CH310N T TH 2-3:30 LECTURE 21

Textbook Assignment: Chapter 21 & 22
Homework (for credit): POW 10 posted

Today’s Topics: Benzene & Reactions of Its
Derivatives

Potice & Announcements:
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Reactions of
Benzene &
Its Derivatives
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Reactions of Benzene

The most characteristic reaction of
aromatic compounds is substitution at
a ring carbon:

Halogenation:
©I + Clo _um|0_wV ©O_ + HCI
Chlorobenzene
Nitration:
©_._ + HNO; 2204 AmvzoN + Hy O
Nitrobenzene
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Reactions of Benzene

Sulfonation:

H, SO,
H + SO ———> SO, H

Benzenesulfonic acid

Alkylation:

AlX,

An alkylbenzene

Acylation:
(0]

o
©r_._ + RCX >_xwv©\mm+ HX

An acylbenzene
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Electrophilic Aromatic Substitution

 Electrophilic aromatic substitution: a
reaction in which a hydrogen atom of an
aromatic ring is replaced by an

electrophile

H
e

E
SORY

* In this section:

— several common types of electrophiles
— how each is generated
— the mechanism by which each replaces

hydrogen
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Electrophilic Aromatic Substitution (EAS)
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Chlorination

Step 1: formation of a chloronium ion

O_ . Cl

»e e _|
G-+ Fe-Cl === ——=10C-Fe—Cl ——= 2 Fecl,”

c N cl

Chlorine Ferric chloride A molecular complex An E:.wm:.
(a Lewis (a Lewis with a positive charge 8:3-:..:& &l
base) acid) on chlorine chloronium ion

Step 2: attack of the chloronium ion on the ring

slow, rate

L + Q ﬂ
©\/ e S.E:::mv
H H H
' CL CL

Resonance-stabilized cation intermediate; the positive
charge is delocalized onto three atoms of the ring

o¢

+
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Chlorination

Step 3: proton transfer regenerates the
aromatic character of the ring

+
ci
Cation Chlorobenzene
intermediate
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EAS: General Mechanism

» A general mechanism

+

slow, rate
X
Step 1: H+ FE

Electro-
phile

A H
*mmﬁv

i (R0 e O
E

determining QI
E

Resonance-stabilized
cation intermediate

» General question: what is the electrophile

and how is it generated?

Bromination
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Unfavored step:
addition of Br—

Favored step:
elimination of H*

Energy

@ + Br,

Reaction coordinate

10
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Nitration

« Generation of the nitronium ion, NO,*
— Step 1: proton transfer to nitric acid

\} —l—/ + :O"
-o. —l— “-Oa"

Sulfuric Nitric Conjugate acid
acid acid of nitric acid

— Step 2: loss of H,O gives the nitronium ion, a
very strong m_mo:ons__m

H_ e o
_.R+J \/\ _ _.RD” + 0=N=0
O The nitronium
ion 11
= L] ORGANIC LECTURE SERIES
Nitration

Step 1: attack of the nitronium ion (an electrophile) o
the aromatic ring (a nucleophile)

PSS

Resonance-stabilized cation intermediate

Step 2: proton transfer regenerates the aromatic ring

_._ zoN O,
H_
H

12
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Nitration

A particular value of nitration is that the
nitro group can be reduced to a 1°amino

group
COOH COOH
Ni
_—
+ w_._m 3 atm) + NInO
NO, NH,
4-Nitrobenzoic acid 4-Aminobenzoic acid

13
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Sulfonation

 Carried out using concentrated sulfuric
acid containing dissolved sulfur trioxide

Benzene

H, SO
e =8 @!mow:

B enzenesulfonic acid

(SO, in H,SO, is sometimes called “fuming” sulfuric acid.)

14
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Friedel-Crafts Alkylation

 Friedel-Crafts alkylation forms a new C-C
bond between an aromatic ring and an
alkyl group

AlC
O+ ol e Ol e

Benzene 2-Chloropropane Cumene
(Isopropyl chloride) (Isopropylbenzene)

The electrophilic partner is a carbocation;
it will arrange to the most stable ion: allylic>3°>2°>1°

15
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Step 1: formation of an alkyl cation as an ion pair

i . @

m|uo”_“\+/\+._|o_l||7 mﬂw._l\_?o_ 1||Vm+>_o_k_-
cl cl

A molecular Anion pair containing

complex a carbocation

Step 2: attack of ﬁ:Wf__Q_ cation on the aromatic ring

X H H
R R / R

A resonance-stabilized cation

Step 3: proton transfer ﬁo@o:mﬂmﬁm/mﬁsm aromatic ring

+ O_ >|_o_w —> ©\m + AICL + _._0_

+

(X

16




Friedel-Crafts Alkylation

There are two major limitations on Friedel-Crafts
alkylations:
1. carbocation rearrangements are common:
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©+L/\0_Po_ ? + HCI

