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Expected Outcomes

In the completion of this chapter, student will have
the ability to:

- Compare and identify aromatic, antiaromatic and
nonaromatic compounds
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Background

 Benzene does not undergo addition reactions like other unsaturated
hydrocarbons, because addition would yield a product that is not

aromatic.
« Substitution of a hydrogen keeps the aromatic ring intact.

» There are five main examples of electrophilic aromatic substitution.

H

H X, X

Addition | s <— The product is not aromatic.

H X
H

H E

S EY
Stibettinton | @ — ©/ <— The product is aromatic.
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Electrophilic Substitution

The most common reaction of aromatic compounds is electrophilic aromatic
substitution, a process in which an electrophile (E*) reacts with an aromatic

ring and substitutes for one of the hydrogens:

Lo &
\CQ — }C—CKH — C{C—CXH
VA TN | TS
Alkene Carbocation Addition product

intermediate
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Hal C‘m

Halogenation \ / Acylation

NO, R
é_____..----"' ""—-._____a

Aromatic ring

Nitration l Alkylation

SO3H

Sulfonation
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Five
examples of
electrophilic
aromatic
substitution

Reaction

Electrophile

[1] Halogenation—Replacemeant of H by X {Cl or Br)

Universiti
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H X
U Xz U E*=CI* or Brt
Fﬁxa
X=0Cl aryl halide
X=Br
[2] Nitration—Replacement of H by NO,
H NO,
O = O EE
—_—
H.50,
nitrobenzens
[3] Sulfonation—Replacement of H by S0,H
H S0OyH -
O w7 =
HaS0y
benzenesulfonic acid
[4] Friedel-Crafts alkylation—Replacement of H by R

H R
g e U
—_—F
AICI;

alkyl banzene
(arane)

E*=R"

[5] Friedel-Crafts acylation—Replacement of H by RCO

O
[

H C..
U RCOCI @’ R
_
AICI,

katana

Friedel-Crafts alkylation
and acylation, named for
= Charles Friedel and James
E* =RCO Crafts who discovered the
reactions in the nineteenth

century, form new carbon-
carbon bonds.
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1- Addition of the elcrtophile (E ) to form a carbocation

H
® E
* E e
(&)

- = H
+
H H ® H 5
E E E|l—— E
B e B —
® ® st &t
(Resonance-stablized carbocation) ) (Hybrid)

2- Loss of a proton to re-form the aromatic ring

H‘/\ c
E

+ ‘B _— > + HB
®
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H E

@
1- Addition of the elcrtophile (E ) to form a carbocation

2- Loss of a proton to re-form the aromatic ring
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Halogenation of Benzene

- Benzene's n electrons participate as a Lewis
base in reactions with Lewis acids

— Lewis acid: electron pair acceptor

— Lewis base: eleciron pair donor

- The product is formed by loss of a profon, which
Is replaced by a halogen




Bromination Reaction
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Br—Br + FeBr3 —— Brf “FeBry

Br Br + Br
/ Br* ~FeBr, H H H
—_— — —
+ +

An electron pair from the benzene ring
attacks the positively polarized bromine,
forming a new C-Br bond and leaving a
nonaromatic carbocation intermediate.

Br

\ %

+ HBr + FeBry

A base removes HT from the carbocation
intermediate, and the neutral substitution
product forms as two electrons from the

C-H bond move to re-form the aromatic
ring.
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H Cl

FeClg
+ Clh —/—(—— + HCI
catalyst

Chlorobenzene (86%)

lodination Reaction

I, + 2Cu?* —— 21* + 2cCu*

I
/ﬂlI+ f:Base I
</ "H E—

I, + CuCl,

Benzene Iodobenzene (65%)
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Nitration and Sulfonation

* Nitration and sulfonation intfroduce two different functional groups intfo the
aromatic ring.

» Nifration is especially useful because the nitro group can be reduced to
an NH, group.

H HNG NO, | NH,
Nitration | 3 _, Sn/HC >
H,S0,

nitrobenzene aniline

H 55 SO4H
Sulfonation | e R FS
H,S0,

benzenesulfonic acid
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Aromatic Nitration Q

Aromatic rings can be nitrated by reaction with a mixture of concentrated nitric
and sulfuric acids. The electrophile is the nitronium ion, NO, + which is gener-
ated from HNOg, by protonation and loss of water. The nitronium ion reacts with
benzene to yield a carbocation intermediate, and loss of H* from this intermedi-
ate gives the neutral substitution product, nitrobenzene.

