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Preface to the second edition

Students of chemistry are not hard-pressed to find a text to support their learning in organic
chemistry through their years at university. The shelves of a university bookshop will usually
offer a choice of at least half a dozen—all entitled ‘Organic Chemistry’, all with substantially
more than 1000 pages. Closer inspection of these titles quickly disappoints expectations of
variety. Almost without exception, general organic chemistry texts have been written to
accompany traditional American sophomore courses, with their rather precisely defined
requirements. This has left the authors of these books little scope for reinvigorating their
presentation of chemistry with new ideas.

We wanted to write a book whose structure grows from the development of ideas rather
than being dictated by the sequential presentation of facts. We believe that students benefit
most of all from a book which leads from familiar concepts to unfamiliar ones, not just
encouraging them to know but to understand and to understand why. We were spurred on by
the nature of the best modern university chemistry courses, which themselves follow this
pattern: this is after all how science itself develops. We also knew that if we did this we could,
from the start, relate the chemistry we were talking about to the two most important sorts of
chemistry that exist—the chemistry that is known as life, and the chemistry as practised by
chemists solving real problems in laboratories.

We aimed at an approach which would make sense to and appeal to today’s students. But
all of this meant taking the axe to the roots of some long-standing textbook traditions. The
best way to find out how something works is to take it apart and put it back together again,
so we started with the tools for expressing chemical ideas: structural diagrams and curly
arrows. Organic chemistry is too huge a field to learn even a small part by rote, but with these
tools, students can soon make sense of chemistry which may be unfamiliar in detail by relat-
ing it to what they know and understand. By calling on curly arrows and ordering chemistry
according to mechanism we allow ourselves to discuss mechanistically (and orbitally) simple
reactions (addition to C=0, for example) before more complex and involved ones (such as
Sx1 and Sy2).

Complexity follows in its own time, but we have deliberately omitted detailed discussion of
obscure reactions of little value, or of variants of reactions which lie a simple step of mecha-
nistic logic from our main story: some of these are explored in the problems associated with
each chapter, which are available online.! We have similarly aimed to avoid exhuming prin-
ciples and rules (from those of Le Chatelier through Markovnikov, Saytseff, least motion, and
the like) to explain things which are better understood in terms of unifying fundamental
thermodynamic or mechanistic concepts.

All science must be underpinned by evidence, and support for organic chemistry’s claims is
provided by spectroscopy. For this reason we first reveal to students the facts which spectros-
copy tells us (Chapter 3) before trying to explain them (Chapter 4) and then use them to
deduce mechanisms (Chapter 5). NMR in particular forms a significant part of four chapters
in the book, and evidence drawn from NMR underpins many of the discussions right through
the book. Likewise, the mechanistic principles we outline in Chapter 5, firmly based in the
orbital theories of Chapter 4, underpin all of the discussion of new reactions through the rest
of the book.

We have presented chemistry as something whose essence is truth, of provable veracity, but
which is embellished with opinions and suggestions to which not all chemists subscribe. We
aim to avoid dogma and promote the healthy weighing up of evidence, and on occasion we
are content to leave readers to draw their own conclusions. Science is important not just to
scientists, but to society. Our aim has been to write a book which itself takes a scientific

I See www.oxfordtextbooks.co.uk/orc/clayden2e/.
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standpoint—‘one foot inside the boundary of the known, the other just outside’>—and
encourages the reader to do the same.

The authors are indebted to the many supportive and critical readers of the first edition of
this book who have supplied us over the last ten years with a stream of comments and correc-
tions, hearty encouragements and stern rebukes. All were carefully noted and none was over-
looked while we were writing this edition. In many cases these contributions helped us to
correct errors or make other improvements to the text. We would also like to acknowledge the
support and guidance of the editorial team at OUP, and again to recognize the seminal con-
tribution of the man who first nurtured the vision that organic chemistry could be taught
with a book like this, Michael Rodgers. The time spent on the preparation of this edition was
made available only with the forbearance of our families, friends and research groups, and we
thank all of them for their patience and understanding.

Changes for this edition

In the decade since the publication of the first edition of this book it has become clear that
some aspects of our original approach were in need of revision, some chapters in need of
updating with material which has gained in significance over those years, and others in need
of shortening. We have taken into account a consistent criticism from readers that the early
chapters of the first edition were too detailed for new students, and have made substantial
changes to the material in Chapters 4, 8, and 12, shifting the emphasis towards explanation
and away from detail more suitably found in specialised texts. Every chapter has been rewrit-
ten to improve clarity and new explanations and examples have been used widely. The style,
location, and content of the spectroscopy chapters (3, 13, 18, and 31) have been revised to
strengthen the links with material appearing nearby in the book. Concepts such as conjugate
addition and regioselectivity, which previously lacked coherent presentation, now have their
own chapters (22 and 24). In some sections of the first edition, groups of chapters were used
to present related material: these chapter groups have now been condensed—so, for example,
Chapters 25 and 26 on enolate chemistry replace four previous chapters, Chapters 31 and 32
on cyclic molecules replace three chapters, Chapter 36 on rearrangements and fragmenta-
tions replaces two chapters, and Chapter 42 on the organic chemistry of life replaces three
chapters (the former versions of which are available online). Three chapters placed late in the
first edition have been moved forward and revised to emphasize links between their material
and the enolate chemistry of Chapters 25 and 26, thus Chapter 27 deals with double-bond
stereocontrol in the context of organo-main group chemistry, and Chapters 29 and 30,
addressing aromatic heterocycles, now reinforce the link between many of the mechanisms
characteristic of these compounds and those of the carbonyl addition and condensation reac-
tions discussed in the previous chapters. Earlier discussion of heterocycles also allows a theme
of cyclic molecules and transition states to develop throughout Chapters 29-36, and matches
more closely the typical order of material in undergraduate courses.

Some fields have inevitably advanced considerably in the last 10 years: the chapters on
organometallic chemistry (40) and asymmetric synthesis (41) have received the most exten-
sive revision, and are now placed consecutively to allow the essential role of organometallic
catalysis in asymmetric synthesis to come to the fore. Throughout the book, new examples,
especially from the recent literature of drug synthesis, have been used to illustrate the reac-
tions being discussed.

2 McEvedy, C. The Penguin Atlas of Ancient History, Penguin Books, 1967.



Organic chemistry and this book

You can tell from the title that this book tells you about organic chemistry. But it tells you
more than that: it tells you how we know about organic chemistry. It tells you facts, but it also
teaches you how to find facts out. It tells you about reactions, and teaches you how to predict
which reactions will work; it tells you about molecules, and it teaches you how to work out
ways of making them.

We said ‘it tells’ in that last paragraph. Maybe we should have said ‘we tell’ because we want
to speak to you through our words so that you can see how we think about organic chemistry
and to encourage you to develop your own ideas. We expect you to notice that three people
have written this book, and that they don't all think or write in the same way. That is as it
should be. Organic chemistry is too big and important a subject to be restricted by dogmatic
rules. Different chemists think in different ways about many aspects of organic chemistry
and in many cases it is not yet, and may never be, possible to be sure who is right. In many
cases it doesn’t matter anyway.

We may refer to the history of chemistry from time to time but we are usually going to tell
you about organic chemistry as it is now. We will develop the ideas slowly, from simple and
fundamental ones using small molecules to complex ideas and large molecules. We promise
one thing. We are not going to pull the wool over your eyes by making things artificially sim-
ple and avoiding the awkward questions. We aim to be honest and share both our delight in
good complete explanations and our puzzlement at inadequate ones.

The chapters

So how are we going to do this? The book starts with a series of chapters on the structures and
reactions of simple molecules. You will meet the way structures are determined and the the-
ory that explains those structures. It is vital that you realize that theory is used to explain
what is known by experiment and only then to predict what is unknown. You will meet
mechanisms—the dynamic language used by chemists to talk about reactions—and of course
some reactions.

The book starts with an introductory section of four chapters:

1. What is organic chemistry?

2. Organic structures

3. Determining organic structures
4

. Structure of molecules

Chapter 1 is a ‘rough guide’ to the subject—it will introduce the major areas where organic
chemistry plays a role, and set the scene by showing you some snapshots of a few landmarks.
In Chapter 2 you will look at the way in which we present diagrams of molecules on the
printed page. Organic chemistry is a visual, three-dimensional subject and the way you draw
molecules shows how you think about them. We want you too to draw molecules in the best
way possible. It is just as easy to draw them well as to draw them in an old-fashioned or inac-
curate way.

Then in Chapter 3, before we come to the theory which explains molecular structure, we
shall introduce you to the experimental techniques which tell us about molecular structure.
This means studying the interactions between molecules and radiation by spectroscopy—
using the whole electromagnetic spectrum from X-rays to radio waves. Only then, in Chapter
4, will we go behind the scenes and look at the theories of why atoms combine in the ways
they do. Experiment comes before explanation. The spectroscopic methods of Chapter 3 will
still be telling the truth in a hundred years’ time, but the theories of Chapter 4 will look quite
dated by then.
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We could have titled those three chapters:

2. What shapes do organic molecules have?

3. How do we know they have those shapes?

4. Why do they have those shapes?

You need to have a grasp of the answers to these three questions before you start the study
of organic reactions. That is exactly what happens next. We introduce organic reaction mech-
anisms in Chapter 5. Any kind of chemistry studies reactions—the transformations of mole-
cules into other molecules. The dynamic process by which this happens is called mechanism
and is the grammar of organic chemistry—the way that one molecule can change into
another. We want you to start learning and using this language straight away so in Chapter 6
we apply it to one important class of reaction. We therefore have:

5. Organic reactions

6. Nucleophilic addition to the carbonyl group

Chapter 6 reveals how we are going to subdivide organic chemistry. We shall use a mechanis-
tic classification rather than a structural classification and explain one type of reaction rather
than one type of compound in each chapter. In the rest of the book most of the chapters describe
types of reaction in a mechanistic way. Here is a selection from the first half of the book:

9. Using organometallic reagents to make C—C bonds
10. Nucleophilic substitution at the carbonyl group
11. Nucleophilic substitution at C=0 with loss of carbonyl oxygen
15. Nucleophilic substitution at saturated carbon
17. Elimination reactions
19. Electrophilic addition to alkenes
20. Formation and reactions of enols and enolates
21. Electrophilic aromatic substitution
22. Conjugate addition and nucleophilic aromatic substitution

Interspersed with these chapters are others on physical aspects of molecular structure and
reactivity, stereochemistry, and structural determination, which allow us to show you how we
know what we are telling you is true and to explain reactions intelligently.

7. Delocalization and conjugation

8. Acidity, basicity, and pK,

12. Equilibria, rates, and mechanisms

13. 'H NMR: proton nuclear magnetic resonance
14. Stereochemistry

16. Conformational analysis

18. Review of spectroscopic methods

By the time we reach the end of Chapter 22 you will have met most of the important ways
in which organic molecules react with one another, and we will then spend two chapters
revisiting some of the reactions you have met before in two chapters on selectivity: how to get
the reaction you want to happen and avoid the reaction you don't.

23. Chemoselectivity and protecting groups
24. Regioselectivity

The materials are now in place for us to show you how to make use of the reaction mecha-
nisms you have seen. We spend four chapters explaining some ways of using carbonyl chem-
istry and the chemistry of Si, S, and P to make C—C and C=C bonds. We then bring this all

together with a chapter which gives you the tools to work out how you might best set about
making any particular molecule.
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25. Alkylation of enolates
26. Reactions of enolates with carbonyl compounds: the aldol and Claisen reactions
27. Sulfur, silicon, and phosphorus in organic chemistry
28. Retrosynthetic analysis

Most organic compounds contain rings, and many cyclic structures entail one of two
aspects which are rather special: aromaticity and well-defined conformations. The next group
of chapters leads you through the chemistry of ring-containing compounds to the point
where we have the tools to explain why even acyclic molecules react to give products with
certain spatial features.
29. Aromatic heterocycles 1: reactions
30. Aromatic heterocycles 2: synthesis
31. Saturated heterocycles and stereoelectronics
32. Stereoselectivity in cyclic molecules
33. Diasteroselectivity

We said that Chapter 22 marks the point where most of the important ways in which mole-
cules react together have been introduced—most but not all. For the next section of the book we
survey a range of rather less common but extremely important alternative mechanisms, finish-
ing with a chapter that tells you how we can find out what mechanism a reaction follows.
34. Pericyclic reactions 1: cycloadditions
35. Pericyclic reactions 2: sigmatropic and electrocyclic reactions
36. Participation, rearrangement, and fragmentation
37. Radical reactions
38. Synthesis and reactions of carbenes
39. Determining reaction mechanisms

The last few chapters of the book take you right into some of the most challenging roles that
organic chemistry has been called on to play, and in many cases tell you about chemistry
discovered only in the last few years. The reactions in these chapters have been used to make
the most complex molecules ever synthesized, and to illuminate the way that organic chem-
istry underpins life itself.
40. Organometallic chemistry
41. Asymmetric synthesis
42. Organic chemistry of life
43. Organic chemistry today

‘Connections’ sections

That’s a linear list of 43 chapters, but chemistry is not a linear subject! It is impossible to work
through the whole field of organic chemistry simply by starting at the beginning and working
through to the end, introducing one new topic at a time, because chemistry is a network of
interconnecting ideas. But, unfortunately, a book is, by nature, a beginning-to-end sort of
thing. We have arranged the chapters in a progression of difficulty as far as is possible, but to
help you find your way around we have included at the beginning of each chapter a
‘Connections’ section. This tells you three things divided among three columns:

(a) The ‘Building on’ column: what you should be familiar with before reading the
chapter—in other words, which previous chapters relate directly to the material
within the chapter.

(b) The ‘Arriving at’ column: a guide to what you will find within the chapter.

(c) The ‘Looking forward to’ column: signposting which chapters later in the book fill out
and expand the material in the chapter.

xXxi
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little extras to help you
understand difficult points. It
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The first time you read a chapter, you should really make sure you have read any chapter
mentioned under (a). When you become more familiar with the book you will find
that the links highlighted in (a) and (c) will help you see how chemistry interconnects
with itself.

Boxes and margin notes

The other things you should look out for throughout the text are the margin notes and boxes.
There are four sorts:

® The most important box looks like this. Anything in this sort of box is a key concept or a
summary. It's the sort of thing you would do well to hold in your mind as you read or to note
down as you learn.

Boxes like this will contain additional examples, amusing background information, and similar interesting, but maybe
inessential, material. The first time you read a chapter, you might want to miss out this sort of box, and only read them
later on to flesh out some of the main themes of the chapter.

Online support

Organic structures and organic reactions are three-dimensional (3D), and as a complement to
the necessarily two-dimensional representations in this book we have developed a compre-
hensive online resource to allow you to appreciate the material in three dimensions.
ChemTube3D contains interactive 3D animations and structures, with supporting informa-
tion, for some of the most important topics in organic chemistry, to help you master the
concepts presented in this book. Online resources are flagged on the pages to which they
relate by an icon in the margin. Each web page contains some information about the reaction
and an intuitive interactive reaction scheme that controls the display. 3D curly arrows indi-
cate the reaction mechanism, and the entire sequence from starting materials via transition
state to products is displayed with animated bond-breaking and forming, and animated
charges and lone pairs. The entire process is under the control of you, the user, and can be
viewed in three dimensions from any angle. The resizable window button produces a larger
window with a range of control options and the molecular photo booth allows you to make a
permanent record of the view you want.

ChemTube3D uses Jmol to display the animations so users can interact with the animated
3D structures using the pop-up menu or console using only a web browser. It is ideal for per-
sonalized learning and open-ended investigation is possible. We suggest that you make use of
the interactive resources once you have read the relevant section of the book to consolidate
your understanding of chemistry and enhance your appreciation of the importance of spatial
arrangements.

Substantial modifications were made in the writing of this new edition, including the loss or
contraction of four chapters found towards the end of the first edition. To preserve this mate-
rial for future use, the following four chapters from the first edition are available for download
from the book’s website at www.oxfordtextbooks.co.uk/orc/clayden2e/:

e The chemistry of life
* Mechanisms in biological chemistry
e Natural products

e DPolymerization
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Further reading

At the end of each chapter, you may find yourself wanting to know more about the material it
covers. We have given a collection of suggested places to look for this material—other books,
or reviews in the chemical literature, or even some original research papers. There are thou-
sands of examples in this book, and in most cases we have not directed you to the reports of
the original work—this can usually be found by a simple electronic database search. Instead,
we have picked out publications which seem most interesting, or relevant. If you want an
encyclopaedia of organic chemistry, this is not the book for you. You would be better turning
to one such as March’s Advanced Organic Chemistry (M. B. Smith and J. March, 6th edn, Wiley,
2007), which contains thousands of references.

Problems

You can’t learn all of organic chemistry—there’s just too much of it. You can learn trivial
things like the names of compounds but that doesn’t help you understand the principles
behind the subject. You have to understand the principles because the only way to tackle
organic chemistry is to learn to work it out. That is why we have provided problems, which
you can access from the book’s web site. They are to help you discover if you have understood
the material presented in each chapter.

If a chapter is about a certain type of organic reaction, say elimination reactions (Chapter
19), the chapter itself will describe the various ways (‘mechanisms’) by which the reaction
can occur and it will give definitive examples of each mechanism. In Chapter 19 there are
three mechanisms and about 60 examples altogether. You might think that this is rather a
lot but there are in fact millions of examples known of these three mechanisms and
Chapter 19 barely scrapes the surface. The problems will help you make sure that your
understanding is sound, and that it will stand up to exposure to the rigours of explaining
real-life chemistry.

In general, the 10-15 problems at the end of each chapter start easy and get more diffi-
cult. They come in two or three sorts. The first, generally shorter and easier, allow you to
revise the material in that chapter. They might revisit examples from the chapter to check
that you can use the ideas in familiar situations. The next few problems might develop
specific ideas from different parts of the chapter, asking you, for example, why one com-
pound reacts in one way while a similar one behaves quite differently. Finally, you will find
some more challenging problems asking you to extend the ideas to unfamiliar molecules,
and, especially later in the book, to situations which draw on the material from more than
one chapter.

The end-of-chapter problems should set you on your way but they are not the end of the
journey to understanding. You are probably reading this text as part of a university course and
you should find out what kind of examination problems your university uses and practise
them too. Your tutor will be able to advise you on suitable problems to help you at each stage
of your development.

The solutions manual

The problems would be of little use to you if you could not check your answers. For maximum
benefit, you need to tackle some or all of the problems as soon as you have finished each chap-
ter without looking at the answers. Then you need to compare your suggestions with ours.
You will find our suggestions in the accompanying solutions manual, where each problem is
discussed in some detail. (You can buy the solutions manual separately from this book.) The
purpose of the problem is first stated or explained. Then, if the problem is a simple one, the
answer is given. If the problem is more complex, a discussion of possible answers follows with
some comments on the value of each. There may be a reference to the source of the problem
so that you can read further if you wish.
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Colour

If you have flicked forward through the pages of this book, you will already have noticed
something unusual: almost all of the chemical structures are shown in red. This is quite
intentional: emphatic red underlines the message that structures are more important than
words in organic chemistry. But sometimes small parts of structures are in other colours: here
are two examples from p. 12, where we talk about organic compounds containing elements
other than C and H.

o
P cl cl Br
fialuridine NH %
antiviral | /&
compound
N
o ° Br cl
HO halomon  naturally occurring
antitumour agent
HO F

Why are the atom labels black? Because we wanted them to stand out from the rest of the
molecule. In general you will see black used to highlight the important details of a molecule—
they may be the groups taking part in a reaction, or something that has changed as a result of
the reaction, as in these examples from Chapters 9 and 17.

\)cj;\ 1. PhMgBr HO P: O HBr, H,0

LR K — N

BT . \(\ . \(\
new C-C bond

major product minor product

We shall often use black to emphasize ‘curly arrows’, devices that show the movement of
electrons, and whose use you will learn about in Chapter 5. Here are examples from Chapters
11 and 22: notice black also helps the ‘ +’ and ‘-’ charges to stand out.

© loss of (0]

(o} (o)
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Occasionally, we shall use other colours, such as green, orange, or brown, to highlight
points of secondary importance. This example is part of a reaction taken from Chapter 19: we
want to show that a molecule of water (H,O) is formed. The green atoms show where the water
comes from. Notice black curly arrows and a new black bond.

_tetrahedral new C=C
intermediate H.©_H doubl\e bond
OH N
H H® H H ® Y
— & —_— — N
7 7y TSy —T10
+ H20

Other colours come in when things get more complicated—in this Chapter 21 example, we
want to show two possible outcomes of a reaction: the brown and the orange arrows show the
two alternatives, with the green highlighting the deuterium atom remaining in both cases.
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o) {3;0\/D OH

D brownarrow orange arrows
_— _
less stable keto form stable enol form of phenol

And, in Chapter 14, colour helps us highlight the difference between carbon atoms carrying
four different groups and those with only three different groups. The message is: if you see
something in a colour other than red, take special note—the colour is there for a reason.

i 4 H NH, ! ¢ H NH, 1 except glycine—plane of paper is a
acids R)< "}4 plane of symmetry
are chiral 3 002H 2 3 H COZH 2 through C, N, and COQH
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What is organic chemistry?

Organic chemistry and you

You are already a highly skilled organic chemist. As you read these words, your eyes are
using an organic compound (retinal) to convert visible light into nerve impulses. When
you picked up this book, your muscles were doing chemical reactions on sugars to give
you the energy you needed. As you understand, gaps between your brain cells are being
bridged by simple organic molecules (neurotransmitter amines) so that nerve impulses
can be passed around your brain. And you did all that without consciously thinking
about it. You do not yet understand these processes in your mind as well as you can
carry them out in your brain and body. You are not alone there. No organic chemist,
however brilliant, understands the detailed chemical working of the human mind or
body very well.

We, the authors, include ourselves in this generalization, but we are going to show you
in this book what enormous strides have been taken in the understanding of organic
chemistry since the science came into being in the early years of the nineteenth century.
Organic chemistry began as a tentative attempt to understand the chemistry of life. It has
grown into the confident basis of worldwide activities that feed, clothe, and cure millions
of people without their even being aware of the role of chemistry in their lives. Chemists
cooperate with physicists and mathematicians to understand how molecules behave and
with biologists to understand how interactions between molecules underlie all of life. The
enlightenment brought by chemistry in the twentieth century amounted to a revolution
in our understanding of the molecular world, but in these first decades of the twenty-first
century the revolution is still far from complete. We aim not to give you the measure-
ments of the skeleton of a dead science but to equip you to understand the conflicting
demands of an adolescent one.

Like all sciences, chemistry has a unique place in our pattern of understanding of the
universe. It is the science of molecules. But organic chemistry is something more. It liter-
ally creates itself as it grows. Of course we need to study the molecules of nature both
because they are interesting in their own right and because their functions are important
to our lives. Organic chemistry has always been able to illuminate the mechanisms of life
by making new molecules that give information not available from the molecules actu-
ally present in living things.

This creation of new molecules has given us new materials such as plastics to make things
with, new dyes to colour our clothes, new perfumes to wear, new drugs to cure diseases. Some
people think some of these activities are unnatural and their products dangerous or unwhole-
some. But these new molecules are built by humans from other molecules found naturally on
earth using the skills inherent in our natural brains. Birds build nests; people build houses.
Which is unnatural? To the organic chemist this is a meaningless distinction. There are toxic
compounds and nutritious ones, stable compounds and reactive ones—but there is only one
type of chemistry: it goes on both inside our brains and bodies, and also in our flasks and
reactors, born from the ideas in our minds and the skill in our hands. We are not going to set
ourselves up as moral judges in any way. We believe it is right to try and understand the world
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read the text. Explanation of the
rest is on its way.
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H At the other end of this book
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are known only from
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Perkin was studying in London
with the great German chemist,
Hofmann. Perkin's attempt to
make quinine this way was a
remarkable practical challenge
given that its structure was still
unknown.
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about us as best we can and to use that understanding creatively. This is what we want to share
with you.

Organic compounds

Organic chemistry started as the chemistry of life, when that was thought to be different from
the chemistry in the laboratory. Then it became the chemistry of carbon compounds, espe-
cially those found in coal. But now it is both. It is the chemistry of the compounds formed by
carbon and other elements such as are found in living things, in the products of living things,
and wherever else carbon is found.

The most abundant organic compounds are those present in living things and those formed
over millions of years from dead things. In earlier times, the organic compounds known from
nature were those in the ‘essential oils’ that could be distilled from plants and the alkaloids
that could be extracted from crushed plants with acid. Menthol is a famous example of a
flavouring compound from the essential oil of spearmint and cis-jasmone an example of a
perfume distilled from jasmine flowers.

Natural products have long been used to cure diseases, and in the sixteenth century one
became famous—quinine was extracted from the bark of the South American cinchona tree
and used to treat fevers, especially malaria. The Jesuits who did this work (the remedy was
known as ‘Jesuit’s bark’) did not of course know what the structure of quinine was, but now
we do. More than that, the molecular structure of quinine has inspired the design of modern
drug molecules which treat malaria much more effectively than quinine itself.

The main reservoir of chemicals available to the nineteenth century chemists was coal.
Distillation of coal to give gas for lighting and heating (mainly hydrogen and carbon mon-
oxide) also gave a brown tar rich in aromatic compounds such as benzene, pyridine, phenol,
aniline, and thiophene.

A O o

phenol

NH,
@

benzene thiophene

pyridine aniline

Phenol was used in the nineteenth century by Lister as an antiseptic in surgery, and aniline
became the basis for the dyestuffs industry. It was this that really started the search for new
organic compounds made by chemists rather than by nature. In 1856, while trying to make
quinine from aniline, an 18-year old British chemist, William Perkin, managed to produce a
mauve residue, mauveine, which revolutionized the dyeing of cloth and gave birth to the
synthetic dyestuffs industry. A related dyestuff of this kind—still available—is Bismarck
Brown: much of the early work on dyes was done in Germany.

HoN N,/N N

In the twentieth century oil overtook coal as the main source of bulk organic compounds
so that simple hydrocarbons like methane (CH, ‘natural gas’), propane, and butane
(CH3CH,CH; and CH;CH,CH,CHj;, ‘calor gas’ or LPG) became available for fuel. At the
same time chemists began the search for new molecules from new sources such as fungi,
corals, and bacteria, and two organic chemical industries developed in parallel—'bulk’ and
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‘fine’ chemicals. Bulk chemicals like paints and plastics are usually based on simple molecules
produced in multitonne quantities while fine chemicals such as drugs, perfumes, and flavour-
ing materials are produced in smaller quantities but much more profitably.

At the time of writing there were over 16 million organic compounds known. How many
more might there be? Even counting only moderately sized molecules, containing fewer than
about 30 carbon atoms (about the size of the mauveine structure above), it has been calculated
that something in the region of 1,000,000,000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000 (10%3) stable compounds are possible. There aren’t enough
carbon atoms in the universe to make them all.

Among the 16 million that have been made, there are all kinds of molecules with amazingly
varied properties. What do they look like? They may be crystalline solids, oils, waxes, plastics,
elastics, mobile or volatile liquids, or gases. Familiar ones include sugar, a cheap natural com-
pound isolated from plants as hard white crystals when pure, and petrol, a mixture of colour-
less, volatile, flammable hydrocarbons. Isooctane is a typical example and gives its name to
the octane rating of petrol.

HO sucrose isooctane
HO o isolated from sugar cane (2,2,5-trimethylpentane)
HO or sugar beet a major constituent of petrol
OH —a white crystalline solid —a volatile, inflammable liquid
(o}
OH OH HaC ?Hs ?Hs
Ho o >k/k o ’ :C\ ~C-
H3C ﬁ H "CHj
2
OH

The compounds need not lack colour. Indeed we can soon dream up a rainbow of organic
compounds covering the whole spectrum, not to mention black and brown. In this table we
have avoided dyestuffs and have chosen compounds as varied in structure as possible.

Colour Description Compound Structure
red dark red hexagonal plates  3-methoxybenzocycloheptatriene- o
2-one ‘
MeO
orange amber needles dichlorodicyanoquinone (DDQ) o)

Cl CN
Cl CN
(o}
yellow toxic yellow explosive gas  diazomethane ® O
H,C=N=N
green green prisms with a 9-nitrosojulolidine N
steel-blue lustre
NO
~ N S
~o

blue deep blue liquid with a azulene
peppery smell

purple deep blue gas condensing  nitrosotrifluoromethane
to a purple solid
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Colour is not the only characteristic by which we recognize compounds. All too often it is
their odour that lets us know they are around. There are some quite foul organic compounds
too; the infamous stench of the skunk is a mixture of two thiols—sulfur compounds contain-
ing SH groups.

But perhaps the worst smell ever recorded was that which caused the evacuation of the
German city of Freiburg in 1889. Attempts to make thioacetone by the cracking of trithioac-
etone gave rise to ‘an offensive smell which spread rapidly over a great area of the town caus-
ing fainting, vomiting, and a panic evacuation...the laboratory work was abandoned’.

It was perhaps foolhardy for workers at an Esso research station to repeat the experiment of
cracking trithioacetone south of Oxford in 1967. Let them take up the story. ‘Recently we
found ourselves with an odour problem beyond our worst expectations. During early experi-
ments, a stopper jumped from a bottle of residues, and, although replaced at once, resulted in
an immediate complaint of nausea and sickness from colleagues working in a building two
hundred yards away. Two of our chemists who had done no more than investigate the crack-
ing of minute amounts of trithioacetone found themselves the object of hostile stares in a
restaurant and suffered the humiliation of having a waitress spray the area around them with
adeodorant. The odours defied the expected effects of dilution since workers in the laboratory
did not find the odours intolerable ... and genuinely denied responsibility since they were
working in closed systems. To convince them otherwise, they were dispersed with other
observers around the laboratory, at distances up to a quarter of a mile, and one drop of either
acetone gem-dithiol or the mother liquors from crude trithioacetone crystallizations were
placed on a watch glass in a fume cupboard. The odour was detected downwind in seconds.’

There are two candidates for this dreadful smell—propane dithiol (called acetone gem-
dithiol above) or 4-methyl-4-sulfanylpentan-2-one. It is unlikely that anyone else will be
brave enough to resolve the controversy.

But nasty smells have their uses. The natural gas piped into homes contains small amounts
of deliberately added sulfur compounds such as tert-butyl thiol (CH;);CSH. When we say small,
we mean very small—humans can detect one part in 50,000,000,000 parts of natural gas.

Other compounds have delightful odours. To redeem the honour of sulfur compounds we
must cite the truffle, which pigs can smell through a metre of soil and whose taste and smell
is so delightful that truffles cost more than their weight in gold. Damascenones are responsi-
ble for the smell of roses. If you smell one drop you will be disappointed, as it smells rather like
turpentine or camphor, but next morning you, and the clothes you were wearing, will smell
powerfully of roses. Many smells develop on dilution.

Humans are not the only creatures with a sense of smell. We can find mates using all our
senses, but insects cannot do this. They are small in a crowded world and they find those of
the opposite sex of their own species by smell. Most insects produce volatile compounds that
can be picked up by a potential mate in incredibly weak concentrations. Only 1.5 mg of ser-
ricornin, the sex pheromone of the cigarette beetle, could be isolated from 65,000 female
beetles—so there isn’t much in each beetle. Nevertheless, the slightest whiff of it causes the
males to gather and attempt frenzied copulation. The sex pheromone of the beetle Popilia
japonica, also given off by the females, has been made by chemists. As little as 5 ug (micro-
grams, note!) was more effective than four virgin females in attracting the males.

o~ ©
OH (o} H
serricornin japonilure
the sex pheromone of the cigarette beetle the sex pheromone of the Japanese beetle
Lasioderma serricorne Popilia japonica

The pheromone of the gypsy moth, disparlure, was identified from a few ug isolated from
the moths: as little as 2 x 10712 g is active as a lure for the males in field tests. The three phero-
mones we have mentioned are available commercially for the specific trapping of these
destructive insect pests.
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olean
disparlure o sex pheromone
the sex pheromone o of the olive fly
of the gypsy moth Bacrocera oleae

Portheria dispar

Don’t suppose that the females always do all the work; both male and female olive flies pro-
duce pheromones that attract the other sex. The remarkable thing is that one mirror image of
the molecule attracts the males while the other attracts the females! Mirror image isomers of
a molecule called frontalin are also emitted by male elephants; female elephants can tell the
age and appeal of a potential mate from the amount of each isomer he produces.

fo) [o) (0]
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this mirror image
isomer attracts
male olive flies

this mirror image
isomer attracts
female olive flies

this mirror image
isomer smells of
young male elephant*

this mirror image
isomer smells of
old male elephant*

*if you are a
female elephant

What about taste? Take the grapefruit. The main flavour comes from another sulfur com-
pound and human beings can detect 2 x 107 parts per billion of this compound. This is an
almost unimaginably small amount equal to 10™* mg per tonne or a drop, not in a bucket, but
in a fairly large lake. Why evolution should have left us so extraordinarily sensitive to grape-
fruit, we leave you to imagine.

For a nasty taste, we should mention ‘bittering agents’, put into dangerous household sub-
stances like toilet cleaner to stop children drinking them by accident. Notice that this com-
plex organic compound is actually a salt—it has positively charged nitrogen and negatively
charged oxygen atoms—and this makes it soluble in water.

st eikes

'denatonium benzoate', marked as Bitrex
benzyldiethyl[(2,6- xnyIcarbamoyI)methyI ammonium benzoate

Other organic compounds have strange effects on humans. Various ‘drugs’ such as alcohol
and cocaine are taken in various ways to make people temporarily happy. They have their
dangers. Too much alcohol leads to a lot of misery and any cocaine at all may make you a slave
for life.

CO,CH;
<° NHCH; N
HsC” “OH o 3

alcohol MDMA

(ethanol) (ecstasy) cocaine—an addictlve alkaloid

Again, let’s not forget other creatures. Cats seem to be able to go to sleep anywhere, at any
time. This surprisingly simple compound, isolated from the cerebrospinal fluid of cats, appears
to be part of their sleep-control mechanism. It makes them, or rats, or humans fall asleep
immediately.

cis-9,10-octadecenoamide (o) CLA (Conjugated Linoleic Acid)

a sleep-inducing fatty acid derivative

dietary anticancer agent
NH, ry ¢}

NN

cis-9-trans-11 conjugated linoleic acid

Gypsy moth

HS

flavouring principle of grapefruit
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This compound and disparlure (above) are both derivatives of fatty acids. Fatty acids in the
diet are a popular preoccupation, and the good and bad qualities of saturates, monounsatu-
rates, and polyunsaturates are continually in the news: one of the many dietary molecules
reckoned to have demonstrable anticancer activity is CLA (conjugated linoleic acid), which is
found in dairy products and also, most abundantly, you may be interested to know, in kanga-
roo meat.

Resveratrole is another dietary component with beneficial effects: it may be responsible for
the apparent ability of red wine to prevent heart disease. It is a quite different sort of organic
compound, with two benzene rings.

For a third edible molecule, how about vitamin C? This is an essential factor in your diet—
that is why it is called a vitamin—and in the diet of other primates, guinea-pigs, and fruit bats
(other mammals possess the biochemical machinery to make it themselves). The disease
scurvy, a degeneration of soft tissues from which sailors on the long voyages of past centuries
suffered, results from a lack of vitamin C. It also is a universal antioxidant, scavenging for
rogue reactive radicals and protecting damage to DNA. Some people think an extra large
intake may even protect against the common cold.

Organic chemistry and industry

Vitamin C is manufactured on a huge scale by Roche, a Swiss company. All over the world
there are chemistry-based companies making organic molecules on scales varying from a few
kilograms to thousands of tonnes per year. This is good news for students of organic chemis-
try: knowing how molecules behave and how to make them is a skill in demand, and it is an
international job market.

The petrochemicals industry consumes huge amounts of crude oil: the largest refinery in
the world, in Jamnagar, India, processes 200 million litres of crude oil every day. An alarm-
ingly large proportion of this is still just burnt as fuel, but some of it is purified or converted
into organic compounds for use in the rest of the chemical industry.

Some simple compounds are made both from oil and from plants. The ethanol used as a
starting material to make other compounds in industry is largely made by the catalytic hydra-
tion of ethylene from oil. But ethanol is also used as a fuel, particularly in Brazil, where it is
made by fermentation of sugar cane. Plants are extremely powerful organic chemical factories
(with sugar cane being among the most efficient of all of them). Photosynthesis extracts car-
bon dioxide directly from the air and uses solar energy to reduce it to form less oxygen-rich
organic compounds from which energy can be re-extracted by combustion. Biodiesel is made
in a similar way from the fatty acid components of plant oils.

ethyl stearate (ethyl octadecanoate), a major component of biodiesel (o}
o

Plastics and polymers take much of the production of the petrochemical industry in the
form of monomers such as styrene, acrylates, and vinyl chloride. The products of this enor-
mous industry are everything made of plastic, including solid plastics for household goods
and furniture, fibres for clothes (over 25 million tonnes per annum), elastic polymers for car
tyres, light bubble-filled polymers for packing, and so on. Worldwide 100 million tonnes of
polymers are made per year and PVC manufacture alone employs over 50,000 people to make
over 20 million tones per year.

Many adhesives work by polymerization of monomers, which can be applied as a simple
solution. You can glue almost anything with ‘superglue’, a polymer of methyl cyanoacrylate.

Washing-up bowls are made of the polymer polyethylene but the detergent you put in them
belongs to another branch of the chemical industry—companies like Unilever and Procter
and Gamble produce detergent, cleaners, bleaches, and polishes, along with soaps, gels, cos-
metics, and shaving foams. These products may smell of lemon, lavender, or sandalwood but
they too mostly come from the oil industry.

Products of this kind tend to underplay their petrochemical origins and claim affinity with
the perceived freshness and cleanliness of the natural world. They also try to tell us, after a
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fashion, what they contain. Try this example—the list of contents from a well-known brand
of shower gel, which we are reassuringly told is ‘packed with natural stuff’ (including 10 ‘real’
lemons) and contains ‘100% pure and natural lemon and tea tree essential oils’.

It doesn’t all make sense to us, but here is a possible interpretation. We certainly hope this
book will set you on the path of understanding the sense (and the nonsense!) of this sort

of thing.

Ingredient Chemical meaning Purpose
H H
aqua ~o” solvent
water
sodium laureth o
(SPLPE OSO;Na detergent
sulfate n
typically n=3
(o}
cocamide DEA )J\ /\/OH foaming agent
Ci1Hz3 N
OH
mainly
Citrus medica scent, appeal to
limonum peel oil customer
o-pinene
mainly OH
Melaeuca — oo pos
alternifolia leaf oil tomet, p Y
i antiseptic
terpinen-4-ol
OH
cosolvent;
glycerin HO\)\/OH moisturizer; ensures
smoothness
glycerol
(o}
: O
cocamidopropy! ® (o) detergent and
betaine Ci1H24 H/\/\N/\n/ anti-electrostatic
/' \
o
sodium chloride NaCl control solubility
of Na*-based
detergents
OH
lactic acid )\ acidifier
CO.H
Ph | [COsR
styrene acrylates R=MeorH film former
copolymer
nL R Im
tetrasodium NaO,C CO,Na fchelato'r, to frevent
lutamate ormation o
giacetate NaO,C N CO,Na insoluble scum in
NN hard water
CO,Na
sodium benzoate ©/ preservative
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R1 =H or Me

= —(CHy)7 (CH)7CH3
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O
o OH .
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dodecyl p-cresol
BHT antioxidant

citral OHCM lemon fragrance

mixture of isomers

limonene Me‘@""'( lemon fragrance
Me

NaO,C
/ \
Cl 19140 /@/ yellow colouring
NaO,S tartrazine

OH
N\\
N )
C114700 colouring
SO3Na

SO;3;Na Scarlet GN

The particular detergents, surfactants, acids, viscosity controllers, and so on are chosen to
blend together to give a smooth gel. The result should feel, smell, and look attractive and work
as an effective detergent and shampoo (some of the compounds are added for their moistur-
izing and anti-electrostatic effect on hair). The yellow colour and lemon scent are considered
fresh and clean by the customer. Several of the ingredients are added as pure compounds; the
ones which aren’t are mixtures of isomers or polymers; the most impure are the mixtures of
hydrocarbons referred to as the ‘pure and natural’ essential oils. Is it ‘packed with natural
stuff’? Indeed it is. It all comes from natural sources, the principal one being decomposed
carboniferous forests trapped for millions of years underground.

The coloration of manufactured goods is a huge business, with a range of intense colours
required for dyeing cloth, colouring plastic and paper, painting walls, and so on. Leaders in
this area are companies such as Akzo Nobel, which had sales of €14.6 bn in 2010. One of the
most commonly used dyestuffs is indigo, an ancient dye that used to be isolated from plants
but is now made from petrochemical feedstocks. It is the colour of blue jeans. More modern
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dyestuffs can be represented by the benzodifuranones developed by ICI, which are used for
colouring synthetic fabrics like polyesters (red), the phthalocyanine-metal complexes (typi-

cally blue or green), or the ‘high-performance’ red pigment DPP (1,4-diketopyrrolo[3,4-c]pyr-
roles) series developed by Ciba-Geigy.

Cl

Cl Cl CI Cl

OR
HN o
Cl Cl
o

Cl Cl CI Cl

Cl

ICI's Monastral Green GNA
a green for plastic objects

ICI's Dispersol
indigo benzodifuranone
the colour of blue jeans red dyes for polyester

OR

The scent of the shower gel above came from a mixture of plant extracts with the pure com-
pound (in fact a mixture of two isomers) citral. The big fragrance and flavouring companies
(such as Firmenich, International Flavors and Fragrances, and Givaudan) deal in both natu-
rals and synthetics—'naturals’ are mixtures of compounds extracted from plants—leaves,
seeds, and flowers. ‘Synthetics’ are single compounds, sometimes present in plant-derived
sources and sometime newly designed molecules, which are mixed with each other and with
‘naturals’ to build up a scent. A typical perfume will contain 5-10% fragrance molecules in an
ethanol/water (about 90:10) mixture. So the perfumery industry needs a very large amount of
ethanol and, you might think, not much perfumery material. In fact, important fragrances
like jasmine are produced on a >10,000 tonnes per annum scale. The cost of a pure perfume
ingredient like cis-jasmone (p. 2), the main ingredient of jasmine, may be several hundred
pounds, dollars, or euros per gram.

The world of perfumery

Perfume chemists use extraordinary language to describe their achievements: ‘PacoRabanne pour homme was created
to reproduce the effect of a summer walk in the open air among the hills of Provence: the smell of herbs, rosemary and
thyme, and sparkling freshness with cool sea breezes mingling with warm soft Alpine air. To achieve the required effect,
the perfumer blended herbaceous oils with woody accords and the synthetic aroma chemical dimethylheptanol, which
has a penetrating but indefinable freshness associated with open air or freshly washed linen.’

Chemists produce synthetic flavourings such as ‘smoky bacon’ and even ‘chocolate’. Meaty
flavours come from simple heterocycles such as alkyl pyrazines (present in coffee as well as
roast meat) and furonol, originally found in pineapples. Compounds such as corylone and
maltol give caramel and meaty flavours. Mixtures of these and other synthetic compounds
can be ‘tuned’ to taste like many roasted foods from fresh bread to coffee and barbecued meat.
Some flavouring compounds are also perfumes and may also be used as an intermediate in
making other compounds. Vanillin is the main component of the flavour of vanilla, but is
manufactured on a large scale for many other uses too.

(o} (o)
N HO (0) HO (o}
X HO H3CO
| ] H
P [
o o HO
an alkyl pyrazine furonol corylone maltol vanillin
from coffee and roast meat caramel E-636 for cakes found in vanilla pods;

roast meat roasted taste and biscuits manufactured on a large scale

Cl

Cl

Ciba-Geigy’s Pigment Red 254
an intense DPP pigment
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Food chemistry includes much larger-scale items than flavours. Sweeteners such as sugar
itself are isolated from plants on an enormous scale. You saw sucrose on p. 3, but other sweet-
eners such as saccharin (discovered in 1879!) and aspartame (1965) are made on a sizeable
scale. Aspartame is a compound of two of the natural amino acids present in all living things
and over 10,000 tonnes per annum are made by the NutraSweet company.

CO.H o CO,H
N
is made from AN_ @ _.---
HN OCH3 {0 amino acids — HoN -
° o
aspartame (‘NutraSweet’) aspartic
200 times sweeter than sugar acid

One of the great revolutions of modern life has been the expectation that humans will sur-
vive diseases because of a specifically designed treatment. In the developed world, people live
to old age because infections which used to kill can now be cured or kept at bay. Antibiotics are
our defence against bacteria, preventing them from multiplying. One of the most successful of
these is Beecham amoxycillin, which was developed by SmithKline. The four-membered ring
at the heart of the molecule is the B-lactam, which targets the diease-causing bacteria.
Medicinal chemists also protect us from the insidious threat of viruses which use the body’s
own biochemistry to replicate. Tamiflu is a line of defence against the ever-present danger of a
flu epidemic, while ritonivir is one of the most advanced drugs designed to prevent replication
of HIV and to slow down or prevent the onset of AIDS.

NH
“HHH 0
= £ g fo)
HsC 0~ >CH;,
HO o N
(o) z H;C™ HN = Tamiflu (oseltamivir)
CO,H ﬁH invented by Gilead Sciences
amoxycillin HaC fo) 2 marketed by Roche
developed by SmithKline Beecham 3
B-lactam antibiotic treatment of
bacterial infections
(0]
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CH3 N
ritonavir (Norvir)
Abbott's protease inhibitor
treatment for HIV / AIDS

The best-selling current drugs are largely designed to address the human body’s own fail-
ings. Sales of Lipitor and Nexium both topped $5bn in 2009, figures which serve to illustrate
the financial scale of developing safe and effective new treatments. Lipitor is one of the class
of drugs known as statins, widely prescribed to control cholesterol levels in older people.
Nexium is a proton pump inhibitor, which works to reduce peptic and duodenal ulcers. Sales
of Glivec (developed by Novartis and introduced in 2001) are far smaller, but to those suffer-
ing from certain cancers such as leukaemia it can be a lifesaver.
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NH /\/V\/V\/CO2H ’ N

(0] — H . CHs
AstraZeneca's AN OCH,
esomeprazole |
(Nexium) N _—
for ulcer prevention CH3;

Pfizer's atorvastatin (Lipitor)
cholesterol-lowering drug

Novartis' imatinib (Glivec or Gleevec)
treatment for cancers such as leukaemia

We cannot maintain our present high density of population in the developed world, nor
deal with malnutrition in the developing world unless we preserve our food supply from
attacks by insects and fungi and from competition by weeds. The world market for agrochem-
icals produced by multinationals such as Bayer CropScience and Syngenta is over £10bn per
annum divided between herbicides, fungicides, and insecticides.

Many of the early agrochemicals were phased out as they were persistent environmental
pollutants. Modern agrochemicals have to pass stringent environmental safety tests. The
most famous modern insecticides are modelled on the plant-derived pyrethrins, stabilized
against degradation in sunlight by chemical modification (the brown and green portions of
decamethrin) and targeted to specific insects on specific crops. Decamethrin has a safety fac-
tor of >10,000 for mustard beetles over mammals, can be applied at only 10 grams per hectare
(about one level tablespoon per football pitch), and leaves no significant environmental
residue.

)\% ", J\ \“ "I :
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™
CN
a pyrethrin decamethrin
from Pyrethrum—daisy-like
flowers from East Africa a modified pyrethrin—more active and stable in sunlight

As you learn more chemistry, you will appreciate how remarkable it is that Nature should
produce the three-membered rings in these compounds and that chemists should use them
in bulk compounds to be sprayed on crops in fields. Even more remarkable in some ways are
the fungicides based on a five-membered ring containing three nitrogen atoms—the triazole
ring. These compounds inhibit an enzyme present in fungi but not in plants or animals.
Fungal diseases are a real threat: as in the Irish potato famine of the nineteenth century, the
various fungal blights, blotches, rots, rusts, smuts, and mildews can overwhelm any crop in a
short time.

Organic chemistry and the periodic table

All the compounds we have shown you are built up on hydrocarbon (carbon and hydrogen)
skeletons. Most have oxygen and/or nitrogen as well; some have sulfur and some phospho-
rus, and maybe the halogens (F, Cl, Br, and I). These are the main elements of organic
chemistry.

Cl
triazole
&
\=N

propiconazole
a triazole fungicide

(0)

1

Cl
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halomon  naturally occurring

antitumour agent

=) We will devote whole chapters
to the organic chemistry of S, P,
and Si (Chapter 27) and to the
transition metals, especially Pd
(Chapter 40).

M You will certainly know
something about the periodic
table from your previous studies
of chemistry. A full Periodic Table
appears on pp. 1184-1185 of
this book, but basic knowledge
of the groups, which elements
are metals, and where the
elements shown in this table
appear will be helpful to you.

CHAPTER 1 WHAT IS ORGANIC CHEMISTRY?

But organic chemistry has also benefitted from the exploration of (some would say take-
over bid for) the rest of the periodic table. The organic chemistry of silicon, boron, lithium,
tin, copper, zinc, and palladium has been particularly well studied and these elements
are common constituents of ‘organic’ reagents used in the laboratory. You will meet many
of them throughout this book. Butyllithium, trimethylsilyl chloride, tributyltin hydride,
diethylzinc, and lithium dimethylcuprate provide examples.

H3C C4|'{9 HsC
\
SN HsC—Si—Cl CaHo=Sn—H N, /cU@ Li®
H3C C4Ho H5;C
butyllithium trimethylsilyl chloride tributyltin hydride diethylzinc lithium dimethylcuprate

The halogens also appear in many life-saving drugs. Antiviral compounds such as fialuri-
dine (which contains both F and I, as well as N and O) are essential for the fight against HIV
and AIDS. They are modelled on natural compounds from nucleic acids. The naturally occur-
ring cytotoxic (antitumour) agent halomon, extracted from red algae, contains Br and Cl.

The organic chemist’s periodic table would have to emphasize all of these elements and
more—the table below highlights most of those elements in common use in organic reac-
tions. New connections are being added all the time—before the end of the last century the
organic chemistry of ruthenium, gold, and samarium was negligible; now reagents and cata-
lysts incorporating these metals drive a wide range of important reactions.

1 ) ) 18
the organic chemist's

periodic table 13 14 15 16 17
A ]| ]G
OO NORONC)

K Ti cr Fe cul (zn Se
Ru Pd| |Ag Sn |
Os Au| Hg
Sm

So where does inorganic chemistry end and organic chemistry begin? Would you say that
the antiviral compound foscarnet was organic? It is a compound of carbon with the formula
CPOsNaj; but it has no C—H bonds. And what about the important reagent tetrakis (tri-
phenylphosphine)palladium? It has lots of hydrocarbon—12 benzene rings in fact—but the
benzene rings are all joined to phosphorus atoms that are arranged in a square around the
central palladium atom, so the molecule is held together by C—P and P—Pd bonds, not by a
hydrocarbon skeleton. Although it has the very organic-looking formula C,,Hy,P,Pd, many
people would say it is inorganic. But is it?

foscarnet—antiviral agent tetrakistriphenylphosphine palladium—
important catalyst
o P
N

Il
0g-P~, 9 [na®] [(CeHs)sP14Pd
%4 \”/ 3
(o}

! RAEN
A

(Ph3P),Pd
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The answer is that we don’t know and we don't care. Strict boundaries between traditional
disciplines are undesirable and meaningless. Chemistry continues across the old boundaries
between organic chemistry and inorganic chemistry, organic chemistry and physical chemis-
try or materials, or organic chemistry and biochemistry. Be glad that the boundaries are indis-
tinct as that means the chemistry is all the richer. This lovely molecule (Ph;P),Pd belongs to
chemistry.

Organic chemistry and this book

We have told you about organic chemistry’s history, the types of compounds it concerns
itself with, the things it makes, and the elements it uses. Organic chemistry today is the
study of the structure and reactions of compounds in nature, of compounds in the fossil
reserves such as coal and oil, and of those compounds that can be made from them. These
compounds will usually be constructed with a hydrocarbon framework but will also often
have atoms such as O, N, S, P, Si, B, halogens, and metals attached to them. Organic chem-
istry is used in the making of plastics, paints, dyestuffs, clothes, foodstuffs, human and
veterinary medicines, agrochemicals, and many other things. Now we can summarize all of
these in a different way.

@ The main components of organic chemistry as a discipline are:

e structure determination—how to find out the structures of new compounds even if they
are available only in invisibly small amounts

e theoretical organic chemistry—how to understand these structures in terms of atoms and
the electrons that bind them together

e reaction mechanisms—how to find out how these molecules react with each other and
how to predict their reactions

e synthesis—how to design new molecules, and then make them

e biological chemistry—how to find out what Nature does and how the structures of
biologically active molecules are related to what they do.

This book is about all these things. It is about the structures of organic molecules and the rea-
sons behind those structures. It is about the shapes of these molecules and how the shape relates
to their function, especially in the context of biology. It explains how these structures and shapes
are discovered. It tells you about the reactions the molecules undergo and, more importantly,
how and why they behave in the way they do. It tells you about nature and about industry. It tells
you how molecules are made and how you too can think about making molecules.

This is the landscape through which you are about to travel. And, as with any journey to
somewhere new, exciting, and sometimes challenging, the first thing is to make sure you have
at least some knowledge of the local language. Fortunately the language of organic chemistry
couldn’t be simpler: it’s all pictures. The next chapter will get us communicating.

Further reading

13

One interesting and amusing book you might enjoy is B. Selinger,
Chemistry in the Marketplace, Sth edn, Harcourt Brace, Sydney, 2001.
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Check your understanding

To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/


http://www.oxfordtextbooks.co.uk/orc/clayden2e/

Organic structures

* What is the skeleton of an organic molecule
e What is a functional group

 Some abbreviations used by all organic
chemists

* Drawing organic molecules realistically
in an easily understood style

Connections
=) Building on Arriving at = Looking forward to
e This chapter does not depend on * The diagrams used in the rest of the book * Ascertaining molecular structure
Chapter 1  Why we use these particular diagrams spectroscopically ch3
* How organic chemists name molecules * What determines a molecule’s
in writing and in speech structure ch4

There are over 100 elements in the periodic table. Many molecules contain well over 100
atoms—palytoxin (a naturally occurring compound with potential anticancer activity), for
example, contains 129 carbon atoms, 221 hydrogen atoms, 54 oxygen atoms, and 3 nitrogen
atoms. It’s easy to see how chemical structures can display enormous variety, providing
enough molecules to build even the most complicated living creatures.

W Palytoxin was isolated in
1971 in Hawaii from Limu make
0 Hane (‘deadly seaweed of
Hana'), which had been used to
poison spear points. It is one of

OH the most toxic compounds
E known, requiring only about
OH Oll:lio,"" OHOH 0.15 micrograms per kilogram
E for death by injection. The
HO,, ~ 2 2 i
"y = o % compl|§ated structure was
HO OH H determined a few years later.
y OH - o™
, o/,,,H OH "o E i H, (0]
HO
H
OH
OoH HO OH OH
HO HO = = . \/\[r \/\/
Ho, oMt m, . OH OH ® o o)
“ty fo) HO OH
oH OH
HO <
ano OH 2
| HOu,, palytoxin
HO,,, wOH %
| °
OH HOII,,/ O E H
£ H H nmH
o ~ ‘u, HO,,,
HO' "OH " o o]
OH X OH HO

Tum

Online support. The icon ‘3 in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.
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‘3 Interactive amino acid
structures

m) We shall return to amino acids
as examples several times in this
chapter but we shall leave detailed
discussion of their chemistry till
Chapters 23 and 42 when we look
at the way they polymerize to form
peptides and proteins.

CHAPTER 2 ORGANIC STRUCTURES

But how can we understand what seems like a recipe for confusion? Faced with the col-
lection of atoms we call a molecule, how can we make sense of what we see? This chapter
will teach you how to interpret organic structures. It will also teach you how to draw
organic molecules in a way that conveys all the necessary information and none of the
superfluous.

Hydrocarbon frameworks and functional groups

As we explained in Chapter 1, organic chemistry is the study of compounds that contain car-
bon. Nearly all organic compounds also contain hydrogen; most also contain oxygen, nitro-
gen, or other elements. Organic chemistry concerns itself with the way in which these atoms
are bonded together into stable molecular structures, and the way in which these structures
change in the course of chemical reactions.

Some molecular structures are shown below. These molecules are all amino acids, the con-
stituents of proteins. Look at the number of carbon atoms in each molecule and the way they
are bonded together. Even within this small class of molecules there’s great variety—glycine
and alanine have only two or three carbon atoms; phenylalanine has nine.

I
H NH (9 H
N2 H\ /NH2 ¢ SCT H NH
H/C\C/OH /C\ /OH 11 | \ / 2
I HsC ﬁ H/c\ 2C .- C . OH
o o I /\ I
H (o)
glycine alanine phenylalanine
Lysine has a chain of atoms; tryptophan has rings.
woof
H HH HH NH N
N/ N/ N/ LC=c” ¢
HoNT e Ne” > _OH H\C\ \ /i |-I\ NH,
2 /N /N 1 }: //C_C\C/C\C/OH
H HH H o H/ \C; it i
H H o
lysine tryptophan

In methionine the atoms are arranged in a single chain; in leucine the chain is branched. In
proline, the chain bends back on itself to form a ring.

I-l\ /H |-I\ /NHZ H ?Hs H\ /NH2 H\(l:_N/H
HSC\S/C\C/C\C/OH :c\ _C.___OH Ho \C/H o
/\ I H3C C C C. b
H H o 7\ Il / [
H H o H /A Il
H H O
methionine leucine proline

Yet all of these molecules have similar properties—they are all soluble in water, they are all
both acidic and basic (amphoteric), they can all be joined with other amino acids to form
proteins. This is because the chemistry of organic molecules depends much less on the num-
ber or the arrangement of carbon or hydrogen atoms than on the other types of atoms (O,
N, S, P, Si...) in the molecule. We call parts of molecules containing small collections of these
other atoms functional groups, simply because they are groups of atoms that determine the
way the molecule works. All amino acids contain two functional groups: an amino (NH,
or NH) group and a carboxylic acid (CO,H) group (some contain other functional groups
as well).
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® The functional groups determine the way the molecule works both chemically and biologically.

H NH H HH HH NH
\C/ 20H N/ A/ A/ 2 H\ /H H\/NH2
H3C/ \c/ H2N/ \C/ ~ /C\C/OH HSC\S/ \C/ \C/OH
I /NN i Pt i
[o} H HH H o HH o
alanine lysine methionine
contains just the amino has an additional also has a sulfide
and carboxylic acid amino group functional group

functional groups

That isn't to say the carbon atoms aren’t important; they just play quite a different role
from those of the oxygen, nitrogen, and other atoms they are attached to. We can consider
the chains and rings of carbon atoms we find in molecules as their skeletons, which support the
functional groups and allow them to take part in chemical interactions, much as your skeleton
supports your internal organs so they can interact with one another and work properly.

