these issues, several methods
have been developed that use a co-oxidant that serves to regenerate OsOy as it is consumed during
the reaction. In this way, OsOy functions as a catalyst so that even small quantities can produce large
quantities of the diol. Typical co-oxidants include N-methylmorpholine N-oxide (NMO) and rers-
butyl hydroperoxide:

0s0O, (catalytic)

o ®N
NIV OH
@ (N ' 0) C(
OH
0Os0O, (catalytic) (60-90%)

%»OOH
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A different, although mechanistically similar, method for achieving syz dihydroxylation involves
treatment of alkenes with cold potassium permanganate under basic conditions:

@

‘0 OH
<\)\ /° \ / NaOH
Mn R _— >
k/// \\ / \\ OH

Not isolated (85%)

Once again, a concerted process adds both oxygen atoms simultaneously across the double bond.

Notice the similarity between the mechanisms of these two methods (OsO4 vs. KMnOy).
Potassium permanganate is fairly inexpensive; however, it is a very strong oxidizing agent, and it

often causes further oxidation of the diol. Therefore, synthetic organic chemists often choose to use

OsOy together with a co-oxidant to achieve syz dihydroxylation.

CONCEPTUAL CHECKPOINT

8.27 Predict the product(s) for each of the following reactions. In each case, make sure to consider the number of chiral centers being formed.

0s0O, (catalytic)

@ X NMO

KMnO,, NaOH
e e
Cold
(G)

LOOKING AHEAD
The role of ozone in
atmospheric chemistry is

discussed in Section 10.8.

?

KMnO,, NaOH
/\ L ? @ nCA:;|da ?
(©

(b) 2) NaHSO, / H,0 H
M 0OsO, (catalytic) ?
L NS 0s0, (catalytic) ?
OOH ~ wwo MO H
(e) (f)

8.12 Oxidative Cleavage

There are many reagents that will add across an alkene and completely cleave the C—C bond. In
this section, we will explore one such reaction, called ozonolysis. Consider the following example:

ON\
Y\/\ &, \fo
2) DMS

Notice that the C—C bond is completely split apart to form two C=O bonds. Therefore, issues
of stereochemistry and regiochemistry become irrelevant. In order to understand how this reaction
occurs, we must first explore the structure of ozone.

Ozone is a compound with the following resonance structures:

@ @
i\/o\@:@ 61:0_./ o\\_Q'-

Ozone is formed primarily in the upper atmosphere where oxygen gas (O,) is bombarded with ultra-
violet light. The ozone layer in our atmosphere serves to protect us from harmful UV radiation from
the sun. Ozone can also be prepared in the laboratory, where it can serve a useful purpose. Ozone
will react with an alkene to produce an initial, primary ozonide (or molozonide), which undergoes
rearrangement to produce a more stable ozonide:

:0 o ..
/N\\ . .Q: Jox
I o _SL,O ; N — >g_z<
'\/,.o.,@ Z/o >§0.60_.O Q—-Q

Initial ozonide % Ozonide

(molozonide)
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SKILLBUILDER
()

When treated with a mild reducing agent, the ozonide is converted into products:

o) Mild reduci t . .
>( 74 ild reducing agen o + 0
:0—Q:

Ozonide

Common examples of reducing agents include dimethyl sulfide (DMS) or Zn/H,0:

e}
O/ o w
DMS
or Zn/H,0
(0]

The following SkillBuilder illustrates a simple method for drawing the products of ozonolysis.

’

8.8 PREDICTING THE PRODUCTS OF OZONOLYSIS

CJ

) LEARN the skill Predict the products of the following reaction:
4
10
TOMS ?
SOLUTION
There are two C=C bonds in this compound. Begin by redrawing the compound with the
STEP 1 C=C bonds longer than normal:

Redraw the C=C
bonds longer than

normal. /

STEP 2

Erase the center of Then, erase the center of each C=C bond and place two oxygen atoms in the space:
each C=C bond and
place two oxygen

atoms in the space. /OO/
T U {7

This simple procedure can be used for quickly drawing the products of any ozonolysis reaction.

PRACTICE the skill 8.28 Predict the products that are expected when each of the following alkenes is treated
with ozone followed by DMS:

=
a);©/\ (b)i@i Q) X (d)@ (e)b ) > <

8.29 Identify the structure of the starting alkene in each of the following cases:
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° APPLY the skill 8.30 Synthetic chemists utilize a large variety of strategies for the synthesis of natural prod-
ucts. Indeed, new strategies are constantly being developed, many of which are inspired by
— (and mimic) the synthetic pathways employed by nature. As part of the development of one

such strategy,” compound 1 was subjected to an ozonolysis process to afford compound 2.
During the process, four small molecules were also produced. Draw the structure of com-
pound 2, assuming that the aromatic ring in compound 1 is unreactive toward ozonolysis (as
we will see in subsequent chapters). Also draw the structures of the four small molecules.

X

o]

1) O
2; D:As Compound2 —— —— —— Natural
(C19H2,05) products
+
Compound 1
(C57H350) Four small molecules

need more PRACTICE? Try Problems 8.60, 8.77

8.13 Predicting the Products of an Addition Reaction

Many addition reactions have been covered in this chapter, and in each case, there are several factors
to take into account when predicting the products of a reaction. Let’s now summarize the factors
that are common to all addition reactions: In order to predict products properly, the following three
questions must be considered:

1. What are the identities of the groups being added across the double bond?
2. What is the expected regioselectivity (Markovnikov or anti-Markovnikov addition)?

3. What is the expected stereospecificity (syn or anti addition)?

Answering all three questions requires a careful analysis of both the starting alkene and the reagents
employed. It is absolutely essential to recognize reagents, and while that might sound like it involves
a lot of memorization, it actually does not. By understanding the accepted mechanism for each reac-
tion, you will intuitively understand all three pieces of information for each reaction. Remember
that a proposed mechanism must explain the experimental observations. Therefore, the mechanism
for each reaction can serve as the key to remembering the three pieces of information listed above.

SKILLBUILDER

— 8.9 PREDICTING THE PRODUCTS OF AN ADDITION REACTION

0 LEARN the skill Predict the products of the following reaction:

- NS e ?
SOLUTION

In order to predict the products, the following three questions must be answered:

STEP 1 1. Which two groups are being added across the double bond? To answer this question,
'degt'.fy thz;""z it is necessary to recognize that these reagents achieve hydroboration-oxidation, which adds
grouips being acde H and OH across a 7 bond. It would be impossible to solve this problem without being able
across the m bond. . ) T . ;
to recognize the reagents. But even with that recognition, there are still two more questions
that must be answered in order to draw the products.
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STEP 2
Identify the expected
regioselectivity.

STEP 3
Identify the expected
stereospecificity.

PRACTICE the skill

APPLY the skill

Addition Reactions of Alkenes

2. What is the expected regioselectivity (Markovnikov or anti-Markovnikov)? We
have seen that hydroboration-oxidation is an anti-Markovnikov process. Think about the
accepted mechanism of this process and recall that there were two different explanations
for the observed regioselectivity, one based on a steric argument and the other based on
an electronic argument. An anti-Markovnikov addition means that the OH group is placed at
the less substituted position:

Less substituted
position

3. What is the expected stereospecificity (syn or anti)? We have seen that hydroboration-
oxidation produces a syn addition. Think about the mechanism of this process and recall
the reason that was given for syn addition. In the first step, BH, and H are added to the
same face of the alkene in a concerted process. To determine if this syn requirement is
even relevant in this case, we must analyze how many chiral centers are being formed in
the process:

Two new chiral centers OH

Two new chiral centers are formed, and therefore, the requirement for syn addition is rel-
evant. The reaction is expected to produce only the pair of enantiomers that would result
from a syn addition:

= 1) BH; * THF P . g
2) H,O,, NaOH $
Me H

8.31 Predict the products of each of the following reactions:
1) BH, - THF H
(Y 2) Hzéz, NaOH ? - ?
(a) (b)
/ 1) CH3CO,H 1) 0sO
<:>_( 2) H3C3>+ 3 ? 2) NaH;OS/HZO ?
(c) (d)

AN o, 0 7 e, D

(e) (f)
= 1) BHy - THF
NN DRood, 2 O/\ 2,05, NaOH” ?
(9) ) Hy = (h)
0s0, (catalytic)
X o ?

(i)

8.32 Syndihydroxylation of the compound below yields two products. Draw both products
and describe their stereoisomeric relationship (i.e., are they enantiomers or diastereomers?):

KMnO,, NaOH 9
_KMnO,, NaOH |
Cold H
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8.33 Determine whether syn dihydroxylation of trans-2-butene will yield the same products
as anti dihydroxylation of cis-2-butene. Draw the products in each case and compare them.

8.34 Compound A has the molecular formula CsH;o. Hydroboration-oxidation of com-
pound A produces a pair of enantiomers, compounds B and C. When treated with HBr,
compound A is converted into compound D, which is a tertiary alkyl bromide. When treated
with O3 followed by DMS, compound A is converted into compounds E and F. Compound
E has three carbon atoms, while compound F has only two carbon atoms. Identify the struc-
tures of compounds A, B, C, D, E, and F.

need more PRACTICE? Try Problems 8.42, 8.43, 8.57, 8.65

8.14 Synthesis Strategies

In order to begin practicing synthesis problems, it is essential to master all of the individual reactions
covered thus far. We will begin with one-step synthesis problems and then progress to cover multistep
problems.

One-Step Syntheses

Until now, we have covered substitution reactions (Sy1 and Sy2), elimination reactions (E1 and
E2), and addition reactions of alkenes. Let’s quickly review what these reactions can accomplish.
Substitution reactions convert one group into another:

L= L
Elimination reactions can be used to convert alkyl halides into alkenes:
X
AN = A
Addition reactions are characterized by two groups adding across a double bond:
~ 5t

It is essential to familiarize yourself with the reagents employed for each type of addition reaction
covered in this chapter.

SKILLBUILDER

— 8.10 PROPOSING A ONE-STEP SYNTHESIS
/ \ LEARN the skill Identify the reagents that you would use to accomplish the following transformation:
A\ o
] -0
STEP 1

Identify the two groups

being added across SOLUTION
the  bond. We approach this problem using the same three questions developed in the previous section:
STELS 2 ?f‘“dh?* 1. Which two groups are being added across the double bond?—H and OH.
entity the

regioselectivity and 2. What is the regioselectivity?—Markovnikov addition.

stereospecificity. 3. What is the stereospecificity?—Not relevant (no chiral centers formed).
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STEP 4 This transformation requires reagents that will give a Markovnikov addition of H and OH.
Iientrzfy reaients th?t This can be accomplished in either of two ways: acid-catalyzed hydration or oxymercuration-
will achieve the det?' ° demercuration. Acid-catalyzed hydration might be more OH
described in the first ) . . h ] ¢
three steps. simple in this case, because there is no concern of a car- = HO"
bocation rearrangement: ’

If rearrangement were possible, then oxymercuration-demercuration would have been the
preferred route.

PRACTICE the skill 8.35 Identify the reagents that you would use to accomplish each of the following trans-
formations:

O/\ O/k B>‘Y SN
e + En
(a) (b)

Br
B,}\( - /S/ O/\ O/\
(9) (h)

APPLY the skill 8.36 AZT was the first HIV treatment to be approved by the Food and Drug Administration.
HIV may become AZT-resistant over time, so new drugs are always being sought. As part
of this effort, compound 2 was made from compound 1 and was shown to have modest
activity against HIV.® For reasons that will be discussed in later chapters, the C=C bond

inside the six-membered ring is less reactive than the C=C bond outside the five-mem-
bered ring, allowing for selective addition at the more reactive C=C bond.

(a) What set of reagents will accomplish the conversion from 1 to 27

(b) This transformation is an example of a diastereoselective reaction. That is, there is
a preference for the reaction to occur on one face of the 7 bond, giving compound 2.
Explain the source of this preference.

need more PRACTICE? Try Problems 8.52, 8.54, 8.62, 8.63, 8.68

Changing the Position of a Leaving Group

Now let’s get some practice combining the reactions covered thus far. As an example, consider the
following transformation:

Br

T
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The net result is the change in position of the Br atom. How can this type of transformation
be achieved? This chapter did not present a one-step method for moving the location of a bromine
atom. However, this transformation can be accomplished in two steps: an elimination reaction fol-
lowed by an addition reaction:

Br
Br
Elimination /Y Addition /\k
—_— —_—

When performing this two-step sequence, there are a few important issues to keep in mind. In the
first step (elimination), the product can be the more substituted alkene (Zaitsev product) or the less
substituted alkene (Hofmann product):

NaOMe /\( Zaitsev
Br
\% /Y Hofmann

Note that a careful choice of reagents makes it possible to control the regiochemical outcome, as we first
saw in Section 7.8. With a strong base, such as sodium methoxide (NaOMe) or sodium ethoxide (NaOEk),
the major product is the more substituted alkene. With a strong, sterically hindered base, such as potassium
tert-butoxide (+~BuOK), the major product is the less substituted alkene. After forming the double bond,
the regiochemical outcome of the next step (addition of HBr) can also be controlled by the reagents used.
HBr produces a Markovnikov addition while HBr/ROOR produces an anti-Markovnikov addition.

When changing the location of a leaving group, make sure to remember that hydroxide is a very
poor leaving group. Lets see what to do when dealing with an OH group. As an example, consider
how the following transformation might be achieved:

Saiee

OH

Our strategy would suggest the following steps:

Addition of

/>(\ Elimination /ﬁr\ Hand OH
9 5 /\E\
OH

However, this sequence presents a serious obstacle in that the first step is an elimination reaction in
which OH would be the leaving group. It is possible to protonate an OH group using concentrated
acid, which converts a bad leaving group into an excellent leaving group (see Section 7.12). However,
that reaction cannot be used here because it is an E1 process, which always yields the Zaitsev product,
not the Hofmann product. The regiochemical outcome of an E1 process cannot be controlled. The
regiochemical outcome of an E2 process can be controlled, but an E2 process cannot be used in this
example, because OH is a bad leaving group. It is not possible to protonate the OH group with a
strong acid and then use a strong base to achieve an E2 reaction, because when mixed together, a
strong base and a strong acid will simply neutralize each other. The question remains: How can an
E2 process be performed when the desired leaving group is an OH group?

In Chapter 7, we explored a method that would allow an E2 process in this example, which maintains
control over the regiochemical outcome. The OH group can first be converted into a tosylate, which is
a much better leaving group than OH (for a review of tosylates, see Section 7.12). After the OH group
is converted into a tosylate, the strategy outlined above can be followed. Specifically, a strong, sterically
hindered base is used for the elimination reaction, followed by anti-Markovnikov addition of H and OH:

Conversion of OH into a Elimination Addition
good leaving group

__TsCl _t-BuOK | BHa THF
yrldlne 202, NaOH
OH
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SKILLBUILDER

)| LEARN the skill

S

STEP 1

Control the
regiochemical
outcome of elimination
by choosing the
appropriate base.

STEP 2

Control the
regiochemical
outcome of addition
by choosing the
appropriate reagents.

| PRACTICE the skill

P

2\

) APPLY the skill

P

K—% 8.11 CHANGING THE POSITION OF A LEAVING GROUP
{

Identify the reagents you would use to accomplish the following transformation:

SOLUTION
This problem shows Br changing its position. This can be accomplished with a two-step process:
(1) elimination to form a double bond followed by (2) addition across that double bond:

Br

/H/\ Elimination /ﬁ/\ Addition Br\/ﬁ/\
_— 2 —_—

Care must be taken to control the regiochemical outcome in each of these steps. In the elim-
ination step, the product with the less substituted double bond (i.e., the Hofmann product)
is desired, and therefore, a sterically hindered base must be used. In the addition step, Br
must be installed at the less substituted position (anti-Markovnikov addition), and therefore,
we must use HBr with peroxides. This gives the following overall synthesis:

Br
1) t-BuOK Br
2) HBr, ROOR

8.37 Identify the reagents you would use to accomplish each of the following transformations:

OH
SN - — HO
e G
OH
— HO d — C( + En
w @ o

8.38 Bioethanol, ethanol produced by fermentation of sugars, is a desirable starting mate-
rial for chemical synthesis since it comes from renewable resources.” Identify the reagents
you would use to accomplish the following industrial transformation that converts ethanol
to ethylene glycol:

Cl

" )\(\/
Br

q )\(\/

HO
~Son T " oH

Ethanol Ethylene glycol

need more PRACTICE? Try Problems 8.50, 8.69

Changing the Position of a 7 Bond

In the previous section, we combined two reactions in one synthetic strategy—eliminate and then

add—which enabled us to change the location of a halogen or hydroxyl group. Now, let’s focus on

another type of strategy—add and then eliminate:

Br

/Y Addition )Y Elimination /\(
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This two-step sequence makes it possible to change the position of a 7 bond. When using this strategy,
the regioselectivity of each step can be carefully controlled. In the first step (addition), Markovnikov
addition is achieved by using HBr, while an#i-Markovnikov addition is achieved by using HBr with
peroxides. In the second step (elimination), the Zaitsev product can be obtained by using a strong
base, while the Hofmann product can be obtained by using a strong, sterically hindered base.

SKILLBUILDER

K—% 8.12 CHANGING THE POSITION OF A 7 BOND
| 0 ) LEARN the skill Identify the reagents you would use to accomplish the following transformation:
e Sl
SOLUTION
STEP 1 This example involves moving the position of a 7 bond. We have not seen a way to accom-
Control the

plish this transformation in one step. However, it can be accomplished in two steps—

regiochemical outcome addition followed by elimination:

of addition by choosing

the appropriate reagents. Br
O/ Addition (j/ Elimination (f
STEP 2
Control the
regiochemical outcome In the first step, a Markovnikov addition is required (Br must be placed at the more substituted
of elimination by carbon), which can be accomplished by using HBr. The second step requires an elimination to
choosing the approiriate give the Hofmann product, which can be accomplished with a sterically hindered base, such as
ase.

tert-butoxide. Therefore, the overall synthesis is:

1) HBr
2) t-BUOK

| PRACTICE the skill 8.39 Identify the reagents you would use to accomplish each of the following transformations:
T =0 AT

(a) (b) —
/‘\/ )\/ d

O-0

J

D
A\

(N )

| 0 ) APPLY the skill 8.40 Compound 3 below, called mycoepoxydiene, has been isolated from a marine fungus and

% has been shown to possess anti-cancer and anti-inflammatory properties. It contains an unusual
- oxygen-bridged cyclooctadiene skeleton. Both enantiomers of this compound were made in the

laboratory.® Show the reagents you would use to convert compound 1 into compound 2.

HsCOCO,,,

Many
steps v C|7H3
0 OTBDMS @ OTBDMS —=, ! O |TpBMS - §-Si—tBu
SN — |
CHs CHs CHa Che
1 2 3

need more PRACTICE? Try Problems 8.46, 8.70
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REVIEW OF REACTIONS

HBr,
ROOR

2 Of
Br
H,0"

7 T~

OH

; (T
1) Hg(OAc),, H,0

2) NaBH,

1) BH, * THF
2) H,0,, NaOH

5

1. Hydrohalogenation (Markovnikov)

2. Hydrohalogenation (anti-Markovnikov) 5. Hydrogenation

3. Acid-catalyzed hydration and
oxymercuration-demercuration

4. Hydroboration-oxidation

6. Bromination

o 10
MH
o]
1) Oy 1) 0sO,
2) DMS

2) NaHSO,4
H,O

NaOH, cold

1) RCOzH + En
2) H;0"
Bry,, H,0 8
&2 [ OH
( + En
Br 7

6

8. Anti dihydroxylation
9. Syn dihydroxylation

10. Ozonolysis

7. Halohydrin formation

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 8.1
« Addition reactions are characterized by the addition of two
groups across a double bond.

SECTION 8.2

» Alkenes are abundant in nature.

* Ethylene and propylene, both formed from cracking petroleum,
are used as starting materials for a wide variety of compounds.

SECTION 8.3
« Addition reactions are thermodynamically favorable at low
temperature and disfavored at high temperature.

SECTION 8.4

» Hydrohalogenation reactions are characterized by the addi-
tion of H and X across a 7 bond, where X is a halogen.

o For unsymmetrical alkenes, the placement of the halogen
represents an issue of regiochemistry. Hydrohalogenation
reactions are regioselective, because the halogen is gen-
erally installed at the more substituted position, called
Markovnikov addition.

* In the presence of peroxides, addition of HBr proceeds via an
anti-Markovnikov addition.

o The regioselectivity of an ionic addition reaction is deter-
mined by the preference for the reaction to proceed through
the more stable carbocation intermediate.

« When one new chiral center is formed, a racemic mixture of
enantiomers is obtained.

» Hydrohalogenation reactions are only efficient when carbo-
cation rearrangements are not a concern.

SECTION 8.5

« Addition of water (H and OH) across a double bond is called
hydration.

» Addition of water in the presence of an acid is called acid-
catalyzed hydration, which generally proceeds via a
Markovnikov addition.

o Acid-catalyzed hydration proceeds via a carbocation inter-
mediate, which is attacked by water to produce an oxonium
ion, followed by deprotonation.

» Acid-catalyzed hydration is inefficient when carbocation rear-
rangements are a concern.

» Dilute acid favors formation of the alcohol, while concen-
trated acid favors the alkene.



« When generating a new chiral center, a racemic mixture of
enantiomers is expected.

SECTION 8.6

» Oxymercuration-demercuration achieves hydration of an
alkene without carbocation rearrangements.

 The reaction is believed to proceed via a bridged intermedi-
ate called a mercurinium ion.

SECTION 8.7

» Hydroboration-oxidation can be used to achieve an anti-
Markovnikov addition of water across an alkene. The reaction
is stereospecific and proceeds via a syn addition.

e Borane (BH3) exists in equilibrium with its dimer, diborane,
which exhibits three-center, two-electron bonds.

» Hydroboration proceeds via a concerted process, in which
borane is attacked by a 7 bond, triggering a simultaneous

hydride shift.

SECTION 8.8

« Catalytic hydrogenation involves the addition of H, across
an alkene in the presence of a metal catalyst.

» The reaction proceeds via a syn addition.

» Heterogeneous catalysts are not soluble in the reaction
medium, while homogeneous catalysts are.

o Asymmetric hydrogenation can be achieved with a chiral
catalyst.

SECTION 8.9

» Halogenation involves the addition of X, (either Br, or Cly)
across an alkene.

» Bromination proceeds via a bridged intermediate, called a
bromonium ion, which is opened by an Sy2 process that pro-
duces an anti addition.

SKILLBUILDER REVIEW

8.1 DRAWING A MECHANISM FOR HYDROHALOGENATION

STEP 1 Using two curved arrows,
protonate the alkene to form the more

stable carbocation.
H
(}—/ + Xe

VLt
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 In the presence of water, the product is a bromohydrin
or a chlorohydrin, and the reaction is called halohydrin
formation.

SECTION 8.10

» Dihydroxylation reactions are characterized by the addition
of OH and OH across an alkene.

o A two-step procedure for anti dihydroxylation involves
conversion of an alkene to an epoxide, followed by acid-
catalyzed ring opening.

SECTION 8.11
» Syn dihydroxylation can be achieved with osmium tetroxide
or potassium permanganate.

