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Aromaticity
Reactions of

Benzene

Aromatic Compounds Are Unusually Stable

Benzene is an aromatic compound

Pt/C
= H, — AH® = -28.6 keal/mol (-120 kl/mol)
experimental

cyclohexene

Pt/C
+ 3H, — AH® = —85.8 keal/mol (-359 kl/mol)
calculated
“cyclohexatriene”
hypothetical
+ 3H; R AH® = -49.8 kcal/mol (-208 kJ/mol)
experimental
benzene
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14.2 Criteria for Aromaticity

1. A compound must have uninterrupted cyclic cloud of
7 electrons above and below the plane of the molecule
(cyclic, p orbital, planar)

s e

2. The = cloud must contain an odd number of pairs
of & electrons

14.1 Aromatic

* In 1825, Michael Faraday, extracted a
compound named benzene after heating
whale oil under pressure to produce a gas
used to illuminate building

* “Pheno” (“to shine)

Aromatic (pleasing fragrances) vs. aliphatic
compounds

Benzene is unusually stable because of electron
delocalization

[Compounds with unusually large resonance energies,
ike benzene, are called aromatic compounds

“cyclohexatriene® + 3 Hy

36 kealimol
(151 klimol)

i

benzene + 3 H;
AH’ = -85.8 keal/mol
(~359 ki/mol)

cyclohexane

AH" =-49.8 kealimol
(~208 kifmol)

Potential energy

Copyrighl © 2007 Pearson Prerticn Hall Inc.

Bonding in Ethene: A Double Bond

Ethene: CH,=CH,, sp? hybridization

- o bond formed b

p by sp-s avertap
g .

a bond farmed by
sl overlap |

. H
1
5 Bomd

A double bond has one sigma bond and one pi bond.




where n is any whole number

Hiickel's Rule

 For a planar, cyclic compound to be aromatic, its
uninterrupted = cloud must contain (4n + 2) & electrons,

» That means (2n+1) pairs of p electrons

14.3 Aromatic Hydrocarbons

Monocyclic hydrocarbons with alternating single and
double bonds are called annulenes
S
o O
= S

cyclooctatetraene

cyclobutadiene benzene
[8]-annulene

[4]-annulene [6]-annulene
Cyclobutadiene is not aromatic because it has an even
number of electron pairs

Cyclooctatetraene is not aromatic because it is
nonplanar

Neither cyclopropene nor the cyclopropenyl anion is
aromatic

Y/ <« has two pairs of
electrons

yel Prop: yl lop
cation anion

resonance contributors for the cyclopropenyl cation

The cyclopropene
cation is aromatic

resonance hybrid

\ sp? SLS
cycloheptatriene cyclopentadiene
2 pairs of welectrons

interrupted = cloud
not aromatic

not aromatic

These compounds are aromatic

naphthalene phenanthrene

14.4 Aromatic Heterocyclic Compounds

thiophene

‘\_N/

pyridine pyrrole furan

A heterocyclic compound is a cyclic compound in which
one or more of the ring atoms is an atom other than

carbon




Pyridine Is Aromatic

thisis a
p orbital

these

electrons are

in an sp? orbital
perpendicular
to the p orbitals

orbital structure of pyridine

Pyrrole Is Aromatic

i I\ )

Lo = Kop o= & 0 e &, 0
N N N
H H H

resonance contributors of pyrrole

Furan Is Aromatic

20, 0.9
33
& o
(N — () — ) — L) —
o o o o

resanance contributors of furan

D QO o
N H

Examples of Heterocyclic
Aromatic Compounds

indole imidazole purine

15.4 The Effect of Aromaticity on the pK,
Values of Some Compounds

CHyCH, = CHyCH, + H*

pK, =50

/ /

0 — 0 e

H H H
cyclopentadiene cyclopentadienyl

pK, =15 anion

‘ The more stable its conjugate base, the stronger is the acid.

Aromaticity

‘-..'—\::'\ I{,_ ) =
(—>(\/<—>\._4—>_./<—>

resonance contributors

BB

resonance hybrid




Aromaticity influences chemical reactivity

Br Br
covalent lonic
bromide beomide
tropylium bromide

resanance hybrid

14.6 Antiaromaticity

A compound is antiaromatic if it is a planar, cyclic
compound with an uninterrupted ring of & cloud,
but it contains even number of pairs of & electrons

relative stabilities

aromatic compound = cyclic compound with localized clectrons = antiaromatic compound

|

15.7 A Molecular Orbital Description
of Aromaticity and Antiaromaticity

(© e — antibonding

3
"""""" —i | amtibonding
I MOs - MOs
| : TH'_T— banding MOs
27 H L rotng o
L emeeem—  —  antibonding @ antibonding
Mos AT - MO
e -Tt % b | = i3 _‘E‘_ nonbonding
: S } bonding MOs MO