® The hydrocarbon framework is made up of chains and rings of carbon atoms, and it acts as a
support for the functional groups.

H
H N/ H
H HH HH H A HHH HH H
c | | H™ >Ne” Ne” H
ICENAT TONAT TN J— —
H /C\ /C\ H 7 e7 A H—C/ \H H/ \C—H
H HH H H -\ H N N
H H H H
a chain aring a branched chain

We will see later how the interpretation of organic structures as hydrocarbon frameworks
supporting functional groups helps us to understand and rationalize the reactions of organic
molecules. It also helps us to devise simple, clear ways of representing molecules on paper. You
saw these structural diagrams in Chapter 1, and in the next section we shall teach you ways
to draw (and ways not to draw) molecules—the handwriting of chemistry. This section is
extremely important because it will teach you how to communicate chemistry, clearly and sim-
ply, throughout your life as a chemist.

Drawing molecules
Be realistic

Below is another organic structure—again, you may be familiar with the molecule it repre-
sents; it is a fatty acid commonly called linoleic acid.

H HH H H H HHHHHHH H
NN/ N/ N/ N/ NI NI

H-C OH
3 \/ \/ \/ \/ \/C=C\/ \/Czc\/ \/ \/ \/ \/ \/ \/ \“/ Carboxync aCId
H HH HH HH HH HH HH H o functional group
linoleic acid

We could also depict linoleic acid as

CH3CH,CH,CHoCH=CHCH,CH=CHCH,CH,CH,CH,CH2CH,CH,CO,H

linoleic acid

or as

linoleic acid
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Organic skeletons

Organic molecules left to
decompose for millions of years
in the absence of light and
oxygen become literally carbon
skeletons—crude oil, for
example, is a mixture of
molecules consisting of nothing
but carbon and hydrogen, while
coal consists of little else but
carbon. Although the molecules
in coal and oil differ widely in
chemical structure, they have
one thing in common: no
functional groups. Many are
very unreactive: about the only
chemical reaction they can take
part in is combustion, which,

in comparison to most chemical
reactions that take place in
chemical laboratories, is an
extremely violent process. In
Chapter 5 we shall start to look
at the way that functional
groups direct the chemical
reactions of molecules.

M Three fatty acid molecules and
one glycerol molecule combine to
form the fats that store energy in
our bodies and are used to
construct the membranes around
our cells. This particular fatty acid,
linoleic acid, cannot be
synthesized in the human body
but must be an essential
component of a healthy diet
found, for example, in sunflower
oil. Fatty acids differ in the length
of their chains of carbon atoms,
yet they have very similar
chemical properties because they
all contain the carboxylic acid
functional group. We shall come
back to fatty acids in Chapter 42.

glycerol
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M X-ray crystallography
discovers the structures of
molecules by observing the way
X-rays bounce off atoms in
crystalline solids. It gives clear
diagrams with the atoms
marked as circles and the bonds
as rods joining them together.

‘3 Interactive linoleic acid
structure

CHAPTER 2 ORGANIC STRUCTURES

You may well have seen diagrams like these last two in older books—they used to be easy to
print (in the days before computers) because all the atoms were in a line and all the angles
were 90°. But are they realistic? We will consider ways of determining the shapes and struc-
tures of molecules in more detail in Chapter 3, but the picture below shows the structure of
linoleic acid determined by X-ray crystallography.

X-ray structure of linoleic acid

You can see that the chain of carbon atoms is not linear, but a zig-zag. Although our diagram

is just a two-dimensional representation of this three-dimensional structure, it seems reason-

able to draw it as a zig-zag too.

HHHH HH HHHHHHHH
/ \ 7/ \ 7/ \c/ \ 7/ \ / A4

C Cc OH

NAZ TONAT TUSNA”T

/N SN o \ /C\ /NN "
H HH HH HH HH HH HH H o

linoleic acid

This gives us our first guideline for drawing organic structures.

@ Guideline 1
Draw chains of atoms as zig-zags.

Realism of course has its limits—the X-ray structure shows that the linoleic acid molecule is
in fact slightly bent in the vicinity of the double bonds; we have taken the liberty of drawing
it as a ‘straight zig-zag’. Similarly, close inspection of crystal structures like this reveals that
the angle of the zig-zag is about 109° when the carbon atom is not part of a double bond and
120° when it is. The 109° angle is the ‘tetrahedral angle’, the angle between two vertices of a
tetrahedron when viewed from its centre. In Chapter 4 we shall look at why carbon atoms take
up this particular arrangement of bonds. Our realistic drawing is a projection of a three-
dimensional structure onto flat paper so we have to compromise.

Be economical

When we draw organic structures we try to be as realistic as we can be without putting in
superfluous detail. Look at these three pictures.

1 2

(1) is immediately recognizable as Leonardo da Vinci’s Mona Lisa. You may not recognize
(2)—it’s also Leonardo da Vinci's Mona Lisa—this time viewed from above. The frame is very
ornate, but the picture tells us as much about the painting as our rejected linear and 90° angle
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diagrams did about our fatty acid. They’re both correct—in their way—but sadly useless.
What we need when we draw molecules is the equivalent of (3). It gets across the idea of the
original, and includes all the detail necessary for us to recognize what it’s a picture of, and
leaves out the rest. And it was quick to draw—this picture was drawn in less than 10 minutes:
we haven’t got time to produce great works of art!

Because functional groups are the key to the chemistry of molecules, clear diagrams must
emphasize the functional groups and let the hydrocarbon framework fade into the back-
ground. Compare the diagrams below:

H HH H H H H HH HH HH H
\ 7/ \/ \/ \/ \ 7/ \ 7/ \/
H3C\/\/\:C/\:/\/\/\/\/OH
/NN N N N N N I
H HH HH HH HH HH HH H o
linoleic acid
\/\/E/E/\/\/\/\H/OH
linoleic acid o

The second structure is the way that most organic chemists would draw linoleic acid. Notice
how the important carboxylic acid functional group stands out clearly and is no longer clut-
tered by all those Cs and Hs. The zig-zag pattern of the chain is much clearer too. And this
structure is much quicker to draw than any of the previous ones!

To get this diagram from the one above we’ve done two things. Firstly, we’ve got rid of all
the hydrogen atoms attached to carbon atoms, along with the bonds joining them to the
carbon atoms. Even without drawing the hydrogen atoms we know they’re there—we assume
that any carbon atom that doesn’t appear to have its potential for four bonds satisfied is also
attached to the appropriate number of hydrogen atoms. Secondly, we’ve rubbed out all the Cs
representing carbon atoms. We're left with a zig-zag line, and we assume that every kink in
the line represents a carbon atom, as does the end of the line.

every kink in this H is shown
the end of the line the chain represents  because it is
represents a C atom a C atom attached to an
atom other than C

\‘\/\/\z/\z/\/\/\/\[(m'
AR EN

these C atoms must

all four bonds
are shown to this
C atom, so no

H atoms are
implied

this C atom must
also carry 3 H atoms
because only 1 bond
is shown

these C atoms must
also carry 1 H atom also carry 2 H atoms

because only 3 bonds because only 2 bonds
are shown for each atom  4re shown for each atom

We can turn these two simplifications into two more guidelines for drawing organic structures.

® Guideline 2

Miss out the Hs attached to carbon atoms, along with the C—H bonds (unless there is a good
reason not to).

® Guideline 3
Miss out the capital Cs representing carbon atoms (unless there is a good reason not to).

Be clear

Try drawing some of the amino acids represented on p. 16 in a similar way, using the three
guidelines. The bond angles at tetrahedral carbon atoms are about 109°. Make them look
about 109° projected on to a plane! (120° is a good compromise, and it makes the drawings
look neat.)

Start with leucine—earlier we drew it as the structure to the right. Get a piece of paper and
do it now. Once you have done this, turn the page to see how your drawing compares with our
suggestions.
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B What is ‘a good reason not
to'? One is if the C or H is part
of a functional group. Another
is if the C or H needs to be
highlighted in some way, for
example because it's taking part
in a reaction. Don't be too rigid
about these guidelines: they're
not rules. It is better just to
learn by example (you'll find
plenty in this book): if it helps to
clarify, put it in; if it clutters and
confuses, leave it out. One thing
you must remember, though: if
you write a carbon atom as a
letter C then you must add all
the H atoms too. If you don't
want to draw all the Hs, don't
write C for carbon.

CH3 H NH,
| \ /

H
> OH

AUNACYSNAr
C

Hs /\
H H o

leucine
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It doesn’t matter which way up you’ve drawn it, but your diagram should look something
like one of these structures below.

NH, 0 \H
2
H02C NH»
(0]

N
re ~
H H HOOC
leucine leucine leucine leucine

The guidelines we gave were only guidelines, not rules, and it certainly does not matter which
way round you draw the molecule. The aim is to keep the functional groups clear and let the
skeleton fade into the background. That’s why the last two structures are all right—the carbon
atom shown as ‘C’ is part of a functional group (the carboxyl group) so it can stand out.

Now turn back to p. 16 and try redrawing the some of the other eight structures there using
the guidelines. Don't look at our suggestions below until you’'ve done them! Then compare
your drawings with our suggestions.

NH
OH 2 NH, NH
HzNﬁ]/ /S(OH OH OH
o)
(0] fo) 0

glycine alanine phenylalanine proline
NH, NH,
NH; OH OH
HN ~
— OH SW e
(0] (0]
(0] )
tryptophan methionine lysine

Remember that these are only suggestions, but we hope you'll agree that this style of diagram
looks much less cluttered and makes the functional groups much clearer than the diagrams on
p. 16. Moreover, they still bear significant resemblance to the ‘real thing’—compare these crys-
tal structures of lysine and tryptophan with the structures shown above, for example.

J J

X-ray crystal structure of lysine

X-ray crystal structure of tryptophan
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Structural diagrams can be modified to suit the occasion

You'll probably find that you want to draw the same molecule in different ways on different
occasions to emphasize different points. Let’s carry on using leucine as an example. We men-
tioned before that an amino acid can act as an acid or as a base. When it acts as an acid, a base
(for example hydroxide, OH") removes H" from the carboxylic acid group in a reaction we can
represent as:

NH NH,

2
OOH/\@OH — %%, ho

The product of this reaction has a negative charge on an oxygen atom. We have put it in
a circle to make it clearer, and we suggest you do the same when you draw charges: + and -
signs are easily mislaid. We shall discuss this type of reaction, the way in which reactions are
drawn, and what the ‘curly arrows’ in the diagram mean in Chapter 5. But for now, notice
that we drew out the CO,H as the fragment on the left because we wanted to show how
the O-H bond was broken when the base attacked. We modified our diagram to suit our own
purposes.

When leucine acts as a base, the amino (NH,) group is involved. The nitrogen atom attaches
itself to a proton, forming a new bond using its lone pair.

We can represent this reaction as:

H
H
H\",'[\VH @ Hol_H
N: M

®N
M T )\)\ + HO
CO,H CO,H

Notice how we drew in the lone pair this time because we wanted to show how it was involved
in the reaction. The oxygen atoms of the carboxylic acid groups also have lone pairs but we
didn’t draw them in because they weren’t relevant to what we were talking about. Neither did
we feel it was necessary to draw CO,H in full this time because none of the atoms or bonds in
the carboxylic acid functional group was involved in the reaction.

Structural diagrams can show three-dimensional information on
a two-dimensional page

Of course, all the structures we have been drawing give only an idea of the real structure of
the molecules. For example, the carbon atom between the NH, group and the CO,H group of
leucine has a tetrahedral arrangement of atoms around it, a fact which we have so far com-
pletely ignored.

We might want to emphasize this fact by drawing in the hydrogen atom we missed out at
this point, as in structure 1 (in the right-hand margin). We can then show that one of the
groups attached to this carbon atom comes towards us, out of the plane of the paper, and the
other one goes away from us, into the paper.

There are several ways of doing this. In structure 2, the bold, wedged bond suggests a perspec-
tive view of a bond coming towards you, while the hashed bond suggests a bond fading away
from you. The other two ‘normal’ bonds are in the plane of the paper.

Alternatively we could miss out the hydrogen atom and draw something a bit neater,
although slightly less realistic, as in structure 3. We can assume the missing hydrogen atom
is behind the plane of the paper because that is where the ‘missing’ vertex of the tetrahe-
dron of atoms attached to the carbon atom lies. When you draw diagrams like these to indicate
the three dimensional shape of the molecule, try to keep the hydrocarbon framework in the
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W Not all chemists put circles
round their plus and minus
charges—it's a matter of
personal choice.

B A lone pair is a pair of
electrons that is not involved
in a chemical bond. We shall
discuss lone pairs in detail in
Chapter 4. Again, don't worry
about what the curly arrows
in this diagram mean—we
will cover them in detail in
Chapter 5.
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m We shall look in more detail at
the shapes of molecules—their
stereochemistry—in Chapter 14.

‘3 Interactive structure of
polythene

CHAPTER 2 ORGANIC STRUCTURES

plane of the paper and allow functional groups and other branches to project forwards out of
the paper or backwards into it.

These conventions allow us to give an idea of the three-dimensional shape (stereochemis-
try) of any organic molecule—you have already seen them in use in the diagram of the struc-
ture of palytoxin at the beginning of this chapter.

® Reminder
Organic structural drawings should be realistic, economical, and clear.

We gave you three guidelines to help you achieve this when you draw structures:

e Guideline 1: Draw chains of atoms as zig-zags.
e Guideline 2: Miss out the Hs attached to the carbon atoms along with the C-H bonds.
¢ Guideline 3: Miss out the capital Cs representing carbon atoms.

The guidelines we have given and the conventions we have illustrated in this section
have grown up over decades. They are not arbitrary pronouncements by some official
body but are used by organic chemists because they work! We guarantee to follow them
for the rest of the book—try to follow them yourself whenever you draw an organic
structure. Before you ever draw a capital C or a capital H again, ask yourself whether it’s
really necessary!

Now that we have considered how to draw structures, we can return to some of the structural
types that we find in organic molecules. Firstly, we’ll talk about hydrocarbon frameworks,
then about functional groups.

Hydrocarbon frameworks

Carbon as an element is unique in the variety of structures it can form. It is unusual
because it forms strong, stable bonds to the majority of elements in the periodic table,
including itself. It is this ability to form bonds to itself that leads to the variety of organic
structures that exist, and indeed to the possibility of life existing at all. Carbon may make
up only 0.2% of the earth’s crust, but it certainly deserves a whole branch of chemistry all
to itself.

Chains

The simplest class of hydrocarbon frameworks contains just chains of atoms. The fatty
acids we met earlier have hydrocarbon frameworks made of zig-zag chains of atoms, for
example. Polythene is a polymer whose hydrocarbon framework consists entirely of chains
of carbon atoms. The wiggly line at each end of this structure shows that we have drawn a
piece in the middle of the polythene molecule. The structure continues indefinitely beyond
the wiggly lines.

NG N N N P

a section of the structure of polythene

At the other end of the spectrum of complexity is this antibiotic, extracted from a fungus
in 1995 and aptly named linearmycin as it has a long linear chain. The chain of this anti-
biotic is so long that we have to wrap it round two corners just to get it on the page. We
haven’t drawn whether the CH; and OH groups are in front of or behind the plane of
the paper because, at the time of writing this book, the stereochemistry of linearmycin is
unknown.
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linearmycin

Names for carbon chains

It is often convenient to refer to a chain of carbon atoms by a name indicating its length. You
have probably met some of these names before in the names of the simplest organic mole-
cules, the alkanes. There are also commonly used abbreviations for these names: these can be
very useful in both writing about chemistry and in drawing chemical structures, as we shall
see shortly.

Names and abbreviations for carbon chains

Number of carbon Name of group Formula® Abbreviation Name of alkane
atoms in chain (= chain + H)
1 methyl —CH, Me methane

2 ethyl —CH,CH, Et ethane

3 propyl —CH,CH,CH, Pr propane

4 butyl —(CH,);CH, Bu butane

5 pentyl —(CH,),CH, —* pentane

6 hexyl —(CH,)sCH, —* hexane

7 heptyl —(CH,)sCH; — heptane

8 octyl —(CH,),CH; — octane

9 nonyl —(CH,)gCH; — nonane

10 deqyl —(CH,)oCH; —F decane

T This representation is not recommended, except for CH;.  * Names for longer chains are not commonly

abbreviated.

Organic elements

You may notice that the abbreviations for the names of carbon chains look very much like the
symbols for chemical elements: this is deliberate, and these symbols are sometimes called
‘organic elements’. They can be used in chemical structures just like element symbols. It is
often convenient to use the ‘organic element’ symbols for short carbon chains for tidiness.
Here are some examples. Structure 1 to the right shows how we drew the structure of the amino
acid methionine on p. 20. The stick representing the methyl group attached to the sulfur atom
does, however, look a little odd. Most chemists would draw methionine as structure 2, with
‘Me’ representing the CH; (methyl) group. Tetraethyllead used to be added to petrol to prevent
engines ‘knocking’, until it was shown to be a health hazard. Its structure (as you might easily
guess from the name) is easy to write as PbEt, or Et,Pb.

Remember that these symbols (and names) can be used only for terminal chains of atoms.
We couldn’t abbreviate the structure of lysine to 3, for example, because Bu represents 4
and not 5.
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B Notice we've drawn in four
groups as CH;—we did this
because we didn't want them to
get overlooked in such a large
structure. They are the only tiny
branches off this long winding
trunk.

M The names for shorter chains
(which you must learn) exist for
historical reasons; for chains of

five or more carbon atoms, the

systematic names are based on

Greek number names.

NH,

OH
1 \S/\)\H/

(o)

methionine

NH,

OH
2 MeS

o
methionine

tetraethyllead



24

CHAPTER 2 ORGANIC STRUCTURES

NH, NH, H HH H H HH H

HoN M{OH HZN\BU)YOH HNQSS fNj
o o H HH H H HH H

>

benzene

Benzene's ring structure

In 1865, August Kekulé presented a
paper at the Academie des Sciences
in Paris suggesting a cyclic structure
for benzene, the inspiration for which
he ascribed to a dream. However,
was Kekulé the first to suggest that
benzene was cyclic? Some believe
not and credit an Austrian school-
teacher, Josef Loschmidt, with the
first depiction of cyclic benzene
structures. In 1861, 4 years before
Kekulé's ‘dream’, Loschmidt pub-
lished a book in which he repre-
sented benzene as a set of rings. It is
not certain whether Loschmidt or
Kekulé—or even a Scot named
Archibald Couper—got it right first.

Loschmidt's structure
for benzene

©/“%

the phenyl group, Ph

lysine 3 NOT CORRECT 4 C4Hg = Bu 5 C4Hg NOT Bu

Before leaving carbon chains, we must mention one other very useful organic element sym-
bol, R. R in a structure can mean anything—it’s a sort of wild card. For example, structure 6
would indicate any amino acid, if R = H it is glycine, if R=Me it is alanine... As we've men-
tioned before, and you will see later, the reactivity of organic molecules is so dependent on
their functional groups that the rest of the molecule can be irrelevant. In these cases, we can
choose just to call it R.

NH,

OH
R

(o]
6 amino acid

Carbon rings

Rings of atoms are also common in organic structures. You may have heard the famous story
of Auguste Kekulé first realizing that benzene has a ring structure when he dreamed of snakes
biting their own tails. You have met benzene rings in phenylalanine and aspirin. Paracetamol
also has a structure based on a benzene ring.

%Cﬁgr

phenylalanine aspmn paracetamol

When a benzene ring is attached to a molecule by only one of its carbon atoms (as in
phenylalanine, but not paracetamol or aspirin), we can call it a ‘phenyl’ group and give it
the organic element symbol Ph.

©)\’( equwalent ph)ﬁ(

Any compound containing a benzene ring or a related (Chapter 7) ring system is known
as ‘aromatic’, and another useful organic element symbol related to Ph is Ar (for ‘aryl’).
While Ph always means C¢Hs, Ar can mean any substituted phenyl ring, in other words
phenyl with any number of the hydrogen atoms replaced by other groups. Of course
Ar = argon too but there is no confusion as there are no organic compounds of argon.

OH

cl
OH o /©/
/@i HN = Ar/OH
cl cl )\

PhOH =
phenol 2,4,6-trichlorophenol paracetamol
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For example, while PhOH always means phenol, ArOH could mean phenol, 2,4,6-trichloro-
phenol (the antiseptic TCP), paracetamol, or aspirin (among many other substituted phenols).
Like R, the ‘wild card’ alkyl group, Ar is a ‘wild card’ aryl group.

The compound known as muscone has only relatively recently been made in the laboratory.
It is the pungent aroma that makes up the base-note of musk fragrances. Before chemists
had determined its structure and devised a laboratory synthesis the only source of musk was
the musk deer, now rare for this very reason. Muscone’s skeleton is a 13-membered ring of
carbon atoms.

The steroid hormones have several (usually four) rings fused together. These hormones are
testosterone and oestradiol, the important human male and female sex hormones.

testosterone

oestradiol

Some ring structures are much more complicated. The potent poison strychnine is a tangle
of interconnecting rings.

strychnine

buckminsterfullerene

One of the most elegant ring structures is shown above and is known as buckminster-
fullerene. It consists solely of 60 carbon atoms in rings that curve back on themselves to form
a football-shaped cage. Count the number of bonds at any junction and you will see they add
up to four so no hydrogens need be added. This compound is Cg,. Note that you can’t see all
the atoms as some are behind the sphere.

Rings of carbon atoms are given names starting with ‘cyclo’, followed by the name for the
carbon chain with the same number of carbon atoms. Structure 1 shows chrysanthemic acid,
part of the naturally occurring pesticides called pyrethrins (an example appears in Chapter 1),
which contains a cyclopropane ring. Propane has three carbon atoms. Cyclopropane is a
three-membered ring. Grandisol (structure 2), an insect pheromone used by male boll weevils
to attract females, has a structure based on a cyclobutane ring. Butane has four carbon atoms.
Cyclobutane is a four-membered ring. Cyclamate (structure 3), formerly used as an artificial
sweetener, contains a cyclohexane ring. Hexane has six carbon atoms. Cyclohexane is a six-
membered ring.

Branches

Hydrocarbon frameworks rarely consist of single rings or chains, but are often branched.
Rings, chains, and branches are all combined in structures like that of the marine toxin
palytoxin that we met at the beginning of the chapter, polystyrene, a polymer made of six-
membered rings dangling from linear carbon chains, or of B-carotene, the compound that
makes carrots orange.
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muscone

B A reminder: solid wedge-
shaped bonds are coming
towards us out of the paper
while cross-hatched bonds are
going back into the page away
from us.

‘3 Interactive structures of
testosterone, oestradiol, strychnine,
and buckminsterfullerene

Buckminsterfullerene

Buckminsterfullerene is named
after the American inventor and
architect Richard Buckminster
Fuller, who designed the structures
known as ‘geodesic domes'.

HO

\[ R

(o)
chrysanthemic acid

-

|~ _-OH

4, ,,' (

2 grandisol

N
~SOsH

3 cyclamate
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‘3 Interactive structure of g g

polystyrene

part of the structure of polystyrene

Ak L

B-carotene
Just like some short straight carbon chains, some short branched carbon chains are given
3 the 'Soefgeyl group names and organic element symbols. The most common is the isopropyl group. Lithium

diisopropylamide (also called LDA) is a strong base commonly used in organic synthesis.

Li (0] (o)
l!l H i~PrNH
Y \( Y “N AN FPr ~N AN
H H
N N

lithium diisopropylamide (LDA)
is equivalent to LiN/-Prp iproniazid

Notice how the ‘propyl’ part of ‘isopropyl!’ still indicates three carbon atoms; they are just
joined together in a different way—in other words, as an isomer of the straight chain propyl
group. Sometimes, to avoid confusion, the straight chain alkyl groups are called ‘n-alkyl’ (for
example, n-Pr, n-Bu)—n for ‘normal’—to distinguish them from their branched counterparts.
Iproniazid is an antidepressant drug with i-Pr in both structure and name. ‘Isopropyl’ may be
abbreviated to i-Pr, Pr, or Pr’. We shall use the first in this book, but you may see the others
used elsewhere.

® [somers are molecules with the same kinds and numbers of atoms joined up in different ways.
n-propanol, n-PrOH, and isopropanol, i-PrOH, are isomeric alcohols. Isomers need not have the
same functional groups—these compounds are all isomers of C,H0:

@ Zon \)OI\ )\cm

The isobutyl (i-Bu) group is a CH, group joined to an i-Pr group. It is i-PrCH,—. Two isobutyl

groups are present in the reducing agent diisobutyl aluminium hydride (DIBAL). The pain-

éj\)\ killer ibuprofen (marketed as Nurofen®) contains an isobutyl group. Notice how the invented

name ibuprofen is a medley of ‘ibu’ (from i-Bu for isobutyl) + ‘pro’ (for propyl, the three-

the isobutyl group carbon unit shown in brown) + ‘fen’ (for the phenyl ring). We will talk about the way in which
i-Bu compounds are named later in this chapter.

A A,

diisobutyl aluminium hydride (DIBAL)

is equivalent to HAli-Buy Ibuprofen
r()5 There are two more isomers of the butyl group, both of which have common names and
Y\ abbreviations. The sec-butyl group (s-butyl or s-Bu) has a methyl and an ethyl group joined to
the same carbon atom. It appears in an organolithium compound, sec-butyl lithium, used to

the sec-butyl group, s-Bu introduce lithium atoms into organic molecules.
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is equivalent to s-BulLi

The tert-butyl group (t-butyl or -Bu) group has three methyl groups joined to the same (55
carbon atom. Two t-Bu groups are found in butylated hydroxy toluene (BHT E321), an anti- \’<
oxidant added to some processed foods.

the tert-butyl

group t-Bu
equwalent \©/

® Primary, secondary, and tertiary

The prefixes sec and tert are really short for secondary and tertiary, terms that refer to the
carbon atom that attaches these groups to the rest of the molecular structure.

methyl primary secondary tertiary quaternary
(no attached ¢) (1 attached C) (2 attached C) (3 attached C) (4 attached C)
g ll % < .
Me—OH \)\ >|\ ﬁv
methanol butan-1-ol butan-2-ol 2-methypropan-2-ol  2,2-dimethyl-
propan-1-ol
n-butanol sec-butanol tert-butanol

A primary carbon atom is attached to only one other C atom, a secondary to two other C atoms,
and so on. This means there are five types of carbon atom. These names for bits of hydrocarbon
framework are more than just useful ways of writing or talking about chemistry. They tell us

something fundamental about the molecule and we shall use them when we describe reactions.

This quick architectural tour of some of the molecular edifices built by nature and by
humans serves just as an introduction to some of the hydrocarbon frameworks you will meet
in the rest of this chapter and this book. Yet, fortunately for us, however complicated the
hydrocarbon framework might be, it serves only as a support for the functional groups. And,
by and large, a functional group in one molecule behaves in much the same way as it does in
another molecule. What we now need to do, and we start in the next section, is to introduce
you to some functional groups and explain why it is that their attributes are the key to under-
standing organic chemistry.

Functional groups

If you bubble ethane gas (CH;CHj;, or EtH) through acids, bases, oxidizing agents, reducing

agents—in fact almost any chemical you can think of—it will remain unchanged. Just about

the only thing you can do with it is burn it. Yet ethanol (CH;CH,OH, or preferably EtOH— \/OH

structure in the margin) not only burns, it reacts with acids, bases, and oxidizing agents. ethanol
The difference between ethanol and ethane is the functional group—the OH, or hydroxyl

group. We know that these chemical properties (being able to react with acids, bases, and

oxidizing agents) are properties of the hydroxyl group and not just of ethanol because other

compounds containing OH groups (in other words, other alcohols) have similar properties,

whatever their hydrocarbon frameworks.
Your understanding of functional groups will be the key to your understanding of organic

chemistry. We shall therefore now go on to meet some of the most important functional

groups. We won'’t say much about the properties of each group; that will come in Chapter 5
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pentane

N NN

hexane

1T

isooctane

Al

a-pinene

Iavs

limonene
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Ethanol

The reaction of ethanol with oxidizing agents makes vinegar from wine and sober people from drunk ones. In both cases,
the oxidizing agent is oxygen from the air, catalysed by an enzyme in a living system. The oxidation of ethanol by micro-
organisms that grow in wine left open to the air leads to acetic acid (ethanoic acid) while the oxidation of ethanol by
the liver gives acetaldehyde (ethanal).

(0} (0}
\( 4— \/OH —>
H liver micro- OH
organism
acetaldehyde ethanol acetic acid

Human metabolism and oxidation

The human metabolism makes use of the oxidation of alcohols to render harmless other toxic compounds containing the
OH group. For example, lactic acid, produced in muscles during intense activity, is oxidized by an enzyme called lactate
dehydrogenase to the metabolically useful compound pyruvic acid.

OH o

)\ > )J\
CO,H CO,H

lactate dehydrogenase
lactic acid pyruvic acid

and later. Your task at this stage is to learn to recognize them when they appear in structures,
so make sure you learn their names. The classes of compound associated with some func-
tional groups also have names, for example compounds containing the hydroxyl group are
known as alcohols. Learn these names too as they are more important than the systematic
names of individual compounds. We’ve told you a few snippets of information about each
group to help you to get to know something of the group’s character.

Alkanes contain no functional groups

The alkanes are the simplest class of organic molecules because they contain no functional
groups. They are extremely unreactive and therefore rather boring as far as the organic chem-
ist is concerned. However, their unreactivity can be a bonus, and alkanes such as pentane and
hexane are often used as solvents, especially for the purification of organic compounds. Just
about the only thing alkanes will do is burn—methane, propane, and butane are all used as
domestic fuels, and petrol is a mixture of alkanes containing largely isooctane.

Alkenes (sometimes called olefins) contain C=C double bonds

It may seem strange to classify a type of bond as a functional group, but you will see later that
C=C double bonds impart reactivity to an organic molecule just as functional groups consist-
ing of, say, oxygen or nitrogen atoms do. Some of the compounds produced by plants and used
by perfumers are alkenes (see Chapter 1). For example, pinene has a smell evocative of pine
forests, while limonene smells of citrus fruits.

You've already met the orange pigment -carotene. Eleven C=C double bonds make up
most of its structure. Coloured organic compounds often contain chains or rings of C=C
double bonds like this. In Chapter 7 you will find out why this is so.

A

B-carotene

Alkynes contain C=C triple bonds

Just like C=C double bonds, C=C triple bonds have a special type of reactivity associated
with them, so it’s useful to call a C=C triple bond a functional group. Alkynes are linear so we
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draw them with four carbon atoms in a straight line. Alkynes are not as widespread in
nature as alkenes, but one fascinating class of compounds containing C=C triple bonds is a
group of antitumour agents discovered during the 1980s. Calicheamicin is a member of
this group. The high reactivity of this combination of functional groups enables calicheam-
icin to attack DNA and prevent cancer cells from proliferating. For the first time we have
drawn a molecule in three dimensions, with two bonds crossing one another—can you see
the shape?

calicheamicin
(R = a string of sugar molecules)

Alcohols (R-OH) contain a hydroxyl (OH) group

We've already talked about the hydroxyl group in ethanol and other alcohols. Carbohydrates
are peppered with hydroxyl groups; sucrose has eight of them, for example (a more three-
dimensional picture of the sucrose molecule appears in Chapter 1, p.3).

HO

HO

sucrose

Molecules containing hydroxyl groups are often soluble in water, and living things often
attach sugar groups, containing hydroxyl groups, to otherwise insoluble organic compounds
to keep them in solution in the cell. Calicheamicin, a molecule we have just mentioned, con-
tains a string of sugars for just this reason. The liver carries out its task of detoxifying unwanted
organic compounds by repeatedly hydroxylating them until they are water soluble, and they
are then excreted in the bile or urine.

Ethers (R'-0-R?) contain an alkoxy group (-OR)

The name ether refers to any compound that has two alkyl groups linked through an oxygen
atom. ‘Ether’ is also used as an everyday name for diethyl ether, Et,O. You might compare this
use of the word ‘ether’ with the common use of the word ‘alcohol’ to mean ethanol. Diethyl
ether is a highly flammable solvent that boils at only 35°C. It used to be used as an anaesthetic.
Tetrahydrofuran (THF) is another commonly used solvent and is a cyclic ether.

Brevetoxin B (overleaf) is a fascinating naturally occurring compound that was synthesized
in the laboratory in 1995. It is packed with ether functional groups in ring sizes from 6 to 8.

Amines (R-NH,) contain the amino (NH,) group

We met the amino group when we were discussing the amino acids: we mentioned that it
was this group that gave these compounds their basic properties. Amines often have
powerful fishy smells: the smell of putrescine is particularly foul. It is formed as meat
decays. Many neurologically active compounds are also amines: amphetamine is a notorious
stimulant.
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Saturated and
unsaturated

In an alkane, each carbon atom
is joined to four other atoms
(Cor H). It has no potential for
forming more bonds and is
therefore saturated. In alkenes,
the carbon atoms making up the
C=C double bond are attached
to only three atoms each. They
still have the potential to bond
with one more atom, and are
therefore unsaturated. In gen-
eral, carbon atoms attached to
four other atoms are saturated;
those attached to three, two,

or one are unsaturated.
Remember that R may mean
any alkyl group.

Y. .
“ Interactive structure of sucrose

M f we want a structure to
contain more than one ‘R, we
give the Rs numbers and call
them R, R2... Thus R'-0-R2
means an ether with two
different unspecified alkyl
groups. (Not Ry, R,..., which
would mean 1 xR, 2xR...)

o O
(0]

diethyl ether

‘ether’ THF
HoN_ o~~~
2 NH,
putrescine
NH,

amphetamine
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‘3 Interactive structure of PVC

(o)
||

N
R ®>0°
the nitro
group

nitrogen cannot
have five bonds!
(o)
Il
- N\\

R o

incorrect structure
for the nitro group

Because alkyl halides have
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Brevetoxin B
Brevetoxin B is one of a family of polyethers found in a sea creature (a dinoflagel-

late Gymnodinium breve, hence the name) which sometimes multiplies at an HO (o}
amazing rate and creates ‘red tides’ around the coasts of the Gulf of Mexico. Me
Fish die in shoals and so do people if they eat the shellfish that have eaten
the red tide. The brevetoxins are the killers. The many ether oxygen

atoms interfere with sodium ion (Na*) metabolism.

Me Me

brevetoxin B

Nitro compounds (R-NO,) contain the nitro group (NO,)

The nitro group (NO,) is sometimes incorrectly drawn with five bonds to nitrogen which as
you will see in Chapter 4 is impossible. Make sure you draw it correctly when you need to draw
it out in detail. If you write just NO, you are all right!

Several nitro groups in one molecule can make it quite unstable and even explosive. Three
nitro groups give the most famous explosive of all, trinitrotoluene (TNT), its kick. However,
functional groups refuse to be stereotyped. Nitrazepam also contains a nitro group, but this
compound is marketed as Mogadon®, the sleeping pill.

Me NO,
OoN NO, Me\
N
=
NO,
TNT nitrazepam

Alkyl halides (fluorides R-F, chlorides R-Cl, bromides R-Br, or iodides R-I) contain
the fluoro, chloro, bromo, or iodo groups

These four functional groups have similar properties, although alkyl iodides are the most
reactive and alkyl fluorides the least. Polyvinyl chloride (PVC) is one of the most widely used
polymers—it has a chloro group on every other carbon atom along a linear hydrocarbon
framework. Methyl iodide (Mel), on the other hand, is a dangerous carcinogen since it reacts
with DNA and can cause mutations in the genetic code. These compounds are also known as
haloalkanes (fluoroalkanes, chloroalkanes, bromoalkanes, or iodoalkanes).

oL 2,
similar properties, chemists use Y\m/\m/\(
yet another wild card organic ci cl a cl a a
element symbol, X, as a
convenient substitute for Cl,
Br, or | and sometimes F: R—X

is any alkyl halide.

a section of the structure of PVC

Aldehydes (R-CHO) and ketones (R'-CO-R?) contain the carbonyl group C=0

Aldehydes can be formed by oxidizing alcohols—in fact the liver detoxifies ethanol in the
bloodstream by oxidizing it first to acetaldehyde (ethanal, CH;CHO) (see p. 28). Acetaldehyde
in the blood is the cause of hangovers. Aldehydes often have pleasant smells—2-methylunde-
canal is a key component of the fragrance of Chanel No. 5, and ‘raspberry ketone’ is the major
component of the flavour and smell of raspberries.
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(o]

HO

2-methylundecanal ‘raspberry ketone'

Carboxylic acids (R-CO,H) contain the carboxyl group CO,H

As their name implies, compounds containing the carboxylic acid (CO,H) group can react
with bases, losing a proton to form carboxylate salts. Edible carboxylic acids have sharp fla-
vours and several are found in fruits—citric, malic, and tartaric acids are found in lemons,
apples, and grapes, respectively.

OH

COLH
Hozc/\( HO,C
OH

OH
tartaric acid

HO.C CO,H COH

HO CO,H

citric acid malic acid

Esters (R'-CO,R?) contain a carboxyl group with an extra alkyl group (CO,R)

Fats are esters; in fact they contain three ester groups. They are formed in the body by con-
densing glycerol, a compound with three hydroxyl groups, with three fatty acid molecules.
Other, more volatile, esters have pleasant, fruity smells and flavours. These three are compo-
nents of the flavours of bananas, rum, and apples:

)\/\oj\ Y\oj\/ )\/\OJ\/\/

isopentyl acetate isobutyl propionate
(bananas) (rum)

isopentyl valerate
(apples)

Amides (R-CONH,, R'-CONHR?, or R'-CONRZR3)

Proteins are amides: they are formed when the carboxylic acid group of one amino acid con-
denses with the amino group of another to form an amide linkage (also known as a peptide
bond). One protein molecule can contain hundreds of amide bonds. Aspartame, the artificial
sweetener marketed as NutraSweet®, on the other hand, contains just two amino acids, aspar-
tic acid and phenylalanine, joined through one amide bond. Paracetamol is also an amide.

NH, o H
H N
HO,C N
OMe
o
o
Ph HO

aspartame paracetamol

Nitriles or cyanides (R-CN) contain the cyano group -C=N

Nitrile groups can be introduced into molecules by reacting potassium cyanide with alkyl
halides. The organic nitrile group has quite different properties from those associated with
lethal inorganic cyanide: laetrile, for example, is extracted from apricot kernels, and was once
developed as an anticancer drug.

Acyl chlorides (acid chlorides, R-COCI)

Acyl chlorides are reactive compounds used to make esters and amides. They are derivatives
of carboxylic acids with the —~OH replaced by —Cl, and are too reactive to be found in nature.
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B —CHO represents
(o)

N

When we write aldehydes as
R—CHO, we have no choice but
to write in the C and H (because
they're part of the functional
group)—one important
instance where you should
ignore Guideline 3 for drawing
structures. Another point:
always write R—CHO and never
R—COH, which looks too much
like an alcohol.

H

W The terms ‘saturated fats’
and ‘unsaturated fats’ are
familiar—they refer to whether
the R groups are saturated

(no C=C double bonds) or
unsaturated (contain C=C
double bonds)—see the box on
p. 29. Fats containing R groups
with several double bonds (for
example those that are esters
formed from linoleic acid, which
we met at the beginning of this
chapter) are known as
‘polyunsaturated’.

Me Cl
acetyl chloride
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A heteroatom is an
atom thatis not Cor H

You've seen that a functional
group is essentially any devia-
tion from an alkane structure,
either because the molecule has
fewer hydrogen atoms than an
alkane (alkenes, alkynes) or
because it contains a collection
of atoms that are not C and not
H. There is a useful term for
these different” atoms: heter-
oatoms. A heteroatom is any
atom in an organic molecule
other than C or H.

F F
\ /
F—C—C—Cl
/ \
Cl Cl
'CFC-113'

M Don't confuse oxidation level
with oxidation state. Oxidation
level is determined by the
number of heteroatoms bonded
to carbon while oxidation state
is determined by the number
of bonds to carbon, including
those to C and H. In all of
these compounds, carbon has
four bonds and is in oxidation
state +4.
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Acetals

Acetals are compounds with two single-bonded oxygen atoms attached to the same carbon
atom. Many sugars are acetals, as is laetrile, which you have just met.

RO OR HO

X

an acetal

HO

OH OH

OH
sucrose

laetrile

Carbon atoms carrying functional groups can be classified
by oxidation level

All functional groups are different, but some are more different than others. For example, the
structures of a carboxylic acid, an ester, and an amide are all very similar: in each case the
carbon atom carrying the functional group is bonded to two heteroatoms, one of the bonds
being a double bond. You will see in Chapter 10 that this similarity in structure is mirrored in
the reactions of these three types of compounds and in the ways in which they can be inter-
converted. Carboxylic acids, esters, and amides can be changed one into another by reaction
with simple reagents such as water, alcohols, or amines plus appropriate catalysts. To change
them into aldehydes or alcohols requires a different type or reagent, a reducing agent (a rea-
gent which adds hydrogen atoms). We say that the carbon atoms carrying functional groups
that can be interconverted without the need for reducing agents (or oxidizing agents) have the
same oxidation level—in this case, we call it the ‘carboxylic acid oxidation level’.

® The carboxylic oxidation level
(o] (o]

o o _N
RJ\OH RJ\OR' RJ\NH2 R/c i R)]\CI

carboxylic acids esters amides nitriles  acyl chlorides

In fact, amides can quite easily be converted into nitriles just by dehydration (removal of water),
so we must give nitrile carbon atoms the same oxidation level as carboxylic acids, esters, and
amides. Maybe you're beginning to see the structural similarity between these four functional
groups that you could have used to assign their oxidation level? In all four cases, the carbon
atom has three bonds to heteroatoms, and only one to C or H. It doesn’t matter how many het-
eroatoms there are, just how many bonds to them. Having noticed this, we can also assign both
carbon atoms in ‘CFC-113’, one of the environmentally unfriendly aerosol propellants/refriger-

ants that have caused damage to the earth’s ozone layer, to the carboxylic acid oxidation level.

® The aldehyde oxidation level

o o RO OR cl_ cl
)J\ JJ\ \ / \/
R” TH R'” “R2 D 32 H” H
aldehydes ketones acetals dichloromethane

Aldehydes and ketones contain a carbon atom with two bonds to heteroatoms; they are at
the ‘aldehyde oxidation level’. The common laboratory solvent dichloromethane CH,Cl, also
has two bonds to heteroatoms, so it too contains a carbon atom at the aldehyde oxidation
level, as do acetals.

® The alcohol oxidation level

PR R1/\

R OH OR? R Cl R Br

alcohols ethers alkyl halides
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Alcohols, ethers, and alkyl halides have a carbon atom with only one single bond to a
heteroatom. We assign these the ‘alcohol oxidation level’, and they are all easily made from
alcohols without oxidation or reduction.

® The alkane oxidation level

H H
\/
H/C\H

methane

We must include simple alkanes, which have no bonds to heteroatoms, as an ‘alkane oxida-

tion level’.

® The carbon dioxide oxidation level

F F
\C/
(o)
ﬁ 0 CI\ /CI c” cal
c c 'CFC-12'
C N 7N
1l EtO OEt Cl cl one of the aerosol
0 diethyl carbonate  carbon tetrachloride propellants causing
carbon useful reagent for  formerly used as a damage to the
dioxide  adding ester groups  dry cleaning fluid ozone layer

The small class of compounds that have a carbon atom with four bonds to heteroatoms is
related to CO, and best described as at the carbon dioxide oxidation level.
Alkenes and alkynes obviously don't fit easily into these categories as they have no bonds to
heteroatoms. Alkenes can be made from alcohols by dehydration without any oxidation or
reduction so it seems sensible to put them in the alcohol column. Similarly, alkynes and alde-
hydes are related by hydration/dehydration without oxidation or reduction.

@ Summary: Important functional groups and oxidation level

Zero bonds to
heteroatoms:
alkane
oxidation level

One bond to
heteroatoms: alcohol
oxidation level

Two bonds to
heteroatoms: aldehyde
oxidation level

Three bonds to
heteroatoms: carboxylic
acid oxidation level

Four bonds to
heteroatoms: carbon
dioxide oxidation level
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R1 ’C\R4
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R OH alcohols
17" NoR2 ethers
R/\NHQ amines
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R Br  halides
R

R X  alkenes

A

(o)

N

R%0 OR3
C. acetals

aldehydes
H

ketones

R' R?

alkynes

(o)
carboxylic
)J\ acids
R OH
(o)
JJ\ esters
R! OR?
(o)
)J\ amides
R NH,
N
- /C/// nitriles
(o)
acyl
)J\ chlorides
R Cl

0=C=0
carbon dioxide

(o}
1]

(o5
RO” “OR
carbonates
F F
\c/
cl” cl
tetrahalo compounds

N

RO OR

ureas

Naming compounds

So far, we have talked a lot about compounds by name. Many of the names we’ve used (paly-
toxin, muscone, brevetoxin) are simple names given to complicated molecules without
regard for the actual structure or function of the molecule—these three names, for example,
are all derived from the name of the organism from which the compound was first extracted.
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They are known as trivial names, not because they are unimportant, but because they are
used in everyday scientific conversation.

Names like this are fine for familiar compounds that are widely used and referred to by
chemists, biologists, doctors, nurses, and perfumers alike. But there are over 16 million known
organic compounds. They can’t all have simple names, and no-one would remember them if
they did. For this reason, the International Union of Pure and Applied Chemistry (IUPAC)
have developed systematic nomenclature, a set of rules that allows any compound to be
given a unique name that can be deduced directly from its chemical structure. Conversely, a
chemical structure can be deduced from its systematic name.

The problem with systematic names is that they tend to be grotesquely unpronounceable for
anything but the most simple molecules. In everyday speech and writing, chemists therefore
do tend to disregard them, and use a mixture of systematic and trivial names. Nonetheless, it’s
important to know how the rules work. We shall look next at systematic nomenclature, before
going on to look at the real language of chemistry.

Systematic nomenclature

There isn’t space here to explain all the rules for giving systematic names for compounds—
they fill several desperately dull volumes, and there’s no point knowing them anyway since
computers will do the naming for you. What we will do is to explain the principles underlying
systematic nomenclature. You should understand these principles because they provide the
basis for the names used by chemists for the vast majority of compounds that do not have
their own trivial names.

Systematic names can be divided into three parts: one describes the hydrocarbon frame-
work, one describes the functional groups, and one indicates where the functional groups are
attached to the skeleton.

You have already met the names for some simple fragments of hydrocarbon framework (methyl,
ethyl, propyl). Adding a hydrogen atom to these alkyl fragments and changing -yl to -ane makes
the alkanes and their names. You should hardly need reminding of their structures:

Names for the hydrocarbon framework

one carbon methane CH,
two carbons ethane H3;C—CH;
three carbons propane Hsc\/CHa cyclopropane é
four carbons butane HsC cyclobutane D
EE NG N CHs
five carbons pentane H3C\/\/CH3 cyclopentane Q
six carbons hexane Hsc\/\/\ cyclohexane
CHj3
seven carbons heptane Hac\/\/\/CHs cycloheptane O
eight carbons octane Hsc\/\/\/\ cyclooctane
CHj3
nine carbons nonane H3C\/\/\/\/CH3 cyclononane Ci>
ten carbons decane Hac\/\/\/\/\ cyclodecane
CH3
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The name of a functional group can be added to the name of a hydrocarbon framework
either as a suffix or as a prefix. Some examples follow. It is important to count all of the car-
bon atoms in the chain, even if one of them is part of a functional group: pentanenitrile is
actually BuCN.

(0}
fo) o
CH;0OH Me)I\H /\)J\OH \/\/CN

methanol ethanal cyclohexanone butanoic acid pentanenitrile

o}
\/\/\)J\ HC=CH ~_9%_— N CH;3NO;
cl

heptanoyl chloride ethyne ethoxyethane propene nitromethane

Compounds with functional groups attached to a benzene ring are named in a similar way.

Numbers are used to locate functional groups lodobenzene
Sometimes a number can be included in the name to indicate which carbon atom the func-
tional group is attached to. None of the above list needed a number—check that you can see
why not for each one. When numbers are used, the carbon atoms are counted from one end.
In most cases, either of two numbers could be used (depending on which end you count
from); the one chosen is always the lower of the two. Again, some examples will illustrate this
point. Notice again that some functional groups are named by prefixes, some by suffixes, and
that the number always goes directly before the functional group name.

1

5 NH, o
A\ -OH 1)2\/ 1)!\/\ 1\/\

propan-1-ol 2-aminobutane pentan-2-one but-1-ene
el P s S
1 47 3 5 o
propan-2-ol 3-aminobutane pentan-3-one but-2-ene
NOT CORRECT

One carbon atom can have as many as four functional groups: this limit is reached with
tetrabromomethane, CBr,. Here are some other examples of compounds with more than one
functional group.

NH, Cl
Q\ HzN\/\/\/\NH Hozc\/\/\co H /’\
2 2 Me Cl
CO,H cl
2-aminobutanoic acid 1,6-diaminohexane hexanedioic acid 1,1,1-trichloroethane

Again, the numbers indicate how far the functional groups are from the end of the carbon
chain. Counting must always be from the same end for each functional group. Notice how we
use di-, tri-, and tetra- if there is more than one of the same functional group.

With cyclic compounds, there isn’t an end to the chain, but we can use numbers to show
the distance between the two groups—start from the carbon atom carrying one of the func-
tional groups, then count round. These rules work for hydrocarbon frameworks that are
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MW ortho, meta, and para are

often abbreviated to o, m, and p.

Beware! Ortho, meta, and para
are used in chemistry to mean
other things too: you may come
across orthophosphoric acid,
metastable states, and
paraformaldehyde—these

have nothing to do with the
substitution patterns of
benzene rings.
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chains or rings, but many skeletons are branched. We can name these by treating the branch
as though it were a functional group.

2-amino- 2-methylbutane  1,3,5- trlmethyl- 1-butylcyclopropanol

cyclohexanol 2,4,6—tr|n|tr0ben20|c acid benzens

Ortho, meta, and para

With substituted benzene rings, an alternative way of identifying the positions of the sub-
stituents is to use the terms ortho, meta, and para. Ortho compounds are 1,2-disubstituted,
meta compounds are 1,3-disubstituted, and para compounds are 1,4-disubstituted. Some
examples should make this clear.

cl COH OH
Cl
HoN
Cl
1,2-dichlorobenzene 3-chlorobenzoic acid 4-aminophenol
or ortho-dichlorobenzene or meta-chlorobenzoic acid or para-aminophenol
or o-dichlorobenzene or m-chlorobenzoic acid or p-aminophenol

The terms ortho, meta, and para are used by chemists because they’re easier to remember
than numbers, and the words carry with them chemical meaning. Ortho shows that two
groups are next to each other on the ring even though the atoms may not happen to be num-
bered 1 and 2. They are one example of the way in which chemists don’t always use systematic
nomenclature but revert to more convenient ‘trivial’ terms. We consider trivial names in the
next section.

What do chemists really call compounds?

The point of naming a compound is to be able to communicate with other chemists. Most
chemists are happiest communicating chemistry by means of structural diagrams, and struc-
tural drawings are far more important than any sort of chemical nomenclature. That’s why
we explained in detail how to draw structures, but only gave an outline of how to name com-
pounds. Good diagrams are easy to understand, quick to draw, and difficult to misinterpret.

® Always give a diagram alongside a name unless it really is something very simple, such as
ethanol.

But we do need to be able to communicate by speech and by writing as well. In principle we
could do this by using systematic names. In practice, however, the full systematic names of
anything but the simplest molecules are far too clumsy for use in everyday chemical speech.
There are several alternatives, mostly based on a mixture of trivial and systematic names.

Names for well-known and widely used simple compounds

A few simple compounds are called by trivial names not because the systematic names are
complicated, but just out of habit. We know them so well that we use their familiar names.
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You may have met the compound on the right before and perhaps called it ethanoic acid, its
systematic name. But in a chemical laboratory everyone would refer to this acid as acetic acid,
its trivial name. The same is true for all these common substances.

0

i ! S
Me)k Me Me)]\ H H J\OH Me” “oH Et0” "Me
acetone acetaldehyde formic acid acetic acid ethyl acetate
Me OH
| X
Et,O _
ether or N
diethyl ether benzene toluene phenol pyridine

Trivial names like this are often long-lasting, well-understood historical names that are less
easy to confuse than their systematic counterparts. ‘Acetaldehyde’ is easier to distinguish
from ‘ethanol’ than is ‘ethanal’.

Trivial names also extend to fragments of structures containing functional groups.
Acetone, acetaldehyde, and acetic acid all contain the acetyl group (MeCO-, ethanoyl) abbre-
viated Ac and chemists often use this organic element symbol in writing AcOH for acetic
acid or EtOAc for ethyl acetate. Chemists use special names for four fragments because they
have mechanistic as well as structural significance. These are vinyl and allyl, phenyl and

benzyl.
e %Q fv@

the vinyl group  the allyl group the phenyl group: Ph  the benzyl group: Bn

Giving the vinyl group a name allows chemists to use simple trivial names for compounds
like vinyl chloride, the material that polymerizes to give PVC (polyvinyl chloride) but the
importance of the name lies more in the difference in reactivity (Chapter 15) between the
vinyl and allyl groups.

—
Cl Cl Cl Cl Cl Cl Cl
vinyl chloride a section of the structure of PVC—Poly Vinyl Chloride

The allyl group gets its name from garlic (Allium sp.) because it makes up part of the struc-
ture of the compounds on the right responsible for the taste and smell of garlic.

Allyl and vinyl are different in that the vinyl group is attached directly to a double-bonded
C=C carbon atom, while the allyl group is attached to a carbon atom adjacent to the C=C
double bond. The difference is extremely important chemically: allyl compounds are typi-
cally quite reactive, while vinyl compounds are fairly unreactive.

For some reason, the allyl and vinyl groups have never acquired organic element symbols,
but the benzyl group has and it is Bn. It is again important not to confuse the benzyl group
with the phenyl group: the phenyl group is joined through a carbon atom in the ring, while
the benzyl group is joined through a carbon atom attached to the ring. Phenyl compounds
are typically unreactive but benzyl compounds are often reactive. Phenyl is like vinyl, and
benzyl is like allyl. We shall review all the organic element symbols you have met at the end
of the chapter.
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0

M

Me OH

M We haven't asked you to
remember any trivial names of
molecules yet, but these 10
compounds are so important
you must be able to remember
them. Learn them now.

/\/S\S/\/

diallyl disulfide

/\/S\s/\/

allicin
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A A QL

benzyl acetate allyl acetate phenyl acetate vinyl acetate

Names for more complicated but still well-known molecules

Complicated molecules that have been isolated from natural sources are always given trivial
names because in these cases the systematic names really are impossible! Strychnine is a
famous poison featured in many detective stories and a molecule with a beautiful structure.
All chemists refer to it as strychnine as the systematic name is virtually unpronounceable.
Two groups of experts at [IUPAC and Chemical Abstracts also have different ideas on the system-
atic name for strychnine. Others like this are penicillin, DNA, and folic acid.

strychnine, or
(1R,11R,18S,20S,21S,22S)-12-0xa-8.17-
diazaheptacyclo[15.5.018.027.01520]
tetracosa-2,4,6,14-tetraene-9-one (IUPAC)

or
4aR-[4aa,5a0,8aR*,15a0,15bo, 15¢B]-
2,4a,5,5a,7,8,15,15a,15b,15¢c-decahydro-
4,6-methano-6H,14H-indolo[3,2,1-ijjoxepino
[2,3,4-de]pyrrolo[2,3-h]quinolone
(Chemical Abstracts)

But the champion is vitamin B,,, a complicated cobalt complex with a three-dimensional
structure of great intricacy. No chemist would learn this structure but would look it up in an
advanced textbook of organic chemistry. You will find it in such books in the index under
vitamin B, and not under its systematic name. We do not even know what its systematic
name might be and we are not very interested.

OTNHz

vitamin B, or...
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Even fairly simple but important molecules, the amino acids for example, which have sys-
tematic names that are relatively easy to understand, are normally referred to by their trivial
names, which are, with a bit of practice, easy to remember and hard to muddle up. They are
given in full in Chapter 23.

NH,

I )\/I\Ez
/kcozH CO,H H,N /\/\/I\C02H

alanine, or leucine, or lysine, or
2-aminopropanoic acid 2-amino-4-methylpentanoic acid 2,6-diaminohexanoic acid

A very flexible way of getting new, simple names for compounds can be to combine a bit of
systematic nomenclature with trivial nomenclature. Alanine is a simple amino acid that
occurs in proteins. Add a phenyl group and you have phenylalanine, which is a more complex
amino acid also in proteins. Toluene, the common name for methylbenzene, can be com-
bined (both chemically and in making names for compounds!) with three nitro groups to give
the famous explosive trinitrotoluene or TNT.

)N\Hz ©\)N\Hz
CO-H COH

alanine phenylalanine

Me
OoN NO,

Me

NO,
toluene 2,4,6-trinitrotoluene

Compounds named as acronyms

Some compounds are referred to by acronyms, shortened versions of either their systematic or
their trivial name. We just saw TNT as an abbreviation for TriNitroToluene but the more com-
mon use for acronyms is to define solvents and reagents in use all the time. Later in the book
you will meet these solvents:

[ N__H i
Me/\”/ S

(o)

THF DMF DMSO
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(TetraHydroFuran) (DiMethylFormamide) (DiMethylSulfOxide) B The names and structures of

these common solvents need
The following reagents are usually referred to by acronym and their functions will be intro- learning too.

duced in other chapters so you do not need to learn them now. You may notice that some
acronyms refer to trivial and some to systematic names.

Me Me X
)\ )\ Me III Me |
0 0
Me” N7 Me )\/AI\)\ Y Ny~ COE

FN
| Me Me @'}l /Cr\0@ Et0,C N

Li H

LDA DIBAL PCC DEAD
Lithium Di-isopropylAmide Di-IsoButylALuminium hydride Pyridinium ChloroChromate DiEthyl AzoDicarboxylate

Compounds for which chemists use systematic names

You may be surprised to hear that practising organic chemists use systematic names at all in view
of what we have just described, but they do! Systematic names really begin with derivatives of
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pentane (CsH;,) since the prefix pent- means five, whereas but- does not mean four. Chemists
refer to simple derivatives of open-chain and cyclic compounds with 5 to about 20 carbon atoms
by their systematic names, providing that there is no common name in use. Here are some
examples.

