Reactions of Benzene:
Electrophilic &
Nucleophilic Aromatic

Substitution




Part 1

CHE2202, Chapter 16
Learn, 2



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.
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1] Electrophilic Aromatic Substitution
Reaction

Electrophilic Aromatic Substitution of Benzene

FeCl, Cl
Cl, + HCI
Chlorine Chlorobenzene Hydrogen
chloride
H,SO, NO,
HNO, —— > + H,O
Nitric acid Nitrobenzene Water
H_ SO, SO3H
+ SO, e
Benzene Sulfur Benzenesulfonic acid
trioxide
AICH, CH3
CH _CI —> + HCI
Methyl Toulene
chloride O
I
O AlCI, C—CH,
I + HCI
CH,—C—ClI
Acetyl chloride Acetophenone



General mechanism of Electrophilic
aromatic substitution

Electrophilic Aromatic Substitution: The General Mechanism

Step 1. attack of electrophile Step 2: deprotonation adjacent

by aromatic pi bond to carbocation restores aromalticity
Form C-E Break C-H

Break C-C (nx) Form C-C (m)

® O ¥
(o AH ©

oL ANy gt

carbocation Electrophilic aromatic
intermediate substitution product
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1] Halogenation
Bromination or chlorination

Bromination of Benzene: The Mechanism

Step 1: Activation of Lewis acid

:i;_’.-r—E-sr Fe B . Br Br -Fe
sa g Br’ —Br e " Br Br

Step 2: Attack of electrophile by the benzene ring

B Al =
:Br Br Fe_ F :
"t ** Br Br
9 \f - L
H
Br
canroocalion
Step 3: Deprotonation intermediate

r-—-Fe

S/ L QL
T Br + H-Br + FeSr,




2-Nitration

The stronger sulfuric acid protonates the nitric acid to form +N02 electrophile

-
-

QN N O H p O o
HO-8-OH + H-ON . _ == 0Ny —— No  + H,0
| S o} H™ 0. 3.

Nitronium ion

> @®.__NO,

/,_,_\ qu_ N02 N02 N02
@ + @’ - @’ - O =
0. ® @

Addition of the electrophile

L.oss of a proton - restoring the aromaticity

O\

. L]
0.

H NO, H™H NO, @
[:::1if> —_— [:::]/ + H30
®

nitrobenzene

H

Sigma Complex hybrid



3-Sulfonation

The "SO;H strong electrophile is from by protonation of SO,

m sulfonium ion
' -Oxg 20 OH ? o

i g7 O_‘ff.i'
HO—ﬁ- 1 + - b m— g “%’ + HO-5-0O
O 5 o o
electrophile

@ H H
SO,H SO;H SO;H ‘,SosH
e O Y o
@/ @ ®

s # L i hybrid
Afdifon of Gie.l Sigma Complex ’
Loss of a proton - restoring the aromaticity
A
H e
Z O;H  0OSO;H ~>0;H
S A E— U + HOSO;H = H,SO,



4-Friedel-Crafts Alkylation
Introducing an alkyl group via RX/AICI3

Mechanism of the Friedel-Crafts Alkylation

HaC C Hi¢  Cl CH;  Cl
\ | ‘z ®@ leo | ol
‘.(‘E—CI:/’”‘"“;&I\ -0 —— ¢ \9 Al-Cl| — C@ Cl—ﬂ}l—Cl

e, H e, G HeHy  Cl

H, CHS H FH3

C— c
CH3 “CH
i CH3 HCl

E)AICI3 AlCl5



Laimatations of the Friedel-
Crafts Alkylation

. Beaction Imited to alkvl haldes; arvl or yinyl hahdesdo

Dt Teact.

. RBeaction does not oCcur On I s contalnng sSirong

electron withd rawmyg substinents.
—0y o —RUsH oHO —C0R

— C00H —oo0R —NER,

. Multplk substintons often OCCcor.

