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Benzene Benzaldehyde Methyl salicylate
(in oil of almonds) (in oil of wintergreen)
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Eugenol Cinnamaldehyde Vanillin Acetylsalicylic acid
(in oil of cloves) (in oil of cinnamon) (in oil of vanilla) (aspirin)
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&' Two equivalent structures, which
o differ in the position of their
double-bond electrons. Neither

structure is correct by itself

(a) (b) (c)
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Two systems are used in naming monosubstituted benzenes.

® In many simple compounds, benzene is the parent name and the substituent is

simply indicated by a prefix.

For example, we have

F Cl Br NO,
Fluorobenzene Chlorobenzene Bromobenzene Nitrobenzene

® For other simple and common compounds, the substituent and the benzene ring
taken together may form a commonly accepted parent name.
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Methylbenzene is usually called toluene, hydroxybenzene is almost always called phenol,
and aminobenzene is almost always called aniline. These and other examples are indicated
here:

. H H.. H
CH, :07 N
Toluene Phenol Aniline
.. -CHj
SO,H Jo} ‘0" :07
OH

Benzenesulfonic acid Benzoic acid Acetophenone Anisole



® When two substituents are present, their relative positions are indicated by the
prefixes ortho-, meta-, and para- (abbreviated o-, m-, and p-) or by the use of
numbers.

For the dibromobenzenes we have

Br Br
@[Br
Br Br
Br
1,2-Dibromobenzene 1,3-Dibromobenzene 1,4-Dibromobenzene

(o-dibromobenzene) (m-dibromobenzene) (p-dibromobenzene)
ortho meta para

and for the nitrobenzoic acids

O 0] O
@\)I\OH OH OH
NO, O,N
NO,
2-Nitrobenzoic acid 3-Nitrobenzoic acid 4-Nitrobenzoic acid

(o-nitrobenzoic acid) (m-nitrobenzoic acid) (p-nitrobenzoic acid)

The dimethylbenzenes are often called xylenes:

@CH3 CH3 CH3
CH, : H,C

CH;
1,2-Dimethylbenzene 1,3-Dimethylbenzene 1,4-Dimethylbenzene
(o-xylene) (m-xylene) (b-xylene)



* If more than two groups are present on the benzene ring, their positions must be
indicated by the use of numbers.

As examples, consider the following two compounds:

Cl Br
e 1 Br
6 2 6 2
5 5 3
4 ° Cl 4
Br

1,2,3-Trichlorobenzene 1,2,4-Tribromobenzene
(not 1,3,4-tribromobenzene)
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https://en.wikipedia.org/wiki/Electrophilic_aromatic_substitution
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The nitration of benzene with nitric acid requires sulfuric acid as a catalyst.

NO,
@ + HNO; —220s, G/ + HO

nitrobenzene

To generate the necessary electrophile, sulfuric acid protonates nitric acid. Protonat-
ed nitric acid loses water to form a nitronium ion, the electrophile required for

nitration.
.:"'f_-_- _--ﬁ\ ™ H
HO—NO, + H—O0S0;H == HO;NO, = 'NO, + H, 0
nitric acid - nitronium ion
+ HSOj;

The mechanism for nitration is the same as the mechanisms described in Section 7.

mechanism for nitration

F
+ B
— i NO,
©+TU:=©L]\D]_‘©/ + HB™

* The electrophile attaches to the benzene ring.

* A base (:B) from the reaction mixture (for example, H>0, HSO4 , or solvent)
removes a proton from the carbocation intermediate, thereby reforming the
aromatic ring.



SULFONATION OF BENZENE

Fuming sulfuric acid (a solution of SOj; in sulfuric acid) or concentrated sulfuric acid
is used to sulfonate aromatic rings.

SOH
O + HSO;, = O/ + HO

benzenesulfonic acid

Take a minute to note the similarities in the mechanisms for forming the "SO;H
electrophile for sulfonation and the “NO; electrophile for nitration.

NN H 2
HQ—SO,H + H-O0SOH == H%}-SO,H = 'SOH + H,O:
sulfuric acid sulfonium ion

+ HSO;

The mechanism for sulfonation is the same as the other mechanisms we have seen for
electrophilic aromatic substitution.

mechanism for sulfonation

H B
. SO]H
(j:\'so,u o QLSOAH — O/ + HB*

* The electrophile attaches to the benzene ring.