A OH
0 ) ——
o o
cyclopentadiene  cycloocta- cyclododeca-  2,7-dimethyl-3,5-octadiyne-2,7-diol
1,5-diene 1,5,9-triene
Br 2 ZCHo
11-bromo-undecanoic acid non-2-enal

These names contain a syllable that tells you the framework size: penta- for C;, octa- for Cg,
nona for C,, undeca- for C;;, and dodeca- for C,,. These names are easily worked out from the
structures and, what is more important, you get a clear idea of the structure from the name.
One of them might make you stop and think a bit (which one?), but the others are clear even
when heard without a diagram to look at.

Complicated molecules with no trivial names

When chemists make complex new compounds in the laboratory, they publish the method for
making them in a chemical journal, giving their full systematic names in the experimental
account, however long and clumsy those names may be. But in the text of the paper, and while
talking in the laboratory about the compounds they have made, they will just call them ‘the
amine’ or ‘the alkene’. Everyone knows which amine or alkene is meant because at some point
they remember seeing a chemical structure of the compound. This is the best strategy for talk-
ing about almost any molecule: draw a structure, then give the compound a ‘tag’ name like ‘the
amine’ or ‘the acid’. In written chemistry it’s often easiest to give every chemical structure a
‘tag’ number as well. To illustrate what we mean, let’s talk about a recent drug synthesis.

o COH

This potential anti-obesity drug 1, which might overcome insulin resistance in diabetics,
was recently made at Abbott laboratories from a simpler intermediate 4. In the published
work the drug is called ‘a selective DGAT-1 inhibitor” but that doesn’t mean much to us. In
the text of the paper they refer to it by its compound number 1. How much more sensible
than using its systematic name: trans-(1R,2R)-2-(4’-(3-phenylureido)biphenylcarbonyl)
cyclopentanecarboxylic acid. The simpler intermediate they call ‘the ketoacid 4’ or ‘the
aryl bromide 4’ or ‘the free acid 4’ depending on what aspect of its structure they want
to emphasize. Notice that in both cases a clear diagram of the structure appears with its
number.

How should you name compounds?

So what should you call a compound? It really depends on circumstances, but you won’t
go far wrong if you follow the example of this book. We shall use the names for compounds
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that real chemists use. There’s no need to learn all the commonly used names for compounds
now, but you should log them in your memory as you come across them. Never allow yourself
to pass a compound name by unless you are sure you know what chemical structure it
refers to.

® Our advice on chemical names—six points in order of importance

e Draw a structure first and worry about the name afterwards.

e Learn the names of the functional groups (ester, nitrile, etc.).

¢ Learn and use the names of a few simple compounds used by all chemists.

¢ In speech, refer to compounds as ‘that acid’ (or whatever) while pointing to a diagram.

e Grasp the principles of systematic (IUPAC) nomenclature and use it for compounds of
medium size.

e Keep a notebook to record acronyms, trivial names, structures, etc. that you might need later.

We've met a great many molecules in this chapter. Most of them were just there to illustrate
points so don't learn their structures! Instead, learn to recognize the names of the functional
groups they contain. However, there were 10 names for simple compounds and three for com-
mon solvents that we advised you to learn. Cover up the right-hand part of each column and
draw the structures for these 14 compounds.

Important structures to learn

acetone 0 toluene Me
Me Me ©/
ether or diethyl-ether \/O\/ pyridine A
| 7
acetaldehyde (o) phenol OH
Me)J\ H
formic acid aniline NH,

acetic acid or AcOH THF or tetrahydrofuran

] Q Q g

benzene DMF, Me,NCHO, or Me
dimethylformamide |

=

o

\
o=

ethyl acetate or EtOAc 0 DMSO

PR

EtO Me Me” ~Me

»n=0

That’s all we’ll say on the subject of nomenclature—you’ll find that as you practise using
these names and start hearing other people referring to compounds by name you’ll soon pick
up the most important ones. But, to reiterate, make sure you never pass a compound name by
without being absolutely sure what it refers to—draw a structure to check.

41
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® Review hox: Table of fragment names and ‘organic elements’

R alkyl t-Bu tert-butyl r‘J \’<

Me methyl Ar aryl any aromatic ring
‘JJ\CH;;

Et ethyl f\pﬁ”\/ Ph phenyl

Pr (n-Pr) propyl (JJ\/\ Bn benzyl

Bu (n-Bu) butyl ,\pf\/\/ Ac acetyl j)]\

i-Pr isopropyl é i vinyl 5‘5‘5\/

i-Bu isobutyl \)\ allyl N

s-Bu sec-butyl X halide F, Cl, Brorl

Further reading

All the big American textbooks have early chapters on structure,
shape, and the drawing of molecules but they tend to use Lewis
structures with all atoms and electrons in bonds shown and often

right angles between bonds.

A short and sensible introduction is in the Oxford Primer Foun-
dations of Organic Chemistry by M. Hornby and J. Peach, OUP,
Oxford, 1996.

Check your understanding

For more on palytoxin: E. M. Suh and Y. Kishi, J. Am. Chem. Soc.,

1994, 116, 11205-11206.

For an account of the competing claims to the first proposal of a
cyclic structure of benzene, see Alfred Bader’s article ‘Out of the
Shadow’ in the 17 May 1993 issue of Chemistry and Industry.

To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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Determining organic structures

Connections
=) Building on Arriving at = Looking forward to
» What sorts of structures organic e Determining structure by X-ray * How 3C NMR spectroscopy helps locate
molecules have ch2 crystallography electrons ch7
* Determining structure by mass  How infrared spectroscopy tells us about
spectrometry reactivity ch10 & ch11
e Determining structure by 3C NMR * Using 'H NMR spectroscopy to
spectroscopy determine structures ch13
e An introduction to "H NMR spectroscopy * Solving unknown structures
* Determining structure by infrared spectroscopically ch13
spectroscopy
Introduction

Organic structures can be determined accurately and quickly by spectroscopy

Having urged you, in the last chapter, to draw structures realistically, we now need to answer
the question: what is realistic’? How do we know what structures molecules actually have?
Make no mistake about this important point: we really do know what shape molecules have. You
wouldn’t be far wrong if you said that the single most important development in organic
chemistry in modern times is just this certainty, as well as the speed with which we can be
certain. What has caused this revolution can be stated in a word—spectroscopy.

® What is spectroscopy?

Rays or waves interact with molecules Spectroscopy Tells us about
X-rays are scattered by atoms Measures the scattering pattern Bond lengths and angles
Radio waves make nuclei resonate Plots charts of resonant The symmetry and connectivity
frequencies of the hydrocarbon skeleton
Infrared waves make bonds vibrate Plots charts of absorption The functional groups in the
molecule

Structure of the chapter

We shall first consider structure determination as a whole and then introduce three different
methods:

e mass spectrometry (to determine mass of the molecule and atomic composition)

e nuclear magnetic resonance (NMR) spectroscopy (to determine symmetry, branching,
and connectivity in the molecule)

e infrared spectroscopy (to determine the functional groups in the molecule).

Online support. The icon ta in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.


www.chemtube3d.com/clayden/123
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M If you would like more details
of any of the spectroscopic
methods we discuss, you should
refer to one of the specialized
books listed in the ‘further
reading’ section at the end of
this chapter.

B Coenzymes are biochemical
reagents that work hand-in-
hand with enzymes to catalyse
reactions.

(S .
9 Interactive structure of
methoxatin

M The trivial name ‘methoxatin’
has a systematic alternative:
4,5-dihydro-4,5-dioxo-1H-
pyrrolo[2,3-flquinoline-2,7,9-
tricarboxylic acid. Both are valid
names. There are no prizes for
guessing which one is used
more often.
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Of these, NMR is more important than all the rest put together and so we shall return to it
in more detail in Chapter 13. Then in Chapter 18, after we've discussed a wider range of mol-
ecules, there will be a review chapter to bring the ideas together and show you how unknown
structures are really determined.

X-ray is the final appeal

In Chapter 2 we suggested you draw saturated carbon chains as zig-zags and not in straight
lines with 90° or 180° bond angles. This is because we know they are zig-zags. The X-ray crystal
structure of the ‘straight’ chain diacid, hexanedioic acid, is shown below. You can clearly see
the zig-zag chain, the planar carboxylic acid groups, and even the hydrogen atoms coming
towards you and going away from you. It obviously makes sense to draw this molecule realisti-
cally, as in the second drawing.

HO,C — (CH,);— CO,H

hexanedioic acid

shape of hexanedioic acid

X-ray crystal structures are determined by allowing a sample of a crystalline compound to
diffract X-rays. From the resulting diffraction pattern, it is possible to deduce the precise spa-
tial arrangement of the atoms in the molecule—except, usually, the hydrogen atoms, which
are too light to diffract the X-rays and whose position must be inferred from the rest of the
structure. This is one question that X-ray answers better than any other method: what shape
does a molecule have? Another important problem it can solve is the structure of an impor-
tant new unknown compound. There are subterranean bacteria, for example, that use meth-
ane as an energy source. It isamazing that bacteria manage to convert methane into anything
useful, and, of course, chemists really wanted to know how they did it. In 1979 it was found
that the bacteria use a coenzyme, given the trivial name ‘methoxatin’, to oxidize methane to
methanol. Methoxatin was a new compound with an unknown structure and could be
obtained in only very small amounts. It proved exceptionally difficult to solve the structure
by NMR but eventually methoxatin was found by X-ray crystallography to be a polycyclic
tricarboxylic acid.

4
N
H
o

methoxatin OH OH
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X-ray crystallography has its limitations

If X-ray crystallography is so powerful, why do we bother with other methods? There are two
reasons:

e X-ray crystallography works by the scattering of X-rays from electrons and requires
crystalline solids. If an organic compound is a liquid or is a solid but does not form
good crystals, its structure cannot be determined in this way.

e X-ray crystallography is a science in its own right, requiring specialized skills, and a
structure determination can take a long time. Modern methods have reduced this
time to a matter of hours or less, but nonetheless by contrast a modern NMR machine
with a robot attachment can run more than 100 spectra overnight. We normally use
NMR routinely and reserve X-rays for difficult unknown structures and for
determining the detailed shape of important molecules.

X-ray crystallography is not infallible!

Because it cannot usually ‘see” H atoms, it is important to appreciate that X-ray crystallography is not infallible: it can still get
things wrong. A famous example is the antibiotic diazonamide A, which from 1991 (when it was isolated from a marine
organism) until 2001 (when the error was realized) was thought to have the structure shown on the right. It has the same
mass as the real structure on the left, and X-ray crystallography was unable to tell the O and the N apart. Only when the
compound was synthesized did the error become apparent, and the fact that the correct structure was indeed that on the left
was confirmed by the fact that synthetic material of this structure made in 2002 was identical with the natural product.

Me diazonamide A Me
Me Me
HO H,N
NH HN NH HN
(0] =N o =N

structure originally
proposed from X-ray
crystallographic studies

structure finally assigned

Outline of structure determination by spectroscopy
Put yourself in these situations, regularly encountered by professional chemists:

e You notice an unexpected product from a chemical reaction.

* You discover a previously unknown compound in a plant extract.
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B NMR does not literally break
up the molecule into fragments,
but it does view molecules as
pieces of hydrocarbon linked
together.

B Mass spectrometry is
different from other forms of
spectroscopy because it
measures mass rather than the
absorption of energy.

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

* You detect a suspected food contaminant and need to know what it is.

e You are routinely checking purity during the manufacture of a drug.

In all cases, except perhaps the second, you would need a quick and reliable answer. Suppose
you are trying to identify the heart drug propranolol. You would first want to know the molec-
ular weight and atomic composition, and these would come from a mass spectrum: proprano-
lol has a molecular weight (relative molecular mass) of 259 and the composition C;H,;NO,.
Next you would need the carbon skeleton—this would come from NMR, which would reveal
the three fragments shown below.

CHs; RO/Y\Y
A

CH3 OR CHS

o
4

fragments of propranolol

. X
l l OH from the NMR spectrum: pa CHs

propranolol C4gH21NO>

There are many ways in which the fragments seen by NMR could be joined together and at
this stage you would have no idea whether the oxygen atoms were present as OH groups or as
ethers, whether the nitrogen would be an amine or not, and whether Y and Z might or might
not be the same atom, say N. More information comes from the infrared spectrum, which
highlights the functional groups, and which would show that there is an OH and an NH in
the molecule but not other functional groups such as CN or NO,. This still leaves a variety of
possible structures, and these could finally be distinguished by the details revealed by 'H
NMR. We will deal with '"H NMR only briefly in this chapter because it is more complicated
than 13C NMR, but we will return to it in Chapter 13.

Now we must go through each of these methods and see how they give us information about
the propranolol molecule.

® What each spectroscopic method tells us

Method and what it does What it tells us Type of data provided

Mass spectrum weighs the Molecular weight (relative 259; C4H,4NO,

molecule molecular mass) and composition

13C NMR reveals all the different  Carbon skeleton No C=0 group; ten carbons in aromatic

carbon nuclei rings; two carbons next to O; three other
saturated C atoms

Infrared reveals chemical bonds Functional groups No C=0 group; one OH; one NH

'H NMR reveals all the different  Distribution of H atoms Two methyl groups; six H atoms on aromatic

H nuclei rings; three H atoms on carbons next to O;

three H atoms on carbons next to N

Mass spectrometry
Mass spectrometry weighs the molecule

It's not easy to weigh a neutral molecule, and a mass spectrometer works by measuring the
mass of a charged ion instead: the charge makes the molecule controllable by an electric field.
A mass spectrometer therefore has three basic components:

e something to volatilize and ionize the molecule into a beam of charged particles

e something to focus the beam so that particles of the same mass:charge ratio are
separated from all others and

e something to detect the particles.
All spectrometers in common use operate in a high vacuum and use one of several methods

to convert neutral molecules into cations, the most common being electron impact, chemi-
cal ionization, and electrospray.
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Mass spectrometry by electron impact

In electron impact (EI) mass spectrometry the molecule is bombarded with highly energetic
electrons that knock a weakly bound electron out of the molecule. If you think this is strange,
think of throwing bricks at a brick wall: the bricks can’t stick to the wall but can knock loose
bricks off the top of the wall. Losing a single electron leaves behind an unpaired electron and
a positive charge. The electron that is lost will be one of relatively high energy (the bricks come
from the top of the wall), and typically one not involved in bonding, for example an electron
from a lone pair.

|uncharged and not detectable H charged and detectable ‘ charged and detectable

V y /

electron .
bombardment fragmentation ®
—_— —> X + Y
unknown molecule with molecule has lost /\

a lone pair of electrons one electron and is | uncharged and not detectable‘

now a radical cation

Thus ammonia gives NH3 * and a ketone gives R,C=0"". These unstable species are known
as radical cations, and being charged they are accelerated by an electric field and focused
onto the detector, which detects the mass of the ion by how far its path has been deflected
by the electric field. It only takes about 20 us for the radical cations to reach the detector, but
sometimes they fragment before they get there, in which case other ions will also be
detected. These fragments will always have a lower mass than the ‘parent’ molecular ion, so
in a typical mass spectrum we are most interested in the heaviest ion we can see.

A typical EI mass spectrum looks like this:

Mass spectrum of honey bee alarm pheromone
100 — 43

80

60 —
58

40

Relative abundance

20 +

0 . || . ||" |||I||| ' ||.| ' ' P L . | .
40 80 120
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Radical cations

Most molecules have all their
electrons paired; radicals have
unpaired electrons. Molecules
that carry a negative charge are
anions; molecules with a positive
charge are cations. Radical
cations and radical anions are
simply species that are both
charged and have an unpaired
electron.



48

M [f you are interested in how
to use fragmentation patterns to
establish structure, you should
consult one of the specialized
textbooks in the bibliography at
the end of this chapter.

B We will not be discussing
ionization techniques in detail: it
is sufficient for you to realize at
this stage that there are several
ways of ionizing a molecule
gently so that its mass can be
determined.

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

This compound was identified as a pheromone deposited by worker bees when feeding as a
marker to deter their colleagues from visiting the same, now depleted, nectar source. Only
minute quantities are available for analysis of course, but that doesn’t matter: mass spectrom-
etry is successful even on a microgram scale. The spectrum you see here indicates that the
molecule has a mass of 114 because that is the highest mass observed in the spectrum: the
molecule is in fact the volatile ketone heptan-2-one.

0 electron NeXC)

bombardment /\/\)]\
_—

heptan-2-one M** =114 = C;H4,0

Mass spectrometry by chemical ionization, electrospray, or other methods

A problem with EI mass spectrometry is that, for fragile molecules, the energy of the bom-
barding electron can be sufficient to cause it to fragment completely, losing all trace of the
molecular ion. Some useful information can be gained from fragmentation patterns, but in
general it is more useful to aim to weigh the molecule all in one piece. This can be achieved
using any of a number of other techniques, of which the most common are chemical ioniza-
tion (CI) and electrospray (ES).

Chemical ionization is achieved by mixing a gas such as ammonia with the substrate in the
spectrometer. Bombardment of NH; with electrons leads to formation of some NH; by proton
transfer, and reaction of this ion with the substrate makes a charged complex, which can be
accelerated by the electric field. The masses observed by chemical ionization spectroscopy
carried out in this way are usually M + 1 or M + 18 (the mass of NHj,) relative to the mass of the
substrate. With electrospray mass spectroscopy, an aerosol of the substrate is ionized, and
ionization in the presence of sodium ions means that masses of M+ 1 and M + 23 are often
seen, or, if the ionization forms anions, M — 1.

This is the electrospray mass spectrum of heptan-2-one. Notice how a single molecular ion
is clearly visible this time, but that it has a mass of 137, which is 23 more than the mass of 114
(in other words, this is the mass of M + Na®).

Electrospray mass spectrum of heptan-2-one
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Mass spectrometry detects isotopes

Most elements can exist as more than one isotope. Usually, one isotope accounts for the vast
majority (perhaps >99%) of the atoms of an element. But for some elements, atoms of several
isotopes make up a significant proportion of the total in a sample. Chlorine, for example, is
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normally a 3:1 mixture of 3Cl and 3’Cl (hence the averaged relative atomic mass of 35.5 for
chlorine), while bromine is an almost 1:1 mixture of 7°Br and 8 Br (hence the average mass of
80 for bromine). Because mass spectrometry weighs individual molecules, there is no averag-
ing: instead it detects the true weight of each molecule, whatever isotope it contains.

For example, the molecular ion in the EI mass spectrum of this aryl bromide has two peaks
at 186 and 188 of roughly equal intensity. Having two molecular ions of equal intensity sepa-
rated by 2 mass units is indicative of bromine in a molecule.

4-bromoanisole

188
- 1
100 OMe 86
80 | Br :
4-bromoanisole
8 C7H7BrO
_ 79 81
= 60 - M =186 ("*Br) and 188 (°'Br) 143
g 171
>
) 63
g
E 40 —
4
77
20 +
] 38 H 117
202
0 L . |J_|' I|| '| N 'l ||||'|| '|. . ul ; |||' | . ||| ; ”_“ ; ; |II
50 100 150 200
m/z

The mass spectrum of a chlorine-containing molecule is likewise easy to identify from two
peaks separated by two mass units, but this time in a ratio of 3:1, arising from the 3:1 isotopic
ratio of 3°Cl and *’Cl.

What happens with more than one Br or C1? Here’s an example: the painkiller diclofenac. This
spectrum was obtained from commercial tablets, which contain the potassium salt of the active
ingredient (it becomes protonated in the acidic environment of the stomach).

The ES spectrum shows the mass of the carboxylate anion as three peaks, at 294, 296, and
298. The relative size of the peaks can be worked out from the 75% probability that each Cl
atom will be 3°Cl and the 25% probability it will be 3Cl. The ratios are therefore
3y x 3y 2 %3y x Yy Yy x Yyor 9:6: 1.

100 294
80
Cl
8 diclofenac potassium salt 296
g Anion = C14H1oc|gN02_
-g 60 NH M~ =294, 296, 298
T & ci
g CO,K*
B 40
[}
o
250
20 252 298
283
| 281
il R
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B Diclofenac behaves like
soluble aspirin in this way: see
Chapter 8, p. 163.
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Summary table of common ele-
ments with more than one isotope
at >1% abundance

Element Isotopes Approx- Exact ratio

imate

ratio
carbon  12C, 3C 98.9:1.1
chlorine  35CI, 37Cl 3:1 75.8:24.2
bromine 7°Br, 8'Br  1:1 50.5:49.5

H, N, O,S, P F and I have only very
small amounts of isotopes other than
'H, 14N, 160, 3'P, 325, and '8]. The real
oddity though is tin, which exists as a
mixture of 10 different stable isotopes,
the major ones being '165n (15%),
11750 (8%), '8Sn (24%), "19Sn (9%),
120Sn (33%), '225n (5%), and '%4Sn
(6%). In reality the precise ratio of iso-
topes for any element varies according
to its source, a fact which can supply
useful forensic information.

The reason that exact masses are
not integers lies in the slight
mass difference between a
proton (1.67262 x 10-27 kg) and
a neutron (1.67493 x 10-%7 kg),
and in the fact that electrons
have mass (9.10956 x 103" kg).
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Carbon has a minor but important isotope '3C

The minor isotopes of many elements that appear at below the 1% level are not usually
important, but one we cannot ignore is the 1.1% of 13C present in ordinary carbon, of which
the main isotope is of course 12C. Another isotope, “C, is radioactive and used in carbon
dating, but its natural abundance is minute. The stable isotope '3C is not radioactive, but it
is NMR active, as we shall soon see. If you look back at all the mass spectra illustrated so far
in this chapter, you will see a small peak one mass unit higher than each peak: these are
peaks arising from molecules containing '3C instead of 12C. The exact height of these peaks
is useful as an indication of the number of carbon atoms in the molecule. Each carbon has
a 1.1% chance of being '3C rather than '2C, so the more C atoms there are the bigger this
chance becomes. If there are n carbon atoms in a molecular ion, then the ratio of M* to
M +1]*is 100:(1.1 x n).

Look at the spectrum below: it’s the fuel additive Topanol 354, whose structure and molecu-
lar formula are shown. With 15 carbons, there’s a 16.5% chance there will be one 13C atom in
the molecule, and you can clearly see the sizeable M + 1 peak at 237. We can ignore the pos-
sibility of having two 3C atoms as the probability is so small.

100
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®
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5 4 57 M = 236
©
o
41
207 105 115 .
39 149 179 237
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0_ "”'III"I'|'I'|"'I"' ——
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m/z

® For any mass spectrum, always look at the heaviest peak first: note whether there is chlorine
or bromine in the molecule, and look to check that the ratio of M* to [M + 1]* is about right for
the number of carbons you expect.

Atomic composition can be determined
by high-resolution mass spectrometry

Ordinary mass spectra tell us the molecular weight (MW) of the molecule: we could easily see,
for example, that the bee pheromone on p. 48 had MW 114 even without knowing its struc-
ture. When we revealed it was C;H,,0, we had to use other information to infer this, because
114 could also be many other things, such as CgH;3 or C;H;,O, or C4H4N,. These different
atomic compositions for the same molecular weight can nonetheless be distinguished if we
know the exact molecular weight, since individual isotopes have non-integral masses (except
12C by definition). The table below gives these masses to five decimal places, which is the sort
of accuracy you need for meaningful results. Such accurate mass measurements are obtained
by a technique called high-resolution mass spectrometry.
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Exact masses of common elements

Element Isotope Mass number Exact mass
hydrogen H 1 1.00783
carbon 12C 12 12.00000
carbon 13C 13 13.00335
nitrogen 4N 14 14.00307
oxygen 160 16 15.99492
fluorine 19F 19 18.99840
phosphorus 31p 31 30.97376
sulfur 325 32 31.97207
chlorine (] 35 34.96886
chlorine 37 37 36.96590
bromine 79Br 79 78.91835
bromine 81Br 81 80.91635

For the bee pheromone on p. 48, the accurate mass turns out to be 114.1039. The table below
compares possible atomic compositions for an approximate MW 114, and the result is conclu-
sive. The exact masses to three places of decimals fit the observed exact mass only for the
composition C;H;,0. You may not think the fit is very good when you look at the two num-
bers, but notice the difference in the error expressed as parts per million. One answer stands
out from the rest. Note that even two places of decimals would be enough to distinguish these
four compositions.

Exact mass determination for the bee alarm pheromone

Composition Calculated M* Observed M* Error in ppm
CeHi00, 114.068075 114.1039 358

CgHyaN, 114.115693 114.1039 118

C;H,,0 114.104457 114.1039 5

CgHig 114.140844 114.1039 369

@ In the rest of the book, whenever we state that a molecule has a certain atomic composition
you can assume that it has been determined by high-resolution mass spectrometry on the
molecular ion.

One thing you may have noticed in the table above is that there are no entries with just one
nitrogen atom. Two nitrogen atoms, yes; one nitrogen no! This is because any complete mol-
ecule with C, H, O, S, and just one nitrogen in it has an odd molecular weight. This is because C,
0, S, and N all have even atomic weights—only H has an odd atomic weight. Nitrogen is the
only element from C, O, S, and N that can form an odd number of bonds (3). Molecules with
one nitrogen atom must have an odd number of hydrogen atoms and hence an odd molecular
weight.

@ Quick nitrogen count (for molecules containing any of the elements C, H, N, O, and S)
Molecules with an odd molecular weight must have an odd number of nitrogen atoms.
Molecules with even molecular weight must have an even number of nitrogen atoms or
none at all.
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N /c\ /o\
x C
>
H H H
"H NMR distinguishes
the coloured hydrogens

3C NMR distinguishes
the boxed carbons

B When NMR is used medically
it is usually called magnetic
resonance imaging (MRI) for
fear of alarming patients wary of
all things nuclear.
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Nuclear magnetic resonance
What does it do?

Nuclear magnetic resonance (NMR) allows us to detect atomic nuclei and say what sort of
environment they are in within the molecule. In a molecule such as propanol, the hydrogen
atom of the hydroxyl group is clearly different from the hydrogen atoms of its carbon
skeleton—it can be displaced by sodium metal, for example. NMR (actually 'H, or proton,
NMR) can easily distinguish between these two sorts of hydrogens by detecting the environ-
ment the hydrogen’s nucleus finds itself in. Moreover, it can also distinguish between all the
other different sorts of hydrogen atoms present. Likewise, carbon (more precisely *C) NMR
can easily distinguish between the three different carbon atoms. NMR is extremely versatile:
it can even scan living human brains (see picture) but the principle is still the same: being able
to detect nuclei (and hence atoms) in different environments.

NMR uses a strong magnetic field

Imagine for a moment that we were able to ‘switch oft’ the earth’s magnetic field. Navigation
would be made much harder since all compasses would be useless, with their needles pointing
randomly in any direction. However, as soon as we switched the magnetic field back on, they
would all point north—their lowest energy state. Now if we wanted to force a needle to point
south we would have to use up energy and, of course, as soon as we let go, the needle would
return to its lowest energy state, pointing north.

In a similar way, some atomic nuclei act like tiny compass needles when placed in a mag-
netic field and have different energy levels according to the direction in which they are
‘pointing’. (We will explain how a nucleus can ‘point’ somewhere in a moment.) A real com-
pass needle can rotate through 360° and have an essentially infinite number of different
energy levels, all higher in energy than the ‘ground state’ (pointing north). Fortunately,
things are simpler with an atomic nucleus: its energy levels are quantized, just like the energy
levels of an electron, which you will meet in the next chapter, and it can adopt only certain
specific energy levels. This is like a compass which points, say, only north or south, or maybe
only north, south, east, or west, and nothing in between. Just as a compass needle has to be
made of a magnetic material to feel the effect of the earth’s magnetism, so it is that only cer-
tain nuclei are ‘magnetic’. Many (including ‘normal’ carbon-12, 2C) do not interact with a
magnetic field at all and cannot be observed in an NMR machine. But, importantly for us in
this chapter, the minor carbon isotope 13C does display magnetic properties, as does 'H, the
most abundant atomic nucleus on earth. When a 3C or 'H atom finds itself in a magnetic
field, it has two available energy states: it can either align itself with the field (‘north’ you
could say), which would be the lowest energy state, or against the field (‘south’), which is
higher in energy.
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The property of a nucleus that allows magnetic interactions, i.e. the property possessed by
13C and 'H but not by 12C, is spin. If you conceive of a 1*C and 'H nucleus spinning, you can
see how the nucleus can point in one direction—it is the axis of the spin that is aligned with
or against the field.

Let’s return to the compass for a moment. If you want to move a compass needle away from
pointing north, you have to push it—and expend energy as you do so. If you put the compass
next to a bar magnet, the attraction towards the magnet is much greater than the attraction
towards the north pole, and the needle now points at the magnet. You also have to push much
harder if you want to move the needle. Exactly how hard it is to turn the compass needle
depends on how strong the magnetic field is and also on how well the needle is magnetized—if
it is only weakly magnetized, it is much easier to turn it round and if it isn’t magnetized at all,
it is free to rotate.

Likewise, for a nucleus in a magnetic field, the difference in energy between the nuclear spin
aligned with and against the applied field depends on:

e how strong the magnetic field is, and

e the magnetic properties of the nucleus itself.

The stronger the magnetic field, the greater the energy difference between the two
alignments of the nucleus. Now there is an unfortunate thing about NMR: the energy dif-
ference between the nuclear spin being aligned with the magnetic field and against it is
really very small—so small that we need a very, very strong magnetic field to see any differ-
ence at all.

NMR also uses radio waves

A ™H or BC nucleus in a magnetic field can have two energy levels, and energy is needed to flip
the nucleus from the more stable state to the less stable state. But since the amount of energy
needed is so small, it can be provided by low-energy electromagnetic radiation of radio-wave
frequency. Radio waves flip the nucleus from the lower energy state to the higher state. Turn
off the radio pulse and the nucleus returns to the lower energy state. When it does so, the
energy comes out again, and this (a tiny pulse of radio frequency electromagnetic radiation)
is what we detect.
We can now sum up how an NMR machine works.

1. The sample of the unknown compound is dissolved in a suitable solvent, placed in a
narrow tube, and put inside a very strong electromagnet. To even out imperfections in
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M This picture shows a typical
NMR instrument. The fat cylinder
is the supercooled magnet. The
device hanging over it is an
automatic sample changer and
the console in the foreground
controls the machine.

Nuclear spin is quantized and
has the symbol I The exact
number of different energy levels
a nucleus can adopt is determined
by the value of I of the particular
isotope. The nuclear spin I can
have various values such as 0, '/,,
1,3/,... and the number of energy
levels is given by 2I'+ 1. Some
examples are 'H, I="/,; ?H (=
D), I=1;"B, I="/2C, I=0.

NMR machines contain very
strong electromagnets. The
earth's magnetic field has a field
strength of between 30 and 60
microtesla. A typical magnet used
in.an NMR machine has a field
strength of between 2 and 10
tesla, some 10° times stronger
than the earth’s field. These mag-
nets are dangerous and no metal
objects must be taken into the
rooms where they are: stories
abound of unwitting workmen
whose metal toolboxes have
become firmly attached to NMR
magnets. Even with the immensely
powerful magnets used the
energy difference is still so small
that the nuclei only have a very
small preference for the lower
energy state. Fortunately, we can
just detect this small preference.
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Radio waves are very, very low in
energy. You may know—and if
not, you will need to in the
future—that the energy
associated with electromagnetic
radiation is related to its
wavelength A by the formula:

E = hc/h

where hand care constants
(Planck’s constant and the speed
of light). Radio waves, whose
wavelengths are measured in
metres, are millions of times less
energetic than rays of visible light,
with wavelengths between

380 nm (violet) and 750 nm (red).

M 'Resonance’ is a good
analogy here. If you find a piano
and hold down a key to release a
single string then give the piano
lid a good thwack, you will hear
the note you are holding down,
and only that note, continuing to
sound—it resonates. The thwack
provides the piano with sound
energy of a range of frequencies,
but only sound energy with the
right frequency is absorbed and
then re-emitted by the vibrating
string. There is another chemical
use of the word resonance,
mentioned in Chapter 7, which is
much less appropriate: the two
have nothing to do with one
another.
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the sample, the tube is spun very fast by a stream of air. Inside the magnetic field, any
atomic nuclei with a nuclear spin now possess different energy levels, the exact
number of different energy levels depending on the value of the nuclear spin. For 'H
and 3C NMR there are two energy levels.

2. The sample is irradiated with a short pulse of radiofrequency energy. This disturbs the
equilibrium balance between the two energy levels: some nuclei absorb the energy
and are promoted to a higher energy level.

3. When the pulse finishes, the radiation given out as the nuclei fall back down to
the lower energy level is detected using what is basically a sophisticated radio
receiver.

4. After lots of computation, the results are displayed in the form of intensity (i.e.
number of absorptions) against frequency. Here is an example, which we shall return
to in more detail later:

peaks due to absorption of radiation by '3C nuclei

A amount of radiation

detected
HO H

o

OH

-«——— frequency of radiation

Why do chemically distinct nuclei absorb energy at different frequencies?

In the spectrum you see above, each peak represents a different kind of carbon atom: each
one absorbs energy (or resonates—hence the term ‘nuclear magnetic resonance’) at a differ-
ent frequency. But why should carbon atoms be ‘different’? We have told you two factors
that affect the energy difference (and therefore the frequency)—the magnetic field strength
and what sort of nucleus is being studied. So you might expect all 3C nuclei to resonate at
one particular frequency and all protons (H) to resonate at one (different) frequency. But
they don’t.

The variation in frequency for different carbon atoms must mean that the energy jump from
‘nucleus-aligned-with’ to ‘nucleus-aligned-against’ the applied magnetic field must be different
for each type of carbon atom. The reason is that the 3C nuclei in question experience a mag-
netic field that is not quite the same as the magnetic field that we apply. Each nucleus is sur-
rounded by electrons, and in a magnetic field these will set up a tiny electric current. This
current will set up its own magnetic field (rather like the magnetic field set up by the electrons
of an electric current moving through a coil of wire or solenoid), which will oppose the mag-
netic field that we apply. The electrons are said to shield the nucleus from the external magnetic
field. If the electron distribution varies from 3C atom to '3C atom, so does the local magnetic
field experienced by its nucleus, and so does the corresponding resonating frequency.

shielding of nuclei from an applied magnetic field by electrons:

small induced magnetic field
) () shielding the nucleus
applied
magnetic
field A

A

nucleus electron(s)
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® Changes in the distribution of electrons around a nucleus affect:

e the local magnetic field that the nucleus experiences
e the frequency at which the nucleus resonates
¢ the chemistry of the molecule at that atom

This variation in frequency is known as the chemical shift. Its symbol is 3.

As an example, consider ethanol (right). The red carbon attached to the OH group will have
a smaller share of the electrons around it compared to the green carbon since the oxygen atom
is more electronegative and pulls electrons towards it, away from the red carbon atom.

The magnetic field that the red carbon nucleus feels will therefore be slightly greater than
that felt by the green carbon, which has a greater share of the electrons, since the red carbon
is less shielded from the applied external magnetic field—in other words it is deshielded.
Since the carbon attached to the oxygen feels a stronger magnetic field (it is more ‘exposed’
to the field as it has lost some of its electronic shielding) there will be a greater energy dif-
ference between the two alignments of its nucleus. The greater the energy difference, the
higher the resonant frequency (energy is proportional to frequency). So for ethanol we
would expect the red carbon with the OH group attached to resonate at a higher frequency
than the green carbon, and indeed this is exactly what the 3C NMR spectrum shows.

3C NMR spectrum of ethanol
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The chemical shift scale

When you look at a real NMR spectrum you will see that the scale does not appear to be in
magnetic field units, nor in frequency, nor yet even energy, units, but in ‘parts per million’
(ppm). There is a very good reason for this. The exact frequency at which the nucleus reso-
nates depends on the external applied magnetic field. This means that if the sample is run
on a machine with a different magnetic field, it will resonate at a different frequency. It
would make life very difficult if we couldn’t say exactly where our signal was, so we say how
far it is from some reference sample, as a fraction of the operating frequency of the machine.
We know that all protons resonate at approximately the same frequency in a given magnetic
field and that the exact frequency depends on what sort of chemical environment it is in,
which in turn depends on its electrons. This approximate frequency is the operating fre-
quency of the machine and simply depends on the strength of the magnet—the stronger
the magnet, the larger the operating frequency. The precise value of the operating frequency
is simply the frequency at which a standard reference sample resonates. In everyday use,
rather than actually referring to the strength of the magnet in tesla, chemists usually just
refer to its operating frequency. A 9.4 T NMR machine is referred to as a 400 MHz spectrom-
eter since that is the frequency in this strength field at which the protons in the reference
sample resonate; other nuclei, for example 13C, would resonate at a different frequency, but
the strength is arbitrarily quoted in terms of the proton operating frequency.
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ethanol

B We wouldn't usually draw all
the Cs and Hs of course, but we
have done so here because we
want to talk about them.

M The peaks at 77 ppm, shaded
brown, are those of the usual
solvent (CDCl;) and can be
ignored for the moment. We
shall explain them in Chapter 13.
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HsC. _CH
3 sSi 3

/ N\
H3;C CHj
tetramethylsilane, TMS

M Silicon and oxygen have
opposite effects on an adjacent
carbon atom: electropositive
silicon shields; electronegative
oxygen deshields.
Electronegativities: Si: 1.8; C: 2.5;
0:3.5.

W Again, ignore the brown
solvent peaks at 77ppm—they
are of no interest to us at the
moment. You also need not
worry about the fact that the
signals have different intensities.
This is a consequence of the way
the spectrum was recorded and
in 3C spectra signal intensity is
usually of no consequence.
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The reference sample—tetramethylsilane, TMS

The compound we use as a reference sample is usually tetramethylsilane, TMS. This is silane
(SiH,) with each of the hydrogen atoms replaced by methyl groups to give Si(CHj3),. The four
carbon atoms attached to silicon are all equivalent and, because silicon is more electropositive
than carbon, they are fairly electron-rich (or shielded), which means they resonate at a
frequency a little less than that of most organic compounds. This is useful because it means
our reference sample is not bang in the middle of our spectrum!

The chemical shift, §, in parts per million (ppm) of a given nucleus in our sample is defined
in terms of the resonance frequency as:

_ frequency (Hz) - frequency TMS (Hz)
B frequency TMS (MHz)

)

No matter what the operating frequency (i.e. strength of the magnet) of the NMR machine,
the signals in a given sample (e.g. ethanol) will always occur at the same chemical shifts. In
ethanol the (red) carbon attached to the OH resonates at 57.8 ppm whilst the (green) carbon
of the methyl group resonates at 18.2 ppm. Notice that by definition TMS itself resonates at
0 ppm. The carbon nuclei in most organic compounds resonate at greater chemical shifts,
normally between 0 and 200 ppm.

Now, let’s return to the sample spectrum you saw on p. 54 and which is reproduced below,
and you can see the features we have discussed. This is a 100 MHz spectrum; the horizontal axis
is actually frequency but is usually quoted in ppm of the field of the magnet, so each unitis one
ppm of 100 MHz, that is, 100 Hz. We can tell immediately from the three peaks at 176.8, 66.0,
and 19.9 ppm that there are three different types of carbon atom in the molecule.

13C NMR spectrum of lactic acid

HO H

o

OH
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ppm

Regions of the 3C NMR spectrum

But we can do better than this: we can also work out what sort of chemical environment the
carbon atoms are in. All 13C spectra can be divided into four major regions: saturated carbon
atoms (0-50 ppm), saturated carbon atoms next to oxygen (50-100 ppm), unsaturated carbon
atoms (100-150 ppm), and unsaturated carbon atoms next to oxygen, i.e. C=0 groups (150 to
about 200 ppm).

® Regions of the 3C NMR spectrum

unsaturated unsaturated saturated
. carbon atoms i carbon atoms ' D carbon atoms ,
| next to oxygen i c=cC . i :
E €c=0 : © | RO—CH; ! R—CH, f
E E : RO\/ R : R < R i
i i i i i
200 150 100 50 0 ppm



A GUIDED TOUR OF THE '3C NMR SPECTRA OF SOME SIMPLE MOLECULES

The spectrum you just saw is in fact that of lactic acid (2-hydroxypropanoic acid). When you
turned the last page, you made some lactic acid from glucose in the muscles of your arm—it is
the breakdown product from glucose when you do anaerobic exercise. Each of lactic acid’s
carbon atoms gives a peak in a different region of the spectrum.

But hang on one moment, you may say—don’t we only see signals for carbon-13 nuclei and
not carbon-12, which make up most of the carbon atoms in any normal sample of lactic acid?
The answer is yes, and indeed only about 1.1% (the natural abundance of 13C) of the C atoms
in any sample are ‘visible’ by 3C NMR. But since those '*C atoms will be distributed more or
less randomly through the sample, this fact does not affect any of the arguments about the
appearance of the spectrum. What it does mean, however, is that 13C NMR is not as sensitive as
1H NMR, for example, where essentially all of the H atoms in the sample will be ‘visible’.

Different ways of describing chemical shift

The chemical shift scale runs to the left from zero (where TMS resonates), i.e. backwards from
the usual style. Chemical shift values around zero are obviously small but are confusingly
called ‘high field’ because this is the high magnetic field end of the scale. We suggest you say
‘large’ or ‘small’ chemical shift and ‘large’ or ‘small’ §, but ‘high’ or ‘low’ field to avoid confu-
sion. Alternatively, use ‘upfield’ for high field (small §) and ‘downfield’ for low field (large §).

One helpful description we have already used is shielding. Each carbon nucleus is sur-
rounded by electrons that shield the nucleus from the applied field. Simple saturated carbon
nuclei are the most shielded: they have small chemical shifts (0-50 ppm) and resonate at high
field. One electronegative oxygen atom moves the chemical shift downfield into the
50-100 ppm region. The nucleus has become deshielded. Unsaturated carbon atoms experi-
ence even less shielding (100-150 ppm) because of the way in which electrons are distributed
around the nucleus. If they are also bonded to oxygen (the most common unsaturated car-
bonsbonded to oxygen are those of carbonyl groups), then the nucleus is even more deshielded
and moves to the largest chemical shifts around 200 ppm. The next diagram summarizes
these different ways of talking about NMR spectra.

large <«——— Chsemfifm — > small

low (downfield) «———  field ——— high (upfield)
high «—— frequency —— > low

deshielded <«—— shielding —— > shielded

[ 1
200 100 50 0 ppm

A guided tour of the 3C NMR spectra of some simple molecules

So, on to some real '*C NMR spectra. Our very first compound, hexanedioic acid, has the
simple NMR spectrum shown here. The first question is: why only three peaks for six carbon
atoms? Because of the symmetry of the molecule, the two carboxylic acids are identical and
give one peak at 174.2 ppm. By the same token C2 and CS5 are identical, and C3 and C4 are
identical. These are all in the saturated region 0-50 ppm but the carbons next to the electron-
withdrawing CO,H group will be more deshielded than the others. So we assign C2/CS5 to the
peak at 33.2 ppm and C3/C4 to 24.0 ppm.

13C NMR spectrum o

H. o.
07 Y, H

hexanedioic acid ©

T I T I T I T I T I T I T I T I T I T
180 160 140 120 100 80 60 40 20 0
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lactic acid
(2-hydroxypropanoic acid)

19.9
(saturated
carbon
not bonded to
oxygen)

176.8
(unsaturated carbon
bonded to oxygen, C=0)

M In fact, the low abundance of
13C in natural carbon makes *C
spectra simpler than they would
otherwise be—we go into this in
more detail in Chapter 13.

B NMR spectra were originally
recorded by varying the applied
field. They are now recorded by
variation of the frequency of the
radio waves and that is done by
a pulse of radiation. The terms
‘high field" and ‘low field" are a
relic from the days of scanning by
field variation.

If you are coming back to this
chapter after reading Chapter 4
you might like to know that
unsaturated C atoms are more
deshielded than saturated ones
because a m bond has a noda/
plane, i.e. a plane with no elec-
tron density in at all. Electrons in
7 bonds are less efficient at
shielding the nucleus than elec-
trons in o bonds.

B Why isn't this compound
called ‘hexane-1,6-dioic acid'?
Well, carboxylic acids can only be
at the end of chains, so no other
hexanedioic acids are possible:
the 1 and 6 are redundant.

B This spectrum was run in a
different solvent, DMSO
(dimethylsulfoxide), hence the
brown solvent peaks are in a
different region and have a
different form. Again, we will
deal with these in Chapter 13.
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Heptan-2-one is the bee pheromone mentioned on p. 48. It has no symmetry so all its seven
carbon atoms are different. The carbonyl group is easy to identify (208.8 ppm) but the rest are
more difficult. The two carbon atoms next to the carbonyl group come at lowest field, while
C7 is at highest field (13.9 ppm). It is important that there is the right number of signals at
about the right chemical shift. If that is so, we are not worried if we cannot assign each fre-
quency to a precise carbon atom (such as atoms 4, 5, and 6, for example). As we said before,
don’t be concerned with the intensities of the peaks.

3C NMR spectrum

/\/\)OJ\
6 4 2

7 5
heptan-2-one

r— T ‘T T T ‘T T ‘" T ‘" T ‘" T ‘" T " T T T 7
220 200 180 160 140 120 100 80 60 40 20 0
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You met BHT on p. 8: its formula is C;sH,,O and the first surprise in its NMR spectrum is
that there are only seven signals for the 15 carbon atoms. There is obviously a lot of sym-
metry; in fact the molecule has a plane of symmetry vertically as it is drawn here, and the
coloured blobs indicate pairs or groups of carbons related to each other by symmetry which
therefore give only one signal. The very strong signal at & =30.4 ppm belongs to the six
identical methyl groups on the t-butyl groups (coloured red) and the other two signals in the
0-50 ppm range are the methyl group at C4 and the brown central carbons of the t-butyl
groups. In the aromatic region there are only four signals as the two halves of the molecule
are the same. As with the last example, we are not concerned with exactly which is which—
we just check that there are the right number of signals with the right chemical shifts.

13C NMR spectrum OH

carbons coloured the
Me Same appear identical

‘BHT’ C15H240
L l ‘ |
[ |
[ T [ T [ T [ T [ T [ T [ T [ T |
160 140 120 100 80 60 40 20 0
ppm

Paracetamol is a familiar painkiller with a simple structure—it too is a phenol but in addition
it carries an amide substituent on the benzene ring. Its NMR spectrum contains one saturated
carbon atom at 24 ppm (the methyl group of the amide side chain), one carbonyl group at
168 ppm, and four other peaks at 115, 122, 132, and 153 ppm. These are the carbons of the
benzene ring. Why four peaks? The two halves of the benzene ring must be the same (only one
signal for each pair of carbons coloured red and green), which tells us that the NHCOCH; group
doesn’t really lie just to one side as shown here, but rotates rapidly, meaning that on average the
two sides of the ring are indistinguishable, as in BHT. Why is one of these aromatic peaks in the
C=O0 region at 153 ppm? This must be C4 because it is bonded to oxygen, a reminder that
carbonyl groups are not the only unsaturated carbon atoms bonded to oxygen (see the chart
on p. 56), although it is not as deshielded as the true C=0 group at 168 ppm.



3C NMR spectrum

THE '"H NMR SPECTRUM

carbons coloured the
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The 'H NMR spectrum

TH NMR (or ‘proton NMR’) spectra are recorded in the same way as 3C NMR spectra: radio
waves are used to study the energy level differences of nuclei, but this time they are 'H and not
1BC nuclei. Like 3C, 'H nuclei have a nuclear spin of 1/2 and so have two energy levels: they can
be aligned either with or against the applied magnetic field. Here, as an example, is the '"H NMR
spectrum of acetic (ethanoic) acid, MeCO,H, and below it the 13C NMR spectrum.

TH NMR spectrum

acetic acid

12 10 8

3C NMR spectrum

T T
180 160 140 120

ppm

T
100 80 60 40

20 0

1H NMR spectra have many similarities with 13C NMR spectra: the scale runs from right to left
and the zero point is given by the same reference compound, though it is the proton resonance
of Me,Si rather than the carbon resonance that defines the zero point. However, as you immedi-
ately see in the spectrum above, the scale is much smaller, ranging over only about 10 ppm
instead of the 200 ppm needed for carbon. This makes perfect sense: the variation in the chemical

B The brown peak at 7.25 ppm
is a solvent peak and can be
ignored.
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shift is a measure of the shielding of the nucleus by the electrons around it. There is inevitably
less change possible in the distribution of two electrons around a hydrogen nucleus than in that
of the eight valence electrons around a carbon nucleus. Nonetheless the acetic acid spectrum
above shows you that, just as you would expect, the H atom of the carboxylic acid group, directly
attached to an oxygen atom, is more deshielded than the H atoms of acetic acid’s methyl group.
We can also divide up the "H NMR spectrum into regions that parallel the regions of the 3C
NMR spectrum. Hydrogen atoms bonded to saturated carbon atoms appear in the right-hand,
more shielded (between 5 and O ppm) region of the spectrum, while those bonded to unsaturated
carbon atoms (alkenes, arenes, or carbonyl groups primarily) appear in the left-hand, less shielded
region between 10 and 5 ppm. As with the 13C spectrum, nearby oxygen atoms withdraw elec-
tron density and make the signals appear towards the left-hand end of each of these regions.

® Regions of the 'TH NMR spectrum

ot

H atoms H atoms
' bonded to . bonded to !
' unsaturated C saturated '
. carbons C carbons !
E H : H E
i N=— ] '
i i i
0 0

e

ppm

Some examples of 'TH NMR spectra

You can see exactly how '"H NMR signals fall into these regions in the following collection of spec-
tra. The first two spectra each contain only one peak because every proton in benzene and in
cyclohexane is identical. In benzene the peak is at 7.5 ppm, where we expect a proton attached to
an unsaturated C atom to lie, while in cyclohexane it is at 1.35 ppm because all the cyclohexane
protons are attached to saturated C atoms. Again, to help comparisons, we have also included the
13C spectra of benzene and cyclohexane. For benzene, the signal falls in the unsaturated C region
(100-150 ppm), at 129 ppm, while for cyclohexane it is in the saturated C region, at 27 ppm.

()

3C NMR spectrum

benzene
[ |
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ppm
H NMR spectrum
benzene




THE '"H NMR SPECTRUM

3C NMR spectrum

()

cyclohexane

140 120 100 80 60 40 20 0
ppm

()

cyclohexane

"H NMR spectrum

tert-Butyl methyl ether is a solvent and fuel additive whose 'H spectrum illustrates the
effect of a nearby oxygen atom: the large peak at 1.1 ppm comes from the nine H atoms
making up three identical methyl groups of the tert-butyl part of the molecule, while the
three H atoms of the methyl part of the ether are at 3.15 ppm. These three hydrogen atoms
are all bonded directly to a C atom, which itself is bonded to O, whose electronegativity
attracts their electrons, deshielding the 'H nuclei and shifting them to larger chemical
shift.

H NMR spectrum
H3;C (0]
8 “CHs
HsC CH;
TBME
| J |
f T T T T T T T 1
8 7 6 5 4 3 2 1 0
ppm

The plane of symmetry we noted in the 3C NMR spectrum of BHT means that the 'TH NMR
spectrum of the related compound Topanol 354 is relatively simple for a compound with 26
H atoms: a large peak and two small peaks between 5 and O ppm for the 18 protons of the tert-
butyl groups and the three protons of each methyl group, and another small peak between
5 and 10 ppm for the two protons attached to the aromatic ring.

61



62 CHAPTER 3 DETERMINING ORGANIC STRUCTURES

"H NMR spectrum

CH; O" CHs;
HsC CHs
HsC CH;
H H
OCHjg

Fuel additive Topanol 354

ppm

'H NMR has many more features, which we will leave aside for the moment, and it is no exag-
geration to say it is in general more important for the routine determination of structure than
all the other methods put together. We will come back to 'H NMR in more detail in Chapter 13.

NMR is a powerful tool for solving unknown structures

To illustrate the power of NMR, consider these three alcohols of formula C,H;,0, each of which
has a quite different 13C NMR spectrum. Peaks from the spectra are shown in the table below.

isobutanol t-butanol

= The meanings of n-, iso-, and n-butanol 2-methylpropan-1-ol  2-methylpropan-2-ol
L butan-1-ol

tert- were covered in Chapter 2 OH
(p. 26). \(\
#N"on OH

Chemical shift (5, ppm)

Carbon n-butanol isobutanol tert-butanol
atom

62.9 70.2 69.3

36.0 32.0 32.7

203 204 -

15.2 - -

Each alcohol has a saturated carbon atom next to oxygen, all appearing in the region typical
of saturated carbon atoms next to oxygen (p. 56). Then there are carbons next door but one to
oxygen: they are back in the 0-50 ppm region but at its low field end—about 30-35 ppm—
because they are still deshielded by the nearby oxygen atom. Two of the alcohols have

U (|)>\ carbon(s) one further away still at yet smaller chemical shift (further upfield, more shielded)
at about 20 ppm, but only the n-butanol has a more remote carbon still at 15.2. The number

A B and the chemical shift of the signals identify the molecules very clearly.

A common situation chemists find themselves in is that they have some idea about a molec-

D_OH ular formula—from high-resolution mass spectrometry, for example—and need to match a

structure to NMR data. Here’s an example: the formula C;HO is represented by seven reason-

H 0 able structures, as shown in the margin. The three '*C NMR spectra below represent three of

/\[( )]\ these compounds. The challenge is to identify which three. We will give you some clues, and
then we suggest you try to work out the answer for yourself before turning the page.

Simple symmetry can distinguish structures A, C, and E from the rest as these three have
only two types of carbon atom. The two carbonyl compounds, D and E, will have one peak in
/\/OH /\OMe the 150-200 ppm region but D has two different saturated carbon atoms while E has only one.

F G The two alkenes, F and G, both have two unsaturated carbon atoms (100-200 ppm) but in
ether G one of them is joined to oxygen—you would expect it therefore to be deshielded and
to appear between 150 and 200 ppm.



INFRARED SPECTRA

The three saturated compounds (A, B, and C) present the greatest problem. The epoxide, B, has
two different carbon atoms next to oxygen (50-100 ppm) and one normal saturated carbon atom
(0-50 ppm). The remaining two both have one signal in the 0-50 ppm region and one in the
50-100 ppm region, and only the more powerful techniques of "TH NMR and, to a certain extent,
infrared spectroscopy (which we will move on to shortly) will distinguish them reliably.

Here are NMR spectra of three of these molecules. Before reading further see if you can
assign them to the structures on the previous page. Try also to suggest which signals belong
to which carbon atoms.

Spectrum 1
r—— .1t 1 °~ T T T ‘' T T T T T ‘* T T T T T © |
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ppm
Spectrum 2
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ppm
Spectrum 3
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220 200 180 160 140 120 100 80 60 40 20 0
ppm

We hope these didn’t give you too much trouble. The only carbonyl compound with two
identical carbons is acetone (E) so spectrum 1 must be that one. Notice the very low field sig-
nal (206.6 ppm) typical of a simple ketone C=0 carbon atom. Spectrum 2 has two unsatu-
rated carbons and a saturated carbon next to oxygen so it must be F or G. In fact it has to be F
as both unsaturated carbons are similar (137 and 116 ppm) and neither is next to oxygen
(>150 ppm). This leaves spectrum 3, which appears to have no carbon atoms next to oxygen
as all chemical shifts are less than 50 ppm. No compound fits that description and the two
signals at 48.0 and 48.2 ppm are suspiciously close to the arbitrary 50 ppm borderline. They
are, of course, both next to oxygen and this is compound B.

Infrared spectra
Functional groups are identified by infrared spectra

13C and '"H NMR spectra tell us a lot about the hydrocarbon skeleton of a molecule, and mass
spectroscopy weighs the molecule as a whole. But none of these techniques reveal much about
functional groups. Some functional groups, for example C=0 or C=C, can be seen in the 13C
NMR spectrum because they contain carbon atoms, but many, such as ethers or nitro groups,
cannot be seen at all by NMR—they show their presence only by the way they affect the
chemical shifts of nearby H or C atoms.
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B An epoxide is a three-
membered cyclic ether, such as B.
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bond vibration in the infrared

- - - - -

Q—O

my

contracting “ stretching

e -
my

Hooke's law describes the
movement of two masses
attached to a spring. You may
have met it if you have studied
physics. You need not be
concerned here with its deriva-
tion, just the result. It takes the
following form:

v T
T 2mc\u

where v is the frequency, f is the
force constant and W is the
reduced mass. c is a constant
needed to make the units work.
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Infrared (IR) spectroscopy, however, provides a direct way of observing these functional
groups because it detects the stretching and bending of bonds rather than any property of the
atoms themselves. It is particularly good at detecting the stretching of unsymmetrical bonds
of the kind found in functional groups such as OH, C=0, NH,, and NO,, and for this reason
IR spectroscopy complements NMR beautifully as a method for structural analysis.

NMR requires electromagnetic waves in the radio-wave region of the spectrum to make
nuclei flip from one state to another. The amount of energy needed for stretching and bend-
ing individual bonds, while still very small, is rather greater, and therefore corresponds to
much shorter wavelengths. These wavelengths lie in the infrared, just to the long wave-
length side of visible light (wavelengths between 10 and 100 mm). When the carbon skeleton
of a molecule vibrates, all the bonds stretch and relax in combination and by and large these
absorptions are unhelpful. However, some bonds stretch essentially independently of the
rest of the molecule, and we can use these to identify functional groups. This occurs if the
bond is either:

e much stronger or weaker than others nearby, or

* between atoms that are much heavier or lighter than their neighbours

Indeed, the relationship between the frequency of the bond vibration, the mass of the
atoms, and the strength of the bond is essentially the same as Hooke’s law for a simple har-
monic oscillator. Hooke’s law shows that the frequency of the vibration v is proportional to
the square root of a force constant f—more or less the bond strength—and inversely propor-
tional to the square root of a reduced mass y, that is, the product of the masses of the two
atoms forming the bond divided by their sum:

_ hmmm,
m; +m,

The precise maths is less important to us as chemists than the simple result.

@ Stronger bonds vibrate faster and so do lighter atoms.

Infrared spectra are simple absorption spectra. The sample is dissolved in a solvent (or some-
times deposited on the surface of an inert NaCl plate) and exposed to infrared radiation. The
wavelength scanned across the spectrum and the amount of infrared energy able to pass
through the sample are plotted against the wavelength of the radiation. Just to make the num-
bers work out nicely, IR spectra don’t usually indicate the wavelength but instead a value
known as the ‘wavenumber’, in cm™, which is simply the number of wavelengths in one
centimetre. For a typical bond this will fall between 4000 (short wavelengths, i.e. high fre-
quency) and 500 (long wavelengths, i.e. low frequency). Strong bonds, and light atoms,
vibrate fast, so you expect to see these bonds at the high wavenumber end of the spectrum,
always plotted at the left-hand end.

To illustrate what we mean, here are some typical values for the IR frequencies of a selection
of bonds grouped in two ways. Firstly, a series of bonds to increasingly heavy atoms (D, deu-
terium, has twice the mass of H, and ClI has about twice the mass of O) and secondly a series
of bonds of increasing strength.