. Carbocation realTanFements can occur , partcularly with

1®alkvl halides.
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Limitations of the Friedel-Crafts

Reaction
« Polyalkylation
H,C CH
3\C 3
H,C CH
HaC  CHs Ay e “CH3
\C/ C\
@ S <> ©/ CHs HaC
+ +
AlCl3 / \
HsC  CHj
Minor product Major product
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Limitations of the Friedel-Crafts
Reaction

* Rearrangement

P
CHCH5CH3 CH>CH5CH>CHg
CH3CH5CH5CHSCI 4
AlCI5
Benzene sec-Butylbenzene Butylbenzene
(65%) (35%)
'r ?
N+ : +
CH3CH>CHCHo % CH3CH>CHCHo
shni
H3C CH
3 N/ 3
C
(CH3)3CCH,CI CH>CHg3
AICI3
Benzene (1,1-Dimethylpropyl)benzene
CH3
|/\ S Alkyl +
CH3_C|:—CH2 7 CH3_(|:_CH2CH3
shni
CHs CHs CHE2202, Chapter 16

Learn, 13



5- Freiedel-Crafts Acylation

Acylation: Reaction of an aromatic ring with a carboxylic acid
chloride in the presence of AICI; resulting in an acyl group
substitution

O

]
0 C
J AICl3 CH3

Benzene Acetyl chloride Acetophenone (95%)
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Mechanism of Friedel-Crafts Acylation

« Similar to Freidel-Crafts alkylation and also possesses the same
limitations on the aromatic substrate -

0
| AICl5 o vy
g T FC=0 = RCS0T 4 Al
An acyl cation
0
\ _R ||
/TN C\R
b oRC=0 — jH’\ —> + HCl + AICk
AICl,”
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Substituent Effects in Substituted
Aromatic Rings

1. Reactivity of the aromatic ring Is
affected

— Substitution can result In an aromatic
ring with a higher or a lower reactivity
than benzene.

2. Orientation of the reaction

— Some substituents direct reactions at
ortho and para positions

— Some substituents direct reactions at
meta positions

CHE2202, Chapter 16
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Reactivity

The ring activity to attack electrophile through E.Ar. Sub depends up
on what does this ring hold??!!!

G
Electron withdrawing group Electron donating group
by | or M effect by | or M effect
® ©
Deactivated ring towards Activated ring towards
E.Ar. Substitution E.Ar. Substitution
e Reactivity towards electrophilic
aromatic substitution.
EDG EWG

O - O -

CHE2202, Chapter 16
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Origins of Substituent Effects

* Inductive effect: Withdrawal or donation
of electrons through a sigma bond due to
electronegativity

Inductive electron withdrawal

i 5-CH3

Inductive electron

- CHE2202, Chapter 1
donation Rl

Learn, 18



Inductive Efftects

Activating Effect

&
=N

5 CHj
CF

Deactivating Eftect

=
@ O

O~
r

A negative ring 1 more
likely to react with an
electrophile (positive).

A positive ning 18 less
likely to react with an
electrophile (positive).



Resonance Effects - Electron Donation

(\.Y.

@; @;@‘ CE@“ ©;§\R ?Hz
| | | | |

F . + + +
GY UCl ©/OH UQ\R ©/NH2

Resonance electron-
donating group

CHE2202, Chapter 16
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Resonance Effects
A ctivating Effect

==
Sh ¢
=

A negative ring 18 more likelyw to react with an

electrophile (positive).
O
o

Dreactivating Effect
G@
H
2 positive ring 18 less hikelw to react with an
electrophile (positive).
Note: The contributor below is not significant! Whvy?
D

(@
=




Examples

Activating Substitients

{f E}--BH ¢ h; s O H
| — . | e | .
-

N M == ===

1,43 1.20

Diractivating Substibuents

S A
: CEN ¢ B—C0pcH:
Sl ih_—f

7o

—1_Hs

0.44

1.50
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Substituent Effects in Substituted
Aromatic Rings

* Reactivity of the aromatic ring is affected

— Substitution can result in an aromatic ring with a higher or a
lower reactivity than benzene

: _NO, : Cl : H : OH
6 x 1078 0.033 1 1000

CHE2202, Chapter 16
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Relative rate
of nitration




The general principle of reactivity towards
electrophilic aromatic substitution

Activating/D eactivating Groups
Directing Groups
)

Il
—NH, —OH —OCH; —NH-C-CH; —CH; —CgHs —H

=
Strongly Activating Weakly Activating
. m-Dir ectors
o-. p-Directors —
et
—H —F —C1 —Br —I & —C-H —C-OCH; —C-OH
i

WWeakly Deactivating
—SO;H —CN —NO, —NRj4
L
Strongly Deactivating

CHE2202, Chapter 16
Learn, 24



Part 2
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Orientation of substitution

(ortho, meta and para)

G
ortho\ __— ortho
meta/ X meta
G Electron donating group T (G Electron withdrawing group
Is an ortho or para director IS meta director
para
a—°
+ m/ \m
p
Rule:-

In general; Activating groups are ortho, para directors while
deactivating groups are meta directors.

