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Electrophilic Aromatic Substitution Reactions
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 An electrophile replaces a proton
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Electrophilic Aromatic Substitution Reactions
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Bromination of Aromatic Rings, Mechanism
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Bromination of Aromatic Rings, Mechanism
Ay ¢ Ay daal) Culllal) A g
The catalyst makes the Br2 molecule more electrophilic by polarizing it to give an
FeBr42Brl species that reacts as if it were Br+. The polarized Br2 molecule then
reacts with the nucleophilic benzene ring to yield a nonaromaticcarbocation
intermediate and has three resonance forms.

Thus, the reaction of an electrophile with a benzene ring is endergonic, has a
substantial activation energy, and is rather slow
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Step 1. An electron pair from the benzene ring
attacks the positively polarized bromine (bromonium
ion) , forming a new C-Br bond and leaving a
nonaromatic carbocation intermediate
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Step 2. A base removes H* from the carbocation
intermediate, and the aromatic substitution
product forms as two electrons from the C-H
bond move to re-form the aromatic ring.
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Aromatic Chlorination
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Chlorine can be introduced into aromatic rings by electrophilic substitution
reactions: reaction with Cl, in the presence of FeCls.
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Problem 16.1
Monobromination of toluene gives a mixture of three
bromotoluene products. Draw and name them.



Problem 16.3
How many products might be formed on chlorination of o-
xylene (o-dimethylbenzene), m-xylene, and p-xylene



Aromatic lodination
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lodine itself is unreactive toward aromatic rings, so an oxidizing agent such
as hydrogen peroxide or a copper salt such as CuCl, must be added to the
reaction . These substances accelerate the iodination reaction by oxidizing
|, to a more powerful electrophilic species that reacts as if it were |*.
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Electrophilic Aromatic lodination( Thyroxine
Biosynthesis)

In humans, aromatic iodination occurs in the thyroid gland during the biosynthesis of
thyroxine, which is involved in regulating growth and metabolism. The amino acid
tyrosine is first iodinated by thyroid peroxidase, and two of the iodinated tyrosine
molecules then couple. The electrophilic iodinating agent is an I* species.
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Aromatic Fluorination  4ukall 3 gldll

* Fluorine is too reactive and only poor yields of monofluoroaromatic

products are obtained by direct fluorination. Instead, other sources of “F*” are
used in which a fluorine atom is bonded to a positively charged nitrogen. One of
the most common such reagents goes by the acronym F-TEDA-BF4 and is sold
under the name Selectfluor.
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Aromatic Nitration 4kl 4 il

* Aromatic rings are nitrated by reaction with a mixture of concentrated nitric and
sulfuric acids. The electrophile is the nitronium ion, NO,*, which is formed from
HNO; by protonation and loss of water
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Aromatic Sulfonation 4o kel Aidl)

 Sulfonation is done by reaction with fuming sulfuric acid, a mixture of
H,SO,and SO;. The reactive electrophile is either HSO;* (sulfonium ion) or
neutral SO, depending on reaction conditions. HSO3* is formed by the
reaction of H,SO, and SO4. Sulfonation reaction is readily reversible; it
can occur either forward or backward, depending on the reaction conditions.
Sulfonation is favored in strong acid, but desulfonation is favored in hot,
dilute agueous acid. .
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Aromatic Hydroxylation
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 Direct hydroxylation of an aromatic ring is difficult and rarely
done Iin the laboratory.

« But occurs much more frequently in biological 4 s~ pathways
« An electrophile OH* is needed for this hydroxylation
reaction.




Aromatic alkylation : Friedel-Crafts alkylation reaction
Cad) Sy b AU Je s

* The reaction is carried out by treating the aromatic compound with an alkyl
chloride, RCI, in the presence of AICI; to generate a carbocation electrophile,
R*. However, the Friedel-Crafts alkylation has several limitations
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Benzene 2-Chloropropane Cumene (85%)
(Isopropylbenzene)
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A limitation in Aromatic alkylation
g ) A Jelds b ans

« Aromatic rings don’t undergo alkylation reactions if they are substituted
either by:
- A strongly electron-withdrawing group <l s AU 4, 8 dalu s )
such as carbonyl (C=0).
- By amino group.
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NO reaction  where Y = — NRa, —NO;, —CN,
—S03H, —CHO, —COCHs,
—COgH, —CO4CH3

{(—MNHs3, —NHR, —NR5)



A limitation in Aromatic alkylation:

Rearrangement of carbocation 558 s Sl qud 5 3als )