J bonding MO

Energy

Energy

Frost device (or a Frost circle)

14.8 Nomenclature

©/<:| ©/No2 ©/CH2CH3

chlorobenzene nitrobenzene ethylbenzene
©/CH3 ©/OH ©/NH2 ©/CO3H
toulene phenol aniline benzenesulfonic acid
©/COOH CH,CHCH, CH,CHCH,CH,CH,
benzoic acid isopropylbenzene 2-phenylpentane

Phenyl and Benzyl Groups

- Q)on—

a phenyl group a benzyl group

Ol O

diphenyl ether dibenzyl ether

Aryl (Ar) Group

« An aryl group (Ar) is the general term for either a
phenyl group or a substituted phenyl group.

« ArOH could be any of the following:

OH OH OH

CH




14.9 Benzene is a nucleophile that reacts with an electrophile

product of
Z =24 electrophilic addition
Y
b a nonaromatic
_ﬂ‘{. compound
a
e N 1z
@ + B — ¥ product of
a electrophilic substitution
carbocation \\\- Y
intermediate @‘/ & s

an aromatic
compound

h-J
Mo

Reaction Coordinate Diagrams for the Two
Benzene Reactions

14.10 General Mechanism for Electrophilic
Aromatic Substitution of Benzene
=LY slow | 7 HY : v !

/N T N\e

\ 7" T |\ / _
®

fast | B:

N =
.*/ \.\"—/ \\\\ i
B ,-'! 2 HY \\\\ addition product
5 + Z S ——
& / \ Y
/ \ @l + HZ
/' @ + Y—Z '\__._-:m:i:u:ion product
Progress of the reaction
14.11 Halogenation of Benzene
bromination

FeB Br
©+Brgi‘ ©/ + HEBr

bromobenzene

mechanism for bromination

fr—8r" 4 FeBr, —— B —Hr—FeBr,
—
g

. W
— - - \ Br
O .-\:3}'—13'}'—'&3:‘ _— Q"’r 2., Q/

+ FeRry

mechanism for iodination

I oxidizing agent 2T+ 26

i o | 1
b — u
@ L O[ . O + HB*




14.12 Nitration of Benzene

mechanism for nitration

F T H G
H{—NO, + H—OSOH == HO7NO, = 'NO, + Hyl
nitric acid » nitronium ion

+ HSO03
+

—
—~ toff B NO,
@ + 'NO, — NO: — Q/ + HB®

14.13 Sulfonation of Benzene

mechanism for sulfonation

g O 0 0:

y il ¥ g IR F .. | H -
HO—5—8H + HO—5—0H = H}—S550H + {—5—-0H
| | || \r I
g o o o

sulfuric acid ]
£

50p + Hib = H@i—ﬁ* + Hafdt
0

s
st *p”_‘ B SO4H
+ 'SOH = @Lw‘” = ©/ + HB'

Sulfonation of benzene is a reversible reaction.

mechanism for desulfonation
,/éb]'l_i'--\‘ +~\80;H
@/ v H = O“ = [ ]+ *som

Principle of microscopic reversibility.

transition state for the rate-d ining step
in the forward direction and for the
== rate-determining step in the reverse direction
\ =
/N LN
/ bl

£/ \
SOH
/ A
/ SO;H
_:"f Y @ + H*
% @ + SO \
'/

Free energy

_
Progress of the reaction

14.14 Friedel-Crafts acylation must be carried out with more
than one equivalent of AICI,

Friedel-Crafts acylation
O

]
(”) AlCH =k
P 1. AlCly g
@ W RS- 2. A0 d Q/ + HCI
an acyl chloride

¢]

[0} (8]

hssi) 0
] Il 1. AlCly |
+ R—C—0—C—R —qu5* + R—C—OH
an acld anhydride :

14.15 Friedel-Crafts Alkylation of Benzene

mechanism for the Friedel-Crafts alkylation

<
+ AIC; — RY + AICK




The carbocation will rearrange to a more stable species

$H|
CHOHACH, CH,CH,CH,CH;
DT e :
+  CHCHCHCHE  —geg +

1 1-phenylbutane
rearranged alieyl unrearranged alkyl
substituent substituent
5%

cu.Cuncu‘éu_- dhydride shift, CHCH,CHCH,

CHy
I

‘l—'H* i CCH,CH,
@ + {“.H_\(lfl"H:CI S, 0/([,”‘
Zmeth

CH,

1-chloro-2.2-dimethylprop yl-2-pheny
rearranged alkyl
substituent

CHy

CHZLi‘cH_.
oY%

2.2-dimathyl-1-phenylpropana

unrearranged alkyl
substituent

o, CH,

+ 1,2-methyl shift

CHyCCH, SEMEEEES CHyCCH\CH,
CH,

1 a tertiary carbocation
a primary carbocation td

Alkylation of benzene by an alkene

CH,

alkylation of benzene by an alcohol

(i_‘l'l_‘

--.». ., _CHCHy
P Wb 3
[ ]+ chcnen, 22 L
~ | 4 v

OH isopropylbenzene
cumene

14.16 It is not possible to obtain a good yield of an
alkylbenzene containing a straight-chain group via Friedel—
Crafts alkylation