Values chiefly affected by mass of atoms (lighter atom, higher frequency)

C—H D -0 [

3000 cm! 2200 cm™! 1100 cm~! 700 cm~!

Values chiefly affected by bond strength (stronger bond, higher frequency)

=0 =0 -0
2143 cm! 1715 cm! 1100 cm~!




INFRARED SPECTRA

Here’s what a typical IR spectrum actually looks like: notice that the wavenumber scale runs
from high to low but also that absorption maxima are shown upside down (IR spectra plot
‘transmission’)—you might say that IR spectra are upside down and back to front. If you look
carefully you will also see that the scale changes in the middle to give more space to the more
detailed right-hand half of the spectrum.
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This is the spectrum of cyanoacetamide, the compound shown on the right. The overall
shape of the spectrum is characteristic of this compound, but as chemists we need to be able
to interpret the spectrum, and we can do this by dividing it up into regions, just as we did with
the NMR spectra.

There are four important regions of the infrared spectrum

The first region, from 4000 to 2500 cm™ is the region for C—H, N—H, and O—H bond stretch-
ing. Most of the atoms in an organic molecule (C, N, O, for example) are about the same
weight (12, 14, 16...). Hydrogen is an order of magnitude lighter than any of these and so it
dominates the stretching frequency by the large effect it has on the reduced mass, so any bond
to H comes right at the left-hand end of the spectrum.

Even the strongest bonds between non-H atoms—triple bonds such as C=C or C=N—
absorb at slightly lower frequencies than bonds to hydrogen: these are in the next region, the
triple bond region from about 2500 to 2000 cm™. This and the other two regions of the
spectrum follow in logical order of bond strength as the reduced masses are all about the
same: C=C and C=0 double bonds appear about 2000-1500 cm™ and at the right-hand end
of the spectrum come single bonds, below 1500 cm™. These regions are summarized in this
chart, which you should memorize.

® Regions of the IR spectrum

0 bonds to g 0 double , single g

' hydrogen : 0 bonds : bonds H

: O=H I N : : c=o :

I ! C=C : C=C ] '

: N=H : : : C—F ;

5 C—H : C=N | cHo : c—=cl -
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frequency scale in wavenumbers (cm™)
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Reduced mass and
atomic mass

We introduced the idea of
reduced mass on p. 64. To illus-
trate the effect of H on reduced
mass, consider this: the reduced
mass of a C—C bond is
(12x12)/(12 +12), i.e.

144/24 = 6.0. If we change one
of these atoms for H, the
reduced mass changes to

(12x 112+ 1),i.e.12/13
=0.92, but if we change it
instead for F, the reduced mass
changes to (12 x 19)/(12 + 19),
i.e.228/31=7.35.There is a
small change when we increase
the mass to 19 (F), but an enor-
mous change when we decrease
itto 1 (H).
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W Absorptions in the IR are
frequently referred to as
'peaks'—on the spectrum of
course they are ‘troughs’!

M This may surprise you: you
may be used to thinking of 0—H
as more reactive than CH. This
is, of course, true but, as you
will see in Chapter 5, factors
other than bond strength control
reactivity. Bond strengths will be
much more important when we
discuss radical reactions in
Chapters 35 and 39.
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Looking back at the spectrum of cyanoacetamide on p. 65, we see peaks in the X—H region at
about 3300 and 2950 cm™, which are the N—H and C—H stretches of the NH, and CH, groups.
The one rather weak peak in the triple bond region (2270 cm™) is the C=N group and the strong
peak at about 1670 cm™ belongs to the C=0 group. We shall explain soon why some IR peaks
are stronger than others. The rest of the spectrum is in the single bond region. This region is not
normally interpreted in detail but is characteristic of the compound as a whole rather in the way
that a fingerprint is characteristic of an individual human being—similarly, it cannot be ‘inter-
preted’. It is indeed called the fingerprint region. The useful information from this spectrum is
the presence of the C=N and C=0 groups and the exact position of the C=0 absorption.

The X—H region (4000-3000 cm™") distinguishes C—H, N—H, and O—H bonds

The reduced masses of the C—H, N—H, and O—H combinations are all about the same. Any
difference between the positions of the IR bands of these bonds must then be due to bond
strength. In practice, C—H stretches occur at around 3000 cm™ (although they are of little use
in identifying compounds, it’s a rare organic compound that has no C—H bonds), N—H
stretches occur at about 3300 cm™, and O—H stretches higher still at around 3500 cm™. We
can immediately deduce that the O—H bond is stronger than N—H, which is stronger than
C—H. IR is a good way to measure such bond strengths.

IR bands for bonds to hydrogen

Bond Reduced mass, IR frequency, cm™' Typical bond strength, kJ mol-!
C—H 12/13=10.92 2900-3200 CH,: 440
N—H 14/15=10.93 3300-3400 NH;: 450
O0—H 16/17 =0.94 3500-36002 H,0: 500

aWhen not hydrogen-bonded: see below.

The form of the absorption bands resulting from X—H IR stretches are very different in these
four compounds. Have a look at the shaded portions of the following spectra:
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Spectrum 3
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The IR peak of an NH group looks different (spectrum 1) from that of an NH, group (spec-
trum 2). A bond gives an independent vibration only if both bond strength and reduced mass
are different from those of neighbouring bonds. In the case of an isolated N—H group, this is
likely to be true and we usually get a sharp peak at about 3300 cm™, whether the NH group is
part of a simple amine (R,NH) or an amide (RCONHR). The NH, group is also independent of
the rest of the molecule, but the two NH bonds inside the NH, group have identical force
constants and reduced masses, and so vibrate as a single unit. Two equally strong bands
appear: one for the two N—H bonds vibrating in phase (symmetric) and one for the two N—H
bonds vibrating in opposition (antisymmetric). The antisymmetric vibration requires more
energy and is at slightly higher frequency.

The O—H bands occur at higher frequency, sometimes as a sharp absorption at about
3600 cm™. More often, as in spectra 3 and 4, you will see a broad absorption at anywhere from
3500 to 2900 cm™. This is because OH groups form strong hydrogen bonds that vary in length
and strength. A sharp absorption at 3600 cm™ indicates a non-hydrogen-bonded OH group;
the lower the absorption frequency the stronger the H bond.

Alcohols form hydrogen bonds between the hydroxyl oxygen of one molecule and the
hydroxyl hydrogen of another. These bonds are variable in length (although they are usually
rather longer than normal covalent O—H bonds) and they slightly weaken the true covalent
O—H bonds by varying amounts. When a bond varies in length and strength it will have a
range of stretching frequencies distributed about a mean value. Alcohols, including the phe-
nol shown in spectrum 3, typically give a rounded absorption at about 3300 cm™ (contrast
the sharp shape of the N—H stretch in the same region you see in the spectra above). Carboxylic
acids (RCO,H) form hydrogen-bonded dimers with two strong H bonds between the carbonyl
oxygen atom of one molecule and the acidic hydrogen of the other. These also vary consider-
ably in length and strength, and usually give the very broad V-shaped absorbance you see in
the benzoic acid spectrum 4.
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antisymmetric ~ symmetric

NH, stretch NH, stretch
A '?
Aﬂ/ N \;\ Aﬁ/ N \H\\
about about
3400 cm™! 3300 cm™!

@ Interactive vibrations of
methylamine

Hydrogen bonds are weak
bonds formed from electron-rich
atoms such as O or N to hydro-
gen atoms also attached by
‘normal’ bonds to the same
sorts of atoms. In this diagram
of a hydrogen bond between
two molecules of water, the
solid line represents the ‘normal’
bond and the green dotted line
the longer hydrogen bond. The
hydrogen atom is about a third
of the way along the distance
between the two oxygen atoms.

H
hydrogen bond |
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T i
0 _____ j—
-0
R\O/H" “H. _H" "R R—</ />7R
c|) O—H----- (o}
R
hydrogen bonding in an alcohol the hydrogen-bonded dimer

of a carboxylic acid

The spectra of paracetamol and BHT (which you met on pp. 58-59) illustrate the effect of
hydrogen bonding on peak shape. Paracetamol has a typical sharp peak at 3330 cm™ for the
N-—H stretch and then a rounded absorption for the hydrogen-bonded O—H stretch from 3300
down to 3000 cm™ in the gap between the N—H and C—H stretches. By contrast, BHT has a
sharp absorption at 3600 cm™ as the two large t-butyl groups prevent the typical hydrogen
bond from forming.
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the hydrogen-bonded OH in BHT hydrogen bonding is
group in paracetamol prevented by large t-butyl groups

You may be confused the first time you see the IR spectrum of a terminal alkyne, R—C=C-H,
because you will see a strongish sharp peak at around 3300 cm™ that looks just like an N—H
stretch—the spectrum below (of methyl propynoate, also known as methyl propiolate)
illustrates this. The displacement of this peak from the usual C—H stretch at about 3000 cm™
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cannot be due to a change in the reduced mass and must be due to a marked increase in bond
strength. The alkyne C—H bond is shorter and stronger than alkane C—H bonds.
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@ Typical peak shapes and frequencies for X—H bonds in the region 4000-3000 cm™".

4000 3800 3600 3400

3200

3000 cm™!

N-H
non H-bonded 3300

O-H 3600

NH» 3300
and 3400

H-bonded O—H
3500-3000

C-H 3000

alkyne
C-H 3300

The triple bond region (3000-2000 cm™)

This region is often empty, meaning that when you do see a peak between 2000 and 2500 you
can be absolutely certain that the compound is an alkyne (usually at around 2100) or a nitrile

(at 2250 cm™). There are examples above and on p. 65.

@ The only two peaks in the triple bond region

2000 cm™

3000 2800 2600 2400 2200
nitrile alkyne
C=N c=C
2250 2100
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M In Chapter 4 you will see
that carbon uses an sp® orbital
to make a C—H bond in a
saturated structure but has to
use an sp orbital for a terminal
alkyne C—H. This orbital has
one-half s character instead of
one-quarter s character. The
electrons in an s orbital are held
closer to the carbon'’s nucleus
than in a p orbital, so the sp
orbital makes for a shorter,
stronger C—H bond.
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N

o5

(-I)e 4-nitrocinnamaldehyde

m) Delocalization is covered in
Chapter 7; for the moment, just
accept that both NO bonds are
the same.

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

The double bond region is the most important in IR spectra

The most important absorptions in the double bond region are those of the carbonyl (C=0),
alkene or arene (C=C), and nitro (NO,), groups. All give rise to sharp bands, C=0 gives one
strong (i.e. intense) band anywhere between 1900 and 1500 cm™; alkene C=C gives one weak
band at about 1640 cm™, and NO, gives two strong (intense) bands in the mid-1500s and mid-
1300s cm’!. Arenes usually give two or three bands in the region 1600-1500 cm™. We can
illustrate several of these features in the spectrum shown below, which is that of 4-nitrocin-
namaldehyde, shown in the margin.
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Why the nitro group gives two bands is easily understood. Just as with OH and NH,, it is a
matter of how many identical bonds are present in the same functional group. Carbonyl and
alkene clearly have one double bond each. The nitro group at first sight appears to contain two
different groups, N*—~O~ and N=O, but delocalization means they are identical and we see
absorption for symmetric and antisymmetric stretching vibrations. As with NH,, more energy
is associated with the antisymmetric vibration and it occurs at higher frequency (>1500 cm™).

TR . antisymmetric symmetric
delocalization in the nitro group NO, stretch (~1550) NO, stretch (~1350)

R canbedrawnas R R R
| (both NObonds | | |

identical

o//':)\g ) o 4 'o//N\}

Arenes, being rings, have a much more complex pattern of vibration that cannot be ana-
lysed simply, However, it’s worth noting that arene C=C bonds come at lower frequency
(<1600 cm™) than alkene C=C bonds (>1600 cm™). Why? Well the individual C—C bonds in
benzene are of course not full C=C double bonds—all six bonds are the same, and have the
averaged character of one-and-a-half bonds each. Not surprisingly, the absorptions of these
bonds fall right on the boundary between the single and double bond regions.

You've already seen the IR spectra of the three carbonyl compounds below in this chapter.
It’s easy to identify the C=0 peak in each spectrum—C=0O peaks are always intense (you will
see why in a minute) and come somewhere near 1700 cm™.

0 H
OH 0 N
(0]
(0} HO
hexanedioic acid heptan-2-one paracetamol
1720 cm™! 1710 cm™ 1667 cm™
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Why the positions of the peaks vary, and what we can make of this information, will be
discussed in Chapter 18.

@ Important absorptions in the double bond region

2000 1900 1800 1700 1600 1500 cm™
carbonyl alkine
c=0 i
1640
between (weak)
1750 and
1650
(depending
on type)
arenes
1600-1500

The strength of an IR absorption depends on dipole moment

If you look back at the X—H regions (3000-4000 cm™) of the four spectra on pp. 66-67.
you'll notice something that at first sight seems odd. The N—H and O—H absorptions are
stronger than the C—H absorptions at 3000 cm™?, despite there being more C—H bonds in
these molecules than O—H or N—H bonds. The reason for this is that the strength of an IR
absorption varies with the change of dipole moment (see the box below for a definition)
when the bond is stretched. If the bond is perfectly symmetrical, there is no change in
dipole moment and there is no IR absorption. Obviously, the C=C bond is less polar than
either C=0 or N=0O and its absorption is less intense in the IR. Indeed it may be absent
altogether in a symmetrical alkene. By contrast the carbonyl group is very polarized, with
oxygen attracting the electrons away from carbon, and stretching it causes a large change
in dipole moment. C=0 stretches are usually the strongest peaks in the IR spectrum. O—H
and N—H stretches are stronger than C—H stretches because C—H bonds are only weakly
polarized.

Dipole moments

Dipole moment depends on the variation in distribution of electrons along the bond and also its length, which is why
stretching a bond can change its dipole moment. For bonds between unlike atoms, the larger the difference in electro-
negativity, the greater the dipole moment and the more it changes when stretched. For identical atoms (C=C, for
example) the dipole moment, and its capacity to change with stretching, is much smaller. Stretching frequencies for
symmetrical molecules can be measured using an alternative method known as Raman spectroscopy. This is an
IR-based technique using scattered light that relies on the polarizability of bonds. Raman spectra are outside the scope
of this book.

This is a good point to remind you of the various deductions we have made so far about IR
spectra.

® Absorptions in IR spectra

Position of band reduced mass of atoms light atoms give high frequency
depends on: bond strength strong bonds give high frequency
Strength (intensity) of band change in dipole large dipole moment gives strong
depends on: moment absorption

Width of band depends on: hydrogen bonding strong H bond gives broad peak

W Contrast the term ‘strength’
applied to absorption and to
bonds. A stronger absorption is
a more intense absorption. A
strong bond on the other hand
has a higher frequency of
absorption (other things

being equal).

71



72

B A matching fingerprint is
used to link a suspect to a
crime, but you can't interpret a
fingerprint to deduce the height,
weight, or eye-colour of a
criminal. Likewise with the
fingerprint region: a matching
fingerprint confirms that two
compounds are identical, but
without a ‘suspect’ you have to
rely on the rest of the spectrum,
above 1500 cm~!, for analysis.

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

The single bond region is used as a molecular fingerprint

The region below 1500 cm™ is where the single bond vibrations occur. Here our hope that
individual bonds may vibrate independently of the rest of the molecule is usually doomed to
disappointment. The atoms C, N, and O all have about the same atomic weight and C-C,
C—N, and C—O single bonds all have about the same strength.

Single bonds

Pair of atoms Reduced mass Bond strength

—C 6.0 350 kJ mol-'
C—N 6.5 305 kJ mol-!
-0 6.9 360 kJ mol-'!

In addition, C—C bonds are often joined to other C—C bonds with virtually identical
strength and reduced mass, and they have essentially no dipole moments. The only one of
these single bonds of any value is C—O, which is polar enough to show up as a strong
absorption at about 1100 cm™. Some other single bonds, such as C—Cl (weak and with a
large reduced mass, so appearing at low frequency), are quite useful at about 700 cm™.
Otherwise the single bond region is usually crowded with hundreds of absorptions from
vibrations of all kinds used as a ‘fingerprint’ characteristic of the molecule but not really
open to interpretation.

Among those hundreds of peaks in the fingerprint region there are some of a quite differ-
ent kind. Stretching is not the only bond movement that leads to IR absorption. Bending of
bonds, particularly C—H and N—H bonds, also leads to quite strong peaks. These are called
deformations. Bending a bond is easier than stretching it (which is easier, stretching or bend-
ing an iron bar?). Consequently, bending absorptions need less energy and come at lower
frequencies than stretching absorptions for the same bonds. These bands may not often be
useful in identifying molecules, but you will notice them as they are often strong (they are
usually stronger than C=C stretches, for example) and may wonder what they are.

Deformation frequencies

Group Frequency, cm™
CH, 1440-1470
CH, ~1380

NH, 1550-1650

Mass spectra, NMR, and IR combined make quick
identification possible

If these methods are each as powerful as we have seen on their own, how much more effective
they must be together! We shall finish this chapter with the identification of some simple
unknown compounds using all three methods. The first is an industrial emulsifier used to
blend solids and liquids into smooth pastes. Its elecrospray mass spectrum shows it has M + H
with amass of 90, so an odd molecular weight (89) suggests one nitrogen atom. High-resolution
mass spectrometry reveals that the formula is C,H;;NO.
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MASS SPECTRA, NMR, AND IR COMBINED MAKE QUICK IDENTIFICATION POSSIBLE
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The 3C NMR spectrum has only three peaks so two of the carbon atoms must be the same.
There is one signal for saturated carbon next to oxygen, and two for other saturated carbons,
one more downfield than the other.

3C NMR spectrum
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The IR spectrum reveals a broad peak for an OH group with two sharp NH, peaks just
protruding. If we put this together, we know we have C—OH and C—NH,. Neither of these
carbons can be duplicated (as there is only one O and only one N) so it must be the other two
C atoms that are the same.
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NH
o

2-amino-2-methylpropan-1-ol

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

The next stage is one often overlooked. We don’t seem to have much information, but try
and put the two fragments together, knowing the molecular formula, and there’s very little
choice. The carbon chain (shown in red) could either be linear or branched and that’s it!

linear carbon chain branched carbon chain

OH NH,
/\/\/NH2 HO/><
HO A
\H, HO/\(\ NH,

/\/I\ )\/\ H>N /><
HO NH, B

There is no room for double bonds or rings because we need to fit in the 11 hydrogen
atoms. We cannot put N or O in the chain because we know from the IR that we have the
groups OH and NH,, which can each be joined only to one other group. Of the seven possi-
bilities only the last two, A and B, are possible since they alone have two identical carbon
atoms (the two methyl groups in each case); all the other structures would have four separate
signals in the NMR.

So, how can we choose between these? The solution is in the "H NMR spectrum, which is
shown below. There are only two peaks visible: one at 3.3 and one at 1.1 ppm. It’s quite com-
mon in 'H NMR spectra not to see signals for protons attached to O or N (you will see why in
Chapter 13) so we can again rule out all structures with more than two different types of H
attached to C. Again, we are left with A and B, confirming our earlier deductions. But the
chemical shift of the signal at 8 3.3 tells us more: it has to be due to H atoms next to an oxygen
atom because it is deshielded. The industrial emulsifier must therefore be A: 2-amino-2-
methylpropan-1-ol.

"H NMR spectrum

NH
oK

2-amino-2-methylpropan-1-ol

Double bond equivalents help in the search for a structure

The last example was fully saturated but it is usually a help in deducing the structure of an
unknown compound if, once you know the atomic composition, you immediately work out
how much unsaturation there is. It may seem obvious to you that, as C,H;;NO has no double
bonds, then C,HoNO (losing two hydrogen atoms) must have one double bond, C,H,NO two
double bonds, and so on. Well, it’s not quite as simple as that. Some possible structures for
these formulae are shown below.
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some structures for C4HgNO

0
NH )\/\ <J\
Ho” NN 0 NH, NH,

some structures for C4H;NO

[ go K >
0P AN Ho/\NH2 N

N
H

Some of these structures have the right number of double bonds (C=C and C=0), one
has a triple bond, and three compounds use rings as an alternative way of ‘losing’ some
hydrogen atoms. Each time you make a ring or a double bond, you have to lose two more
hydrogen atoms. So double bonds (of all kinds) and rings are called double bond equiva-
lents (DBEs).

You can work out how many DBEs there are in a given atomic composition just by making
a drawing of one possible structure for the formula (all possible structures for the same for-
mula have the same number of DBEs). Alternatively, you can calculate the DBEs if you wish.
A saturated hydrocarbon with n carbon atoms has (2n + 2) hydrogens. Oxygen doesn’t make
any difference to this: there are the same number of Hs in a saturated ether or alcohol as in a
saturated hydrocarbon.

saturated hydrocarbon C;Hg saturated alcohol C;H¢O saturated ether C;Hc0 Alh
ave

OH (2n+2)
0\/\ H atoms

So, for a compound containing C, H, and O only, take the actual number of hydrogen atoms
away from (2n + 2) and divide by two. Just to check that it works, for the unsaturated ketone
C,H,,0 the calculation becomes:

1. Maximum number of H atoms for 7Cs: 2n+2=16
2. Subtract the actual number of H atoms (12): 16 - 12=4
3. Divide by 2 to give the DBEs: 4/2=2

Here are two more examples to illustrate the method. This unsaturated cyclic acid has:
16 — 10 = 6 divided by 2 = 3 DBEs and it has one alkene, one C=0, and one ring. Correct.

The aromatic ether has 16 - 8 = 8 divided by 2 gives 4 DBEs and it has three double bonds in
thering and the ring itself. Correct again. A benzene ring always gives four DBEs: three for the
double bonds and one for the ring.

Nitrogen makes a difference. Every nitrogen adds one extra hydrogen atom because nitrogen
can make three bonds. This means that the formula becomes: subtract actual number of
hydrogens from (2n + 2), add one for each nitrogen atom, and divide by two. We can try this out
too. Here are some example structures of compounds with seven C atoms, one N and an
assortment of unsaturation and rings.

The saturated compound has (2n + 3) Hs instead of (2n + 2). The saturated nitro compound
has (2n + 2) = 16, less 15 (the actual number of Hs) plus one (the number of nitrogen atoms) = 2.

o]
saturated C; compound with nitrogen
NH, X
PV N NS NO: NMe
7
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o C7H120
A =two DBE
CO,H

C7H1002

= three DBE
OMe

C;HgO

= four DBE

NMe,

N

C7H{7N = (2n + 3) H atoms C7H15NO, = one DBE C7H43NO = two DBE C7HgN = four DBE C7H4oN2 = four DBE
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B Do not confuse this
calculation with the observation
we made about mass spectra
that the molecular weight of a
compound containing one
nitrogen atom must be odd. This
observation and the number of
DBEs are, of course, related but
they are different calculations
made for different purposes.

(o) HBr

A X

—_—
H HO/\/OH

acrolein
ethylene glycol
(propenal) (gihane-1,2-diol)

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

Divide this by 2 and you get 1 DBE, which is the N=0O bond. We leave the third and fourth
examples for you to work out, but the last compound (we shall meet this later as DMAP) has:
Maximum number of H atoms for 7Cs: 2n+2 =16

Subtract the actual number of H atoms (10): 16 - 10=6

Add number of nitrogens: 6+2=38

Divide by 2 to give the DBEs: 8/2=4

oW N o=

There are indeed three double bonds and a ring, making four in all. Make sure that you can
do these calculations without much trouble.

If you have other elements too it is simpler just to draw a trial structure and find out how
many DBEs there are. You may prefer this method for all compounds as it has the advantage
of giving you one possible structure before you really start. One good tip is that if you have
few hydrogens relative to the number of carbon atoms (at least four DBEs) then there is prob-
ably an aromatic ring in the compound.

Knowing the number of double bond equivalents for a formula derived by high-resolution
mass spectrometry is a quick short cut to generating some plausible structures. You can then
rule them in or rule them out by comparing with IR and NMR data.

® Working out the DBEs for an unknown compound

1 Calculate the expected number of Hs in the saturated structure
(a) For C, there would be 2n+ 2H atoms if C, H, O only.
(b) For C,N,, there would be 2n+ 2 + mH atoms.
2 Subtract the actual number of Hs and divide by 2. This gives the DBEs.
3 If there are other atoms (Cl, B, P, etc.) it is best to draw a trial structure.
4 A DBE indicates either a ring or a double bond (a triple bond is two DBEs).
5 A benzene ring has four DBEs (three for the double bonds and one for the ring).
6 If there are few Hs, e.g. less than the number of Cs, suspect a benzene ring.
7 A nitro group has one DBE only.

An unknown compound from a chemical reaction

Our last example addresses a situation very common in chemistry—working out the structure
of a product of a reaction. The situation is this: you have treated propenal (acrolein) with HBr
in ethane-1,2-diol (or glycol) as solvent for 1 hour at room temperature. Distillation of the
reaction mixture gives a colourless liquid, compound X. What is it?

Mass spectrum of compound X
181.0
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70 - 108.9
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The mass spectrum shows a molecular ion (181) much heavier than that of the starting
material, C3H,0 = 56. Indeed it shows two molecular ions at 181 and 179, typical of a bromo
compound, so it looks as if HBr has added to the aldehyde somehow. High resolution mass
spectrometry reveals a formula of C;HoBrO,, and the five carbon atoms make it look as though
the glycol has added in too. If we add everything together we find that the unknown com-
pound is the result of the three reagents added together less one molecule of water.

(0}
/Y + HO/\/OH + HBr
H

CgH40 +

—_— CngBI’02

C,yHgO, + HBr = CsHgBrO, + H,O

Now, how many DBEs have we got? With a formula like this the safest bet is to draw some-
thing that has the right formula—it need not be what you expect the product to be. Here’s some-
thing in the margin—we just added atoms till we got there, and to do so we had to put in one
double bond. C;HyBrO, has one DBE.

The next thing is to see what remains of the hydrocarbon skeleton of propenal by NMR. The
13C NMR spectrum of CH,=CH—CHO clearly shows one carbonyl group and two carbons on
a double bond. These have all disappeared in the product and for the five carbon atoms we are
left with four signals, two saturated, one next to oxygen, and one at 102.6 ppm, just creeping

into the double bond region.
(0]
/Y

H

acrolein
(propenal)

3C NMR spectrum

200 180 160 140 120 100 80 60 40 20 0
ppm

13
C NMR spectrum Compound X CgzHyBrO,

T
100 80 60 40 20 0
ppm

T T T T T
200 180 160 140 120

The IR spectrum gives us another puzzle—there appear to be no functional groups at all!l No
OH, no carbonyl, no alkene—what else can we have? The answer is an ether, or rather two
ethers as there are two oxygen atoms. Now that we suspect an ether, we can look for the C—O

single bond stretch in the IR spectrum and find it at 1128 cm™.
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M [t's often very helpful, when
you have an unknown product,
to subtract the molecular mass
of the starting material from its
molecular mass to find out what
has been added (or taken away).

trial structure for OH
C5HgBr02i
one DBE =

Br OH

Just a trial structure,
not a suggestion for
the real product!
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Br

g/OMe

Further reading

CHAPTER 3 DETERMINING ORGANIC STRUCTURES

Each ether oxygen must have a carbon atom on each side of it, but we seem to have only one
carbon in the saturated C next to O region (50-100 ppm) in the 3C NMR. Of course, as you've
already seen, these limits are arbitrary, and in fact the peak at 102 ppm is also a saturated C
next to O. It is unlikely to be an alkene anyway as it takes two carbons to make an alkene.
What would deshield a saturated C as much as this? The answer is two oxygen atoms. We can
explain the 3C spectrum if we assume a symmetrical fragment C—O—C—O—C accounts for
three of the five carbon atoms.

So, where is our double bond equivalent? We know we haven’t got a double bond (no alkene
and no C=0) so the DBE must be a ring. You might feel uncomfortable with rings, but you
must get used to them. Five-, six-, and seven-membered rings are very common. In fact, most
known organic compounds have rings in them. We could draw many cyclic structures for the
formula we have here, such as this one in the margin.

But this won’t do as it would have five different carbon atoms. It is much more likely that
the basic skeletons of the organic reagents are preserved, that is, that we have a two-carbon
(from the ethylene glycol) and a three-carbon (from the propenal) fragment joined through
oxygen atoms. This gives four possibilities, all containing the C—O—C—0O—-C fragment we
deduced earlier (highlighted in black).

actual structure of X

These are all quite reasonable, although we might prefer the third as it is easier to see how
it derives from the reagents. The product is in fact this third possibility, and to be sure we
would have to turn to the fine details of 'H NMR spectroscopy, which we return to in
Chapter 13.

Looking forward to Chapters 13 and 18

We have only begun to explore the intricate world of identification of structure by spectros-
copy. It is important that you recognize that structures are assigned, not because of some
theoretical reason or because a reaction ‘ought’ to give a certain product, but because of sound
evidence from spectra. You have seen four powerful methods—mass spectra, 1*C and '"H NMR,
and IR spectroscopy—in this chapter. In Chapter 13 we delve more deeply into the most
important of all *H NMR) and, finally, in Chapter 18 we shall take each of these methods a
little further and show how the structures of more complex unknown compounds are really
deduced. The last problem we have discussed here is not really solvable without 'H NMR and
in reality no-one would tackle any structure problem without this most powerful of all tech-
niques. From now on spectroscopic evidence will appear in virtually every chapter. Even if we
do not say so explicitly every time a new compound appears, the structure of this compound
will in fact have been determined spectroscopically. Chemists make new compounds, and
every time they do they characterize the compound with a full set of spectra. No scientific
journal will accept that a new compound has been made unless a full description of all of
these spectra are submitted with the report. Spectroscopy lets the science of organic chemis-
try advance.

You will find it an advantage to have one of the short books on  Fleming, McGraw-Hill, London, 2007, and the Oxford Primer
spectroscopic analysis to hand as they give explanations, compre-  Introduction to Organic Spectroscopy by L. M. Harwood and T. D. W.
hensive tables of data, and problems. We recommend Spectroscopic ~ Claridge, OUP, Oxford, 1996.

Methods in Organic Chemistry, 6th edn, by D. H. Williams and Ian
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To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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antirrhinum, or anthrax.

You may also have recognized this molecule as buckminster-
fullerene, a soccer-ball shaped allotrope of carbon. Buckminster-
fullerene, named after the architect of the geodesic dome (which
it resembles), was first identified in 1985 and earned its discover-
ers the Nobel Prize for chemistry in 1996.

You may recognize the model
above as DNA, the molecule
that carries the genetic instruc-
tions for making all life on
earth. The helical shape of
DNA was discovered in 1953,
and the detailed arrangement
of atoms in the DNA molecule
determines whether it is a rec-
ipe for an ant, an antelope, an
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INTRODUCTION

Now, our question is this: how did you recognize these two compounds? You recognized
their shapes. Molecules are not simply a jumble of atoms: they are atoms held together in a
defined three-dimensional shape. A compound’s properties are determined not only by the
atoms it contains, but also by the spatial arrangement of these atoms. Graphite and diamond—
the two other allotropes of carbon—are both composed only of carbon atoms and yet their
properties, both chemical and physical, are completely different because those carbon atoms
are arranged very differently. Graphite has carbon atoms arranged in sheets of hexagons;
diamond has them arranged in a tetrahedral array.

Graphite Diamond

We know what shapes molecules have because we can see them—not literally of course, but
by methods such as atomic force microscopy (AFM). AFM reveals the shape of pentacene, the
molecule we would usually draw as the structure below, to be as shown on the left. This is the
closest we can get to actually ‘seeing’ the atoms themselves.

L. J Jessee

pentacene

Most analytical techniques reveal the shapes of molecules less directly. X-ray diffraction
gives information about the arrangement of atoms in space, while the other spectroscopic
methods you met in Chapter 3 reveal details of the composition of molecules (mass spectros-
copy) or the connectivity of the atoms they contain (NMR and IR).

From methods such as these, we know what shapes molecules have. This is why we urged
you in Chapter 2 to make your drawings of molecules realistic—we can do this because we
know what is realistic and what isn’t. But now we need to tackle the question of why molecules
have the shapes they do. What is it about the properties of their constituent atoms which
dictates those shapes? We will find that the answer not only allows us to explain and predict
structure, but also allows us to explain and predict reactivity (which forms the topic of
Chapter 5).

First of all, we need to consider why atoms form molecules at all. Some atoms (helium, for
example) do so only with extreme reluctance, but the vast majority of atoms in the periodic
table are much more stable in molecules than as free atoms. Here, for example, is methane:
four hydrogen atoms arranged around a carbon in the shape of a tetrahedron.

H
¢
e quH
H ¥y
tetrahedral methane
four bonds and no lone pairs
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B You met the idea of using
energy to move from a lower
state to a higher state, and the
re-emission of that energy, in the
context of NMR in Chapter 3.
Here we are talking about much
larger differences in energy, and
consequently much shorter
wavelengths of emitted light.

Two elements, caesium and
rubidium, were discovered by
Robert Bunsen in 1860 and

1861 after studying atomic emis-
sion spectra of this type. They are
named after the presence of a
pair of brightly coloured lines in
their spectra—caesium from the
Latin caesius meaning bluish
grey and rubidium from the Latin
rubidus meaning red.

M You can find details of
Balmer's formula in a textbook
of physical chemistry.

CHAPTER 4 STRUCTURE OF MOLECULES

Molecules hold together because positively charged atomic nuclei are attracted to negatively
charged electrons, and this fact allows electrons to act as ‘glue’ between the nuclei. The C and
H nuclei of methane are of course positively charged, but the ten electrons (a total of six from
C, four from the H atoms) bind those positive charges into a molecular structure. Ammonia
(NH;) and water (H,O) also have ten electrons in total, and we know that their molecular
shapes are in fact just like that of methane, but with one or two hydrogen atoms removed.

9 9

Nlu, Om
s 'H nH
H™ Wy A"
tetrahedral water
two bonds and two lone pairs

tetrahedral ammonia
three bonds and one lone pair

This tells us something important: it is the number of electrons which determines the shape
of a molecule, and not just the number of atoms (or atomic nuclei). But what determines how
electrons are arranged? Why do ten electrons give rise to a tetrahedron, for example?

Before we can answer this question, we need to simplify our discussion a bit and think about
electrons not in molecules but in individual atoms. We can then approximate the electronic
structure of molecules by considering how the component atoms combine. It is important to
remember throughout this chapter, however, that molecules are only very rarely ‘made’
directly by joining atoms together. What we are going to present is an analysis of the structure
of molecules, not a discussion of ways to build them (to which we will devote much of the later
part of this book). Much of what we will cover was worked out in the decades around 1900,
and it all came from experimental observation. Quantum theory explains the details, and you
can read much more about it in a textbook of physical chemistry. Our aim here is to give you
enough of an understanding of the theory to be able to use sound principles to predict and
explain the structure of organic molecules.

So, first, some evidence.

Atomic emission spectra

Many towns and streets are lit at night by sodium vapour lamps, which emit an intense, pure
yellow-orange glow. Inside these lights is sodium metal. When the light is switched on, the
sodium metal is slowly vaporized. As an electric current is passed through the sodium vapour,
an orange light is emitted—the same colour as the light you get when you put a small amount
of a sodium compound on a spatula and place it in a Bunsen flame. Given sufficient energy
(from the electric current or from a flame) sodium always emits this same wavelength of light,
and it does so because of the way the electrons are arranged in a sodium atom. The energy
supplied causes an electron to move from a lower energy state to a higher energy, or excited,
state, and as it drops down again light is emitted. The process is a bit like a weight-lifter lifting
a heavy weight—he can hold it above his head with straight arms (the excited state) but sooner
or later he will drop it and the weight will fall to the ground, releasing energy with a crash, if
not a broken toe. This is the origin of the lines in the atomic spectra not only for sodium but
for all the elements. The flame or the electric discharge provides the energy to promote an
electron to a higher energy level and, when this electron returns to its ground state, this
energy is released in the form of light.

If you refract the orange sodium light through a prism, you see a series of very sharp lines,
with two particularly bright ones in the orange region of the spectrum at around 600 nm.
Other elements produce similar spectra—even hydrogen, and since a hydrogen atom is the
simplest atom of all, we shall look at the atomic spectrum of hydrogen first.

Electrons have quantized energy levels

The absorption spectrum for hydrogen was first measured in 1885 by a Swiss schoolmaster,
Johann Balmer, who also noticed that the wavelengths of the lines in this spectrum could be
predicted using a mathematical formula. You do not need to know the details of his formula
at this stage, instead let’s think about the implications of the observation that a hydrogen
atom, with just one electron, has a spectrum of discrete lines at precise wavelengths. It means
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that the electron can only occupy energy levels with precisely determined values, in other
words that the energy of an electron orbiting a proton (a hydrogen nucleus) is quantized. The
electron can have only certain amounts of energy, and therefore the gaps between these
energy levels (which give rise to the spectrum) likewise can only have certain well-defined
values. Think of climbing a flight of stairs—you can jump up one, two, five, or even all the
steps if you are energetic enough, but you cannot climb up half or two-thirds of a step.
Likewise coming down, you can jump from one step to any other—Ilots of different combina-
tions are possible but there is a finite number, depending on the number of steps.

We mentioned an electron ‘orbiting’ a hydrogen nucleus in the last paragraph deliberately,
because that is one way of thinking about an atom—as a miniature (10723 scale!) solar system
with the nucleus as the sun and the electrons as planets. This model breaks down when we
look at it in detail (as we shall see shortly), but for the moment we can use it to think about
why electrons must exist in quantized energy levels.

To do this, we need to introduce a concept from nineteenth century physics—the experi-
mentally observable fact that particles such as photons and electrons can also have the char-
acter of a wave as well as a particle. It’s not obvious why the energy of a particle should be
quantized, but it makes sense if you allow yourself to think of an electron as a wave.

Imagine a taut string—a piano wire or guitar string, for example—fixed at either end. You
may well know that such a string has a fundamental frequency: if you make it vibrate by hit-
ting or plucking it, it will vibrate in a way represented in the diagram on the right.

This diagram shows a snapshot of the string; we could also represent a ‘blurred’ image of all
the places you might find the string as it vibrates, such as you would get if you took a picture
with a slow shutter speed.

But this is not the only way the string can vibrate. An alternative possibility is shown on the
right, where not only are the ends of the string stationary, but so is the point—known as a
‘node’—right in the middle. The wavelength of the vibration in this string is half that of the
one above, so the frequency is double. Musically this vibration will sound an octave higher
and is known as the first harmonic of the first vibration we showed you, the fundamental.
Third and fourth possibilities for ‘allowed’ vibrations are shown below, and again these cor-
respond musically to further harmonics of the fundamental frequency.

Even if you have not met this idea in music or physics before, we hope that you can see that
the vibrating string has no choice but to adopt one of these quantized frequencies—the fre-
quency can take on only certain values because the fixed ends to the string means the wave-
length has to be an exact divisor of the length of the string. And as we have seen before,
frequencies are directly linked to energies: the energy levels of a vibrating string are quantized.

If you think of an electron as a wave, it becomes much easier to see why it can have only
certain energy values. If you think of an electron orbiting a nucleus as a string looped back on
itself, you can visualize from the diagrams below why only certain wavelengths are possible.
These wavelengths have associated frequencies and the frequencies have associated energies:
we have a plausible explanation for the quantization of the energy of an electron.

Electrons occupy atomic orbitals

The popular image of an atom as a miniature solar system, with the electrons behaving like
planets orbiting a star—the nucleus—works in some situations, but we are going to have to
leave it behind. The problem with this view of the atoms is that electrons can never be pre-
cisely located, and instead must be thought of as ‘smeared out’ over the space available to
them. The reason for this derives from Heisenberg’s Uncertainty Principle, which you can
read about in any book on quantum physics. The Uncertainty Principle tells us that we can
never know exactly both the location and the momentum of any particle. If we know the
energy of an electron (and with quantized energy levels we do), we know its momentum and
therefore we cannot know exactly where it is.

As a consequence, we have to think of electrons in atoms (and in molecules) as having a prob-
ability of being in a certain place at a certain time, and the sum of all these probabilities gives a
smeared out picture of the electron’s habits, a bit like blurred pictures of the vibrating strings.
Because an electron is free to move around an atom in three dimensions, not just two, the allowed
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precise amounts
of energy are
released when an
electron moves
from one level to
another
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vibrating string

2 nodes

"second harmonic"
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The vibration analogy was first
seen by the Danish physicist
Niels Bohr, and we hope you can
see how it helps to explain why
orbitals can only have certain
energies. The analogy only works
so far—we will have to leave it
behind soon—but it can be used
to visualize some other aspects
of orbitals too, such as nodes
and signs of wavefunctions.
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This is known as the Pauli
exclusion principle.

M We talked about spinning
nuclei in the context of NMR

(p. 53). Electron spin is
analogous, but different—you
can't observe electrons by NMR,
for example, and instead they
can be observed by a technique
known as electron spin
resonance or ESR.
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‘vibrations’ it can adopt are also three dimensional and are known as orbitals, or (because we are
just considering electrons in a single atom for now) atomic orbitals. The shapes of these orbitals
are determined by mathematical functions known as wavefunctions. The smeared out picture
of the simple atomic orbital—the lowest energy state of an electron in a hydrogen atom—Ilooks
something like the picture on the left below. We have used shading to indicate the probability of
finding an electron at any one point, but a more convenient way to represent an orbital is to draw
aline (in reality a three-dimensional surface) encompassing the space where an electron spends,
say, 95% of its time. This gives something like the picture on the right. This simplest possible
orbital—the fundamental orbital of the H atom—is spherical, and is known as a 1s orbital.
Higher energy atomic orbitals have different shapes, as you will see soon.

_nucleus

.

probability distribution of schematic diagram conventional picture
electron in 1s orbital of 1s orbital of 1s orbital

It’s useful to think of the atomic orbitals as a series of possible energy values for an electron,
and to think of them as ‘occupied’ if there is an electron (or, as we shall see below, two elec-
trons) at that energy level, and ‘unoccupied’ if there isn’t. In a hydrogen atom in its most stable
state, there is only one electron, occupying the lowest energy 1s orbital. So our picture of the
1s orbital makes a good picture of what an H atom looks like too. We can also represent the 1s
orbital as an energy level, and the electron which occupies it as a little arrow (which we will
explain in a moment).

the hydrogen atom

occupied electron
1s orbital t
. - ,
/ o ¥
= 1s
N
c AN
(0] N
energy level
energy level
diagram

What happens if you put more than one electron into the orbitals around an atom?
Well, for reasons we can’t go into here, each orbital can hold two electrons—and only two,
never any more. If you add an electron to the H atom, you get the hydride anion, H”, which
has two electrons around an H nucleus (a proton). Both of the electrons occupy the same
spherical 1s orbital.

the hydride (H7) ion
occupied

1s orbital

’

energy
=
w

energy level
diagram

We can also represent the orbital occupancy as an energy level (the horizontal line) occu-
pied by two electrons (the arrows). Why do we draw the electrons as arrows? Well, electrons
have the property of spin, and the two electrons allowed in each orbital have to spin in oppo-
site directions. The arrows are a reminder of these opposing spins.
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The same is true for the helium atom: its two electrons occupy the same orbital. However,
the energy of that orbital (and all of the other possible orbitals) will be different from the
orbital for hydrogen because it has double the nuclear charge of hydrogen and the electrons
are more strongly attracted to the nucleus. We can represent the orbital occupancy like this,
with the energy level lower than the one for H because of this stronger attraction.

the helium atom

occupied
1s orbital
, >
(o]
(0]
c
) 1s
energy level
diagram

s and p orbitals have different shapes

So far, so good. Now, lithium. The lowest energy 1s orbital around the Li nucleus can contain
two electrons, but two only, so the third electron has to go into a higher energy orbital—one
of the energy levels whose existence was inferred from atomic absorption spectroscopy. You
can think of this orbital as the three-dimensional equivalent of the first harmonic of the gui-
tar string. Like the vibration of the string, this next orbital has a node. On the string the node
was the point where no motion was observed. In an atom, a node is a point where the electron
can never be found—a void separating the two parts of the orbital. For the orbital containing
the third electron of the Li atom, this node is spherical—it divides the orbital into two parts
which nestle one within another like the layers of an onion or the stone inside a peach. We
call this orbital the 2s orbital—'2" because we have moved up to an orbital with a node (like
the first harmonic) and ‘s’ because the orbital is still spherical. The ‘s’ did not originally stand
for ‘spherical’, but as all ‘s’ orbitals are spherical it’s fine to remember it that way.

nucleus
~. spherical
node conventional picture
probability distribution of schematic diagram of 2s orbital
electron in 2s orbital of 2s orbital (the node is not usually shown)

In alithium atom the 1s orbital, close to the nucleus, is occupied by two electrons, while the
2s orbital, further from the nucleus, contains one. In beryllium, there is a second electron in
the 2s orbital. As before the energy levels will change as the nuclear charge increases, so the
orbital occupancy in Li and Be can be represented as shown below.

occupied the lithium atom the beryllium atom
,1s orbital
4 occupied
.-’ 2s orbital _1_ 2s
> >
> > % 2s
] ¢ 1s )
c c
() [O) T 1s
B spherical node energy level energy level
of 2s orbital diagram diagram

When we get to boron, something a little different happens. It turns out that for an orbital
with one node (such as the 2s orbital), the node does not have to be spherical. The node can
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B We will explain shortly why
only half of the picture of the
p orbital on the right has been
filled in.

-
‘3 Three-dimensional
representations of the shapes of
atomic orbitals

the boron atom

T
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This is known as Hund's rule. An
atom adopts the electronic
configuration that has the
greatest number of unpaired
electrons in degenerate orbitals.
Whilst this is all a bit theoretical
in that isolated atoms are not
found very often, the same rule
applies to electrons in degener-
ate orbitals in molecules, as you
will see soon.

energy

the carbon atom
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alternatively be a plane. This alternative arrangement for an orbital with a single planar node
gives us a new type of orbital, the 2p orbital. A 2p orbital looks something like the picture on
the left below, in ‘smeared out’ form. It is often represented as the propeller shape in the mid-
dle, and it is conventionally drawn as the shape shown in the diagram to the right.

_ nucleus _ nucleus
A &
probability distribution of schematic diagram conventional picture
electron in 2p orbital of 2p orbital of 2p orbital

Unlike the 1s or 2s orbitals, the 2p orbital is directional—it points along an axis, and in
three dimensions there are three possible orientations for the axis, each of which gives rise to
anew 2p orbital (which we can call 2p,, 2p, and 2p, if we need to).

20,z 2py,  Z 2, 2z

X X X

The planar node of the three 2p orbitals gives them just slightly more energy than a 2s
orbital, with its spherical node. Boron atoms therefore have two electrons in the 1s orbital,
two in the 2s orbital, and just one in one of the 2p orbitals. The orbital occupancy is shown in
the energy level diagram on the left. You can imagine what shape each of the orbitals has: we
won't need to show a picture of them all superimposed.

The next element, carbon, with one more (a sixth) electron, seems to have a choice—it can
put its sixth electron paired with the fifth one, in the same 2p orbital, or it can put it into a
new 2p orbital, with both electrons unpaired. In fact it chooses the latter: electrons are nega-
tively charged and repel one another, so if there is a choice of equal energy orbitals they
occupy different orbitals singly until they are forced to start pairing up. The repulsion is never
enough to force an electron to occupy a higher energy orbital, but when the orbitals are other-
wise of identical energy, this is what happens.

Not surprisingly therefore, the orbitals of atoms of the remainder of the elements of the first
row of the periodic table are occupied as shown below. All the while the entire set of orbitals
is going down in energy because the nucleus is attracting the electrons more strongly, but
otherwise it is a simple matter of filling up the 2p orbitals first singly and then doubly. With
the ten electrons of neon, all the orbitals with one node are filled, and we say that neon has a
‘closed shell’. A ‘shell’ is a group of orbitals of similar energy all with the same number of
nodes (in this case all called ‘2’ something—2s or 2p).

the nitrogen atom the oxygen atom the fluorine atom the neon atom

S S S LI LIRS 2p
2s %25 gzs iﬁ_%
%15 %18 H_m

energy
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energy
energy
energy
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The phase of an orbital

Look at the diagrams below, which are the same as the ones on p. 83: they represent the
first three vibrational frequencies of a string. Now think about the motion of the string itself:
in the first vibration, all of the string moves up and down at the same time—each point on
the string moves by a different amount, but the direction moved at every point is the same.
The same is not true for the second ‘energy level’ of the string—during a vibration like this,
the left-hand half of the string moves upwards while the right-hand half moves downwards—
the two halves of the string are out of phase with one another, and there is a change of phase
at the node. The same is true of the third energy level—again, there is a change of phase at
each node.

change of phase at the node change of phase at each node

all the string moves different parts of the string, separated by nodes,
in the same direction move in different directions

The same is true for orbitals. A nodal plane, such as that in the 2p orbitals, divides the orbital
into two parts with different phases, one where the phase of the wavefunction is positive and
one where it is negative. The phases are usually represented by shading—one half is shaded
and the other half not. You saw this in the representation of the 2p orbital above. The phase
of an orbital is arbitrary, in the sense that it doesn’t matter which half you shade. It’s also
important to note that phase is nothing to do with charge: both halves of a filled 2p orbital
contain electron density, so both will be negatively charged.

So why is phase important? Well, in a moment we will see that, just as atoms add together
to give molecules, we can add together the wavefunctions of atomic orbitals to give molecular
orbitals, which tell us where electrons are, and how much energy they have, in molecules.

s,p.df

Why 2s, 2p...? These letters hark back to the early days of spectroscopy and refer to the appearance of certain lines in
atomic emission spectra: ‘s’ for ‘sharp’ and ‘p’ for ‘principal’. Later you will meet d and f orbitals, which have other
arrangements of nodes. These letters came from ‘diffuse’ and ‘fundamental’. The letters s, p, d, and f matter and you
must know them, but you do not need to know what they originally stood for.

Four short clarifications about orbitals before we go on

We're about to develop the idea of orbitals in order to understand how electrons behave in
molecules, but before we go on, we should just clarify a few points about orbitals that can
sometimes lead to confusion.

1. Orbitals do not need to have electrons in them—they can be vacant (there doesn’t
have to be someone standing on a stair for it to exist). Helium’s two electrons fill only
the 1s orbital, but an input of energy—the intense heat in the sun, for example—will
make one of them hop up into the previously empty 2s, or 2p, or 3s... etc. orbitals
waiting to receive them. In fact, it was observing, from earth, the energy absorbed by
this process which led to the first discovery of helium in the sun.

2. Electrons may be found anywhere in an orbital except in a node. In a p orbital
containing one electron, this electron may be found on either side but never in the
middle. When the orbital contains two electrons, one electron doesn’t stay in one half
and the other electron in the other half—both electrons could be anywhere (except in
the node).

3. All these orbitals of an atom are superimposed on each other. The 1s orbital is not the
middle part of the 2s orbital. The 1s and 2s orbitals are separate orbitals in their own
rights and each can hold a maximum of two electrons but the 2s orbital does occupy
some of the same space as the 1s orbital (and also as the 2p orbitals, come to that).
Neon, for example, has ten electrons in total: two will be in the 1s orbital, two in the
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As it happens, the electron den-
sity at any point in the orbital is
given by the square of the math-
ematical function (the wavefunc-
tion) which determines the
phase, so both positive and neg-
ative values of the wavefunction
give positive electron densities.
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‘3 Three-dimensional
representations of d and f orbitals

B This way of building up
molecular from atomic orbitals is
known as the linear
combination of atomic
orbitals or LCAO.
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(much bigger) 2s orbital, and two in each of the three 2p orbitals. All these orbitals are
superimposed on each other.

4. As we move across subsequent rows of the periodic table—starting with sodium—the
1s, 2s, and 2p orbitals are already filled with electrons, so we must start putting
electrons into the 3s and 3p orbitals, then the 4s, 3d, and 4p orbitals. With d orbitals
(and f orbitals, which start to be filled in the lanthanide series) there are yet further
new arrangements of nodes. We won'’t be discussing these orbitals in detail—you will
find detailed consideration in an inorganic textbook—but the principles are just the
same as the simple arrangements we have described.

Molecular orbitals—diatomic molecules

Now for electrons in molecules. Just as the behaviour of electrons in atoms is dictated by the
atomic orbitals they reside in, so electrons in molecules behave in ways dictated by the
molecular orbitals which contain them. We think of molecules as being built from atoms
(even if that is not actually how you would usually make them), and likewise we can think of
molecular orbitals as being built up from a combination of atomic orbitals.

As atomic orbitals are wavefunctions, they can be combined in the same way that waves
combine. You may be already familiar with the ideas of combining waves either constructively
(in phase) or destructively (out of phase):

~ N ~ N
~ N SN—"

combine l in phase combine l out of phase
constructive overlap destructive overlap

Atomic orbitals can combine in the same ways—in phase or out of phase. Using two 1s orbit-
als drawn as circles (representing spheres) with dots to mark the nuclei and shading to repre-
sent phase, we can combine them in phase (that is, we add them together), resulting in an
orbital spread over both atoms, or out of phase (by subtracting one from the other). In this
case we get a molecular orbital with a nodal plane down the centre between the two nuclei,
where the wavefunctions of the two atomic orbitals exactly cancel one another out and with
two regions of opposite phase.

1s 1s 1s 1s
combine l in phase combine l out of phase
© nodal plane
generates a bonding molecular orbital generates an antibonding molecular orbital

The resulting orbitals belong to both atoms—they are molecular rather than atomic orbitals.
Now, imagine putting electronsinto the first of these orbitals (the bonding orbital). Remember,
you can put zero, one, or two electrons into an orbital, but no more. The diagram of the orbital
shows that the electrons would spend most of their time in between the two atomic nuclei.
Being negatively charged, the electrons will exert an attractive force on each of the nuclei, and
would hold them together. We have a chemical bond! For this reason the in-phase molecular
orbital is called a bonding orbital.
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The out-of-phase molecular orbital offers no such attractive possibility—in fact putting
electrons into the out-of-phase molecular orbital works against bonding. These electrons are
mainly to be found anywhere but between the two nuclei, where there is a node. The exposed
positively charged nuclei repel each other, and that is why this orbital is known as an anti-
bonding molecular orbital.

The combination of the atomic 1s orbitals to give the two new molecular orbitals can also
be shown on a molecular orbital energy level diagram. The two atomic orbitals are shown on
the left and the right, and the molecular orbitals which result from combining them in and
out of phase are shown in the middle. The diagram as a whole is a sort of ‘before and after’
diagram—the situation before the interaction between the orbitals is shown on the left and
the right, and after the interaction is shown in the middle. Notice that the bonding orbital is
lower in energy than the constituent 1s orbitals, and the antibonding orbital is higher.
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Now we can actually put the electrons into the orbitals, just as we did on p. 84 when we were
building up the picture of atomic orbitals. Each hydrogen atom has one electron and so the
resulting hydrogen molecule (shown in the middle) contains two electrons. Always fill up
orbitals from the lowest energy first, putting a maximum of two electrons into each orbital,
so both of these electrons go into the bonding orbital. The antibonding orbital remains
empty. The electrons therefore spend most of their time in between the nuclei, and we have a
plausible explanation for the existence of a chemical bond in the H, molecule.
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Diagrams such as these are central to the way we can use molecular orbital theory (MO
theory) to explain structure and reactivity, and you will in future meet many more of them.
So before we go on it is worth clarifying several points about this one:

e Two atomic orbitals (AOs) combine to give two molecular orbitals (MOs). You always
get the same number of MOs out as you put AOs in.

e Adding the wavefunctions (combining them in phase) of the two AOs makes the
bonding orbital; subtracting them (combining them out of phase) makes the
antibonding orbital.

‘3 Interactive molecular orbitals
for hydrogen
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e Since the two atoms are the same (both H), each AO contributes the same amount to
the MOs (this will not always be the case).

e The bonding MO is lower in energy than the AOs.

e The antibonding MO is higher in energy than the AOs.

e FEach hydrogen atom initially had one electron. The spin of these electrons is

unimportant.

e The two electrons end up in the MO lowest in energy—the bonding MO.

e Just as with AOs, each MO can hold two electrons as long as the electrons are spin-
paired (shown by opposing arrows). You do not need to be concerned with the details
of spin-pairing at this stage, just with the result that any orbital may contain no more

than two electrons.

e The two electrons between the two nuclei in the bonding MO hold the molecule
together—they are the chemical bond.

e Since these two electrons are lower in energy in the MO than they were in the AOs,
the molecule is more stable than its constituent atoms; energy is given out when the

atoms combine.

e Or, if you prefer, we must put in energy to separate the two atoms again and to break

the bond.

From now on, we will always represent molecular orbitals in energy order—the highest-
energy MO at the top (usually an antibonding MO) and the lowest in energy (usually a bond-
ing MO and the one in which the electrons are most stable) at the bottom.

Before you leave this section, let’s recap how we got to the MO diagram of H,. It’s worth
working through these steps to check you can draw your own MO diagram before you leave

this section.

1. Draw two H atoms along with the 1s atomic orbitals which contain the electron, one

on either side of the page.

2. Sketch the result of adding and of subtracting the wavefunctions of these two 1s
orbitals to show the bonding and antibonding MOs. These go one above the other
(high energy antibonding orbital on top) in between the AOs.

3. Count up the total number of electrons in the atoms going in to the molecule, and
put that number of electrons into the MOs, starting at the bottom and building

upwards, two in each orbital.

Breaking bonds

The diagram we have studied shows the most stable ground state of a hydrogen molecule, in
which the electrons have the lowest possible energy. But what happens if an electron is pro-
moted up from the lowest energy level, the bonding MO, to the next lowest energy level, the
antibonding MO? Again, an energy level diagram helps.

energy

antibonding .- Jy' ~..

>

orbital .- RS
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Now the electron in the antibonding orbital cancels out the bonding of the electron in the
bonding orbital. Since there is no overall bonding holding the two atoms together, they can
drift apart as two separate atoms with their electrons in 1s AOs. In other words, promoting an
electron from the bonding MO to the antibonding MO breaks the chemical bond. This is dif-
ficult to do with hydrogen molecules but easy with, say, bromine molecules. Shining light on
Br, causes it to break up into bromine atoms.

Why hydrogen is diatomic but helium is not

Like H atoms, He atoms have their electrons in 1s orbitals, so we can construct an energy level
diagram for He, in a similar way. But there is one big difference: each helium atom has two
electrons so now both the bonding MO and the antibonding MO are full! Any bonding due
to the electrons in the bonding orbital is cancelled out by the electrons in the antibonding
orbital, and the He, molecule falls apart. He, does not exist.

g e
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Only if there are more electrons in bonding MOs than in antibonding MOs will there be any
bonding between two atoms. In fact, we define the number of bonds between two atoms as
the bond order (dividing by two since two electrons make up a chemical bond).