» A rearrangement of the alkyl carbocation electrophile occurs particularly
when a primary alkyl halide is used. The initially formed less stable primary
carbocation rearranges to a more stable secondary carbocation by shift of a
hydrogen atom and its electron pair from C, to C,.
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A limitation in Aromatic alkylation:
Rearrangement of carbocation 558 s Sl qud 5 3als )

CH3CH,CH,CI
AICI,




Problem 16.5
Which of the following alkyl halides would you expect to

undergo Friedel-Crafts reaction with rearrangement and
which without? Explain

(a) CHgEH;EI (b) CH3EH1EH{CI]|;ZIH3 (c) CHyCH,CH,CI
(d) (CH3)xCCH,CI (e) Chlorocyclohexane



Aromatic acylation (Friedel -Crafts acylation)
bl S - s Adud
An aromatic ring is acylated by reaction with a carboxylic acid
chloride, RCOCI, in the presence of AICl;. That is, an acyl group is

substituted onto the aromatic ring.
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Benzene Acetyl chloride Acetophenone (95%)
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Acylium ion
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Substituent Effects in substituted Aromatic Rings
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Reactivity el

Substituents affect the reactivity of the aromatic ring.
Ao yhael) A8lal) Adelsn e c¥aliall i

: NO, : Cl1 : H : OH
6 X 1078 0.033 1 1000
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Relative rate
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Substituent Effects in substituted Aromatic Rings
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Orientation 4a sl

Substituents affect the orientation of the reaction.Jel&ll 4 ¢ Je &Yaliall i

Y can be classified into three groups: <le sease 4330 ) GVl Caial
- Ortho- and para-directing activators. 'Jus si)sl l dea 0 Clria

- Ortho- and para-directing deactivators.) st 55l ) dea 5o laedia

- Meta directing deactivators. U ) 4 50 Gilaeds



Reactivity and Orientation

4 5l g Ao lanl)
Benzene
0 O
| | o i — CHg - a3
—NO, —SOgH —COH —CH —PBr: —F (alkyl) —QCH3 —NH,
* 5 “ “
—NR; —C=N || i —I: —Cl: —H O L —GH
—CCH; —COCH; —NHCCH,4
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators
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Reactivity and Orientation

4 gill g dale LanY)
¥ Y
@ HgEl_l;r:,EIEHE °C @"” o
Product (=) Product (=%)

Ortho Meta Para Ortho Meta Para
Meta-directing deactivators Ortho- and para-directing deactivators
—ﬁl:{:Hg}g 2 87 11 —F 13 1 86
—NO2 7 91 2 —Cl 33 1 64
—CO:H 22 76 2 —Br 43 1 56
—CN 17 81 2 = | 45 1 54
—C05CH4 28 66 (4] Ortho- and para-directing activators
—COCH3 26 72 2 —CHs 63 3 34
—CHO 19 72 9 —0OH S0 0 50

WOI‘ked 162 —MNHCOCH4 19 2 /9

Pb 16.8, 16.9



Problem 16.8

Rank the compounds in each of the following groups in order
of their reactivity to electrophilic substitution:

(a) Nitrobenzene, phenol, toluene, benzene

(b) Phenol, benzene, chlorobenzene, benzoic acid

(c) Benzene, bromobenzene, benzaldehyde, aniline

Problem 16.9

Predict the major products of the following reactions:

(a) Nitration of bromobenzene (b) Bromination of nitrobenzene
(c) Chlorination of phenol (d) Bromination of aniline



Electronic effect of Substituents: Inductive (I) and

Resonance effect (R)
Y aliall i) § day i) 4 g S el il
* Inductive effects: act through sigma bond.
Larres Ayl 1) yie Ay jaill Jlady) Jaas

X CH,
. "
Inductive effect O/ O/
- +1

« Resonance effects: need conjugation with benzene ring
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Inductive and Resonance effect in Phenol
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Inductive effect in Toluene
Crsl il (B (ol all) Jadl

: __CH,

Alkyl group; inductively electron-donating
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Inductive and resonance effect in Bromobenzene
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Inductive and resonance effect Benzaldehyde
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O
s
@J . \H
strong —|
‘ /) k_\ALu LS jﬂ @4.1 J;.\ d:d
Benzaldehyde strong —R
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Net effect: EWG (deactivator)
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Explanation Of Substituent Effects For Activation and

deactivation
YLl (fapfill) asadl) g Jaslilil) o ggda 7 i
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H H H

Y withdraws electrons; Y donates electrons;
carbocation intermediate carbocation intermediate
is less stable, and ring is more stable, and ring
is less reactive. 1S more reactive.
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Explanation for orientation 4 i) a ggda 7 &

Example:
Nitration of
toluene
e
\
N
Pb16.13

CHs
NO,
63%
CHs
3%
NO,
CHs
34%
NO,

 Ortho and para carbocation intermediates are more stable: thus
forming major ortho- and para- products.
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Problem 16.10

Use Figure 16.11 to explain why Friedel-Crafts alkylations
often give polysubstitution but Friedel-Crafts acylations do
not.

o .CHg
() 2 _ T O
- AlICl5 .
HaC”

(Product mixture)

EEHH
- CH3CCI [\r
L AlCI5
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(Sole product)




Problem 16.11

Would you expect (trifluoromethyl)benzene to be more reactive
or less reactive than toluene toward electrophilic substitution?
Explain.



