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Introduction to Organic Chemistry

History, Development, Future



Organic Chemistry and Life

N-——’

KFr=(Allicin)
CeH100S,

R—SH

RRAY T X —HiEE

13



Organic Chemistry and Life
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Organic Chemistry and Life
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Organic Chemistry and Life
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(1743-1794) (1803-1873)
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Development
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Development ‘
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Lewis Heitler
(1875-1946) (1904-1981)

London
(1900-1954)

Mulliken
(1896-1986)

25



Development

e Robert Burns Woodward
“MRBUERZX”
1933-1936 MIT, Bachelor Degree

1937 Harvard University, PhD
LIRERBION G, T 8EET, BE
BF, AIRYEL, THEYT, ZMAER, FImMYE, B
BRE, KAEZR. BOKLE. %E=B,F%
HEZRENILEYD

* The Nobel Prize in Chemistry, 1965

* “Organic Synthesis... is an Art.”

Robert Burns Woodward
(1917-1979)
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Development

R = 5'-deoxyadenosyl, CH3, OH, CN
4 FEB,,

PR E
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Today and... Future

Natural Organic
Chemistry

Physical
Organic
Chemistry

Organic
Analytical
Chemistry

Organic

Chemistry

Organometallic
Chemistry

Organic
Synthetic
Chemistry
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Today and... Future
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Today and... Future

R2

-

R] QI\H

24/

LaPd_

Buchwald-Hartwig
Cross-Coupling

Catalytic Cycle
R1
John F. Hartwig 2, NP Stephen L. Buchwald
(1964-) WP (1955-)
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Today and... Future

© The Nobel Foundation. Photo: U. © The Nobel Foundation. Photo: U. © The Nobel Foundation. Photo: U.
Montan Montan Montan

Richard F. Heck

Prize share: 1/3

Ei-ichi Negishi

Prize share: 1/3

Akira Suzuki

Prize share: 1/3

The Nobel Prize in Chemistry
2010 was awarded jointly to Richard F.
Heck, Ei-ichi Negishi and Akira Suzuki

“for palladium-catalyzed cross couplings

. . . D))
in organic synthesis.
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Today and... Future

The Nobel Prize in Chemistry
2021 was awarded jointly to Benjamin
List and David W.C. MacMillan “for
the development of asymmetric

. D))
organocatalysis.

[ll. Niklas EImehed © Nobel Prize Ill. Niklas EImehed © Nobel Prize
Outreach. Outreach.

Benjamin List David W.C. MacMillan
Prize share: 1/2 Prize share: 1/2
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What is Organic Chemistry?
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“Organic chemistry is the study of the structure, properties, composition,
reactions, and preparation of carbon-containing compounds, which include not only
hydrocarbons but also compounds with any number of other elements, including

hydrogen (most compounds contain at least one carbon-hydrogen bond), nitrogen,

oxygen, halogens, phosphorus, silicon, and sulfur.”

—American Chemistry Society (ACS)
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Chem Principle Review

Structure, Thermodynamics & Kinetics, Acid & Base



Covalent Bond

* Covalent bond: share of electrons

H + Hy —— H—H AH = —436 kJ/mol
H-H
Energy
0.74 A Internuclear distance
0 »
+ 'H

-436 kJ/mol

39



Lewis Structure

e Octet Rule

40



Lewis Structure

Tetravalent

Trivalent

Divalent

Monovalent

_c|>_

Carbon generally
forms four bonds.

_T_

Nitrogen generally
forms three bonds.

_O_

Oxygen generally
forms two bonds.

H— X—
(where X = F, CI, Br, or I)

Hydrogen and halogens
generally form one bond.
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Lewis Structure

* Practice: draw the Lewis structure of CH,0

STEP1 Drawall | STEP2 Connectatoms | STEP 3 Connect ' STEP 4 Pair any unpaired
individual atoms. - that form more than - hydrogen atoms. - electrons, so that each
one bond. ~atom achieves an octet.
CH,O .
) g H CO H:C::0
o H H
Ce {HY [H 1O

__________________________________________________________________________________________________________________________
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Formal Charge

* Formal charge: atoms which have unusual # valance electrons

. = W
:cl); :0: :0:
H—C—H H+ -C+ -H H—C—H

| .
H H H

43



Formal Charge

* Take a look at the group number
* The group number indicates valance electron numbers
* Homolyze all bonds

