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Electrophilic Aromatic Substitution

* The characteristic reaction of benzene is electrophilic aromatic
substitution—a hydrogen atom is replaced by an electrophile.

» Since benzene is especially stable, reactions that keep the
aromatic ring intact are favored.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

H E
Electrophilic aromatic . .
substitution + E ’ ’ + H

electrophile

substitution of H by E



Substitution Instead of Addition

* 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 several common examples of electrophilic
aromatic substitution.
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H X, X
Addition @[ M <— The product is not aromatic.
H X
H E
it E"
Substitution ©/ — <— The product is aromatic.

Examples of Electrophilic Aromatic Substitution

Figure 18.1 Copyright © The McGraw-Hit Companies. inc. Permission required for reproduction or display

Reaction Electrophile
[1] Halogenation—Replacement of H by X (Cl or Br)
. X

[ j] X2 E'=CI* or Br*
FeX, >
X=cl aryl halide
X =Br
[2] Nitration—Replacement of H by NO,
M _~_NO,
HNO; E*=No,
H,S0, S
nitrobenzene
[3] Sulfonation—Replacement of H by SO;H
L] ~_SOH -
SO; | O E*=SOH
H,S0, N~
benzenesulfonic acid
[4] Friedel-Crafts alkylation—Replacement of H by R
_H ~_R
RCI ( T E=R
AICl, N
alkyl benzene
(arene)
(5] Friedel-Crafts acylation—Replacement of H by RCO
2
_~_C
RCoC Y R £*=RCO

ACI,
ketone



Mechanism of Substitution

* Regardless of the electrophile used, all electrophilic aromatic
substitution reactions occur by the same two-step mechanism:

1. addition of the electrophile E* to form a resonance-

stabilized carbocation,

2. followed by deprotonation with base.
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(2) Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution

Step [1] Addition of the electrophile (E") to form a carbocation

H
H . H
> AN AL

e — =B~

« Addition of the electrophile (E') forms a new C - E bond

using two r electrons from the benzene ring, and
generating a carbocation. This carbocation intermediate
is not aromatic, but it is resonance stabilized —three
can be drawn.

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

ST B
ANEE A AE
3 — [ | + H-B*
~ ~

* Step [1] is rat ‘mining because the Yy

of the benzene ring is lost.

* In Step (2], a base (B:) removes the proton from the

carbon bearing the electrophile, thus re-forming the
aromatic ring. This step is fast because the
aromaticity of the benzene ring is restored.

* Any of the three resonance structures of the carbocation

intermediate can be used to draw the product. The
choice of resonance structure affects how curved
amows are drawn, but not the identity of the product.

Resonance-Stabilized Aromatic Carbocation

* The first step in electrophilic aromatic substitution forms a
carbocation, for which three resonance structures can be

drawn.

» To help keep track of the location of the positive charge:
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Always draw in the H atom on the carbon bonded to E. This serves as a reminder that it

is the only sp® hybridized carbon in the carbocation intermediate.

Notice that the positive charge in a given resonance structure is always located ortho

or para to the new C-E bond. In the hybrid, therefore, the charge is delocalized over

three atoms of the ring.

Always draw in the H atom at the site of electrophilic attack.

H H H
ZTF s E . E
%

(+) orthoto E (+)paratoE

s+ H
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E
5 5+

(+) orthoto E hybrid



Energy Diagram for Electrophilic Aromatic
Substitution

Figure 18.2
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Halogenation

* In halogenation, benzene reacts with Cl, or Br, in the
presence of a Lewis acid catalyst, such as FeCl; or FeBrg, to
give the aryl halides chlorobenzene or bromobenzene,

respectively.
* Analogous reactions with I, and F, are not synthetically
useful because |, is too unreactive and F, reacts too violently.
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H Cl
Cl,
Chlorination —_—
FeCly

chlorobenzene

H Br
- Bry
Bromination —_—
FeBrs
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Q Mechanism 18.2 Bromination of Benzene

Step [1] Generation of the electrophile

o™ g6 g =
+ FeBr,  ——  B—B—FeBr

Lewis base Lewis acid electrophile

(serves as a source of Br')

required for

or display

Lewis acid-base reaction of Br, with FeBr,
forms a species with a weakened and
polarized Br-Br bond. This adduct serves
as a source of Br* in the next step.

Step [2] Addition of the electrophile to form a carbocation
H H H e Addition of the electrophile forms a new
- Br Br Br  C-Brbond and generates a carbocation.
—FeBry — e = This carbocation intermediate is resonance
stabilized —three resonance structures
can be drawn.