Problem 16.12
Acetanilide is less reactive than aniline toward electrophilic
substitution. Explain.

R N
N Acetanilide
o



A Summary of Substituent Effects iIn
Aromatic Substitution
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Table 16.2 Substituent Effects in Electrophilic Aromatic Substitution

Substituent Reactivity Orienting effect  Inductive effect Resonance effect
—CH;s Activating Ortho, para Weak donating —

—0OH, —NH; Activating Ortho, para Weak withdrawing Strong donating
:Er_ Ell Deactivating  Ortho, para Strong withdrawing  Weak donating
—NO,, —CN,

—CHO, —-CO5R Deactivating — Meta Strong withdrawing  Strong withdrawing

—COR, —COzH



Trisubstituted Benzenes: Additivity of Effects ¢!
Jladu) A0

» If the directing effects of the two groups reinforce each other the situation
IS straightforward. A single product is thus formed on electrophilic

substitution.
dSu—\.-u
Tt
CHy -
CH3 directs hara. CH3 directs here.
NOz directs hara. .= «. NOp diracts here.
FaHr:;
N0
p-Nitrotoluene Z2-Bromo-4-nitrotoluene

Pb16.14 & 16.15
WorkPb16.3



Worked Example 16.3
What product would you expect from bromination of p-
methylbenzoic acid?

CH, CH;
/O/ + Br, FeBry _ /O/
HO,C HO,C SBr

p-Methylbenzoic acid 3-Bromo-4-methylbenzoic acid

©2004 Thomson - Brooks/Cole




Problem 16.14
At what position would you expect electrophilic substitution
to occur in each of the following substances?

(a) OCH4 () MNH5 (c) MNO5
Br Cl

Br



Trisubstituted Benzenes: Additivity of Effects

« |f the directing effects of the two groups oppose each other,
the more powerful activating group has the dominant
Influence

dc gaaall B AV e Calide auia se () Gt ganall e S dpa 58 QS 1))
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OH OH

OH diracts hera. ~ - OH directs hara. H'DE
HMO3

P E——

. ) Ha503
CHs directs hera.” ™ CHgq directs hara.

CHg CHg
p-Methylphenol 4-Methyl-2-nitrophenol



Trisubstituted Benzenes: Additivity of Effects

« Position between the two groups in a meta disubstituted compound is too
hindered to be substituted.. Aromatic rings with three adjacent substituents are
prepared from ortho-disubstituted compound

Caaney S35 Jlasiaa) 45 Vg CHlEidall b ytie send) G @l gl) aa sl 3 Jagia¥) Joasy ¥
Jain) 40l 5 ) 5l i) (e sy sladall Jlagu) 4505 4 jlal)l ksl jumad | A2 ) gl ddle )

Too hindered

CHa CHa CHa [ CHg ]
/ Cl Cl
Clg
FaCl3 +
TT Cl Cl Cl Cl
Cl
m-Chlorotoluens 3. 4-Dichlorotoluene 2.5-Dichlorotoluene I Not formed |

CHs
_Clp |
sl
N0, N+

o-Nritrotoluene 2-Chloro-6-nitrotoluene  4-Chloro-2-nitrotoluene



Worked Example 16.3
What product would you expect from bromination of p-
methylbenzoic acid?

CH, CH;
/O/ + Br, FeBry _ /O/
HO,C HO,C SBr

p-Methylbenzoic acid 3-Bromo-4-methylbenzoic acid
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Problem 16.14
At what position would you expect electrophilic substitution
to occur in each of the following substances?