* Determine whether the current electron number of the atom is equal

to the original valence electron number

* More electrons (-); less electrons (+)

44



Formal Charge

* Practice: identify any formal charges in the structures below

H H H
| H | |
H—Al—H . H=C—N—=C—H

45



Bond Polarity

* Electronegativity

Li
1.0

Na
0.9

0.8

Increasing electronegativity

ﬁ

H
2.1

B C
2.0 2.5

Al Si
1.5 1.8

N O F
3.0 3.5 4.0
P S Ci
2.1 2.5 3.0
Br
2.8

Increasing
electronegativity
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Bond Polarity

* Nonpolar/weak polar covalent bond

Ay < 0.5

e Polar covalent bond

0.5 <Ay < 1.7

e lonic bond

1.7 < Ay
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Bond Polarity ‘

e Bonds can be both covalent & ionic

Covalent Polar covalent lonic
.
CcC—C C—H N—H CcC—0oO Li—C Li—N NaCl

Small difference Large difference
in electronegativity in electronegativity
© @

—C —Li or —C: Li
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Atomic Orbitals

1s

Energy

Hydrogen

1

Helium

Lithium

49



Valence Bond Theory

An electron

is like a wave

An electron

is like a wave

Bring these
waves closer

...and the
waves reinforce

/\ /\ together... /><\ each other
< > -~
Internuclear distance Internuclear Constructive
distance interference
Bring these ...and the
waves closer waves cancel
A nod
/\ together.. each other noce

A4

A

7

&Y%

\ 4

/‘\//
Destructive
interference
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Valence Bond Theory

Circular
Cross section

FIGURE 1.14

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

FIGURE 1.13
The overlap of the 1s atomic orbitals of two hydrogen

atoms, forming molecular hydrogen (H,).

ol



Molecular Orbital Theory

* Molecular orbital theory (MO)

Node

“ Antibonding MO

Energy 15— 1S

1

’ Bonding MO

Lowest Unoccupied Molecular Orbital (LUMO) -
of CH,Br

HOMO -

52
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Hybrid Orbital Theory ‘

* sp3 hybrid: tetrahedral

: [
H—C—H Energy 1 L Excitation , _

H b .
Methane
C4 4 )
i1—1——LZpi .’_1""1""1 _____ | _\: Four degenerate
| | :_T_f_ — — | sp® orbitals
Energy || " Hybridize
|
| 123,
—1L 1s 1—L 1s
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Hybrid Orbital Theory .
. C

sp3 hybrid orbital

Methane, CHy4

o4



Hybrid Orbital Theory

* sp? hybrid: trigonal planar

AT N This orbital 1
| — s . 2p s 01 affected m— 2
l H VR ' Three degenerate
N A \ ! S
/C —C\ Energy \ \ Hybridize
H H \ i -
\ I
Ethylene N
N m—2s
L 1s 1—L 1s

SH)



sp? Orbital

Hybrid Orbital Theory
/sp2 O\rbital

p Orbital X

02 Orbital

o Bonds o Bonds

o Bond
overlap

7 Bond
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Hybrid Orbital Theory

* sp hybrid: linear

These orbitals

H—C—=C—H ) /are not affected
Acetylene / 11 1 1 1
\ m———p e
NN B | Two degenerate
\ R | e w51 Orbitals
AN Hybridize — ‘-------- )
Energy \ 1 ' og g



p Orbitals

Hybrid Orbital Theory

sp Orbital

sp Orbital
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Hybrid Orbital Theory

To determine the hybridization state of an uncharged carbon atom, simply count the number
of 0 bonds and 7 bonds:

—C=

| /
—G— —C\

sp? sp
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Hybrid Orbital Theory

* Practice 1.25 Nemotin is a compound that was first isolated from the
fungi Poria tenuis and Poria corticola in the 1940s and was shown
to possess potent antibacterial activity. However, its structure
was not verified until it was made in the laboratory much more
recently.” Determine the hybridization state of each carbon atom

In nemotin.
H
\ . .
C ‘O
\\\C [
A .../C\ _H
C :0 C\
\\\ \ / H

C=C=C H
/ \
H H
Nemotin
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Bond Length

Structure

C—C bond length

Bond energy

ETHANE

1.54 A

S el
sp3

ETHYLENE

1.34 A

632 kJ/mol
Sp?