The FeBr, also formed in this reaction is
the base used in Step [3].

resonance-stabilized carbocation
+ FeBrg~

FeBr, removes the proton from the carbon
bearing the Br, thus re-forming the aromatic
ring.

FeBr;, a catalyst, is also regenerated for
another reaction cycle.

Br
@ + HBr + FeIBv;,

The catalyst is
regenerated.

» Chlorination proceeds by a similar mechanism.

9
Figure 18.3
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o ,? CH,CH,N(CH3),
cl N N
CH, 7 -
Generic name: bupropion chlorpheniramine
Trade names: Wellbutrin, Zyban antihistamine
antidepressant,
also used to reduce nicotine cravings
OCH,COOH C|j©:OCH2COOH
Herbicides were used o cl ot Gl
extensively during the Vietnam
War to defoliate dense jungle ~ 24-D 245-T
{ 2,4-dichlorophenoxy- 2,4,5-trichlorophenoxy-
areas. The concentration of acstic acid Soatieacid
certain herbicide by-products herbicide herbicide

in the soil remains high today.

the active components in Agent Orange,
a defoliant used in the Vietnam War
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Nitration and Sulfonation

* Nitration and sulfonation introduce two different functional
groups into the aromatic ring.

» Nitration is especially useful because the nitro group can be
reduced to an NH, group.
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H s NO, NH,
Nitration @ 3 —— ©/
HSO,4 Section

18.14 »
nitrobenzene aniline

H © SOH
Sulfonation =g
H,SO,

benzenesulfonic acid
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Nitration Mechanism

* Generation of the electrophile in nitration requires
strong acid.
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(2) Mechanism 18.3 Formation of the Nitronium lon ("NO,) for Nitration

— H
o - | 1S . + s * oo
H-0-NO, + H{OSOH —— H-Q%NO, - H0: + NO,| = §=N=0

+ HSO, electrophile  Lewis structure

12



Sulfonation Mechanism

» Generation of the electrophile in sulfonation requires
strong acid.
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(2) Mechanism 18.4 Formation of the Electrophile *SO3H for Sulfonation

0
80, + HZOSOH —— g = *SOH | + HSO;
07 0 107+ ~0-H

electrophile
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Friedel-Crafts Alkylation

* In Friedel-Crafts alkylation, treatment of benzene with an
alkyl halide and a Lewis acid (AlICI;) forms an alkyl benzene.
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H R
Friedel-Crafts RCI LN
alkylation S new C—Cbond + HCI
AlCly
alkyl benzene
H
Examples 1 @/ CHCH,CI @/
AICl3
H C(CHy)3
2 ©/ (CHg)3CCl ©/ P
AICl,

CH,CHs

+ HCI

14



Electrophiles in Friedel-Crafts Alkylation
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Q Mechanism 18.5 Formation of the Electrophile in Friedel-Crafts Alkylation—Two Possibilities

+ ACl, —— | CHCH,—Gi—AICl,

For CHyCland 1°RCl: = CH,CH,—Ci
Lewis base Lewis acid electrophile

Lewis acid-base complex

For2°and3°RCE | (cH)c—C + AICl, — (CHgsCrCi—AICl, —— (CHy)sC*
g 3° carbocation
Lewis base Lewis acid slectrophile
+ ACI"

* For CH;Cl and 1° RCI, the Lewis acid-base complex itself serves as the electrophile for
electrophilic aromatic substitution.

* With 2° and 3° RCI, the Lewis acid-base complex reacts further to give a 2° or 3°
carbocation, which serves as the el phile. C: ion occurs only with

2° and 3° alkyl chlorides, because they afford more stable carbocations.

15

Friedel-Crafts Alkylation with 3°
Carbocation

Copyright © The McGraw-Hill C Inc required for or display

Cb Mechanism 18.6 Friedel-Crafts Alkylation Using a 3° Carbocation

C(CHa)s
O/ + HCI + AICI;

* Addition of the electrophile (a 3° carbocation) forms a new carbon-carbon bond in Step [1].
* AICI;” removes a proton on the carbon bearing the new substituent, thus re-forming the aromatic ring in Step [2].

s

2N _H
Hy C(CHg)s
C(CHg)3 T’

3° carbocation I + two more resonance ‘
structures

16



Other Facts About Friedel-Crafts Alkylation

[1] Vinyl halides and aryl halides do not react in Friedel-
Crafts alkylation.
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Cl
Unreactive halides in the -
Friedel-Crafts alkylation CHp=CHCI ©/

vinyl halide aryl halide

[2] Rearrangements can occur.
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CH; CHg
\/
CI;H3 AICI C\CH CH
1] +  CHy—C—CHCH, —3, i
H CI
2° halide
CH; H
\C/
AICl, “CHy
2 +  CHCH,CH,—CI ————
1° halide 17
Copyright © The McGraw-Hill C Inc. required for or display