Bond order

bond order (no. of electrons in bonding MOs) — (;10. of electrons in antibonding MOs)

Hence the bond orders for H, and He, are

bond order (H,) = ? =1, i.e.asinglebond

bond order (He,) = % =0, i.e.nobond

Forming bonds using 2s and 2p atomic orbitals: ¢ and & orbitals

Atoms in the row of the periodic table running from Li to F have electrons in 2s and 2p orbit-
als, and as all molecules of interest to organic chemists contain at least one such atom we now
need to think about how 2s and 2p orbitals interact. We also need to introduce you to a useful
piece of terminology that is used to describe the symmetry of molecular orbitals.

We can do all of this by thinking about the bonding in another ubiquitous diatomic gas, N,.
N atoms have electrons in 1s, 2s, and 2p orbitals, so we need to consider interactions between
pairs of each of these orbitals in turn.
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1s orbitals we have already dealt with. Combining 2s orbitals is essentially just the same;
they form bonding and antibonding orbitals just as 1s orbitals do and with similar shapes too,
but higher energies, because the 2s orbitals are higher in energy that the 1s orbitals. The 2s
orbitals are also bigger than 1s orbitals, and because of their ‘onion skin’ form, the exact
nature of the MOs they give rise to is more complex than those which come from 1s AOs, but
you can represent them in sketches in just the same way:

1sor2s 1sor2s

view from end-on : l view from end-on
@ combine lout of phase

nodal plane
o orbital antibonding molecular orbital o+ orbital

The bonding orbitals formed from 1s-1s and 2s-2s interactions have another important
feature in common: they are all cylindrically symmetrical. In other words, if you look at the
molecular orbital end-on, you can rotate it around the axis between the two atoms by any
amount and it looks identical. It has the symmetry of a cigar, a carrot, or a baseball bat.
Bonding orbitals with cylindrical symmetry like this are known as ¢ (sigma) orbitals, and the
bonds which result from putting two electrons into these orbitals are known as ¢ bonds. The
single bond in the H, molecule is therefore a ¢ bond.

The antibonding orbitals which result from combining these AOs are also cylindrically
symmetrical and are called ¢* orbitals, with the * denoting their antibonding character.

Now for the 2p orbitals. As described on p. 86 each atom has three mutually perpendicular
2p atomic orbitals. In a diatomic molecule, such as N,, these 2p orbitals must combine in two
different ways—one p orbital from each atom (shown in red here) can overlap end-on, but the
other two p orbitals on each atom (shown in black) must combine side-on.

these two pairs of p orbitals must combine side-on

each atom has three
mutually perpendicular
2p orbitals

{

only these two p orbitals
can overlap end-on

We’ll deal with the end-on overlap first. This is what happens if we combine the two 2p
orbitals out of phase: as with the 2s orbitals, we have a node between the atoms, and any elec-
tron in this MO would spend most of its time not between the nuclei—as you can guess, this
is an antibonding orbital.

out of phase nodal plane

antibonding ¢* molecular orbital
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If we combine the orbitals in phase, this is what we get.

in phase

bonding ¢ molecular orbital

There is a nice rich area of electron density between the nuclei, and somewhat less outside,
so overall filling this orbital with electrons would lead to an attraction between the atoms and
a bond would result.

Both of these MOs have cylindrical symmetry and are therefore designated ¢ and c* orbit-
als, and a bond formed by filling the MO made from interacting two 2p orbitals end-on is
called a 6 bond.

® G bonds can be made from s or p atomic orbitals, provided they form a cylindrically
symmetrical molecular orbital.

Each atom presents its other two 2p orbitals for side-on overlap. This is what the antibond-
ing MO formed by out-of-phase combination of two side-on p orbitals looks like:

. view from end-on
comblne Q E ’
out of phase ‘ b }
' no
' cylindrical

nodal plane symmetry

antibonding n* molecular orbital m orbital

And this is the bonding, in-phase combination

comblne ©
in phase -

bonding © molecular orbital n orbital

view from end-on

no
cylindrical
symmetry

These MOs do not have cylindrical symmetry—in fact you have to rotate them 180° about
the axis between the nuclei before you get back something looking like what you started with M Because it can be difficult to
but with opposite phase—and as a result the symmetry of these orbitals is given the symbol represent exactly the result of
n: the bonding orbital is a © orbital and the antibonding orbital is a ©* orbital. Bonds which adding and subtracting p
are formed by filling & orbitals are called n bonds, and you’ll notice that because of the m sym- orbitalf, you will often see T
metry the electron density in these bonds does not lie directly between the two nuclei but [a“nadg:;mcs)rglrtﬂa;fyr:;s)r;s;:ted "
rather to either side of the line joining them. “uncombined” p orbitals—the
Since an atom has three mutually perpendicular 2p orbitals, two of which can interact side- structures on the left above. For
on in this way, there will exist a pair of degenerate (equal in energy) mutually perpendicular an example, see p. 105.
n orbitals and likewise a pair of degenerate mutually perpendicular n* orbitals. (The third p
orbital interacts end-on, forming a ¢ orbital and a ¢* orbital, of course).
The two sorts of MOs arising from the combinations of the p orbitals are, however, not
degenerate—more overlap is possible when the AOs overlap end-on than when they overlap
side-on. As a result, the 2p-2p o orbital is lower in energy than the 2p-2p & orbitals.
We can now draw an energy level diagram to show the combinations of the 1s, 2s, and 2p
AOs to form MOs, labelling each of the energy levels with o, 6* =, or n* as appropriate.
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molecular orbitals of
N, molecule

atomic orbitals of atomic orbitals of

N atom N atom
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Pl "~ side-on interaction of 2p
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Now for the electrons. Each nitrogen atom contributes seven electrons to the molecule, so
we have to fill this stack of orbitals with 14 electrons, starting at the bottom. The result is:

(&
B The 250, 2po, and 2pn J ’,"’ \~\ empty antibonding orbitals
orbitals fall very close in energy: i AN
for a more detailed discussion of //:____.- ‘-~._,:‘\
their relative energies, consult 2p 3 It 2p
an inorganic chemistry textbook. el # JUPEEPiat
\~\ TC ”/’
- ., Wwombonds .- filled bonding orbitals
> . * P
— ()
g one ¢ bond
¢ o R . N
- »—?—¢—~ -._ filled antibonding orbital
25— z7777 \':::> 2s
2 big gap in energy here: e %G’_— filled bonding orbital bonding and
the 1s orbitals are much antibonding
lower in energy than the 2s . cancel out
__-#".___ﬂﬂed antibonding orbital
‘% Interactive molecular orbitals 1s ‘::--___ ___——::’ 1s

for nitrogen T e
—H—G filled bonding orbital Y,

The ¢ and o* MOs formed from interactions between the two 1s orbitals, and the two 2s
orbitals are all filled: no overall bonding results because the filled bonding and antibonding
orbitals cancel each other out. All the bonding is done with the remaining six electrons. They
fit neatly into a ¢ bond from two of the p orbitals and two n bonds from the other two pairs.
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The electrons in the 6 bond lie between the two nuclei, while the electrons in the two n bonds
lie in two perpendicular clouds flanking the central ¢ bond.

o bond 7 bond n bond

- N nucleus N nucleus
o e - ’ p

| ,
N nucleus

| . |
' N nucleus
N nucleus

all three bonds superimposed: .&

Calculating the bond order in N, is easy—a total of ten bonding electrons and four anti-
bonding electrons gives a credit of six, or a bond order of three. N, has a triple-bonded
structure.

We can’t, however, ignore the electrons that are not involved in bonding: there are eight of 2s electrons
them altogether. These non-bonding electrons can be thought of as being localized on each form

non-bonding
of the N atoms. The four 1s electrons are low-energy inner shell electrons that are not involved lone pairs %

N nucleus

one
¢ bond
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in the chemistry of N,, while the four 2s electrons provide the non-bonded lone pairs located BN ‘N=——N:

one on each N atom. In the structure shown here we have drawn them in: you don’t have to A

draw lone pairs of every molecule that has them, but sometimes it can be useful to emphasize two 1t bonds

them—for example if they are taking part in a reaction scheme.

Bonds between different atoms

Up to now we have only considered combining two atoms of the same element, which makes
things simpler because the same orbitals on each of the two atoms have the same energy. But
when the two atoms are different two things change. The first is obvious—the number of elec-
trons contributed by each atom is different. This is easy to accommodate since it just affects the
total number of electrons we need to put into the MO diagram when we fill up the energy
levels. So, for example, if you were constructing an MO diagram for NO, the gas nitric oxide
(NO, a rather remarkable biological messenger in the human body) rather than N,, you simply
putin a total of 15 rather than 14 electrons because O contributes eight electrons and N seven.

Nitric oxide, NO

Nitric oxide was for a long time known only as one of the villains of urban air pollution, being formed during the combus-
tion of petroleum and other fossil fuels. In the last 20 years, however, it has become evident that it is much more than
that—one unexpected role, which earned its discoverers the Nobel Prize in physiology in 1998, is as a biological mes-
senger, managing the contraction of smooth vessels and hence regulating blood flow.

The second thing that changes when you have two different atoms bonded together is the
relative energies of the AOs being combined. It may seem natural to assume that a 2p orbital
has the same energy whatever atom it finds itself in, but of course the difference is that an
electron in a 2p (or any other) orbital feels an attraction to the nucleus which depends on the
nuclear charge. The greater the number of protons in the nucleus, the greater the attraction,
and hence the more tightly held, more stable, and lower in energy the electron becomes.

Thisis the origin of electronegativity. The more electronegative an atom is, the more it attracts
electrons, the lower in energy are its AOs, and so any electrons in them are held more tightly.
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Electronegativity increases
across each row but decreases
down each column even though
the nuclear charge increases.
This is because once electrons
start filling a new shell they are
shielded from the nucleus by all
the electrons in the lower energy
filled shells. You can find more
detailed information in an
inorganic chemistry textbook.

B We have here the beginnings
of an explanation for both the
structure and reactivity of
polarized bonds. In Chapter 6
we will revisit the idea that a
carbonyl C=0 bond is polarized
towards O, but that the
asymmetry of the antibonding
n* orbital leads to attack on the
C=0 group at C.

unpaired
electron

on "9
N=—o0
A

one ¢ bond

one © bond

B We haven't considered what
happens in the second row of
the periodic table yet, but it will
come as no surprise to you to
learn that the electronic structure
of the elements of Na to Cl
arises from filling 3s and 3p
orbitals. You might like to think
about what shape these orbitals
have: a textbook on inorganic
chemistry will tell you more.
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As you move across each row of the periodic table, therefore, electronegativity increases as the
energy of each orbital drops. From Li (electronegativity 0.98) across to C (2.55), and on to N
(3.04), O (3.44), and F (3.98), the elements steadily become more electronegative and the AOs
lower in energy.

So our diagram of the orbitals of NO actually looks like this.

Molecular orbital diagram for nitric oxide (NO) (1s orbitals not shown)

\ orbitals of N G

orbitals of O

2p <777 Ssol s

fill molecular orbitals with %&

15 electrons (seven from N
and eight from O)

energy

Tl It~ 2s

We have shown only the 2s and 2p orbitals as the 1s orbitals are much lower in energy, and as
you saw in the diagram of N, on p. 94 their bonding and antibonding interactions cancel each
other out.

The orbitals on O are lower in energy than the orbitals on N, but they still interact just fine.
However, there is one interesting consequence: if you look at each bonding orbital, you will
see that it is closer in energy to the contributing orbital on O than the contributing orbital on
N. Likewise, each antibonding orbital is closer in energy to the contributing orbital on N than
the contributing orbital on O. The result is that the MOs are unsymmetrical, and while all the
bonding orbitals have a greater contribution from the oxygen AOs, all the antibonding orbit-
als have a greater contribution from the nitrogen AOs. Overall the diagram shows eight elec-
trons in bonding orbitals and three electrons in antibonding orbitals, so the overall electron
distribution is skewed (polarized) towards O, just as you would expect from a comparison of
the electronegativities of N and O.

The eight electrons in bonding orbitals and three electrons in antibonding orbitals means
that NO has a bond order of 2. It also has an unpaired electron—it is a radical. We can’t
easily represent half a bond in valence bond terms, so we usually draw NO with a double
bond, representing four bonding electrons. The remaining seven electrons can be shown as
three lone pairs and one unpaired electron. Where do we put them? Well, our MO diagram
tells us that the unpaired electron occupies an orbital closer in energy to N than to O, so we
put that on N.

N and O differ only slightly in electronegativity (electronegativity of N 3.04; O 3.44): their
orbitals are quite close in energy and form stable covalent bonds. But we also need to consider
what happens when two atoms forming a bond differ hugely in electronegativity. We can take
sodium (electronegativity 0.93) and chlorine (electronegativity 3.16) as our example. We
know from observation that the product of reacting these two elements (don't try this at
home) is the ionic solid Na*Cl", and the MO energy level diagram tells us why.

The AOs we need to consider are the 3s and 3p orbitals of Na (all its lower energy 1s, 2s, and
2p orbitals are filled, so we can ignore those, as we did with the 1s orbitals of N, and NO above)
and the 3s and 3p orbitals of Cl (again, the 1s, 2s, and 2p orbitals are all filled). Here is the
diagram, with the Na orbitals much higher in energy than the Cl orbitals.
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Trying to construct a molecular orbital diagram for NaCl

orbitals of Na

3p

3s

energy

All eight electrons

fill Cl atomic orbitals:
NaCl is an ionic solid

Na has
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@ Three-dimensional structure of
sodium chloride

no electrons in its 3s

or 3p orbitals: it exists as Na*

No interaction
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(one from Na, seven from CI)

orbitals of CI

orbitals much lower in energy
as a consequence of greater
nuclear charge (greater
electronegativity)

3p

3s

But these AOs are too far apart in energy to combine to form new MOs and no covalent bond
is formed. The orbitals which get filled are simply the 3s and 3p orbitals of the Cl atom. The
electrons available to fill these orbitals are the seven provided by Cl plus the one from Na: we
end up with Na* and CI". The ionic bonding in NaCl is due simply to the attraction between
two oppositely charged ions—there is no orbital overlap.

These three different cases where the two combining orbitals differ greatly in energy, only
a little, or not at all are summarized below.

Energies of AOs both the same

AO on atom B is a little lower in
energy than AO on atom A

AO on atom B is a lot lower in
energy than AO on atom A

large interaction between AOs

bonding MO much lower in energy
than AOs

antibonding MO is much higher in
energy than the AOs

both AOs contribute equally to
the MOs

electrons in bonding MO are shared
equally between the two atoms

bond between A and B would classi-
cally be described as purely covalent

easiest to break bond into two radicals
(homolytic fission)

heterolytic fission of the bond is possi-
ble and could give either A+ and B or
A- and B (this point is discussed more
fully in Chapters 24 and 37)

less interaction between AOs

bonding MO is lowered by a small
amount relative to AO on atom B

antibonding MO is raised in energy by
a small amount relative to AO on
atom A

the AO on B contributes more to the
bonding MO and the AO on A con-
tributes more to the antibonding MO

electrons in bonding MO are shared
between atoms but are associated
more with B than A

bond between A and B is covalent but
there is also some electrostatic (ionic)
attraction between atoms

easiest to break bond into two ions,
A* and B, although it is also possible
to give two radicals

AOs are too far apart in energy to
interact

the filled orbital on the same energy
as the AO on atom B

the empty orbital on the cation has
same energy as the AO on atom A

Only one AO contributes to each MO

electrons in the filled orbital are
located only on atom B

bond between A and B would classi-
cally be described as purely ionic

compound already exists as ions A*
and B-
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a molecule of methane
enclosed in a cube
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Other factors affecting degree of orbital interaction

Having similar energies is not the only criterion for good interaction between two AOs. It also
matters how the orbitals overlap. We have seen that p orbitals overlap better in an end-on
fashion (forming a ¢ bond) than they do side-on (forming a = bond). Another factor is the size
of the AOs. For best overlap, the orbitals should be the same size—a 2p orbital overlaps much
better with another 2p orbital than it does with a 3p or 4p orbital.

efficient overlap between orbitals inefficient overlap between orbitals of
of similar size (e.g. 2p—2p) different size (e.g. 3p—2p)

A third factor is the symmetry of the orbitals—two AOs must have the appropriate symme-
try to combine. Thus a 2p, orbital cannot combine with a 2p, or 2p, orbital since they are all
perpendicular to each other (they are orthogonal). Depending on the alignment, there is
either no overlap at all or any constructive overlap is cancelled out by equal amounts of
destructive overlap. Likewise, an s orbital can overlap with a p orbital only end-on. Sideways
overlap leads to equal amounts of bonding and antibonding interactions and no overall gain
in energy.

; ® )

p
s s
Py
Py Py Px however, s and p orbitals
) ) ) can overlap end-on

these two p orbitals cannot here any constructive overlap is
combine because they are cancelled out by equal amounts
perpendicular to each other of destructive overlap

Molecular orbitals of molecules with more than two atoms

We now need to look at ways of combining more than two atoms at a time. For some mole-
cules, such as H,S and PH;, which have all bond angles equal to 90°, the bonding should be
straightforward—the 3p orbitals (which are at 90°) on the central atom simply overlap with
the 1s orbitals of the hydrogen atoms.

Now, you might imagine it would be similar for ammonia, NHj, since N lies above P in the
periodic table. The trouble is, we know experimentally that the bond angles in ammonia, as
in water and methane, are not 90°, but instead 104°, 107°, and 109°, respectively. All the cova-
lent compounds of elements in the row Li to Ne raise this difficulty. How can we get 109°
angles from orbitals arranged 90° apart?

To see what has to happen, we’'ll start with a molecule of methane enclosed in a cube. It is
possible to do this since the opposite corners of a cube describe a perfect tetrahedron. The
carbon atom is at the centre of the cube and the four hydrogen atoms are at four of the
corners.

Now let’s consider each of the carbon’s 2s and 2p AOs in turn. The carbon’s 2s orbital can
overlap with all four hydrogen 1s orbitals at once with all the orbitals in the same phase.
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Each of the 2p orbitals points to a pair of opposite faces of the cube. Once more all four

hydrogen 1s orbitals can combine with each p orbital, provided the hydrogen AOs on the
O

opposite faces of the cube are of opposite phases.

9 ? O Y @
2p, 2py 2px

‘

the hydrogen 1s orbitals can overlap with the three 2p orbitals

The three MOs generated in this way are degenerate, and this gives us four bonding orbitals.
Along with four associated antibonding orbitals this gives us a total of eight MOs, which is
correct since there were eight AOs (C gave us 2s and 3 x 2p, while 4 x H gave us 4 x 1s).

Using this approach, it is possible to construct a complete MO picture of methane—and
indeed for very much more complex molecules than methane. There is experimental evi-
dence too that these pictures are correct. But the problem is this: the four filled, bonding
orbitals of methane are not all the same (one came from the interaction with the C 2s orbital
and three from the C 2p orbitals). But we also know from experimental observations all four
C—H bonds in methane are the same.

Something seems to be wrong, but there is in fact no contradiction. The MO approach tells
us that there is one MO of one kind and three of another but the electrons in them are shared
out over all five atoms. No one hydrogen atom has more or fewer electrons than any other—
they are all equivalent. Techniques that tell us the structure of methane do not tell us where
bonds are; they simply tell us where the atoms are located in space—we draw in bonds con-
necting atoms together. Certainly the atoms form a regular tetrahedron but exactly where the
electrons are is a different matter entirely. So, do we have to give up the idea that methane has
four bonds, each made of two electrons, linking the C with an H? If we choose to, then for
every reaction, even of the simplest molecules, we are going to need to calculate, by computer,
a full set of MOs and all of their interactions.

That would be using physics to do chemistry. It might be accurate but it would kill creativity
and invention. So here is an alternative: we keep our tried and tested practical picture of
molecules made from discrete bonds, each containing a pair of electrons, but we make it
compatible with MO theory. To do this we need a concept known as hybridization.

Hybridization of atomic orbitals

To get a picture of methane with four equivalent pairs of electrons we need to start with four
equivalent AOs on C, which we don’t have. But we can get them if we combine the carbon 2s
and 2p orbitals first to make four new orbitals, each composed of one-quarter of the 2s orbital
and three-quarters of one of the p orbitals. The new orbitals are called sp3 (that’s said s-p-three,
not s-p-cubed) hybrid orbitals to show the proportions of the AOs in each. This process of mix-
ing is called hybridization. The hybrid orbitals are mathematically equivalent to the 2s and 2p
orbitals we started with, and they have the advantage that when we use them to make MOs
the orbitals correspond to bonding pairs of electrons.

STPHP*+P 5 4x(Yys+3up)
2p; 4 —
sp® orbital

add together then divide into
O ’ 8 ! @ * DO four equivalent hybrid orbitals:
2s 2py 2py
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with all four hydrogen 1s
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CHAPTER 4 STRUCTURE OF MOLECULES

What do the four hybrid orbitals look like? Each sp? orbital takes three-quarters of its char-
acter from a p orbital and one-quarter from an s orbital. It has a planar node through the
nucleus like a p orbital but one lobe is larger than the other because of the extra contribution
of the 2s orbital: the symmetry of the 2s orbital means that adding it to a 2p orbital will
increase the size of the wavefunction in one lobe, but decrease it in the other.

four sp® on one C atom point

a to the corners of a tetrahedron
/4 + %l 5

an sp® orbital

The four sp?® orbitals point to the corners of a tetrahedron and we build up a molecule of
methane by overlapping the large lobe of each sp? orbital with the 1s orbital of a hydrogen
atom, as shown in the margin. Each overlap forms an MO (2sp? + 1s) and we can put two
electrons in each to form a C—H o bond. There will of course also be an antibonding MO, c*
(2sp® - 1s) in each case, but these orbitals are empty. Overall, the electrons are spatially distrib-
uted exactly as they were in our previous model, but now we can think of them as being located
in four bonds.

\0>,<
? ? ? ? \/’ N
mix to make 4 x sp® orbitals “\ combine with 2 x 1s orbitals from H % Hx4
1sx4
“‘ Y | | |
) P B B B
AL A A A
Y Ty TV o
four C—H o bonds

The great advantage of this method is that it can be used to build up structures of much
larger molecules quickly and without having to imagine that the molecule is made up from
isolated atoms. Take ethane, for example. Each carbon uses three sp® AOs orientated
towards the three hydrogen atoms, leaving one sp? orbital on each carbon atom for the
C—Cbond.

In the MO energy level diagram we now have both C—H bonding ¢ and antibonding ¢*
orbitals (made from combining sp? orbitals on C with 1s orbitals on H) and also a C—C
bonding ¢ and antibonding ¢* orbital, made from two sp? orbitals on C. The diagram
below just shows the C—C bond.

molecular orbitals of ethane (just C—C bond shown)

C

2p

|
Y

-

energy

-

ethene (ethylene)
C-H bonds

H H 108 pm
117.8° (==
é C-C bond

H 133 pm

empty antibonding C—C o orbital ¢
N ' ' 2
K \ Y y .
mix to make 4 x sp® orbitals -’ . mix to make 4 x sp® orbitals
A A A A7 A A A A

I I I I \ S I I I

3 x sp® used in . K 3 x sp® used in ,
bonds to 3 x H i # )/ bonds to 3 x H # S
Y

filled bonding C-C o orbital

For ethene (ethylene), the simplest alkene, we need a new set of hybrid orbitals. Ethene is a
planar molecule with bond angles close to 120°. Our approach will be to hybridize all the
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orbitals needed for the C—H framework and see what is left over. In this case we need three
equivalent bonds from each carbon atom (one to make a C—C bond and two to make C—H
bonds). Therefore we need to combine the 2s orbital on each carbon atom with two p orbitals
to make the three bonds. We could hybridize the 2s, 2p,, and 2p, orbitals (that is, all the AOs
in the plane) to form three equal sp? orbitals, leaving the 2p, orbital unchanged. These sp?
hybrid orbitals will have one-third s character and only two-thirds p character.

add together then divide into
O + @ * DO three equivalent hybrid orbitals:
S+P+P 5 3x (1/38 + 2/3p)
H_I

2s 2py 2p, 3

sp? orbital

The three sp? hybrid AOs on each carbon atom can overlap with three other orbitals (two
hydrogen 1s AOs and one sp? AO from the other carbon) to form three 6 MOs. This leaves the
two 2p, orbitals, one on each carbon, which combine to form the # MO. The skeleton of the
molecule has five 6 bonds (one C—C and four C—H) in the plane and the central = bond is
formed by two 2p, orbitals above and below the plane.

C-C = bond made from overlap
of p orbital on each C atom

each C atom has three
sp? orbitals plus a p orbital

=

C—C o bonds made from -~
overlap of sp? orbital on each C atom

This is the first MO picture we have constructed with a C=C double bond, and it is worth
taking the time to think about the energies of the orbitals involved. We’ll again ignore the
C—H bonds, which involve two of the sp? orbitals of each C atom. Remember, we mixed two
of the three 2p orbitals in with the 2s orbital to make 3 x sp? orbitals on each C atom, leaving
behind one unhybridized 2p orbital.

Now, first we need to generate the ¢ and ¢* orbitals by interacting one sp? orbital on each atom.
Then we need to deal with the two p orbitals, one on each C, which interact side-on. The unhy-
bridized p orbitals are a bit higher in energy than the sp? orbitals, but they interact less well (we
discussed this on p. 93) so they give a nt orbital and a n* orbital whose energies are in between the
o and c* orbitals. Each C atom donates two electrons to these orbitals (the other two electrons are
involved in the two bonds to H), so the overall picture looks like this. Two AOs give two MOs.

o*
.~ ___ . unfilled antibonding orbitals

molecular orbitals of ethene (ethylene)
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ethyne (acetylene)

H————H
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The fact that the sideways overlap of the p orbitals to form a 7t bond is not as effective as the head-on overlap of the
orbitals to form a ¢ bond means that it takes less energy to break a C—C 7 bond than a C—C o bond (about 260 kJ
mol~" compared to about 350 kJ mol-").

- CD - 5 5
overlap of orbitals is more efficient
in a ¢ bond than in a = bond

Ethyne (acetylene) has a C=C triple bond. Each carbon bonds to only two other atoms to
form a linear CH skeleton. Only the carbon 2s and 2p, have the right symmetry to bond to the
two atoms at once so we can hybridize these to form two sp hybrids on each carbon atom,
leaving the 2p, and 2p, to form &= MOs with the 2p orbitals on the other carbon atom. These
sp hybrids have 50% each s and p character and form a linear carbon skeleton.

Q 9

2s 2p,

plus two remaining 2p orbitals

add together then divide into
two equivalent hybrid orbitals: 8 @
2px 2py

S+P 5 2x(Yes+ 'p)
2 N

sp orbital

‘% Interactive bonding orbitals in
ethyne

H H H

6 5
X
H 43%

H 2 "CHj3

hex-5-en-2-yne 1

We could then form the MOs as shown below. Each sp hybrid AO overlaps with either a
hydrogen 1s AO or with the sp orbital from the other carbon. The two sets of p orbitals com-
bine to give two mutually perpendicular 1 MOs.

C—C n bonds each

made from overlap of
one p orbital on each \\

(:N % ) + ( % '@—»

Hydrocarbon skeletons are built up from tetrahedral (sp?), trigonal planar (sp?), or linear (sp)
hybridized carbon atoms. Deciding what sort of hybridization any carbon atom has, and
hence what sort of orbitals it will use to make bonds, is easy. All you have to do is count up the
atoms bonded to each carbon atom. If there are two, that carbon atom is linear (sp hybrid-
ized), if there are three, that carbon atom is trigonal (sp? hybridized), and if there are four, that
carbon atom is tetrahedral (sp3 hybridized). Since the remaining unhybridized p orbitals are
used to make the  orbitals of double or triple bonds, you can also work out hybridization state
just by counting up the number of & bonds at each carbon. Carbon atoms with no = bonds
are tetrahedral (sp3 hybridized), those with one m bond are trigonal (sp? hybridized), and those
with two ©t bonds are linear (sp hybridized).

There’s a representative example on the left. This hydrocarbon (hex-5-en-2-yne) has two linear
sp carbon atoms (C2 and C3), two trigonal sp? carbon atoms (C5 and C6), a tetrahedral sp* CH,
group in the middle of the chain (C4), and a tetrahedral sp? methyl group (C1) at the end of the
chain. We had no need to look at any AOs to deduce this—we needed only to count the bonds.

each C atom has two
sp orbitals plus two p orbitals

@

C-C o bond made
from overlap of sp
orbital on each

C atom

We can hybridize any atoms

We can use the same ideas with any sort of atom. The three molecules shown on the next page
all have a tetrahedral structure, with four equivalent ¢ bonds from the central tetrahedral sp?
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atom, whether this is B, C, or N, and the same total number of bonding electrons—the mol-
ecules are said to be isoelectronic. The atoms contribute different numbers of electrons so to
get the eight bonding electrons we need we have to add one to BH, and subtract one from
NH,—hence the charges in BH; and NHj. In each case the central atom can be considered to
be sp? hybridized, using an sp? orbital to bond to each of the four H atoms, each resulting
bond being made up of two electrons.

Compounds of the same three elements with only three bonds take more thinking about.
Borane, BH3, has only three pairs of bonding electrons (three from B and three from the three
H atoms). Since the central boron atom bonds to only three other atoms we can therefore
describe it as being sp? hybridized. Each of the B—H bonds results from the overlap of an sp?
orbital with the hydrogen 1s orbital. Its remaining p orbital is not involved in bonding and
must remain empty. Do not be tempted by the alternative structure with tetrahedral boron
and an empty sp? orbital. You want to populate the lowest energy orbitals for greatest stability
and sp? orbitals with their greater s character are lower in energy than sp? orbitals. Another
way to put this is that, if you have to have an empty orbital, it is better to have one with the
highest possible energy since it has no electrons in it and so it doesn’t affect the stability of the
molecule.

Borane is isoelectronic with the methyl cation, CH; or Me*. All the arguments we have just
applied to borane also apply to Me" so it too is sp? hybridized with a vacant p orbital. This will
be very important when we discuss the reactions of carbocations in Chapters 15 and 36.

Now what about ammonia, NH;? Ammonia is not isoelectronic with borane and Me*! It has
a total of eight electrons—five from N and three from 3 x H. As well as three N—H bonds, each
with two electrons, the central nitrogen atom also has a lone pair of electrons. We have a
choice: either we could hybridize the nitrogen atom sp? and put the lone pair in the p orbital
or we could hybridize the nitrogen sp and have the lone pair in an sp? orbital.

This is the opposite of the situation with borane and Me". The extra pair of electrons does
contribute to the energy of ammonia so it prefers to be in the lower-energy orbital, sp?, rather
than pure p. Experimentally the H-N—H bond angles are all 107.3°. Clearly, this is much
closer to the 109.5° sp® angle than the 120° sp? angle. But the bond angles are not exactly
109.5°, so ammonia cannot be described as pure sp? hybridized. One way of looking at this is
to say that the lone pair repels the bonds more than they repel each other. Alternatively, you
could say that the orbital containing the lone pair must have slightly more s character while
the N—H bonding orbitals must have correspondingly more p character.

The carbonyl group

The C=0 double bond is the most important functional group in organic chemistry. It is
present in aldehydes, ketones, acids, esters, amides, and so on. We shall spend several chapters
discussing its chemistry so it is important that you understand its electronic structure from
this early stage. We’ll use the simplest carbonyl compound, methanal (formaldehyde), as our
example. As in alkenes, the carbon atom needs three sp? orbitals to form ¢ bonds with the two
H atoms and the O atom. But what about oxygen? It needs only to form one ¢ bond to C, but
it needs two more hybrid orbitals for its lone pairs: the oxygen atom of a carbonyl group is also
sp? hybridized. A p orbital from the carbon and one from the oxygen make up the © bond,
which also contains two electrons. This is what the bonding looks like:

C-0 1 bond made from overlap
of p orbital on,C and on O

D
D5

C-0 & bond made O

from overlap of sp? orbital on
each of C and O

each atom has three
sp? orbitals plus a p orbital

B
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How do we know the O has its
lone pairs in sp? orbitals? Well,
whenever carbonyl compounds
form bonds using those lone
pairs—hydrogen bonds, for
example—they prefer to do so
in a direction corresponding to
where the lone pairs are
expected to be.

‘3 Interactive bonding orbitals in
formaldehyde
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orbitals of the C=0 group
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For the MO energy diagram, we'll again just consider the bonding between C and O. First,
we hybridize the orbitals of both atoms to give us the 3 x sp? orbitals and 1 x p orbital we need.
Notice that we have made the AOs at O lower in energy than the AOs at C because O is more
electronegative. Once we have accounted for the non-bonding sp? orbitals at O and the two
C—H bonds, we allow the two remaining sp? orbitals to interact and make a ¢ and a ¢* orbital,
and the two p orbitals to make a © and a ©* orbital.

ok
it ', unfilled antibonding orbitals

W Alkenes have nucleophilic
bonds while carbonyl
compounds have electrophilic T©
bonds. If you are not yet familiar
with these terms, you will meet
them in Chapter 5.

=) We will develop this idea in
Chapter 6.

4

(o)

O

electronegativity difference
means C=0 n= orbital is
distorted towards C

o]
keep one IO .
2p 4 + N p orbital o7 ',' NS
unhybridized = 2p "~ . N o
> N RN
o mix to make PN K N keep one
= . A \ - f 2
c , < - \
A A A _H, - .
e > i i I on ) ) ) \ mix to make
Y—————  SP” *{ filled bonding C-C = orbital 3 x sp? orbitals
2 x sp? used in N N A A A
N s | |
bondsto 2 x H R I! I! <
N . sp
2s A .

2 x sp? are non-
bonding lone pairs
orbital

N .
N Pid
. .

““filled bonding C—C &

_H_zs

The fact that oxygen is more electronegative than carbon has two consequences for this
diagram. Firstly it makes the energy of the orbitals of a C=0 bond lower than they would be
in the corresponding C=C bond. That has consequences for the reactivity of alkenes and
carbonyl compounds, as you will see in the next chapter.

The second consequence is polarization. You met this idea before when we were looking at
NO. Look at the filled r orbital in the MO energy level diagram. It is more similar in energy to
the p orbital on O than the p orbital on C. We can interpret this by saying that it receives a
greater contribution from the p orbital on O than from the p orbital on C. Consequently the
orbital is distorted so that it is bigger at the O end than at the C end, and the electrons spend
more time close to O. The same is true for the ¢ bond, and the consequent polarization of the
C=0 group can be represented by one of two symbols for a dipole—the arrow with the cross
at the positive end or the pair of 3+ and 8- symbols.

formaldehyde

H
5+>:o5—
H 4—»

ec )odd

-
\

electronegativity difference
means C=0 = orbital is
distorted towards O

the consequence:
a dipole
electronegativity difference
means C-0O ¢ orbital is also
distorted towards O

Conversely, if you look at the antibonding n* orbital, it is closer in energy to the p orbital
on C than the p orbital on O and therefore it receives a greater contribution from the p
orbital on C. It is distorted towards the carbon end of the bond. Of course, being empty, the
n* orbital has no effect on the structure of the C=0 bond. However, it does have an effect on
its reactivity—it is easier to put electrons into the antibonding n* orbital at the C end than
at the O end.
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Rotation and rigidity

To end this chapter, we deal with one more question which MOs allow us to answer: how flex-
ible is a molecule? The answer depends on the molecule of course, but more importantly it
depends on the type of bond. You may be aware that many alkenes can exist in two forms, cis
and trans, also called Z and E (see Chapter 17). These two forms are not usually easy to inter-
convert—in other words the C=C double bond is very rigid and cannot rotate.

If we look at the bonding in but-2-ene we can see why. The © bond is made up of two parallel
p orbitals. To rotate about the m bond requires those orbitals to lose their interaction, pass
through a state in which they lie perpendicular, and finally line up again. That transitional,
perpendicular state is very unfavourable because all of the energy gained through n bonding

is lost. Alkenes are rigld and do not rotate.

Alkenes are rigid...

9

try to rotate one
\end of © bond

CHs

HsC H very HsC HsC— /3 CH;
unfavourable H
process
trans alkene overlap between p orbitals is lost cis alkene

7 bond is broken

Alkene isomers

Maleic and fumaric acids were known in the nineteenth century to have the same chemical composition and the same
functional groups, and yet they were different compounds—uwhy remained a mystery. That is, until 1874 when van't Hoff
proposed that free rotation about double bonds was restricted. This meant that, whenever each carbon atom of a double
bond had two different substituents, isomers would be possible. He proposed the terms cis (Latin meaning ‘on this side’)
and trans (Latin meaning ‘across or on the other side’) for the two isomers. The problem was: which isomer was which?
On heating, maleic acid readily loses water to become maleic anhydride so this isomer must have both acid groups on
the same side of the double bond.

(0]
H COOH H COOH H
heat heat
j[ ——» nochange j[ - > (o)
-H
Hooc” “H H”Scoon 0y
fumaric acid maleic acid [0}

trans-butenedioic acid cis-butenedioic acid

maleic anhydride

Compare that situation with butane. Rotating about the middle bond doesn’t break any
bonds because the 6 bond is, by definition, cylindrically symmetrical. Atoms connected only
by a ¢ bond are therefore considered to be rotationally free, and the two ends of butane can
spin relative to one another.

Alkanes rotate freely...

rotate one
end of ¢ bond

HH CH3 HHaC, HH H
HsC H easy easy HsC H CH3J

H process process

The same comparison works for ethylene (ethene) and ethane: in ethylene all the atoms lie
in a plane, enforced by the need for overlap between the p orbitals. But in ethane, the two
ends of the molecule spin freely. This difference in rigidity has important consequences
throughout chemistry, and we will come back to it in more detail in Chapter 16.

trans (E)
but-2-ene
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It is in fact possible to intercon-
vert cis and trans alkenes, but it
requires a considerable amount
of energy—around 260 kJ
mol=". One way to break the
bond is to promote an electron
from the 7 orbital to the *
orbital. If this were to happen,
there would be one electron in
the bonding 7 orbital and one in
the antibonding * orbital, and
hence no overall bonding. The
energy required to do this corre-
sponds to light in the ultraviolet
(UV) region of the spectrum.
Shining UV light on an alkene
can break the w bond (but not
the o bond) and allows rotation
to occur.

M In fact not all orientations
about a ¢ bond are equally
favourable. We come back to
this aspect of structure, known
as conformation, in Chapter 16.

H\%\H
H
ethylene is flat and rigid

% H
HV H H
ethane spins freely

t-2-ene
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Further reading

CHAPTER 4 STRUCTURE OF MOLECULES

Conclusion

We have barely touched the enormous variety of molecules, but it is important that you real-
ize at this point that these simple ideas of structural assembly can be applied to the most
complicated molecules known. We can use AOs and combine them into MOs to solve the
structure of very small molecules and to deduce the structures of small parts of much larger
molecules. With the additional concept of conjugation in Chapter 7 you will be able to grasp
the structure of any organic compound. From now on we shall use terms like AO and MO, 2p
orbital, sp? hybridization, o bond, energy level, and populated orbital without further expla-
nation. If you are unsure about any of them, refer back to this chapter.

Looking forward

We started the chapter with atomic orbitals, which we combined into molecular orbitals. But
what happens when the orbitals of ftwo molecules interact? This is what happens during chemi-
cal reactions, and it’s where we are heading in the next chapter.

An excellent introduction to orbitals and bonding is Molecular
Orbitals and Organic Chemical Reactions: Student Edition by lan
Fleming, Wiley, Chichester, 2009.

Check your understanding

@

To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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Organic reactions

determine reactivity

¢ In chemical reactions electrons move
from full to empty orbitals

e |dentifying nucleophiles and electrophiles

* Representing the movement of electrons
in reactions by curly arrows

Connections
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 Drawing molecules realistically ch2 * Why molecules generally don't react * Reactions of the carbonyl group ché
* Ascertaining molecular structure with each other * The rest of the chapters in this book
spectroscopically ch3 * Why sometimes molecules do react with
* What determines molecular shape and each other
structure ch4 * How molecular shape and structure

Chemical reactions

Most molecules are at peace with themselves. Bottles of sulfuric acid, sodium hydroxide,
water, or acetone can be safely stored in a laboratory cupboard for years without any change
in the chemical composition of the molecules inside. Yet if these compounds are mixed,
chemical reactions, in some cases vigorous ones, will occur. This chapter is an introduction to
the behaviour of organic molecules: why some react together and some don’t, and how to
understand reactivity in terms of charges, orbitals, and the movement of electrons. We shall
also be introducing a device for representing the detailed movement of electrons—the mech-
anism of the reaction—called the curly arrow.

To understand organic chemistry you need to be fluent in two languages. The first is the
language of structure: of atoms, bonds, and orbitals. This language was the concern of the
last three chapters: in Chapter 2 we looked at how to draw structures, in Chapter 3 how to
find out what those structures are, and in Chapter 4 how to explain structure using electrons
in orbitals.

But now we need to take up a second language: that of reactivity. Chemistry is first and
foremost about the dynamic features of molecules—how to create new molecules from old
ones, for example. To understand this we need new terminology and tools for explaining,
predicting, and talking about reactions.

Molecules react because they move. Atoms have (limited) movement within molecules—
you saw in Chapter 3 how the stretching and bending of bonds can be detected by infrared
spectroscopy, and we explained in Chapter 4 how the ¢ bonds of alkanes (but not the © bonds
of alkenes) rotate freely. On top of that, in a liquid or a gas whole molecules move around
continuously. They bump into each other, into the walls of the container, maybe into solvent

Online support. The icon &6 in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.

Marcellin Berthelot (1827—
1907) pointed out in 1860 that
‘chemistry's creative capability,
resembling that of art itself,
distinguishes it from the natural
and historical sciences'.
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m We'll discuss this more in
Chapter 12.

M Stable organic anions more
usually carry their negative
charge on an atom that is not
carbon—on oxygen, for
example, as in the acetate ion,
CH;CO;.
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CHAPTER 5 ORGANIC REACTIONS

in a solution. It is all this incessant motion which drives reactions, and we first need to look
at what happens when molecules collide.

Not all collisions between molecules lead to chemical change

Molecules are coated with a layer of electrons which occupy bonding and maybe non-
bonding orbitals. As a result the surface of each molecule is negatively charged and by and
large molecules repel each other. Reactions can occur only if a pair of molecules have
enough energy to overcome this superficial repulsion. If they don’t, they will simply
bounce off one another like two balls in pool or snooker, exchanging energy and moving
off with new velocities, but remaining chemically unchanged. That minimum energy
requirement for reaction—a barrier over which molecules must pass if they are to react—is
known as the activation energy. In any sample of a compound, the molecules will have a
range of energies, but at least some must have more than the activation energy if they are
to react.

Charge attraction brings molecules together

If you mix a solution of sodium chloride with a solution of silver nitrate, electrostatic attrac-
tion between the Ag" cations and Cl™ anions is enough to bring them together into a stable,
crystalline ionic lattice of silver chloride, which precipitates from solution. Both ions are of
course surrounded by electrons, but the deficit of negative charge in the Ag" cation (one elec-
tron short of the full Ag complement of 47) is enough to overcome the repulsion between the
rest of the electrons.

Direct reaction of a cation and an anion is rare with organic molecules because there are rela-
tively few stable organic anions, and even fewer stable organic cations. A more common cause
of organic reactions is attraction between a charged reagent (a cation or anion) and an organic
compound that both possess a dipole. An example that we shall explore in this chapter (and
which decorates the cover of this book) is the reaction between a carbonyl compound such as
formaldehyde (methanal) and one of those few stable organic anions, cyanide (—CN, in the
form of its salt NaCN). The carbonyl group of formaldehyde is polarized because oxygen is
more electronegative than carbon (see p. 103). The negative cyanide ion is attracted to the posi-
tive end of the carbonyl group dipole.

Actually, it isn’t necessary for either reagent to be charged. Water also reacts with formalde-
hyde and this time it is the lone pair of electrons—the non-bonding pair of electrons located
on the oxygen atom of the uncharged water molecule—that is attracted to the positive end of
the carbonyl dipole.

Orbital overlap brings molecules together

Charges and dipoles can help bring molecules together for reaction, helping them to over-
come their electronic repulsion and lowering their activation energy. But reactions can still
take place even between completely uncharged molecules with no dipole, provided their
molecular orbitals can interact. One of the old ‘tests’ for unsaturation was to treat a com-
pound with bromine water. If the brown colour disappeared, the molecule was unsaturated
(contained double bonds). Spectroscopy means we rarely need to use such tests now, but the
reaction is still an important one. An alkene reacts with bromine, even though the alkene
and the bromine molecule have neither charge nor dipole. The attraction between these
molecules is not electrostatic; instead, their electronic repulsion is overcome because
the bromine molecule has an empty orbital available—the ¢* orbital of the Br—Br bond—
which can accept electrons from the alkene. Unlike the repulsive interaction between
filled orbitals, the interaction between a filled and an unfilled orbital can lead to attraction
and reaction.

In fact, orbital interactions are also involved in the other two reactions on this page, but in
those cases the orbital interactions are augmented by electrostatic attraction.
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® To summarize the situation:

¢ In general, molecules repel each other, and need to overcome a barrier with a minimum
amount of activation energy in order to react.

¢ Most organic reactions involve interactions between full and empty orbitals.

e Many, but not all, also involve charge interactions, which help overcome electronic repulsion.

e Some ionic reactions involve nothing but charge attraction.

We don't need to analyse whether charge or orbital interaction is the most important factor
in bringing molecules together, but you do need to be aware that both may be involved to
varying degrees.

Reactions happen when electrons flow between molecules

When, as a result of these interactions, a pair of molecules find themselves close together, a
reaction can take place provided electrons move from one molecule to another. This is what
we call the mechanism of the reaction—the detailed description of the pathway the elec-
trons take. In most organic reactions, the electrons start in one molecule and move towards
another. We call the molecule that accepts the electrons the electrophile (electron-lover) for
obvious reasons. The molecule that donates the electrons is called the nucleophile.

® A bond forms when electrons move from a nucleophile to an electrophile:

electron
from nucleophile movement to electrophile

(Nu or Nu") > (E or EY)

The nucleophile donates electrons.
The electrophile accepts electrons.

Here’s a very simple example where the nucleophile is an anion (CI") and the electrophile is
a cation (H"). The two are brought together by charge attraction, and the new bond is formed
by electrons donated by the nucleophile. Since we are representing the formation of a new
bond by the movement of electrons, it’s natural to use an arrow to show the way the electrons
flow. Arrows used to show electron flow are always curved: we call them ‘curly arrows’. The
arrow showing the reaction itself is straight.

nucleophile nucleophile gﬁg{v;goevrectron
Cle Cle movement
electrostatic , > H-- — » H—
attraction ! H-—-ClI H—ClI
®
H H®
electrophile electrophile

In the next example, neither the nucleophile (ammonia, NH;) nor the electrophile (borane,
BHj;) are charged, but they are drawn together by the interaction between the electrons of the
non-bonding lone pair at N and the empty p orbital on B. Electrons flow from the nucleophile
(NH;) to the electrophile (BH;) and a new bond is formed.

®) Bonding in BH; and NH; was
discussed on p. 103.

nucleophile has

lone pair (filed 1y T 4 e
non-bonding >N~ H < H
orbital) o Hélll/H N Hol_H
orbital ! > ol curly arrow( — ol
overlap Y H I H N
O/H H O/H H
H—'B\H H—'B\H
electrophile has @ ¢

an empty p orbital
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A 'dative covalent bond" is just
an ordinary o bond whose elec-
trons happen to come from one
atom. Most bonds are formed by
electron donation from one
atom to another and a classifi-
cation that makes it necessary to
know the history of the molecule
is not useful. The only important
distinction you need to make
between types of covalent
bonds is between & bonds and
w bonds.

M We've ignored the N-H and
B—H bonds as they are not
involved in the reaction. The sp3
orbital on N is lower in energy
than the p orbital on B for two
reasons—firstly it has more
s-character and secondly N is
more electronegative than B.

CHAPTER 5 ORGANIC REACTIONS

The charges on the B and the N are necessary simply to account correctly for the electrons.
Usually, we think of the pair of electrons in a bond as coming one from each of the bonded
atoms. But here, since nitrogen donates both electrons (such bonds used to be called ‘dative
bonds’) we have to account for the fact that boron ends up with one electron extra, and nitro-
gen one electron too few. The bond that forms is just a normal ¢ bond.

Orbital overlap is essential for successful reaction

In the reaction of ammonia with borane, not only do the molecules have to collide with
enough energy to react, but they must also collide with the orbitals aligned correctly for them
to interact. As you saw in Chapter 3, the lone pair of the nitrogen atom resides in a filled, non-
bonding sp? orbital. This orbital has to overlap with the empty p orbital on B to form a bond.
So, a collision like this

H
H\&/H
@ bonding
m interaction

H
e
H——B\H

will do just fine for making a bond, but collisions like these

0 ]
5 H—B_H H” I H ¢ HoH
H_

‘ H H /N\ v/

A 0 H I "H CBe@
H H H H |
H—B(H H

will not do at all.

Of course we can also draw a molecular orbital energy level diagram for the constructive,
end-on interaction of the orbitals: look back to Chapter 4 to remind yourself of how to do this.
Here, we need the filled sp? orbital on N to interact with the empty p orbital on B to give a new
¢ bonding orbital and an empty o* antibonding orbital. Finally, putting in the two electrons
from the N’s lone pair gives us a full picture of the new B-N bond.

empty antibonding
B-N o orbital

energy

filled bonding
B-N o orbital

The energy level diagram makes it clear why bonding is favourable too: the electrons have
dropped down from the non-bonding sp? orbital to the new lower energy bonding ¢ orbital.
We don’t need to consider what has happened to the energy of the unfilled orbitals because
they’re empty and don’t contribute to the energy of the molecule as a whole.

We can generalize this idea to work out what makes a good nucleophile and a good electro-
phile. We'll use an imaginary, generic nucleophile Nu, with a pair of electrons in some sort of
filled orbital (it doesn’t matter what this orbital is) which it can donate to the empty orbital of a
generic electrophile E. Here are three versions of the molecular orbital energy level diagram:
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new molecular

new molecular new molecular E orbitals
orbitals orbitals —_—T A
— \ \
‘ A - \ v
e N —_ - \ v '
\
o E . Nu \ \ . \
— _(' ‘\ ‘\ \\ ‘\ 1
(0] AN A N N Nu N \‘
c \ , N \ ' \
[0) AN ‘. \ Y ' '
N Pl AN .’ \ v Nu
. . . . \
A v’ A PR s \ \
interacting orbitals close inenergy - ----- - - » interacting orbitals differ greatly in energy

On the left, the energies of the filled Nu orbital and the empty E orbital are almost the same.
There is a significant gain in energy when the new bond forms between them. On the right,
there is a large difference between the energies of the filled Nu orbital and the empty E orbital,
and the energy gain is negligible. This tells us something: the best reactions are ones in
which the energies of the interacting orbitals are similar in energy.

@ For a reaction to take place, molecules must:

e overcome their electronic repulsion by charge attraction and/or orbital overlap

* have orbitals of appropriate energy to interact—a filled orbital on the nucleophile and an
empty orbital on the electrophile

o approach each other such that these orbitals can overlap to form a bonding interaction.

Nucleophiles and electrophiles

What does this mean for nucleophiles and electrophiles? Well, in general, filled orbitals tend
to be low in energy—that is after all why they are filled! Conversely, empty orbitals tend to be
high in energy. So the best interaction (the one that gains the new molecule the most energy)
is likely to be between the highest in energy of all the filled orbitals—an orbital we can term
the ‘highest occupied molecular orbital’ or HOMO for short—and the lowest in energy of all
of the unfilled orbitals—the ‘lowest unoccupied molecular orbital’ or LUMO for short. This
diagram may help clarify this idea—it’s a repeat of the best interaction above (the one on the
left), but with other orbitals sketched in.

we ignore the empty

orbitals of Nu because

they are too high in

energy to interact with
the filled orbitals of E

many other higher
energy empty orbitals
which we can ignore
because they interact
poorly with the filled

——— S orbitals of Nu this is the
- highest
occupied
- T . molecular
orbital (HOMO)

> .7 ~.

> E .- . Nu

- — S

[ Ss. ~s

c AN .-

[O) AN e

this is the A -
lowest N # -7
unoccupied

molecular

orbital (LUMO)
% we ignore the filled
orbitals of E because
% they are too low in
energy to interact with

# the empty orbitals of Nu

filled orbitals which

we can ignore because they
interact poorly with the
empty orbitals of E

% many other lower energy
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nucleophiles with a
lone pair

ammonia an amine

water an alcohol

HOMO =

non-bonding sp® orbital

N

H | H
H

nucleophiles with a
negative charge
o

ws]” [

hydroxide bromide
usually drawn simply as:
HOG Br®

HOMO =

non-bonding sp® orbital

H@Q

hydroxide

usually drawn

©
’ *C=N ;I simply as:
cyanide ion GCEN

(€]
HOMO = (:>C=ND
sp lone pair
onC

sp lone pair
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Remember, we can ignore all interactions between pairs of filled orbitals (bonding
and antibonding cancel out, see p. 94) and pairs of unfilled orbitals (they don’t contain
electrons so don’t contribute to the stability of the molecule). Of the interactions that are
left, the one that gains the molecule the most energy is between the LUMO of the electro-
phile and the HOMO of the nucleophile. To make these orbitals as close as possible in
energy, we want the nucleophile to have a high-energy HOMO and the electrophile to have
a low-energy LUMO.

e The best nucleophiles have high-energy occupied molecular orbitals (HOMOs).
* The best electrophiles have low-energy unoccupied molecular orbitals (LUMOs).

The very first stage in understanding any reaction is to work out which of the reacting mol-
ecules is the nucleophile and which is the electrophile. It is impossible to stress too much how
important it is to be able to identify nucleophiles and electrophiles correctly. For this reason
we'll now conduct an identity parade of each class. We’ll show you some of the top perform-
ing nucleophiles and top performing electrophiles, with a few comments on why they are so
good at what they do, before we move on to see them in action.

Identifying a nucleophile

Nucleophiles are either negatively charged or neutral species with a pair of electrons in a
high-energy orbital (the HOMO). The most common type of nucleophile has a non-bonding
lone pair of electrons. Non-bonding electrons are typically high in energy because they do
not benefit from the stabilization bonding electrons get from being shared between two
nuclei. Typical neutral nucleophiles with lone pairs are ammonia, amines, water, and alco-
hols, all of which have lone pairs (one for N, two of equal energy for O) occupying sp?
orbitals.

Other atoms later in the periodic table which carry lone pairs, such as phosphines, thiols,
and sulfides, also make good nucleophiles, especially since their lone pairs are of even higher
energy occupying orbitals made up of 3s and 3p atomic orbitals.

P s s
Ph” - H Me” - Me

trimethylphosphine thiophenol dimethylsulfide

Anions which have lone pairs are often good nucleophiles too, partly because they can
be attracted electrostatically by positively charged electrophiles. The anionic centre is usu-
ally O, S, or halogen, each of which can have several identical lone pairs. For example,
hydroxide has three lone pairs—the negative charge cannot be assigned to one of them in
particular. It’s convenient just to draw the negative charge, and not the lone pairs as well.
Negative charges like this actually represent a pair of electrons—both the ‘extra’ electron
and its partner in the lone pair—so we normally write mechanisms with an arrow starting

on the negative charge.

The most important carbon nucleophile with a lone pair of electrons is the cyanide ion.
Although linear cyanide (which is isoelectronic with N,) has a lone pair on nitrogen and a
lone pair on carbon, the nucleophilic atom is usually anionic carbon rather than neutral
nitrogen as the sp orbital on carbon is of higher energy than that on the more electronegative
nitrogen, and therefore constitutes the HOMO.
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Molecules can still be nucleophilic without non-bonding lone pairs. The next highest set of a nucleophile with a
orbitals are bonding n orbitals, especially C=C double bonds, since they are higher in C=C double bond
energy than o orbitals (see p. 93). Simple alkenes are weakly nucleophilic and react with H. " H HOMO =
strong electrophiles such as bromine. Note, however, that molecules with © bonds can also be H /¥6_< goonrg:?agl
electrophiles, particularly when the © bond involves an electronegative atom. The only com-
mon 7 nucleophiles are alkenes and aromatic rings.

Finally, it is possible for the ¢ bond of a nucleophile to donate electrons, provided itis a ¢ nucleophiles with a ¢ bond
bond associated with electropositive atoms such as B, Si, or the metals, along with C or H. between electropositive atoms

ethylene

You saw on p. 97 how the weak hold these atoms have over their electrons means that their H HOMO =
atomic orbitals (and hence the molecular orbitals they contribute to) are high in energy. You ol B-H o orbital
met the borohydride anion BH; in Chapter 4. Borohydride is a good nucleophile—it attacks H/B{’”H @
electrophilic carbonyl compounds, as you will see shortly. It donates electrons from its H ) ~Buny
HOMO, the B—H o bond. Notice that in this case the negative charge does not represent a pair borggi)g::]nde H ‘H
of electrons: you cannot start a curly arrow from it.

In later chapters you will see organometallics—compounds with carbon-metal bonds, for Li L

: HOMO =
example methyllithium—acting as nucleophiles. They do so because the ¢ orbital generated (l:, C-Lio
Iy .
from electropositive C and even more electropositive Li is high in energy. H™ ‘H H  onital . /C{’”H
methyllithium H
® Nucleophiles donate electrons from available, high-energy orbitals represented by one
of the following:
( - o
NH3 Br HzC—CHz LI_CH3
a o bond to an
a lone pair a negative charge a double bond electropositive atom

The curly arrows in the box above represent electron movement away from the nucleophile.
But the electrons have to go somewehere: they are donated to an electrophile.
Identifying an electrophile
Electrophiles are neutral or positively charged species with an empty atomic orbital (such electrophiles with an
as the empty p orbital in borane) or a low-energy antibonding orbital that can easily accept empty atomic orbital
electrons. The simplest electrophile is the hydrogen cation, H*, usually named for what it is, e H
a proton. H" is a species without any electrons at all and a vacant, very low energy, 1s orbital. It proton

issoreactive thatitis hardly ever found and almost any nucleophile will react with it. Acid solu-
tions containing H* are neutralized by the nucleophile hydroxide, for example, and strong acid
goes on to protonate water as well, the water acting as a nucleophile and the proton as the
electrophile. The product is the hydronium ion, H;O", the true acidic species in all aqueous
strong acids. Here’s the reaction between hydroxide and H* with the electron movement from
the nucleophile to the electrophile represented by curly arrows. The arrows start on the
hydroxide’s negative charge, which represents one of the oxygen’s pairs of electrons:

H H
\ \®
H-0” No —> 0:7XH® —» G-H
hydroxide as H wateras H hydronium
nucleophile nucleophile ion, H;O*

Other electrophiles with empty atomic orbitals include borane, which you met on p. 103,
and related compounds such as boron trifluoride and aluminium trichloride. BF; reacts
with ethers, as shown below, to form stable complexes. This time the arrow starts on the
lone pair.
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Cl F

| | LUMO =
DALC) DQB‘C) empty
c o FF p orbital
aluminium  boron
trichloride trifluoride

Z

electrophiles with a
double-bonded
electronegative atom

o Hnme

carbonyl compound
LUMO is =* orbital
of C=0 bond

Q 0
o]
d O
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BFs as
electrophile
( ll: ( F boron trifluoride
©/
O:/\/B\ —— QOTB’ etherate
\
diethyl ether < F F . F  OrEtO.BFs
as nucleophile hew
¢ bond

Few organic compounds have vacant atomic orbitals and in most organic electrophiles
the LUMOs are instead low-energy antibonding orbitals associated with electronegative
atoms. These antibonding orbitals can be either n* orbitals or 6* orbitals—in other words, mol-
ecules which make good electrophiles might have a double or a single bond to an electronegative
atom such as O, N, Cl, or Br. It’s important that an electronegative atom is involved in order to
lower the energy of the orbital (see p. 96) and make it ready to accept electrons.