CHE2202, Chapter 16
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Classification of Substituent Effects In
Electrophilic Aromatic Substitution

Benzene
O @]
] [ . —Chs . y
—NO, —SO3H —COH —CH —RBr: —F: (alkyl) —QCHg —NH»
+ ee se e
—CCH3; —COCHj4 —NHCCH3
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators

CHE2202, Chapter 16
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Worked Example

* Predict the major product in the nitration of
bromobenzene

. Solution'

Br Br
NO,
HN03
+
H2804
N02

— Even though bromine is a deactivator, It Is
used as an ortho-para director.

CHE2202, Chapter 16
Learn, 28



In spite of its classification as deactivating
group halogens are ortho, para directors

:Cl:

Chloro-
benzene

:Cl:

F i

|
H
Ortho
attack 35%

NO,

_:Cl:

.
+
Para 64% Q -
attack

H

NO,

<

P

Most stable

H
NO,

C *Cl2

e

H NO,

Most stable

:Cl: :Cl
H H
—— NOQ — N02

-3 5] - :E|: :(-j-|:
+ +
Meta
S 1% —_— —>
attack ‘ H H H
NOZ N02 + |\|02

:Cl:
—> —
+ +

Cl:
H NO, H NO,



Worked Example

 Why Freidel-Crafts alkylations often give
poly-substitution reactions but Freidel-Crafts
acylations do not?

D= -

(Product mixture)

CCH3
CHgCCI
TAICh

(Sole product)

HE2202, Chapter 16
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Ortho- and Para-Directing Activators:
Alkyl Groups

CHa CHg CHj
H H H
NO NO NO
Ortho 63% 2 2 . 2
+ +
Most stable
CHa CHa CHs
+ -
30/0 — —_—
H H H
NO, NO, * NO,
CHj CHj; CHj,
+
34% — T
+ +
H NO, H NO, H NO>
Most stable




Ortho- and Para-Directing Activators:
OH and NH,

/+OH

C;OH \

H N H
Ortho 50% NOp, <« NO, 5
attack

Most stable

:OH

:OH
Meta 0%
@ attack 0% @/ @/ H
¥ NO,
Phenol
(:iéH (;iﬁH :OH
+
Para 50% —> «—> O —

attack
H NO, H NO, H NO

Most stable




Meta-Directing Deactivators

NO, NO, NO,
+ +

O s+ H O __H Os. _H B _H

C G ol 2 !
+ +
Meta . 729, : _
H H H
¥ NO-, NO, NO;
Benzaldehyde
OQ‘*‘C _H OQ‘\’C'/ H O%C/H
Para 9% _
+ +
H NO, H NO, H NO»
Least stable




Explain why acetanilide Is less reactive
than aniline toward electrophilic
substitution

o> L

Aniline Acetanilide

CHE2202, Chapter 16
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Solution

v
more favored

O o6— Oo— Oo6— O o6~
”6+ |l - g g6+ g6+
H . _C H. + _C + +
§N/ ™ CHa N7 T CHa N7 TCHy N7 TCHy
@ —— . ---u(—)---C ——
Q g b
less favored
:h):6+ :5:_
|
H Q C. 0~ H_+__C
N7 T CHg N7 T CHg
@

Leariiy, o9



Explain why Phenylacetate is less
reactive than phenol towards
electrophilic substitution

a0 > g

?

CHE2202, Chapter 16
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Trisubstituted Benzenes: Additivity of
Effects

« Additivity effects are based on three rules:

1] The situation is straightforward if the directing effects of the
groups reinforce each other

CHg CHg
CH3 directs here. CHs directs here. B
NO, directs here. Q;? i} NO- directs here. ]
BB
FeBr3
NO» NO5
p-Nitrotoluene 2-Bromo-4-nitrotoluene

CHE2202, Chapter 16
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Trisubstituted Benzenes: Additivity of
Effects

2] If the directing effects of two groups oppose each other, the
more powerful activating group decides the principal outcome

« Usually gives mixtures of products

OH OH
OH directs here. ~ _~ OH directs here. NO,
HNO3
B ——
S H2S04
CHj3 directs here.” s CH3 directs here.
CHj CHj

p-Methylphenol 4-Methyl-2-nitrophenol

CHE2202, Chapter 16
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Trisubstituted Benzenes: Additivity of
Effects

3] Substitution between two groups is rare when they are in a
meta-disubstituted compound as the site is too hindered