Cb Mechanism 18.8 Friedel-Crafts Alkylation Involving Carbocation Rearrangement

Steps [1] and [2] Formation of a 2° carbocation

(1:H3 i (IZH3 @ (IZHg * Reaction of the alkyl chloride with AICI,
CH3—C—CHCH; ——> CH3—C—CHCHy —— CHy;—C—CHCHj,4 forms a complex that decomposes in
| Bl [ I T Step [2] to form a 2° carbocation.
H Gl *AlCl, H :CI—AICl, H
* 2° carbocation
+ AICI,~

Step [3] Carbocation rearrangement

(]:H3 gt (I:H3 * 1,2-Hydride shift converts the less
,2-H shi :
CHy—C—CHCH; ——————  CHy—C—CHCH, stable 2° carbocation to a more stable
[ €] * X 3° carbocation.
3° carbocation

Steps [4] and [5] Addition of the carbocation and loss of a proton

CHy e CH. CH « Friedel-Crafts alkylation occurs by the
CHgfcchcha e\ AWtk usual two-step process: addition of the
H //” C\CHECHa carbocation followed by loss of a
4l dson 5l proton to form the alkylated product.
2 3

‘-Hwo more resonance‘ + HCI + AICl,
structures

18



Rearrangements of 1° Alkyl Halides

* Rearrangements can occur even when no free carbocation is
formed initially.
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(23 Mechanism 18.9 A Rearrangement Reaction Beginning with a 1° Alkyl Chloride

AR
l CHy H
3 % 3] N \
e (% 1,2-H shift ¢
4 AICI. | g ' L
CH3CH,CH,—Cl: 2 CHg*C‘*CH2~.C.I7AICI3 CH3—C—CH, > ‘/\- CH,
A % two steps .
G
it t 2° carbocation
no carbocation feanangemen electrophile
at this stage
+ AICI,”
19

Other Carbocations in Friedel-Crafts
Alkylation

[3] Other functional groups that form carbocations can also
be used as starting materials.
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

* Protonation of an alkene forms a carbocation, which can then serve as an electrophile in
a Friedel-Crafts alkylation.

* Protonation of an alcohol, followed by loss of water, likewise forms a carbocation.

P, H
{ \ H

An alkene || + nlosoH — + HSOS
H H

2° carbocation

OHy CH, Chg
.. -» ) + .
Analcohol | CHy—C—0H + H-OSOH ——> CHy—CrOH, —— G+ Hb:
z e,
CHy CHs 3 ?

+ HSO,~ 3° carbocation

* Carbocations formed in the presence of benzene can then
substitute onto the ring by the usual mechanism. 20

10



Friedel-Crafts Acylation

* In Friedel-Crafts acylation, a benzene ring is treated with an
acid chloride (RCOCI) and AICI; to form a ketone.

* Because the new group bonded to the benzene ring is called
an acyl group, the transfer of an acyl group from one atom to

another is an acylation.

Copyright © The McGraw-Hil Companies, Inc. Permis:

H o}

Friedel-Crafts g
i + PN

acylation R l
acid chloride
Example = H Q

oot .
N CHy

AlCI,

R
«— acyl group
=z ‘ C\H
N + HCI
ketone

o
c
Cs, : “CHy + Hal
ct AlCl I

new C—C bond

21

Friedel-Crafts Acylation

* In Friedel-Crafts acylation, the Lewis acid AICI; ionizes the
carbon-halogen bond of the acid chloride, thus forming a
positively charged carbon electrophile called an acylium ion,
which is resonance stabilized.

» The positively charged carbon atom of the acylium ion then goes

on to react with benzene

electrophilic aromatic substitution.

in the two-step mechanism of
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( 2) Mechanism 18.7 Formation of the Electrophile in Friedel-Crafts Acylation

0: O:
1

-
U e, ——

+

Lewis acid

O Cot =
R R/ Gi-Aicl,

+
— R-C

This C serves as the electrophilic site.