SECTION 8.12
o Ozonolysis can be used to cleave a double bond and
produce two carbonyl groups.

SECTION 8.13
o In order to predict the products of an addition reaction, the
following three questions must be considered:
What is the identity of the groups being added across the
double bond?

What is the expected regioselectivity (Markovnikov or
anti-Markovnikov addition)?

What is the expected stereospecificity (syn or anti addition)?

SECTION 8.14

» The position of a leaving group can be changed via elimina-
tion followed by addition.

o The position of a m bond can be changed via addition
followed by elimination.

STEP 2 Using one curved arrow, draw the
halide ion attacking the carbocation.

Try Problems 8.3, 8.4, 8.44c, 8.61, 8.64

8.2 DRAWING A MECHANISM FOR HYDROHALOGENATION WITH A CARBOCATION REARRANGEMENT

STEP 1 Using two curved arrows,
protonate the alkene to form the more
stable carbocation.

STEP 2 Using one curved arrow, draw
a carbocation rearrangement that forms
a more stable carbocation, via either a

STEP 3 Using one curved arrow, draw the
halide ion attacking the carbocation.

hydride shift or a methyl shift.

—_— " s
_—

..0
B Secondary

Tertiary

Try Problems 8.6, 8.7, 8.44d, 8.72, 8.76
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8.3 DRAWING A MECHANISM FOR AN ACID-CATALYZED HYDRATION

STEP 1 Using two curved STEP 2 Using one curved arrow, STEP 3 Using two curved arrows,
arrows, protonate the alkene draw water attacking the carbocation. deprotonate the oxonium ion using
to form the more stable water as a base.

carbocation.

A H
e RN N
H—0® . - H—67 w o HO:  H
H H” H © H H
>—\ ‘:‘ §—< fr— %—< : %—< + H30+

Try Problems 8.10, 8.11, 8.44a,b, 8.56

8.4 PREDICTING THE PRODUCTS OF HYDROBORATION-OXIDATION

STEP 1 Determine the regiochemical outcome based STEP 2 Determine the stereochemical outcome based on the requirement
on the requirement for anti-Markovnikov addition. for syn addition.
2) H,0,, NaOH w ""H
T . H o H OH OH
Less substituted Enantiomers

Try Problems 8.16, 8.17, 8.58, 8.66

8.5 PREDICTING THE PRODUCTS OF CATALYTIC HYDROGENATION

STEP 1 Determine the number of chiral centers STEP 2 Determine the stereochemical outcome STEP 3 Verify that
formed in the process. based on the requirement for syn addition. the products do not

represent a single
= H,
PL

meso compound.
Two chiral centers Enantiomers

Try Problems 8.18, 8.19, 8.48, 8.67, 8.73, 8.75

8.6 PREDICTING THE PRODUCTS OF HALOHYDRIN FORMATION

STEP 1 Determine the regiochemical outcome. The OH group STEP 2 Determine the stereochemical outcome based on the
should be placed at the more substituted position. requirement for anti addition.

HO Br

H B
L . BrZ Brz iy, \ aH n : wnH
H,O - H,O
\ Enantiomers

OH group is placed here
at the more substituted position

Try Problems 8.21-8.23, 8.65

8.7 DRAWING THE PRODUCTS OF ANTI DIHYDROXYLATION

STEP 1 Determine the number of chiral STEP 2 Determine the stereochemical outcome
centers formed in the process. based on the requirement for anti addition.
H HO OH HO OH HO OH
—_—
— 2) H;0"

Two chiral centers Enantiomers

Try Problems 8.24-8.26, 8.57d
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8.8 PREDICTING THE PRODUCTS OF OZONOLYSIS

STEP 1 Redraw the compound with the STEP 2 Erase the center of each C=C double
C==C double bonds longer than normal. bond and place two oxygen atoms in the space.

o

" /P
o}
[0}
\
Try Problems 8.28-8.30, 8.60, 8.77
8.9 PREDICTING THE PRODUCTS OF AN ADDITION REACTION
STEP 1 Identify the two groups STEP 2 Identify the expected STEP 3 Identify the expected stereospecificity.
being added across the 7 bond. regioselectivity.
1) BH * THF Adds — + En
2) Hy0,,NaOH  Hand OH /\/w/T\
OH is installed here
at the less substituted position
Try Problems 8.31-8.34, 8.42, 8.43, 8.57, 8.65
8.10 PROPOSING A ONE-STEP SYNTHESIS
STEP 1 Identify which two groups STEP 2 |dentify the STEP 3 Identify STEP 4 |dentify reagents that will achieve
were added across the 7 bond. regioselectivity. the stereospecificity. the details specified in the first three steps.
OH OH OH OH
B '\ ==
Markovnikov No chiral centers
addition Not relevant
Try Problems 8.35, 8.36, 8.52, 8.54, 8.62, 8.63, 8.68
8.11 CHANGING THE POSITION OF A LEAVING GROUP
STEP 1 Control the regiochemical outcome STEP 2 Control the regiochemical outcome of the second step by choosing
of the first step by choosing the appropriate base. the reagents to achieve either Markovnikov or anti-Markovnikov addition.

Br HB! Br
)ﬁ/\ L BUOK /Y\ /ﬁ/\ ROOrR \/\r\
Try Problems 8.37, 8.38, 8.50, 8.69

8.12 CHANGING THE POSITION OF A 77 BOND

STEP 1 Control the regiochemical outcome of the first step by choosing STEP 2 Control the regiochemical outcome
the reagents to achieve either Markovnikov or anti-Markovnikov addition. of the second step by choosing the appropriate base.
Br Br

o=t S -

Try Problems 8.39, 8.40, 8.46, 8.70
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PRACTICE PROBLEMS

Note: Most of the Problems are available within WileyPLUS,

an online teaching and learning solution.

8.41 At high temperatures, alkanes can undergo dehydrogenation to
produce alkenes. For example:

L] 750°c. N M
H—Cli—(lt H /C:C\ + H,
H H H H
Ethane Ethylene  Hydrogen gas

This reaction is used industrially to prepare ethylene while simultane-
ously serving as a source of hydrogen gas. Explain why dehydrogena-
tion only works at high temperatures.

8.42 Predict the major product(s) for each of the following reactions:

t) KMnO, 1) Hg(OAG),, HyO 9
o MnO,

LS oW
= NaOH, cold 2) NaBH, =

HCI WHZO
H,, Pt

? ?

I,

8.43 Predict the major product(s) for each of the following reactions:
9 1) RCOgH
PRV s L
- 2) H0"
HBr &
H,, Pt l)

1) BHg * THF
2)H,0,, NaOH  m

8.44 Propose a mechanism for each of the following reactions:

o 2 M
o ho 2 X
e

o=t

8.45 Compound A reacts with one equivalent of H; in the presence
of a catalyst to give methylcyclohexane. Compound A can be formed
upon treatment of 1-bromo-1-methylcyclohexane with sodium methox-
ide. What is the structure of compound A?

8.46 Suggest an efficient synthesis for each of the following
transformations:

8.47 Suggest an efficient synthesis for the following transformation:

/\XH*’/\*

8.48 How many different alkenes will produce 2,4-dimethylpentane
upon hydrogenation? Draw them.

8.49 Compound A is an alkene that was treated with ozone (followed
by DMS) to yield only (CH3CH,CH,),C=0. Identify the major prod-
uct that is expected when compound A is treated with a peroxy acid
(RCO3H) followed by aqueous acid (H;O™).

8.50 Suggest an efficient synthesis for each of the following
transformations:

OH

Y
OH OH
ooes

8.51 Compound A has the molecular formula C;HqsBr. Treatment of
compound A with sodium ethoxide yields only one elimination product
(compound B) and no substitution products. When compound B is treated
with dilute sulfuric acid, compound C is obtained, which has the molecular
formula C;H1,O. Draw the structures of compounds A, B, and C.

8.52 Suggest suitable reagents to perform each of the following
transformations:

)\/\ —’Brvv\h
NN

\/k/\ g
HO. + En X/\



8.53 (R)-Limonene is found in many citrus fruits, including oranges

and lemons:
(r

Draw the structures and identify the relationship of the two products
obtained when (R)-limonene is treated with excess hydrogen in the
presence of a catalyst.

8.54 Suggest suitable reagents to perform the following

transformation:
OH

Racemic

N

8.55 Propose a mechanism for the following transformation:
e} OH
/7 [Hp80,] %_/
—s
MeOH
MeO

8.56 Propose a mechanism for the following transformation:

gt

8.57 Predict the major product(s)

Hy 2 o' £
(PPhg)3RhCI H /\/& — 4

1) BHy - THF
2)Hy,0p,NaOH =

>_/:\_< 1) RCOH 9
(d)

2) H0" =
8.58 Explain why each of the following alcohols cannot be prepared
via hydroboration-oxidation:

OH

OH
i ¢ M
(a) /K (b) (c)

8.59 Compound X is treated with Br; to yield meso-2,3-dibromobutane.
What is the structure of compound X?

s) for each of the following reactions:

8.60 Identify the alkene that would yield the following products via
ozonolysis:

O
o}

(@]

P é .

(a) (b)
o (0] (@]
(0]
&5 O
+

) d)
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Practice Problems

8.61 The following reaction is observed to be regioselective. Draw a
mechanism for the reaction and explain the source of regioselectivity

in this case:
Br
Oi)\ (jiO\
HBr
—_—

8.62 Identify the reagents you would use to accomplish each of the
following transformations:

T
oS
O/\\ )L/\/\’ -

8.63 Identify the reagents you would use to accomplish each of the
following transformations:

|
&/Ho on

8.64 |dentify which of the following two reactions you would expect
to occur more rapidly: (1) addition of HBr to 2-methyl-2-pentene or
(2) addition of HBr to 4-methyl-1-pentene. Explain your choice.
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8.65 Predict the major product(s) of the following reaction:

8.66 Compound A has the molecular formula CsHqo. Hydroboration-
oxidation of compound A produces an alcohol with no chiral centers.
Draw two possible structures for compound A.

8.67 In much the same way that they react with H,, alkenes also react
with D, (deuterium is an isotope of hydrogen). Use this information to
predict the product(s) of the following reaction:

Seb%

8.68 |dentify what reagents you would use to achieve each
transformation:

(@) Conversion of 2-methyl-2-butene into a secondary alkyl halide
(b) Conversion of 2-methyl-2-butene into a tertiary alkyl halide

(c) Conversion of cis-2-butene into a meso diol
(

d) Conversion of cis-2-butene into enantiomeric diols

8.69 Identify the reagents you would use to achieve each of the fol-
lowing transformations:

(a) Convert tert-butyl bromide into a primary alkyl halide

(b) Convert 2-bromopropane into 1-bromopropane

INTEGRATED PROBLEMS

8.74 Suggest an efficient synthesis for the following transformation:

OH
On—O-
Br

8.75 Compound X has the molecular formula C;H14. Hydrogenation
of compound X produces 2,4-dimethylpentane. Hydroboration-
oxidation of compound X produces a racemic mixture of 2,4-dimethyl-
1-pentanol (shown below). Predict the major product(s) obtained when
compound X is treated with aqueous acid (H3O™").

JU

2,4-Dimethyl-1-pentanol

8.76 When (R)-2-chloro-3-methylbutane is treated with potassium
tert-butoxide, a monosubstituted alkene is obtained. When this alkene
is treated with HBr, a mixture of products is obtained. Draw all of the
expected products.

8.70 Identify the reagents you would use to accomplish each of the
following transformations:

(@) Convert 2-methyl-2-butene into a monosubstituted alkene

(b) Convert 2,3-dimethyl-1-hexene into a tetrasubstituted alkene

8.71  When 1-methoxy-2-methylpropene is treated with HCI, the major
product is 1-chloro-1-methoxy-2-methylpropane. Although this reac-
tion proceeds via an ionic mechanism, the Cl is ultimately positioned
at the less substituted carbon. Draw a mechanism that is consistent
with this outcome and then explain why the less substituted carboca-
tion intermediate is more stable in this case.

>7/ HCI

1-Methoxy-2-methylpropene

=,

1-Chloro-1-methoxy-2-methylpropane

8.72 The accepted mechanism for the following transformation involves
a carbocation rearrangement. Rather than occurring via a methyl shift or
a hydride shift, a carbon atom of the ring migrates, thereby converting a
secondary carbocation into a more stable, tertiary carbocation. Using this
information, draw a mechanism for the following transformation:

Dilute HBr Br
_—

8.73 Compound X has the molecular formula CsHqq. In the presence
of a metal catalyst, compound X reacts with one equivalent of molecu-
lar hydrogen to yield 2-methylbutane.

(a) Suggest three possible structures for compound X.

(b) Hydroboration-oxidation of compound X yields a product with no
chiral centers. Identify the structure of compound X.

8.77 Compound Y has the molecular formula C;H;,. Hydrogenation
of compound Y produces methylcyclohexane. Treatment of com-
pound Y with HBr in the presence of peroxides produces the following

compound:
ok

Predict the products when compound Y undergoes ozonolysis.

8.78 Muscalure is the sex pheromone of the common housefly and
has the molecular formula Cy3Hsg. When treated with O3 followed by
DMS, the following two compounds are produced. Draw two possible
structures for muscalure.

0]

MH

(0]

\A/MH



8.79 Propose a plausible mechanism for each of the following
reactions:

~_" OH 8

(4,50, j
—_—
0 HO
— S
HO /Q\(
O

8.80 Suggest an efficient synthesis for the following transformation:

O o}
Cl
— H H

Propose a plausible mechanism for the following reaction:

Conc. Hy,SO,

_—c

(a)
(b)

8.81

Br
/

W Br, O
P
OH

8.82 Propose a plausible mechanism for the following process, called
iodolactonization:

o L,

)J\ | / °
, ” oH = N iy

8.83 When 3-bromocyclopentene is treated with HBr, the observed
product is a racemic mixture of trans-1,2-dibromocyclopentane. None
of the corresponding cis-dibromide is observed. Propose a mechanism
that accounts for the observed stereochemical outcome:

Br Br Br
@ HBr é_,,\mBr + En Br

Not
observed

8.84  Progesterone is a hormone that helps prepare a woman’s body
for pregnancy and regulates menstrual cycles. In a synthesis of prog-
esterone,” an alkene with the molecular formula Cy1H3,0 (compound
A) was subjected to an ozonolysis process to afford compound B, a tri-
ketone that was directly converted into progesterone.

1) Oz
2) Zn/H,0

Compound A
(C21H3:0)

397

Integrated Problems

Compound A could theoretically be one of three different alkenes; how-
ever, only one of the three options is a reasonable molecule. Consider
the three options, determine which two are unreasonable, and propose
the structure of compound A.

8.85 Taxol (compound 3) can be isolated from the bark of the Pacific
yew tree, Taxus brevifolia, and is currently used in the treatment of sev-
eral kinds of cancer, including breast cancer. Each yew tree contains a
very small quantity of the precious compound (approximately 300 mg),
enough for just one dose for one person. This fueled great interest in a
synthetic route to taxol, and indeed, several total syntheses have been
reported. During K. C. Nicolaou’s synthesis of taxol, compound 1 was
treated with BH3 in THF, followed by oxidative workup, to afford alcohol
2. The formation of 2 is observed to occur regioselectively as well as
stereoselectively.'®

1) BHz - THF
—_s
2) Hy,0,, mild base

|

(a) Identify the functional group in 1 that will react with BH3 and justify
your choice.

(b) In compound 1, the benzyl group (C4HsCH;,—) is extremely large
and provides significant steric hindrance during the hydroboration
process. With this in mind, predict the regiochemical and stereo-
chemical outcome of the process and draw the structure of com-
pound 2.

8.86 When adamantylideneadamantane, shown below, is treated
with bromine, the corresponding bromonium ion forms in high yield.
This intermediate is stable and does not undergo further nucleophilic
attack by bromide ion to give the dibromide."" Draw the structure
of the bromonium ion and explain why it is so inert toward further
nucleophilic attack. Draw a reaction coordinate diagram that is consis-
tent with your explanation and compare and contrast it to a reaction
coordinate diagram for a more typical dibromination, such as that of
propylene.

Br.
=, 0

8.87 Diisopinocampheylborane (Ipc,BH) is a chiral organoborane,
readily employed for the production of many asymmetric products
used in total synthesis. It is a crystalline material that can be prepared
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as a single enantiomer via the hydroboration of two equivalents of
a-pinene with borane.'? Explain why only one enantiomer of Ipc,BH

is formed.
B/J

8.88 Zaragozic acids are a group of structurally related, natural
products that were first isolated from fungal cultures in 1992. These
compounds have been shown to reduce cholesterol levels in pri-
mates, an observation that has fueled interest in the synthesis of zara-
gozic acids and their derivatives. During a synthesis of zaragozic acid
A, compound 1 was treated with NMO and catalytic OsO, to afford
intermediate 2, which quickly rearranged to give compound 3.3
The conversion of 1 to 2 was observed to proceed in a diastereo-
selective fashion. That is, syn addition only occurs on the top face
of the 7 bond, not on the bottom face.

BHj - THF
—
0.5 equiv

Provide a justification for
this facial selectivity. You might find it helpful to build a molecular
model.

HO OH
HO
Y/ OSEM OH __OSEM
O 0s0, (catalytic)
_

8.89 Monensin is a potent antibiotic compound isolated from
Streptomyces cinnamonensis. The following reaction was employed dur-
Sodium bicarbonate (NaHCO3)
functions as a mild base to deprotonate the carboxylic acid group. The
transformation is said to be diastereoselective, because only one diaste-
reomeric product (55,65) is obtained. The other expected diastereomer
(5R,6R) is not observed.

ing W. C. Still's synthesis of monensin."*

(a) This type of process, called iodolactonization, was already encoun-
tered in Problem 8.82. Draw a mechanism for this transformation.

(b) The stereochemical outcome can be rationalized with a
conformational analysis of compound 1. Draw a Newman
projection looking down the C4-C5 bond and identify the lowest
energy conformation. Use your findings to rationalize the observed
diastereoselectivity.

Problems 8.90-8.92 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

8.90 Which of the following compounds is NOT a product of this ozon-

olysis reaction?
10 |
)\N Qo

o) O

ST A

8.91  Which of the following represents an efficient method for prepar-

ing the alcohol shown?
_HO™ > <
OH

8.92 Consider the following acid-catalyzed hydration reaction:

/& Dilute H,SO, XH

Which of the following ions are intermediates in the accepted mecha-
nism for this process?

L, N

HaO0*

1) BHg THF
2) H,0, NaOH

1)BHy THF
2) Hy0,, NaOH

>¥
>_/
>_/
>¥

(@) I, 11, and Il
(b) land Il
(c) None of the above. The process is concerted.

(d) Only IV



CHALLENGE PROBLEMS

8.93 The following table provides relative rates of oxymercuration for
a variety of alkenes with mercuric acetate."® Provide structural explana-
tions for the trend observed in the relative rates of reactivity.

Alkenes Relative Reactivity
CH,=C(CH,3)(CH,CH,CHy), 1 1000
CH,=CHCH,CH,CH,CH3, 2 100
CH,=CHCH,OMe, 3 31.8
CH(CHg)=C(CHjy),, 4 25.8
CH,=CHCH,CI, 5 2.4

8.94 9-Borabicyclo[3.3.1]nonane (9-BBN) is a reagent commonly
used in the hydroboration of alkynes (Section 10.7), but it can also be
employed in reactions with alkenes. The following table provides the
relative rates of hydroboration (using 9-BBN) for a variety of alkenes:'®

Alkenes Relative Reactivity
CH,=CHOBu, 1 1615
CH,=CHBu, 2 100
CH,=CHCH,OMe, 3 32,5
CH,=CHOAc, 4 22.8
CH,=CHCH,0Ac, 5 21.9
CH,=CHCH,CN, 6 5.9
CH,=CHCH,CI, 7 4.0
cis-2-Butene, 8 0.95

trans-CH;CH,CH=CHCI, 9 0.003

(a) Provide a structural explanation for the relative rates of reactivity
for compounds 1-5. Be sure to explore resonance effects as well as
inductive effects.

(b) Provide a structural explanation for the relative rates of reactivity for
compounds 5, 6, and 7.

(c) Provide a structural explanation for the relative rates of reactivity for
compounds 2, 8, and 9.

8.95 Propose a plausible mechanism for the following transformation,

which was used as the key step in the formation of the natural product

heliol."”

HO

+ enantiomer
OH

Challenge Problems 399

8.96 Reserpine can be isolated from the extracts of the Indian snake-
root Rauwolfia serpentina and has been used in the effective treatment
of mental disorders. R. B. Woodward employed the following reaction
sequence in his classic 1958 synthesis of reserpine.'® After compound
1 was prepared, it was treated with molecular bromine, followed by
sodium methoxide, to afford compound 2, which rapidly undergoes a
Michael reaction to give compound 3 (Michael reactions will be covered
in Chapter 22). Propose a plausible mechanism for the conversion of 1
to the short-lived intermediate 2.

1) Bry
2) NaOMe
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Alkynes

/" DIDYOU EVER WONDER...

what causes Parkinson’s disease

Introduction to Alkynes

Nomenclature of Alkynes

Acidity of Acetylene and / L.
Terminal Alkynes A and how it is treated?
9.4 Preparation of Alkynes
9.5 Reduction of Alkynes arkinson’s disease is a motor system disorder that affects an esti-
9.6 Hydrohalogenation of Alkynes mated 3% of the U.S population over the age of 60. The main
9.7 Hydration of Alkynes symptoms of Parkinson’s disease include trembling and stiffness of
9.8 Halogenation of Alkynes the limbs, slowness of movement, and impaired balance. Parkinson’s
9.9 Ozonolysis of Alkynes disease is a neurodegenerative disease, because the symptoms are
9.10 Alkylation of Terminal Alkynes caused by the degeneration of neurons (brain cells). The neurons
9.11 Synthesis Strategies most affected by the disease are located in a region of the brain called

the substantia nigra. When these neurons die, they cease to

produce dopamine, a neurotransmitter used by the
brain to regulate voluntary movement. The symp-
toms described above begin to appear when
50-80% of dopamine-producing neurons
have died. There is no known cure for the

disease, which is progressive. However, the
! symptoms can be treated through a variety
" of methods. One such method utilizes a
l drug called selegiline, WhOSC molecular

FCTITE Contains a C=C bond. We will
see that the pre/s,e,nt:'é of the triple bond
plays an_impéftant role in the action of




s
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DO YOU REMEMBER?

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

¢ Bronsted-Lowry Acidity (Sections 3.4, 3.5) e Energy Diagrams (Sections 6.5, 6.6)
* Nucleophiles and Electrophiles (Section 6.7) e Arrow Pushing (Sections 6.8-6.10)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

9.1 Introduction to Alkynes

Structure and Geometry of Alkynes

The previous chapter explored the reactivity of alkenes. In this chapter, we expand that dis-
cussion to include the reactivity of alkynes, compounds containing a C=C bond. Recall
from Section 1.9 that a triple bond is comprised of three separate bonds: a ¢ bond and
two m bonds. The ¢ bond results from the overlap of sp-hybridized orbitals, while each
of the 7 bonds results from overlapping p orbitals (Figure 9.1). These 7 bonds occupy
large regions of space (larger than the p orbitals depicted in Figure 9.1), giving rise
to a cylindrical region of high electron density encircling the triple bond.
This can be visualized with an electrostatic potential map of acetylene
(H—C=C—H), shown in Figure 9.2. The region shown in red (high
electron density) explains why alkynes are reactive. Indeed, alkynes are
similar to alkenes in their ability to function either as bases or as nucleo-
philes. We will see examples of both behaviors in this chapter.