* A base (:B) from the reaction mixture removes a proton from the carbocation
intermediate, thereby reforming the aromatic ring.



FRIEDEL-CRAFTS ACYLATION
OF BENZENE

Two electrophilic substitution reactions bear the names of chemists Charles Friedel
and James Crafts. Friedel-Crafts acvlation places an acyl group on a benzene ring,
and Friedel-Crafts alkvlarion places an alkyl group on a benzene ring.

(8]

¢

R/ ", R—

an acyl group an alkyl group

An acyl chloride is used to generate the electrophile for a Friedel-Crafls
acylation. An acyl chloride has a Cl in place of the OH group of a carboxylic acid.

an acyl group
0]

¢

0
| -~
@ + L LR C]/ R 4 Ha
R™ ~al

an acyl chloride

Friedel-Crafts acylation
| |

The electrophile (an acylium ion) is formed by the reaction of the acyl chloride with
AlCly, a Lewis acid.

(8]
/(!.‘ +/AICI_‘ — R—-g=0: + ~AICI,
R™ S¢h—
an acyl chloride an acylium ion

The mechanism for Friedel-Crafts acylation is shown below.

mechanism for Friedel-Crafts acylation

o

0
N
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* The electrophile attaches to the benzene ring.

* A base (:B) from the reaction mixture removes a proton from the carbocation

intermediate, thereby reforming the aromatic ring.

PROBLEM 9

Write the mechanism for the following reaction:
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Friedel-Crafts alkylation places an alkyl group on a benzene ring.

Friedel-Crafts alkylation|
R
@ + ra A, @’ + HCI

The electrophile in this reaction is a carbocation that is formed from the reaction of an

alkyl halide with AlCl;. Alkyl fluorides, alkyl chlorides, alkyl bromides, and alkyl
indides can all be used.

T,
RLEE/4 AICL, — RT + -AIC,
an alkyl halide a carbocation

The mechanism for Friedel-Crafts alkylation is shown below.

mechanism for Friedel-Crafts alkylation

T
+ H +E R
Ej?m — OLR — Q/ + HB

* The electrophile (R") attaches to the benzene ring.

* A base (:B) from the reaction mixture removes a proton from the carbocation
intermediate, thereby reforming the aromatic ring.



The Effect of Substituents Group on Reactivity
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into the benzenering| L i A i -~ |from the benzene ring

There are two ways substituents can donate electrons—inductively or by resonance.
Substituents can also withdraw electrons inductively or by resonance.

Call s

Inductive effect :the effects are those that occur through the o system due to
electronegativity type effects. These too can be either electron donating (e.g.
-Me) where o electrons are pushed toward the arene or electron withdrawing
(e.g. -CF3, +NR3) where ¢ electrons are drawn away from the arene.

RESONANCE: effects are those that occur through the = system and can be
represented by resonance structures. These can be either electron donating
(e.g. -OMe) where n electrons are pushed toward the arene or electron
withdrawing (e.g. -C=0) where & electrons are drawn away from the arene.

Electron donating groups (EDG) with lone pairs (e.g. -OMe, -NH,) on the D
atoms adjacent to the © system activate the aromatic ring by increasing the

electron density on the ring through a resonance donating effect. The

resonance only allows electron density to be positioned at the ortho- and para-
positions. Hence these sites are morenucleophilic, and the system tends to react

with electrophiles at these ortho- and para- sites.
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Electron withdrawing groups (EWG) with & bonds to electronegative
atoms (e.g. -C=0, -NO,) adjacent to the n system deactivate the aromatic
ring by decreasing the electron density on the ring through a resonance
withdrawing effect. The resonance only decreases the electron density at
the ortho- and para- positions. Hence these sites are less nucleophilic, and
so the system tends to react with electrophiles at the meta sites.
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Donating and Withdrawing Electrons Inductively

If a substituent that is bonded to a benzene ring is less electron withdrawing than a hy-
drogen, the electrons in the o bond that attaches the substituent to the benzene ring
will move toward the ring more readily than will those in the o bond that attaches a
hydrogen to the ring. Such a substituent donates electrons inductively compared with
a hydrogen. Donation of electrons through a o bond is called inductive electron
donation. We have seen that alkyl substituents (such as CH;) donate electrons induc-
tively compared with a hydrogen.

