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from
 heats of hydrogenation-relative stabilities of 

conjugated vs
unconjugated dienes

can be studied:

DDD DH
0

-237 (-56.5)
1,3-B

u
tad

ie
n

e

-126 (-30.1)

-127 (-30.3)

kJ (kcal)/m
ol

N
am

e

1-P
e

n
te

n
e

1-B
u

te
n

e

tran
s-1,3-P

e
n

tad
ie

n
e

1,4-P
e

n
tad

ie
n

e

tra
ns-2-B

u
te

n
e

-115 (-27.6)

cis-2-B
u

te
n

e
-120 (-28.6)

-226 (-54.1)

-254 (-60.8)

S
tru

ctu
ral

F
orm

u
la

C
onjugated 

C
onjugated 

D
ienes

D
ienes

conjugated
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conjugation of the double bonds in 
1,3-butadiene gives an extra stability of 

approxim
ately 17 kJ (4.1 kcal)/m

ol

2
H

2
+

cataly
st

DDD DH
0=

 2(-127 kJ/m
o

l) 

         =
 -254 kJ/m

o
l)

2
2

2
H

2
+

DDD DH
0 =

 -237 kJ/m
o

l
cataly

st

C
onjugated 

C
onjugated 

D
ienes

D
ienes
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C
onjugated 

C
onjugated 

D
ienes

D
ienes
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–
system

s containing conjugated double bonds, 
not just those of dienes, are m

ore stable than 
those containing unconjugated double bonds

3-C
ycloh

e
xe

n
o

n
e

(le
ss s

tab
le

)
2-C

y
clo

h
e

xe
n

o
n

e
(m

o
re

 s
tab

le
)

O
O

C
onjugated S

ystem
s

C
onjugated S

ystem
s

M
ost significant are a,b

-unsaturated carbonyl 
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O

O
H

O

N
u

N
u

1,2 A
ddition

K
ineticP

roduct
R

Li and R
M

gB
r

1,4 A
ddition

T
herm

odynam
ic P

roduct
R

2 C
uLi and R

M
gB

r/C
u

�



�!

1,2 
1,2 vs vs

1,4
1,4

- -A
ddition

A
ddition
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S
im

ple 
S

im
ple R

xn
R

xn
C

oordinate D
iagram

C
oordinate D

iagram

D
 

D
 D 

D
 H

 is (-)

e.g. an S
n2 M

echanism
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A
 T

w
o S

tep M
echanism

:
A

 T
w

o S
tep M

echanism
:

D
 

D
 D 

D
 H

 is (-)

�
�

e.g. an S
n1 M

echanism
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•
A

ddition of 1 m
ol of H

B
r to butadiene at     

-78°C
 gives a m

ixture of tw
o constitutional 

isom
ers:

–
these products can be explained by the 
follow

ing tw
o-step m

echanism

1-B
rom

o-2-butene
10%

(1,4-addition)

-78°C

+

+

3-B
rom

o-1-butene
90%

(1,2-addition)

C
H

2
=

C
H

-C
H

=
C

H
2

H
B

r

C
H

2
=

C
H

-C
H

-C
H

2
C

H
2

-C
H

=
C

H
-C

H
2

1,3-B
utadiene

H
H

B
r

B
r

1,2  
1,2  vs vs

1,4
1,4

- -A
ddition

A
ddition
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the key interm
ediate is a resonance-stabilized allylic 

carbocation: 1,2
1,2

- -
and 1,4
and 1,4

- -A
ddition

A
ddition
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90%
10%
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K
inetic 

K
inetic 

vs vs
T

herm
odynam

ic C
ontrol

T
herm

odynam
ic C

ontrol

DDD D
G

o
=

  DDD D
H

o
–

T
 DDD DS

o
G

ibbs F
ree energy

DDD D
G

�
=

  DDD D
H

 �–
T

 DDD DS
�

F
or transition states:

90%
10%
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•
A

ddition of 1 m
ole of B

r2
to butadiene at    

-15°C
 also gives a m

ixture of tw
o 

constitutional isom
ers:

–
the form

ation of these 1,2-
and 1,4-addition 

products occurs by a sim
ilar m

echanism
–

T
he product distribution is m

ore balanced

-15°C

3,4-D
ibrom

o-1-butene
(54%

)
(1,2-addition)

1,4-D
ibrom

o-2-butene
(46%

)
(1,4-addition)

+

+

1,3-B
utadiene

C
H

2
=

C
H

-C
H

=
C

H
2

B
r

2

C
H

2
-C

H
=

C
H

-C
H

2
C

H
2

-C
H

-C
H

=
C

H
2

B
r

B
r

B
r

B
r

1,2
1,2

- -
and 1,4
and 1,4

- -A
ddition

A
ddition
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E
xperim

ental Inform
ation

E
xperim

ental Inform
ation

1.
for addition of H

B
r at -78°C

 and B
r

2
at -15°C

, the 
1,2-addition products predom

inate; at higher 
tem

peratures (40°to 60°C
), the 1,4-addition 

products predom
inate

2.
if the products of the low

 tem
perature addition are 

w
arm

ed to the higher tem
perature, the product 

com
position becom

es identical to the higher 
tem

perature distribution; the sam
e result can be 

accom
plished using a Lew

is acid catalyst, such as 
F

eC
l3

or Z
nC

l2
3.

if either pure 1,2-
or pure 1,4-

addition product is 
dissolved in an inert solvent at the higher 
tem

perature and a Lew
is acid catalyst added, an 

equilibrium
 m

ixture of 1,2-
and 1,4-product form

s; 
the sam

e equilibrium
 m

ixture is obtained regardless 
of w

hich isom
er is used as the starting m

aterial



��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

CH
2

C
H

C
C

H
2

B
r

H

CH
2
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C
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H

B
r

B
r

B
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CH
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C
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C
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H
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B
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H
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C
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•
Interpret these results using the concepts 
of kinetic and therm

odynam
ic control of 

reactions
• •

K
inetic control:

K
inetic control:

the distribution of 
products is determ

ined by their relative 
rates of form

ation
–

in addition of H
B

r and B
r2

to a conjugated 
diene, 1,2-addition occurs faster

than 1,4-
addition

C
H

2
=

C
H

-C
H

-C
H

3
C

H
2

-C
H

=
C

H
-C

H
3

a 2° ally
lic carb

ocation
(g

re
ate

r co
n

trib
u

tion
)

a 1° allylic carb
o

catio
n

(le
ss

e
r con

trib
u

tio
n

)

+
+

1,2
1,2

- -
and 1,4
and 1,4

- -A
ddition

A
ddition
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• •
T

herm
odynam

ic control:
T

herm
odynam

ic control:
the distribution 

of products is determ
ined by their relative 

stabilities
–

in addition of H
B

r and B
r2

to a butadiene, the 
1,4-addition product is m

ore stable
than the 

1,2-addition product

B
rC

H
2C

C

H

H
C

H
2

Br

B
rC

H
2

C
H

C
H

=
C

H
2

B
r

3,4-D
ib

ro
m

o
-1-b

u
te

n
e

  (le
ss

 stab
le

 alk
e

n
e

)

+

(E
)-1,4-D

ib
ro

m
o-2-b

u
te

n
e

    (m
ore

 stab
le

 alke
n

e
)

1,2
1,2

- -
and 1,4
and 1,4

- -A
ddition

A
ddition
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•
Is it a general rule that w

here tw
o or m

ore 
products are form

ed from
 a com

m
on 

interm
ediate, that the therm

odynam
ically 

less stable product is form
ed at a greater 

rate?