FIGURE 9.1

The atomic orbitals used to form
a triple bond. The o bond is
formed from the overlap of two
hybridized orbitals, while each
of the two @ bonds is formed
from overlapping p orbitals.

FIGURE 9.2

An electrostatic potential map of
acetylene, indicating a cylindrical
region of high electron density (red).

The bond angles of acetylene are observed to be 180° (linear geometry), consistent with sp
hybridization (Section 1.9). This linear geometry makes it difficult to incorporate a triple bond into
a small ring, because ring strain would force the bond angles to deviate from the ideal 180°. Indeed,
the smallest cycloalkyne that can be prepared is a 9-membered ring, and it decomposes at room tem-

perature as a result of ring strain:

Cyclononyne

Some important trends emerge if we compare properties of ethane, ethylene, and acetylene.

HoH H H

[ \ / _
H—?—(ID—H /CZC\ H—C=C—H

H H H H

Ethane Ethylene Acetylene

As seen in Table 9.1, the C—C bond length differs for each of these compounds, as does the
C—H bond length. Specifically, ethane has the longest C—C and C—H bond lengths, while
acetylene has the shortest C—C and C—H bond lengths. These differences can be rationalized if
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we consider the hybridization states in each case. In ethane, the carbon atoms utilize sp°-hybridized
orbitals, each of which was constructed from one s orbital and three p orbitals. As such, each of
these hybridized orbitals has 25% s-character. In contrast, the carbon atoms in ethylene utilize
sp*-hybridized orbitals. These orbitals were constructed from one s orbital and two p orbitals, so
each of these hybridized orbitals has 33% s-character. A similar analysis of acetylene gives hybrid-
ized orbitals with 50% s-character. Recall that s orbitals are closer than p orbitals to the positively
charged nucleus. Since sp-hybridized orbitals have the most s-character (50%), these hybridized
orbitals are held closest to the nucleus, giving shorter bond lengths. This explains why the C—H
bonds are shortest in acetylene. The carbon atoms in acetylene utilize sp-hybridized orbitals to
form bonds with the hydrogen atoms, and a high degree of s-character gives rise to shorter C—H
bonds. In contrast, the carbon atoms in ethane utilize sp°-hybridized orbitals, and a low degree of
s-character gives rise to longer bonds.

A similar argument can be used to justify why the C—C bond length is shortest for acetylene.
Once again, the carbon atoms are sp hybridized, and with 50% s-character, these orbitals are held
more closely to the nucleus, giving rise to short bond lengths. In addition, there is another factor con-
tributing to the short bond lengths in acetylene, as compared with ethylene and ethane. Specifically,
acetylene has the attractive overlap of three pairs of bonding electrons in between the carbon atoms

(C=CQ), as compared with ethylene (C=C) and ethane (C—C).

TABLE 9.1 A COMPARISON OF PROPERTIES FOR ETHANE, ETHYLENE, AND ACETYLENE

ETHANE ETHYLENE ACETYLENE
(HsC—CHy) (H,C=CH,) (HC=CH)
Hybridization state of each carbon atom sp3 sp2 sp
s-character 25% 33% 50%
Geometry of each carbon atom tetrahedral trigonal planar linear
C—C bond length (Angstroms) 1.53 1.34 1.20
C—H bond length (Angstroms) 1.1 1.10 1.06

Alkynes in Industry and Nature

The simplest alkyne, acetylene (H—C=C—H), is a colorless gas that undergoes combustion to pro-
duce a high-temperature flame (2800°C) and is used as a fuel for welding torches. Acetylene is also
used as a precursor for the preparation of higher alkynes, as we will see in Section 9.10.

Alkynes are less common in nature than alkenes, although more than 1000 different alkynes
have been isolated from natural sources. One such example is histrionicotoxin, which is one of
the many toxins secreted by the South American frog, Dendrobates histrionicus, as a defense against
predators. For many centuries, South American tribes have extracted the mixture of toxins from the
frog’s skin and placed it on the tips of arrows to produce poison arrows.

) |

T—

H\§ Pz

Histrionicotoxin

In addition to the alkynes found in nature, many synthetic alkynes (prepared in the labora-
tory) are of particular interest. One such example is ethynylestradiol, found in many birth control
formulations. This synthetic oral contraceptive elevates hormone levels in women and prevents
ovulation. The presence of the triple bond renders this compound a more potent contraceptive
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than its natural analogue, which lacks a triple bond. The effect of the triple bond is attributed to
the additional structural rigidity that it imparts to the compound (as described in the application

box below).

Ethynylestradiol

® Medically Speaking The Role of Molecular Rigidity

As mentioned in the chapter opening, Parkinson’s
disease is a neurodegenerative disorder marked by a

dopamine regulates motor function, the decrease
in dopamine leads to impaired motor control. Although there is
no cure for Parkinson’s disease, the symptoms can be treated by
a variety of methods. The most effective course of treatment is to
administer a drug called L-dopa, which is converted into dopamine
in the brain:

NH,

OH

(S)-3,4-Dihydroxyphenylalanine
(L-dopa)

Dopamine

This method was described previously in Section 8.8 and is
effective because it replenishes the supply of dopamine in the
brain. Another method for increasing dopamine levels is to
slow the rate at which dopamine is removed from the brain.
Dopamine is primarily metabolized under the influence of an
enzyme (a biological catalyst), called monoamine oxidase B
(MAO B). Any drug that inactivates this enzyme will effectively
slow the rate at which dopamine is metabolized, thereby
slowing the rate at which dopamine levels decrease in the
brain. Unfortunately, a closely related enzyme, called MAO A,
is used for the metabolism of other compounds, and any drug
that inactivates MAO A leads to significant cardiovascular side
effects. Therefore, the selective inactivation of MAO B (but not
MAO A) is required. The first selective MAO B inactivator, called
selegiline, was approved by the FDA in 1989 for the treatment
of Parkinson'’s disease:

A}

%

Selegiline

. Selegiline, sold under the trade name Eldepryl, is often

. prescribed in combination with L-dopa. The combination of
decreased production of dopamine in the brain. Since |
. the diminishing supply of dopamine in the brain.

these two drugs offers a more effective method for combating

Notice that the structure of selegiline exhibits a

C=C bond, which serves an important function. Specifically,
| its linear geometry imparts structural rigidity to the

. compound. The aromatic ring on the other side of the

. compound also imparts structural rigidity, and both of these
. structural subunits enable the compound to selectively bind
to MAO B, thereby causing its inactivation. Triple bonds

- appear in several other FDA-approved drugs, where they

. often serve a similar function. In order for a drug to bind to
| its target receptor effectively, it must have the appropriate

. balance of structural rigidity and flexibility. In the design of

" new drugs, triple bonds are sometimes used to achieve that
. balance.
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@ Practically Speaking Conducting Organic Polymers

Polyacetylene, which can be prepared via the polymerization of
gaseous acetylene, was the first known example of an organic
polymer capable of conducting electricity.

P Polymerization
Acetylene Polyacetylene

In practice, polyacetylene only poorly conducts electricity.
However, when the polymer is prepared as a cation or anion (a
process called doping), it can conduct electricity almost as well as
a copper wire. Both the cationic polymer and the anionic polymer
are resonance stabilized, and they each conduct electricity very
efficiently. This discovery effectively opened the doorway to the
exciting field of conducting organic polymers, and the 2000
Nobel Prize in Chemistry was awarded to its discoverers: Alan
Heeger, Alan MacDiarmid, and Hideki Shirakawa.

Remove one
electron

Resonance stabilized

\/\/\/\/\/\%

Polyacetylene

Add one
electron %

Resonance stabilized

%\/K/\/\/\/\%

Polyacetylene itself has limited application because of
its sensitivity to air and moisture, but many other conducting
polymers have been developed. Consider the structure of poly
(p-phenylene vinylene), or PPV, which is a conducting polymer:

OO0

Poly(p-phenylene vinylene)
Conducting polymers such as PPV are sometimes used in LED
(light emitting diode) displays. When subjected to an electric
field, LEDs emit light, a phenomenon
called electroluminescence. A number of
useful organic LED systems, or OLEDs,
have been developed over the past
several decades. They are used in cell
phone displays, digital cameras,
and the displays of MP3 players.
LEDs are used in a wide range
of applications, including traffic
lights, flat-panel TV displays, and
alarm clock displays.

o~
o
z‘i—u—

e

e

9.2 Nomenclature of Alkynes

Recall from Sections 4.2 and 7.7 that naming alkanes and alkenes requires four discrete steps:

1. Identify and name the parent.

2. Identify and name the substituents.

3. Number the parent chain and assign a locant to each substituent.

4. Assemble the substituents alphabetically.

Alkynes are named using the same four steps, with the following additional rules:

When naming the parent, the suffix “yne” is used to indicate the presence of a C=C bond:

=
Pentane 1-Pentene 1-Pentyne

The parent of an alkyne is the longest chain #hat includes the C=C bond:

Parent = octane

Parent = heptyne
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9.1 ASSEMBLING THE SYSTEMATIC NAME OF AN ALKYNE

¢

A

J

LEARN the skill

STEP 1

Identify the parent.

STEP 2
Identify and name
the substituents.
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When numbering the parent chain of an alkyne, the triple bond should receive the lowest number
possible, despite the presence of alkyl substituents:

Correct Incorrect
4 4
3 5 A8 5 g A2
2~ 6_—
7 = 1
1/ = 7~ 74

The position of the triple bond is indicated using a single locant, not two. In the previous example,
the triple bond is between C2 and C3 on the parent chain. In this case, the position of the triple bond
is indicated with the number 2. The ITUPAC rules published in 1979 dictate that this locant be placed
immediately before the parent, while the [IUPAC recommendations released in 1993 and 2004 allow
for the locant to be placed before the suffix “yne.” Both names are acceptable IUPAC names:

4 6 5,5,6-Trimethylf2-heptyne
2/3 S or
/ 7  5,5,6-Trimethylheptt2-yne

1=

In addition to IUPAC nomenclature, chemists use common names for many alkynes. Ethyne
(H—C=C—H) is called acetylene, while larger alkynes have common names that identify the
alkyl groups attached to the parent acetylene:

— -0 -

Methylacetylene Diisopropylacetylene Phenylpropylacetylene

Notice that the first example is monosubstituted; it possesses only one alkyl group. Monosubstituted
acetylenes are called terminal alkynes, while disubstituted acetylenes are called internal alkynes. This
distinction will be important in the upcoming sections of this chapter.

PN

Terminal Internal

Provide a systematic name for the following compound:

SOLUTION

Assembling a systematic name requires four discrete steps: Begin by identifying the parent.
Choose the longest chain that includes the triple bond. In this case, the parent is heptyne
(shown in red below). Then, identify and name the substituents:

methyl

propyl ethyl
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STEP 3

Number the parent
chain and assign

a locant to each
substituent.

STEP 4
Assemble the
substituents
alphabetically.

/\ PRACTICE the skill
S

()
<

APPLY the skill

need more PRACTICE?

Next, number the parent chain and assign a locant to each substituent:

Finally, assemble the substituents alphabetically, making sure to include a locant that identi-
fies the position of the triple bond:

4-Ethyl-5-methyl-3-propyl-1-heptyne

Make sure that hyphens separate letters from numbers, while commas separate numbers
from each other.

9.1 Provide a systematic name for each of the following compounds:

PN /\><

=
(a) 7 (b) (© S~ d) &

9.2 Draw a bond-line structure for each of the following compounds:

(a) 4,4-Dimethyl-2-pentyne (b) 5-Ethyl-2,5-dimethyl-3-heptyne

PN
=

AN

CCI3

9.3 When naming cycloalkynes that lack any other functional groups, the triple bond does
not require a locant, because it is assumed to be between C1 and C2. Draw the structure of
(R)-3-methylcyclononyne.

9.4 (+)-Citronellal is the main compound responsible for the lemon scent of citronella oil. In
addition to its well-known insect repellant properties, it also has some antifungal properties.
(+)-Citronellal also has been used’ as a starting material to make compound 1. Provide an
IUPAC name for compound 1. Note that the name must include a stereodescriptor (R or S)
to identify the configuration of the chiral center.

(+)-Citronellal 1

Try Problems 9.32, 9.33, 9.55

9.3 Acidity of Acetylene and Terminal Alkynes

Compare the pK, values for ethane, ethylene, and acetylene:

Ethane Ethylene Acetylene
H H H H
H H H Y— H—=—-H
H H H H

pK, =50 pK, = 44 pK, =25



LOOKING BACK
This effect was first
discussed in Section 3.4.

FIGURE 9.3

The conjugate base of ethane
exhibits a lone pair in an sp3—
hybridized orbital. The conjugate
base of ethylene has the lone
pair in an spz—hybridized orbital,
and the conjugate base of
acetylene has the lone pair

in an sp-hybridized orbital.
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Recall that a lower pK, corresponds to a greater acidity. Therefore, acetylene (pK, = 25) is
significantly more acidic than ethane or ethylene. To be precise, acetylene is 19 orders of magnitude
(10,000,000,000,000,000,000 times) more acidic than ethylene. The relative acidity of acetylene can
be explained by exploring the stability of its conjugate base, called an acetylide ion (the suffix “ide”
indicates the presence of a negative charge):

& /\ ~:Base | ()

H—C= H—C=C:

Acetylene Acetylide ion

The stability of an acetylide ion can be rationalized using hybridization theory, in which the negative
charge is considered to be associated with a lone pair that occupies an sp-hybridized orbital. Compare
the conjugate bases for ethane, ethylene, and acetylene (Figure 9.3).

AN
\N
>¥ \Jo

Sp —>

Recall from Section 9.1 that an sp-hybridized orbital has more s-character than sp>- or sp°-
hybridized orbitals. As such, the electron density will be closer to the positively charged nucleus, and
therefore more stable, when occupying an sp-hybridized orbital.

Now let’s consider the equilibrium that is established when a strong base is used to deproton-
ate acetylene. Recall that the equilibrium of an acid-base reaction will always favor formation of the
weaker acid and weaker base. For example, consider the equilibrium established when an amide ion
(H,N7) is used as a base to deprotonate acetylene:

i m N H o I
/N.G Na + H—C=C—H = :/N—H + Na :C=C—H
H H
Stronger base Stronger acid Weaker acid Weaker base
(PKa = 25) (PK, = 38)

Equilibrium favors formation of
ker acid and ker base

In this case, the equilibrium strongly favors formation of the acetylide ion, because it is significantly
more stable (a much weaker base) than the amide ion. In contrast, consider what happens when
a hydroxide ion is used as the base:

B e NN

HO:" Na + H—C=C—H = 40N+ Na'fc=c—H
Weaker base Weaker acid Stronger acid Stronger base
(pKa = 25) (PKa = 15.7)

Equilibrium favors the
ker acid and ker base

In this case, the equilibrium does not favor formation of the acetylide ion, because the acetylide ion
is less stable (a stronger base) than the hydroxide ion. Therefore, hydroxide is not sufficiently basic to
produce a significant amount of the acetylide ion. That is, hydroxide cannot be used to deprotonate
acetylene.

Much like acetylene, terminal alkynes are also acidic and can be deprotonated with a suit-

able base:

€
/\ ¥ \Base

i —
R—C=C—H R—C=C:

An alkyne An alkynide ion
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SKILLBUILDER

\ 9.2 SELECTING A BASE FOR DEPROTONATING A TERMINAL ALKYNE

S~

B

S

STEP 1

Identify the acid and
base on each side of the
equilibrium.

BY THE WAY

Na™ is simply the
counterion for each
base and can be
ignored in most cases.

STEP 2
Determine which acid is
weaker.

Alkynes

) LEARN the skill

The conjugate base of a terminal alkyne, called an alkynide ion, can only be formed with a sufficiently
strong base. Sodium hydroxide (NaOH) is not a suitable base for this purpose, but sodium amide
(NaNH,) can be used. There are several bases that can be used to deprotonate acetylene or terminal
alkynes, as seen in Table 9.2. The three bases shown on the top left of the chart are all strong enough
to deprotonate a terminal alkyne, and all three are commonly used to do so. Notice the position
of the negative charge in each of these cases (N, H ', or C"). In contrast, the three bases on the
bottom left of the chart all have the negative charge on an oxygen atom, which is not strong enough

to deprotonate a terminal alkyne.

TABLE 9.2 SELECTED BASES AND THEIR CONJUGATE ACIDS

BASE CONJUGATE ACID
. H H H H H H H H
|1 1 le [
YT prreee
These bases H H HH H HHH
will deprotonate < 5
a terminal alkyne .
: Y HoN NH;
© £
L H: g H,
_ 0 7] —
H—C=C @ H—C=C—H
®
0
p
0@
%79: %OH
These bases
will not deprotonate < .0 .
a terminal alkyne /\O /\QH
HO H,0

pK,

50

38

35

25

18

yibuans proy

Using the information in Table 3.1, determine whether sodium acetate (CH3;CO,Na) is a

strong enough base to deprotonate the following terminal alkyne.

.6.

C=C—H + )J\..@
Q o: Na®

SOLUTION
Begin by identifying the acid and base on each side of the equilibrium:
.'d.
Acid Base Base

Next, compare the pKj values of the two acids in order to determine which one is the weaker

acid. These values can be found in Table 3.1:

.6.

QCEC—H AOH

(PKa ~ 25) (PKa = 4.75)

.'c)‘.

__©
Cc=¢C: + )l\..
OH

Acid
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STEP 3 Recall from Section 3.3 that a higher pKj indicates a weaker acid, so the alkyne is the weaker
acid. The equilibrium will favor formation of the weaker acid and weaker base:

> 5
_ _ O

C=C—H + )k..@ — c=c: + )k

0: OH

Weaker acid Weaker base Stronger base Stronger acid

equilibrium.

As a result, the base in this case (an acetate ion) is not sufficiently strong to deprotonate a
terminal alkyne. The same conclusion can be drawn more quickly by simply recognizing that
the acetate ion exhibits a negative charge on an oxygen atom (actually, it is stabilized by
resonance and spread over two oxygen atoms), and therefore, it cannot possibly be a strong
enough base to deprotonate a terminal alkyne.

PRACTICE the skill 9.5 In each of the following cases, determine if the base is sufficiently strong to deproton-
ate the terminal alkyne:

be : A

= +  NaNH, . = +  +-BuOK
= NaH =
@~ 0 ~-" " gn
APPLY the skill 9.6 Treatment of acetylene with a suitable base affords lithium acetylide, which was used as

a reagent in a partial synthesis of the antitumor natural product (+)-acutiphycin.?

Possible bases to consider H H H H HiC o CHy @
H—C=C—H Ll e e % Li
Aeety .0 @ H—C—C—C—C:~ Li H+N+H
cetylene H—O0: Li [ bl
H HHH HsC CHa
8 :eBase Lithium hydroxide (LiOH) Butyllithium (BuLi) Lithium diisopropyl amide (LDA)

o three steps OR OMe  many steps
Lithium RN H
acetylide p— o p— |
c=c— © /\/\/'\/ c
OH

(+)-Acutiphycin (I:H3

(a) Draw the structure of lithium acetylide, and show a mechanism for its formation.

(b) Consider each of the three possible bases shown: LIOH, BuLi, and LDA. Determine
whether or not each base is sufficiently strong for the preparation of lithium acetylide
from acetylene.

need more PRACTICE? Try Problems 9.35, 9.38

9.4 Preparation of Alkynes

Just as alkenes can be prepared from alkyl halides, alkynes can be prepared from alkyl dihalides:

Br R R R
R—(%,—(;?—R Strong base ;C:C<

R H R R
An alkyl halide

| Strong base _
R—C—C—R ——"—— R—C=C—R

Br H
An alkyl dihalide
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An alkyl dihalide has two leaving groups, and the transformation is accomplished via two successive
elimination (E2) reactions:

:I.3.I': H R H
4] %ase N LY K\%ase —
R—CxC—R/ —/—— C=C —+, > R—C=C—R
| A\| E2 VA \ E2
:Br: H B R

In this example, the dihalide used is a geminal dihalide, which means that both halogens are con-
nected to the same carbon atom. Alternatively, alkynes can also be prepared from vicinal dihalides,
in which the two halogens are connected to adjacent carbon atoms:

| |
R—C—C—R Strong base R—C=C—R

Whether the starting dihalide is geminal or vicinal, the alkyne is obtained as the result of two successive
elimination reactions. The first elimination can be readily accomplished using many different bases, but
the second elimination requires a very strong base. Sodium amide (NaNH,), dissolved in liquid ammo-
nia (NHj3), is a suitable base for achieving two successive elimination reactions in a single reaction vessel.
This method is used most frequently for the preparation of terminal alkynes, because the strongly basic
conditions favor production of an alkynide ion, which serves as a driving force for the overall process:

H Br

[ 2 NaNH, _ NaNH, en @
R—C—C—H NAL R—C=C—H ~NAL R—C=C: Na

| | 3 3

H Br

Alkynide ion

In total, three equivalents of the amide ion are required: two equivalents for the two E2 reactions and
one equivalent to deprotonate the terminal alkyne and form the alkynide ion. After the alkynide ion
has formed and the reaction is complete, a proton source can be introduced into the reaction vessel,
thereby protonating the alkynide ion to regenerate the terminal alkyne:

eﬁ\ o ® o,
R—C=C/Na + HU™ ——=" R—C=C—H + Na :OH

Stronger base Stronger acid Weaker acid Weaker base
(PK, = 15.7) (PK, = 25)

Equilibrium favors formation of
weaker acid and weaker base

Comparison of the pX, values indicates that water is a sufficient proton source.
In summary, a terminal alkyne can be prepared by treating a dihalide with excess (xs) sodium
amide followed by water:

Py Br 1) xs NaNH,/NH; /\///
\( 2)H,0
Br (60%)

CONCEPTUAL CHECKPOINT
9.7 For each of the following transformations, predict the major product and draw a mechanism for its formation:

Cl
1) xs NaNH,/NH, 9 al 1) xs NaNH,/NH, 9
Br 2)H,0 > - 2) H,0 .
Bl

(@) r (b)

9.8 When 3,3-dichloropentane is treated with excess sodium amide in liquid ammonia, the initial product is 2-pentyne:

H Cl H H H H
[ xs NaNH, ! _ I
A A A A S
H H CIl H H H H H

2-Pentyne
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However, under these conditions, this internal alkyne quickly isomerizes to form a terminal alkyne that is subsequently deprotonated to

form an alkynide ion:

H Xs H H H XS H H H
o | NaNH, [ . NaNH, [ e
C—C:C—?—H — H—?—?—?—C:C—H S H_?_CI:_?_C:C:
H H H H H H H
2-Pentyne 1-Pentyne Alkynide ion

The isomerization process is believed to occur via a mechanism comprised of four successive proton transfer steps. With this in mind, try
to draw a mechanism for isomerization using resonance structures whenever possible. Explain why the equilibrium favors formation of the

terminal alkyne.