(a) OCH4 () MNH5 (c) MNO5
Br Cl

Br



Reactions of Aryl halides
(A- E & E- A mechanisms)
Jau¥) Cladly edlelds
A- E 4
E- A4



Nucleophilic Aromatic Substitution(A-E)
(k2 5lS 5il) (g haad) Jhainad)

* Aryl halides substituted with electron withdrawing groups at
ortho and para react easily With aqueous NaOH

e).m)..aj\ J.\MS)JJ.\@.S‘;?\.AM JM\@A.J)@M.\

- 2
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-
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] I :
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OH
O5N NO,
_OH
2. Hy0*
NO7

2.,4,6-Trinitrochlorobenzene 2.4,6-Trinitrophenol (100%)

(IUPAC) 2-Chloro-1,3,5-trinitrobenzene



Nucleophilic Aromatic Substitution(A-E)
lamaua b oidS gll) (o phamll Slasiuy) A4

* NO, groups at ortho or para stabilize the carbanion intermediate, by
resonance effect: reaction is done at 130 °C.
 m-chloronitrobenzene is inert toward OH-.

Sl A (e A giall (g5l S il 1L Sl 535l (A 5 i Ao sana 3
Jald () g i) sl Aygie VY dnpall ) aasdl) Jelall Gl 5 gl
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S col OH
+ —:OH
o = 0 m GOH 2 @ o
2 ' '
. N02

1-Chloro-2-nitrobenzene
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Nucleophilic Aromatic Substitution(A-E)

Ortho

78\
o 3

M+
| T, G_

Para

| Not formed |
Figure 16.18 Only in the ortho and para intermediates is the negative

charge stabilized by a resonance interaction with the nitro group, so only
the ortho and para isomers undergo reaction




Benzyne intermediate (EA mechanism)
i = ida Y A o gl S jaS (ol i
« Aryl halides having no withdrawing groups react with aqueous NaOH at high

temperatures and high pressure( industrial method for the preparation of
phenol).

Jsill yuaail dpelia 4y sl & 5 adi jo Jaraia Cialg dadi 3o 5 a4 )l 3 saall
Cl OH

1. NaOH, H0, 340 °C, 170 atm . Nac
2. HyO* .

Chlorobenzene Phenol

* . Mechanism: Elimination- addition reaction EA through benzyne intermediate

Ol i s il Sl e el - cadal) Al A Je i Al

:.CI —:0H OH
'\_‘l‘ s

~_H =
—HCI
alimination ©
H

Chlorobenzene Benzyne Phenol

Hz0

—_—
addition

H



Benzyne intermediate (EA mechanism)
* When bromobenzene labeled with radioactive 14C s s« s
il o5 S at the C1 position is treated with potassium

amide (KNH,) in liquid NH; solvent, aniline is formed with
an equal amounts of the label at both Cland C2

. B . NH3 :
MH4
= NH;

RO : 50
Eromobenzene Aniline
. B
JI— B NH
JI—3
i—HEr)
Bromobenzene Benzyne Anllme

(symmetrical)



Benzyne intermediate

Problem 16.17

Treatment of p-bromotoluene with NaOH at 300 °C yields a
mixture of two products,

But treatment of m-bromotoluene with NaOH yields a
mixture of three products. Explain.



Reactions of alkylbenzenes
Oxidation and bromination
da g ull g BamsSY) =y i) Jasl) e s



Oxidation of alkylbenzene
Oodal) Skt Baws]
« Alkyl side chains react rapidly with oxidizing agents such as KMnO,
and Na,Cr,0O- and are converted into carboxyl groups, -CO,H.
&) dsaiis KMNO, and Na,Cr,0, Jie il pally 4 geun dplall dlulud) ausls
-CO,H JauS 53 S A sane

I
CH2CH2CHoCHS C.
KMnOg OH
H40
Butylbenzene Benzoic acid (85%)

* The mechanism of side-chain oxidation is complex and involves
reaction of C - H bonds at the position next to the aromatic ring to
form intermediate benzylic radicals.
Dda Jaiy ol dalad il acagall 8 C — H o Jaal 5l Jeldi el g satre 40V
Ao s L 3



Oxidation of alkylbenzene

* A similar oxidation is employed industrially for the preparation of the
terephthalic acid used in the production of polyester fibers
i so Gl 2Ll 8 aaladiny Al 3auSh Lelia aul @bl 0 sl o8,

» tert-Butylbenzene has no benzylic hydrogens, and is therefore inert.
5aSY) olad el g (Ul g Ul 5 Lim 550 035 di s (A0 elliagY

CHs G%Efﬂ"' HEEH ..-"EHE
C
e s
| cjfuf CH3  kmnos N ot
- T o reaction
CHa o#~on

tert-Butylbenzene



Oxidation of alkylbenzene

Problem 16.18
What aromatic products would you obtain from the KMnQO,
oxidation of the following substances?