1,2
1,2

- -
and 1,4
and 1,4

- -A
ddition

A
ddition

•
N

o–
w

hether the therm
odynam

ically m
ore or less 

stable product is form
ed at a greater rate from

 
a com

m
on interm

ediate depends very m
uch 

on the particular reaction and reaction 
conditions
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O

C
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O
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C
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O
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C
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B
enzene &

 
B

enzene &
 

A
rom

aticity
A

rom
aticity
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B
enzene 

B
enzene - -

K
ekul

K
ekulé é

•
T

he first structure for benzene w
as proposed by 

A
ugust K

ekulé
in 1872:

•
T

his structure, how
ever, did not account for the 

unusual chem
ical reactivity of benzene

CC
C

C C
C H

HH

H

H H
CC

C
C C

C H

HH

H

H H
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B
enzene 

B
enzene - -

R
esonance M

odel
R

esonance M
odel

•
T

he concepts of hybridization of atom
ic orbitals 

and the theory of resonance, developed in the 
1930s, provided the first adequate description of 
benzene’s structure
–

the carbon skeleton is a regular hexagon
–

all C
-C

-C
 and H

-C
-C

 bond angles 120°sp
2-sp

2

sss s
sss s

sp
2-1

s
109 p

m

1
2

0
°

1
2

0
°

1
2

0
°

139 p
m

C

C

C

C

C
C

H

H
H

H

H
H
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T
he p

system
 of benzene:

1.
the carbon fram

ew
ork w

ith the six 2p
orbitals

2.
overlap of the parallel 2p

orbitals form
s one torus 

above the plane of the ring and another below
 it

3.
this orbital represents the low

est-lying pi-bonding 
m

olecular orbital

B
enzene 

B
enzene - -

R
esonance M

odel
R

esonance M
odel
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•
B

enzene is represented as a hybrid of tw
o 

equivalent K
ekulé

structures
–

each m
akes an equal contribution to the 

hybrid and thus the C
-C

 bonds are neither 
double nor single, but som

ething in betw
een

B
e

n
ze

n
e

 as
 a h

y
b

rid
 o

f tw
o

 e
q

u
ivale

n
t

co
n

trib
u

tin
g s

tru
ctu

re
s

B
enzene 

B
enzene - -

R
esonance M

odel
R

esonance M
odel��������	
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• •
R

esonance energy:
R

esonance energy:
the difference in 

energy betw
een a resonance hybrid and 

the m
ost stable of its hypothetical 

contributing structures in w
hich electrons 

are localized on particular atom
s and in 

particular bonds
–

one w
ay to estim

ate the resonance energy of 
benzene is to com

pare the heats of 
hydrogenation

of benzene and cyclohexene

B
enzene 

B
enzene - -

R
esonance M

odel
R

esonance M
odel
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3(-119.7 kJ/m
ol)
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C
oncept of A

rom
aticity

C
oncept of A

rom
aticity

T
he underlying criteria for arom

aticity w
ere 

recognized in the early 1930s by E
rich H

ückel,  
based on m

olecular orbital (M
O

) calculations 

T
o be arom

atic, a com
pound m

ust:
1.be cyclic
2.have one p

orbital on each atom
 of the 

ring

3.be planar or nearly planar so that there is 
continuous or nearly continuous overlap 
of all p

orbitals of the ring

4.have a closed loop of (4
n

+
 2) ppp p

electrons 
in the cyclic arrangem

ent of 
p

orbitals



��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

A
ntiarom

atic H
ydrocarbons

A
ntiarom

atic H
ydrocarbons

• •
A

ntiarom
atic hydrocarbon:

A
ntiarom

atic hydrocarbon:
a m

onocyclic, 

planar, fully conjugated hydrocarbon w
ith 4

n
ppp p

electrons (4, 8, 12, 16, 20...)
–

an antiarom
atic hydrocarbon is especially unstable 

relative to an open-chain fully conjugated 
hydrocarbon of the sam

e num
ber of carbon atom

s

E
.G

. C
yclobutadiene

is antiarom
atic

–
in the ground-state electron configuration of this 
m

olecule, tw
o electrons fill the p

1
bonding M

O
–

the rem
aining  tw

o electrons lie in the p
2

and p
3

nonbonding M
O

s
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C

C

C
C

H

H

H

H

H

H

H

H

C
yclobutane can

adopt a "puckered"
conform

ation

C
yclobutadiene is

strained and has
electrons in 
nonbonding orbitals
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H
eterocyclic A

rom
atics

H
eterocyclic A

rom
atics

• •
H

eterocyclic com
pound:

H
eterocyclic com

pound:a com
pound that 

contains m
ore than one kind of atom

 in a 
ring  
–

in organic chem
istry, the term

 refers to a ring 
w

ith one or m
ore atom

s are other than carbon

•
P

yridine and pyrim
idine are heterocyclic 

analogs of benzene; each is arom
atic.

P
y

rid
in

e

N

N

N•
•

•
•

••

P
y

rim
id

in
e

1
2 3

4

56

1
2 3

4

56
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P
yridine

P
yridine

–
the nitrogen atom

 of pyridine is sp
2 hybridized

–
the unshared pair of electrons lies in an sp

2

hybrid orbital and is not a part of the six p
electrons of the arom

atic system
–

pyridine has a resonance energy of 134 kJ 
(32 kcal)/m

ol, slightly less than that of 
benzene

N
•

••

••

•

th
is orb

ital is p
erp

en
d

icu
lar

to
 th

e
 six 2p

 o
rb

itals o
f th

e
p

i syste
mth
is p

air o
f e

le
ctro

n
s

is n
o

t a p
art o

f th
e

 
4n

 +
 2 p

i e
le

ctro
n

s
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F
uran

F
uran

–
the oxygen atom

 of furan is sp
2

hybridized
–

one unshared pairs of electrons on oxygen lies in an 
unhybridized 2p

orbital and is a part of the arom
atic 

sextet
–

the other unshared pair lies in an sp
2

hybrid orbital 
and is not a part of the arom

atic system
–

the resonance energy of furan is 67 kJ (16 kcal)/m
ol

O
•

th
is p

air o
f 

e
le

ctro
n

s
is n

o
t

•

•
•

th
is p

air of electron
s

is a p
art o

f th
e

 
4n

 +
 2 p

i e
le

ctro
n

s
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O
ther H

eterocyclics
O

ther H
eterocyclics

P
urine

Indole N

NN
N

N

H

H

NH

C
H

2
C

H
2

N
H

2

         S
erotonin

(a neurotransm
itter)

H
O

C
affeine

NN
N

N

O

O

H
3

C
C

H
3

C
H

3
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C
yclopentadienyl A

nion
C

yclopentadienyl A
nion

•
T

o convert cyclopentadiene to an arom
atic 

ion, it is necessary to convert the C
H

2
group to a C

H
  group in w

hich carbon 
becom

es sp
2

hybridized and has 2 
electrons in its unhybridized 2p

orbital

•
•

•
•

H

H
H

H

H

th
e

 orig
in

 o
f th

e
 6 p

i e
le

ctro
n

s
in

 th
e

 cy
clo

p
e

n
tad

ie
n

y
l an

io
n

C
y

clo
p

e
n

tad
ie

n
y

l an
io

n
          (aro

m
atic)

H
HH

H

H
:

H

H
HH

H
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•
T

he pK
a

of cyclopentadiene is 16
–

in aqueous N
aO

H
, it is in equilibrium

 w
ith its 

sodium
 salt

–
it is converted com

pletely
to its anion by very 

strong bases such as N
aN

H
2 , N

aH
, and LD

A

p
K

a
 1

5
.7

p
K

a
 1

6.0

N
a

+  +
  H

2
O

H

HH

H H

C
H

2
+

 N
aO

H
:

C
yclopentadienyl

C
yclopentadienyl

A
nion

A
nion