FIGURE 9.4

An energy diagram showing
the effect of a poisoned
catalyst. Hydrogenation of
the alkyne is catalyzed, but
subsequent hydrogenation of
the alkene is not catalyzed.

9.5 Reduction of Alkynes

Catalytic Hydrogenation

Alkynes undergo many of the same addition reactions as alkenes. For example, alkynes will undergo
catalytic hydrogenation just as alkenes do:

H N
VO T e \\\ E N
(100%) (100%)

In the process, the alkyne consumes two equivalents of molecular hydrogen:

H H

PN X H, H H H, /}8&/
~_— Pt : - < Pt

H H

/)

Under these conditions, the cis alkene is difficult to isolate because it is even more reactive toward
further hydrogenation than the starting alkyne. The obvious question then is whether it is possible to
add just one equivalent of hydrogen to form the alkene. With the catalysts we have seen thus far (Pt
Pd, or Ni), this is difficult to achieve. However, with a partially deactivated catalyst, called a poisoned
catalyst, it is possible to convert an alkyne into a cis alkene (without further reduction):

\\ H —
N e | L\ R~

catalyst

There are many poisoned catalysts. One common example is Lindlar’s catalyst, which is a Pd catalyst
prepared with CaCOj; and traces of PbO,.

Another common example is a nickel-boron complex (Ni,B), which is often called the P-2
catalyst. A poisoned catalyst will catalyze the conversion of an alkyne into a cis alkene, but it will not
catalyze the subsequent reduction to form the alkane (Figure 9.4). Therefore, a poisoned catalyst can
be used to convert an alkyne into a cis alkene.

This step
is catalyzed
This step
is NOT catalyzed

—— Without catalyst
—— With poisoned

Potential catalyst
energy
HsC—C=C'—CHj4
-
| HaC—C—C—CHj
HsC CHs Fl| |l4

Reaction coordinate
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This process does not produce any trans alkene. The stereochemical outcome of alkyne
hydrogenation can be rationalized in the same way that we rationalized the outcome of alkene hydro-
genation (Section 8.8). Both hydrogen atoms are added to the same face of the alkene (syz addition)
to give the cis alkene as the major product.

' CONCEPTUAL CHECKPOINT

9.9 Draw the major product expected from each of the following reactions:

S~ Lin:IZar‘s 9 ~ N'-i‘:B ?
. catalyst u —
~ Hp ~ Hy
(@) Pt ? (b) Ni ?

Dissolving Metal Reduction

In the previous section, we explored the conditions that enable the reduction of an alkyne to a cis alkene.
WATCH OUT . . . . . .
These reagents (Na, NHx) Alkynes can also be reduced to #7ans alkenes via an entirely different reaction called dissolving metal

should not be confused with reduction:
sodium amide (NaNH,),
which we saw earlier in this
chapter.

NaNH, is a source of NH, ",
a very strong base. In contrast,
the reagents employed

here (Na, NH3) represent

a source of electrons.

= NH, ()
(80%)

The reagents employed are sodium metal (Na) in liquid ammonia (NH3). Ammonia has a very low
boiling point (—33°C), so use of these reagents requires low temperature. When dissolved in liquid

ammonia, sodium atoms serve as a source of electrons:
Na& ——> Na* + &

Under these conditions, reduction of alkynes is believed to proceed via Mechanism 9.1.

‘ MECHANISM 9.1 DISSOLVING METAL REDUCTIONS

Nucleophilic attack Proton transfer Nucleophilic attack Proton transfer

S/ ! |
* CON H H SN H
/\H/"\H ‘Na H” " N H

o R A e a ot
/C/ A single electron \/\R Ammonia donates RiA R A single electron R~ R Ammonia donates R R

R is transferred a proton to the is transferred a proton to the anion,
from the sodium atom O radical anion, . from the sodium atom generating a trans alkene H
to the alkyne, generating a radical to the radical
generating a radical anion intermediate intermediate,
intermediate generating an anion

In the first step of the mechanism, a single electron is transferred to the alkyne, generating an
intermediate that is called a radical anion. It is an anion because of the charge associated with the
lone pair, and it is a radical because of the unpaired electron:

or..

<— Anion
R\/\R

<— Radical



Double-barbed Single-barbed
arrow arrow

R

Shows the motion Shows the motion
of two electrons of one electron

FIGURE 9.5
Arrows used in ionic mechanisms
(double barbed) and radical

mechanisms (single barbed).

9.5 Reduction of Alkynes

Radicals and their chemistry are discussed in more detail in Chapter 10. For now, we will just point
out that mechanistic steps involving radicals utilize single-barbed curved arrows, often called fishhook
arrows, rather than double-barbed curved arrows (Figure 9.5). Single-barbed curved arrows indicate
the movement of one electron, while double-barbed arrows indicate the movement of two electrons.
Notice the use of single-barbed curved arrows in the first step of the mechanism to form the interme-
diate radical anion. The nature of this intermediate explains the stereochemical preference for forma-
tion of a trans alkene. Specifically, the intermediate achieves a lower energy state when the paired and
unpaired electrons are positioned as far apart as possible, minimizing their repulsion:

Repulsion

@ A
A g /7N

R R
Lower Higher
energy energy

The reaction proceeds more rapidly through the lower energy intermediate, which is then pro-
tonated by ammonia under these conditions. In the remaining two steps of the mechanism, another
electron is transferred, followed by one more proton transfer. The mechanism therefore is comprised
of the following four steps: (1) electron transfer, (2) proton transfer, (3) electron transfer, and (4)
proton transfer. That is, the net addition of molecular hydrogen (H,) is achieved via the installation
of two electrons and two protons in the following order: e, H™, e, H". The net result is an anti
addition of two hydrogen atoms across the alkyne:

H
— / N J—
Y NHSa(I )’ J_C

CONCEPTUAL CHECKPOINT

9.10 Draw the major product expected when each of the following alkynes is treated with sodium in liquid ammonia:

FIGURE 9.6

A summary of the various
reagents that can be used
to reduce an alkyne.

Catalytic Hydrogenation vs. Dissolving Metal Reduction

Figure 9.6 summarizes the various methods we have seen for reducing an alkyne. This dia-
g g y

gram illustrates how the outcome of alkyne reduction can be controlled by a careful choice of
reagents:

* To produce an alkane, an alkyne can be treated with H; in the presence of a metal catalyst,
such as Pt, Pd, or Ni.

* To produce a cis alkene, an alkyne can be treated with H, in the presence of a poisoned
catalyst, such as Lindlar’s catalyst or Ni,B.

* To produce a trans alkene, an alkyne can be treated with sodium in liquid ammonia.

H, Hy
/" Lindlar's cat. W \ Pt \
H2

— - SN
Na H, /
NH,(l) SN Pt
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a
“*  CONCEPTUAL CHECKPOINT

9.11 Identify reagents that you could use to achieve each of the following transformations:

>7 4< W/\)\ N ST N

9.12 An alkyne with the molecular formula CsHg was treated with sodium in liquid ammonia to give a disubstituted alkene. Draw the
structure of the alkene.

9.6 Hydrohalogenation of Alkynes

Experimental Observations

In the previous chapter, we saw that alkenes will react with HX via a Markovnikov addition, thereby
installing a halogen at the more substituted position:

X

\/\/\HX\/\)\

A similar Markovnikov addition is observed when alkynes are treated with HX:

X
= HX
S ZEELa \/\/l\
(60-80%)

Once again, the halogen is installed at the more substituted position.
When the starting alkyne is treated with excess HX, two successive addition reactions occur,

producing a geminal dihalide:

X X

// Excess HX M
\/\/

A Mechanism for Hydrohalogenation

In Section 8.4, we proposed the following two-step mechanism for HX addition to alkenes: (1) proton-
ation of the alkene to form the more stable carbocation intermediate followed by (2) nucleophilic attack:

Proton transfer Nucleophilic attack

Intermediate
carbocation

A similar mechanism can be proposed for addition of HX to a triple bond: (1) protonation to form
a carbocation followed by (2) nucleophilic attack:

Proton transfer Nucleophilic attack

Vinylic
carbocation



LOOKING BACK
Recall from Section 6.5 that
“third order” means that
the sum of the exponents is

three for the rate expression.
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This proposed mechanism invokes an intermediate vinylic carbocation (viny/ = a carbon atom
bearing a double bond) and can successfully explain the observed regioselectivity. Specifically, the
reaction is expected to proceed via the more stable, secondary vinylic carbocation, rather than via the
less stable, primary vinylic carbocation:

H
@ H  more stable than M@
M
Secondary vinylic Primary vinylic

Unfortunately, this proposed mechanism is not consistent with all of the experimental observations.
Most notably, studies in the gas phase indicate that vinylic carbocations are not particularly stable.
Secondary vinylic carbocations are believed to be similar in energy to regular primary carbocations.
Accordingly, we would expect HX addition of alkynes to be significantly slower than HX addition of
alkenes. A difference in rate is, in fact, observed, but this difference is not as large as expected—HX
addition to alkynes is only slightly slower than HX addition to alkenes. Accordingly, other mechanisms
have been proposed that avoid formation of a vinylic carbocation. For example, it is possible that the
alkyne interacts with two molecules of HX simultaneously. This process is said to be termolecular
(involving three molecules) and proceeds through the following transition state:

H—/\X:

Transition state

This one-step mechanism avoids the formation of a vinylic carbocation but still invokes a transition
state that exhibits some partial carbocationic character (notice the 6+ shown in the transition state).
The development of a partial positive charge can effectively explain the observed regioselectivity,
because the transition state will be lower in energy when this partial positive charge forms at the more
substituted position. This more complex mechanism is supported in many cases by kinetic studies in
which the rate expression is found to be overall third order:

Rate = £ [alkyne] [HX]?

This rate expression is consistent with the termolecular process proposed above.

It is believed that in most cases the addition of HX to alkynes probably occurs through a variety of
mechanistic pathways, all occurring at the same time and competing with each other. The vinylic carboca-
tion probably does play some limited role, but it cannot, by itself, explain all of the observations. In several of
the mechanisms throughout this chapter, we may invoke a vinylic carbocation as an intermediate, although
it should be understood that other, more complex mechanisms are likely operating simultaneously.

Radical Addition of HBr

Recall that in the presence of peroxides, HBr undergoes an anti-Markovnikov addition across an alkene:

N HBr NN N Br
"X TROOR
The Br is installed at the less substituted position, and the reaction is believed to proceed via a radical
mechanism (explored in more detail in Section 10.10). A similar reaction is observed for alkynes.
When a terminal alkyne is treated with HBr in the presence of peroxides, an anti-Markovnikov addi-
tion is observed. The Br is installed at the terminal position, producing a mixture of £ and Z isomers:

/ HBr
ST TROORT SN B M
A mixture of E and Z isomers Br

Radical addition only occurs with HBr (not with HCl or HI), as will be explained in Section 10.10.
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Interconversion of Dihalides and Alkynes
The reactions discussed thus far enable the interconversion between dihalides and terminal alkynes:
Excess HX

Alkyne / AN Dihalide
X

—_ X
A = ng

\. 1)xsNaNH,/NH; /

2) H,0

CONCEPTUAL CHECKPOINT

9.13 Predict the major product(s) expected for each of the following reactions:

Cl 1) xs NaNH,/NH; 9
P R % 2)H,0 H )\// ae
O\/ ' (b) cl © 7 . ?
Br

Cl_ Cl

cl
1) xs NaNH,/NH, ') 1) x5 NaNHy/NH; ? = 1) xs NaNH,/NH, 9
2)H,0 - 2H0 = | P 2)H,0 H
(d) 3) HBr, ROOR ) 3) xs HBr

9.14 Suggest reagents that would achieve the following transformation:

/\/YC|
—
Cl

9.15 An alkyne with the molecular formula CsHg is treated with excess HBr, and two different products are obtained, each of which has
the molecular formula CsHqoBr».

Cl_ Cl

(a) Identify the starting alkyne. (b) Identify the two products.

9.7 Hydration of Alkynes

Acid-Catalyzed Hydration of Alkynes

In the previous chapter, we saw that alkenes will undergo acid-catalyzed hydration when treated
with aqueous acid (H30™). The reaction proceeds via a Markovnikov addition, thereby installing a
hydroxyl group at the more substituted position:

HO

— =

Alkynes are also observed to undergo acid-catalyzed hydration, but the reaction is slower than the
corresponding reaction with alkenes. As noted earlier in this chapter, the difference in rate can be
attributed to the high-energy, vinylic carbocation intermediate that is formed when an alkyne is
protonated. The rate of alkyne hydration is markedly enhanced in the presence of mercuric sulfate
(HgSOy), which catalyzes the reaction. Under these conditions, a mercuric ion (Hg2+) activates the
alkyne toward nucleophilic attack, via the initial formation of a mercurinium ion.

. _E/\;ﬁg@r R@CHQ@ . /£2+

Mercurinium ion
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Notice that this mercurinium ion resembles the intermediate that we encountered during
oxymercuration of alkenes (Section 8.6). The mercurinium ion is then attacked by water, followed

.. H\%/H/_\. . B
' N Vo .
@/—\H/ “H /g H™ OH /g

by deprotonation:

R _
Hg®
Hg® Hg®

1 . . + +
Under the acidic reaction conditions, a proton (H™) then replaces ng , as shown:

H
Te o
'OH/\ H/\?‘\H <M e “Hg?+ /‘1

Hg® Hg® Hg® Enol

The resulting compound is called an enol because it has a double bond (ez) and an OH group (o/).
The enol cannot be isolated under these acidic conditions, because it rapidly converts into a ketone:

OH (e}
__ HyS0,4 H,0
R—m—= —F——F e —
HgSO, R R
Enol Ketone

(Not isolated)

The conversion of an enol into a ketone will appear again in many subsequent chapters and therefore
warrants further discussion. Acid-catalyzed conversion of an enol to a ketone occurs via two steps
(Mechanism 9.2).

MECHANISM 9.2 ACID-CATALYZED TAUTOMERIZATION

Proton transfer Proton transfer
A H
H— A7 o0 . B
:OH 09 Q)O o o
/§ : )\ )J\ )J\
p— “—>
The 7 bond of the enol is ® The resonance-
Enol protonated, generating a Resonance-stabilized stabilized intermediate K atone
resonance-stabilized intermediate is deprotonated to
intermediate give a ketone

The 7 bond of the enol is first protonated, generating a resonance-stabilized intermediate, which is
then deprotonated to give the ketone. Notice that both steps of this mechanism are proton transfers.
The result of this process is the migration of a proton from one location to another, accompanied by
a change in location of the 7 bond:

H
o” 0
/§ )J\/H
Enol Ketone
The enol and ketone are said to be tautomers, which are constitutional isomers that rapidly inter-
convert via the migration of a proton. The interconversion between an enol and a ketone is called

keto-enol tautomerization. Tautomerization is an equilibrium process, which means that the equi-
librium will establish specific concentrations for both the enol and the ketone. Generally, the ketone
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LOOKING BACK

For a review of resonance

structu

CHAPTER 9 Alkynes

res, go to Section 2.7.

is highly favored, and the concentration of enol will be quite small. Be very careful not to confuse
tautomers with resonance structures. Tautomers are constitutional isomers that exist in equilibrium
with one another. Once the equilibrium has been reached, the concentrations of ketone and enol

can be measured. In contrast, resonance structures are not different compounds and they are not

in equilibrium with one another. Resonance structures simply represent different drawings of one

compound.

Keto-enol tautomerization is an equilibrium process that is catalyzed by even trace amounts of

acid (or base). Glassware that is scrupulously cleaned will still have trace amounts of acid or base

adsorbed to its surface. As a resulg, it is extremely difficult to prevent a keto-enol tautomerization

from reaching equilibrium, which generally occurs very rapidly.

SKILLBUILDER

Kﬁ

B

)| LEARN the skill

)

O/

STEP 1
Protonate the 7 bond of
the enol.

STEP 2

Draw the resonance
structures of the
intermediate.

STEP 3
Remove a proton to
form the ketone.

PRACTICE the skill

¢

A\

\ 9.3 DRAWING A MECHANISM FOR ACID-CATALYZED KETO-ENOL TAUTOMERIZATION

Under normal conditions, 1-cyclohexenol cannot be isolated or stored in a bottle, because
it undergoes rapid tautomerization to yield cyclohexanone. Draw a mechanism for this tau-
tomerization:

OH o}

SOLUTION

The mechanism of acid-catalyzed keto-enol tautomerization has two steps: (1) protonate
and then (2) deprotonate. To draw this mechanism, it is essential to remember where to
protonate in the first step. There are two places where protonation could possibly occur:
the OH group or the double bond. Make sure to protonate the m bond rather than the
OH group:

5

If the OH group had been protonated, the resulting oxonium ion (ROH,") would not be
resonance stabilized, and would therefore be higher in energy. In contrast, when the 7 bond
is protonated, the resulting carbocation is stabilized by resonance, as shown here:

:b.H H
/" ulYe
N
_____H.

To complete the mechanism, remove a proton to form the ketone. Once again, two curved

arrows are required:
@ _H .
25 \ o
.b'.

9.16 The following enols cannot be isolated. They rapidly tautomerize to produce ketones.
In each case, draw the expected ketone and show a mechanism for its formation under
acid-catalyzed conditions (H;O™).
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OH
LK OO o
(a) W by / (c) ~F (d) @/

APPLY the skill 9.17 Warfarin is a blood-thinning drug (anticoagulant) that is used to prevent heart
attacks and strokes. Including stereoisomers, there are at least 40 distinct tautomer forms
of warfarin.? Shown below are two enol forms of warfarin. Draw a tautomer form of warfarin
that has three carbonyl (C=0) groups, and show a mechanism for its formation under acid-
catalyzed conditions (H3O™), starting from either of the enols shown.

OH Ph O 6 P O
AN

P— —— efc. Ph = ;
o o o} OH

Warfarin

need more PRACTICE? Try Problems 9.44b, 9.62, 9.63, 9.66

We have seen that even trace amounts of acid will catalyze a keto-enol tautomerization.
Therefore, the enol initially produced by alkyne hydration will immediately tautomerize to form a
ketone. When asked to predict the product of alkyne hydration, do not make the mistake of drawing
an enol. Simply draw the ketone.

Acid-catalyzed hydration of unsymmetrical internal alkynes yields a mixture of ketones:

(e}
R ——_ g He80:,HO, )K/R' n R
= HgSO, s R/\[(
(o)

The lack of regiochemical control renders this process significantly less useful. It is most often used
for the hydration of a terminal alkyne, which generates a methyl ketone as the product:

o}
| H80, H0
=" HgSO, R)J\CH3
CONCEPTUAL CHECKPOINT
9.18 Draw the major product(s) expected when each of the 9.19 Identify the alkyne you would use to prepare each of the fol-
following alkynes is treated with aqueous acid in the presence of lowing ketones via acid-catalyzed hydration:

mercuric sulfate (HgSOy,):

\ (0] (0]
o O\/\/// - >< (a) )\/“\ (b) NN

PN o
# A27 OK
© > - (d) = (c)

Hydroboration-Oxidation of Alkynes

In the previous chapter, we saw that alkenes will undergo hydroboration-oxidation (Section 8.7). The
reaction proceeds via an anti-Markovnikov addition, thereby installing a hydroxyl group at the less
substituted position:

OH

R R
1) BH, - THF
_1)BH, - THE |
2) H,O,, NaOH
R R
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Alkynes are also observed to undergo a similar process:

H OH o
1) BHg » THF .
R—— /—3% —
2) H,0,, NaOH > / (
R R H

The initial product of this reaction is an enol that cannot be isolated because it is rapidly converted
into an aldehyde via tautomerization. As we saw in the previous section, tautomerization cannot be
prevented, and it is catalyzed by either acid or base. In this case, basic conditions are employed, so the
tautomerization process occurs via a base-catalyzed mechanism (Mechanism 9.3).

MECHANISM 9.3 BASE-CATALYZED TAUTOMERIZATION

WS

>:<\/

LOOKING AHEAD
Enolates are very useful
intermediates, and we will
explore their chemistry

in Chapter 21.

Proton transfer Proton transfer

ey . . Y
) H HoH ‘0: oN H ‘0:
‘OH >J\ < Hee /< H H H- ; /<
_ > ) S
The hydroxyl group of the The enolate ion
enol is deprotonated, R H R H is protonated R H
ti - . to gi Idehyd
g:t';iriﬁzlgg :nrasa?g?gﬁe An enolate ion © glve an aldenyde An aldehyde

Notice that the order of events under base-catalyzed conditions is the reverse of the order under acid-
catalyzed conditions. That is, the enol is first deprotonated (under acid-catalyzed conditions, the first
step is to protonate the enol). Deprotonation of the enol leads to a resonance-stabilized anion called
an enolate ion, which is then protonated to generate the aldehyde.

Hydroboration-oxidation of alkynes is believed to proceed via a mechanism that is similar
to the mechanism invoked for hydroboration-oxidation of alkenes (Mechanism 8.3). Specifically,
borane adds to the alkyne in a concerted process that gives an anti-Markovnikov addition. There
is, however, one critical difference. Unlike an alkene, which only possesses one m bond, an alkyne
possesses two 7 bonds. As a result, two molecules of BH; can add across the alkyne. To prevent
the second addition, a dialkyl borane (R,BH) is employed instead of BHj;. The two alkyl groups
provide steric hindrance that prevents the second addition. Two commonly used dialkyl boranes are
disiamylborane and 9-BBN:

Als o

Disiamylborane 9-BBN
(9-Borabicyclo[3.3.1]nonane)

With these modified borane reagents, hydroboration-oxidation is an efficient method for converting
a terminal alkyne into an aldehyde:

1) Disiamylborane H
—_———>
\/// 2) H,0,, NaOH \/\W

(0]

Notice that the ultimate product of this reaction sequence is an aldehyde rather than a ketone.
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CONCEPTUAL CHECKPOINT

9.20 Draw the major product for each of the following reactions: 9.21 Identify the alkyne you would use to prepare each of the

following compounds via hydroboration-oxidation:
1) 9-BBN ?

@) O\/// 2) Hy0,, NaOH u )\/\/ﬁ\

a
(@) H

>< 1) Disiamylborane 9 0]
2) H,0,, NaOH
(b) o - (b) A

H
1) R,BH
(c) = (c)

Controlling the Regiochemistry of Alkyne Hydration

In the previous sections, we explored two methods for the hydration of a terminal alkyne:

(0]
H,S0,, H0 )J\
/ HgSO, R

A methyl ketone

\_ 1) R:BH R H
2) H,0,, NaOH /\[(
o
An aldehyde

Acid-catalyzed hydration of a terminal alkyne produces a methyl ketone, while hydroboration-
oxidation produces an aldehyde. In other words, the regiochemical outcome of alkyne hydration is
governed by the choice of reagents. Let’s get some practice determining which reagents to use.