Benzene Isobutyl tert-Butylbenzene
chloride
ﬁ_U_._w .o CHy o+ m_._w
CH,CHCH,-QiY + AIC, —>CH;C CH,-CFAIO, —> CH,C* AIC,
I sobutyl chloride amolecular an ion pair
complex

17
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Friedel-Crafts Alkylation

2. F-C alkylation fails on benzene rings bearing
one or more of these strongly electron-
withdrawing groups

Y

AICI,

+ RX > No reaction

When Y Equals Any of These Groups, the Benzene
Ring Does Not Undergo Friedel-Crafts Alkylation

o o 9 o 9
—CH —CR —COH —COR —CNH,
—S0;H —C=N —NO, —NR;"

18




RIES

19
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The “De-activation” of
Aromatic Systems

If the FG is an e” withdrawingsubstitutent,
then the ring system becomes more
electron poor and is said to be "deactivated"
towards electrophilic aromatic substitution.
EAS occurs at a slower rate.

Note: deactivation refers to the rate of EAS

20
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Friedel-Crafts Acylation

 Friedel-Crafts acylation forms a new C-C
bond between a benzene ring and an acyl

group:
o)
@ ?  aq, Qﬁ
+ CHzCCl > + HCI

Benzene Acetyl Acetophenone
chloride
cl_0 D
ao-Tetralone

4-Phenylbutan oyl
chloride

21
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Friedel-Crafts Acylation

» The electrophile is an acylium ion

Q Gl (1)
o A
R-C-CE ™+ AlLCI —~——
Cl
An acyl Aluminum
chloride chloride
Q@ . ¢l @ Q
m.oﬂm_|\_y_uo_ —~—— R-C" AICI,
Cl
A molecular complex A n ion pair
with a positive charge containing an
charge on chlorine acylium ion

22
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Friedel-Crafts Acylation

—an acylium ion is a resonance hybrid of two
major contributing structures

complete valence

shells
AN

m-m”O" - m-ome"

Wu\. .
The more important
contributing structure

« F-C acylations are free of a major
limitation of F-C alkylations; acylium
ions do not rearrange.

23
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Friedel-Crafts Acylation

A special value of F-C acylations is preparation
of unrearranged alkylbenzenes:

0
@ . olf\ AlCl

2-Methylpropanoyl
chloride

o
@\j\ N,H,, _AO_._v @\J\
diethylene

2-Methyl-1- glycol Isobutylbenzene
phenyl-1-propanone

24
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Other Aromatic Alkylations

« Carbocations are also generated by:

— treatment of an alkene with a proton acid,
most commonly H,SO,, H;PO,, or HF/BF4

@ + CHgCH=CH, —13P0a, ©|A

Benzene Propene Cumene

— by treating an alkene with a Lewis acid

O - O 2 -0

Benzene Cyclohexene Phenylcyclohexane

25
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Other Aromatic Alkylations

—and by treating an alcohol with H,SO, or
H,PO,

H,; PO,
+ HO e + H,O0

Benzene 2-Methyl-2-propanol 2-Methyl-2-
(tert- Butyl alcohol) phenylpropane
(tert- Butylbenzene

26




Di- and Polysubstitution

OCH; OCH;

OCH; E*

E
/ OOIw
E*

E
Meta Substituted Products

Ortho & Para Substituted Products
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27

Di- and Polysubstitution

Orientation of nitration for monosubstituted
benzenes:

ortho +
Substituent ortho meta para PpPara  meta
—OCH; 44 ) 55 99 trace
—CH; 58 4 38 96 4
—a 70 i 30 100 trace
—Br 37 1 62 99 1
—COOH 18 80 2 20 80
—CN 19 80 1 20 80
—NO, 6.4 93.2 03 6.7 93.2
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28
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Di- and Polysubstitution

e Orientation:

—certain substituents direct
preferentially to ortho & para
positions; others to meta positions

—substituents are classified as either
ortho-para directing or meta
directing toward further
substitution

29
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 Rate

—certain substituents cause the rate
of a second substitution to be
greater than that for benzene itself;
others cause the rate to be lower

—substituents are classified as
activating or deactivating toward
further substitution

30
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Nz { s

If the FG is an e" donating substitutent,
then the ring system becomes more
electron rich and is said to be "activated"”
towards electrophilic aromatic substitution.
EAS is at a faster rate.

If the FG is an e” withdrawingsubstitutent,
then the ring system becomes more
electron poor and is said to be "deactivated”
towards electrophilic aromatic substitution.
EAS occurs at a slower rate.
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