« An alternate route must be taken in the preparation of

aromatic rings with three adjacent substituents

Too hindered B 7
CH3 CHs

//// CHa CHs
Cl Cl
Ny o
FeCl3 t
Cl Cl Cl Cli
Cl

m-Chlorotoluene 3,4-Dichlorotoluene 2,5-Dichlorotoluene i Not formed |
But:
CH3
Clz
FeC|3
NO->
o-Nitrotoluene 2-Chloro-6-nitrotoluene 4-Chloro-2-nitrotoluene

CHE2202, Chapter 16
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Nucleophilic Aromatic Substitution

¢ Ary I halldes with electron-withdrawing substituents can

also undergo a nucleophilic substitution reaction

Cl OH
OyN NO, 09N NO,
1.7OH o

e + Cl

2. Ha0t
NO, NO,

2,4,6-Trinitrochlorobenzene 2,4,6-Trinitrophenol (100%)
Picric acid

CHE2202, Chapter 16
Learn, 40



General mechanism of Nucleophilic
aromatic substitution

» 2 Mu M

Ty >
— e
| ) —— @ — =1
N =Ny
EWWG EWG EWiS
EWS = electron- o complex

withdrawing group
The best conditions for Nu Ar. Sub are:-

1] The availability of Electron withdrawing group.
2] The positions of such groups are orto or para; this is due to stabilization
of carbanion intermediates

CHE2202, Chapter 16
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Cl

)

Cl
NO.

o

Cl
NO.,

o

NO,

Cl

NO,

1] NaOH (300.°C)

2] HCI

1] NaOH (200.°C)

21 HCI

1] NaOH (100°C)
2] HCI

1] NaOH (RT
2] HCI

é
OH
©/N02
OH
©/N02
NO,

OH
O,N \©/ NO,
CHE2202, Chapter 16

NO olearn, 42



Mechanism of Nucleophilic Aromatic
Substitution

\EI.//—\,_
D + T:OH
€@ Nucleophilic addition of hydroxide ion N2

to the electron-poor aromatic ring takes 1)
place, yielding a stabilized carbanion
intermediate.

CCl

OH

@) The carbanion intermediate undergoes
elimination of chloride ion in a second QI

step to give the substitution product.
OH
©i + EF
NO,

CHE2202, Chapter 16
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Nucleophilic Aromatic Substitution of
Nitrochlorobenzenes by hydroxide

Ortho

c:|/'a|:|> \ Cl  OH c|:|)f)
‘/q Nt _ e, S NY
(@) :OH @)
O
130 2C
Para
. S Cl OH Cl OH
L
1 : OH
130 °C
=
N N 7
0 £ 30 O % 56 o i e §
Meta
Cl [ Cl OH
i;j\ _CUI»-J e
@ 130 °C o
N+ &
0 O
i Not formed i

CCl OH 07)
i Y |._/




Differences b/w Electrophilic and
Nucleophilic Aromatic Substitutions

Electrophilic Nucleophilic
substitutions substitutions
* Favored by electron- » Favored by electron-
donating substituents withdrawing substituents
* Electron-withdrawing  Electron-withdrawing
groups cause ring groups cause ring
deactivation activation

 Replace hydrogen onthe <« Replace aleaving group
ring Mainly halides

CHE2202, Chapter 16
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Oxidation of Aromatic Compounds

* In the presence of an aromatic ring, alkyl side chains are
converted to carboxyl groups through oxidation
— Alkylbenzene is converted to benzoic acid ( The most
Important requirement is the availability of benzylic
hydrogen)

O
]

N
KMnO,4 - OH

H->0

CH,CH,CH,CHs

Butylbenzene Benzoic acid (85%)

CHE2202, Chapter 16
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Benzylic hydrogen

benzyic carban benzic carbon
H 7 three
M O
Iil h Yy ogens

-
A A Y

CHE2202, Chapter 16
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Worked Example

« Mention the aromatic substance that is obtained if KMnO,
undergoes oxidation with the following substance

(a) OZN\O/CH(CHg)z

Solution:
Oxidation takes place at the benzylic position
OosN CH(CHs)o O,5N CO,H
KMnO4
y
H-O

m-Nitrobenzoic acid

CHE2202, Chapter 16
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Bromination of Alkylbenzene Side
Chains

 Occurs when an alkylbenzene (alo benzylic C-H) is treated with N-
bromosuccinimide (NBS)

O
NBS
H H N—B H Br i i
\/ r \/ 0
“CH,CH3 5 “CH,CH3
(PhCO4)p, CCla B N—H
Propylbenzene (1-Bromopropyl)benzene L O g