0 «— R-C=Q: +

Al

a resonance-stabilized

acylium ion

electrophile

22
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Intramolecular Friedel-Crafts Reactions

» Starting materials that contain both a benzene ring and an
electrophile are capable of intramolecular Friedel-Crafts
reactions.
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o new C—C bond &
Il \
= Co
An intramolecular Cl AICl4
Friedel-Crafts acylation — + HCI

A o-tetralone

23

Intramolecular Friedel-Crafts Reactions

Figure 18.4
Synthesis of LSD
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Cl (0]
new C C bond
Reaction occurs / o) \ ) )\
atthese 2 C’s. SN ]

AICly N
N > several = N
\ N\ steps
CH,Ph ‘ CH,Ph H
LSD
intramolecular lysergic acid diethyl amide

Friedel-Crafts acylation

24
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Substituent Effects of Substituted Benzenes

 Many substituted benzene rings undergo electrophilic
aromatic substitution.

» Each substituent either increases or decreases the electron
density in the benzene ring, and this affects the course of
electrophilic aromatic substitution.

* Donation of electron density to the ring makes benzene
more electron rich.

» Withdrawal of electron density from the ring makes
benzene less electron rich.

 Electrophilic substitution on an already substituted benzene
produces isomers, some of which are favored over others.

25

Inductive Effects

» Considering inductive effects only, the NH, group withdraws
electron density and CH; donates electron density.
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Electron-withdrawing inductive effect Electron-donating inductive effect
e «—t
NH, CHg
N is more electronegative than C. * Alkyl groups are polarizable, making
« N inductively withdraws electron density. them electron-donating groups.

26

13



Resonance Effects

* Resonance effects are only observed with substituents
containing lone pairs or n bonds.
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* Aresonance effect is electron donating when resonance structures place a negative
charge on carbons of the benzene ring.

* A resonance effect is electron withdrawing when resonance structures place a positive
charge on carbons of the benzene ring.

* An electron-donating resonance effect is observed whenever
an atom Z having a lone pair of electrons is directly bonded to
a benzene ring.

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Ciiv, NH, ‘ NH2 s NHe
—C |
=

aniline
Three resonance structures place a () charge
on atoms in the ring.

27

Electron-Withdrawing Resonance Effects

* An electron-withdrawing resonance effect is observed in
substituted benzenes having the general structure CiHs-Y=2,
where Z is more electronegative than Y.

* Seven resonance structures can be drawn for benzaldehyde
(CsHsCHO).

* Because three of them place a positive charge on a carbon
atom of the benzene ring, the CHO group withdraws electrons
from the benzene ring by a resonance effect.

Copyright ® The McGraw-Hill G Inc. 1 required for reproduction or display
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1

O ~_-C. A~ G P A AL

QNG AN s IS s B e I Y

benzaldehyde

Three resonance structures place a (+) charge
on atoms in the ring.

28
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Inductive and Resonance Effects

* To predict whether a substituted benzene is more or less
electron rich than benzene itself, we must consider the net
balance of both the inductive and resonance effects.

» Alkyl groups donate electrons by an inductive effect, but they
have no resonance effect because they lack nonbonded
electron pairs or n bonds.

* Thus, any alkyl-substituted benzene is more electron rich
than benzene itself.

» The same analysis can be done with groups other than alkyl.
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l pposing effects l
7 N\ _3 Oy -
Q;g Qz Z=N,0,X
These elements are electronegative, so they These elements have a lone pair, so they can
inductively withdraw electron density. donate electron density by resonance. 29

Electron-Donating and Electron-
Withdrawing Groups
* These compounds represent examples of the general structural

features in electron-donating and electron-withdrawing
substituents.

Copyright @ The McGraw-Hill Companies, Inc. Permi required for ion or display
Electron-donating groups Electron-withdrawing groups
: R : z: : X: : Y (8" or +)
R =alkyl Z=NorO X = halogen

* Common electron-donating groups are alkyl groups or groups with an N or O atom
(with a lone pair) bonded to the benzene ring.

e Common electron-withdrawing groups are halogens or groups with an atom Y bearing
a full or partial positive charge (+ or §*) bonded to the benzene ring.

30
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Electron-Donating and Electron-
Withdrawing Groups
* The NH, group donates electron density making the benzene
ring more electron rich.

* The CHO group withdraws electron density, making the
benzene ring less electron rich.

Figure 18.5 o
/ o
o
L
( ®
-

>

. ‘ ;/’

aniline benzene benzaldehyde
(CgHsNHy) (CHsCHO)

o~
\
Q\

Increasing electron density in the benzene ring 31

Substituent Effects on Electrophilic
Aromatic Substitution

» Electrophilic aromatic substitution is a general reaction of all
aromatic compounds, including polycyclic aromatic
hydrocarbons, heterocycles, and substituted benzene
derivatives.