H

ACETYLENE

1.20 A

H

1.20 A

820 kJ/mol
Sp
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VSEPR Theory

* VSEPR theory: repulsion maximizes the distance between electron pairs in space

* Used to predict molecular geometries

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

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

CHy 4 0 4 Tetrahedral Tetrahedral

NH3 3 1 4 Tetrahedral Trigonal Pyramidal

H,O 2 2 4 Tetrahedral Bent

BF; 3 0 3 Trigonal Planar Trigonal Planar

BeH, 2 0 2 Linear Linear



VSEPR Theory ‘

(a)

&

(b)

:ll[[IlH

(b)

105°

— 1o7°
e M~

H

1o7°\>/<_/ 107°

(b) (c)

o

180°
H—Be—H

Linear geometry
of BeH,
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Molecular Polarity

* Electrostatic Potential Map

Chloromethane

Most negative

(0-)

Most positive
(0+)

Electrostatic Color scale
potential map
of chloromethane
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Molecular Polarity

* Dipole moment (u): an indicator of polarity
u=0xd

1 Debye = 10718 esu - cm

w=187D
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Molecular Polarity

* Measuring % ionic characteristics

BOND

BOND LENGTH
(x 10°8 cm)
1.41

0.96

15227

OBSERVED W (D)

0.7D

IESAE)

24D

PERCENT IONIC CHARACTER

(0.7 x 1078 esu - cm)

x 100% = 10%
(4.80 x 1010 esu) (1.41 x 108 cm) ° 2

(1.5 x 108 esu - cm)
(4.80 x 10719 esu) (0.96 x 108 cm)

X 100% = 33%

(2.4 x 108 esu - cm)

x 100% = 41%
(4.80 x 1010 esu) (1.23 x 108cm) ’ -
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Molecular Polarity

* Molecular dipole moment

I:é|5|:

H\\\“C

4
H

: vector sum of bond dipole moments

The vector sum

of the individual b 8 >
dipole moments |~
> H\\"'C\ .,
produces a 4 CI
molecular dipole moment H °t

Molecular dipole moment

T
@N

& ] Net
\ ]
H X\H H dipole moment

67



Molecular Polarity

* Practice

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

(a) CH3CH20CH2CH3 (b) COZ
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IMF & Physical Properties

* Dipole-Dipole Interactions

CH,

/C\

H4C CHa

Isobutylene
Melting point = -140.3°C
Boiling point = —-6.9°C

i

CI
H,C”~  CHs

Acetone
Melting point = -94.9°C
Boiling point = 56.3°C
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IMF & Physical Properties

* Hydrogen Bonding

Hydrogen bond interaction
between molecules of water

Hydrogen bond interaction
between molecules of ammonia

H
|

H
B0 Y TS S e
H H o :
H H
H\/\C_C/\/ "o s 'H\C/H
H :0—H - “e”
= | /N
H H H
H H H H
H H H H HzC —N—CHs CH3CH,—N—H CH3CH,CH,—N—H
Ethanol Methoxymethane Trimethylamine Ethylmethylamine Propylamine

Boiling point = 78.4°C

Boiling point = -23°C Boiling point = 3.5°C Boiling point = 37°C

Boiling point = 49°C

70



IMF & Physical Properties

* London Dispersion Forces

H

|
—C—
|

I
I—O—I

H

I—O—I

Butane
(C4Hq0)

Boiling point =

H

|
clz—H
H

0°C

T
|
I—o—::
:|:—o—:|:

H

|
e
s

I—O—I
::—o—::
I
=

Pentane
(CsH12)

Boiling point = 36°C

H H H H H

DB
H H H H H
Hexane
(CeH14)

Boiling point = 69°C

H

H
|

T
H

I
—c

H H
—C
|

Pentane

Boiling point =

H
—C
|

H

36°C

H H
H oH N/ H
et ol o
RS

2-Methylbutane
Boiling point = 28°C

N

,2-Dimethylpropane
Boiling point = 10°C
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Solubility

e “Like dissolve like”
* Polar compounds dissolve in polar solvents

* Nonpolar compounds dissolve in nonpolar solvents

e Surfactant: soaps, detergents, shampoos

ENISSEEEES eSS S EE
1 |
D A
L¥6'-O-’—EHHHHHHHHHHHHHHJ

Nonpolar group

Polar group
(hydrophobic)

(hydrophilic)

A

£

\

@ {
(

%ﬁf

J
/

/
i
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Solubility

* Dry-cleaning

Unlike using water, dry cleaning uses non-polar solvents, such as tetrachloroethylene, to

clean clothes, which can ensure that clothes are not damaged by water.