(97%)

CHE2202, Chapter 16
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Reduction of Aryl Alkyl Ketones

« An aromatic ring activates a neighboring carbonyl group toward
reduction

— An aryl alkyl ketone can be converted into an alkylbenzene
by catalytic hydrogengtion over a palladium catﬁlysht

ﬁ | \ /

C\ ™~
CH3CH,CCl CHCH3 1 /pd CH2CH3
—

/ AlCl;

Propiophenone (95%) Propylbenzene (100%)
H CHj
\ /
CH5CH,CHg Co
CH3CH,CH,Cl N CH3
AICI5 i
Propylbenzene Isopropylbenzene
g CHE2202, Chapter 16

Mixture of two products Learn, 50



The Order of the Reactions is Important

@) O
<”> [ [

C C
C - Sy
O + CH3 Cl 2. H,0 ©/ H,S0,4

NO,

m-nitroacetophenone

The acetyl group must be added first because a
Friedel-Crafts acylation Will not occur with a meta director on the ring.

CHE2202, Chapter 16
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The Order of the Reactions is Important

CHj CHj COOH
C|2 - H,CrOy4 .
FeCl3 A
Cl Cl
p-chlorobenzoic acid
CH; COOH COOH
H2Cr04 - Clz -
A . FEC|3 g
Cl

m-chlorobenzoic acid

<, CllapiLel 4

Learn, 52



Birch Reduction

Reduction of benzene to 1,4-cyclohexadiene

@
Na » Na + e
Mca
: ;ﬂoﬁr_m %
AQJHMQ
'lSalme’c:f CArbanion

Atenp



Salicylic acid synthesis

SN e g

C

oH '

S QP e

CO_H CO,H

CHE2202, Chapter 16
Learn, 54



Cl Cl
Cl, FeCl CH./AICI
Q) =% (=% (I
CH,

KMnO,

oH Y

(o == X

CHE2202, Chapter 16
Learn, 55
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CO.H



Discussion

CHE2202, Chapter 16
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Q1] True or False:-

| | Nitrobenzene is easier to be alkylated than
benzaldehyde.

| ] Benzylic C-H can be oxidized easily using KMn0O4

] Uncontrolled reaction can be noticed in all E Ar Sub.

] NBS can be used to brominate benzene.

] Aromatic compounds prefer substitution to addition

reactions
[ ] F.C. Acylation is classified as a controlled reaction
[ ] Birch reduction leads to the formation of 13-

Cyclohexadiene.

[ ] The best Nu Ar Sub is the one that have EWGs are at

meta position to halide.

[ ] There is a directly proportional between E. Ar. Sub.
and electron donating groups.

CHE2202, Chapter 16
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Q5] Circle the compound that is able to undergo
easier reaction (according to the given one). Justify
your choice in brief.

Br Cl
[Nucleophilic aropmatic
substitution]
O,N NO, HsC CHs
CF,

O,N NO,
\@ [Sulfonation]
NO, NO,

CHE2202, Chapter 16
Learn, 58



Q6]Circle the ring you expect the NUCLEOPHILIC
AROMATIC SUBSTITUTION to occur; Explain briefly.

NO,

Nasos

CHE2202, Chapter 16
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Q7] Arrange the following according to the ease of
Nucleophilic aromatic substitution.

S Y

Cl Cl

S SN
B @ Osz / N H— ozw&gé
O,N NO,

CN

CHE2202, Chapter 16
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Q8] Discuss the yield percentage in the following reaction

CHaCH,CH,Cl )
© AC,

83 % 17 %

CHE2202, Chapter 16
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Q9] At which ring would you expect ELECTROPHILIC
AROMATIC SUBSTITUTION to occur? Explain briefly.

FsC

SVae )
F3C

HoN Naz

@ OCH, 0 OH

F;C

CHE2202, Chapter 16
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Q10] What is wrong with each of the following reactions?

5 (CH3);CCH,CI
———
AICI,
Major Product
N
: L e
> X/ N,

Na (C2H5OH)
——-

CHE2202, Chapter 16
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Q 11] Provide the missing

_,-"l_
HO G}:ﬂ: H,SO, (HNO;)
ﬁ'—

Vi

h

CHE2202, Chapter 16
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Why

1. Inspite of its classification as a deactivating atom; chloride is ortho- para dir

2. Formyl group is meta director?

3. Friedel-Crafts alkylation is accopmpanied with polyalkylation product?

4. phenol is more reactive than phenyl acetate towards bromination?

CHE2202, Chapter 16
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