SKILLBUILDER S0

K—\ 9.4 CHOOSING THE APPROPRIATE REAGENTS FOR THE HYDRATION OF AN ALKYNE

) LEARN the skill Identify reagents that you could use to achieve the following transformation:

vy N o
\\/>< — M

The starting material is a terminal alkyne and the product has a C=0O bond. This reac-
tion can therefore be accomplished via hydration of the starting alkyne. To determine what
reagents to use, carefully inspect the regiochemical outcome of the process. Specifically, the
oxygen atom must be installed at the more substituted position to produce a methyl ketone:

STEP 1 *
Identify the \\
regiochemical W — HC
outcome. T

More substituted A methyl ketone
position
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STEP 2

Identify the reagents

that achieve the

desired regiochemical

D ()
NG N

¢

outcome.

This transformation requires a Markovnikov addition, which can be accomplished via an acid-
catalyzed hydration:

/)

o]
X H,S0,, H,0 )Jv
—_—
v>< H 9804 ><

PRACTICE the skill 9.22 Identify reagents that you could use to achieve each of the following transformations:

APPLY the skill

(0]
(0]
s — 1O —
(a) h (b) ///X

9.23 Proteases are enzymes that can break covalent bonds in proteins. Proteases play
major roles in the regulation of biological processes, so compounds that inhibit their func-
tion, called protease inhibitors, have potential as therapeutic agents. While preparing sev-
eral potential protease inhibitors, compound 1 was converted into compound 3 via alkyne
2, as shown.” Draw the structure of alkyne 2, and propose reagents for converting 1 into 3.

Br Ph O 0] Ph O
o S A, — = AL, [»- ()
OH OH
1 3

need more PRACTICE? Try Problems 9.52b, 9.59

9.8 Halogenation of Alkynes

In the previous chapter, we saw that alkenes will react with Br, or Cl, to produce a dihalide. In much
the same way, alkynes are also observed to undergo halogenation. The one major difference is that
alkynes have two 7 bonds rather than one and can, therefore, add two equivalents of the halogen to
form a tetrahalide:

o excess X, | )l(
R—C=C—R ce, R—C—C—R
(X = ClorBr) X X
(60-70%)

In some cases, it is possible to add just one equivalent of halogen to produce a dihalide. Such a reac-
tion generally proceeds via an anti addition (just as we saw with alkenes), producing the £ isomer as
the major product:

%, ( ivalen) X R X X
» (one equivalen
R R e, +
R X R R
Major Minor

The mechanism of alkyne halogenation is not entirely understood.

9.9 Ozonolysis of Alkynes

When treated with ozone followed by water, alkynes undergo oxidative cleavage to produce
carboxylic acids:

O 0
rc=c—r 22, g-d¢ + o—m
- 2) H,0 \ /
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When a terminal alkyne undergoes oxidative cleavage, the terminal side is converted into carbon

dioxide:

0

Rc=c—H 2%, a-¢ & ¢
= 2) H,0 \ i

OH e}

Decades ago, chemists used oxidative cleavage to help with structural determinations. An unknown
alkyne would be treated with ozone followed by water, and the resulting carboxylic acids would be
identified. This technique allowed chemists to identify the location of a triple bond in an unknown
alkyne. However, the advent of spectroscopic methods (Chapters 14 and 15) has rendered this process
obsolete as a tool for structural determination.

CONCEPTUAL CHECKPOINT

9.24 Draw the major products that are expected when each of 9.25 An alkyne with the molecular formula C¢H1q was treated with
the following alkynes is treated with O3 followed by H,O: ozone followed by water to produce only one type of carboxylic

(b)
=0

acid. Draw the structure of the starting alkyne and the product of
e d ozonolysis.

9.26 An alkyne with the molecular formula C4H, was treated with
ozone followed by water to produce a carboxylic acid and carbon
dioxide. Draw the expected product when the alkyne is treated
with aqueous acid in the presence of mercuric sulfate.

9.10 Alkylation of Terminal Alkynes

In Section 9.3, we saw that a terminal alkyne can be deprotonated in the presence of a sufficiently
strong base, such as sodium amide (NaNH,):

NH
R—C= C[\H[\—2> R—C= C

An alkynide ion

This reaction has powerful synthetic utility, because the resulting alkynide ion can function as a
nucleophile when treated with an alkyl halide:
N
r—c=c/ A% R_c=c-r
This transformation proceeds via an Sy2 pathway and provides a method to install an alkyl group on a
terminal alkyne. This process is called alkylation, and it is achieved in just two steps; for example:

1:_ NaNH2 1_
——H 2)/\1 —

This process is only efficient with methyl or primary alkyl halides. When secondary or tertiary alkyl halides are
used, the alkynide ion functions primarily as a base, and elimination products are obtained. This observa-
tion is consistent with the pattern we saw in Section 7.11 (substitution vs. elimination).

Acetylene possesses two terminal protons (one on either side) and can therefore undergo
alkylation twice:

_ 1) NaNH, _ 1) NaNH, _
H—C=C—H —ay R—C=C—H —my R—C=C—R
Notice that two separate alkylations are required. One side of acetylene is first alkylated, and then,
in a separate process, the other side is alkylated. This repetition is required because NaNH, and

RX cannot be placed into the reaction flask at the same time. Doing so would produce unwanted
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substitution and elimination products resulting from the reactions between NaNH, and RX. It
might seem burdensome to require two separate alkylation processes, but this requirement does pro-
vide additional synthetic utility. Specifically, it enables the installation of two different alkyl groups;
for example:

1) NaNH, 1) NaNH,

H—C=C—H 2 Ed Et—C=C—H 2) el Et—C=C—Me
K— 9.5 ALKYLATING TERMINAL ALKYNES
| 0 ) LEARN the skill Identify reagents that can be used to convert acetylene into 7-methyl-3-octyne.
o, @ ion

Whenever confronted with a problem that is written only in words, with no corresponding
structures, the first step will always be to draw the structures described in the problem. In this
case, the task is to identify the reagents necessary to accomplish the following transformation:

STEP 1 2
3
Draw the structures _ 1/\§1 6 8

described in the H—=——H > 5 7
problem. Acetylene 7-Methyl-3-octyne

When drawn out, it becomes clear that two alkylations are required in this case. The order
of events (which alkyl group is installed first) is not important. Just make sure to install each
alkyl group separately. The first alkylation is accomplished by treating acetylene with NaNH,
followed by an alkyl halide:

STEP 2 H—=—=—hH -, ="
Install the first alkyl 2) Etl /
group.
The terminal alkyne is then alkylated once again using NaNH, followed by the appropriate
alkyl halide:

1) NaNH,
STEP 3 TN /N
Install the second alkyl \\H 2)1 S
group. \/\(
The overall synthesis therefore has four steps:

1) NaNH,
2) EtI N

3) NaNH, >
W ~Y

Both alkyl halides are primary, so the process is expected to be efficient.

i

PRACTICE the skill 9.27 Starting with acetylene, show reagents that you would use to prepare each of the

following compounds:

)
CJ

¢

(a) 1-Butyne (b) 2-Butyne (c) 3-Hexyne (d) 2-Hexyne (e) 1-Hexyne
(f) 2-Heptyne (g) 3-Heptyne (h) 2-Octyne (i) 2-Pentyne

s s O
) OA >~ W
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{ o | APPLY the skill 9.28 (—)-Lepadiformine A, isolated from the marine organism Clavelina lepadiformis, is
%u observed to be toxic to several tumor cell lines. During a recent synthesi55 of (—)-lepadiformine A,
e compound 3 was made from compounds 1 and 2. Identify reagents that can be used to
prepare 3 from 1 and 2.
OR OR
H OR H OR
O = 07 s
1 2

need more PRACTICE? Try Problems 9.36f, 9.41, 9.45, 9.54, 9.56, 9.60

9.11 Synthesis Strategies

Earlier in this chapter, we saw how to control the reduction of an alkyne. In particular, a triple bond
can be converted into a double bond (either cis or zrans) or into a single bond:

H,, Pt

H,, Lindlar's catalyst Ho, Pt \
/ or N\ / AN

Na, NH,
= = g

Alkyne Alkene Alkane

Now let’s consider how to go in the other direction, that is, to convert a single bond or double bond
into a triple bond:

Z - ~
? ?

Alkyne Alkene

Thus far, we have not learned reactions that will convert an alkane into an alkene, although
we will explore a method in Chapter 10. We did, however, learn how to convert an alkene into
an alkyne. Specifically, an alkene can be converted into an alkyne via bromination followed by
elimination:

Br, Br\/\ 1)xsNaNH, =
= col, Br 30 =z

This now provides us with the flexibility to interconvert single, double, and triple bonds

(Figure 9.7).

H,, Lindlar’s catalyst H,, Pt
/ or N\ / \
Na, NH,
FIGURE 9.7 % = »
A summary of the reagents that 1) Br,, CCl,
can be used to interconvert 2) xs NaNH,

alkanes, alkenes, and alkynes. 3) H,0 See Chapter 10
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SKILLBUILDER

9.6 INTERCONVERTING ALKANES, ALKENES, AND ALKYNES

(I

LEARN the skill

PRACTICE the skill

APPLY the skill

Propose an efficient synthesis for the following transformation:

“O-T0
SOLUTION

This problem requires the installation of a methyl group at a vinylic position (i.e., alkylation
of an alkene). We have not yet seen a direct way to alkylate an alkene. However, we did learn
how to alkylate an alkyne. The ability to interconvert alkenes and alkynes therefore enables
us to achieve the desired transformation. Specifically, the alkene can first be converted into
an alkyne, which can be alkylated. Then, after the alkylation, the alkyne can be converted
back into an alkene:

IS
X X »
The first part of this strategy (conversion of the alkene into an alkyne) can be accomplished
via bromination of the alkene to give a dibromide followed by elimination with excess
NaNH,. The resulting alkyne will then undergo alkylation upon treatment with NaNH,

followed by Mel. Finally, a dissolving metal reduction will convert the alkyne into a trans
alkene:

= 1) Bry, CCly NaNH2
Rl e BN
2) excess NaNH, 2Mel NHa
3)H

9.29 Propose an efficient synthesis for each of the following transformations:

H
N — m/\/
@ \_ — _ /7 \__ (b) o

\ —_ \ —
(c) S )\/ (d) SN HO -~
Br Br
\\ - 4 \\ o s E
(e) \/ /’Br (f) \/ + n

9.30 Using ethylene (H,C=CH,) as your only source of carbon atoms, outline a synthesis for
3-hexanone (CH3CH,COCH,CH,CHy).

9.31 Metabolism refers to all of the chemical reactions that occur in living organisms. During
studies to understand metabolic pathways in yeast cells, various compounds were made and
fed to the cells. In one example,6 compound 2 was made from compound 1. [Deuterium (ZH)
is an isotope of hydrogen in which there is one proton and one neutron in the nucleus; it is
chemically similar to the more common protium ('H) isotope, but it can be used as a “tag” to
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distinguish one hydrogen atom from another.] Propose two possible syntheses for this trans-
formation by making and then using a different alkene in each synthesis.

P
=

SN

COOH b OH
—_— - + En
<~ COOoH

1 D = 2H (isotope of hydrogen) 2 HO D
need more PRACTICE? Try Problems 9.52, 9.57
3 4 5 1. Elimination
2 X ¢} 0 2. Hydrohalogenation (two
xs HX >: >‘CH3 /_< equivalents)
R R HoSO R H 3. Hydrohalogenation (one
9504 .
X H,S0,, H,O 1) RoBH equivalent)
X 1) xs NaNH, HX Zomw T 2) HyOp, NaOH » »
§ m‘ 4. Acid-catalyzed hydration
R o X, (one equiv.) X 5. Hydroboration-oxidation
R—= CCly R> - \X 6 6. Halogenation (one equivalent)
1 /XK/ 1) xs NaNH; / X5 X 7. Halogenation (two equivalents)
R X 2) H0 1) NaNH, 1) O3 cal, X X 8. Ozonolysis
X
ARX 9 2 H,0 F()S/ 7 9. Alkylation
/= M = o 9 X 10. Dissolving metal reduction
12 R R Lindlar's cat. R - R )J\ + é;' &
R OH 8 11. Hydrogenation
. N 12. Hydrogenation with a poisoned
R 2 a R
11 R Pt NH3 (/) R/\/ 10 catalyst

REVIEW OF CONCEPTS AND VOCABULARY

SECTION 9.1

« A triple bond is comprised of three separate bonds: one ¢
bond and two 7 bonds.

o Alkynes exhibit linear geometry and can function either as
bases or as nucleophiles.

SECTION 9.2

o Alkynes are named much like alkanes, with the following
additional rules:

o The suffix “ane” is replaced with “yne.”

« The parent is the longest chain that includes the C=C bond.

 The triple bond should receive the lowest number possible.

e The position of the triple bond is indicated with a single
locant placed either before the parent or the suffix.

» Monosubstituted acetylenes are terminal alkynes, while
disubstituted acetylenes are internal alkynes.

SECTION 9.3

» The conjugate base of acetylene, called an acetylide ion,
is relatively stabilized because the lone pair occupies an
sp-hybridized orbital.

» The conjugate base of a terminal alkyne is called an alkynide
ion, which can only be formed with a sufficiently strong base,
such as NaNH,.

SECTION 9.4

o Alkynes can be prepared from either geminal or vicinal
dihalides via two successive E2 reactions.

SECTION 9.5

« Catalytic hydrogenation of an alkyne yields an alkane.

o Catalytic hydrogenation in the presence of a poisoned cata-
lyst (Lindlar’s catalyst or Ni,B) yields a cis alkene.

o A dissolving metal reduction will convert an alkyne into
a trans alkene. The reaction involves an intermediate radi-
cal anion and employs fishhook arrows, which indicate the
movement of only one electron.

SECTION 9.6

o Alkynes react with HX via a Markovnikov addition.

e One possible mechanism for the hydrohalogenation of
alkynes involves a vinylic carbocation, while another pos-
sible mechanism is termolecular.
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« Addition of HX to alkynes probably occurs through a vari-
ety of mechanistic pathways all of which are occurring at the
same time and competing with each other.

 Treatment of a terminal alkyne with HBr and peroxides gives
an anti-Markovnikov addition of HBr.

SECTION 9.7

o Acid-catalyzed hydration of alkynes is catalyzed by mercuric
sulfate (HgSO,) to produce an enol that cannot be isolated
because it is rapidly converted into a ketone.

+ Enols and ketones are tautomers, which are constitutional
isomers that rapidly interconvert via the migration of a proton.

« The interconversion between an enol and a ketone is called
keto-enol tautomerization and is catalyzed by trace amounts
of acid or base.

« Hydroboration-oxidation of a terminal alkyne proceeds via an
anti-Markovnikov addition to produce an enol that is rapidly
converted into an aldehyde via tautomerization.

« In basic conditions, tautomerization proceeds via a reso-
nance-stabilized anion called an enolate ion.

SKILLBUILDER REVIEW

9.1 ASSEMBLING THE SYSTEMATIC NAME OF AN ALKYNE

STEP 1 Identify the parent: STEP 2 Identify and name

choose the longest chain that substituents.
includes the triple bond.
Il ([
Heptyne
propyl ethyl

STEP 3 Number the
parent chain and assign a
locant to each substituent.

SECTION 9.8
« Alkynes can undergo halogenation to form a tetrahalide.

SECTION 9.9

» When treated with ozone followed by water, internal alkynes
undergo oxidative cleavage to produce carboxylic acids.

« When a terminal alkyne undergoes oxidative cleavage, the
terminal side is converted into carbon dioxide.

SECTION 9.10

 Alkynide ions undergo alkylation when treated with an alkyl
halide (methyl or primary).

» Acetylene possesses two terminal protons and can undergo
two separate alkylations.

SECTION 9.11
« An alkene can be converted into an alkyne via bromination
followed by elimination with excess NaNH,.

STEP 4 Assemble the substituents
alphabetically.

1

2

4-Ethyl-5-methyl-3-propyl-1-heptyne

Try Problems 9.1-9.4, 9.32, 9.33, 9.55

9.2 SELECTING A BASE FOR DEPROTONATING A TERMINAL ALKYNE

STEP 1 Identify the acid and base on each side of the
equilibrium.

STEP 2 Compare the two acids and
determine which is the weaker acid

STEP 3 Equilibrium favors
weaker acid and weaker base.

(higher pKy). In this case, the equilibrium
favors the left side. Therefore,
- hydroxide is not a suitable
_ . _ 9 . _ base to deprotonate
R—C=C—H + :OH —— R—C=C: + HyO. R—C=C—H H>O a terminal alkyne.
Acid Base Base Acid (pK, ~ 25) (pK, = 15.7)

Try Problems 9.5, 9.6, 9.35, 9.38
9.3 DRAWING A MECHANISM FOR ACID-CATALYZED KETO-ENOL TAUTOMERIZATION

STEP 1 Protonate the 7 bond
of the enol (do not protonate
the hydroxyl group).

STEP 3 Remove a
proton to form the ketone.

STEP 2 Draw the resonance
structure of the intermediate.

Try Problems 9.16, 9.17, 9.44b, 9.62, 9.63, 9.66
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9.4 CHOOSING THE APPROPRIATE REAGENTS FOR THE HYDRATION OF AN ALKYNE
STEP 1 Identify the regiochemical outcome.

STEP 2 Choose the reagents that achieve that outcome.

R—=—
o}
)J\ H,S0;, H,0 1) RyBH H
R HgSO, 2) H,0,, NaOH R/\[(
o]
A methyl ketone An aldehyde
Try Problems 9.22, 9.23, 9.52b, 9.59
9.5 ALKYLATING TERMINAL ALKYNES
STEP 1 Draw the structures STEP 2 Install the first alkyl STEP 3 Install a second alkyl
described in the problem group using sodium amide, group (if necessary).
statement. followed by the appropriate
alkyl halide.

H—=—H H—=——-H /—E—H
1) NaNH, 1) NaNH,
2) Etl 2) I\/\(

1 3 PN
/\§4 . . \\ /\\\

\5/\7( \H \/Y
7-Methyl-3-octyne

Try Problems 9.27, 9.28, 9.36f, 9.41, 9.45, 9.54, 9.56, 9.60
9.6 INTERCONVERTING ALKANES, ALKENES, AND ALKYNES

Reagents for interconversion:

H,, Lindlar’s catalyst H,, Pt
/ or N /ﬁ‘
Na, NHz

/ = »
Z 1) Bry, CCl, 7

\_ 2) xs NaNH, / N\ /

3) H,0 See Chapter 10
Example:
NG
N S

\ /
Z 1) Bry, CCl, 1) NaNH, Na
2)NaNH, 2 Mel NHL()
3) H,0

Try Problems 9.29-9.31, 9.52, 9.57

PRACTICE PRO B LE MS Note: Most of the Problems are available within WiIeyPLUS,

an online teaching and learning solution.

9.32  Provide a systematic name for each of the following compounds: ;C\/\
S ~
=z =
(e) (f)
(@)

9.33  Draw a bond-line structure for each of the following compounds:
>< (a) 2-Heptyne (b) 2,2-Dimethyl-4-octyne
= B .
() 7 (dy = (c) 3,3-Diethylcyclodecyne
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9.34  Predict the product for each of the following reactions:

e 7
Lindlar's ~
— catalyst
~_*% . D
Pt 1

9.35 Draw the products of each of the following acid-base reactions
and then predict the position of equilibrium in each case:

~ S +  NaH
/% +/\/Li® (b)\( ?

9.36 Predict the products obtained when 1-pentyne reacts with each
of the following reagents:
a) HySOy4, HyO, HgSO4 (b) R,BH followed by H,O,, NaOH
(d) One equivalent of HCI

(f) NaNH, in NH; followed by Mel

()
(c) Two equivalents of HBr

(e) Two equivalents of Br, in CCl,
(9) Ha, Pt

9.37 Identify the reagents you would use to achieve each of the
following transformations:

: ?
CH,

9.38 Identify which of the following bases can be used to deproton-
ate a terminal alkyne:
(@) NaOCHs (b) NaH (c) BulLi

(d) NaOH (e) NaNH,

9.39 Determine whether or not the following compounds represent a
pair of keto-enol tautomers:

HO OH

(o]
(a) )LOH )k (b) /\ /\

9.40 Oleic acid and elaidic acid are isomeric alkenes:

O OH

)

OH
=

Oleic acid

Z

OH

Elaidic acid

Oleic acid, a major component of butter fat, is a colorless liquid at
room temperature. Elaidic acid, a major component of partially hydro-
genated vegetable oils, is a white solid at room temperature. Oleic acid
and elaidic acid can both be prepared in the laboratory by reduction of
an alkyne called stearolic acid. Draw the structure of stearolic acid and
identify the reagents you would use to convert stearolic acid into oleic
acid or elaidic acid.

9.41  Predict the final product(s) for each sequence of reactions:
Br. Br

1) Excess NaNH, ?
Rttty S
u

2) EtCI
(a) 3) H,, Lindlar’s catalyst

1) NaNH,
2) Mel 9
—_— >

3) RyBH .
4) HyO,, NaOH

H—C=C—H

1) NaNH
_ 0ET C 9
e—a_y 2B
H=C=C—H g0, H
(C) H2304, HZO

1) NaNH
2) Mel - 9
yNaNH, &
4) Etl

) 5) Na, NH; (1)

H—C=C—H

9.42 When (R)-4-bromohept-2-yne is treated with H; in the presence
of Pt, the product is optically inactive. Yet, when (R)-4-bromohex-2-yne
is treated with the same conditions, the product is optically active.
Explain.

9.43 Draw the structure of an alkyne that can be converted into
3-ethylpentane upon hydrogenation. Provide a systematic name for the
alkyne.

9.44  Propose a mechanism for each of the following transformations:

Na
NH; () /‘Qy/L\

HO ., o o0
} < HO, >L_<
(b)

9.45 Draw the expected product of each of the following reactions,

o
(@) A7
OH

showing stereochemistry where appropriate:
H D
P $
Z NaNH, 9 CI)\/ ?
Y NH; - M

9.46 Compound A is an alkyne that reacts with two equivalents of H,
in the presence of Pd to give 2,4,6-trimethyloctane.

(a) Draw the structure of compound A.
(b) How many chiral centers are present in compound A?

(c) Identify the locants for the methyl groups in compound A. Explain why
the locants are not 2, 4, and 6 as seen in the product of hydrogenation.



9.47 Compound A has the molecular formula C;H;,. Hydrogenation
of compound A produces 2-methylhexane. Hydroboration-oxidation of
compound A produces an aldehyde. Draw the structure of compound A
and draw the structure of the aldehyde produced upon hydroboration-
oxidation of compound A.

9.48 Propose a plausible synthesis for each of the following transfor-
mations:

o
&L

N

2= ) L

(b) Br Br
(C) /B>g
) Cl ¢l

/Y
(e) Br Br
e
#) ClI Cl
9.49 1,2-Dichloropentane reacts with excess sodium amide in lig-

uid ammonia (followed by water workup) to produce compound X.
Compound X undergoes acid-catalyzed hydration to produce a
ketone. Draw the structure of the ketone produced upon hydration
of compound X.

9.50 An unknown alkyne is treated with ozone (followed by hydrolysis)
to yield acetic acid and carbon dioxide. What is the structure of the
alkyne?