CI Cl.
\_/
C=C
LN
()

Tetrachloroethylene
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Chem Principle Review

Structure, Thermodynamics & Kinetics, Acid & Base



Thermodynamics

e State functions
 Example: H (enthalpy), S (entropy), G (Gibbs free energy)

* The change of the state function only depends on the initial state and the

final state of the system
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Thermodynamics ‘

* Enthalpy

Enthalpy
(H)

materials

Staring  \ I (H)

AH = g (at constant pressure)

Enthalpy

AH° = © Exothermic

Products Starting

materials

Reaction coordinate

Products_ _ T_

AH° = @ Endothermic

A

Reaction coordinate

76



Thermodynamics

* Entropy: a measurement of system chaos

Closed Open

The Second Law: the entropy of an isolated system increases in the course

of a spontaneous change: AS,,, >0

AStOt — A“S'SYS + A“S'Slll'l'

AS = q;:v (constant T)

i



Thermodynamics

Ice

Rigid, crystalline structure
Motion restricted to vibration only

Smallest number of microstates

Increasing entropy

—

Liquid water

Increased freedom with respect
to translation

Free to vibrate and rotate

Larger number of microstates

Water vapor

-~

< ‘)@ =
) ¢ o
o ¢ "g

02 % o

-

¢« o@

Molecules spread out, essentially
independent of one another

Complete freedom for translation,
vibration, and rotation

Largest number of microstates
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Thermodynamics

* Gibbs free energy: the spontaneity of reactions

AS,or = ASg,s + ASgur

Sys

Arev
AS =
T

~ Ysys

T ‘ A SSLIIT —

AH = g (at constant pressure)

A SSUI’I‘ —

—AHg,
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Thermodynamics

* Deriving Gibbs free energy from AS,

_TAStot = AHSYS o TASSYs

l

AG

~

AH -
ASsurr = T
AIJSYS
AS.,. = (— = ) + ASgs
AG = AH — TAS
/
Associated with

the change in entropy
of the surroundings

Associated with
the change in entropy
of the system
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Thermodynamics

Free React;_ﬁ’;s _____________ T _
o
lExergonic
Products

—
Reaction coordinate

spontaneous

Free
energy
(G)

Products T
AG =@
LEndergonic

Reactants

—
Reaction coordinate

nonspontaneous
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Thermodynamics

e Spontaneity and different state functions

AH AS —TAS AG = AH — TAS Reaction Characteristics

— + — — Spontaneous at all temperatures

+ - - + Nonspontaneous at all temperatures
— - + + or — Spontaneous at low T;

nonspontaneous at high T

+ + — + jor = Spontaneous at high T;
nonspontaneous at low T
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Thermodynamics

A+B —— C+D

* Chemical equilibrium

Decreasing
free energy

[products]  [C][D]

](e = - — Decreasing
1 [reactants] [A][B] elr:1reer(gey free energy
(G)
Minimum
AG = —RTln [{eq value of G
Only Equilibrium Only

A+B Concentrations C+D
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Kinetics

* Kinetics: the speed of reactions

Rate = k [reactants]

\

Rate constant Concentration of
starting materials

Rate = k [A]¥[B}Y

Rate = k[A] Rate = k[A] [B]
First order Second order

Rate = k[A]? [B]
Third order
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Kinetics

* Activation energy (E,) & reaction rates

Potential Heactants

energy

Products

—
Reaction coordinate

Rate = Kk [A]* [B}Y
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Kinetics

Potential
energy

Faster rate

Reactants

Products

—
Reaction coordinate

Slower rate

Potential
energy | Reactants

Products

—
Reaction coordinate
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Kinetics

 Factors affecting reaction rate

1.