(a) DENUUHWHEJE (b) UUWHEJE
H4C

3



Bromination of Alkylbenzene Side Chain
05 Gl B Al Al 2y
Radical bromination occurs exclusively at benzylic position on the side chaine.
N-bromosuccinimide (NBS) is a bromine generator.

Benzoyl peroxide, (PhCO,),, is a radical initiator
Benzylic radical intermediate is stabilized by resonance:

Jhssuastigasll AleaS NBS aly 5. Liull piagall (81 jeas 4y )3all da g ll Juans
Cpiball Bl o3l 53 oa Jaws giall S el | (g3l foalll g0 S g

H H N—E H Br [ T
\/ Ii? r \/ 0
“CH,CH4 ) “CH,CH4
{PhCOg)z, CClg . N—H

Propylbenzene (1-Bromopropyllbenzene L i
{97 %)

H H H Il-l
| | . |
Ci c . C - C
? . C
L wJ




Reduction of aromatic compounds
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Reduction of Aromatic Compounds
Ay plard) S Jal) pla )

 Iit's possible to reduce an alkene double bond selectively In
the presence of an aromatic ring, by H,/Pd

Ay k) Al 2 g g g AlEEI JS0 LIV 8 dieliad) dhayl Hl gl ) (S

O O

Hy, Pd
Ethanol

4-Phenyl-3-buten-2-one 4-Phenyl-2-butanone (100%)

® 2004 Thomson/Brooks Cole



Reduction of Aromatic Compounds
Ay plard) S Jal) pla )

« To hydrogenate an aromatic ring, it's necessary either to use
a platinum catalyst with hydrogen gas at several hundred
atmospheres pressure or to use a more effective catalyst such
as rhodium (Rh) on carbon.

sac (aakains (a5 o) Jle 5 aeiiBly Sl o) aladiinl Gaag 4 slaal) d8lad) A o]
psmdgl) Jie ddlad JS) Slaa g an g onel) Jle aladinly o) (g sal) larall (e il

CHjy
EHH‘ . H
Ho, Pt; ethanol }
130 atm, 25 °C
CHs H
CHj
o-Xylene cis-1,2-Dimethyl-

cyclohexane



Reduction of Aryl Alkyl Ketones
QS sl Ja ) Sls e gl )
« An aromatic ring activates a neighboring benzylic carbonyl group toward reduction

* An aryl alkyl ketone can be converted into an alkylbenzene by catalytic
hydrogenation over a palladium catalyst.

dasad (Say g la )W) oladi by staall 4L 5l i o SI Ao sena 4 Hlaall) ddlal) o
a3l Slaa ) smay 4 jaeaill s gl ¢ IS ) (S JSt o )

0 H H
- [ \ S/

CH3CHaCCl CHzCHz  papd CH3zCH3
/ AICly

@ Propiophenone (95%) Propylbenzene (100%)

H CHg
AW
CH3CHaCHg C._
CH3CH5CH4Cl . CHj

AICl3

Propylbenzene Isopropylbenzene

Pb16.21

Mixture of two products



Synthesis Of Polysubstituted Benzene
JIaiad) daia ¢y 3l £ Lilaal

Worked Example 16.4: Synthesize 4-bromo-2- nitrotoluene from
benzene. Strategy: Retrosynthetic == gbkal analysis

Ot sbalie (e

l

o-Nitrotoluene

This ring will give a mixture
of isomers on bromination.

Bro
FaBra

<J9Lﬁﬁji=£3§(aihd\aié
e LY bl K- b
s de e Jady

Br~ : “NO,

m-Bromonitrobenzene
This deactivated ring will not

undergo a Friedel-Crafts reaction.

Br NO5

4-Bromo-2-nitrotoluene

g;aiigéjmuAEEJ\aﬁé
& sbaiall da yuall
Ladh e yall

/@/EHE
Br b

p-Bromotoluene

This ring will give only the
desired isomer on nitration.

HMNO3
H250y



Synthesis Of Polysubstituted Benzenes
i) amia ¢ 3 gLl

CHg
CH4Cl Bra
/" AICl3 FoBrg ™,

CHg
Toluene _HNO3 |
H:ED4
Br

Benzene Bry CH5Cl / p-Bromotoluene 4-Bromo-2-nitrotoluene
FoBrs AICl5
Br
Eromobenzene
Problem 16.22

How might you synthesize the following substances
from benzene?

(a) m-Chloronitrobenzene

(b) m-Chloroethylbenzene



Synthesizing a Polysubstituted Benzene
Worked Example 16.5

Synthesize 4-chloro-2-propylbenzenesulfonic acid from
benzene.

e -504H
| 4-Chloro-2-propylbenzenesulfonic acid

o “CH5CH,CH;