i
A CHCH,CH, CHyCHyCHACHy
@ + CHICH,CHICHLCl ——— O + @I

major product minor product

However, a Friedel-Crafts acylation—-reduction works well

0
|
']
b CCH,CH,CH, o CHLCHCHCH,
1, Al o7 redudtis S L LR
O + CHCILEHCE 5ot g R, C];
acyl-substituted benzene alkyl-substituted benzene

This method avoids using a large excess of benzene in
the reaction




Methodologies Used for
the Reduction Step

CH,CH,CH
Zn(Hg), HC, A RS
Clemmensen
reduction

~ CH,CH,CH;
H;NNH;, HO™, A o -
Wolff-Kishner

reduction

0
: 'CCH,CH,

One needs to consider an alternative if there is another
functional group present in the compound

Zn(Hg), HCl, A = -CH:CH;
e /0

-CCH;

=

—

\ ) CH,CH,4
HzNNH3, HO™, A
OH

14.19 Chemical Modification of Substituents of
Benzene
Reactions of alkyl substituents

Br
. -CH;CH,CH; g __CHCH,CH,
|\/r + NBS ——— C| + HB
peroxide =

propylbenzene 1-bromo-1-phenylpropane
Copyright © 2007 Pearson Prentice Hall, inc.

The resulting halide product can undergo a nucleophilic
substitution reaction

CH,OH

-y
HO 1 *T 3
. * o Br
/ L.Ué:
benzyl alcohol
A CHBE L g CHC=N
f —= | + B
frenzyl bromide phenylacetonitrile
CH,NH, Br . CH,NH,
\ P S T2
L. By ,,‘J LS T + HO + Br
S S~

benzylamine
Copyright © 2007 Pearson Prentice Hall, Inc.

Remember that halo-substituted alkyl groups can also
undergo E2 and E1 reactions (Section 9.8)

I|3r
CHCH; CH=CH,
O/ Y tertBuo- O/
——
1-bromo-1-phenylethane styrene

Copyright © 2007 Pearson Prentice Hall, inc.

Substitutions with double and triple bonds can undergo
Catalytic hydrogenation (Section 4.11 and 6.9)

CH=CH, CH,CH,
@ Pom, B O/

styrene ethylbenzene

c & CH,NH,
s ENe|

benzonitrile benzylamine

Coppright © 2007 Paaraon Pransos Hall inc




OH

benzaldehyde benzyl alcohol

Capyright 3007 Pearsn Prontics Hal. e

The same reagent that oxidizes alkyl substituents will
oxidize benzylic alcohols

OH

|
CHCH;
U NayCr,07, H*
A

1-phenylethanol

L&
o

benzoic acid
Capyright © 2007 Pearson Prentice Hall, Inc.

Oxidation of an alkyl group bonded to a benzene ring...

CH; COOH
? 1.KMnO4, A
_
O/ 2.H' O/

toluene benzoic acid

Provided that a hydrogen is bonded to the benzylic
carbon,

CH,CH,CH,CH; COOH
NayCry0y, H'
A

(|:HCH3 COOH

m-benzenedicarboxylic acid
CH;

im-butylisopropylbenzene
Copynght © 2007 Pearsan Prantice Hall, Inc

However, aldehydes or ketones can be generated if a
milder oxidizing agent is used

I 1

|
CHCH €
O’ 3 MnO; O’ “CH;
A

1-phenylethanol acetophenone

8 P

CH, C
gt e
A

phenylmethanol benzaldehyde
benzyl alcohol

Copyrighl ©.3007 Pearson Promtce He. i

Reducing a Nitro Substituent

NO, NH, NH,
Sn, HCl HO-
f _Sn, HCl , + Hy0)

nitrobenzene protonated aniline
aniline
anilinium ion

NO, {H»
CI/ Dy paie ONH_
+H —

Copyright © 2007 Pearson Prentice Hail, Inc.

t is possible to selectively reduce just one of the two nitro|
roups

NO, NH,
(NH,4),S

NO, NO,

1,3-dinitrobenzene

Copynght © 2007 Pearson Prantice Hall Inc

3-nitroaniline




Homework

31,37, 39, 43

10