Temperature

Concentration (liquid phase reaction)
Pressure (gaseous phase reaction)
Surface area, structures

Catalyst

_Eq
k = Ae RT

Arrhenius equation

87



Comparison between T& K

the essence of kinetics: rate

Kinetics
(rate of reaction)

Potential
energy Reactants

Products

—
Reaction coordinate

the essence of thermodynamics: equilibrium

Thermodynamics
(equilibrium)

Potential
energy Reactants

Products

—
Reaction coordinate

88



Potential
energy

A+B
E+F

C+D

w
Reaction coordinate

thermodynamics: C+D favors
kinetics: C+D favors

Potential
energy A+B

E+F

C+D

w

Reaction coordinate

thermodynamics: C+D favors
kinetics: E+F favors
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Chem Principle Review

Structure, Thermodynamics & Kinetics, Acid & Base



Bransted-Lowry Acid & Basée

* Bronsted-Lowry acid & base theory

H—ClI:
Acid

(proton donor)

Base
(proton acceptor)

Acid Conjugate Conjugate
acid base

91



Bransted-Lowry Acid & Base

* Arrow-pushing

@m

Base

.'O'.

)J\ _— > H20 + @..)J\
O, :0

Acid

Conjugate
acid

Conjugate
base
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Bransted-Lowry Acid & Baseé

* Direction of arrow — flowing of electrons

GIDB'/+_\H—(\A —— B—H

[ ] A —

base acid conjugate acid

_I_

©
A

conjugate base
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Bransted-Lowry Acid & Basée

* Practice

Draw a mechanism for the following acid-base reaction. Label the acid, base, conjugate acid,
and conjugate base:

o5 o NS O .o
O+ CHOf —=—— HO: + CHy0OH

H H
Water Methoxide Hydroxide Methanol
0 /;H\&S@ —— HOY + CHyOH
H A H 35" s 3

Acid Base
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Acidity and pK,

* Measurement of acidity: pK,

HA + H,O ——

A~ +

_ [H3O™T[AT]

*3 [HA] [H,0]

Ka = Keq [Hy0] =

[H3O™] [A~]

[HA]

PKy = —log Ky

HzO*
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Acidity and pK,

. Conjugate . Conjugate . Conjugate
Acid K Acid K Acid K
Pfa Base Pfa Base P%a Base
: o) O O o O 0 o)
H—O—|SI—O—H -9 H—O—S—Oe /U>(U\ 9.0 )Jﬁa)k )S(H 19.2 )S\e
o H H H H H H H
" 0 © H—C=C—H 25 H—c=c"
=73 O« 0 - -
X o - o
H
"""""""""""""""""""""""""""""""""""" | 38 E)
(e L Lt e /N\
Cl—H =7 cl 5 H H H H
s O O """"""""""""""""""""""""""""""""""""""
; H™ O H 15.7 H H\ H H\ /H
o -1.74 o o c=¢ 44 o=¢
H ® H H H /\O/H 16 P H H H
i 4.75 i >< HH\C C/HH 50 HH\C C/HH
o e N Sod- Sod
o ° o e |_l/ \H H/ ©
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Acidity and pK,

* pK, can be used to determine the direction of acid-base reactions

0 0 . O O
coon = J . T
M . H™ “H
S

pK, = 9.0 pK, = 15.7
0 0 o 0 0
c o om=a J|_ I+ o
M = H” H
&

the reaction goes forward
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Acidity and pK,

* Practice

3.29 In each of the following cases, identify whether the reagent shown is suitable to
accomplish the task described. Explain why or why not:

©
N o) o)
(a) To protonate \r Y using H,0 (d) To protonate /U\)J\ using H,0

S)

|
(b) To protonate usin N (e) To protonate using H,O
S g S
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Lewis Acid & Base

* Lewis acid & base theory

7 N\

proton acid & base H/"O‘\H + H—CL
reaction Base Acid

—_—
<

(electron-pair (electron-pair

donor) acceptor)

non-proton acid & base H/O\H * F/B\F
reaction
Base Acid
(electron-pair (electron-pair

donor) acceptor)

..O
T :Cl:
AN
qgr—%lF
H F
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Lewis Acid & Base

* Practice
5 III
Identify the Lewis acid and the Lewis base in the '|-I < 7 H—I|3(iH
reaction between BH3 and THF. T " ‘ o?
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