Carbon's place in the electronegativity scale
Here is a summary of electronegativities for atoms commonly involved in organic reactions.

4.5

3.98
4
< Electropositive elements Electronegative elements

Li Mg Al Si B P H C S | Br N Cl O F

This bar chart makes it clear why carbon is just so special: it can form strong bonds to almost anything, especially itself.
Elements at either end of the scale form weak bonds to similar elements (metal-metal bonds are weak, as are halogen—
halogen or 0-0 bonds), but elements in the middle can form strong bonds to other elements at either end of the scale
or elements in the middle. Being in the middle also gives C versatile reactivity: it is electrophilic when bonded to a more
electronegative element and nucleophilic when bonded to a more nucleophilic element.

The most important molecules with a double bond to an electronegative atom are
carbonyl compounds. In fact carbonyl groups are the most important functional groups in
organic chemistry. We looked at their orbitals on p. 103 and we devote the next chapter,
Chapter 6, to a detailed study of their reactivity. The low-energy n* orbital is available to
accept electrons, and its electrophilicity is further enhanced by the partial positive charge
at carbon which arises from the C=0 dipole. Here’s an example of a carbonyl compound,
acetone, reacting with an anionic nucleophile—we’ll choose borohydride in this case. Notice
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how the arrow does not start on the negative charge, as the charge does not represent a pair of
electrons here.

this curly arrow shows the © bond
breaking as electrons interact
with the antibonding * orbital

zay

(€]
H\B H D) Y H 0" nbondis
— + Nhew--»\/---broken but
H/GM ] o bond 6 bond
H remains

borohydride anion
as nucleophile

The arrows showing electron movement are a little more involved this time, but the expla-
nation is straightforward. The first arrow shows the electrons moving from the nucleophile’s
HOMO (the B—H ¢ orbital) to the electrophile’s LUMO (the C=0 n* orbital). The new feature
in this mechanism is a second arrow showing the electrons moving from the double bond
onto the oxygen atom. This is easy to explain. Since the reaction is putting electrons into an
antibonding orbital (the n*), a bond has to break. That breaking bond is the C=0 = bond (the
6 bond remains intact). The electrons in the bond have to go somewhere and they end up as
an extra lone pair (represented by the negative charge) on oxygen. The product has a new C—H
6 bond in place of the C=0 = bond.

Molecules with a single bond to electronegative atoms can also make good electrophiles.
In compounds such as HCI or CH;Br, the 6* orbital is low in energy because of the electro-
negative Cl or Br (see p. 95) and the dipole attracts the electrons of the nucleophile to the
H or C atom.

Here’s an example of hydrogen chloride acting as an electrophile with ammonia as the
nucleophile. As with the carbonyl example above, we are putting electrons into an antibond-
ing orbital, so a bond must break. This time the antibonding orbital is the H-Cl c* so the
bond which breaks is the H-Cl ¢ bond.

this curly arrow shows the ¢ bond
breaking as electrons interact
with the antibonding ¢* orbital

neooo N H

N \ ® ©
. H—N: H-C(;vl —> H—N—H + Cl
ammonia / /A
as nucleophile H H
new
¢ bond

You may recognize this reaction, and the one on p. 113, as the reaction between a base and an acid. All acid-base
reactions are reactions between a nucleophile (the base) and an electrophile (the acid). We call an electrophile an acid
if is has an X—H bond (X being any atom) that loses H* in its reactions. We call a nucleophile a base when it uses a lone
pair to donate electrons to the X—H bond.

There is a little more to the definition of an acid, which we shall discuss in Chapter 8, where you will meet the term
‘Lewis acid".

Some ¢ bonds are electrophilic even though they have no dipole at all. The bonds in the
halogens I, Br,, and Cl, are a case in point. Bromine, for example, is strongly electrophilic
because it has a weak Br—Br bond with a low energy ¢* orbital. Why is the 6* low in energy?
Well, bromine is slightly electronegative, but it is also large: it has to use 4s and 4p atomic
orbitals for bonding, but these orbitals are large and diffuse, and overlap poorly, meaning
the o* molecular orbital is not raised far in energy and can easily accept electrons.
How different the situation is with a C—C bond: C-C single bonds are almost never
electrophilic.

115

m) We shall come back to this
very important reaction at the
beginning of Chapter 6.

M In the carbonyl group, the
C=0 7 bond breaks, rather than
the o bond, because the t* is
lower in energy than the 6*
orbital.

electrophiles with a
single bond to an
electronegative atom

H—CI
hydrogen
chloride

H;C—Br

methyl
bromide

Br—Br
bromine

H—CI
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bonding in Br—Br
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bonding in H3C—-CH3 C-C o= orbital

low-energy LUMO: ' \
easy to put electrons into ' \
ylopu I ' highvenergy LUMO:

Br—Br o orbitaAI) ," hard to put electrons into

Br —1—

N
N
.

N 1 Y

.
.
R
Br
.
.
.

Br—Br ¢ orbital \ N

The unreactivity of C—C bonds is
why we think of structures in
terms of a hydrocarbon skeleton
and functional groups: the
hydrocarbon framework is made
up of strong C—C bonds with
unreactive low-energy filled and
high-energy empty orbitals, while
the functional groups tend to
involve electronegative and
electropositive atoms, which
react because they contribute to
more accessible low-energy
LUMOs or high-energy HOMOs.

C-C o orbital

Bromine reacts with many nucleophiles, for example in the reaction shown below between
a sulfide and bromine. Lone pair electrons are donated from sulfur into the Br—Br ¢* orbital,
which makes a new bond between S and Br, and breaks the old Br—Br bond.

S has two lone pairs but here we
show only the one involved in the

reaction
Me Me
dimethyl sulfide  \q - (Y \ ® S
as nucleophile /7 Br—-Br > /STBr + Br
Me Me
new
o bond

® Electrophiles accept electrons into empty low-energy orbitals represented by one of the

following:
™
/\ F—g:F
O F

®
H
a positive charge
representing an
empty orbital

/\v>:o

a double bond to
an electronegative
element

qHQI

a single bond to
an electronegative
element

a neutral molecule
with an empty
p orbital

Curly arrows represent reaction mechanisms

You have now seen several examples of curly arrows representing the movement of electrons
during a reaction, and it is time to discuss them in detail. It is no exaggeration to say that this
simple device is the one most powerful tool chemists have for explaining simply and accurately
how reactions work—in other words the mechanisms of reactions. Curly arrows are to reactions
what structural diagrams are to molecules. We discussed the guidelines for drawing structures
in Chapter 2, explaining that although the structure of a molecule may be very complex, a good
structural diagram will represent all of its important features without unnecessary detail. Curly
arrows are similar: you have seen how reactions involve the overlap and summation of molecu-
lar orbitals to make new molecular orbitals, and the movement of electrons within those orbit-
als. Curly arrows allow us to represent all the important features of those interactions and
electron movements very simply, without being concerned with unnecessary detail. It’s now
time to outline some guidelines for writing mechanisms with curly arrows.

Curly arrows show the movement of electrons

A curly arrow represents the movement of a pair of electrons from a filled orbital into an empty
orbital. You can think of the curly arrow as representing a pair of electrons thrown, like a
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climber’s grappling hook, across from where he is standing to where he wants to go. In the
simplest cases, the result of this movement is to form a bond between a nucleophile and an
electrophile. Here are two examples we have already seen in which lone pair electrons are
transferred to empty atomic orbitals.

Heo® N o — = HugH

hydroxide as
nucleophile

diethyl ether
as nucleophile

A curly arrow always starts with its tail resting on the symbol representing a pair of elec-
trons in a filled orbital—in this case the lone pair or the negative charge (which actually
represents a lone pair). The head of the arrow indicates the final destination of the pair of
electrons—the new bond between oxygen and hydrogen or oxygen and boron in these
examples. As we are forming a new bond, the head of the arrow should be drawn to a point
somewhere on the line between the two atoms.

Why does a curly arrow represent two electrons? Well, as you saw in Chapter 4, it takes
two electrons to make a bond, and in these two cases those electrons come from a lone pair.
We use a different sort of arrow for movements of one electron, as you will see in Chapters 24
and 37.

When the nucleophile attacks an antibonding orbital, such as the weak Br-Br bond we
have just been discussing, we need two arrows, one to make the new bond and one to break
the old.

Me Me
dimethyl sulfide  \a - (Y \ @ S
as nucleophile /S \ Br—-Br > /STBr + Br
Me Me !
new
o bond

The bond-making arrow is the same as before—it starts on the nucleophile’s lone pair and
ends near the electrophile—but the bond-breaking arrow is new. This arrow shows that the
two electrons in the bond move to one end (a bromine atom) and turn it into an anion. As
always the arrow starts on something representing a pair of electrons in a filled orbital—the
Br-Br ¢ bond. It should start in the centre of the bond and its head should rest on the atom
(Br in this case) the electrons are heading for.

Another example is the attack of a base on the strong acid HBr.

H H
/ ® 7/
BQ—H f\:N\—H — Br@ + H—N—H

\

H H

It is not important how much curvature you put into the arrows—as long as they curl
enough to distinguish them from straight reaction arrows, they can be as curly as you
like. Neither does it matter whether they go to the left or the right, or whether they curve up
or down as long as they begin and end in the right places. The mechanism below is just
as correct:

H
\ €]
H—N: HQ,. —_— H—\N—H + G)BI’
/
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B Some chemists prefer to place
this point halfway between the
atoms but we think it is clearer
and more informative if the
arrowhead is closer to the atom
to which the new bond is
forming. For these examples the
difference is minimal and either
method is completely clear, but
in more complex situations our
method prevents ambiguity, as
we shall see later. We shall
adopt this convention throughout
this book: that the arrow ends
close to the electrophile.

B Notice that the final arrow
ends up delivering the electrons
to an electronegative atom,
satisfying its desire for electron
density. This is part of the
reason why double or single
bonds to electronegative atoms
are often a feature of good
electrophiles.
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H;0* (the hydronium ion) is of
course the electrophile here: it
accepts electrons into the H-0
6. Why doesn't this reaction
happen though?

H
/
b ¥ :N—H
\ @ \H
O—H

~

H

The answer is that the oxygen
atom already has eight
electrons—six from the three
bonds to H and two from the
other lone pair. It can't receive
any more unless one of those
bonds breaks. The positive
charge here does not represent
an empty orbital in the way that
H* has an empty orbital. H;0* is
electrophilic at H and not
electrophilic at O.

m) We discussed the simplest
carbocation, CH$, on p. 103.

B We've drawn in the new
C—H bond in the product to
make it clear what has
happened in the reaction: there
are also two other C—H bonds
at this C atom, which as usual
we haven't drawn in.
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® Curly arrows always start on something representing a pair of electrons:

* a negative charge
* a lone pair
e or a bond

and end at the point those electrons are moving to.

Charge is conserved in each step of a reaction

Charge cannot be created or destroyed. If the starting materials have no overall charge, then
neither must the products. In the last example above, it is obvious why the bromine becomes
negatively charged—it takes both electrons from the bond even though only one of them
formally ‘belongs’ to it. It may be less obvious to you why the ammonium cation has to have
a positive charge, but it must, in order to maintain overall neutrality. One way to think about
it is to note that both of the electrons in the new N-H bond come from N, so N is one electron
down on the deal.

If the starting materials are charged, then the products must have, overall, the same charge.
Here’s ammonia being protonated by H;O*—both starting materials and products must have
overall charge 1+.

starting H H H products must
materials have '\ ® , \ ® 7/ also have one
one positive /O—H [\: N—H — (o] + H—N—H positive charge
charge H \) \H H/ \H overall
between them

When it is a ® bond that is being broken rather than a 6 bond, only the n bond is broken and
the o bond should be left in place. This is what commonly happens when an electrophilic
carbonyl group is attacked by a nucleophile. Just as in the breaking of a 6 bond, start the arrow
in the middle of the m bond and end by putting the arrowhead on the more electronegative
atom, in this case oxygen rather than carbon.

€}
HO O
H—OG/\J? I < --- C-Ocbond

remains

1 bond is broken

In this case the starting materials had an overall negative charge and this is preserved
in the anionic product. The charge disappears from the hydroxide ion because it is now
sharing a pair of electrons with what was the carbonyl carbon atom and a charge appears
on what was the carbonyl oxygen atom because it now has one of the electrons in the old
n bond.

7 bonds as nucleophiles

As you saw above, alkenes can be nucleophiles. The reaction of an alkene with HBr is a
simple example: the C—C n bond is the HOMO of the nucleophile. The first arrow therefore
starts in the middle of the n bond and goes into the gap between one of the carbon atoms
and the hydrogen atom of HBr. The second arrow takes the electrons out of the H-Br ¢
bond and puts them onto the bromine atom to make bromide ion. Overall charge is
conserved, so we must generate a positively charged species called a carbocation. The
carbocation has a positive charge and an empty p orbital (you can count the electrons to
make sure).

new ¢ bond
.

\H
>4\Hﬁér . >4 -

carbocation
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Notice that it was important to draw the two reagents in the right orientation since we need
the arrow to show which end of the alkene reacts with which end of HBr. If we had aligned
them differently we would have had trouble drawing the mechanism. Here is a less satisfac-
tory representation, in which the H doesn’t seem to transfer to the correct end of the alkene:

&HE\B‘ T H\)@\ v oBr

If you find yourself making an ambiguous drawing like this, it is worth having another go
to see if you can be clearer. When the nucleophile is a & (or 6) bond rather than a lone pair or
a charge there is always the question of which end of the bond actually reacts. One way to
make this clear is to draw an atom-specific curly arrow actually passing through the atom that
reacts. Something like this will do:

curly arrow passes through
atom forming new bond

H
/c[E«HQr . >@4 . B

This reaction does not, in fact, stop here as the two ions produced now react with each other
to form the product of the reaction. The anion is the nucleophile and the carbocation, with
its empty p orbital, is the electrophile.

/\®
Bl’e e Br

When ¢ bonds act as nucleophiles, the electrons also have to go to one end of the ¢ bond as
they form a new bond to the electrophile. We can return to an earlier example, the reaction
of sodium borohydride (NaBH,) with a carbonyl compound, and complete the mechanism. In
this example, one of the atoms (the hydrogen atom) moves away from the rest of the BH,
anion and becomes bonded to the carbonyl compound. The LUMO of the electrophile is, of
course, the n* orbital of the C=0 double bond.

¢ bonds as nucleophiles

H H
N/

i ALY
_B
HOw >

— ¥
|

The arrow from the nucleophile should start in the middle of the bond that breaks and show
which atom is transferred to the electrophile. You could use an atom-specific arrow if you
wanted to make it absolutely clear that the electrons in the 6 bond act as a nucleophile through
the hydrogen and not through the boron atom:

(©)]

Hgﬁ HBH H o
—_—

Holw > !

The anion which forms is an intermediate, not the final product. The reaction is often
carried out in water and the anion acts as a nucleophile to remove a proton from water. Water
is the electrophile: its LUMO is the O—H c*.

O@/\ HCB\H H OH

— + HO

H

P

119

M In Chapter 19 we will
explain why the new C=H bond
forms at this end of the alkene.

B Notice the contrast with the
reaction of H;0* above: unlike
the O atom in H;0*, the C atom
in the carbocation has only six
electrons and so can accept
two more.

M Remember (p. 115) you
can't start a curly arrow on the
negative charge of BH; because
it does not represent a lone pair:
all eight electrons around the

B atom are shown as the four
B—H bonds. This negative charge
is conceptually similar to the
positive charge of H;0*, which
does not represent an empty
orbital. Contrast them with

the negative charge of HO-
(representing an sp lone pair)
or the positive charge of H*
(representing the empty 1s
orbital).

M |n common with some other
molecules, water can be either a
nucleophile or an electrophile. In
cases like this you can work out
which it must be by looking at
the other reagent: here, the
anion has to be a nucleophile.
Negatively charged molecules
are never electrophiles.
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® Summary: Curly arrow health check

e A curly arrow shows the movement of a pair of electrons.

e The tail of the arrow shows the source of the electron pair, which will be a filled orbital
(HOMO) and can be represented by:

a lone pair
or a negative charge
- or a® bond

- or a o bond.
e The head of the arrow indicates the destination of the electron pair, which will be:
— an empty atomic orbital where a new bond will be formed
- or az* or ¢* antibonding orbital where a new bond will be formed and an old bond will
break
— or an electronegative atom that can support a negative charge.
e Overall charge is always conserved in a reaction.

Drawing your own mechanisms with curly arrows
When you meet a new reaction, you must do two things:

1. identify which bonds have been formed and broken, and

2. decide which molecule is the nucleophile and which is the electrophile.

Once you have done that, you are well on the way to writing a reasonable mechanism
using curly arrows. We'll take as an example the reaction of triphenylphosphine with
methyl iodide.

® e
Mel + PhgP — > PhgP—Me + |

First observe what has happened: a new bond has been formed between the phosphorus
atom and the methyl group, and the carbon-iodine bond has been broken. So we need to draw
the two reagents in such a way that a curly arrow can be used to represent this new bond.
You'll also need to make sure that you draw out all of the bonds that are actually involved in
the reaction (too much detail is better than too little):

Il’h

P HyC—I
Ph” “Ph 8

Now the all-important question: which is the nucleophile and which is the electrophile?
For the nucleophile we are looking for a high-energy pair of electrons such as a lone pair,
which the phosphorus has. Likewise, methyl iodide fits the bill as a plausible electrophile,
with its bond between C and an electronegative element (I). All that remains is to draw the
arrows. The first one starts on the source of the electrons, the phosphorus lone pair, and fin-
ishes near the C atom to indicate the new P-C bond. The second one breaks the old C-I bond
and moves electrons onto the I atom.

Ph Ph
lo [\ \® &)
P H3;C—I ——> Ph—P—CH; + |
Ph Ph Ph

Admittedly, that was quite an easy mechanism to draw but you should still be pleased if you
succeeded at your first try.
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Watch out for five-valent carbons

We now ought to spell out one thing that we have never stated but rather assumed. Most
atoms in stable organic molecules have a full complement of electrons (two in the case of
hydrogen, eight in the cases of carbon, nitrogen, and oxygen) and so, if you make a new
bond to one of those elements, you must also break an existing bond. Suppose you just
‘added’ Ph;P to Mel in this last example without breaking the C—I bond: what would
happen?

H

® lo
PheP! N\ HeC—I %» PheP—C—I
wrong mechanism H H

impossible structure
carbon has five bonds

This structure must be wrong because carbon cannot have five bonds—if it did it would
have ten electrons in the 2s and the three 2p orbitals. Four orbitals can contain only eight
electrons.

® B, C, N, and O never have more than four bonds. If you make a new bond to uncharged H, C,
N, or O you must also break one of the existing bonds in the same step.

Mechanisms with several steps

At the beginning of the chapter, we mentioned the fact that carbonyl compounds react with
cyanide. We are now going to deduce a mechanism. This is the reaction:

o NaCN HO CN
—_—

\\/ﬂ\H H,0 \\/&iH

We must decide what happens. NaCN is an ionic solid so the true reagent must be cyanide
ion, whose structure was discussed on p. 112. As it is an anion, it must be the nucleophile and
the carbonyl group must be the electrophile. Starting the arrow on the nucleophile’s negative
charge and heading for the C=0 group, and then using a second arrow to break the C=0
bond gives us this:

% c¢N

(o]
R o S V)
H C=N H

This is a good mechanism but it doesn’t quite produce the product. There must be a second
step in which the anionic oxygen picks up a proton from somewhere. The only source of
protons is the solvent, water, so we can write the full mechanism in one sequence:

H/OQHf\@
O CN HO CN

(0
\)J\:\@C =N \)< H \)< H

Try a more complicated example: primary alcohols can be converted into symmetrical
ethers in acid solution. Suggest a mechanism for this acid-catalysed conversion of one func-
tional group into another.

ethanol
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This reaction is presented in a
style with which you will become
familiar. The organic starting
material is written first and then
the reagent and solvent over and
under the reaction arrow. We
call this a reaction scheme. It is
not an ‘equation’: it is not
balanced, and we use a (straight)
reaction arrow ———, not
an ‘equals’ sign.

H@

A Non — o N

diethyl ether



new bond formed
between these atoms

Y

this bond is broken
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The acid must do something, so we need to start with the reaction between ethanol and
H'. H" has to be an electrophile, so the nucleophile must be ethanol, using its HOMO, one
of the O lone pairs, as the source of electrons. The first intermediate we get is called an
oxonium ion.

The positively charged oxonium ion has to be the electrophile in the second step of the reac-
tion, and the only possible nucleophile is another molecule of ethanol. But how do they react?
It’s tempting to allow the ethanol’s lone pair to attack the positively charged oxygen atom, but
that would give us an oxygen atom with ten electrons—as with H;O" this positive charge is not
an empty orbital. Attacking the H-O bond is a good alternative, but that just takes us back to
where we started.

this mechanism gives
back the starting materials /\O/H

</

/\Q/ H
I ®
oxoniumion H ..
H O~
What we need is a new C—O bond, so the lone pair must attack at carbon, putting electrons

into the C—O c* and expelling a molecule of water. Here’s the full mechanism. The last step
is loss of the proton to give the ether.

electrons enter ¢*
breaking C-O bond
and expelling water

/\O/H H
o T AR e
o — 2 H ) —>  diethyl ether
k' HO C/(I)é
H + Hy0 + H®

oxonium ion

Now for something completely new: try drawing a mechanism for this reaction.

NaOH S
Hs” N —— Q/\OH

(o)

You might well protest that you don’t know anything about the chemistry of either of the
functional groups, the thiol or the cyclic ether. Be that as it may, you can still draw a mecha-
nism. Ask first of all: which bonds have been formed and which broken? Clearly the S—H bond
has been broken and a new S—C bond formed. The three-membered ring has gone by the
cleavage of one of the C—O bonds. The main chain of carbon atoms is unchanged. All this is
sketched in the diagram in the margin. We suggest you now cover the rest of this page and try
to work out a mechanism yourself before reading further.

The hydroxide must do something, and since it is negatively charged, a reasonable starting
point is going to be to use it as a nucleophile to break the S—H bond. Hydroxide is after all a
base; it likes to remove protons. So here’s the first step:

@/\ H\S/\/\<I o S@ o
HO (4 o

Now we have a negatively charged sulfur atom, which must be the nucleophile. We want to
make a bond to carbon, so the C—O bond in the three-membered ring must be the electro-
phile. So ... just draw the arrows and see what happens. Here goes ...

Y — O
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That is not quite the product: we need to let this anion pick up a proton from somewhere.
Where can the proton come from? It must be the proton originally removed by the hydroxide.
The anion attacks water and the hydroxide is regenerated.

S S
Oy g ——= o

Your mechanism possibly didn’t look as neat as the printed version, but if you got it roughly
right, you should be proud. This is a three-step mechanism involving chemistry that is new to
you and yet you could draw a mechanism for it.

Curly arrows are vital for learning organic chemistry

Curly arrows can be used to explain the interaction between the structure of reactants and
products, and their reactivity in the vast majority of organic reactions, regardless of their
complexity. When used correctly they can even be used to predict possible outcomes of
unknown processes and hence to design new synthetic reactions. They are a powerful tool for
understanding and developing organic chemistry and it is vital that you become proficient in
their use. They are the dynamic language of organic reaction mechanisms and they will
appear in every chapter of the book from now on.

Another equally important reason for mastering curly arrows now, as we start the system-
atic study of different types of reactions, is that the seemingly vast number of ‘different
reactions’ turn out not to be so vast after all. Most organic reactions involve the movement
of pairs of electrons between nucleophiles and electrophiles. And with relatively few types
of organic nucleophiles and electrophiles involved in all these reactions, the similarity
between seemingly unrelated reactions will become immediately apparent if you understand
and can draw mechanisms. Learning to draw mechanisms means you can understand groups
of related reactions rather than having to learn them individually.

Drawing curly arrow mechanisms is a bit like riding a bike. Before you’ve mastered the skill,
you keep falling off. Once you've mastered the skill, it seems so straightforward that you won-
der how you ever did without it. You'll come across busy streets and complex traffic junctions,
but with care you'll get through safely.

Step-by-step guide to drawing mechanisms with curly arrows

If you still feel you are at the wobbly stage, and need a helping hand, this step-by-step guide
may help you. You'll soon find you won't need to follow it through in detail.

1. Draw out the reagents as clear structures following the guidelines in Chapter 2. Check
that you understand what the reagents and the solvent are under the conditions
of the reaction, for example if the reaction is in a base, will one of the compounds
exist as an anion?

2. Inspect the starting materials and the products, and assess what has happened in the
reaction. What new bonds have been formed? What bonds have been broken? Has
anything been added or removed? Have any bonds moved around the molecule?

3. Identify the nucleophilic centres in all the reactant molecules and decide which is the
most nucleophilic. Then identify the electrophiles present and again decide which is
the most electrophilic.

4. If the combination of these two centres appears to lead to the product, draw the
reactants, complete with charges, so as to position the nucleophilic and electrophilic
centres within bonding distance, ensuring that the angle of attack of the nucleophile
is more or less consistent with the orbitals involved.

5. Draw a curly arrow from the nucleophile to the electrophile. It must start on a
representation of electrons—a filled orbital or negative charge (show this clearly by
just touching the bond or charge)—and finish where the electrons are heading for
(show this clearly by the position of the head).
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B We will generally show
mechanisms using black arrows
on red diagrams but the only
point of that is to make the
arrows stand out. We suggest
that when you write
mechanisms you consider using
a colour for your arrows that
contrasts with the structures.

) The few reaction types that
don't involve nucleophiles and
electrophiles are discussed in
Chapters 34, 35, 37, and 38.

) You will see a great example
of this in Chapter 10: carboxylic
acids, amides, esters,

anhydrides ... many functional
groups, but all the same
mechanisms.
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6. Consider whether any atom that has been changed now has too many bonds; if so
one of them must be broken to avoid absurd structures. Select a bond to break. Draw a
curly arrow from the centre of the chosen bond, the filled orbital, and terminate it in
a suitable place, such as an electronegative atom.

7. Write out the structures of the products specified by the curly arrows. Break the bonds
that are the sources of the arrows and make those that are the targets. Consider the
effect on the charges on individual atoms and check that the overall charge is not
changed. Once you have drawn the curly arrows, the structure of the products is
already decided and there is no room for any further decisions. Just write what the
curly arrows tell you. If the structure is wrong, then the curly arrows were wrong so
go back and change them.

8. Repeat stages 5-7 as required to produce a stable product.

Now you have met the language of mechanism it’s time to look in detail at the reactions of
some functional groups, and we start with the most important functional group of all, the
carbonyl group.

Further reading

S. Warren, Chemistry of the Carbonyl Group: A Programmed Approach to For a theoretical/physical approach to the question of reactivity,
Organic Reaction Mechanisms, Wiley, Chichester, 1974. Our recom-  see ]J. Keeler and P. Wothers, Why Chemical Reactions Happen, OUP,
mendation for the last chapter, Molecular Orbitals and Organic  Oxford, 2003.

Chemical Reactions: Student Edition by lan Fleming, Wiley, Chichester,

2009, also gives guidance on using orbitals in chemical reactions and

drawing mechanisms.

Check your understanding

¥ To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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Nucleophilic addition to the

carbonyl group
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e Functional groups, especially the C=0
group ch2

e |dentifying the functional groups in a
molecule spectroscopically ch3

* How molecular orbitals explain
molecular shapes and functional
groups ch4

* How, and why, molecules react together
and using curly arrows to describe
reactions ch5
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* How and why the C=0 group reacts
with nucleophiles

e Explaining the reactivity of the C=0
group using molecular orbitals and curly
arrows

* What sorts of molecules can be made by
reactions of C=0 groups

* How acid or base catalysts improve the
reactivity of the C=0 group
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* Additions of organometallic
reagents ch9

* Substitution reactions of the C=0
group’s oxygen atom ch11
* How the C=0 group in derivatives of

carboxylic acids promotes substitution
reactions ch10

» C=0 groups with an adjacent double
bond ch22

Molecular orbitals explain the reactivity of the carbonyl group

We are now going to leave to one side most of the reactions you met in the last chapter—we
will come back to them all again later in the book. In this chapter we are going to concentrate
on just one of them—probably the simplest of all organic reactions—the addition of a nucleo-
phile to a carbonyl group. The carbonyl group, as found in aldehydes, ketones, and many
other compounds, is without doubt the most important functional group in organic chemis-
try, and that is another reason why we have chosen it as our first topic for more detailed study.

You met nucleophilic addition to a carbonyl group on pp. 115 and 121, where we showed
you how cyanide reacts with aldehydes to give an alcohol. As a reminder, here is the reaction
again, this time with a ketone, with its mechanism.

B We will frequently use a
device like this, showing a

alcohol
78% yield

NaCN, H2304
o —— NC OH
H,0

\J
Ncﬂ>:/8 _— Nc%ﬁH@ protonation

The reaction has two steps: nucleophilic addition of cyanide, followed by protonation of the
anion. In fact, this is a general feature of all nucleophilic additions to carbonyl groups.

nucleophilic addition
of CN™to the
carbonyl group

Online support. The icon ta in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.

reaction scheme with a
mechanism for the same
reaction looping round
underneath. The reagents and
conditions above and below the
arrow across the top tell you
how you might carry out the
reaction, and the pathway
shown underneath tells you how
it actually works.


www.chemtube3d.com/clayden/123
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‘3 Interactive bonding orbitals in
formaldehyde

=) You were introduced to the
polarization of orbitals in Chapter
4 and we discussed the case of the
carbonyl group on p. 104.

X 2

C (o}

R/O ¢

empty, antibonding r* orbital

CHAPTER 6 NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP

@ Additions to carbonyl groups generally consist of two mechanistic steps:

e nucleophilic attack on the carbonyl group
e protonation of the anion that results.

The addition step is more important, and it forms a new C—C ¢ bond at the expense of the
C=0 =© bond. The protonation step makes the overall reaction addition of HCN across the
C=0 rn bond.

Why does cyanide, in common with many other nucleophiles, attack the carbonyl group?
And why does it attack the carbon atom of the carbonyl group? To answer these questions we
need to look in detail at the structure of carbonyl compounds in general and the orbitals of
the C=0 group in particular.

The carbonyl double bond, like that found in alkenes (whose bonding we discussed in
Chapter 4), consists of two parts: one o bond and one n bond. The ¢ bond between the two sp?
hybridized atoms—carbon and oxygen—is formed from two sp? orbitals. The other sp? orbit-
als on carbon form the two ¢ bonds to the substituents while those on oxygen are filled by the
two lone pairs. The sp? hybridization means that the carbonyl group has to be planar, and the
angle between the substituents is close to 120°. The diagram illustrates all this for the simplest
carbonyl compound, formaldehyde (or methanal, CH,O). The © bond then results from over-
lap of the remaining p orbitals—again, you can see this for formaldehyde in the diagram.

Yy C-O n bond made from overlap
H o of p orbital on C and on O
formaldehyde reg'_nai:wing ng :
(methanal, CH,0) orbitals on Al
form bonds to H
viewed from a slight angle o

120" angle <

C-0 ¢ bond made
from overlap of sp? orbital on
each of Cand O

When we introduced the bonding in the carbonyl group in Chapter 4 we explained how
polarization in the m bond means it is skewed towards oxygen, because oxygen is more elec-
tronegative than carbon. Conversely, the unfilled n* antibonding orbital is skewed in the
opposite direction, with a larger coefficient at the carbon atom. This is quite hard to represent
with the n bond represented as a single unit, as shown above, but becomes easier to visualize
if instead we represent the m and n* orbitals using individual p orbitals on C and O. The dia-
grams in the margin show the n and n* orbitals represented in this way.

Electronegativities, bond lengths, and bond strengths

Representative bond energy, kJ mol-! Representative bond length, A Electronegativity
-0 351 -0 1.43 C 2.5
=0 720 =0 1.21 0 3.5

Because there are two types of bonding between C and O, the C=0 double bond is rather
shorter than a typical C—O single bond, and also over twice as strong—so why is it so reac-
tive? Polarization is the key. The polarized C=0 bond gives the carbon atom some degree of
positive charge, and this charge attracts negatively charged nucleophiles (like cyanide) and
encourages reaction. The polarization of the antibonding n* orbital towards carbon is also



ATTACK OF CYANIDE ON ALDEHYDES AND KETONES

important because, when the carbonyl group reacts with a nucleophile, electrons move from
the HOMO of the nucleophile (an sp orbital in the case of cyanide) into the LUMO of the
electrophile—in other words the n* orbital of the C=0 bond. The greater coefficient of the
n* orbital at carbon means a better HOMO—-LUMO interaction, so this is where the nucleo-
phile attacks.

As our nucleophile—which we are representing here as ‘Nu™'—approaches the carbon atom,
the electron pair in its HOMO starts to interact with the LUMO (antibonding n*) to form a new
¢ bond. Filling antibonding orbitals breaks bonds and, as the electrons enter the antibonding
n* of the carbonyl group, the n bond is broken, leaving only the C—O ¢ bond intact. But elec-
trons can’t just vanish, and those that were in the n bond move off on to the electronegative
oxygen, which ends up with the negative charge that started on the nucleophile. You can see
all this happening in the diagram below.

Nu3

o

Nu®

HOMO
' O ‘ new ¢ bond
C_O —_— O —_— \
40 ‘ \C_O

—C—=©0

curly arrow
representation:

Nu
—_— %Oe

orbitals
involved:

LUMO = =* AN
sp? hybrldlzed O . f
carbon electrons in HOMO begin to :

interact with LUMO sp® hybridized carbon

Nu
while at the same time... \C_O \
_Sc— _c—o0
/ )

Notice how the trigonal, planar sp? hybridized carbon atom of the carbonyl group
changes to a tetrahedral, sp3 hybridized state in the product. For each class of nucleophile
you meet in this chapter, we will show you the HOMO-LUMO interaction involved in the
addition reaction. These interactions also show you how the orbitals of the starting materi-
als change into the orbitals of the product as they combine. Most importantly here, the lone
pair of the nucleophile combines with the n* of the carbonyl group to form a new ¢ bond in
the product.

Attack of cyanide on aldehydes and ketones

Now that we’ve looked at the theory of how a nucleophile attacks a carbonyl group, let’s
go back to the real reaction with which we started this chapter: cyanohydrin formation
from a carbonyl compound and sodium cyanide. Cyanide contains sp hybridized C and N
atoms, and its HOMO is an sp orbital on carbon. The reaction is a typical nucleophilic addi-
tion reaction to a carbonyl group: the electron pair from the HOMO of the CN™ (an sp orbital
on carbon) moves into the C=0 n* orbital; the electrons from the C=0 = orbital move on to
the oxygen atom. The reaction is usually carried out in the presence of acid, which proto-
nates the resulting alkoxide to give the hydroxyl group of the composite functional
group known as a cyanohydrin. The reaction works with both ketones and aldehydes, and
the mechanism below shows the reaction of a general aldehyde. This reaction appeared first
in Chapter 5.
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B The HOMO of the nucleophile
will depend on what the
nucleophile is, and we will meet
examples in which it is an sp or
sp? orbital containing a lone
pair, or a B-H o orbital or
metal—carbon o orbital. We shall
shortly discuss cyanide as the
nucleophile; cyanide’s HOMO is
an sp orbital on carbon.

orbitals of the cyanide ion

:N c®
C-N ¢ orbital
(not shown)
HOMO = sp
sp orbital on orbital on C
N contains containing
lone pair lone pair

)y
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-
‘3 Interactive mechanism for
cyanohydrin formation

Some equilibrium constants
(o)

PN

R” SR Ko NC OH
+ S
R R
HCN
aldehyde
or ketone Keq

CHAPTER 6 NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP

N
0 NaCN  nc oH W6
—— c HOMO
R H H20,HCI R H = sp orbital
aldehyde product N Q0

c—o
-
: T O
({-\ O NC om LUMO =n*
GN R X H® orbitals involved in the

R H addition of cyanide

_—

Cyanohydrins in synthesis

Cyanohydrins are important synthetic intermediates, for example the cyanohydrin formed from this cyclic amino ketone
is the first intermediate in a synthesis of some medicinal compounds known as 5HT; agonists, which were designed to
reduce nausea in chemotherapy patients.

OH
NaCN, H,0 CN other reagents
B — R —— 5HT3 agonists
N
95% yield

Cyanohydrins are also components of many natural and industrial products, such as the insecticide cypermethrin

(marketed as ‘Ripcord” and ‘Barricade’).
(o] HO CN
H H
NaCN
—_—
H+
OPh OPh cypermethrin

Cyanohydrin formation is reversible: just dissolving a cyanohydrin in water can give back
the aldehyde or ketone you started with, and aqueous base usually decomposes cyanohydrins
completely. This is because cyanide is a good leaving group—we’ll come back to this type of
reaction in more detail in Chapter 10.

other
reagents

HO CN NaOH, H;O o)
— cN®
R R R R sp®
cyanohydrin ketone L NaCN Q‘i OH
l T )J\ H,0, HCI Rkﬁ

HO@? oN b)) on 120° 109°
@X substituents move closer together

R R R

Cyanohydrin formation is therefore an equilibrium between starting materials and
products, and we can get good yields only if the equilibrium favours the products. The
equilibrium is more favourable for aldehyde cyanohydrins than for ketone cyanohydrins,
and the reason is the size of the groups attached to the carbonyl carbon atom. As the car-
bonyl carbon atom changes from sp? to sp?, its bond angles change from about 120° to
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about 109°—in other words, the substituents it carries move closer together. This reduction
in bond angle is not a problem for aldehydes, because one of the substituents is just a (very
small) hydrogen atom, but for ketones, especially ones that carry larger alkyl groups, this
effect can disfavour the addition reaction. Effects that result from the size of substituents
and the repulsion between them are called steric effects, and we call the repulsive force
experienced by large substituents steric hindrance. Steric hindrance (not ‘hinderance’)
is a consequence of repulsion between the electrons in all the filled orbitals of the alkyl

substituents.

Steric hindrance

The size of substituents plays a role in very many organic reactions—it's the reason aldehydes (with an H next to the
C=0 group) are more reactive than ketones, for example. Steric hindrance affects reaction rates, but also makes mole-
cules react by completely different mechanisms, as you will see in the substitution reactions in Chapter 15. You will need
to get used to thinking about whether the presence of large substituents, with all their filled C—H and C—C bonds, is a
factor in determining how well a reaction will go.

Cyanohydrins and cassava

The reversibility of cyanohydrin formation is of more than theoretical interest. In parts of Africa the staple food is cassava.
This food contains substantial quantities of the glucoside of acetone cyanohydrin (a glucoside is an acetal derived from
glucose). We shall discuss the structure of glucose later in this chapter, but for now, just accept that it stabilizes the
cyanohydrin.

The glucoside is not poisonous in itself, but enzymes in the human gut break it down and release HCN. Eventually
50 mg HCN per 100 g of cassava can be released and this is enough to kill a human being after a meal of unfermented
cassava. If the cassava is crushed with water and allowed to stand (‘ferment’), enzymes in the cassava will do the same
job and then the HCN can be washed out before the cassava is cooked and eaten.

glucoside of acetone
cyanohydrin found in

HO o cassava i y hydﬁoxynitrile
H -glucosidase yase
%o

(0]
(0] CN ————» HO CN———» + HCN
OH x (an enzyme) x (another enzyme) )k

The cassava is now safe to eat but it still contains some glucoside. Some diseases found in eastern Nigeria can be traced
to long-term consumption of HCN. Similar glucosides are found in apple pips and the kernels inside the stones of fruit
such as peaches and apricots. Some people like eating these, but it is unwise to eat too many at one sitting!

The angle of nucleophilic attack on aldehydes and ketones

Having introduced you to the sequence of events that makes up a nucleophilic attack at C=0O
(interaction of HOMO with LUMO, formation of new ¢ bond, breakage of = bond), we should
now tell you a little more about the direction from which the nucleophile approaches the car-
bonyl group. Not only do nucleophiles always attack carbonyl groups at carbon, but they also
always approach from a particular angle. You may at first be surprised by this angle, since
nucleophiles attack not from a direction perpendicular to the plane of the carbonyl group but
at about 107° to the C=0 bond—close to the angle at which the new bond will form. This
approach route is known as the Biirgi—Dunitz trajectory after the authors of the elegant crys-
tallographic methods that revealed it. You can think of the angle of attack as the result of a
compromise between maximum orbital overlap of the HOMO with n* and minimum repul-
sion of the HOMO by the electron density in the carbonyl = bond. But a better explanation is
that n* does not have parallel atomic orbitals as there is a node halfway down the bond
(Chapter 4) so the atomic orbitals are already at an angle. The nucleophile attacks along the

axis of the larger orbital in the HOMO.
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= We pointed this out in Chapter
4 on p. 104.
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M Although we now know
precisely from which direction
the nucleophile attacks the
C=0 group, this is not always
easy to represent when we draw
curly arrows. As long as you
bear the Blirgi—Dunitz trajectory
in mind, you are quite at liberty
to write any of the variants
shown here, among others.
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Any other portions of the molecule that get in the way of (or, in other words, that cause steric
hindrance to) the Biirgi—-Dunitz trajectory will greatly reduce the rate of addition and this is
another reason why aldehydes are more reactive than ketones. The importance of the Biirgi—
Dunitz trajectory will become more evident later, particularly in Chapter 33.

Birgi and Dunitz deduced this trajectory by examining crystal structures of compounds containing both a nucleophilic
nitrogen atom and an electrophilic carbonyl group. They found that, when the two got close enough to interact, but were
not free to undergo reaction, the nitrogen atom always lay on or near the 107° trajectory described here. Theoretical
calculations later gave the same 107° value for the optimum angle of attack.

Nucleophilic attack by ‘hydride’ on aldehydes and ketones

Nucleophilic attack by the hydride ion, H", is an almost unknown reaction. This species,
which is present in the salt sodium hydride, NaH, has such a high charge density that it only
ever reacts as a base. The reason is that its filled 1s orbital is of an ideal size to interact with the
hydrogen atom’s contribution to the ¢* orbital of an H-X bond (X can be any atom), but much
too small to interact easily with carbon’s more diffuse 2p orbital contribution to the LUMO
(n*) of the C=0 group.

H@f\)j? e H 7 Hd\, ———— Hy+X®
Me Me MeXMe HU ’

nucleophilic attack by H™ almost never happens H™ almost always reacts as a base

Nevertheless, adding H™ to the carbon atom of a C=0 group would be a very useful reaction,
as the result would be the formation of an alcohol. This process would involve going down
from the aldehyde or ketone oxidation level to the alcohol oxidation level (Chapter 2, p. 32)
and would therefore be a reduction. It cannot be done with NaH, but it can be done with some
other compounds containing nucleophilic hydrogen atoms.

(o] ©
reduction of ? H O H® H OH
a ketone to —— X e
an alcohol Me Me Me Me Me Me

The most important of these compounds is sodium borohydride, NaBH,. This is a water-
soluble salt containing the tetrahedral BH; anion, which is isoelectronic with methane but
has a negative charge since boron has one less proton in the nucleus than does carbon.
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In Chapter 4 we looked at isoelectronic borane BH; and the cation CHj3. Here we have effec-
tively added a hydride ion to each of them.

But beware! Remember (p. 115) there is no lone pair on boron: you must not draw an arrow
coming out of this negative charge to form another bond. If you did, you would get a penta-
covalent B(V) compound, which would have ten electrons in its outer shell. Such a thing is
impossible with a first-row element as there are only four available orbitals (1 x 2s and 3 x 2p).
Instead, since all of the electrons (including those represented by the negative charge) are in
B—H o orbitals, it is from a B—H bond that we must start any arrow to indicate reaction of BH;
as a nucleophile. By transferring this pair of electrons we make the boron atom neutral—it is
now trivalent with just six electrons.

arrow cannot start on negative electrons must be
charge: no lone pair on B transferred from a bond
H H H H H H
N/ \/ \ / H.
BY YE® 3¢ Bl ° ® B
H™ “H H'1 E w8 VEC —= ; H—E
eight electrons  impossible structure: ten eight electrons in six electrons in B-H bonds
in B-H bonds  electrons in bonds to B B—-H bonds and one empty p orbital

What happens when we carry out this reaction using a carbonyl compound as the electro-
phile? The hydrogen atom, together with the pair of electrons from the B—H bond, will be
transferred to the carbon atom of the C=0 group. Although no hydride ion, H, is actually
involved in the reaction, the transfer of a hydrogen atom with an attached pair of electrons
can be regarded as a ‘hydride transfer’. You will often see it described this way in books. But
be careful not to confuse BH; with the hydride ion itself. To make it quite clear that it is the
hydrogen atom that is forming the new bond to C, this reaction may also be helpfully repre-
sented with a curly arrow passing through the hydrogen atom.

H H H H H 0® H H
BT Y 87 e BO
e | - -
H H  n” R M H CH— -

H R R

You met this reaction in Chapter 5 but there is more to say about it. The oxyanion produced
in the first step can help stabilize the electron-deficient BH; molecule by adding to its empty
p orbital. Now we have a tetravalent boron anion again, which could transfer a second hydro-
gen atom (with its pair of electrons) to another molecule of aldehyde.

H\B/H H\ /hf H\
NN H 0" ®% N H o' " H 0°
X X X X

H R H R H R H R

This process can continue so that, in principle, all four hydrogen atoms could be transferred
to molecules of aldehyde. In practice the reaction is rarely as efficient as that, but aldehydes
and ketones are usually reduced in good yield to the corresponding alcohol by sodium boro-
hydride in water or alcoholic solution. The water or alcohol solvent provides the proton
needed to form the alcohol from the alkoxide.

o NaBH, OH
e?(amplgs of reductio_ns /\)]\ _— M
with sodium borohydride MeO H H,O MeO ) H
o HO 4 (o} OH
NaBH4 NaBH,
—_— —_—

MeOH i-PrOH
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borohydride anion methane

M Just as we have used Nu- to
indicate any (undefined)
nucleophile, here E* means any
(undefined) electrophile.

9 [nteractive mechanism for
borohydride reduction
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benzaldehyde acetophenone

Aluminium is more electroposi-
tive (more metallic) than boron
and is therefore more ready to
give up a hydrogen atom (and
the associated negative charge),
whether to a carbonyl group or
to water. Lithium aluminium
hydride reacts violently and dan-
gerously with water in an exo-
thermic reaction that produces
highly flammable hydrogen.

H H

_Al.y Hy  LiOH
heteH

@ Interactive mechanism for
methyllithium addition
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Sodium borohydride is one of the weaker hydride donors. The fact that it can be used in water
is evidence of this: more powerful hydride donors such as lithium aluminium hydride, LiAIH,,
react violently with water. Sodium borohydride reacts with both aldehydes and ketones,
although the reaction with ketones is slower: for example, benzaldehyde is reduced about 400
times faster than acetophenone in isopropanol. This is because of steric hindrance (see above).

Sodium borohydride does not react at all with less reactive carbonyl compounds such as
esters or amides: if a molecule contains both an aldehyde and an ester, only the aldehyde will
be reduced.

H NaBH4
TEtoH

The next two examples illustrate the reduction of aldehydes and ketones in the presence of
other reactive functional groups. No reaction occurs at the nitro group in the first case or at
the alkyl halide in the second.

NaBH4 NaBH4 H OH
B
H NaOH " MeoH ’
Ho0 25 °C
MeOH

Addition of organometallic reagents to aldehydes
and ketones

Organometallic compounds have a carbon—-metal bond. Lithium and magnesium are very
electropositive metals, and the Li—C or Mg—C bonds in organolithium or organomagnesium
reagents are highly polarized towards carbon. They are therefore very powerful nucleophiles,
and attack the carbonyl group to give alcohols, forming a new C—C bond. For our first example,
we shall take one of the simplest of organolithiums, methyllithium, which is commercially
available as a solution in Et,O, shown here reacting with an aldehyde. The orbital diagram of
the addition step shows how the polarization of the C—Li bond means that it is the carbon atom
of the nucleophile that attacks the carbon atom of the electrophile and we get a new C—C bond.
We explained on p. 113 the polarization of bonds between carbon and more electropositive
elements. The relevant electronegativities are C 2.5, Li 1.0, and Mg 1.2 so both metals are much
more electropositive than carbon. The orbitals of MeLi are discussed in Chapter 4.

(o} OH i
1. MelLi, THF HOMO =Li-C ¢
H = Me H Ho . polarized towards C

c
2. H,0 R X
H

| L -
(\ H-OH O ¢
o) 0° LUMO = =*
L'_@)]\D - > /)\ orbitals involved in the addition
Me K

R

T

R H of methyllithium

The course of the reaction is much the same as you have seen before, but we need to high-
light a few points where this reaction scheme differs from those you have met earlier in the
chapter. First of all, notice the legend ‘1. MeLi, THF; 2. H,O’. This means that, first, MeLi is
added to the aldehyde in a THF solvent. Reaction occurs: MeLi adds to the aldehyde to give an
alkoxide. Then (and only then) water is added to protonate the alkoxide. The ‘2. H,O’ means
that water is added in a separate step only when all the MeLi has reacted: it is not present at
the start of the reaction as it was in the cyanide reaction and some of the borohydride addition
reactions. In fact, water must not be present during the addition of MeLi (or of any other orga-
nometallic reagent) to a carbonyl group because water destroys organometallics very rapidly
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by protonating them to give alkanes (organolithiums and organomagnesiums are strong
bases as well as powerful nucleophiles). The addition of water, or sometimes dilute acid or
ammonium chloride, at the end of the reaction is known as the work-up.

Because they are so reactive, organolithiums are usually used at low temperature, often
-78 °C (the sublimation temperature of solid CO,), in aprotic solvents such as Et,O or THF.
Protic solvents such as water or alcohols have acidic protons but aprotic solvents such as ether
do not. Organolithiums also react with oxygen, so they have to be handled under a dry, inert
atmosphere of nitrogen or argon. Other common, and commercially available, organolithium
reagents include n-butyllithium and phenyllithium, and they react with both aldehydes and
ketones. Note that addition to an aldehyde gives a secondary alcohol while addition to a
ketone gives a tertiary alcohol.

Low-temperature baths

Cooling reaction mixtures is generally the job of a cooling bath of ice and water for around 0 °C, or baths of solid CO,
in organic solvents such as acetone or ethanol down to about =78 °C. Small pieces of solid CO, are added slowly to the
solvent until vigorous bubbling ceases. Few chemists then measure the temperature of the bath, which may be anywhere
from =50 to —80 °C. The temperature given in publications is often =78 °C, about the lower limit. Lower temperatures
require liquid nitrogen. Practical handbooks give details.

j\ 1. PhLi, THF /())\H j\ 1. n-BuLi, THF \/\/(})\H
B _—
R H 2. H,0 Ph H R R 2. H,0 R
R R
secondary alcohol tertiary alcohol

Organomagnesium reagents known as Grignard reagents (RMgX) react in a similar way.
Some simple Grignard reagents, such as methyl magnesium chloride, MeMgCl, and phenyl
magnesium bromide, PhMgBr, are commercially available, and the scheme shows PhMgBr
reacting with an aldehyde. The reactions of these two classes of organometallic reagent—
organolithiums and Grignard reagents—with carbonyl compounds are among the most
important ways of making carbon—carbon bonds, and we will consider them in more detail
in Chapter 9.

o) OH 06\ e )
JI_ 1-PhMgBr, 6O /)\ Bng[PE\V)J\
H > Ph JH ‘_phi\H R

2. H,0

R H

Addition of water to aldehydes and ketones

Nucleophiles don’t have to be highly polarized or negatively charged to react with aldehydes
and ketones: neutral ones will as well. How do we know? This '*C NMR spectrum was obtained
by dissolving formaldehyde, H,C=0O, in water. You will remember from Chapter 3 that the
carbon atoms of carbonyl groups give 13C signals typically in the region of 150-200 ppm. So
where is formaldehyde’s carbonyl peak? Instead we have a signal at 83 ppm—where we would
expect tetrahedral carbon atoms singly bonded to oxygen to appear.

13C NMR spectrum of formaldehyde in water

200 150 100 50 0
ppm
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organometallics are
destroyed by water

Li—@ H—@H

fast and
exothermic

Me—H LiOH

methane

Grignard reagents were discov-
ered by Victor Grignard (1871—
1935) at the University of Lyon,
who got the Nobel prize for his
discovery in 1912. They are
made by reacting alkyl or aryl
halides with magnesium

‘turnings'.
Mg
Ph—Br —> Ph—Mg—Br
ether

@ Interactive mechanism for
Grignard addition
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@ Interactive mechanism for
hydrate formation

Monomeric
formaldehyde

The hydrated nature of formal-
dehyde poses a problem for
chemistry that requires anhy-
drous conditions such as the
organometallic additions we
have just been talking about.
Fortunately, cracking (heating to
decomposition) the polymeric
‘paraformaldehyde’ can provide
monomeric formaldehyde in
anhydrous solution.

polymeric ‘paraformaldehyde’

HO/(\i))n/\OH

CH,0

Chloral hydrate is the infamous
‘knockout drops’ of Agatha
Christie or the ‘Mickey Finn' of
prohibition gangsters.
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What has happened is that water has added to the carbonyl group to give a compound
known as a hydrate or 1,1-diol.

expect 13C signal o
between 150 and __._ 5 + H0 —
200 ppm H H H H

HO OH
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formaldehyde hydrate or 1,1-diol

This reaction, like the addition of cyanide we discussed at the beginning of the chapter, is
an equilibrium, and is quite general for aldehydes and ketones. But, as with the cyanohydrins,
the position of the equilibrium depends on the structure of the carbonyl compound.
Generally, the same steric factors (p. 129) mean that simple aldehydes are hydrated to some
extent while simple ketones are not. However, special factors can shift the equilibrium
towards the hydrated form even for ketones, particularly if the carbonyl compound is reactive
or unstable.

Formaldehyde is an extremely reactive aldehyde as it has no substituents to hinder attack—it
is so reactive that it is rather prone to polymerization. And it is quite happy to move from sp?
to sp® hybridization because there is very little increased steric hindrance between the two
hydrogen atoms as the bond angle changes from 120° to 109° (p. 129). This is why our aqueous
solution of formaldehyde contains essentially no CH,O—it is completely hydrated. A mecha-
nism for the hydration reaction is shown below. Notice how a proton has to be transferred
from one oxygen atom to the other, mediated by water molecules.

H §
sz'/\‘ H-QJ/§<0@ Ho_ 0@  \H—OH HO_ OH

P
H,O — e —
H H H H H H H H

Formaldehyde reacts with water so readily because its substituents are very small: a steric
effect. Electronic effects can also favour reaction with nucleophiles—electronegative atoms
such as halogens attached to the carbon atoms next to the carbonyl group can increase the
extent of hydration by the inductive effect according to the number of halogen substitu-
ents and their electron-withdrawing power. They increase the polarization of the carbonyl
group, which already has a positively polarized carbonyl carbon, and make it even more
prone to attack by water. Trichloroacetaldehyde (chloral, CI;CHO) is hydrated completely
in water, and the product ‘chloral hydrate’ can be isolated as crystals and is an anaesthetic.
You can see this quite clearly in the two IR spectra below. The first one is a spectrum of
chloral hydrate from a bottle—notice there is no strong absorption between 1700 and
1800 cm™! (where we would expect C=O0 to appear) and instead we have the tell-tale broad
O—H peak at 3400 cm™!. Heating drives off the water, and the second IR spectrum is of the
resulting dry chloral: the C=0 peak has reappeared at 1770 cm™ and the O—H peak has
gone.

® Steric and electronic effects

e Steric effects are concerned with the size and shape of groups within molecules.

o Electronic effects result from the way that electronegativity differences between atoms
affect the way electrons are distributed in molecules. They can be divided into inductive
effects, which are the consequence of the way that electronegativity differences lead to
polarization of ¢ bonds, and conjugation (sometimes called mesomeric effects) which
affects the distribution of electrons in 7 bonds and is discussed in the next chapter.

Steric and electronic effects are two of the main factors dominating the reactivity of
nucleophiles and electrophiles.
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The chart shows the extent of hydration (in water) of a small selection of carbonyl com-
pounds: hexafluoroacetone is probably the most hydrated carbonyl compound possible! The
larger the equilibrium constant, the more the equilibrium is to the right.

0 K HO OH
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Cyclopropanones—three-membered ring ketones—are also hydrated to a significant
extent, but for a different reason. You saw earlier how acyclic ketones suffer increased steric
hindrance when the bond angle changes from 120° to 109° on moving from sp? to sp?
hybridization. Cyclopropanones (and other small-ring ketones) conversely prefer the small
bond angle because their substituents are already confined within a ring. Look at it this way:
a three-membered ring is really very strained, with bond angles forced to be 60°. For the sp?
hybridized ketone this means bending the bonds 60° away from their ‘natural’ 120°. But for
the sp3 hybridized hydrate the bonds have to be distorted by only 49° (= 109° - 60°). So addi-
tion to the C=0 group allows some of the strain inherent in the small ring to be released—
hydration is favoured, and indeed cyclopropanone and cyclobutanone are very reactive
electrophiles.

® The same structural features that favour or disfavour hydrate formation are important in
determining the reactivity of carbonyl compounds with other nucleophiles, whether the reactions
are reversible or not. Steric hindrance and more alkyl substituents make carbonyl compounds less
reactive towards any nucleophile; electron-withdrawing groups and small rings make them more
reactive.