INTEGRATED PROBLEMS

9.57
below. In each case, you will need to use at least one reaction from this
chapter and at least one reaction from the previous chapter. The essence
of each problem is to choose reagents that will achieve the desired ste-
reochemical outcome:

Identify the reagents necessary to achieve each transformation

Br
~
Z )\/
@) Br
- Br
/ e + En
(b) Br
- OH
Pz —_— + En
(C) OH

Integrated Problems -fd

9.51 Compound A is an alkyne with the molecular formula CsHs.
When treated with aqueous sulfuric acid and mercuric sulfate, two
different products with the molecular formula CsH1qO are obtained in
equal amounts. Draw the structure of compound A, and draw the two
products obtained.

9.52 Propose an efficient synthesis for each of the following
transformations:

- — T

(a) S
(b) T S
=
(© O/ —) O/\/\/

9.53 Draw the structure of each possible dichloride that can be used
to prepare the following alkyne via elimination:

y—t

9.54  Draw the structures of compounds A to D:

NaNH, e ; — /

9.55 Draw and name four terminal alkynes with the molecular formula
CsHio-

Bry
A — B

(CeH12)

1) Excess NaNH,
2) H,0

9.56 Preparation of 2,2-dimethyl-3-octyne cannot be achieved via
alkylation of acetylene. Explain.

OH
e
% )\/

-~

(d OH
OH OH

=z — )\A/ + En = —
(e) OH ) OH
9.58 Identify reagents that you would use to achieve the following

transformation:

D

-
// — %

I~

9.59 In the upcoming chapters, we will learn a two-step method for
achieving the following transformation. In the meantime, we have already
learned reactions that can be used to accomplish this transformation,
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although more than two steps are required. Identify reagents that you
could use to achieve this transformation:

/W/_>

9.60 A terminal alkyne was treated with NaNH, followed by propyl
iodide. The resulting internal alkyne was treated with ozone followed
by water, giving only one type of carboxylic acid. Provide a systematic,
IUPAC name for the internal alkyne.

9.61 The following reaction does not produce the desired prod-
uct but does produce a product that is a constitutional isomer of the
desired product. Draw the product that is obtained and propose a
mechanism for its formation:

OH —= OH 2/
1) NaNH,
q 2wet d

9.62 Propose a plausible mechanism for the following transformation:

o OH (e} OH
7@)&%@ HyO" m
E—

9.63 Propose a plausible mechanism for the following tautomeriza-

tion process:
H\N/CHS N/CHS

9.64 Using acetylene and methyl bromide as your only sources
of carbon atoms, propose a synthesis for each of the following
compounds:

/ \ + En

(a) Et ;Me (b) Et Me

9.65 Propose a plausible mechanism for the following transformation:

(e}

= _2f B
T HO' R '

9.66 Propose a plausible mechanism for the following transformation:

o] o
H D
D;0"
—

9.67 A small class of natural products, called «,a-disubstituted
a-amino acids (Chapter 25), have been the targets of several synthetic
techniques, because these compounds are structurally complex (rep-
resenting a challenge for synthetic organic chemists), and they exhibit

notable effects on biological activity. The following transformation was
part of one such synthetic technique:’
(a) Identify reagents that can be used to achieve the following trans-
formation and
(b) assign the configuration of the chiral center in the starting material
and in the final product.
CHsO BOC)ZN
CH30 BOC =
t-BuO

Ay

CHz0 BOC)2N

OCH
CH30\©\/ /\/ 3
s.%

9.68 Treatment of one mole of dimethyl sulfate (CH3OSO3CH3) with
two moles of sodium acetylide results in the formation of two moles of
propyne as the major |oroduct:8

(0]
H3COSOCH3+HCCNa—>HCCCH3+?
O (2 moles) (2 moles)
(1 mole)

(a) Draw the inorganic, ionic species that is generated as a by-product
of this reaction and show a mechanism for its formation.

(b) 2-Butyne is observed as a minor product of this reaction. Draw
a mechanism accounting for the formation of this minor prod-
uct and explain how your proposed mechanism is consistent
with the observation that acetylene is present among the reac-
tion products.

(c) Predict the major and minor products that are expected if diethyl
sulfate is used in place of dimethyl sulfate.

9.69 Salvinorin A, isolated from the Mexican plant Salvia divinorum, is
known to bind with opioid receptors, thereby generating a powerful hal-
lucinogenic effect. It has been suggested that salvinorin A may be useful
in the treatment of drug addiction. Terminal alkyne 2, shown below, was
used 7 in a total synthesis of salvinorin A. Propose a plausible mecha-
nism for the formation of 2 from alkyne 1. (Hint: refer to Problem 9.8.)

OH OH
S
= 1) NaNH, =
/% ~ 0 Zmo > _ o
1 2

9.70 Halogenation of alkynes with Cl, or Br, can generally be achieved
with high yields, while halogenation of alkynes with I, typically gives low
yields. However, the following reaction is successfully completed with I,
in high yields (94%) to afford a potentially useful functionalized and con-
formationally constrained diiododiene synthetic intermediate.'®

CDLé@



(a) The first step of the process likely involves one of the triple bonds
attacking I, to give a bridged iodonium ion. Draw this intermediate.

(b) In the second step of the mechanism, it is unlikely that the other
triple bond attacks the iodonoium ion in an intramolecular nucleo-
philic attack, because the resulting carbocation would be too high
in energy. Draw this carbocation, and explain why it is too high in
energy to form.

o)

In the second step of the mechanism, it is more likely that an iodide
ion attacks the triple bond, which simultaneously attacks the iodo-
nium ion (in a concerted fashion). Therefore, the entire mechanism
has just two steps. Draw both steps of this mechanism, as described.

9.71  The following compounds exhibit tautomerism, with a particu-
larly high enol concentration. Compound 1 exhibits an enol concentra-
tion of 9.1%, as compared with the enol concentration of 0.014% for
(CH3),CHCHO. Compound 2 exhibits an enol concentration of 95%: "

(6] H (0] H

1
(@) In compound 1, determine the hybridization state of the carbon
atom adjacent to both rings, as well as the expected bond angles
associated with that hybridization state.

(b) Draw the enol of compound 1, and once again, determine the
hybridization state and expected bond angles of the carbon atom
adjacent to both rings.

(c) Determine whether the bond angles increase or decrease when
compound 1 is converted into its enol form, and explain why steric
effects favor a relatively large enol concentration in this case.

(d) Explain why the enol of 2 is even more favored than the enol of 1.

9.72  Upon treatment with aqueous acid, compound 1 is converted into

compound 2.2
Q) o 1
_HeS0, |
= LD
X
A

N\

Integrated Problems

(a) In the first step of the accepted mechanism, one of the triple bonds
is protonated to give a vinyl carbocation. Generally, vinyl carboca-
tions are too unstable to form, but this case represents an excep-
tion. Using resonance structures, explain why a vinyl carbocation
can be formed in this case.

(b) In the second step of the accepted mechanism, the vinyl carboca-
tion is attacked by the nearby triple bond in an intramolecular fash-
ion, resulting in another vinyl carbocation, which is then captured
by water (H,0). Draw a complete mechanism showing the conver-
sion of 1 to 2.

Problems 9.73-9.75 follow the style of the ACS organic
chemistry exam. For each of these problems, there will be
one correct answer and three distractors.

9.73  Which of the following compounds is converted into carbon
dioxide and acetic acid (CH3CO,H) upon ozonolysis?

PN )\
() Z © 2> ()

9.74  All of the following methods can be used to prepare 2-butanone
(CH3COCH,CHs) EXCEPT:

prd
(0) &

N e S
(b) //// %} )J\/
o e I
o P e

- 2
(@) Hy, Pt
(b) NaNH,/NH;
(© Na, NHs
(

d) Hy, Lindlar's catalyst
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CHALLENGE PROBLEMS

9.76 Roquefortine C belongs to a class of natural products, called
roquefortines, first isolated from cultures of the fungus Penicillium
roqueforti. Roquefortine C, which is also present in blue cheese,
exhibits bacteriostatic activity (it prevents bacteria from reproduc-
ing), and it is known to exist as a mixture of two tautomers, as shown

13
\ \ i
_H
N
N taut.
_— N x
N
\ H N\ H O
H H HNT ™
Roquefortine C

here:
(0]
_H
N
N
(0]
NTN
Ly
(a) Draw a base-catalyzed mechanism for the tautomerization of

roquefortine C.

(b) Draw an acid-catalyzed mechanism for the tautomerization of
roquefortine C.

(c) Predict which tautomer is more stable and explain your rationale.

9.77 Natural products that contain the N-1,1-dimethyl-2-propenyl
group (called an N-reverse prenyl group) often exhibit antitumor or anti-
fungal activity. The synthesis of a particular N-reverse prenylated indole
antifungal compound begins with the two steps shown below:"*

2

// OAc

CuCl, i-Pr,NEt

C13H15N

(a) Draw the structure of compound 2 and show a reasonable mecha-
nism for its formation. Note that i-ProNEt is a base, and CuCl is used
as a catalyst. The latter can be ignored for our purposes.

(b) Identify the reagents necessary for the conversion of 2 to 3.

9.78 The two lowest energy conformations of pentane are the anti-
anti and the anti-gauche forms, in terms of arrangements around the
two central C—C bonds. A recent study analyzed the conformations
of 3-heptyne as an “elongated” analogue of pentane, where a carbon-
carbon triple bond is “inserted” between C2 and C3 of pentane.'”
Interestingly, the researchers found that in each of the two most stable
conformations of 3-heptyne, C1 and Cé are nearly eclipsed (looking down

the alkyne group). In one of these conformations, C4 and C7 are anti to

each other (looking down the C5—C6 bond); and in the other conforma-

tion, C4 and C7 experience a gauche interaction. Draw the following:

(a) A wedge-and-dash structure for each of the two lowest energy con-
formations of pentane.

(b) A wedge-and-dash structure of the conformer of 3-heptyne that is
analogous to anti-anti pentane.

(c) A Newman projection that illustrates the eclipsed nature of the low-
energy conformations of 3-heptyne.

(d) Newman projections that illustrate the difference between the two
lowest energy conformations of 3-heptyne.

9.79 A variety of phenyl-substituted acetylenes (1a-d) were treated
with HC to give a mixture of E and Z isomers, as shown below:'®

Sc. i i
1 R R/C\H H/C\R
E:Z Ratio
1a(R=Me) 70:30
1b (R = Et) 80:20
1c (R = i-Pr) 95:5
1d (R = t-Bu) 100:0

(a) As we saw in Problem 9.72, vinyl carbocations can form if they are
stabilized by resonance. Draw the vinyl carbocation that is formed
when phenyl-substituted acetylenes are protonated by HCl and
explain the regioselectivity observed in these reactions.

(b) By comparing transition state stabilities for the step in which
the vinyl carbocation is captured by a chloride ion, provide an
explanation for the stereoselectivity (the E:Z ratio) observed in
the reactions of 1a—d.
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Radical Reactions

10.1 Radicals
10.2 Common Patterns in Radical Mechanisms
10.3 Chlorination of Methane

10.4 Thermodynamic Considerations
for Halogenation Reactions

DID YOU EVER WONDER...

how certain chemicals are able to extinguish
fires more successfully than water?

ire is a chemical reaction called combustion, in which organic 10.5 Selectivity of Halogenation

compounds are converted into CO, and water together with 10.6 Stereochemistry of Halogenation
the liberation of heat and light. The combustion process is a chain 10.7  Allylic Bromination
(self-perpetuating) process that occurs via free radical intermediates. 10.8 Atmospheric Chemistry
Understanding the nature of these free radicals is the key to under- and the Ozone Layer
standing how fires can be extinguished most effectively. 10.9 Autooxidation and Antioxidants
This chapter will focus on radicals. We will learn about their 10.10 Radical Addition of HBr: Anti-
structure and reactivity, and we will explore some of the important Markovnikov Addition
roles that radicals play in the food and chemical industries and in 10.11 Radical Polymerization
our overall health. We will also return to the topic of fire to explain 10.12 Radical Processes in the
how specially designed chemicals are able to destroy the radical Petrochemical Industry
intermediates in a fire, thereby stopping the combustion process and 10.13 Halogenation as a Synthetic Technique

extinguishing the fire.

»
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DO YOU REMEMBER?

Radical Reactions

Before you go on, be sure you understand the following topics.
If necessary, review the suggested sections to prepare for this chapter.

e Enthalpy (Section 6.1)
e Gibbs Free Energy (Section 6.3)

* Entropy (Section 6.2)
® Reading Energy Diagrams (Section 6.6)

Take the DO YOU REMEMBER? QUIZ in WileyPLUS to check your understanding.

FIGURE 10.1

An illustration of the difference
between homolytic and
heterolytic bond cleavage.

FIGURE 10.2

Arrows used in ionic mechanisms
are double-barbed, while arrows
used in radical mechanisms

are single-barbed.

FIGURE 10.3
A comparison of the geometries
of a carbocation and a carbanion.

10.1 Radicals

Introduction to Radicals

In Section 6.1, we mentioned that a bond can be broken in two different ways: heterolytic bond cleavage
forms ions, while homolytic bond cleavage forms radicals (Figure 10.1).

Homolytic bond cleavage
KLy Heat, [y L [y

Heterolytic bond cleavage

x—y Heat, y® L Oy

lons Radicals

Undil now, we have focused mostly on ionic reactions—that is, we have been exploring mechanisms that
involve ions. This chapter will focus exclusively on radicals. Look carefully at the curved arrows used in
the two processes in Figure 10.1. Specifically, an ionic process employs double-barbed curved arrows,
while a radical process employs single-barbed arrows (Figure 10.2). A double-barbed curved arrow

Double-barbed arrow

v

shows the motion
of two electrons

Single-barbed arrow
m Fish-
hook

shows the motion
of one electron

represents the motion of two electrons, while a single-barbed arrow represents the motion of only one
electron. Single-barbed arrows are called fishhook arrows because of their appearance. This chapter will
use fishhook arrows exclusively.

Structure and Geometry of Radicals
In order to understand the structure and geometry of a radical, we must quickly review the structures

of carbocations and carbanions (Figure 10.3).

Carbocation Carbanion

Filled
sp?® orbital

Empty p orbital

i

C\”llll

sp3-hybridized
(trigonal pyramidal)

sp?-hybridized
(trigonal planar)

A carbocation is sp*-hybridized and trigonal planar, while a carbanion is sp>-hybridized and trigonal
pyramidal. The difference in geometry results from the difference in the number of nonbonding elec-
trons. A carbocation has zero nonbonding electrons, while a carbanion has two nonbonding electrons.



FIGURE 10.4
The geometry of a
carbon radical.

FIGURE 10.5
The order of stability
for carbon radicals.

LOOKING BACK
For a review of
carbocation stability
and hyperconjugation,
see Section 6.8.

10.1 Radicals

A carbon radical is between these two cases, because it has one nonbonding electron. It therefore might
seem reasonable to expect that the geometry of a carbon radical would be somewhere in between trigo-
nal planar and trigonal pyramidal. Experiments suggest that carbon radicals either are trigonal planar
or exhibit a very shallow pyramid (nearly planar) with a very low barrier to inversion (Figure 10.4).

or /Cw SN \CK”“

Trigonal planar Shallow pyramid

(rapidly inverting)

Either way, carbon radicals can be treated as trigonal planar entities. This geometry will have signifi-
cance later in the chapter when we deal with the stereochemical outcomes of radical reactions.
The order of stability for radicals follows the same trend exhibited by carbocations in which tertiary

radicals are more stable than secondary radicals, which in turn are more stable than primary radicals
(Figure 10.5).

Increasing stability

H™ " H R)'\H R)'\R R™ "R

Methyl Primary Secondary Tertiary

The explanation for this trend is similar to the explanation for carbocation stability. Specifically, alkyl
groups are capable of stabilizing the unpaired electron via a delocalization effect, called hyperconju-
gation. This trend in stability is supported by a comparison of bond dissociation energies (BDEs).
Notice that the bond dissociation energy is lowest for a C—H bond involving a tertiary carbon
(Figure 10.6), indicating that it is easiest to cleave this C—H bond homolytically. These observed
BDE values suggest that a tertiary radical is about 16 kJ/mol more stable than a secondary radical.

Decreasing BDE

435 410 397 381
kJ/mol kJ/mol kJ/mol kJ/mol
I I IR
H—C‘)—H H—Cl)—H Hac—Cli—H H3C—C'I—H
FIGURE 10.6
Bond dissociation energies H H H CH,
for various C—H bonds. Methyl Primary Secondary Tertiary

. CONCEPTUAL CHECKPOINT

10.1 Rank the following radicals in order of stability:

S oY oy O o o
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FIGURE 10.7
Bond dissociation energies
for various C—H bonds.

SKILLBUILDER

K—. 10.1 DRAWING RESONANCE STRUCTURES OF RADICALS

<

) LEARN the skill

Radical Reactions

Resonance Structures of Radicals

In Chapter 2, we saw five patterns for drawing resonance structures. There are also several
patterns for drawing resonance structures of radicals. However, the vast majority of situations
require only one pattern, which is characterized by an unpaired electron next to a 7 bond, in an
allylic position:

7 X

Allylic
position

In such a case, the unpaired electron is resonance stabilized, and three fishhook arrows are used to
draw the resonance structure:

|

~

Benzylic positions also exhibit the same pattern, with several resonance structures contributing to the
overall resonance hybrid:

O - - -F-0

Resonance-stabilized radicals are even more stable than tertiary radicals, as can be seen by comparing
the BDE values in Figure 10.7.

Decreasing BDE

381 364 356
kd/mol kJd/mol kd/mol
CH, H H
| N |
H3C—C|J—H ¥C’)—H @?—H
CHj3; H H
Tertiary Allylic Benzylic

A C—H bond at a benzylic or allylic position is more easily cleaved than a C—H bond at a tertiary
position. These observed BDE values suggest that resonance-stabilized radicals are about 20 kJ/mol
more stable than radicals, as compared with the 16 k] difference between secondary and tertiary radicals.

Draw all resonance structures of the following radical and make sure to show the necessary

gV

fishhook arrows:



STEP 1 .
Look for an unpaired

electron next to a
7 bond.

STEP 2

Draw three fishhook
arrows and then draw
the corresponding
resonance structure.

? PRACTICE the skill

APPLY the skill

need more PRACTICE?

10.1 Radicals

SOLUTION

When drawing resonance structures of a radical, look for an unpaired electron next to a =
bond. In this case, the unpaired electron is in fact located at an allylic position, so we draw
the following three fishhook arrows:

G — Ol

The new resonance structure exhibits an unpaired electron that is allylic to another 7 bond,
so again we draw three fishhook arrows to arrive at another resonance structure:

‘“G\/’
Cle — O

In total, there are three resonance structures:

Q
.~ Clo — O
@\/ DA X

10.2 Draw resonance structures for each of the following radicals:

(a) (b) (© - )

10.3 5-Methylcyclopentadiene undergoes homolytic bond cleavage
of a C—H bond to form a radical that exhibits five resonance struc-
tures. Determine which hydrogen atom is abstracted and draw all five
resonance structures of the resulting radical. 5-Methylcyclopentadiene

10.4 Stable radicals have been used as biosensors to monitor cellular
oxygen levels. One of the first stable radicals to be reported was the
triphenylmethyl radical, shown at right. More recently, similar radicals
have been prepared in which the hydrogen atoms of the phenyl rings

have been replaced with other atoms or groups to make sensors that .
are more water-soluble.” Draw all resonance structures of the triphenyl-
methyl radical, and explain why it is unusually stable.

Try Problems 10.23, 10.26

In this section, we have seen that allylic and benzylic radicals are stabilized by resonance. When

analyzing the stability of a radical, make sure not to confuse allylic and vinylic positions:

X

Allylic positions Vinylic positions

A vinylic radical is not resonance stabilized and does not have a resonance structure:
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FIGURE 10.8
Bond dissociation energies
for various C—H bonds.

SKILLBUILDER

] LEARN the skill

S

STEP 1

Consider all possible
radicals that would
result from homolytic
cleavage of a C—H
bond.

STEP 2
Identify the most stable
radical.

STEP 3
Determine which bond
is the weakest.

—

Radical Reactions

In fact, a vinylic radical is even less stable than a primary radical. This can be seen by comparing BDE
values (Figure 10.8).

Decreasing BDE

464 410 364
kd/mol kd/mol kd/mol
H H H
| | N\
C—H H;C—C—H \—C—H
Vs | |
H H
Vinylic Primary Allylic

A C—H bond at a vinylic position requires even more energy to cleave than a C—H bond at a

primary position. These observed BDE values suggest that a vinylic radical is more than 50 kJ/mol
higher in energy than a primary radical (a very large difference).

\ 10.2 IDENTIFYING THE WEAKEST C—H BOND IN A COMPOUND

D

Identify the weakest C—H bond in the following compound:

W
SOLUTION

Imagine homolytically breaking each different type of C—H bond in the compound. This
would produce the following radicals:

Primary Tertiary Primary Cannot form radical here
(No C—H bond)

Allylic Vinylic Vinylic

Of all the possibilities, the allylic radical will be the most stable radical. The weakest C—H
bond is the one that leads to the most stable radical. Therefore, a C—H bond at the allylic
position will be the weakest C—H bond. It is the easiest bond to break homolytically:

At

| PRACTICE the skill 10.5 Identify the weakest C—H bond in each of the following compounds:

(a) } : (b) ©/ () ><[/ (d) /k/\

10.6 The C—H bonds shown in red exhibit very similar BDEs, because homolytic cleav-
age of either bond results in a resonance-stabilized radical. Nevertheless, one of these
C—H bonds is weaker than the other. Identify the weaker bond and explain your choice:

HQJ\<JH"
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APPLY the skill

10.2  Common Patterns in Radical Mechanisms 5 R4 441

10.7 The naturally occurring compound

(S)-limonene (compound 1 on the right)

can be synthetically transformed with radi-

cal chemistry into compound 2, which has _—
potent antimalarial activity.? Identify the

weakest C—H bond in (S)-limonene.

need more PRACTICE? Try Problem 10.24

10.2 Common Patterns in Radical Mechanisms

In Chapter 6, we saw that ionic mechanisms are comprised of only four different kinds of arrow-pushing
patterns (nucleophilic attack, loss of a leaving group, proton transfer, and rearrangement). Similarly, radical
mechanisms are also comprised of only a small number of arrow-pushing patterns, although these patterns
are very different from the patterns in ionic mechanisms. For example, carbocations can undergo rear-
rangement (as seen in Section 6.11), but radicals are not observed to undergo rearrangement:

Moo X

This carbocation This radical
will rearrange will not rearrange
to produce a more stable to produce a more stable
tertiary carbocation tertiary radical

There are six different kinds of arrow-pushing patterns that comprise radical reactions. We will now
explore these patterns one by one:

1. Homolytic cleavage: Homolytic cleavage requires a large input of energy. This energy can be

supplied in the form of heat (A) or light (/v).

TNy A
X=X or hv

X" X

2. Addition to a w bond: A radical adds to a  bond, thereby destroying the 7 bond and generat-
ing a new radical.

X X
N

3. Hydrogen abstraction: A radical can abstract a hydrogen atom from a compound, generating
a new radical. Don’t confuse this step with a proton transfer, which is an ionic step. In a proton
transfer, only the nucleus of the hydrogen atom (a proton, HY) is being transferred. Here, the
entire hydrogen atom (proton and electron, H) is being transferred from one location to another.