(0]
. 4 AN 1
O—N* + H-SO0; — :0—N* — H,0 + Nt
/ ) 2o 77 A ? ||
H 0 H ) 0
Nitric acid Nitronium ion
0 0
+ N
o=RLd WNeo .. I,
#""-_-_:DH.E "‘\.D_
+ Hgﬂl
+

- - The mechanism of
Nitrobenzene electrophilic nitration of an aro-
matic ring. An electrostatic
potential map of the reactive
electrophile NO,* shows that
the nitrogen atom is most posi-
tive (blue).
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Aromatic Sulfonation

Aromatic rings can be sulfonated in the laboratory by reaction with fuming
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v

sulfuric acid, a mixture of H,SO4 and SOj. The reactive electrophile is either
HSO3* or neutral SO3, depending on reaction conditions, and substitution
occurs by the same two-step mechanism seen previously for bromination and

nitration.

o-
|

2SL_ + Hy80,4

0

Sulfur trioxide

o=s"*

The mechanism of
electrophilic sulfonation of an
aromatic ring. An electrostatic

Benzenesulfonic acid potential map of the reactive

electrophile HOSO, ™ shows that
sulfur and hydrogen are the most
positive atoms (blue).

Communitising Technoluy



Freidel Crafts Acylation Universiti
Malaysia
R PAHANG
AICI,
+ R—ClI —_—

® ©
R+ ACl

\

R—CI + AICl

H

® R

+ R
—_—
®
H H ® H
R R R
e S B
® ®

H

R
R e
+ AC, — > + ACl, + HCI
®
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Friedel-Crafts Alkylation Q Universiti

Cl

| +
CHsCHCH + AICl3 —— CH3CHCHg AICI4

CH38HCH3 AICl4~

An electron pair from the
aromatic ring attacks the
carbocation, forming a C-C
bond and yielding a new

carbocation intermediate.
" _

| CH3
CHCH4 |

CHCH3

SH
" *_ﬁﬁ“\\ + HCI + AICl

gives the neutral alkylated
substitution product.
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0 ¢
-
| AICl5 CHg
+ L oC
HaC cr 80
Benzene Acetyl chloride Acetophenone (95%)
| AICl3 + . ey
g — = RC=Q — R—C=0" + AlC
An acyl cation
O
\__R o
c— |
"M C\R
+ RC=0 — «:H\ vt + HCl + AICl
AICI,~

Mechanism of the Friedel-Crafts acylation reaction. The electrophile is a
resonance-stabilized acyl cation, whose electrostatic potential map indicates that carbon
is the most positive atom (blue).
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Orientation of Benzene

©/ SO;H
NO, R
©/ Sulfonation ©/

Nitration \ / Alkylation

0
g

X
0 — —

Halogenation Acylation

© 2004 Thomson/Brooks Cole
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Substituent Effects in Substituted Aromatic Rings

A substituent present on an aromatic ring affects:

« the reactivity of the aromatic ring

 the orientation of the reaction




Substituents affect the reactivity of the aromatic ring

Substituents may

« activate the ring, make it (much) more reactive
than benzene or

« deactivate the ring, make it (much) less reactive
than benzene

<8 O/O/O

B 10 0.033 1000

Reactivity
ommunitising Technolo

Relative rate
of nitration




Classification of Substituent Effect

Substituents can be classified as:

« ortho- and para-directing activators,
« ortho- and para-directing deactivators, and
 meta-directing deactivators

Benzene
0 0 y
| | - ~ — CHj3 o P
—NO, —SO;H —COH —CH —Br: —F: (alkyl) —OCH; —NH,
| I |
Reactivity
| |
+ : 0 O ys O -
—NRs; —C=N [ I —.I.: —(_.I: —H O _— —OH
—CCH; —COCHg4 —NHCCH,4
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators



The directing effects of the groups correlate QU“WSW

Malaysia
. . . e . G
with their relativities: e
« All meta-directing groups are strongly
deactivating
* Most ortho- and para-directing groups are
activating

 Halogens are unique being ortho- and para-
directing but weakly deactivating

Benzene

O O .
| | ia o — CHg = o
—NO, —SOz;H —COH —CH —Br: —F: (alkyl) —OCH; —NH,
| |
Reactivity
+ O O e e C -
—NR; —C=N I [ —I: —C.]: —H @ » ||) —OH
—CCH; —COCHj4 —NHCCH;4
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators



. Halogens, C=0, C=N, and NO, inductively Qﬁﬂ,fgag,gé
withdraw electrons through ¢ bond connected

Engnesning + Technology + Creamwity

to ring
0°~ 0
$ ” 5+ o+ S— “
3+ X Cﬁ C=N NE
7 7 7 ¥ O

X =F, Cl, Br, I)

The groups attached to the aromatic rings are inductively electron-
withdrawing because of the polarity of their bonds.
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« Alkyl groups inductively donate electrons

__CH,4

Alkyl group; inductively electron-donating




Summary of Substituent Effects in Aromatic Substitution

TABLE Substituent Effects in Electrophilic Aromatic Substitution
Substituent Reactivity Orientation Inductive effect Resonance effect
CH, Activating Ortho, para Weak: None
= electron-donating
-OH, Activating Ortho, para Weak; Strong:
—jéllg electron-withdrawing electron-donating
—.1‘?3. —(_“1:- Deactivating Ortho, para Strong; Weak;
AL electron-withdrawing electron-donating
-Br:, -I:
-N(CHj3)q Deactivating Meta Strong; None
electron-withdrawing
NO,, —CN, Deactivating Meta Strong; Strong;

CHO, —CO,CHs,

COCHs,

electron-withdrawing

electron-withdrawing