Hemiacetals from reaction of alcohols with
aldehydes and ketones

Since water adds to (at least some) carbonyl compounds, it should come as no surprise that
alcohols do too. The product of the reaction is known as a hemiacetal, because it is halfway to

%@ Interactive structures of
carbonyl compounds and hydrates
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“3 Interactive mechanism for
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Intermolecular reactions occur
between two molecules.
Intramolecular reactions occur
within the same molecule. We
shall discuss the reasons why
intramolecular reactions are more
favourable and why cyclic hemi-
acetals and acetals are more sta-
ble in Chapters 11 and 12.
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an acetal, a functional group that you met in Chapter 2 (p. 32) and that will be discussed in
detail in Chapter 11. The mechanism follows in the footsteps of hydrate formation: just use
ROH instead of HOH.
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aldehyde hemiacetal
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In the mechanism above, as in the mechanism of hydrate formation on p. 134, a proton has
to be transferred between one oxygen atom and the other. We have shown a molecule of etha-
nol (or water) doing this, but it is impossible to define exactly the path taken by any one pro-
ton as it transfers between the oxygen atoms. It might not even be the same proton: another
possible mechanism is shown below on the left, where a molecule of ethanol simultaneously
gives away one proton and takes another. In the simplest case, the proton just hops from one
oxygen to another, as shown in the right, and there is no shame in writing this mechanism:
it is no more or less correct than the others.

IIEt
AN\
two more (and equally H/GOH EtO OH ';' RS EtO OH
correct) mechanisms for J or (%
proton transfer between Et_S?)l 0° RX H Et” >< RXH
the oxygen atoms: ® >< R H
R H

What is certain is that proton transfers between oxygen atoms are very fast and are reversi-
ble, and for that reason we don’t need to be concerned with the details—the proton can
always get to where it needs to be for the next step of the mechanism. As with all these car-
bonyl group reactions, what is really important is the addition step, not what happens to the
protons.

Hemiacetal formation is reversible, and hemiacetals are stabilized by the same special
structural features as those of hydrates. However, hemiacetals can also gain stability by
being cyclic—when the carbonyl group and the attacking hydroxyl group are part of the
same molecule. The reaction is now an intramolecular (within the same molecule) addi-
tion, as opposed to the intermolecular (between two molecules) ones we have considered
so far.

(0] O OH
o, ——— X,
hydroxyaldehyde cyclic hemiacetal
l intramolecular attack of
OH hydroxyl group H @

Although the cyclic hemiacetal (also called lactol) product is more stable, it is still in equi-
librium with some of the open-chain hydroxyaldehyde form. Its stability, and how easily it

o}
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forms, depends on the size of the ring: five- and six-membered rings are free from strain (their
bonds are free to adopt 109° or 120° angles—compare the three-membered rings on p. 135),
and five- or six-membered hemiacetals are common. Among the most important examples are
many sugars. Glucose, for example, is a hydroxyaldehyde that exists mainly as a six-membered
cyclic hemiacetal (>99% of glucose is cyclic in solution), while ribose exists as a five-mem-
bered cyclic hemiacetal.
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Ketones also form hemiacetals

Hydroxyketones can also form hemiacetals but, as you should expect, they usually do so less
readily than hydroxyaldehydes. But we know that this hydroxyketone must exist as the cyclic
hemiacetal as it has no C=O stretch in its IR spectrum. The reason? The hydroxyketone is
already cyclic, with the OH group poised to attack the ketone—it can’t get away so cyclization
is highly favoured.
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o

Acid and base catalysis of hemiacetal and hydrate formation
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In Chapter 8 we shall look in detail at acids and bases, but at this point we need to tell
you about one of their important roles in chemistry: they act as catalysts for a number of
carbonyl addition reactions, among them hemiacetal and hydrate formation. To see why,
we need to look back at the mechanisms of hemiacetal formation on p. 138 and hydrate
formation on p. 134. Both involve proton-transfer steps, which we can choose to draw
like this:

ethanol acting as a base (I-TbEt
H

Et %’ 0© eo, 09 (}
e >< — >< e
R H R H

In the first proton-transfer step, ethanol acts as a base, removing a proton; in the second it
acts as an acid, donating a proton. You saw in Chapter 5 how water can also act as an acid or
a base. Strong acids or strong bases (for example HCI or NaOH) increase the rate of hemiacetal
or hydrate formation because they allow these proton-transfer steps to occur before the addi-
tion to the carbonyl group.

In acid (dilute HCI, say), the mechanism is different in detail. The first step is now protona-
tion of the carbonyl group’s lone pair: the positive charge makes it much more electrophilic
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M The way we have
represented some of these
molecules may be unfamiliar to
you, although we first
mentioned it in Chapter 2: we
have shown stereochemistry
(whether bonds come out of the
paper or into it—the wiggly
lines indicate a mixture of both)
and, for the cyclic glucose,
conformation (the actual
shape the molecules adopt).
These are very important in the
sugars: we devote Chapter 14
to stereochemistry and Chapter
16 to conformation.
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M In acid it is also possible for
the hemiacetal to react further
with the alcohol to form an
acetal, but this is dealt with in
Chapter 11 and need not
concern you at present.

W As you will see in Chapter
11, the reaction in base always
stops with the hemiacetal—
acetals never form in base.

o
0\ /OH HOMO = sulfur
0=S§ hybrid orbital
containing lone pair

N0

C_O

0 ‘ LUMO = r*

orbitals involved in the
addition of bisulfite
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so the addition reaction is faster. Notice how the proton added at the beginning is lost again
at the end—it is really a catalyst.

in acid solution, the acetal may form
(reactions discussed

hemiacetal formation in acid

0 .
)]\ EtOH EtO OH in Ckfpter 11) EtC\/OEt
N
R H acid catalyst R . H R H
hemiacetal acetal
l protonation makes carbonyl T
group more electrophilic
'ﬂH ® H<---- proton regenerated

G)/H
o qo B<y  on
)]\ —» Et—OH /LQ — ®><
R H R H

R H

The mechanism in basic solution is slightly different again. The first step is now deprotona-
tion of the ethanol by hydroxide, which makes the addition reaction faster by making the
ethanol more nucleophilic. Again, base (hydroxide) is regenerated in the last step, making the
overall reaction catalytic in base.

hemiacetal formation in base

o EtO OH

)J\ EtOH _

base catalyst

EtO OEt

X

R H R H

acetals are never
formed in base
deprotonation makes ethanol
more nucleophilic (as ethoxide)

o Sl
9 |-| Et — Oﬂ)g >< base
Et H regenerated

The final step could equally well involve deprotonation of ethanol to give alkoxide—and
alkoxide could equally well do the job of catalysing the reaction. In fact, you will often come
across mechanisms with the base represented just as ‘B™ because it doesn’t matter what the
base is.

@ For nucleophilic additions to carbonyl groups:

¢ acid catalysts work by making the carbonyl group more electrophilic
e base catalysts work by making the nucleophile more nucleophilic
¢ both types of catalysts are regenerated at the end of the reaction.

Bisulfite addition compounds

The last nucleophile of this chapter, sodium bisulfite (NaHSO;) adds to aldehydes and some
ketones to give what is usually known as a bisulfite addition compound. The reaction
occurs by nucleophilic attack of a lone pair on the carbonyl group, just like the attack of
cyanide. This leaves a positively charged sulfur atom but a simple proton transfer leads to the
product.

o) % 0
. O\ /OH lo) a® 0\ /,J Na® O\ Z bisulfite
sodium - ® S:/_W >~ .S OH addition
bisulfite Il /G>< o~ >< compound
0 Me Me Me Me

The products are useful for two reasons. They are usually crystalline and so can be used to
purity liquid aldehydes by recrystallization. This is of value only because this reaction, like
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several you have met in this chapter, is reversible. The bisulfite compounds are made by mix-

ing the aldehyde or ketone with saturated aqueous sodium bisulfite in an ice bath, shaking, s (T, 8 el

and crystallizing. After purification the bisulfite addition compound can be hydrolysed back curious. It is an oxyanion of a

to the aldehyde in dilute aqueous acid or base. sulfur(1V) compound with a lone
pair of electrons—the HOMO—

M The structure of NaHSO;,

0 stir together in ice bath HO_ SO Na® on the sulfur atom, but the
)]\ * NaHSO; crystalline solid charge is formally on the more
R H dilute acid or base R H electronegative oxygen. As a

‘second-row’ element (second
The reversibility of the reaction makes bisulfite compounds useful intermediates in the  row of the periodic table, that is)
synthesis of other adducts from aldehydes and ketones. For example, one practical method for SH”U' can have more tha.n Just
making cyanohydrins involves bisulfite compounds. The famous practical book ‘“Vogel’ sug- eight electrgns—|t s allight to
. . . . . . . . have four, five, or six bonds to S
gests reacting acetone first with sodium bisulfite and then with sodium cyanide to give a good

. . or P, unlike, say, B or O. Second-
yield (70%) of the cyanohydrin. row elements have d orbitals as

well as s and p so they can

1. NaHSO3
fo) 5 NaCN HO CN accommodate more electrons.
)]\ _— X 70% yield
Me Me Me Me

What is happening here? The bisulfite compound forms first, but only as an intermediate on
the route to the cyanohydrin. When the cyanide is added, reversing the formation of the
bisulfite compound provides the single proton necessary to give back the hydroxyl group at
the end of the reaction. No dangerous HCN is released (always a hazard when cyanide ions
and acid are present together).

o HO CN
@ o 0
o 1.NaHSO, Na \S// OH 2. NaCN
—_— 0//>< Me + Me
Me Me Me Me Na,SO;3;
l © OH 55 OQH T
N/ N/
[©) H //S //S
0.¢° 0 0 CN
Oésw — (_\@CN—>
Me Me Me Me
Me Me

Other compounds from cyanohydrins

Cyanohydrins can be converted by simple reactions into hydroxyacids or amino alcohols. Here is one example of each,
but you will have to wait until Chapter 10 for the details and the mechanisms of the reactions. Note that one cyanohydrin
was made by the simplest method—simply NaCN and acid—while the other came from the bisulfite route we have
just discussed.

hydroxyacids by hydrolysis of CN in cyanohydrin

o NaCN HO CN  Hcl HO CO.H
)J\ —_— e
Ph™ “Me HCLEO0 ph” “mMe H20  ph” “Me

amino alcohols by reduction of CN in cyanohydrin

NaHSO; HO CN LiAlH, HO NH,
—_— —_—
H NaCN, H,O0 H H

The second reason that bisulfite compounds are useful is that they are soluble in water. Some
small (that is, low molecular weight) aldehydes and ketones are water-soluble—acetone is an
example. But most larger (more than four or so carbon atoms) aldehydes and ketones are not.
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Further reading
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This does not usually matter to most chemists as we often want to carry out reactions in
organic solvents rather than water. But it can matter to medicinal chemists, who make com-
pounds that need to be compatible with biological systems. And in one case, the solubility of
bisulfite adduct in water is literally vital.

Dapsone is an antileprosy drug. It is a very effective one too, especially when used in com-
bination with two other drugs in a ‘cocktail’ that can be simply drunk as an aqueous solution
by patients in tropical countries without any special facilities, even in the open air. But there
is a problem! Dapsone is insoluble in water. The solution is to make a bisulfite compound from
it. You may ask how this is possible since dapsone has no aldehyde or ketone—just two amino
groups and a sulfone. The trick is to use the formaldehyde bisulfite compound and exchange
the OH group for one of the amino groups in dapsone.

formaldehyde bisulfite

OO0 adduct OO0
¥ HO” S0P Na® -
Na®
HoN NH, HoN N sof
dapsone: antileprosy drug; insoluble in water water-soluble pro-drug

Now the compound will dissolve in water and release dapsone inside the patient. The details
of this sort of chemistry will come in Chapter 11, when you will meet imines as intermediates.
But at this stage we just want you to appreciate that even the relatively simple chemistry in
this chapter is useful in synthesis, in commerce, and in medicine.

Section 1, ‘Nucleophilic addition to the carbonyl group’ in S. For further, more advanced, details of the cassava~HCN problem:
Warren, Chemistry of the Carbonyl Group, Wiley, Chichester, 1974,  D. Siritunga, D. Arias-Garzon, W. White, and R. T. Sayre, Plant
and P. Sykes, A Guidebook to Mechanism in Organic Chemistry, 6th  Biotechnology Journal, 2004, 2, 37. For details of cyanohydrin
edn, Longman, Harlow, 1986, pp. 203-219. For a more theoretical  formation using sodium bisulfite: B. S. Furniss, A. ]J. Hannaford,
approach, we suggest J. Keeler and P. Wothers, Why Chemical ~P. W. G. Smith, and A. T. Tatchell, Vogel’s Textbook of Practical
Reactions Happen, OUP, Oxford, 2003, especially pp. 102-106. Organic Chemistry, 5Sth edn, Longman, Harlow, 1989, pp. 729-730.

Check your understanding

To check that you have mastered the concepts presented in this chapter, attempt the problems that are
available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/
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Delocalization and conjugation
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many bonds
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over more than two atoms
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Introduction

As you look around you, you will be aware of many different colours—from the greens and
browns outside to the bright blues and reds of the clothes you are wearing. All these colours
result from the interaction of light with the pigments in these different things—some fre-
quencies of light are absorbed, others scattered. Inside our eyes, chemical reactions detect
these different frequencies and convert them into electrical nerve impulses sent to the brain.
All these pigments have one thing in common—Iots of double bonds. For example, the pig-
ment responsible for the red colour in tomatoes, lycopene, is a long-chain polyalkene.

lycopene, the red pigment in tomatoes, rose hips, and other berries

Lycopene contains only carbon and hydrogen; many pigments contain other elements. But
nearly all contain double bonds—and many of them. This chapter is about the properties,
including colour, of molecules that have several double bonds. These properties depend on
the way the double bonds join up, or conjugate, and the resulting delocalization of the electrons
within them.

In earlier chapters we talked about carbon skeletons made up of ¢ bonds. In this chapter we
shall see how, in some cases, we can also have a large n framework spread over many atoms
and how this dominates the chemistry of such compounds. We shall see how this © frame-
work is responsible for the otherwise unexpected stability of certain cyclic polyunsaturated

Online support. The icon ‘3 in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.


www.chemtube3d.com/clayden/123
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XX

benzene butadiene

H\ /H
117.8°< c=c
H H

C—H bond length 108 pm
C=C bond length 133 pm

-
@ Interactive bonding orbitals in
ethene

) We described the structure of
ethene in Chapter 4 (p. 101)
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compounds, including benzene, but also reactivity in others, such as butadiene. We shall also
see how this n framework gives rise to colour. To understand such molecules properly, we need
to start with the simplest of all unsaturated compounds, ethene.

The structure of ethene (ethylene, CH,=CH,)

The structure of ethene (ethylene) is well known. It has been determined by electron diffrac-
tion and is planar (all atoms are in the same plane), with the bond lengths and angles shown
on the left. The carbon atoms are roughly trigonal and the C=C bond distance is shorter than
that of a typical C—C single bond. The electronic structure of ethene, you will recall from
Chapter 4, can be considered in terms of two sp? hybridized C atoms with a ¢ bond between
them and four ¢ bonds linking them each to two H atoms. The n bond is formed by overlap of
a p orbital on each carbon atom.

C-C = bond made from overlap
of p orbital on,each C atom

C-C & bonds made from
overlap of sp? orbital on
each C atom

Ethene is chemically more interesting than ethane because of the n system. As you saw in
Chapter 5, alkenes can be nucleophiles because the electrons in the = bond are available for
donation to an electrophile. But remember that when we combine two atomic orbitals we
get two molecular orbitals, from combining the p orbitals either in phase or out of phase.
The in-phase combination accounts for the bonding molecular orbital (m), whilst the
out-of-phase combination accounts for the antibonding molecular orbital (n*). The
shapes of the orbitals as they were introduced in Chapter 4 are shown below, but in this
chapter we will also represent them in the form shown in the brown boxes—as the con-
stituent p orbitals.

for simplicity, we will
L often represent the *

Q. ’ orbital like this:
/g O

nodal plane g 8

antibonding n* molecular orbital

combine out of phase ___

combine in phase --"‘~~_¢ n_——""

bonding m molecular orbital

energy
[\S]
©
A
"
N\
s
N
\
\
\
\
\
h
h
h
b
b
.
1
:
\
"
\/
[\S]
©

for simplicity, we will
often represent the nt
orbital like this:
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Molecules with more than one c=C double bond The two early proposals for the structure of benzene

Benzene has three strongly interacting double bonds

were wrong, but nonetheless are stable isomers of ben-
zene (they are both C¢Hg) which have since been synthe-

The rest of this chapter concerns molecules with more than one C=C sized. For more on the Kekulé structure, see p. 24.

double bond and what happens to the n orbitals when they interact. To
start, we shall take a bit of a jump and look at the structure of benzene. _
Benzene has been the subject of considerable controversy since its discov-
ery in 1825. It was soon worked out that the formula was C4Hg, but how
were these atoms arranged? Some strange structures were suggested until
Kekulé proposed the correct structure in 1865.

Shown below are the molecular orbitals for Kekulé’s structure. As in (j
simple alkenes, each of the carbon atoms is sp? hybridized, leaving the
remaining p orbital free.

1]
I

H_  _C. _H S O o bonds shown in green
c” °Cc
| I \

Cs _C
H - \(i.:/ ~ H 0
H . .
p orbitals shown with

Kekulé's structure for benzene one phase red, one phase black

The ¢ framework of the benzene ring is like the framework of an alkene, and for simplicity
we have just represented the ¢ bonds as green lines. The difficulty comes with the p orbitals—
which pairs do we combine to form the n bonds? There seem to be two possibilities.

combining different pairs of p orbitals
puts the double bonds in different positions

c—c/H ~c——c
H—c// <Sc—H H—c— /\C—H
/c C\H H/c C\H

\O/

Q)% - QO@—H

With benzene itself, these two forms are identical but, if we had a 1,2- or a 1,3-disubstituted
benzene compound, these two forms would be different. A synthesis was designed for the two
compounds in the box on the right but it was found that both compounds were identical. This
posed a problem to Kekulé—his structure didn’t seem to work after all. His solution—which
we now know to be incorrect—was that benzene rapidly equilibrates, or ‘resonates’, between
the two forms to give an averaged structure in between the two.

The molecular orbital answer to this problem is that all six p orbitals can combine to form
(six) new molecular orbitals, and the electrons in these orbitals form a ring of electron den-
sity above and below the plane of the molecule. Benzene does not resonate between the two
Kekulé structures—the electrons are in molecular orbitals spread equally over all the carbon
atoms. However, the term ‘resonance’ is still sometimes used (but not in this book) to
describe the averaging effect of this mixing of molecular orbitals. We shall describe the n
electrons in benzene as delocalized, that is, no longer localized in specific double bonds
between two particular carbon atoms but spread out, or delocalized, over all six atoms in
the ring.

prismane
synthesized
1973

H Dewar

H benzene
synthesized
1963

M For example, if the double
bonds were localized then these
two compounds would be
chemically different. (The double
bonds are drawn shorter than
the single bonds to emphasize
the difference.)

in reality these are
the same compound

CO,H CO,H

Br Br

2-bromo '6'-bromo
benzoic acid  benzoic acid
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the circle represents the
delocalized system

M The delocalization arrow is
used to connect two
representations of the same
structure. Don't get it confused
with an equilibrium arrow,
which is used to show two
structures interconverting. In an
equilibrium, at least one ¢ bond
must change place.

delocalization arrow
-

equilibrium arrow

———
~——

CHAPTER 7 DELOCALIZATION AND CONJUGATION

The alternative drawing on the left shows the n system as a ring and does not put in the
double bonds: you may feel that this is a more accurate representation, but it does present
a problem when it comes to writing mechanisms. As you saw in Chapter 5, the curly
arrows we use represent two electrons. The circle here represents six electrons, so in order
to write reasonable mechanisms we still need to draw benzene as though the double bonds
were localized. However, when you do so, you must keep in mind that the electrons are
delocalized, and it does not matter which of the two arrangements of double bonds you
draw.

If we want to represent delocalization using these ‘localized’ structures, we can do so using
curly arrows. Here, for example, are the two ‘localized’ structures corresponding to 2-bromo-
carboxylic acid. The double bonds are not localized, and the relationship between the two
structures can be represented with curly arrows which indicate how one set of bonds map
onto the other.

special double-headed
Cur|y arrows represent C02H 'delocalization arrow' 002H equivalent COZH

delocalization, not reaction to:
’ Br \\ 2 Br Br
-

These curly arrows are similar to the ones we introduced in Chapter 5, but there is a crucial
difference: here, there is no reaction taking place. In a real reaction, electrons move. Here,
they do not: the only things that ‘move’ are the double bonds in the structures. The curly
arrows just show the link between alternative representations of exactly the same molecule.
You must not think of them as showing ‘movement round the ring’. To emphasize this differ-
ence we also use a different type of arrow connecting them—a delocalization arrow made up
of a single line with an arrow at each end. Delocalization arrows remind us that our simple
fixed-bond structures do not tell the whole truth and that the real structure is a mixture of
both.

The fact that the nt electrons are not localized in alternating double bonds but are spread out over
the whole system in a ring is supported by theoretical calculations and confirmed by experi-
mental observations. Electron diffraction studies show benzene to be a regular planar hexa-
gon with all the carbon-carbon bond lengths identical (139.5 pm). This bond length is in
between that of a carbon-carbon single bond (154.1 pm) and a full carbon-carbon double
bond (133.7 pm). A further strong piece of evidence for this ring of electrons is revealed by
proton NMR and discussed in Chapter 13.

Electron diffraction image of a molecule of benzene



MOLECULES WITH MORE THAN ONE C=C DOUBLE BOND

How to describe delocalization?

What words should be used to describe delocalization is a vexed question. Terms such as resonance, mesomerism,
conjugation, and delocalization are only a few of the ones you will find in books. You will already have noticed that we're
avoiding resonance because it carries a suggestion that the structure is somehow oscillating between localized structures.
We shall use the words conjugation and delocalization: conjugation focuses on the way that double bonds link together
into a single 7t system, while delocalization focuses on the electrons themselves. Adjacent double bonds, as you will see,
are conjugated; the electrons in them are delocalized.

Multiple double bonds not in a ring

Are electrons still delocalized even when there is no ring? To consider this, we’ll look at hexa-
triene—three double bonds and six carbons, like benzene, but without the ring. There are two
isomers of hexatriene, with different chemical and physical properties, because the central
double bond can adopt a cis or a trans geometry. The structures of both cis- and trans-hex-
atriene have been determined by electron diffraction and two important features emerge:

e Both structures are essentially planar.

e Unlike benzene, the double and single bonds have different lengths, but the central
double bond in each case is slightly longer than the end double bonds and the single
bonds are slightly shorter than a ‘standard’ single bond.

Here’s the most stable structure of trans-hexatriene, with benzene shown for comparison.

All C—C bonds 139.5 pm

'II I_Il 'II typical values: Y v
single bond: 154 pm
H\cl:écA\(l: \c//i\H double bond: 134 pm

H'H H .

both single bonds are 146 pm both end double bonds are 134 pm

The reason for the deviation of the bond lengths from typical values and the preference for
planar structures is again due to the molecular orbitals which arise from the combination of
the six p orbitals. Just as in benzene, these orbitals can combine to give one molecular orbital
stretching over the whole molecule. The p orbitals can overlap and combine only if the mol-

ecule is planar.
a different planar structure:

All p orbitals can overlap
all p orbitals can overlap again

twist about this bond

these orbitals can no
longer overlap—less
stable structure
If the molecule is twisted about one of the single bonds, then some overlap is lost, making
it harder to twist about the single bonds in this structure than in a simple alkene. Other pla-
nar arrangements are stable, however, and trans-hexatriene can adopt any of the planar con-
formations shown in the margin.

Conjugation

In benzene and hexatriene every carbon atom is sp? hybridized with one p orbital available to
overlap with its neighbours. The uninterrupted chain of p orbitals is a consequence of having
alternate double and single bonds. When two double bonds are separated by just one single
bond, the two double bonds are said to be conjugated. Conjugated double bonds have different
properties from isolated double bonds, both physically (they are often longer, as you have just
seen) and chemically (see Chapters 22).

You have already met several conjugated systems: lycopene at the start of this chapter and
B-carotene in Chapter 3, for example. Each of the 11 double bonds in B-carotene is separated
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cis-
hexatriene

_/:
_ /S

trans-
hexatriene

M The terminal double bonds
can't have two forms because
they have only one substituent.

conformations of
trans-hexatriene

o

®) Conformation is the topic of
Chapter 16.

Conjugation

In the dictionary ‘conjugated’ is
defined, among other ways, as
‘joined together, especially in
pairs’ and ‘acting or operating
as if joined'. This does indeed fit
very well with the behaviour of
such conjugated double bonds,
since the properties of a
conjugated system are different
from those of the component
parts.
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(0]
/\(

H
propenal (acrolein):
C=C and C=0 are
conjugated

B The chemistry of such
conjugated carbonyl compounds
is significantly different from the
chemistry of the component
parts. The alkene in propenal,
for example, is electrophilic and
not nucleophilic. This will be
explained in Chapter 22.

%9 Interactive bonding orbitals in
allene

Isomers of butadiene

Butadiene normally refers to
1,3-butadiene. It is also possible
to have 1,2-butadiene, which is
another example of an allene.

:';”'c=c=c:H
CH3

1,2-butadiene

an allene
H\ /H

/C:C\ _ /H
H ,C=C_
H H

1,3-butadiene
a conjugated diene
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from its neighbour by only one single bond. We again have a long chain in which all the p
orbitals can overlap to form molecular orbitals.

NN

B-carotene—all eleven double bonds are conjugated

Itis not necessary to have two C=0 double bonds in order to have a conjugated system—the
C=C and C=0 double bonds of propenal (acrolein) are also conjugated. What is important is
that the double bonds are separated by one and only one single bond. Here’s a counter-example:
arachidonic acid is one of the fabled ‘polyunsaturated’ fatty acids. None of the four double
bonds in this structure are conjugated since in between any two double bonds there is an sp?
carbon. This means that there is no p orbital available to overlap with the ones from the dou-
ble bonds. The saturated carbon atoms ‘insulate’ the double bonds from each other and pre-
vent conjugation.

these four double bonds are not conjugated—
they are all separated by two single bonds

- N 0

A A A
these tetrahedral (sp®) carbon atoms prevent
overlap of the p orbitals in the double bonds

OH
arachidionic acid

If an atom has two double bonds directly attached to it, that is, there are no single bonds
separating them, again no conjugation is possible. The simplest compound with such an
arrangement is allene. The arrangement of the p orbitals in allene means that no delocaliza-
tion is possible because the two © bonds are perpendicular to each other.

end carbons are central carbon is sp hybridized

sp? hybridized ~_ _ ; H
TN
allene H H

the ©t bonds formed as a result
of the overlap of the individual p orbitals (shown
here) must be at right angles to each other

not only are the two © bonds shown
in this diagram perpendicular,
but the two CH, groups are too

® Requirements for conjugation

e Conjugation requires double bonds separated by one single bond.
* Double bonds separated by two single bonds or no single bonds are not conjugated.

The conjugation of two & bonds

To understand the effects of conjugation on molecules, we need now to look at their molecular
orbitals. We’ll concentrated only on the electrons in w orbitals—you can take it that all the C—C
and C—H o bonds are essentially the same as those of all the other molecules you met in
Chapter 4. We'll start with the simplest compound that can have two conjugated n bonds:
butadiene. As you would expect, butadiene prefers to be planar to maximize overlap between
its p orbitals. But exactly how does that overlap happen, and how does it give rise to bonding?

The molecular orbitals of butadiene

Butadiene has two m bonds, each made up of two p orbitals: a total of four atomic
orbitals. We’d therefore expect four molecular orbitals, housing four electrons. Just like
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hexatriene above, these orbitals extend over the whole molecule, but we can easily work
out what these molecular orbitals look like simply by taking the orbitals of two alkenes
and interacting them side by side. We have two = orbitals and two n* orbitals, and we can
interact them in phase or out of phase. Here are the first two, made by interacting the two
n orbitals:

2 x w orbitals 2 x 1 orbitals

combine combine

in phase

lowest energy n
molecular orbital of
butadiene

and the next two, made from two r* orbitals:

2 x = orbitals 2 x m+ orbitals

o N

We can represent all four molecular orbitals like this, stacked up in order of their energy in
a molecular orbital energy level diagram. With four orbitals, we can’t just use ‘*’ to represent
antibonding orbitals, so conventionally they are numbered y;—y, (v is the Greek letter psi).

combine combine

in phase

second highest energy ©
molecular orbital of
butadiene

label orbitals y{—yy4 in increasing energy

[ combine
out of phase —
alkene 1 ,,»" \\\ alkene 2
-7 three node S
Tk T

combine ™"~ — T
in phase A =

> ! ! this is the LUMO

()] 1 1

= two nodes

c this is the HOMO

o combine

out of phase

one node

combine "~ _
in phase N

N

|put four electrons into the two lowest orbitals ‘

It’s worth noticing a couple of other things about the way we have represented these four
molecular orbitals before we move on. Firstly, the number of nodes (changes in phase as you
move from one orbital to the next) increases from zero in y; to three in y,. Secondly, notice that
the p orbitals making up the n system are not all shown as the same size—their coefficients vary
according to the orbital they are in. This is a mathematical consequence of the way the orbitals
sum together, and you need not be concerned with the details, just the general principle that v,
and y, have the largest coefficients in the middle; v, and v, the largest coefficients at the ends.

Now for the electrons: each orbital holds two electrons, so the four electrons in the & system
go into orbitals y; and y,.

out of phase

out of phase

147

second lowest energy ©
molecular orbital of
butadiene

highest energy n
molecular orbital of
butadiene

-
%@ Interactive bonding orbitals in
butadiene

®) The idea that higher energy
orbitals have more nodes is
familiar to you from Chapter 4—
see p. 88.

The term ‘coefficient’ describes
the contribution of an individual
atomic orbital to a molecular
orbital. It is represented by the
size of the lobes on each atom.
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node A closer look at these filled orbitals shows that in y;, the lowest energy bonding orbital,
bonding ' bonding the electrons are spread out over all four carbon atoms (above and below the plane) in one
interactioni Interaction continuous orbital. There is bonding between all four C atoms—three net bonding interac-
E tions. y, has bonding interactions between carbon atoms 1 and 2, and also between 3 and
2-1= 4 but an antibonding interaction between carbons 2 and 3—in other words, 2-1 = 1 net
: bonding interaction. For the unoccupied orbitals there is a net -1 antibonding interaction
i va in y; and a net -3 antibonding interaction in v,.
—_— Overall, in both the occupied & orbitals there are electrons between carbons 1 and 2 and

antibonding . . . . . .
interaction between 3 and 4, but the antibonding interaction between carbons 2 and 3 in v, partially
o ) cancels out the bonding interaction in y,. Only ‘partially’, because the coefficients of the
bonding interaction . . . . . . . -
across all four carbons antibonding pair of orbitals in y, are smaller than the coefficients of the bonding pair in ;.

——— This explains why all the bonds in butadiene are not the same, and also why the middle
bond is like a single bond but with a little bit of double-bond character. Its double-bond
character extends to its preference for planarity, the fact that it takes more energy to rotate
about this bond than about a typical single bond, and the fact that it is slightly shorter (1.45

W1 A) than a typical C—C single bond (around 1.54 A).

this bond has partial

H
: : double-bond character H
M In our glimpse of hexatriene . \%\ \9%/ \%\

earlier in this chapter we saw A Y S H

similar effects: a tendency to be NN it takes 30 kJ mol~" to it takes 3 kd mol~" to rotation about a full
planar and restriction to rotation rotate about this bond rotate about this double bond needs more
about the slightly shortened single bond than 260 kJ mol™: it's
single bonds. essentially impossible

The molecular orbital diagram also helps us explain some aspects of the reactivity of buta-
diene. Notice that we have marked on for you the HOMO (y,) and the LUMO (y3). On either
side you can see the equivalent HOMO (r orbital) and LUMO (rn* orbital) for the isolated alk-
ene (i.e. ethene). Some relevant features to note:

* The overall energy of the two bonding butadiene molecular orbitals is lower than that
of the two molecular orbitals for ethene. This means that conjugated butadiene is
more thermodynamically stable than just two isolated double bonds.

e The HOMO of butadiene is higher in energy than the HOMO for ethene. This is
consistent with the fact that butadiene is more reactive than ethene towards
electrophiles.

e The LUMO for butadiene is lower in energy than the LUMO for ethene. This is consistent
with the fact that butadiene is more reactive than ethene towards nucleophiles.

M To understand this section So conjugation makes butadiene more stable, but it also makes it more reactive to both
well you will need to remember nucleophiles and electrophiles! This superficially surprising result is revisited in detail in
the formulae linking energy and Chapter 19.

wavelength, £ = hv, and energy

and frequency, £ = hc/A. See

p. 53 for more on these.

UV and visible spectra

butadm\;f In Chapter 2 you saw how, if given the right amount of energy, electrons can be promoted

_ othene from a low-energy atomic orbital to a higher energy one and how this gives rise to an atomic

LUMO — absorption spectrum. Exactly the same process can occur with molecular orbitals: energy of

_ws the right wavelength can promote an electron from a filled orbital (for example the HOMO)

small gap: large gap: to an unfilled one (for example the LUMO), and plotting the absorption of energy against
absorption 2? ?22’2&” wavelength gives rise to a new type of spectrum called, for obvious reasons which you will see

You have just seen that the energy difference between the HOMO and LUMO for butadiene

at215 nm
%\lﬁOMO A e in a moment, a UV-visible spectrum.
%% ‘IT is less than that for ethene. We would therefore expect butadiene to absorb light of longer
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wavelength than ethene (the longer the wavelength the lower the energy). This is indeed the
case: butadiene absorbs at 215 nm compared to 185 nm for ethene. The conjugation in buta-
diene means it absorbs light of a longer wavelength than ethene. One of the consequences of
conjugation is to lessen the gaps between filled and empty orbitals, and so allow absorption
of light of a longer wavelength.

%@ UV absorption in ethene and
butadiene

® The more conjugated a compound is, the smaller the energy transition between its HOMO and
LUMO, and hence the longer the wavelength of light it can absorb. UV-visible spectroscopy can
tell us about the conjugation present in a molecule.

Both ethene and butadiene absorb in the UV region of the electromagnetic
spectrum. If we extend the conjugation further, the gap between HOMO and LUMO
will eventually be small enough to allow the compound to absorb visible light and
hence have a colour. Lycopene, the pigment in tomatoes, which we introduced at the
start of the chapter, has 11 conjugated double bonds (plus two unconjugated
ones). It absorbs blue-green light at about 470 nm: consequently tomatoes are red.
Chlorophyl], in the margin, has a cyclic conjugated system: it absorbs at long wave-
lengths and is green.

Me

Meummn

590nm
750nm 620 nm\ 570nm 495nm 450nm 380nm

~
S
~

RO,C MeO/.\\o
chlorophyll

Infrared Ultraviolet

The colour of pigments depends on conjugation

It is no coincidence that these and many other highly conjugated compounds are coloured.
All dyes and pigments based on organic compounds are highly conjugated.
The table below shows the approximate wavelengths of light absorbed by a polyene conju-

In colour chemistry, dye is a
soluble colorant while a pigment
is made of insoluble coloured

gated system containing various numbers n of double bonds. Note that the colour absorbed is particles. In biology the word
complementary to the colour transmitted—a red compound must absorb blue and green light pigment is used for any coloured
to appear red. compound. Dyeing pigments are
often inorganic compounds,
Approximate wavelengths for different colours which are coloured for reasons
other than conjugation, but
Absorbed frequency, nm Colour absorbed Colour transmitted R(CH=CH)R, n= nonetheless to do with the gaps
between orbitals.
200-400 ultraviolet — <8
400 violet yellow—green 8
425 indigo-blue yellow 9
450 blue orange 10
490 blue—green red 11
510 green purple
530 yellow—green violet
550 yellow indigo—blue
590 orange blue
640 red blue—green
730 purple green

Fewer than about eight conjugated double bonds, and the compound absorbs only in the
UV. With more than eight conjugated double bonds, the absorption creeps into the visible
and, by the time it reaches 11, the compound is red. Blue or green polyenes are rare, and dyes
of these colours rely on more elaborate conjugated systems.

@ UV absorption in linear
conjugated polyenes
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® You will meet such super-
strength bases in the next chapter.

B Of course the anion doesn't
really exist ‘free" like this; it will
most likely have a metal cation
to which it is coordinated in
some way. The arguments we
are going to apply about its
structure are still valid whether
or not there is a metal
associated with it.
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Blue jeans

Transitions from bonding to antibonding 7 orbitals are called T—m* transitions. If electrons are instead promoted from
a non-bonding lone pair (n orbital) to a T orbital (an n—m* transition) smaller energy gaps may be available, and many
dyes make use of n—7* transitions to produce colours throughout the whole spectrum. For example, the colour of blue
jeans comes from the pigment indigo. The two nitrogen atoms provide the lone pairs that can be excited into the *
orbitals of the rest of the molecule. These are low in energy because of the two carbonyl groups. Yellow light is absorbed
by this pigment and indigo—blue light is transmitted.

Jeans are dyed by immersion in a vat of reduced indigo, which is colourless since the conjugation is interrupted by the central
single bond. When the cloth is hung up to dry, the oxygen in the air oxidizes the pigment to indigo and the jeans turn blue.

colourless precursor to indigo

(0}
H
(LA
N
HH
o
|2
o
H
L =1
N
H

indigo: the pigment of blue jeans

The allyl system
The allyl anion

In butadiene, four atomic p orbitals interact to make four molecular orbitals; in hexatriene
(and you will soon see benzene too) six atomic orbitals interact to make six molecular orbitals.
We are now going to consider some common conjugated systems made up of three interacting
p orbitals. We'll start with the structure we get from treating propene with a very strong base—
one strong enough to remove one of the protons from its methyl group. H' is removed, so the
product must have a negative charge, which formally resides on the carbon of what was the
methyl group. That carbon atom started off sp? hybridized (i.e. tetrahedral: it had four substitu-
ents), but after it has been deprotonated it must become trigonal (sp?), with only three substitu-
ents plus a p orbital to house the negative charge.

this carbon becomes two filled p orbitals

H <@base H sp? hybridized make up the alken|_eI
H
s Aph _w S A :
Z proton H H addtional p orbital

H HH  removed H H
propene the allyl anion p orbitals of the allyl anion

We could work out the orbitals of the allyl anion by combining this p orbital with a ready-
made n bond, but instead this time we will start with the three separate p atomic orbitals and
combine them to get three molecular orbitals. At first we are not concerned about where the
electrons are—we are just building up the molecular orbitals.

The lowest energy orbital (y;) will have them all combining in phase. This is a bonding
orbital since all the interactions are bonding. The next orbital (y,) requires one node, and the
only way to include a node and maintain the symmetry of the system is to put the node
through the central atom. This means that when this orbital is occupied there will be no elec-
tron density on this central atom. Since there are no interactions between adjacent atomic
orbitals (either bonding or antibonding), this is a non-bonding orbital. The final molecular
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orbital (y;) must have two nodal planes. All the interactions of the atomic orbitals are out of
phase so the resulting molecular orbital is an antibonding orbital.

nodal plane
through the middle atom

LU R

two nodal planes

N0 O 8 ¢

the bonding molecular
orbital of the allyl system, 4 non-bonding y» antibonding y3
(net bonding interactions = +2) (net bonding interactions = 0) (net bonding interactions = —2)

We can summarize all this information in a molecular orbital energy level diagram, and at
the same time put the electrons into the orbitals. We need four electrons—two from the alk-
ene wbond and two more for the anion (these were the two in the C—H bond, and they are still
there because only a proton, H*, was removed). The four electrons go into the lowest two orbit-
als, y; and v,, leaving y; vacant. Notice too that the energy of two of the electrons is lower
than it would have been if they had remained in unconjugated p orbitals: conjugation lowers
the energy of filled orbitals and makes compounds more stable.

\ label orbitals y1—y3 in
increasing energy

V

— V3 net bonding = -2

A

two nodes

3 - Yo net bonding = 0
3x2p é__c_om?'_"_% _______ 7 *A‘t
‘x\ | *
s “put four electrons into the

one nod& .
lowest energy orbitals

) ¥
& Wy net bonding = +2

Where is the electron density in the allyl anion n system? We have two filled n molecular
orbitals and the electron density comes from a sum of both orbitals. This means there is
electron density on all three carbon atoms. However, the coefficients of the end carbons
are of a significant size in both orbitals, but in y, the middle carbon has no electron density
at all—it lies on a node. So overall, even though the negative charge is spread over the
whole molecule, the end carbons carry more of the electron density than the middle one.
We can represent this in two ways—the first structure below emphasizes the delocalization
of the charge over the whole molecule, but fails to get across the important point that the
negative charge resides principally at the ends. Curly arrows do this much better: we can
use them to show that the negative charge is not localized, but principally divided between
the two end carbons.

energy

double-headed curly arrows
'delocalization arrow' represent
delocalization
Ton e S~ SV
SO ©]
these structures emphasize the the curly arrows show the negative
equivalence of the bonds and charge concentrated

delocalization of charge on the end carbon atoms
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B This diagram shows only the
7 orbitals of the allyl system.
We have ignored all the
molecular orbitals from the ¢
framework because the bonding
G orbitals are considerably lower
in energy than the molecular
orbitals of the 7 system and the
vacant antibonding 6* orbitals
are much higher in energy than
the m antibonding molecular
orbital.

@ Interactive bonding orbitals in
the allyl anion

M A reminder: this is not an
equilibrium—the arrows do not
represent the movement of
charge. The two structures are
alternative, imperfect
representations of an ‘averaged’
structure, and they are linked by
a double-headed delocalization
arrow.
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The problem with these structures carrying curly arrows is that they seem to imply that
the negative charge (and the double bond for that matter) is jumping from one end of the
molecule to the other. This, as we have seen, is just not so. Another and perhaps better pic-
ture uses dotted lines and partial charges. But the structure with the dotted bonds, as with
the representation of benzene with a circle in the middle, is no good for writing mecha-
nisms. Each of the representations has its strong and weak points: we shall use each as the
occasion demands.

Using NMR to study delocalization

Delocalization of the allyl anion, and the localization of the negative charge mainly on the end carbons, is clear from
its 3C NMR spectrum as well. In Chapter 3 we explained that *C NMR gives us a good measure of the amount of
electron density around a C atom—the extent to which it is deshielded and therefore exposed to the applied magnetic
field. If you need reminding about the terminology, theory, and practice of NMR, turn back now to Chapter 3,
pp. 52-63.

It is possible to record a *C NMR spectrum of an allyl anion with a lithium counterion. The spectrum shows only two
signals: the middle carbon at 147 ppm and the two end carbons both at 51 ppm. This confirms two things: (i) both end
carbons are the same and the structure is delocalized, and (i) most of the negative charge is on the end carbons—they
are more shielded (have a smaller chemical shift) as a result of the greater electron density. In fact, the central carbon’s
shift of 147 ppm is not far from that of a normal double-bond carbon (compare the signals in propene). The end carbons’
shift is in between that of a double bond and a saturated carbon directly bonded to a metal (e.g. methyllithium, whose
negative chemical shift results from the highly polarized Li~C bond).

allyl lithium propene methyllithium
147 p.p.m. 134 ppm
H o ® H
C Li Cc Li—<
[Hz 2R Hzl H,CZ “CHs
116 ppm

The allyl cation

What if, instead of taking just a proton, we had also taken away two electrons from propene?
In reality we can get such a structure quite straightforwardly from allyl bromide (prop-2-enyl
bromide or 1-bromoprop-2-ene). Carbon 1 in this compound has four atoms attached to it (a
carbon, two hydrogens, and a bromine atom) so it is tetrahedral (or sp® hybridized).

Bromine is more electronegative than carbon and so the C—Br bond is polarized towards the
bromine. It is quite easy to break this bond completely, with the bromine keeping both elec-
trons from the C—Br bond to become bromide ion, Br~, leaving behind an allyl cation. The
positively charged carbon now has only three substituents so it becomes trigonal (sp? hybrid-
ized). It must therefore have a vacant p orbital.

this carbon carries a
vacant p orbital

H bromide H f/ H /H
H H leaves H
W o H \%\@/ H o > /ﬂ/
H Br H H H Br H H vacant p orbital
allyl bromide the allyl cation p orbitals of the allyl cation

Like the allyl anion, the orbitals in the allyl cation are a combination of three atomic p orbit-
als, one from each carbon. So we can use the same molecular orbital energy level diagram as
we did for the anion, simply by adjusting the number of electrons we put into the orbitals.
This time, there are only two electrons, from the alkene, as those which were in the C—Br
bond have left with anionic bromide.
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— Y3 net bonding = -2
AUA

two nodes

) ¢ — net bonding =0
ax2p {.faqr??'_n_e_______m
S 1 put two electrons into the

one node , lowest energy orbital

¥
M % Wi net bonding = +2

The two electrons in the filled orbital are in a lower energy orbital than they would have
been if they had stayed in an unconjugated p orbital: as with the anion, conjugation leads to
stabilization.

The two electrons are spread over three carbon atoms. Overall, the allyl cation has a positive
charge. But where is the positive charge concentrated? What we need to do is look to see where
there is a deficit of charge. The only orbital with any electrons in it is the bonding molecular
orbital y;. From the relative sizes of the coefficients on each atom we can see that the middle
carbon has more electron density on it than the end ones, so the end carbons must be more
positive than the middle one.

We expect both end carbons to be identical, and 3C NMR tells us that this is so (see below).
Again we need a way of showing this delocalization, either on a single structure or as a pair of
localized structures linked by a delocalization arrow.

energy

AN ON® > ®_
these structures emphasize the curly arrows show the positive charge is
equivalence of the bonds and shared over both the end atoms

delocalization of charge

Notice how we draw the curly arrows here: we want to show the positive charge ‘moving’,
and it is tempting to draw a curly arrow starting from the positive charge. But curly arrows
must always start on something representing a pair of electrons. So we must move the positive
charge as a consequence of the movement of the electrons in the double bond: as we pull
them away from one end, they leave behind a positive charge.

m) The guidelines for drawing
curly arrows are given on p. 123.

The NMR spectrum of a delocalized cation

The reaction below shows the formation of a cation close in structure to the allyl cation. A very strong acid (called ‘super-
acid'—see Chapter 15) protonates the OH group of 3-cyclohexenol, which can then leave as water. The resulting cation is,
not surprisingly, unstable and would normally react rapidly with a nucleophile. However, at low temperatures and if there
are no nucleophiles present, the cation is relatively stable and it is even possible to record a '3C NMR spectrum (at —80 °C).

FSO3H SbFs OHz —HZO
||qU|d S0O,, —80 °C 3C NMR shifts in ppm—
delocalized cation notice the plane of
symmetry down the middle

The 3C NMR spectrum of this allylic cation reveals a plane of symmetry, which confirms that the positive charge is spread
over two carbons. The large shift of 224 ppm for these carbons indicates very strong deshielding (that is, lack of electrons)
but is nowhere near as large as that of a localized cation (which would resonate at about 330 ppm). The middle carbon’s é

371 37.1

141.9

shift of 142 ppm is almost typical of a normal double bond, indicating that it is neither significantly more nor less electron-
rich than normal. In fact, it is interesting to note that the middle carbon of this cation and the allyl anion we described
above have almost exactly the same chemical shift—proof that the charge lies mainly on the ends of the allyl system. 17.5



154

®) This important principle was
explained on p. 30.

We call structures such as a
nitro and a carboxylate group
isoelectronic: the atoms may be
different but the number of and
arrangement of the bonding
electrons are the same.

<
R)J\/%]/R

IR

R |
R
delocalization in the
amide group
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Delocalization over three atoms is a common
structural feature

The carboxylate anion

You may already be familiar with one anion very much like the allyl anion—the carboxy-
late ion, which forms when a carboxylic acid reacts with a base. In this structure we again
have a negatively charged atom separated from a double bond by a single bond adjacent to
a single bond: it’s analogous to an allyl anion with oxygen atoms replacing two of the
carbon atoms.

0 (\GOH 0 compare with CH,
)J\ﬂ H )]\ o the allyl anion: m@
R™ Y0~ —  ~ R o CH,
a carboxylic acid a carboxylate anion
+ Hzo

X-ray crystallography shows both carbon—oxygen bond lengths in this anion to be the
same (136 pm), in between that of a normal carbon—oxygen double bond (123 pm) and
single bond (143 pm). The negative charge is spread out equally over the two oxygen atoms,
and we can represent this in two ways—as before, the one on the left shows the equivalence
of the two C—O bonds, but you would use the one on the right for writing mechanisms. The
delocalization arrow tells us that both localized forms contribute to the real structure.

0 o) 7o o
Jo e Jo— %

these structures emphasize the the electrons are delocalized over the ©
equivalence of the two C-O bonds system

The nitro group

The nitro group consists of a nitrogen bonded to two oxygen atoms and a carbon (for example
an alkyl group). There are two ways of representing the structure: one using formal charges, the
other (which we suggest you avoid) using a dative bond. Notice in each case that one oxygen is
depicted as being doubly bonded, the other singly bonded. Drawing both oxygen atoms dou-
bly bonded is incorrect—nitrogen cannot participate in five bonds: this would require ten bonding
electrons around the N atom, and there are not enough s and p orbitals to put them in.

ﬁ ﬁ 9 incorrect drawing
N® N N of the nitro group
R™ 0@ R™ ™o R” Yo nitrogen cannot
X have five bonds
two ways of representing the nitro group

The problem even with the ‘correct’ structure on the left is that the equivalence of the two
N-O bonds is not made clear. The nitro group has exactly the same number of electrons as a
carboxylate anion (although it’s neutral of course because nitrogen already has one more
electron than carbon) and the delocalized structure can be shown with curly arrows in the
same way.

We have not shown molecular orbital energy level diagrams for the carboxylate and nitro
groups, since they are similar to that of the allyl anion. Only the absolute energies of the
molecular orbitals are different since different elements with different electronegativities are
involved in each case.

The amide group

Life is built of amides, because the amide group is the link through which amino acids join
together to form the proteins which make up much of the structural features of living systems.
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Nylon is a synthetic polyamide, and shares with many proteins the property of durability. The
structure of this deceptively simple functional group has an unexpected feature which is
responsible for much of the stability it confers.

The allyl anion, carboxylate, and nitro groups have four electrons in a © system spread out
over three atoms. The nitrogen in the amide group also has a pair of electrons that can conju-
gate with the n bond of the carbonyl group. For effective overlap with the = bond, this lone
pair of electrons must be in a p orbital. This in turn means that the nitrogen must be sp?
hybridized.

)]\ - (o} ©\\\\\R O O\\\\\R
R l}l R R)—&\R F&O O

an amide nitrogen is trigonal (sp?) with
its lone pair in a p orbital

In the carboxylate ion, a negative charge is shared (equally) between two oxygen atoms. In
an amide there is no charge as such—the lone pair on nitrogen is shared between the nitrogen
and the oxygen. The delocalization can be shown as usual by using curly arrows, as shown in
the margin.

This representation suffers from the usual problems. Curly arrows usually show electron
movement, but here they do not: they simply show how to get from one of the alternative
representations to the other. The molecular orbital picture of the amide tells us that the elec-
trons are unevenly distributed over the three atoms in the n system with a greater electron
density on the oxygen: you can see this in the delocalized structure on the right, which has a
full negative charge on O and a positive charge on N. (We also indicated this in the diagram
of the lowest energy n orbital above, which has a greatest coefficient, and therefore greatest
electron density, on O.) Another aspect of the structure of the amide group that this pair of
structures indicates correctly is that there is partial double bond character between the C
atom and the N atom. We will come back to this shortly.

The real structure of the amide group lies in between the two extreme structures linked by
the delocalization arrow: a better representation might be the structure on the right. The
charges in brackets indicate substantial, although not complete, charges, maybe about a half
plus or minus charge. However, we cannot draw mechanisms using this structure.

We can summarize several points about the structure of the amide group, and we will then
return to each in a little more detail

e The amide group is planar—this includes the first carbon atoms of the R groups
attached to the carbonyl group and to the nitrogen atom.

e The lone pair of electrons on nitrogen is delocalized into the carbonyl group.

e The C—N bond is strengthened by this interaction—it takes on partial double bond
character. This also means that we no longer have free rotation about the C—N bond,
which we would expect if it were only a single bond.

e The oxygen is more electron-rich than the nitrogen. Hence we might expect the
oxygen rather than the nitrogen to be the site of electrophilic attack.

e The amide group as a whole is made more stable as a result of the delocalization.

How do we know the amide group is planar? X-ray crystal structures are the simplest answer.
Other techniques such as electron diffraction also show that simple (non-crystalline) amides
have planar structures. N,N-Dimethylformamide (DMF) is an example.

The N—CO bond length in DMF (135 pm) is closer to that of a standard C—N double bond
(127 pm) than to that of a single bond (149 pm). This partial double bond character, which the
delocalized structures led us to expect, is responsible for restricted rotation about this C—N
bond. We must supply 88 k] mol™ if we want to rotate the C—N bond in DMF (remember a
single bond only takes about 3 k] mol, while a full C—C double bond takes about 260 KkJ
mol ). The amount of energy available at room temperature is only enough to allow this bond
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M Contrast this with the lone
pair of a typical amine, which
lies in an sp orbital (see

p. 103): an amine N is
pyramidal (sp?) while an amide
N is trigonal planar (sp?).

MR«»/g

delocallzatlon in the amide group

bond length
=135 pm

)k’ Me

DMF Ve
dimethylformamide
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M In fact, if we record the
spectrum at higher
temperatures, we do indeed
only see two signals since now
there is sufficient energy
available to overcome the
rotational barrier and allow the
two methyl groups to
interchange.
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to rotate slowly, and the result is quite clear in the 3C NMR spectrum of DMF. There are three
carbon atoms altogether and three signals appear—the two methyl groups on the nitrogen are
different. If free rotation were possible about the C—N bond, we would expect to see only two
signals, since the two methyl groups would become identical.

(o)
)J\ ~CHs DMF at room temperature

200 150 100 50 0

At temperatures > ca. 150°C

200 150 100 50 0

Amides in proteins

Proteins are composed of many amino acids joined together with amide bonds. The amino group of one can combine
with the carboxylic acid group of another to give an amide known as a peptide—two amino acids join to form a
dipeptide; many join to give a polypeptide.

(0] (0] [o) R2
HoN HN —H,0
2 OH * 2 OH —— HaN . OH
catalysed by H
R! R2 an enzyme R! o

two amino acids, joined together by
a peptide bond, form a dipeptide

The peptide unit so formed is a planar, rigid structure because of restricted rotation about the C—N bond. This rigidity
confers organizational stability on protein structures.

Conjugation and reactivity: looking forward to Chapter 10

Just as delocalization stabilizes the allyl cation and anion (at least some of the electrons in
conjugated systems end up in lower energy orbitals than they would have done without con-
jugation) so too is the amide group stabilized by the conjugation of the nitrogen’s lone pair
with the carbonyl group. This makes an amide C=0 one of the least reactive carbonyl groups
(we shall discuss this in Chapter 10). Furthermore, the nitrogen atom of an amide group is very
different from that of a typical amine. Most amines are easily protonated. However, since the
lone pair on the amide’s nitrogen is conjugated into the & system, it is less available for proto-
nation or, indeed, reaction with any electrophile. As a result, when an amide is protonated (and
it is not protonated easily, as you will see in the next chapter) it is protonated on oxygen rather
than nitrogen. The consequences of conjugation for reactivity extend far and wide, and will be
a running theme through many chapters in this book.

Aromaticity

It’'s now time to go back to the structure of benzene. Benzene is unusually stable for an alkene
and is not normally described as an alkene at all. For example, whereas normal alkenes (whether
conjugated or not) readily react with bromine to give dibromoalkane addition products, ben-
zene reacts with bromine only with difficulty—it needs a catalyst (iron will do) and then the
product is a monosubstituted benzene and not an addition compound.
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H H
R_ _R R & H H H Br
Brz RaZ Bl’g
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R R R“\\ Br H H Fecatalyst 4 H
R
H H
alkene addition benzene substitution
product product

Bromine reacts with benzene in a substitution reaction (a bromine atom replaces a hydro-
gen atom), keeping the benzene structure intact. This ability to retain its conjugated structure
through all sorts of chemical reactions is one of the important differences between benzene
and other alkenes.

What makes benzene special?

You might assume benzene’s special feature is its ring structure. To see whether this is the
case, we'll look at another cyclic polyene, cyclooctatetraene, with four double bonds in a ring.
Given what we have explained about the way that & systems gain stability by allowing overlap
between their p orbitals, you may be surprised to find that cyclooctatetraene, unlike benzene,
is not planar. There is no conjugation between any of the double bonds—there are indeed
alternate double and single bonds in the structure, but conjugation is possible only if the
p orbitals of the double bonds can overlap and here they do not. The fact that there is no con-
jugation is shown by the alternating C—C bond lengths in cyclooctatetraene—146.2 and
133.4 pm—which are typical for single and double C—C bonds. If possible, make a model of
cyclooctatetraene for yourself—you will find the compound naturally adopts the shape on
the right below. This shape is often called a ‘tub’.

double bonds are 133.4 pm single bonds are 146.2 pm

. H i H
H y y "
cyclooctatetraene's H
cyclooctatetraene 'tub' conformation
H H

Chemically, cyclooctatetraene behaves like an alkene, not like benzene. With bromine,
for example, it forms an addition product and not a substitution product. So benzene is
not special just because it is cyclic—cyclooctatetraene is cyclic too but does not behave
like benzene.

Heats of hydrogenation of benzene and cyclooctatetraene

C=C double bonds can be reduced using hydrogen gas and a metal catalyst (usually nickel or
palladium) to produce fully saturated alkanes. This process is called hydrogenation and it is
exothermic (that is, energy is released) since a thermodynamically more stable product, an
alkane, is produced.

When cis-cyclooctene is hydrogenated to cyclooctane, 96 k] mol! of energy is released.
Cyclooctatetraene releases 410 k] mol™ on hydrogenation. This value is approximately four
times one double bond’s worth, as we might expect. However, whereas the heat of hydrogena-
tion for cyclohexene is 120 k] mol™, on hydrogenating benzene only 208 k] mol is given out,
which is much less than the 360 k] mol™ that we would have predicted by multiplying the
figure for cyclohexene by 3. Benzene has something to make it stable which cycloctatetraene
does not have.
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H L
H
no addition
product formed

@ Interactive structures of
cyclooctatetraene, the dianion and
dication

= More on this in Chapter 23.

Ha
Pd catalyst
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-
‘3 Interactive structures of
cyclooctatetraene, the dianion and
dication

This dication still has the same
number of atoms as the neutral
species, only fewer electrons.
The electrons have come from
the m system, which is now two
electrons short. We could draw
a structure showing two local-
ized positive charges, but the
charge is in fact spread over the
whole ring.
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+ 4H,

AH,, cyclooctatetraene

-1
410 kJ mol +3H,
>
>
(0]
c
(0]
AH, benzene
208 kJ mol™
H2 +
H2 « ) T/
AH,
"""" cyclohexene
AHj, cyclooctene 120 kJ mol™!