+
substituent donates F H" substituent withdraws TN H3
electrons inductively electrons inductively
(compared with a (compared with a

hydrogen) hydrogen)

If a substituent that is bonded to a benzene ring is more electron withdrawing than
a hvdrogen, it will draw the o electrons away from the benzene ring more strongly
than a hydrogen will. Withdrawal of electrons through a o bond is called inductive
electron withdrawal. The *NH, group is an example of a substituent that withdraws
electrons inductively because it is more electronegative than a hydrogen.

Donating and Withdrawing Electrons by Resonance

It a substituent has a lone pair on the atom directly attached to the benzene ring, the
lone pair can be delocalized into the ring; these substituents are said to donate elec-
trons by resonance. Substituents such as NH,, OH, OR, and CI donate electrons by
resonance. These substituents also withdraw electrons inductively because the atom

attached to the benzene ring is more electronegative than a hydrogen.

donating electrons by resonance into a benzene ring

,C’:'GCH_:, +OCH;4 +OCH; (jiiCH; :0CH;

G A

35 O~



If a substituent is attached to the benzene ring by an atom that is doubly or triply
bonded to a more electronegative atom, the 7 electrons of the ring can be delocalized
onto the substituent; these substituents are said to withdraw electrons by resonance.
Substituents such as C=0, C=N, SO;H, and NO, withdraw electrons by reso-
nance. These substituents also withdraw electrons inductively because the atom at-
tached to the benzene ring has a full or partial positive charge and, therefore, is more
electronegative than a hydrogen.

withdrawing electrons by resonance from a benzene ring
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. . e -~ EBr
substituents reanforce 2 ;
each other Fe
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NO, m
OH o,p OH
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controls =
- -, Fe

CH, o,p CH,

CH; o,p CH,
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Relative Reactivity of Substituted Benzenes

The substituents shown in Table | are listed according to how they affect the reactivity of
the benzene ring toward electrophilic aromatic substitution compared with benzene—in
which the substituent is a hydrogen. The activating substituents make the benzene ring
more reactive toward electrophilic substitution; the deactivating substituents make the
benzene ring less reactive. Remember that activating substituents donate electrons into
the ring and deactivating substituents withdraw electrons from the ring.

All the activating substituents (except for alkyl substituents) donate electrons into
the ring by resonance and withdraw electrons from the ring inductively. The fact that
these substituents have been found experimentally to make the benzene ring more re-
active indicates that their electron donation into the ring by resonance is more signifi-
cant than their inductive electron withdrawal from the ring.

0O

Lo

OH NH, OCR Br:
O O O B

We have seen that an alkyl substituent, compared with a hydrogen, donates electrons
inductively.

The halogens are weakly deactivating substituents; they also donate electrons into
the ring by resonance and withdraw electrons from the ring inductively. Because the
halogens have been found experimentally to make the benzene ring less reactive, we
can conclude that they withdraw electrons inductively more strongly than they donate
electrons by resonance.

All the substituents that are more strongly deactivating than the halogens withdraw
electrons both inductively and by resonance except for the ammonium ions

Aromauciny

("NH;."NH,R, +NHR2, and * NR;). The ammonium ions have no resonance effect.
but the positive charge on the nitrogen atom causes them to strongly withdraw elec-
trons inductively.

3 39 .
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Table 1 The Effects of Substituents on the Reactivity of a Benzene Ring toward

Electrophilic Substitution

Activating substituents
A

Standard of comparison —>

Deactivating substituents

+

_NH_'.;
+

—NHR,

Most activating
—NH, q
—NHR
—NR,
—OH
—OR

i

—COH
n-Ej-l
—gfl
—C=N:
—SO;H
—NH,R
N
_NRq
_NDE

Most deactivating

Strongly
" activating
Moderately
" activating
J Ortho/para
We-akl_\. " directing
activating
Weakly
~ deactivating
Moderately
' deactivating
- Meta directing
Strongly
" deactivating




THE EFFECT OF SUBSTITUENTS
ON ORIENTATION

When a substituted benzene undergoes an electrophilic substitution reaction, where
does the new substituent attach itself? Is the product of the reaction the ortho isomer,
the meta isomer, or the para isomer?