X VEYR — x—H R

4. Halogen abstraction: A radical can abstract a halogen atom, generating a new radical. This
step is similar to hydrogen abstraction, only a halogen atom is being abstracted instead of a
hydrogen atom.

%oy

R — R—X X

5. Elimination: The position bearing the unpaired electron is called the alpha position. In an elimina-
tion step, a double bond forms between the alpha (@) and beta (8) positions. As a result, a single
bond at the 3 position is cleaved, causing the compound to fragment into two pieces.

X X
B T
6. Coupling: Two radicals join together and form a bond.

NN
X X —— X—X
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FIGURE 10.9

Six steps common

in radical
mechanisms.

SKILLBUILDER

Radical Reactions

Figure 10.9 summarizes the six common steps in radical mechanisms.

Homolytic Addition Hydrogen Halogen
cleavage to a 7 bond abstraction abstraction Elimination Coupling
S XA xS AN
X=X — x' O HLR RO XLy NaYa) x My
. X X—H 'R R—X X X’ X—X
X X \ . _

This might seem like a lot to remember. It is therefore helpful to group them. For example, notice
that the first step (homolytic cleavage) and the sixth step (coupling) are just the reverse of each other.
Homolytic cleavage creates radicals, while coupling destroys them:

Homolytic
cleavage

X—X X X
N\ Coupling /
The second and fifth steps shown in Figure 10.9 are also the reverse of each other. Addition to a 7
bond is just the reverse of elimination:

Addition
to a 7 bond

X / . X
— N
\__Elimination
That leaves only two more steps, both of which are called abstractions (hydrogen abstraction and
halogen abstraction). These two steps are not the reverse of each other. The reverse of a hydrogen
abstraction is simply a hydrogen abstraction:

Hydrogen
abstraction

X' H—R Hydrogen X—H 'R

\__abstraction

The same is true for halogen abstraction. That is, the reverse of a halogen abstraction is simply a
halogen abstraction.

When drawing a radical mechanism, remember that every step will generally have either two or
three fishhook arrows. Take another close look at the six steps shown in Figure 10.9. The first and last
step (homolytic cleavage and coupling) each requires exactly two fishhook arrows, because two electrons
are moving in each case. In contrast, all other steps have three electrons moving and therefore require
three fishhook arrows. In any step, the number of fishhook arrows must correspond to the number of
electrons moving. Let’s get some practice drawing fishhook arrows.

10.3 DRAWING FISHHOOK ARROWS FOR A RADICAL PROCESS

LEARN the skill

Draw the appropriate fishhook arrows for the following radical process:

Br
+ Br, — + Br



STEP 1

Identify the process.

STEP 2

Determine the number

of fishhook arrows
required.

STEP 3

Identify any bonds
being broken or
formed.

STEP 4

For a bond being
formed, draw two
fishhook arrows.

STEP 5
For a bond being

broken, make sure that
two fishhook arrows

D

)

)
J

¢

U/

are shown.

10.2 Common Patterns in Radical Mechanisms

SOLUTION

The following procedure can be used for all six types of radical steps (not just the one in this
problem). First identify the type of process taking place. A radical is reacting with Br,, and
the result is the transfer of a bromine atom:

BB — + B

Therefore, this step is a halogen abstraction.

Determine the number of fishhook arrows that must be used (either two or three). Recall
that there are six different kinds of steps. Cleavage and coupling require two fishhooks, while
all other steps require three fishhook arrows. This process (halogenation) must have three
fishhook arrows, which means that three electrons are moving. Each of the fishhooks will
have its tail placed on one of the electrons that is moving.

Next, identify any bonds being broken or formed:

N B
=$.Ta.r= — + B

Bond broken Bond formed

If a bond is being formed, draw the two fishhook arrows that show bond formation:

TN e Br: .
Brgr — + B

Finally, if a bond is being broken, make sure to have two fishhook arrows, one for each elec-
tron of the bond broken. In this case, one fishhook arrow is already there, so we only need
to draw the remaining fishhook arrow:

Br:
O\///Q—(\Br — + Br :

PRACTICE the skill 10.8 Draw the appropriate fishhook arrows for each of the following radical processes.

APPLY the skill

H .o ( .
O/ + HBr — OL + Br: Q/ o \
(a) (b) Br
; + CHy —— + B — + HBr
o T e — x> O g

R alaapte

. R
(e) ~ >N T T T N ) 0—0

10.9 The genus Aspergillus includes several hundred species of mold, which collectively
produce a large number of natural products. Many of these natural products have been
found to possess interesting biological properties. Two of these natural products were both
synthesized from a common tricyclic precursor (compound 4 below) with an intricate shape.
Tricyclic compound 4 was made from bicyclic compound 1 using AIBN (which is further
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O

E AIBN :;
_— —_— B |
- 0 : o o £ O
0 . O
I

explored in Problem 10.30) and n-Bu3SnH to start a radical cyclization reaction.’ Draw a
mechanism for the cyclization step in which bicyclic intermediate 2 is converted into tricyclic
intermediate 3.

) o o
Y OEt
OEt OEt EtO EtO
L 2 3 — 4 4

need more PRACTICE? Try Problem 10.49

Initiation

Homolytic
cleavage

xLx

FIGURE 10.10
The six common steps
divided into categories.

Each of the six patterns shown in Figure 10.9 can be placed in one of three categories
based on the fate of the radicals (Figure 10.10). Initiation is when radicals are created, while
termination is when two radicals annihilate each other by forming a bond. The other four steps
are generally propagation steps, in which the location of the unpaired electron is moved from
place to place. Later in this chapter, we will encounter situations that will require us to refine
our definitions for initiation, propagation, and termination, but for now, these simplistic (and
incomplete) definitions will be helpful to us as we begin exploring radical mechanisms in the
upcoming sections.

Termination

Coupling
Propagation

Addition Hydrogen Halogen x'/\ /\'x
to a 7 bond abstraction abstraction Elimination
XA ) l

— O R B x Ly \alal
J l l X—X
X _ — X
\ X—H "R R—X X

10.3 Chlorination of Methane

A Radical Mechanism for Chlorination of Methane

We will now use the skills developed in the previous section to explore mechanisms for radical
reactions. As a first example, consider the reaction between methane and chlorine to form methyl

chloride:

Cl
CH, > CH,CI + HCl

Methane Methyl chloride

Evidence suggests that this reaction proceeds via a radical mechanism (Mechanism 10.1).
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MECHANISM 10.1 RADICAL CHLORINATION

INITIATION
::C]/\—[\b]:
PROPAGATION
\
H—?%\/\-jo]:
H
LA
H—?-A To Rl
H

TERMINATION
Homolytic cleavage
Coupling
hv .o-. .o-. .--[\ /‘\.--. .oo_lo.
Creates two chlorine radicals CI CI Cl Cl Destroys two CI Cl
chlorine radicals
Hydrogen abstraction H H Coupling H
| .o | /\ /\
Forms a carbon radical H_? H—QI. H C|> C,:.I Destroys one methyl H_?_C|
H H radical and one H

chlorine radical

Halogen abstraction H H H Coupling H H
| . Va¥ay I

Gives the product and H_?_gl' L H_? (|:_H Destroys two H_?_?_H
regenerates a chlorine radical H H H methyl radicals H H

The reaction mechanism for radical chlorination is divided into three distinct stages. The initia-
tion stage involves creation of radicals, while the termination stage involves destruction of radicals.
The propagation stage is the most important, because the propagation steps are responsible for the
observed reaction. The first propagation step is a hydrogen abstraction, and the second propagation
step is a halogen abstraction. Notice that the sum of these propagation steps gives the net reaction:

Hydrogen abstraction CH, + Zf — p#H; + HC

Halogen abstraction G#; + Cl, —— CHiCl + Jef:

Net reaction CH, + Cl, —— CH3Cl + HCI

This now provides us with a new, refined definition for propagation steps. Specifically, the sum of the
propagation steps gives the net chemical reaction. All other steps must be either initiation or termina-
tion, not propagation. We will revisit this refined definition later in the chapter.

There is one more critical aspect of the propagation steps shown above. Notice that the first
propagation step consumes a chlorine radical, while the second propagation step regenerates a chlorine
radical. In this way, one chlorine radical can ultimately cause thousands of molecules of methane to
be converted into chloromethane (assuming enough Cl, is present). Therefore, the reaction is called
a chain reaction.

When excess Cl, is present, polychlorination is observed:

H H Cl Cl Cl
| cl, \ Cl, I Cl, I Cl, \
H—Cl:—H o H—(.‘:—Cl o H—?—Cl o H—?—Cl =vad Cl—C‘;—Cl
H H H Cl Cl
Methyl Methylene Chloroform Carbon
chloride chloride tetrachloride

The initial product, methyl chloride (CH3Cl), is even more reactive toward radical halogenation than
methane. As methyl chloride is formed, it reacts with chlorine to produce methylene chloride. The
process continues until carbon tetrachloride is produced. In order to produce methyl chloride as the
major product (monohalogenation), it is necessary to use an excess of methane and a small amount
of Cl,. Unless otherwise indicated, the conditions of a halogenation reaction are generally controlled
so as to produce monohalogenation.
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SKILLBUILDER

= 10.4 DRAWING A MECHANISM FOR RADICAL HALOGENATION
o LEARN the skill Draw a mechanism for the radical chlorination of methyl chloride to produce methylene chloride:
H Cl
|| | cl, |
H=C—Cl > H—C—Cl ¢ HOl
H H
Methyl Methylene
chloride chloride
SOLUTION

The mechanism will have three distinct stages. The first stage is initiation, which creates
chlorine radicals. This initiation step involves homolytic bond cleavage and should employ
only two fishhook arrows:

STEP 1
Draw the initiation AN LR R
Step(s). .o . .o oo
The next stage involves the propagation steps. There are two propagation steps: hydrogen
abstraction to remove the hydrogen atom, followed by halogen abstraction to attach the
chlorine atom. Each of these steps should have three fishhook arrows:
:Elflz :'c|'|:
Hydrogen AN . o
abstraction H_?_H ok H_ﬁ: H=Ck:
STEP 2 H b
Draw the propagation
steps. :?I/E\/\(\ :|CI:
Halogen I '-._--. o 7-.. ..-'
abstraction H*(’l.) g ¢l H ? Gl -gk:
H H
These two abstractions together represent the core of the reaction. They show how the
product is formed.

Termination ends the process. There are a number of possible termination steps. When
drawing a mechanism for a radical reaction, it is generally not necessary to draw all possible
termination steps unless specifically asked to do so. It is sufficient to draw the one termina-
tion step that also produces the desired product:

STEP 3 :Cl: :Cl:
Draw( at Igast one ch::mn'c'lz — H—(::—.C'I:
termination step. h h
o : H H

PRACTICE the skill 10.10 Draw a mechanism for each of the following reactions:

(@) Chlorination of methylene chloride to produce chloroform

(b) Chlorination of chloroform to produce carbon tetrachloride
(c) Chlorination of ethane to produce ethyl chloride
(d) Chlorination of 1,1,1-trichloroethane to produce 1,1,1,2-tetrachloroethane

(e) Chlorination of 2,2-dichloropropane to produce 1,2,2-trichloropropane

APPLY the skill 10.11  Methyl bromide is widely used as a fumigant to prevent the spread of diseases
and pests in agricultural products, and it can be prepared from methane via radical bromi-
nation. Recently, a new method for preparing methyl bromide was developed, involving
genetically engineered microorganisms that are capable of producing large quantities of
the compound.”

(a) Draw a mechanism for the radical bromination of methane to yield bromomethane.

(b) In practice, radical bromination of methane produces many by-products. For exam-
ple, ethane is obtained in small quantities. Suggest a mechanism for the formation of
ethane.
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Radical Initiators

Energy is required to initiate a radical chain reaction. For example:

‘../V\... A e o
Cl—CI oy 2 CI AH°=243 kJ/mol

The change in enthalpy for homolytic bond cleavage of Cl, is 243 kJ/mol. In order to break the CI—Cl
bond homolytically, this energy must be supplied in the form of either heat (A) or light (4v). Photochemical
initiation requires the use of UV light, while thermal initiation requires a very high temperature (several
hundred degrees Celsius) in order to produce the energy necessary to cause homolytic bond cleavage of a
Cl—ClI bond. Achieving thermal initiation at more moderate temperatures requires the use of a radical
initiator, a compound with a weak bond that undergoes homolytic bond cleavage with greater ease. For
example, consider the homolytic bond cleavage of alkyl peroxides, which are compounds containing an

O—O bond:

r6ANG ﬁ) 2 RO AH°=159 kJ/mol

An alkyl peroxide

Notice that this process requires less energy, because the O—O bond is weaker than the CI—Cl bond.
This process can be achieved at 80°C, and the radicals produced (RO") can start the chain process.
Acyl peroxides are often used as radical initiators, because the O—O bond is especially weak:

:0 o O: :0
o\ oo A .
S) Q_Q (g SE 2 ;LQ AH°=121 kd/mol
R R R

An acyl peroxide

The energy required to homolytically cleave this bond is only 121 kJ/mol. This bond has a particu-
larly small BDE because the radical produced is resonance stabilized:

o&/& . :jo'>:0::
R R

Radical Inhibitors

While some compounds, like peroxides, help initiate radical reactions, compounds called radical
inhibitors have the opposite effect. A radical inhibitor is a compound that prevents a chain process
from either getting started or continuing. Radical inhibitors effectively destroy radicals and are there-
fore also called radical scavengers. For example, molecular oxygen (O,) is a diradical:

Ay
Molecular oxygen is able to couple with other radicals, thereby destroying them. Each molecule of
oxygen is capable of destroying two radicals. As a result, radical chain reactions generally won’t occur
rapidly until all of the available oxygen has been consumed.
Another example of a radical inhibitor is hydroquinone. When hydroquinone encounters a

radical, a hydrogen abstraction can take place, generating a resonance-stabilized radical that is less
reactive than the original radical:

Hydrogen
H—§O§_H 4 R abstraction H_OOO + R—H

Hydroquinone Resonance stabilized

This resonance-stabilized radical can then destroy another radical via another hydrogen abstraction
to form benzoquinone:

Hydrogen
H—O@O + [RY) abstraction OOO PEEEN o:@:O

Benzoquinone
+ R—H

In Section 10.9, we will discuss the role of radical inhibitors in biological processes.
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Radical Reactions

10.4 Thermodynamic Considerations
for Halogenation Reactions

In the previous section, we explored the accepted mechanism for the chlorination of methane. We
will now explore whether this reaction can be accomplished with other halogens as well. Is it pos-
sible to achieve a radical fluorination, bromination, or iodination? To answer this question, we must
explore some thermodynamic aspects of halogenation.

In Section 6.3, we saw that AG (the change in Gibbs free energy) determines whether or
not a reaction is thermodynamically favorable. In order for a reaction to favor products over
starting materials, the reaction must exhibit a negative AG. If AG is positive, starting materials
will be favored, and the reaction will not produce the desired products. We will now use this
information to determine whether halogenation can be accomplished with halogens other than
chlorine.

Recall that AG is comprised of two components—enthalpy and entropy:

AG = (AH) +  (-TAS)
_V_I \_V_I

Enthalpy term Entropy term

For halogenation of an alkane, the entropy component is negligible because two molecules of starting
material are converted into two molecules of products:

CH, + X5 —™» CHX + HX

Two molecules Two molecules

Since the change in entropy of a halogenation reaction is negligible, we can assess the value of AG by
analyzing the enthalpy term alone:

AG =~ AH
The enthalpy term is determined by a number of factors, but the most important factor is bond

strength. We can estimate AH by comparing the energy of the bonds broken and the energy of
bonds formed:

HiC—H + X—X -2 He—x + H—X
Bonds Bonds
broken formed

To make the comparison, we look at bond dissociation energies. The relevant values are shown in
Table 10.1. Using these values, we can estimate the sign of AH (positive or negative) associated with
each halogenation reaction. Remember that:

* Bonds broken (shown in blue) require an input of energy in order to be broken, contributing
to a positive value of AH (the system increases in energy).

* Bonds formed (shown in red) release energy when they are formed, contributing to a negative
value of AH (the system decreases in energy).

TABLE 10.1 BOND DISSOCIATION ENERGIES OF RELEVANT BONDS (kJ/mol)

HsC—H X—X HsC—X H—X
F 435 159 456 569
cl 435 243 351 431
Br 435 193 293 368

I 435 151 234 297
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The data in Table 10.1 can be used to make the following predictions:

cH, + [FB ™ CHF + HF  AH° =[43TkJmol

CH, + [Ch ™ cHel + Hol  AH® =104 kJmol

CH, + By —™> CHgr + HBr  AH° —[a3kJmol

CH, + [, ™ CHg + HI AH° = 55 kJ/mol

All of the processes above have a negative value for AH and are exothermic except for iodination.
Iodination of methane has a positive AH, which means that AG will also be positive for that reac-
tion. As a result, iodination is not thermodynamically favorable, and the reaction simply does not
occur. The other halogenation reactions are all thermodynamically favorable, but fluorination is so
exothermic that the reaction is too violent to be of practical use. Therefore, only chlorination and
bromination are practical in the laboratory.

When this type of thermodynamic analysis is applied to alkanes other than methane, similar results
are obtained. For example, ethane will undergo both radical chlorination and radical bromination:

Tl P

H—C—C—H + X, — 2+ H—C—C—X + HX (X =BrorCl)
[ or ROOR, A [
H H H H

Radical fluorination of ethane is too violent to be practical, and radical iodination of ethane does
not occur.

A comparison of chlorination and bromination reveals that bromination is generally a much slower
process than chlorination. To understand why, we must take a closer look at the individual propagation
steps. We will compare AH of each propagation step for the chlorination and bromination of ethane:

AH
(kJ/mol)

X=Cl X=Br

First propagation step: hydrogen abstraction

Ly Ty
H=C—C—H + X —— H=C—C' + H—X: 21 +42
H H H H

Second propagation step: halogen abstraction

H H H H
T S X—X: —— HoCG—¥:  + X -96 -92

HoH oW
Net 117 |50

reaction: kd/mol  kJ/mol

In each case, the net reaction is exothermic. The estimated values for AH for chlorination and bromination
are —117 and —50 kJ/mol, respectively. Therefore, both of these reactions are thermodynamically favor-
able. But notice that the first step of bromination is an endothermic process (AH has a positive value). This
endothermic step does not prevent bromination from occurring, because the net reaction is still exother-
mic. However, the endothermic first step does greatly affect the rate of the reaction. Compare the energy
diagrams for the chlorination and bromination of ethane (Figure 10.11). Each energy diagram displays both
propagation steps. In each case, the first propagation step (hydrogen abstraction) is the rate-determining
step. For chlorination, the rate-determining step is exothermic, and the energy of activation (£,) is relatively
small. In contrast, the rate-determining step of the bromination process is endothermic, and the energy of
activation (£,) is relatively large. As a result, bromination occurs more slowly than chlorination.

According to this analysis, it might seem to be a disadvantage that the first step of bromination is
endothermic. We will see in the next section that this endothermic step actually makes bromination
more useful (albeit slower) than chlorination.
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Potential
energy

FIGURE 10.11

Energy diagrams for the two

propagation steps of radical
chlorination and radical
bromination of ethane.

FIGURE 10.12

An energy diagram showing
hydrogen abstraction
producing either a primary
or a secondary radical.

Radical Reactions

Chlorination Bromination

Potential
energy

Reaction coordinate Reaction coordinate

10.5 Selectivity of Halogenation
When propane undergoes radical halogenation, there are two possible products, and both are formed:
X
XZ
P N )\ oK

Statistically, we should be able to predict what the product distribution should be (how much of each
product to expect), based on the number of each type of hydrogen atom:

— L

— UK

Based on this analysis, we should expect halogenation to occur at the primary position three times as

H H
N/

c
Hsc/ \CH3

often as it does at the secondary position. However, these expectations are not supported by observations:

Cl

e L.

PN hv /\/CI
~60% ~40%

These results show that halogenation occurs at the secondary position more readily than statistics
alone would suggest. Why? Recall that the rate-determining step is the first propagation step—
hydrogen abstraction. We therefore focus our attention on that step. Specifically, compare the tran-
sition state for abstraction at the primary position with the transition state for abstraction at the
secondary position (Figure 10.12). Compare the energy levels of the transition states highlighted in
green in Figure 10.12.

Hydrogen abstraction

Potential

energy 1° radical

2° radical

Reaction coordinate



FIGURE 10.13

Use of the Hammond postulate
to compare the transition
states in the first propagation
step of radical chlorination

and radical bromination.

FIGURE 10.14

A comparison of the
transition states during
the first propagation step
of radical chlorination and
radical bromination.

10.5  Selectivity of Halogenation

In each transition state, an unpaired electron (radical) is developing on a carbon atom. The develop-
ing radical is more stable at the secondary position than at the primary position. As a result, £, is
lower for hydrogen abstraction at the secondary position, and the reaction occurs more rapidly at that
site. This explains the observation that chlorination at the secondary position occurs more readily
than is predicted by statistics alone.

When propane undergoes radical bromination (rather than chlorination), the following product
distribution is observed:

Br
Lk, )\ + B
PN hv P
~97% ~3%

These results indicate that the tendency for bromination at the secondary position is much more pro-
nounced, with 97% of the product occurring from reaction at the secondary position. Bromination is
said to be more selective than chlorination. To understand the reason for this selectivity, recall that the
rate-determining step of chlorination is exothermic, while the rate-determining step of bromination
is endothermic. In the previous section, we used that fact to explain why bromination is slower than
chlorination. Now, we will use that fact to explain why bromination is more selective than chlorination.

Recall the Hammond postulate (Section 6.6), which describes the nature of the transition state
in each case. For the chlorination process, the rate-determining step is exothermic, and therefore, the
energy and structure of the transition state more closely resemble reactants than products (Figure 10.13).

Hydrogen abstraction
(in the chlorination process)

Hydrogen abstraction
(in the bromination process)

Transition Transition

state state
Closer in Closer in
energy energy
Potential Potential :
energy Reactants energy Intermediates

Intermediates Reactants

Reaction coordinate Reaction coordinate

That means that the C—H bond has only begun to break, and the carbon atom has very litte radical
character. In the case of bromination, the rate-determining step is endothermic, and therefore, the energy
and structure of the transition state more closely resemble intermediates than reactants (Figure 10.13).
As a result, the C—H bond is almost completely broken in the transition state, and the carbon atom
has significant radical character (Figure 10.14).