(energy released
on hydrogenation)

96 kJ mol™!

Varying the number of electrons

The mystery deepens when we look at what happens when we treat cyclooctatetraene with
powerful oxidizing or reducing agents. If 1,3,5,7-tetramethylcyclooctatetraene is treated at
low temperature (-78 °C) with SbFs/SO,CIF (strongly oxidizing conditions) a dication is
formed. This cation, unlike the neutral compound, is planar and all the C—C bond lengths are
the same.

SbFs, SO.CIF
—_—

-78 °C

neutral compound is tub-shaped dication is planar

It is also possible to add electrons to cyclooctatetraene by treating it with alkali metals and
a dianion results. X-ray structures reveal this dianion to be planar, again with all C—C bond
lengths the same (140.7 pm). The difference between the anion and cation of cycloocta-
tetraene on the one hand and cyclooctatetraene on the other is the number of electrons in the
n system. Neutral, non-planar, cyclooctatetraene has eight  electrons, the planar dication has
six w electrons (as does benzene), and the planar anion has ten.

Can you see a pattern forming? The important point is not the number of conjugated atoms
but the number of electrons in the n system.

® When they have four or eight 7 electrons, both six- and eight-membered rings adopt non-
planar structures; when they have six or ten & electrons, a planar structure is preferred.

If you made a model of cyclooctatetraene, you might have tried to force it to be flat. If you
managed this you probably found that it didn’t stay like this for long and that it popped back
into the tub shape. The strain in planar cyclooctatetraene can be overcome by the molecule
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adopting the tub conformation. The strain is due to the numbers of atoms and double bonds
in the ring—it has nothing to do with the number of electrons. The planar dication and dian-
ion of cyclooctatetraene still have this strain. The fact that these ions do adopt planar struc-
tures must mean there is some other form of stabilization that outweighs the strain of being
planar. This extra stabilization is called aromaticity.

Benzene has six © molecular orbitals

The difference between the amount of energy we expect to get from benzene on hydro-
genation (360 k] mol™) and what is observed (208 k] mol™?) is about 150 kJ mol™. This rep-
resents a crude measure of just how extra stable benzene really is relative to what it would
be like with three localized double bonds. In order to understand the origin of this stabiliz-
ation, we must look at the molecular orbitals. We can think of the ©t molecular orbitals of
benzene as resulting from the combination of the six p orbitals in a ring and, as with buta-
diene, each successively higher energy orbital contains one more node. This is what we get
for benzene:

2

two ways of having
two nodal planes: (b/

energy

~—— nodal plane through atoms

all p orbitals in phase: @ @8

The molecular orbital lowest in energy, y,;, has no nodes, with all the orbitals combining
in phase. The next lowest molecular orbital will have one nodal plane, which can be
arranged in two ways depending on whether or not the nodal plane passes through a bond
or an atom. It turns out that these two different molecular orbitals both have exactly the
same energy, that is, they are degenerate, and we call them both y,. There are likewise two
ways of arranging two nodal planes and again there are two degenerate molecular orbitals
;. The final molecular orbital y, will have three nodal planes, which must mean all the p
orbitals combining out of phase. Six electrons slot neatly into the three lowest energy
bonding orbitals.

The & molecular orbitals of other conjugated cyclic hydrocarbons

Notice that the layout of the energy levels in benzene is a regular hexagon with its apex point-
ing downwards. It turns out that the energy level diagram for the molecular orbitals resulting
from the combination of any regular cyclic arrangement of p orbitals can be deduced from the
appropriately sided polygon with an apex pointing downwards. The horizontal diameter (the
red line) represents the energy of a carbon p orbital and any energy levels on this line repre-
sent non-bonding molecular orbitals. All molecular orbitals with energies below this line are
bonding; all those above are antibonding.

two ways of having . (X@}Q
one nodal plane: H or Y2 Vo —— ¥ T .. or
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nodal plane through bonds

“3 Interactive t-molecular orbitals
of benzene
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bonding orbitals below this
energy antibonding above

('non-bonding level')

>

(o] V

5 . -1 s .- o--

e

[0]

/ =4 n=28

= represents

number of carbon the energy of a

atoms in ring molecular orbital
&‘ Aromaticity of cyclic polyenes It’s worth noting a few points about these energy level diagrams:

e The method predicts the energy levels for the molecular orbitals of planar, cyclic
arrangements of identical atoms (usually all C) only.

e There is always one single molecular orbital lower in energy than all the others. This
is because there is always one molecular orbital where all the p orbitals combine in
phase.

e If there is an even number of atoms, there is also a single molecular orbital highest in
energy; otherwise there will be a pair of degenerate molecular orbitals highest in energy.

e All the molecular orbitals come in degenerate pairs except the one lowest in energy
and (for even-numbered systems) the one highest in energy.

Molecular orbitals and aromaticity

Now we can begin to put all the pieces together and make sense of what we know so far. We’ll
compare the way that the electrons fit into the energy level diagrams for benzene and planar
cyclooctatetraene. We are not concerned with the actual shapes of the molecular orbitals
involved, just their energies.

Benzene has six © electrons, which means that all its three bonding molecular orbitals are
fully occupied, giving what we can call a ‘closed shell’ structure. Cyclooctatetraene’s eight
electrons, on the other hand, do not fit so neatly into its orbitals. Six of these fill up the bond-

B You can draw an analogy ing molecular orbitals but there are two electrons left. These must go into the degenerate pair
here with the stability of ‘closed of non-bonding orbitals. Hund’s rule (Chapter 4) would suggest one in each. Planar cycloocta-
il Qe AEgRirEns tetraene would not have the closed shell structure that benzene has—to get one it must either
atoms. . s N
lose or gain two electrons. This is exactly what we have already seen—both the dianion and
dication from cyclooctatetraene are planar, allowing delocalization all over the ring, whereas
neutral cyclooctatetraene avoids the unfavourable arrangement of electrons shown below by
adopting a tub shape with localized bonds.

benzene cyclooctatetraene

the antibonding orbitals
are empty

4

. ! two half-filled
R ' orbitals Vs Vs
T

energy

the bonding orbitals
are filled
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Hiickel's rule tells us if compounds are aromatic

As we pointed out on the previous page, all the cyclic conjugated hydrocarbons have a single
lowest energy molecular orbital, and then a stack of degenerate pairs of orbitals of increasing
energy. Since the single low energy orbital holds two electrons, and then the successive degen-
erate pairs four each, a ‘closed shell’ arrangement in which all the orbitals below a certain level
are filled will always contain (4n + 2) electrons (where n is an integer—O, 1, 2, etc.—corre-
sponding to the number of degenerate orbital pairs). This is the basis of Hiickel’s rule.

@ Hiickel's rule

Planar, fully conjugated, monocyclic systems with (4n+2) & electrons have a closed shell of
electrons all in bonding orbitals and are exceptionally stable. Such systems are said to be
aromatic.

Analogous systems with 4n &t electrons are described as anti-aromatic.

The next (4n + 2) number after six is ten so we might expect this cyclic alkene, [10Jannulene,
to be aromatic. But if a compound with five cis double bonds were planar, each internal angle
would be 144°. Since a normal double bond has bond angles of 120°, this would be far from
ideal. This compound can be made but it does not adopt a planar conformation and therefore
is not aromatic even though it has ten « electrons.

N N | obeys the (4n + 2)
rule and is planar
[18]-annulene and aromatic

=z
AN
all-cis-[10]annulene

obeys the (4n + 2) rule but is not
aromatic because it is too
strained when planar

By contrast, [18]annulene, which is also a (4n+ 2) n electron system (n=4), does adopt a
planar conformation and is aromatic. The trans—trans—cis double bond arrangement allows all
bond angles to be 120°. [20]Annulene presumably could become planar (it isn’t quite) but
since it is a 4n © electron system rather than a 4n + 2 system, it is not aromatic and the struc-
ture shows localized single and double bonds.

When the conjugated systems are not monocyclic, the situation becomes a little less
clear. Naphthalene, for example, has ten electrons but you can also think of it as two fused
benzene rings. From its chemistry, it is very clear that naphthalene has aromatic character
(it does substitution reactions) but is less aromatic than benzene itself. For example, naph-
thalene can easily be reduced to tetralin (1,2,3,4-tetrahydronaphthalene), which still con-
tains a benzene ring. Also, in contrast to benzene, all the bond lengths in naphthalene are
not the same. 1,6-Methano[10]annulene is rather like naphthalene but with the middle
bond replaced by a methylene bridging group. This compound is almost flat and shows
aromatic character.

142 pm
137 pm-_ _ - ‘
Na / ROH / e
_— or
3 heat CD
133 pm ~

naphthalene

tetralin

Hiickel’s rule helps us predict and understand the aromatic stability of numerous other
systems. Cyclopentadiene, for example, has two conjugated double bonds but the conju-
gated system is not cyclic since there is an sp? carbon in the ring. However, this compound
is relatively easy to deprotonate to give a very stable anion in which all the bond lengths are
the same.

[20]-annulene
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B This is not a strict definition
of aromaticity: it is actually very
difficult to define aromaticity
precisely, but all aromatic
systems obey Hiickel's (4n + 2)
rule.

Annulenes are compounds
with alternating double and
single bonds. The number in
brackets tells us how many
carbon atoms there are in the
ring. Using this nomenclature,
you could call benzene
[6]annulene and cyclooctatetraene
[8]annulene—but don't.

has 4n electrons: is not
planar and not aromatic

nearly

1,6-methano[10]annulene
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M Not only are most aromatic
systems heterocyclic, but more
than 50% of all organic
compounds contain an aromatic
heterocycle.

Further reading
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the antibonding —

/\9 . orbitals .
. are empty i

H
’l/,,H ---------------------------------
cyclopentadiene stable, aromatic six electrons in

cyclopentadienyl i three bonding

anion orbitals *

Each of the double bonds contributes two electrons and the negative charge (which must be
in a p orbital to complete the conjugation) contributes a further two, making six altogether.
The energy level diagram shows that six n electrons completely fill the bonding molecular
orbitals, thereby giving a stable aromatic structure.

Heterocyclic aromatic compounds

So far all the aromatic compounds you have seen have been hydrocarbons. However, most
aromatic systems are heterocyclic—that is, they contain atoms other than just carbon and
hydrogen. (In fact the majority of all organic compounds are aromatic heterocycles!) A simple
example is pyridine, in which a nitrogen replaces one of the CH groups of benzene. The ring
still has three double bonds and thus six & electrons.

Consider the structure shown on the left, pyrrole. This is also aromatic but it’s not enough
just to use the electrons in the double bonds: in pyrrole the nitrogen’s lone pair contributes
to the six w electrons needed for the system to be aromatic. Aromatic chemistry makes sev-
eral more appearances in this book: in Chapter 21 we shall look at the chemistry of benzene
and in Chapters 30 and 31 we shall discuss heterocyclic aromatic compounds in much more
detail.

Molecular Orbitals and Organic Chemical Reactions: Student Edition by
Ian Fleming, Wiley, Chichester, 2009, gives an excellent account of

delocalization.

Check your understanding

available in the book’s Online Resource Centre at http://www.oxfordtextbooks.co.uk/orc/clayden2e/

@ To check that you have mastered the concepts presented in this chapter, attempt the problems that are
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reactions and solubility

Effects of quantitative acid/base ideas
on medicine design

Organic compounds are more soluble in water as ions

Most organic compounds are insoluble in water. But sometimes it’s necessary to make them
dissolve, perhaps by converting them to anions or cations. Water can solvate both cations and
anions, unlike some of the solvents you will meet later. A good way of dissolving an organic
acid is to put it in basic solution: the base deprotonates the acid to give an anion. A simple
example is aspirin: whilst the acid itself is not very soluble in water, the sodium salt is much
more soluble. The sodium salt forms with the weak base, sodium hydrogencarbonate.

® O

HO (o} Na O (o]
aspirin: the sodium salt
not very soluble (0} me NaHCOs (o} Me of aspirin is
in water \n/ more soluble
0 0 in water

The sodium or calcium salt of ‘normal’ aspirin is sold as ‘soluble aspirin’. But when the pH of
a solution of aspirin’s sodium salt is lowered, the amount of the ‘normal’ acidic form present
increases and the solubility decreases. In the acidic environment of the stomach (around pH 1-2),
soluble aspirin will be converted back to the normal acidic form and precipitate out of solution.

Online support. The icon ‘3 in the margin indicates that accompanying interactive resources are provided online to help
your understanding: just type www.chemtube3d.com/clayden/123 into your browser, replacing 123 with the number of
the page where you see the icon. For pages linking to more than one resource, type 123-1, 123-2 etc. (replacing 123
with the page number) for access to successive links.

Water is special for many rea-
sons, and it falls into a class of
solvents we call polar protic sol-
vents. We will discuss other sol-
vents in this class, as well as
polar aprotic solvents (such as
acetone and DMF) and non-
polar solvents (such as toluene
and hexane) in Chapter 12.
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o
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In the same way, organic bases such as amines can be dissolved by lowering the pH. Codeine
(7,8-didehydro-4,5-epoxy-3-methoxy-17-methylmorphinan-6-ol) is a commonly used pain-
killer. Codeine itself is not very soluble in water but it does contain a basic nitrogen atom that
can be protonated to give a more soluble salt. It is usually encountered as a phosphate salt. The
structure is complex, but that doesn’t matter.

neutral codeine: the conjugate
sparingly acid is much
soluble in water more soluble
o / o / in water
\‘ ’l, \‘ ’/

Charged compounds can be separated by acid-base extraction

Adjusting the pH of a solution often provides an easy way to separate compounds.
Separating a mixture of benzoic acid (PhCO,H) and toluene (PhMe) is easy: dissolve
the mixture in CH,Cl,, add aqueous NaOH, shake the mixture of solutions, and separate
the layers. The CH,Cl, layer contains all the toluene. The aqueous layer contains the
sodium salt of benzoic acid. Addition of HCI to the aqueous layer precipitates the insoluble
benzoic acid.

©
Me CO,H Me co; Na’
NaOH
+ - +
insoluble insoluble insoluble soluble
in water in water in water in water

A more realistic separation is given in a modern practical book after a Cannizzaro reaction.
You will meet this reaction in Chapters 26 and 39 but all you need to know now is that there
are two products, formed in roughly equal quantities. Separation of these from starting mate-
rial and solvent, as well as from each other, makes this a useful reaction.

CHO ) CO,H CH,OH
KOH mixture of
starting +
m material
Cl €0, M20" 4nd two products  Cl Cl
starting material acid product alcohol product

The products under the basic reaction conditions are the salt of the acid (soluble in water)
and the alcohol (not soluble in water). Extraction with dichloromethane removes the alcohol
and leaves the saltin the aqueous layer along with solvent methanol and residual KOH. Rotary
evaporation of the CH,Cl, layer gives crystalline alcohol and acidification of the aqueous
layer precipitates the neutral acid.

o N
CO; ©
co; conc. COH
HCI
—_—
cl / cl cl
salt of acid product extract salt of acid product acid product
> with in aqueous layer

+

CHoClp oot
CH,0OH \ CH,OH
evaporate
CH20|2 and
Cl cl crystallize

alcohol product alcohol
in CHoCl, layer

alcohol product -
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In the same way, any basic compounds dissolved in an organic layer can be extracted by
washing the layer with dilute aqueous acid and recovered by raising the pH, which will
precipitate out the less soluble neutral compound. A general way to make amines is by
‘reductive amination.’ Ignore the details of this reaction for now (we come back to them in
Chapter 11) but consider how the amine might be separated from starting material, by-
products, and solvent.

H R2NH,, NaCNBH H NaCNBH M
, Na a
A : S O i RO
R'” o R'” N7 R °N
. PH ~5 - . H
aldehyde: not basic imine weakly basic amine: basic

As the reaction mixture is weakly acidic, the amine will be protonated and will be soluble
in water. The starting material and intermediate (of which very little is present anyway) are
soluble in organic solvents. Extracting the aqueous layer and neutralizing with NaOH gives
the amine.

Whenever you do any extractions or washes in practical experiments, just stop and ask
yourself: ‘What is happening here? In which layer is my compound and why?’ You will then
be less likely to throw away the wrong layer (and your precious compound)!

Acids, bases, and pK,

If we are going to make use of the acid-base properties of compounds as we have just described,
we are going to need a way of measuring how acidic or how basic they are. Raising the pH leads
to deprotonation of aspirin and lowering the pH leads to protonation of codeine, but how far
do we have to raise or lower the pH to do this? The measure of acidity or basicity we need is
called pK,. The value of pK, tells us how acidic (or not) a given hydrogen atom in a compound
is. Knowing about pK, tells us, for example, that the amine product from the reaction just
above will be protonated at weakly acidic pH §, or that only a weak base (sodium hydrogen
carbonate) is needed to deprotonate a carboxylic acid such as aspirin. It is also useful because
many reactions proceed through protonation or deprotonation of one of the reactants (you
met some examples in Chapter 6), and it is obviously useful to know what strength acid or
base is needed. It would be futile to use too weak a base to deprotonate a compound but,
equally, using a very strong base where a weak one would do risks the result of cracking open
a walnut with a sledge hammer.

The aim of this chapter is to help you to understand why a given compound has the pK, that
it does. Once you understand the trends involved, you should have a good feel for the pK,
values of commonly encountered compounds and also be able to predict roughly the values
for unfamiliar compounds.

Benzoic acid preserves soft drinks

Benzoic acid is used as a preservative in foods and soft drinks (E210). Like acetic acid, it is only the acid form that is
effective as a bactericide. Consequently, benzoic acid can be used as a preservative only in foodstuffs with a relatively
low pH, ideally less than its pK, of 4.2. This isn't usually a problem: soft drinks, for example, typically have a pH of 2-3.
Benzoic acid is often added as the sodium salt (E211), perhaps because this can be added to the recipe as a concentrated
solution in water. At the low pH in the final drink, most of the salt will be protonated to give benzoic acid proper, which
presumably remains in solution because it is so dilute.

Acidity

Let’s start with two simple, and probably familiar, definitions:

e An acid is a species having a tendency to lose a proton.
e A base is a species having a tendency to accept a proton.
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‘The proton is a unique chemical
species, being a bare nucleus. As
a consequence it has no
independent existence in the
condensed state and is
invariably found bound by a pair
of electrons to another atom.”
Ross Stewart, The Proton:
Applications to Organic
Chemistry, Academic Press,
Orlando, 1985, p. 1.
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a structure for a solvated
hydronium ion in water:
the dashed bonds represent
hydrogen bonds

B We will explain later why
this scale seems to stop at pH 0
and 14—in fact these numbers
are approximate, but easy to
remember.
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An isolated proton is extremely reactive—formation of H;0" in water

Gaseous HCl is not an acid at all—it shows no tendency to dissociate into H and CI™ as the
H-Cl bond is strong. But hydrochloric acid—that is, a solution of HCIl in water—is a strong
acid. The difference is that an isolated proton H* is too unstable to be encountered under
normal conditions, but in water the hydrogen of HCl is transferred to a water molecule and
not released as a free species.

H—cl > H® a®
gas

H\ f\ Q H\ ® o)
/02 H—Cl ——> /O—H + Cl
H H

The chloride anion is the same in both cases: the only difference is that a very unstable
naked proton would have to be the other product in the gas phase but a much more stable
H,0" cation would be formed in water. In fact it’s even better than that, as other molecules of
water cluster round (‘solvate’) the H;O" cation, stabilizing it with a network of hydrogen
bonds.

That is why HCl is an acid in water. But how strong an acid is it? This is where chloride plays
a role: hydrochloric acid is a strong acid because chloride ion is a stable anion. The sea is full
of it! Water is needed to reveal the acidic quality of HCI, and acidity is determined in water
as the standard solvent. If we measure acidity in water, what we are really measuring is how
much our acid transfers a proton to a water molecule.

HCI transfers its proton almost completely to water, and is a strong acid. But the transfer of
protons to water from carboxylic acids is only partial. That is why carboxylic acids are weak
acids. Unlike the reaction of HCl with water, the reaction below is an equilibrium.

H\ f\ 0 H\@ Q
o: Vy M —~ - J
/ _— / + O

. .

carboxylic acid carboxylate anion

The pH scale and pK,

The amount of H;O" in any solution in water is described using the pH scale. pH is simply a
measure of the concentration of H;O" on a logarithmic scale, and it is characteristic of any
aqueous acid—it depends not only on what the acid is (hydrochloric, acetic, etc.) but also on
how concentrated the acid is.

@ pH is the negative logarithm of the H;0* concentration.
pH = ~log[H,0+]

You will already know that neutrality is pH 7 and that below pH 7 water is increasingly
acidic while above pH 7 it is increasingly basic. At higher pH, there is little H;O" in the solu-
tion and more hydroxide ion, but at lower pH there is more H;O* and little hydroxide.

® add acid
H3;0% + HO <« H,0

atpH 7

add alkali

_

pH increases

H,0 +°0H

at low pH pH decreases at high pH

The reason that higher pH means less H;O" is because the arbitrary definition of pH is the
negative logarithm (to the base 10) of the H;O" concentration. To summarize in a diagram:

pHO 7 14
! I weakly I weakly t I I
stron ‘ stron
acid?cy acidic "®Utal pasic basi%y

increasing acid strength increasing base strength
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pH is used to measure the acidity of aqueous solutions, but what about the inherent ten-
dency of an acidic compound to give up H" to water and form these acid solutions? A good way
of measuring this tendency is to find the pH at which a solution contains exactly the same
amount of the protonated, acidic form and its deprotonated, basic form. This number, which
is characteristic of any acid, is known as the pK,. In the example just above, this would be the
pH where the amount of the carboxylic acid is matched by the amount of its carboxylate
salt—which happens to be at about pH S: the pK, of acetic acid is 4.76.

We’ll come back to a more formal definition of pK, later, but first we need to look more
closely at this pair of species—the protonated acid and its deprotonated, basic partner.

Every acid has a conjugate base

Looking back at the equilibrium set up when acetic acid dissolves in water, but drawing the
mechanism of the back reaction, we see acetate ion acting as a base and H;O0™" acting as an acid.
In all equilibria involving just proton transfer a species acting as a base on one side acts as an
acid on the other. We describe H;0™" as the conjugate acid of water and water as the conjugate
base of H;0O". In the same way, acetic acid is the conjugate acid of acetate ion and acetate ion
is the conjugate base of acetic acid.

H

H
\ 0 \® (\ o
/O N H )J\ - /0 J H o )J\
H ~o H 0
acetate as base

® For any acid and any base:

BH® + A°

B: + HA

AH is an acid and A- is its conjugate base and B is a base and BH* is its conjugate acid. That is,
every acid has a conjugate base associated with it and every base has a conjugate acid
associated with it.

Water doesn’t have to be one of the participants—if we replace water in the reaction we have
been discussing with ammonia, we now have ammonia as the conjugate base of NH; (the ammo-
nium cation) and the ammonium cation as the conjugate acid of ammonia. What is different is
the position of equilibrium: ammonia is more basic than water and now the equilibrium will be
well over to the right. As you will see, pK, will help us assess where equilibria like these lie.

o) )
HsN /\' H )k ©NH, )k
o T

The amino acids you met in Chapter 2 have carboxylic acid and amine functional groups
within the same molecule. When dissolved in water, they transfer a proton from the CO,H
group to the NH, group and form a zwitterion. This German term describes a double ion hav-
ing positive and negative charges in the same molecule.

basic group Q acidic

(o}
@ .
rou an amino
H,N groue . HsN ©  acid
OH -~ O witterion

R R

Water can behave as an acid or as a base

So far we have seen water acting as a (very weak) base to form H;O". If we added a strong base,
such as sodium hydride, to water, the base would deprotonate the water to give hydroxide ion,
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B Water is still safe to drink
because the concentrations of
hydronium and hydroxide ions
are very small (10-7 mol dm-3
corresponds to about 2 parts
per billion). This very low
concentration means that there
are not enough free hydronium
or hydroxide ions in water to do
any harm when you drink it, but
neither are there enough to
provide acid or base catalysts for
reactions which need them.

M The figures 0 and 14 are
approximate—there is a simple
reason why this is so, which we
will explain shortly. But you see
now why we end the scale at
these points—below 0 and
above 14 there is little scope for
varying the concentration of
H,0".
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HO7, and here the water would be acting as an acid. It’s amusing to notice that hydrogen gas
is the conjugate acid of hydride ion, but more important to note that hydroxide ion is the
conjugate base of water.

NaH —= Na° + He/\V H> H — H, + ©OH
Water is a weak acid and a weak base so we need a strong acid like HCI to give much H;0",
and a strong base, like hydride ion, to give much hydroxide ion.

The ionization of water

The concentration of H;O" ions in water is very low indeed at 107 mol dm™. Pure water at
25 °C therefore has a pH of 7.00. Hydronium ions in pure water can arise only from water
protonating (and deprotonating) itself. One molecule of water acts as a base, deprotonating
another that acts as an acid. For every H;0" ion formed, a hydroxide ion must also be formed,
so that in pure water at pH 7 the concentrations of H;O" and hydroxide ions must be equal:
[H;0*]=[HO] =107 mol dm™

N e

H,0: H H — — H30 ©oH

The product of these two concentrations is known as the ionization constant (or as the ionic
product) of water, Ky, with a value of 1074 mol? dm™ (at 25 °C). This is a constant in aqueous
solutions, so if we know the hydronium ion concentration (which we can get by measuring
the pH), we also know the hydroxide concentration since the product of the two concentra-
tions always equals 10714,

So, roughly at what pH does water become mostly H;O" ions and at what pH mostly hydrox-
ide ions? We can now add two additional pieces of information to the approximate chart we
gave you before. At pH 7, water is almost entirely H,O. At about pH 0, the concentrations of
water and H;O" ions are about the same and at about pH 14, the concentrations of hydroxide
ions and water are about the same.

H30® — H,0 H,O H, O —— G)OH
atpH~0 pHO 7 14 atpH ~ 14
[H20] = [H307] | weakly I weakly I [H.0] = [HOT]
sggir(;igﬂy acidic neutral pasic stt:ggi%ly

increasing acid strength increasing base strength

Acids as preservatives

Acetic acid is used as a preservative in many foods, for example pickles, mayonnaise, bread, and fish products, because
it prevents bacteria and fungi growing. However, its fungicidal nature is not due to any lowering of the pH of the food-
stuff. In fact, it is the undissociated acid that acts as a bactericide and a fungicide in concentrations as low as 0.1-0.3%.
Besides, such a low concentration has little effect on the pH of the foodstuff anyway.

Although acetic acid can be added directly to a foodstuff (disguised as E260), it is more common to add vinegar, which
contains between 10 and 15% acetic acid. This makes the product more ‘natural’ since it avoids the nasty ‘E numbers'.
Actually, vinegar has also replaced other acids used as preservatives, such as propionic (propanoic) acid (E280) and its
salts (E281, E282, and E283).

The definition of pK,

When we introduced you to pK, on p. 167, we said it is the pH at which an acid and its conju-
gate base are present in equal concentrations. We can now be more precise about the definition
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of pK,. pK, is the log (to the base ten) of the equilibrium constant for the dissociation of the
acid. For an acid HA this is:

Ka [H30*] [A7]
HA + H0 =—= H;0%+A° pK, = —log K, K, = 3[A_H]

The concentration of water is ignored in the definition because it is also constant (at 25 °C).

Because of the minus sign in the definition (it's there too in the definition of pH) the lower
the pK, the larger the equilibrium constant and the stronger the acid. You may find the way
we introduced pK, more helpful as a concept for visualizing pK,: any acid is half dissociated
in a solution whose pH matches the acid’s pK,. At a pH above the pK, the acid exists largely as
its conjugate base (A") but at a pH below the pK, the acid largely exists as HA.

With pK, we can put figures to the relative strengths of hydrochloric and acetic acid we
introduced earlier. HCI is a much stronger acid than acetic acid: the pK, of HCl is around -7
compared to 4.76 for acetic acid. This tells us that in solution K, for hydrogen chloride is
107 mol dm™. This is an enormous number: only one molecule in 10,000,000 is not dissoci-
ated, so it is essentially fully dissociated. But K, for acetic acid is only 10476 = 1.74 x 107> mol
dm?™ so it is hardly dissociated at all: only a few molecules in every million of acetic acid are
present as the acetate ion.

HCI + H,0 — H;0® + cf Ka =107

(0]

o]
. ® )k K,=1.74x10"%
H,0 + Hok H0 + o a X

What about the pK, of water? You know the figures already: K, for water is [H;0"] x [HO7]/
[H,0] =1074/55.5. So pK, =- 1log[1074/55.5] = 15.7. Now you see why water isn’t really quite
half dissociated at pH 14—the concentration of water in the equation means that the two
ends of the scale on p. 168 are not at 0 and 14, but at -1.7 and 15.7.

A graphical description of the pK, of acids and bases

For both cases, adjusting the pH alters the proportions of the acid form and of the conjugate
base. The graph plots the concentration of the free acid AH (green curve) and the ionized
conjugate base A™ (red curve) as percentages of the total concentration as the pH is varied. At
low pH the compound exists entirely as AH and at high pH entirely as A". At the pK, the con-
centration of each species, AH and A7, is the same. At pHs near the pK, the compound exists
as a mixture of the two forms.

100 %

50 % 50 %

percentage acid HA

3
D
=3
<
>

I

percentage conjugate base A~

0% IREER 0%

I
low pH pH = pKa high pH

Now we have established why you need to understand acids and bases, we must move on to
consider why some acids are stronger than other acids and some bases stronger than other
bases. To do this we must be able to estimate the pK, of common classes of organic compounds.
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How concentrated is water? One
mole of pure water has a mass
of 18 g and occupies 18 cm?.
So, in 1 dm3, there are

1000/18 = 55.56 mol. Water is
a 55.56 mol dm-3 solution of
water...in water.
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You do not need to learn exact figures for pK, values, but you will certainly need to develop a
feel for approximate values—we will guide you towards which figures are worth learning and
which you can leave to be looked up when you need them.

An acid’s pK, depends on the stability of its conjugate base

The stronger the acid, the easier it is to ionize, which means that it must have a stable conju-
gate base. Conversely, a weak acid is reluctant to ionize because it has an unstable conjugate
base. The other side of this coin is that unstable anions A” make strong bases and their conju-
gate acids AH are weak acids.

@ Acid and conjugate base strength
The stronger the acid HA, the weaker its conjugate base A-.
The stronger the base A-, the weaker its conjugate acid AH.

For example, hydrogen iodide has a very low pK,, about -10. This means that HI is a strong
enough acid to protonate almost anything. Its conjugate base, iodide ion, is therefore not basic at
all—it will not deprotonate anything. A very powerful base is methyllithium, MeLi. Although it
isactually a covalent compound, as we discuss in Chapter 9, for the purpose of the discussion here
you can think of MeLi as CH;3Li*. CH; can accept a proton to become neutral methane, CH,.
Methane is therefore the conjugate acid. Clearly, methane isn’t at all acidic—its pK, is estimated to
be 48. The table below gives a few inorganic compounds and their approximate pK, values.

The approximate pK; values of some inorganic compounds

Acid  pK,  Conjugate base Acid  pK, Conjugate base Acid pK, Conjugate base
H,50, -3 HSO; H,0t+ -1.7  H0 NHf 9.2 NH,

HCO -7 CF H,0 157 HO- NH, 33 NH;

HI -10 H,S 7.0 HS-

Notice that the lower down the periodic table we go, the stronger the acid. Notice also that
oxygen acids are stronger than nitrogen acids. We have also put down more exact pK, values
for water but you need remember only the approximate values of 0 and 14. Over the next few
pages we shall be considering the reasons for these differences in acid strength but we are first
going to consider the simple consequences of mixing acids or bases of different strengths.
Notice the vast range covered by pK, values: from around -10 for HI to nearly 50 for methane.
This corresponds to a difference of 10%° in the equilibrium constant.

The choice of solvent limits the pK, range we can use

In water, we can measure the pK, of an acid only if the acid does not completely protonate water
to give H;O" or completely deprotonate it to give HO™. We are restricted roughly to pH -1.7 to
15.7, beyond which water is more than 50% protonated or deprotonated. The strength of acids
or bases we can use in any solvent is limited by the acidity and basicity of the solvent itself.
Think of it this way: say you want to remove the proton from a compound with a high pK,, say
25-30. It would be impossible to do this in water since the strongest base we can use is hydrox-
ide. If you add a base stronger than hydroxide, it won’t deprotonate your compound, it will just
deprotonate water and make hydroxide anyway. Likewise, acids stronger than H;O" can’t exist
in water: they just protonate water completely to make H;O™. If you do need a stronger base than
OH™ (or a stronger acid than H;O", but this is rarer) you must use a different solvent.

Let’s take acetylene as an example. Acetylene (ethyne) has pK, 25. This is remarkably low
for a hydrocarbon (see below for why) but, even so, hydroxide (the strongest base we could
have in aqueous solution, pK, 15.7) would establish an equilibrium where only 1 in 10°3
(10'57/10%%), or about 1 in 2 billion, ethyne molecules are deprotonated. We can’t use a
stronger base than hydroxide, since, no matter what strong base we dissolve in water,
we will only at best get hydroxide ions. So, in order to deprotonate ethyne to any apprecia-
ble extent, we must use a different solvent—one that does not have a pK, less than 25.
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Conditions often used to do this reaction are sodium amide (NaNH,) in liquid ammonia.
Using the pK, values of NH; (ca. 33) and ethyne (25) we would estimate an equilibrium
constant for this reaction of 108 (1072°/1073%)—well over to the right. Amide ions can be used
to deprotonate alkynes.

© ©
. OH NH3
no anion — —
formed 7 7° H———H - H—=¢
ethyne NH; (1)
(acetylene)

Since we have an upper and a lower limit on the strength of an acid or base that we can use
in water, this poses a bit of a problem: how do we know that the pK, for HCI is more negative
than that of H,SO, if both completely protonate water? How do we know that the pK, of meth-
ane is greater than that of ethyne since both the conjugate bases fully deprotonate water? The
answer is that we can’t simply measure the equilibrium for the reaction in water—we can do
this only for pK, values that fall between the pK, values of water itself. Outside this range, pK,
values are determined in other solvents and the results are extrapolated to give a value for
what the pK, in water might be.

Constructing a pK, scale

We now want to look at ways to rationalize, and estimate, the different pK, values for different
compounds—we wouldn’t want to have to memorize all the values. You will need to get a feel
for the pK, values of different compounds and if you know what factors affect them it will
make it much easier to predict an approximate pK, value, or at least understand why a given
compound has the pK, value that it does.

AH (solvent) A~ (solvent) + H* (solvent)

A number of factors affect the strength of an acid AH. These include:

1. The intrinsic stability of the conjugate base, anion A". Stability can arise by having the
negative charge on an electronegative atom or by spreading the charge over several
atoms (delocalization) groups. Either way, the more stable the conjugate base, the
stronger the acid HA.

2. Bond strength A-H. Clearly, the easier it is to break this bond, the stronger the acid.

3. The solvent. The better the solvent is at stabilizing the ions formed, the easier it is for
the reaction to occur.

® Acid strength

The most important factor in the strength of an acid is the stability of the conjugate base—the
more stable the conjugate base, the stronger the acid.

An important factor in the stability of the conjugate base is which element the negative charge
is on—the more electronegative the element, the more stable the conjugate base.

The negative charge on an electronegative element stabilizes the conjugate base

The pK, values for the ‘hydrides’ of the first row elements CH,, NH;, H,0, and HF are about 48,
33, 16, and 3, respectively. This trend is due to the increasing electronegativities across the period:
F~ is much more stable than CHj, because fluorine is much more electronegative than carbon.

Acid Conjugate base pK,
methane CH, CHs ~48
ammonia NH; amide ion NHy ~33
water H,0 hydroxide ion HO- ~16

HF fluoride ion F~ 3

17

M Because the pK, values for
very strong acids and bases are
so hard to determine, you will
find that they often differ in
different texts—sometimes the
values are no better than good
guesses! However, while the
absolute values may differ, the
relative values (which is the
important thing because we
need only a rough guide) are
usually consistent.
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Weak A-H bonds make stronger acids

However, on descending group VII (group 17), the pK, values for HF, HCI, HBr, and HI decrease:
3, -7, -9, and -10. Since the electronegativities decrease on descending the group we might
expect anincrease in pK,. The decrease is due to the weakening bond strengths on descending
the group and to some extent the way in which the charge can be spread over the increasingly
large anions.

Acid Conjugate base pK,
HF fluoride ion F~ 3
HCI chloride ion CI- -7
HBr bromide ion Br- -9
HI iodide ion I- -10

Delocalization of the negative charge stabilizes the conjugate base

The acids HCIO, HCIO,, HCIO;, and HCIO, have pK, values 7.5, 2, -1, and about -10, respec-
tively. In each case the acidic proton is on an oxygen attached to chlorine, that is, we are remov-
ing a proton from the same environment in each case. Why then is perchloric acid, HCIO,, some
17 orders of magnitude stronger in acidity than hypochlorous acid, HCIO? Once the proton is
removed, we end up with a negative charge on oxygen. For hypochlorous acid, this is local-
ized on the one oxygen. With each successive oxygen, the charge can be more delocalized,
and this makes the anion more stable. For example, with perchloric acid, the negative charge
can be delocalized over all four oxygen atoms.

Acid Conjugate base pK,
hypochlorous acid HO—CI clo- 7.5
chlorous acid HO-CIO Cloy 2
chloric acid HO-CIO, Closy -1
perchloric acid HO-CIO, Cloz -10
H
NG O P ; ;
etc. NS
=Cl O <5 o=CI¥D °° .
07/ ~0 0=y {0} 07/ J0® =~ ™ OV,?I‘\
0 6 ©

the negative charge on the perchlorate anion is delocalized over all four oxygens

That the charge is spread out over all the oxygen atoms equally is shown by electron diffraction studies: whereas
perchloric acid has two types of CI~0 bond, one 163.5 pm and the other three 140.8 pm long, in the perchlorate
anion all CI-0 bond lengths are the same, 144 pm, and all 0—CI-0 bond angles are 109.5°. Just to remind you: these
delocalization arrows do not indicate that the charge is actually moving from atom to atom. We discussed this in
Chapter 7. These structures simply show that the charge is spread out in the molecular orbitals and mainly concen-
trated on the oxygen atoms.

Looking at some organic acids, we might expect alcohols to have a pK, not far from that of
water, and for ethanol that is correct (pK, 15.9). If we allow the charge in the conjugate base to
be delocalized over two oxygen atoms, as in acetate, acetic acid is indeed a much stronger acid
(pK, 4.8). The difference is huge: the conjugation makes acetic acid about 1019 times stronger.

H H 0@ o
ethoxide o acetate - )-\\@
Me (o} O@ N

Me Me (40 Me (0]

charge localized on one oxygen charge delocalized over two oxygens

>"'//
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It is even possible to have a negative charge of an organic acid delocalized over three atoms—
as in the anions of the sulfonic acids. Methanesulfonic acid has a pK, of -1.9.

o
o o o
@ Ve - I | o
methanesulfonate Me/s\\\ B Me/s\>0 - Me— \EO Me/.?‘\
o @0 J "0

charge delocalized over three oxygens

Even delocalization into a hydrocarbon part of the molecule increases acid strength. In
phenol, PhOH, the OH group is directly attached to a benzene ring. On deprotonation, the
negative charge can again be delocalized, not onto other oxygen atoms but into the aromatic
ring itself. The effect of this is to stabilize the phenoxide anion relative to the conjugate base
of cyclohexanol, where no delocalization is possible, and this is reflected in the pK, values of
the two compounds: 10 for phenol but 16 for cyclohexanol.

these lone pairs in sp? orbitals do not

overlap with the ©t system of the ring

oM o®

phenol phenoxide
pK; 10

lone pair in p orbital
overlaps with the
system of the ring

localized
anion

cyclohexanol
pK, 16

So now we can expand our chart of acid and base strengths to include the important
classes of alcohols, phenols, and carboxylic acids. They conveniently, and memorably, have
pK, values of about O for the protonation of alcohols, about 5 for the deprotonation of car-
boxylic acids, about 10 for the deprotonation of phenols, and about 15 for the deprotona-
tion of alcohols. The equilibria above each pK, shows that at approximately that pH,
the two species each form 50% of the mixture. You can see that carboxylic acids are weak
acids, alkoxide ions (RO") are strong bases, and that it will need a strong acid to protonate
an alcohol.

ROH? —= ROH RCO,H —=RCO® ArOH —= Ar0® ROH —= RO®
pHO 5 7 10 15
|- | | | |
I T I I — |
strongly weakly neutral weakly strongly
acidic acidic basic basic

increasing acid strength

increasing base strengtﬁ

If we need to make the anion of a phenol, a base such as NaOH will be good enough, but if
we want to make an anion from an alcohol, we need a stronger base. Vogel (p. 986) suggests
potassium carbonate (K,CO,) is strong enough to make an ether from phenol. The base
strength of carbonate anion is about the same as that of phenoxide ion (PhO") so the two will
be in equilibrium but enough phenoxide ion will be present for the reaction.

©
OH K,CO, (o)

Br/\/ 0\/\

acetone

phenol phenoxide ion phenyl allyl ether

On the other hand, if we want to make the OH group into a good leaving group, we need
to protonate it and a very strong acid will be needed. Sulfuric acid is used to make ethers
from alcohols. Protonation of the OH groups leads to loss of water and formation of a cation.
This reacts with more alcohol to give the ether. There is another example of this reaction

in Chapter 5.

e
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@Q\/ L
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—-> etc.

delocalization stabilizes
the negative charge

W equilibrium arrow: —=
delocalization arrow <e—»
Reminder: the equilibrium
arrows mean two
interconverting compounds.
The double-headed arrow
means two ways of drawing a
conjugated structure.

M [t is worthwhile learning
these approximate values.

M As you will discover in
Chapters 10 and 15, a leaving
group is simply a functional
group that will leave the
molecule, taking with it the pair
of electrons that formed the
bond. Leaving groups may be
anions, such as bromide Br-, or
protonated groups such as the
protonated alcohol in this
example, which leaves as water.
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NH,
aliphatic amine
NH,
aromatic amine
(aniline)
H
N
O amide
I-Pr\ BuLi I-PI’\
/N—H — /N—Li
iPr THE ier’ oA
diisopropyl- lithium
amine diisopropylamide
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Ph
H,O >—OH
Ph H,S0, Ph ® 2 Ph P Ph Ph
>—OH >—0H2 A > © P )\
PH PH \J PH Ph™ "0” "Ph
alcohol cation ether

Nitrogen compounds as acids and bases

The most important organic nitrogen compounds are amines and amides. Amine nitrogens
can be joined to alkyl or aryl groups (in which case the amines are called anilines). They all
have lone pairs on nitrogen and may have hydrogen atoms on nitrogen too. As nitrogen is less
electronegative than oxygen, you should expect amines to be less acidic and more basic than
alcohols. And they are. The pK, values for the protonated amines are about 10 (this value is
about O for water and alcohol) and the pK, values for amines acting as acids are very high,
something like 35 (compared with about 15 for an alcohol). So ammonium salts are about
as acidic as phenols and amines will be protonated at pH 7 in water. This is why amino acids
(p- 167) exist as zwitterions in water.

® PKa=-~10
RNH;3
atpH 7

® _~__ o amino acid

pK, = ~35 o
HsN CO5  zwitterion

RNH
at pH >35

RNH,
at pH >10

Removing a proton from an amine is very difficult as the anion (unfortunately called an
‘amide’ anion) is very unstable and very basic. The only way to succeed is to use a very strong
base, usually an alkyllithium. The ‘anion’ then has a N-Li bond and is soluble in organic sol-
vents. This example, known as LDA, is commonly used as a strong base in organic
chemistry.

The basicity of amines as neutral compounds is measured by the pK, of their conjugate
acids—so, for example, the pK, associated with the protonation of triethylamine, a commonly
used tertiary amine, is 11.0.

The ‘pK,s’ of bases

Chemists often say things like ‘the pK, of triethylamine is about 10.” (It’s actually 11.0 but 10
is a good number to remember for typical amines). This may surprise you as triethylamine
has no acidic hydrogens. What they mean is of course this: ‘the pK, of the conjugate acid of
triethylamine is about 10.” Another way to put this is to write ‘the pK,y of triethylamine is
about 10." The subscript ‘aH’ refers to the conjugate acid.

the triethylammonium ion:
triethylamine's
conjugate acid

EtsNH*  pK, =11
+ H20

It's OK to say ‘the pKj of triethylamine is about 10’

as long as you understand that what is really meant is
‘the pKj of the triethylammonium ion is about 10,
which can also be expressed thus:

‘the pKyp of triethylamine is about 10’

triethylamine
EtsN
+ H30+

When a molecule is both acidic and basic, as for example aniline, it is important to work out
which pK, is meant as again chemists will loosely refer to ‘the pK, of aniline is 4.6" when they
mean ‘the pK, of the conjugate acid of aniline is 4.6.” Aniline is much less basic than ammonia
or triethylamine because the lone pair on nitrogen is conjugated into the ring and less avail-
able for protonation.

delocalized lone pair
is less basic ®

pK, = 4.6 Q\NHZ NH;
-
G o

aniline

®
NH;

conjugate acid
of aniline
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But for the same reason, aniline is also more acidic than ammonia (pK, 33) and has a genu-
ine pK, in which one of the protons on nitrogen is lost. So we can say correctly that ‘the pK,
of aniline is about 28." Just be careful to check which pK, is meant in such compounds. The

full picture is:
€]

©/NH3 pK,=4.6 ©/NH2

aniline

conjugate acid
of aniline

delocalized anion
Q is more stable
NH NH

L,

conjugate base
of aniline

pK, =28

The pK, associated for protonation of piperidine, a typical secondary amine, is about 13.
The equivalent pK, for protonation of pyridine—a compound with a similar heterocyclic
structure, but with its lone pair in an sp? rather than an sp? orbital, is only 5.5: pyridine is a
weaker base than piperidine (its conjugate acid is a stronger acid). Nitriles, whose lone pair is
sp hybridized, are not basic at all. Lone pairs with more p character (sp? orbitals are 3/4 p,
while sp orbitals are 1/2 p) are higher in energy—they spend more time further from the
nucleus—and are therefore more basic.

Amides are very different because of the delocalization of the lone pair into the carbonyl
group. This makes amides more acidic but less basic and protonation occurs on oxygen rather
than nitrogen. Amides have pK, values of around 15 when they act as acids, making them
some 10'° times more acidic than amines. The pK, of protonated amides is around 0, making
them some 10'° times weaker as bases.

delocalization in

H H the amide group H
N R . R b N._ _R
ase
H/ Y H (]\[( - H™ Y R H/
OH pK ca.0 0° pKaca.15 0%
protonated amide amlde amide deprotonated amide

If we replace the carbonyl oxygen atom in an amide by nitrogen we get an amidine.
Amidines are conjugated, like amides, but unlike amides they are stronger bases than
amines, by about 2-3 pK, units, because the two nitrogens work together to donate elec-
tron density onto each other. The bicyclic amidine DBU is often used as a strong organic
base (see Chapter 17).

H H H H
| @'!l R delocatllhzatlon o
_N R ~ in the /N
H Y <—> H Y D (]\n/ <—> H
_N_ :NH, pK;ca. 12 amidine
H ® H

But the champions are the guanidines, with three nitrogens all donating lone pair electrons
at once. A guanidine group (shown in green) makes arginine the most basic of the amino acids.

NH, HZN'/Q NH,

guanidine

Hzi\i\[]/i\in

NH,
protonated guanidine ®

Hzﬁ/) NH,
L

:NH,

HoN
e e

Substituents affect the pKk,

Substituents that are conjugated with the site of proton gain or loss, and even substituents
that are electronegative but not conjugating, can have significant effects on pK, values. Phenol
has pK, 10 but phenols with anions stabilized by extra conjugation can have much lower pK,s.

175
O pKa =13
N
H hybrldlzed
N p|per|d|ne s
piperidine conjugate acid
= pKa=55 =~
X | 5 <) |
N Sp N
* hybridized H
N pyridine's
pyridine conjugate acid

m) Delocalization in amides was
discussed on p. 155.

()

DBU

diazabicycloundecane

L-arginine
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Picric acid is a very
acidic phenol
2,4,6-Trinitrophenol's more
common name, picric acid,
reflects the strong acidity of this
compound (pK, 0.7 compared to
phenol’s 10.0). Picric acid used
to be used in the dyeing industry
but is little used now because it
is also a powerful explosive
when dry. (Compare its structure
with that of TNT!)

N02
OH
picric acid

O,N NO,

Me

2,4,6-trinitro-
toluene (TNT)

O2N NO,

M If you draw a carboxylate
anion you will find that it is
impossible to stabilize its
negative charge any further by
conjugation, other than between
the two oxygens.

BuLi+ R———H

THFl pKa 25
BuH + R——0 Li*
pK, ~50

M [f you don't see why this is,
think about the shapes of an s
and a p orbital: the nucleus sits
in the node of a p orbital, but in
an s orbital the nucleus is in a
region of high electron density.
The more s character a negative
charge has, the closer the
electron density is to the nucleus,
and the more stable it is.

) (\@
%H B
CHg =

pK, ~19

(o

ketone enolate
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One nitro group, as in p-nitrophenol, lowers the pK, to 7.14, nearly a thousand-fold increase
in acidity. This is because the negative charge on oxygen is delocalized into the very electron-
withdrawing nitro group. By contrast 4-chlorophenol, with only inductive withdrawal in the
C-Cl bond, has pK, 9.38, hardly different from phenol itself.

OH o° o)
(©)
@o\ @/©/ @0\ ~ (O N
N oN ®
I ”D I
o p-nitrophenol (0] p-nitrophenolate anion 0°

Inductive effects of nearby electronegative atoms can also have marked effects on the pK, of
acids. Adding fluorines to acetic acid reduces the pK, from about 5 by smallish steps.
Trifluoroacetic acid (TFA) is a very strong acid indeed, and is commonly used as a convenient
strong acid in organic reactions. Inductive effects occur by polarization of ¢ bonds when the
atom at one end is more electronegative than at the other. Fluorine is much more electro-
negative than carbon (indeed, F is the most electronegative element of all) so each ¢ bond is very
polarized, making the carbon atom more electropositive and stabilizing the carboxylate anion.

(0] (0] (0] (o]
P§ N : :
Me OH OH OH F OH
F F
acetic acid fluoroacetic acid difluoroacetic acid trifluoroacetic acid
pK, 4.76 pK; 2.59 pK; 1.34 pK; ~ -1

Carbon acids

Hydrocarbons are not acidic. We have already established that methane has a pK, of about 48
(p- 170 above)—it’s essentially impossible to deprotonate. Alkyllithiums are for this reason
among the strongest bases available. But some hydrocarbons can be deprotonated, the most
important example being alkynes—you saw on p. 171 that acetylene has a pK, of 25 and can
be deprotonated by NH; (as well as other strong bases such as BuLi). The difference is one of
hybridization—an idea we introduced with the nitrogen bases above. Making the acetylide
anion, whose negative charge resides in an sp orbital, is much easier than making a methyl
anion, with a negative charge in an sp? orbital, because electrons in sp orbitals spend a lot of
their time closer to the nucleus than electrons in sp® orbitals.

C-H bonds can be even more acidic than those of acetylene if stabilization of the resulting
anion is possible by conjugation. Conjugation with a carbonyl group has a striking effect. One
carbonyl group brings the pK, down to 13.5 for acetaldehyde so that even hydroxide ion can
produce the anion. You will discover in Chapter 20 that we call this the ‘enolate anion’ and
that the charge is mostly on oxygen, although the anion can be drawn as a carbanion.

% (\
Q

H Y Son

H (o]

It is interesting to compare the strengths of the carbon, nitrogen, and oxygen acids of similar
structure below. The ketone (acetone) is of course least acidic, the amide is more acidic, and the
carboxylic acid most acidic. The oxyanion conjugate bases are all delocalized but delocalization
onto a second very electronegative oxygen atom is much (~10 pH units) more effective than delo-
calization onto nitrogen, which is 4 pH units more effective than delocalization onto carbon.

the enolate anion

[o) of acetaldehyde (0]

-

- H

H ©

0® 0 (\@B 0® o (\@B o®
/& gj\ﬂ H /g gkfl H — = /g
Hs CHj H CHj NH CH3 o CHj o
pK, ~15 pK, ~5
amide anion carboxylate
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Nevertheless, the effect of conjugation on the carbon acid compared with methane is enor-
mous (~30 pH units) and brings proton removal from carbon within the range of accessible
bases

The nitro group is even more effective: nitromethane, with a pK, of 10, dissolves in aque-
ous NaOH. The proton is removed from carbon, but the negative charge in the conjugate
base is on oxygen. The big difference is that the nitrogen atom has a positive charge through-
out. If the anion is protonated in water by some acid (HA) the ‘enol’ form of nitromethane is
the initial product and this slowly turns into nitromethane itself. Whereas proton transfers
between electronegative atoms (O, N, etc.) are fast, proton transfers to or from carbon can be
slow.

9 ?Cr\_f} o i
I (\G) ® H—A ® slow
N
@O/gOH OH — » G)O/N§ —_ @o/ N — @O/Q\CH;;
‘enol form'

Carbon acids are very important in organic chemistry as they allow us to make carbon-
carbon bonds and you will meet many more of them in later chapters of this book.

Why do we need to compare acid strengths of 0 and N acids?

The rates of nucleophilic addition to carbonyl groups that you met in Chapter 6 depend on
the basicity of nucleophiles. As nitrogen bases are much stronger than oxygen bases (or, if you
prefer, ammonium ions are much weaker acids than H;0%), amines are also much better
nucleophiles than water or alcohols. This is dramatically illustrated in an amide synthesis
from aniline and acetic anhydride in aqueous solution.

HCI o Ac0 0
PANH, ——> PhNHy ———  ph_ J\

H,0 NaOAc H Me
aniline amide

Aniline is not very soluble in water but addition of HCI converts it into the soluble cation by
protonation at nitrogen. The solution is now warmed and equal amounts of acetic anhydride
and aqueous sodium acetate are added. The pK, of acetic acid is about 5, as is the pK, of
PhNH3, so an equilibrium is set up and the solution now contains these species:

® ° o 0
PhNH <== PhNH, AcOH === AcO AcZO:)k )]\
o

aniline acetate

The only electrophile is acetic anhydride, with its two electrophilic carbonyl groups. The
nucleophiles available are water, aniline, and acetate. Water is there in great abundance and
does react with acetic anhydride but can’t compete with the other two as they are more basic
(by about 10°). If acetate attacks the anhydride, it simply regenerates acetate. But if aniline
attacks, the amide is formed as acetate is released.

(0]

=N o 0°® o (\‘OH o) Ph\NJ\Me
.o e .o R — H
PhiNH, //ﬁz:lﬂ\\ ’ Ph\ﬁ/%\o/ﬂ\\ Ph\N/%lg/ﬂ\\ i
o H H
2

Aco®

The isolation of the product is easy as the amide is insoluble in water and can be filtered
off. Environmental considerations suggest that we should not use organic solvents so much
and should use water when possible. If we have some idea about pK,s we can estimate
whether water will interfere in a reaction we are planning and decide whether it is a suita-
ble solvent or not. It is even possible to acylate amines with the more reactive acid chlorides
in aqueous solution, and we will return in detail to acylation reactions such as these in
Chapter 10.
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Histamine is an agonist in the
production of gastric acid. It
binds to specific sites (receptor
sites) in the stomach cells and
triggers the production of gastric
acid (mainly HCI).

An antagonist works by binding
to the receptor but not stimulat-
ing acid secretion. It therefore
inhibits acid secretion by block-
ing the receptor sites.

B When the drug was
invented, the company was
called Smith, Kline and French
(SKF) but after a merger with
Beechams the company became
SmithKline Beecham (SB). SB
and GlaxoWelcome later merged
to form GlaxoSmithKline (GSK).
Things may have changed
further by the time you read this
book.

®) Guanidine was introduced to
you on p. 175.

B Remember that amidines and
guanidines, p. 175, are basic
but that amides aren't. The
thiourea, and indeed a urea, is
more like an amide.
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pK, in action—the development of the drug cimetidine

The development of the anti-peptic ulcer drug cimetidine gives a fascinating insight into the
important role of pK, in chemistry. Peptic ulcers are a localized erosion of the mucous mem-
brane, resulting from overproduction of gastric acid in the stomach. One of the compounds
that controls the production of the acid is histamine. (Histamine is also responsible for the
symptoms of hay fever and allergies.)

Me /CN

<HL N N
\N s’\/\NJJ\N/WIe <\N]\/\NH
H H

cimetidine

2
histamine

Histamine works by binding into a receptor in the stomach lining and stimulating the pro-
duction of acid. What the developers of cimetidine at Smith, Kline and French wanted was a
drug that would bind to these receptors without activating them and thereby prevent hist-
amine from binding but not stimulate acid secretion itself. Unfortunately, the antihistamine
drugs successfully used in the treatment of hay fever did not work—a different histamine
receptor was involved.

Notice that cimetidine and histamine both have the same nitrogen-containing ring (shown
in black) as part of their structures. This ring is known as an imidazole—imidazole itself is
quite a strong base whose protonated form is delocalized as shown below. This is not coinci-
dence—cimetidine’s design was centred around the structure of histamine.

H®
go @/HS N
D — -8 ()
H imidazole delocalization in the QH pK, 6.8

imidazolium cation

In the body, most histamine exists as a salt, being protonated on the primary amine and the
early compounds modelled this. The guanidine analogue was synthesized and tested to see if
it had any antagonistic effect (that is, if it could bind in the histamine receptors and prevent
histamine binding). It did bind but unfortunately it acted as an agonist rather than an antago-
nist and stimulated acid secretion rather than blocking it. Since the guanidine analogue has a
pK, even greater than histamine (about 14.5 compared to about 10), it is effectively all proto-
nated at physiological pH.

pK, 10

S

the major form of histamine
at physiological pH (7.4)

3

the guanidine analogue: the extra carbon in
the chain increased the efficacy of the drug

The agonistic behaviour of the drug clearly had to be suppressed. The thought occurred
to the chemists that perhaps the positive charge made the compound agonistic, and so a
polar but much less basic compound was sought. Eventually, they came up with burim-
amide. The most important change is the replacement of the C=NH in the guanidine
compound by C=S. Now instead of a guanidine we have a thiourea, which is much less
basic. Other adjustments were to increase the chain length, insert a second sulfur atom on
the chain, and add methyl groups to the thiourea and the imidazole ring, to give metiamide
with increased efficacy.



pK, IN ACTION—THE DEVELOPMENT OF THE DRUG CIMETIDINE

positive charge here withdraws electrons thiourea too far away from ring to influence pK,
and decreases pKj of ring alkyl chain is e