X X X X
Y
+ ¥ — or or
Y
Y

ortho isomer meta isomer para isomer

The substituent already attached to the benzene ring determines the location of the
new substituent. The attached substituent will have one of two effects: it will direct an
incoming substituent either to the ortho and para positions, or it will direct an incom-
ing substituent to the meta position. All activating substituents and the weakly deac-
tivating halogens are ortho—para directors, and all substituents that are more
deactivating than the halogens are meta directors. Thus, the substituents can be
divided into three groups:

1. All activating substituents direct an incoming electrophile to the ortho and para
positions.
CH; CH, CH,
Br
FeBrs
+ Br, — +
toluene o-bromotoluene

Br
p-bromotoluene

2. The weakly deactivating halogens also direct an incoming electrophile to the
ortho and para positions.

Br

FEEI_:;
+Cp, — "

bromobenzene o-bromochlorobenzene 1

p-bromechlorobenzene



Aromarticity

3. All moderately deactivating and strongly deactivating substituents direct an
incoming electrophile to the meta position.

0] O
’ I
O/ “CH, + HNO, Hy50, \CH3
acetophenone NO,
m-nitroa;etophenone
NO, NO,

FeBr;
+ Br, —
Br

nitrobenzene .
m-bromonitrobenzene

To understand why a substituent directs an incoming electrophile to a particu-
lar position, we must look at the stability of the carbocation intermediate, be-

cause as Figure 2 shows, formation of the carbocation is the rate-determining
sten.

When a substituted benzene undergoes an electrophilic substitution reaction, three
different carbocation intermediates can be formed: an ortho-substituted carbocation, a
meta-substituted carbocation, and a para-substituted carbocation (Figure 3). The rela-
tive stabilities of the three carbocations enable us to determine the preferred pathway
of the reaction because the more stable the carbocation, the more stable the transition
state for its formation, and the more rapidly it will be formed.

When the substituent is one that can donate electrons by resenance, the carbocations
formed by putting the incoming electrophile on the ortho and para positions have a
fourth resonance contributor (highlighted in Figure 3). This is an especially stable reso-
nance contributor because it is the only one whose atoms (except for hydrogen) all have
complete octets (that is, all have outer shells that contain eight electrons); it is obtained
only by directing an incoming substituent to the ortho and para positions. Therefore, all
substituents that donate electrons by resonance are ortho—para directors.



:0CH; :0CH, :0CH,4

. Y Y e
ortho
H — H — H —
+ +

relatively stable

:0CH; :0CH; :0CH, :0CH,

meta + +

H
OCH; OCH-;. DCH; 0CH3
para I: j [ J; ] [{ ] [ J

anisole

r&rlatmrelyr stable

When the substituent is an alkyl group, the resonance contributors that are high-
lighted in Figure 4 are the most stable. In those contributors, the alkyl group is at-
tached directly to the positively charged carbon and can stabilize it by inductive
electron donation. A relatively stable resonance contributor is obtained only when the
incoming group is directed to an ortho or para position. Therefore, alkyl substituents

are ortho—para directors.

CH; CH; CH;
Y Y Y
th
orte H — H — H
Iy + +

maost stable

CH, CH, CH,
+ meta — ! — N
—_—
i Y Y Y
T H H H
CH] CH3 CH'J.
— —
- -

H,

toluene



Substituents with a positive charge or a partial positive charge on the atom attached
to the benzene ring will withdraw electrons inductively from the benzene ring, and
most will withdraw electrons by resonance as well. For all such substituents, the reso-
nance contributors highlighted in Figure 5 are the least stable because they have a pos-
itive charge on each of two adjacent atoms, so the most stable carbocation is formed

+ + +
NH,4 NH; NH,;
Y
ortho
H H ; H
+ +
least stable
+ + +
NH] NH; 3 3

protonated
aniline

+ + +
NH, NH, NH,
— —

+ +
H Y H Y H Y

least stable

s A alial

SO.H SO.H

H2504 Br_z
A FEET;
Br

m-bramobenzenesulfonic acid

Br Br Br
S0;H
O Br, H,50,
—_— — " -
FeBr; A

SO.H o-bromobenzenesulfonic
3

acid
p-bromobenzenesulfonic
acid
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