Transition state
in bromination process

Transition state
in chlorination process

>8TH ,,,,,, & >TH§}

This bond is only
beginning to break

This bond is almost
completely broken

In both cases, the carbon atom has partial radical character (8¢), but during chlorination, the amount
of radical character is small. During bromination, the amount of radical character is much larger. As a
result, the transition state will be more sensitive to the nature of the substrate during bromination. In
the energy diagram for the chlorination process, there is only a small difference in energy between the
transition states leading to primary, secondary, or tertiary radicals (Figure 10.15, left). In contrast, the
energy diagram for the bromination process shows a large difference in energy between the transition
states leading to primary, secondary, or tertiary radicals (Figure 10.15, right). As a result, bromination
shows greater selectivity than chlorination.
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Hydrogen abstraction
(in the chlorination process)

Alkane +
Potential || :GI°
FIGURE 10.15 energy
Energy diagrams for the first
propagation step of chlorination
and bromination, comparing
the difference in transition
states leading to primary,
secondary, or tertiary radicals. Reaction coordinate

1° radical

2° radical

3° radical

A 4

Potential
energy

Hydrogen abstraction
(in the bromination process)
1° radical
2° radical

3° radical

Alkane + Br

Reaction coordinate

Here is another example that illustrates the difference in selectivity between chlorination and

bromination:

Cl
/ e X )v
h + Cl
)\ ~35%

~65%

hv

~100% ~0%

In this case, the selectivity of bromination is extremely pronounced because there are only two pos-
sible outcomes: halogenation at a primary position or halogenation at a tertiary position. For the
bromination process, the difference in energy of the transition states will be very significant.

Table 10.2 summarizes the relative selectivity of fluorination, chlorination, and bromination. Fluorine
only shows a very small selectivity for tertiary over primary halogenation. In contrast, bromine shows a very
large selectivity for halogenation at the tertiary position (1600 times greater than at the primary position).

TABLE 10.2 THE RELATIVE SELECTIVITY OF
FLUORINATION, CHLORINATION, AND BROMINATION

PRIMARY SECONDARY TERTIARY
F 1 1.2 1.4
Cl 1 4.5 5.1
Br 1 82 1600

SKILLBUILDER

\ 10.5 PREDICTING THE SELECTIVITY OF RADICAL BROMINATION

D
S X

SOLUTION

) LEARN the skill Predict the major product obtained upon radical bromination of 2,2,4-trimethylpentane:

. 9
—

hv H

Analyze all possible positions and identify each as primary, secondary, or tertiary:

STEPS 1 AND 2
Identify all possible M )\>< )\>< )\>< M

positions and determine

the most stable location Primary Tertiary Secondary Quaternary Primary

for a radical.

(no H to abstract)



STEP 3

Draw the product of
bromination at the
location of the most
stable radical.

()
S

APPLY the skill

(TN

S

10.6  Stereochemistry of Halogenation

Make sure to avoid selecting a quaternary position, as quaternary positions do not possess
a C—H bond. Bromination cannot occur at a quaternary site. The major product is expected
to result from bromination at the tertiary position:

Br
LSS
—_—
hv

Major

PRACTICE the skill 10.12 Predict the major product obtained upon radical bromination of each of the follow-

ing compounds:

(a) {>< (b) )\/\/ (c) W

10.13 A synthesis of the antibiotic natural product y-indomycinone involved the halogena-
tion reaction shown below.” The major product of the reaction is a monobrominated com-
pound, and a significant amount of a minor, dibrominated compound is also formed. Draw
both products, and explain why the dibrominated product is readily formed.

OCHz O 07
B CagMigBrOs  CagHigBro0s
O O ] hv (Major product) (Minor product)
O

need more PRACTICE? Try Problems 10.25, 10.28, 10.33a—c,f, 10.37, 10.39

10.6 Stereochemistry of Halogenation

We now focus our attention on the stereochemical outcome of radical halogenation. We will investi-
gate two different situations: (1) halogenation that creates a new chiral center and (2) halogenation
that occurs at an existing chiral center.

Halogenation That Creates a New Chiral Center

When butane undergoes radical chlorination, two constitutional isomers are obtained:
Cl
NN (;lz \)\ + \/\/CI
C ]
A new chiral center
The products are 2-chlorobutane and 1-chlorobutane. The former has a new chiral center that was

created by the reaction. In this case, a racemic mixture of 2-chlorobutane is obtained. Why? Consider
the structure of the radical intermediate:

Trigonal planar
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At the beginning of this chapter, we saw that a carbon radical either is trigonal planar or is a shallow
pyramid that is rapidly inverting. Either way, it can be treated as trigonal planar. We therefore expect
that halogen abstraction can occur on either face of the plane with equal likelihood, leading to a
racemic mixture of 2-chlorobutane:

cl cl
Cl B
RN hj + \/\ + \/\/CI

Racemic

Halogenation at an Existing Chiral Center

In some case, halogenation will occur at an existing chiral center. Consider the following
example:

| |

Chiral center Chiral center

We expect bromination to occur at the tertiary position, and this position is already a chiral center
before the reaction takes place. In such a case, what happens to the chiral center? Once again, we
expect a racemic product, regardless of the configuration of the starting material. The first propaga-
tion step is removal of a hydrogen atom from the chiral center to form a radical intermediate that
can be treated as planar:

~CHOH,CH,
hN\
° _,-"
RN
Cr,CH,

Trigonal planar

At this point, the configuration of the starting alkane has been lost. The second propagation step can
now occur on either face of the plane with equal likelihood, leading to a racemic mixture:

Br Br
Br, % s
PN Tad . + <
—

Racemic mixture

=

Formation of Diastereomers

When radical halogenation generates a new chiral center, and it is the only chiral center in the mol-
ecule, we have seen that a 1:1 mixture of enantiomers (a racemic mixture) is formed. Now let’s con-
sider the outcome if there is an existing chiral center that is not involved in the radical halogenation
process. In such a case, the products are diastereomers, rather than enantiomers, as shown:

2 OCH3 =, OCHj3 = OCHj3
Br ér
N J

Diastereomers

In this example, bromination occurs at the secondary position, while the existing chiral center remains
unaffected (that chiral center does not bear any hydrogen atoms). Unlike enantiomers, which are
formed in equal amounts, diastereomers are generally not formed in equal amounts. The existence
of a nearby chiral center will differentiate the two faces of the trigonal planar radical intermediate,
so halogen abstraction is not equally likely on either face, and the products are not expected to be
formed in equal amounts.



455

SKILLBUILDER

K— 10.6 PREDICTING THE STEREOCHEMICAL OUTCOME OF RADICAL BROMINATION

OJ LEARN the skill Predict the stereochemical outcome of radical bromination of the following alkane:

SOLUTION
First identify the regiochemical outcome—that is, identify the position that will undergo
bromination. In this example, there is only one tertiary position:
STEP 1
Identify the location
where bromination /'""""
will occur.

STEP 2 This position is an existing chiral center, so we expect loss of configuration to produce both
If the location of possible stereoisomers:
bromination is a chiral
center or will become
a chiral center, /"' """
draw both possible
stereoisomers.

Notice that the other chiral center was unaffected by the reaction. The products of this reac-
tion are not enantiomers and cannot be called a racemic mixture. In this case, the products are
diastereomers.

PRACTICE the skill 10.14 Predict the stereochemical outcome of radical bromination of the following alkanes:

(a) Kj/ (b) Ct (c) \%(\ (d)

APPLY the skill 10.15 Carbohydrates such as the glucose derivative shown below can serve as useful chiral
starting materials for biopolymers and natural product synthesis.® Radical bromination of this
compound occurs at C1 to give two products. Draw both products, and predict whether or
not they will be formed in equal amounts.

D\ (D
&

OAc

C I _ )J\
AcO 2 1_Co,Me hv ] Ohc = §\O

3 OAc

need more PRACTICE? Try Problems 10.29, 10.34, 10.40, 10.47

10.7 Allylic Bromination

Until now, we have focused on reactions of alkanes. Now let’s consider the radical halogenation of
alkenes. For example, consider what outcome you might expect when cyclohexene undergoes radical
bromination. Begin by comparing all C—H bonds to identify the bond that is most easily broken.
Specifically, compare the BDE for each type of C—H bond in cyclohexene:

444

H kJ/mol
364
@H kd/mol
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Of the three different types of C—H bonds in cyclohexene, the C—H bond at an allylic site
has the lowest BDE, because hydrogen abstraction at that site generates a resonance-stabilized
allylic radical:

Hydrogen A y
G H abstraction @7 < \>

Therefore, we expect bromination of cyclohexene to produce the allylic bromide:

Br,
T Br

This reaction is called an allylic bromination, and it suffers from one serious flaw. When the reaction
is performed with Br; as the reagent, a competition occurs between allylic bromination and ionic
addition of bromine across the 7 bond (as we saw in Section 8.9):

Br, Br

Uy

To avoid this competing reaction, the concentration of bromine (Br,) must be kept as low as pos-
sible throughout the reaction. This can be accomplished by using N-bromosuccinimide (NBS) as a
reagent instead of Br,. NBS is an alternate source of the bromine radical:

O O

N~ s N, o+ Br

O (0}
N-Bromosuccinimide Stabilized

(NBS) by resonance

The N—Br bond is weak and is easily cleaved to produce a bromine radical, which achieves the first

Hydrogen
@QKH\U/\.&“ abstraction <j> + HBr

Resonance
stabilized

propagation step:

The HBr produced in this step then reacts with NBS in an ionic reaction that produces Br,. This Br,
is then consumed in the second propagation step to form the product:

/_\ Halogen
<:>f\« :l.B.r P‘I‘B‘r: abstraction @Br N Br

Throughout the process, concentrations of HBr and Br; are kept at a minimum. Under these condi-
tions, ionic addition of Br, does not successfully compete with radical bromination.

In some cases, such as the one below, a mixture of products is obtained, because the allylic radi-
cal initially formed is resonance stabilized and can undergo halogen abstraction at either site:

l |



SKILLBUILDER

) LEARN the skill

Pan

STEP 1
Identify the allylic
position.

STEP 2

Remove a hydrogen
atom and draw
resonance structures.

STEP 3

Place a bromine atom
at each location that
bears an unpaired
electron.

)| PRACTICE the skill

)

A\

) APPLY the skill

Pam
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—\ 10.7 PREDICTING THE PRODUCTS OF ALLYLIC BROMINATION

Predict the products that are obtained when methylenecyclohexane is treated with NBS and
irradiated with UV light:

SOLUTION
First identify any allylic positions:

Allylic position

In this case, there is only one unique allylic position, because the allylic position on the other
side of the compound is identical (it will lead to the same products).

Next, remove a hydrogen atom from the allylic position and draw the resonance struc-
tures of the resulting allylic radical:

She

Finally, use these resonance structures to determine the products of the second propaga-
tion step (halogen abstraction). Simply place a bromine atom at the position of the unpaired
electron in each resonance structure, giving the following products:

S

(Racemic mixture)

The first product is expected to be obtained as a racemic mixture of enantiomers, as
described in Section 10.6.

10.16 Predict the products when each of the following compounds is treated with NBS and
irradiated with UV light:

X
(a) i i (b) %/ (c) Y\/k (d) k)\/

10.17 When 2-methyl-2-butene is treated with NBS and irradiated with UV light, five
different monobromination products are obtained, one of which is a racemic mixture of
enantiomers. Draw all five monobromination products and identify the product that is
obtained as a racemic mixture.

10.18 GABA, or gamma (y)-amino butyric acid, is a neurotransmitter (a chemical that is
used to send signals from one neuron to another) of the mammalian central nervous system.
In order to understand how GABA works, conformationally restricted analogues, such as
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compound 1, have been made. During a synthesis of compound 1, compound 2 was sub-
jected to allylic bromination using NBS and a radical initiator (AIBN) instead of light.” Draw
all eight possible allylic bromides that can be formed when compound 2 undergoes allylic
bromination, considering all possible regiochemical and stereochemical outcomes.

H,N COLH CO,Et
GABA
1 2

"> need more PRACTICE? Try Problems 10.33e, 10.35, 10.38

10.8 Atmospheric Chemistry and the Ozone Layer

Ozone (O3) is constantly produced and destroyed in the stratosphere, and its presence plays a vital
role in shielding us from harmful UV radiation emitted by the sun. It is believed that life could
not have flourished on land without this protective ozone layer, and instead, life would have been
restricted to the depths of the ocean. The ability of ozone to protect us from harmful radiation is
believed to result from the following mechanism:

0; s 0, + O
0, + O ——> O3 + heat

In the first step above, ozone absorbs UV light and splits into two pieces. In the second step, these two
pieces recombine to release energy. There is no net chemical change, but there is one important con-
sequence of this process: Harmful UV light is converted into another form of energy (Figure 10.16).

hv
from the sun

Heat

FIGURE 10.16
An illustration of the ability of stratospheric ozone to convert light into heat.

This process exemplifies the role of entropy in nature. Light and heat are both forms of

energy, but heat is a more disordered form of energy. The driving force for the conver-

sion of light into heat is an increase in entropy. Ozone is simply the vehicle by which
ordered energy (light) is converted into disordered energy (heat).

Measurements over the last several decades have indicated a rapid decrease of
stratospheric ozone. This decrease has been most drastic over Antarctica (Figure
10.17), where the ozone has dropped as low as 33% of its 1975 value. Our increased

exposure to harmful UV radiation has been linked with skin cancer and other health
issues. While many factors contribute to ozone depletion, it is believed that the main
FIGURE 10.17 culprits are compounds called chlorofluorocarbons (CFCs). CFCs are compounds
An illustration of the hole in the containing only carbon, chlorine, and fluorine. In the past they were heavily used for a wide vari-
ozone layer over Antarctica. ety of commercial applications, including as refrigerants, as propellants, in the production of foam

. Max.

Min.
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insulation, as fire-fighting materials, and for many other useful applications. They were sold under
the trade name “Freons”:

Cl Cl Cl F
CI—é—F F—(|3—F F—(|3—(‘3—F
o g & G
CFC-11 CFC-12 CFC-113
(Freon 11) (Freon 12) (Freon 113)

The harmful effects of CFCs on the ozone layer were elucidated in the early 1970s by Mario
Molina, Frank Rowland, and Paul Crutzen, who shared the 1995 Nobel Prize in Chemistry for
their work. CFCs are stable compounds that do not undergo chemical change until they reach
the stratosphere. In the stratosphere, they interact with high-energy UV light and undergo
homolytic cleavage, forming chlorine radicals. These radicals are then believed to destroy ozone
by the following mechanism:

Cl Cl
Initiation | F A (\('flz v, 5 + -CI:
- F7 el i
Cl

CI + 03 —— CI—O + 0Oy
Propagation

:6—0° + ‘00 —> 0, + |*CI

The second propagation step regenerates a chlorine radical, which continues the chain reaction. In
this way, each CFC molecule can destroy thousands of ozone molecules. A global treaty, called the
Montreal Protocol, was agreed upon in the late 1980s and was followed by eight successive revisions
to speed up the reduction of chlorofluorocarbon production. As a result, the concentration of CFCs
in the atmosphere has been slowly decreasing since 1996, and the size and intensity of the “ozone
hole” in Antarctica has leveled off and is showing signs of recovery. This will be a very slow process,
as the chlorine radicals produced by CFCs have a very long life in the upper atmosphere. At the cur-
rent rate of recovery, it is estimated that it will take five decades for the ozone levels in Antarctica to
return to their 1980 levels.

CFCs have largely been replaced with hydrofluoroalkanes (HFAs), also sometimes called
hydrofluorocarbons (HFCs). Two examples are shown:

H F F F

H F F H F

HFA-134a HFA-227
(1,1,1,2-Tetrafluoroethane) (1,1,1,2,3,3,3-Heptafluoropropane)

As illustrated by these examples, HFAs have C—F bonds and C—H bonds, but they lack C—Cl
bonds. HFAs are less damaging to the ozone layer than CFCs, because C—F bonds are much less
susceptible to cleavage by UV radiation than C—Cl bonds. The substitution of HFAs for CFCs
was more complicated than one might think and required extensive research over the last three
decades. Compressors in refrigerators and air conditioners had to be redesigned in order to use
HFAs. Medical inhalers, based on HFA propellants, required extensive large-scale testing, as required
by the FDA (Food and Drug Administration). Despite all of these efforts, HFAs still do not repre-
sent the perfect solution. For example, HFAs are powerful greenhouse gases that can contribute to
global warming (a mole of HFAs is thousands of times more potent than a mole of CO, in terms of
greenhouse effects), and their use has been increasing by 15% per year. In addition, the cost of HFA
inhalers is substantially more expensive than the old inhalers using CFCs. For these and many other
reasons, efforts are underway to find commercially viable substitutes to replace HFAs in refrigerators,
air conditioners, and inhalers.
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. CONCEPTUAL CHECKPOINT

10.19 Most supersonic planes produce exhaust of hot gases containing many compounds, including nitric oxide (NO). Nitric oxide is a
radical that is believed to play a role in ozone depletion. Propose propagation steps that show how nitric oxide can destroy ozone in a

chain process.

@ Practically Speaking Fighting Fires with Chemicals

As mentioned in the chapter-opening paragraphs, the

subjected to excessive heat, the single bonds in organic
compounds undergo homolytic bond cleavage to produce

reaction. A series of radical chain reactions continue until
most of the C—C and C—H bonds have been broken to
produce CO, and H,O. In order for this chain process to
continue, a fire needs three essential ingredients: fuel (such
as wood, which is comprised of organic compounds), oxygen,
and heat. In order to extinguish a fire, we must deprive the

the radical intermediates.
Many reagents can be used to extinguish a fire. Common
examples found in many small fire extinguishers are CO,, water,

the heat in order to evaporate or boil).
The most powerful reagents for extinguishing fires are

halogen atoms. These compounds are generally either CFCs
or BFCs (bromofluorocarbons). Here are just two examples
of halons that have been extensively used as fire suppression
agents:

(IJI I?r
F—(I)—Br F—?—F
F F
Halon 1211 Halon 1301

(Freon 12B1) (Freon 13B1)

Halons are extremely effective, because they fight fire in three

different ways:

1. Halons are gases, so a sudden discharge of a halon gas will
deprive the fire of oxygen.

2. Halons absorb heat to undergo homolytic
bond cleavage:

o o

F—¢OCE: Heat, ¢ oo L Bn
o : B!
F F

combustion process is believed to involve free radicals. When !

radicals, which then react with molecular oxygen in a coupling

fire of at least one of these three ingredients. Alternatively, we |
can find a way to stop the radical chain reaction by destroying |

and argon. A sudden discharge of CO, or argon gas will deprive | fires involvi itive eloctroni . tord "
a fire of oxygen, while water deprives a fire of heat (by absorbing : Ires INVOIVING sensitive electronic equipment or documents.

called halons, because they are organic compounds containin 3 . ! .
y 9 P 9 ' to use existing stockpiles of halon gases. These stockpiles have

v

By absorbing heat, they deprive the fire of one of its essential
ingredients.

3. Homolytic bond cleavage results in the formation of free radi-
cals, which can then couple with the radicals participating in
the chain reaction, thereby terminating the process:

Cl Cl
|~ |
F=¢' "R —— F—C—R
F F

Halons are therefore able to speed up the rate of termination
steps so that they compete with propagation steps.

For all of these reasons, halons are extremely effective as firefighting
agents and were heavily used over the last three decades. Halons
also have the added benefit of not leaving behind any residue

after being used, rendering them particularly useful for fighting

Unfortunately, halons have been shown to contribute to ozone
depletion, and their production is now banned by the Montreal
Protocol. The ban only applies to production, and it is still permitted

been designated for use in special situations involving sensitive
equipment, such as on planes or in control rooms. For all other
situations, halon gases have been replaced with alternative gases

- that do not contribute to ozone depletion but are less effective as
firefighting agents. One such example is called FM-200:

F HF
F—G—G—G—F
PR
FM-200
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10.9 Autooxidation and Antioxidants

Autooxidation

In the presence of atmospheric oxygen, organic compounds are known to undergo a slow oxidation
process called autooxidation. For example, consider the reaction of cumene with oxygen to form a

hydroperoxide (ROOH):
0, N O0—0—H
— |
=
Cumene Cumene hydroperoxide

Autooxidation is believed to proceed via Mechanism 10.2.

«
“¢  MECHANISM 10.2 AUTOOXIDATION

INITIATION
Hydrogen abstraction
TN
V\/N “Initiator .
R-H ——— > R
Forms a carbon radical
PROPAGATION /
Coupling
{ 1A -3 L A—0O-
R O O A carbon radical couples R O O

with molecular oxygen

Hydrogen abstraction

oo N
R

R-0—O° R-O—OH R’

N
Gives the product and
regenerates a carbon radical

TERMINATION
Coupling
ATt
R R —— > R—R
Destroys two
carbon radicals

The initiation step might seem abnormal at first glance, because it is not a homolytic bond cleavage.
The initiation step in this case is a hydrogen abstraction, which is a step that we normally associate
with propagation. Moreover, look closely at the first propagation step. That step is a coupling reac-
tion, which is a step that we have associated with termination until now. These peculiarities force us
to refine our definitions of initiation, propagation, and termination. Propagation steps are defined as
the steps that produce the net chemical reaction. In other words, the net reaction must be the sum of
the propagation steps. In this case, the net reaction is the sum of the following two steps:

Coupling /B/ + O_O > R_)'/o
Hydrogen R?ZO + H—R —— R—O0—OH + :
abstraction oo o )/

Net reaction: R=lr} e @y —=. . R=0=0=8

These two steps are therefore the propagation steps, and any other steps must be classified as either
initiation or termination steps.
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Radical Reactions

Many organic compounds, such as ethers, are particularly susceptible to autooxidation. For
example, consider the reaction between diethyl ether and oxygen to form a hydroperoxide:

OOH
/\O/\ &) /\o
Diethyl ether A hydroperoxide

This reaction is slow, but old bottles of ether will invariably contain a small concentration of hydro-
peroxides, rendering the solvent very dangerous to use. Hydroperoxides are unstable and decompose
violently when heated. Many laboratory explosions have been caused by distillation of ether that was
contaminated with hydroperoxides. For this reason, ethers used in the laboratory must be dated and
used in a timely fashion.

Most organic compounds are subject to autooxidation, which is a process initiated by light. In
the absence of light, autooxidation occurs at a much slower rate. For this reason, organic chemicals
are typically packaged in dark bottles. Vitamins are often sold in brown bottles for the same reason.

Compounds with benzylic or allylic hydrogen atoms are particularly sensitive to autooxidation,
because the initiation step produces a resonance-stabilized radical:

Hydrogen d
©/\ H abstraction ©/ ©/\OOH

Resonance stabilized

Hydrogen
abstraction

/\/H /\. e /\/OOH

Resonance stabilized

Antioxidants as Food Additives

Naturally occurring fats and oils, such as vegetable oil, are generally mixtures of compounds called
triglycerides, which contain three long hydrocarbon chains:

o] A triglyceride

The hydrocarbon chains often contain double bonds, which render them susceptible to autooxida-
tion, specifically at the allylic positions where hydrogen abstraction can occur more readily:

OOH
o
The resulting hydroperoxides contribute to the rancid smell that develops over time in foods contain-
ing unsaturated oils. Moreover, hydroperoxides are also toxic. Food products with unsaturated oils

therefore have a short shelf life unless radical inhibitors are used to slow the autooxidation process.
Many radical inhibitors are used as food preservatives, including BHT and BHA:

O\ O\

Butylated hydroxytoluene Butylated hydroxyanisole
(BHT) (BHA)

BHA is a mixture of constitutional isomers. These compounds function as radical inhibitors, because
they react with radicals to generate resonan