* A substituent affects two aspects of the electrophilic aromatic
substitution reaction:

1. The rate of the reaction: A substituted benzene reacts
faster or slower than benzene itself.

2. The orientation: The new group is located either ortho,
meta, or para to the existing substituent.

» The identity of the first substituent determines the
position of the second incoming substituent.

32
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Ortho, Para Directors—Activators

Toluene reacts faster than benzene in all substitution
reactions.

The electron-donating CH; group activates the benzene ring
to electrophilic attack.

Ortho and para products predominate.
The CH; group is called an ortho, para director.
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CHj3 CHj CHj CHs
FeBry Br Br
Br
ortho meta para

40% trace 60%

33

Meta Directors—Deactivators

Nitrobenzene reacts more slowly than benzene in all
substitution reactions.

The electron-withdrawing NO, group deactivates the benzene
ring to electrophilic attack.

The meta product predominates.
The NO, group is called a meta director.
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NO, HNO, NO, NO, NO,
+ +
H,SO, NO, Q/ O,N
NO,
ortho meta para
7% 93% trace

34
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Categorizing Directors and Activators

» All substituents can be divided into three general types:
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[1]  Ortho, para directors and activators
¢ Substituents that activate a benzene ring and direct substitution ortho and para.

-NH,, -NHR, -NR,

c
=

= %

S OH

8 .. General structure
2 =R RO =7t

C -

$ -NHcoR

Q

=

== -R

35

Categorizing Directors and Activators

* Halogens are in a class by themselves.

Copyright © The McGraw-Hill C Inc required for or display
[2]  Ortho, para deactivators

« Substituents that deactivate a benzene ring and direct substitution ortho and para.

B -G B I

[3] Meta directors

+ Substituents that direct substitution meta.

« All meta directors deactivate the ring.

-CHO

-COR

-COOR

~COOH General structure
N =Y (8% or +)
-S0H

Increasing deactivation

-NO,
-NRj
36
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Characteristics of Ortho and Para Directors
and Meta Directors
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 All ortho, para directors are R groups or have a nonbonded electron pair on the atom
bonded to the benzene ring.

R Z:
‘/\/ Z=NorO —-- The ring is activated.
\) Z = halogen — - The ring is deactivated.

* All meta directors have a full or partial positive charge on the atom bonded to the

benzene ring.
©/Y (8% or+)

37

Mechanism of Activation/Deactivation

* To understand how substituents activate or deactivate the ring,
we must consider the first step in electrophilic aromatic
substitution.

« The first step involves addition of the electrophile (E*) to form a
resonance-stabilized carbocation.

+ The Hammond postulate makes it possible to predict the relative
rate of the reaction by looking at the stability of the carbocation
intermediate.
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* The more stable the carbocation, the lower in energy the transition state that forms it,
and the faster the reaction.

H

H
\ E
gt —
[+ two resonance structures]

'Y

|
Stabilizing the carbocation
makes the reaction faster.

38
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Energy Diagrams Comparing Substitution Rates

* The energy diagrams below illustrate the effect of electron-
withdrawing and electron-donating groups on the transition
state energy of the rate-determining step.

Figure 18.6 Energy diagrams comparing the rate of electrophilic substitution of substituted benzenes
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Benzene with an Benzene Benzene with an
alectron-donor group D electron-withdrawing group W

lowest energy

g highest energy
/ \ | transition state
\

transition state /'\
/ N\
/ e
& =3 it &
S 3 E s
2 2 2
w w w
Ej2)
o~
D | w
Reaction coordinate Reaction coordinate Reaction coordinate

* Electron-donor groups D stabilize the carbocation intermediate, lower the energy of the transition state, and increase the rate of reaction.
* Elect groups W the , raise the energy of the transition state, and decrease the

rate of reaction.

39

Summary: Activators and Deactivators
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 All activators are either R groups or they have an N or O atom with a lone pair bonded
directly to the benzene ring. These are the electron-donor groups of Section 18.6.

~ P N Activating groups:
Z = Z=NorO -NH, -NHR  -NR,
R = alkyl 01 -OR
Activating and -NHCOR
electron-donating groups o
Copyright © The McGraw-Hill Companies, Inc. required for or display

* All deactivators are either halogens or they have an atom with a partial or full positive
charge bonded directly to the benzene ring. These are the electron-withdrawing groups

of Section 18.6.
PG ALY Bore) groups:
U\_;;, -F -Gk -Br I
X = halogen -CHO —COR
-COOR -COOH
Deactivating and -
-CN -SOH -NO, —NR,

electron-withdrawing groups

40
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Orientation Effects in Substituted Benzenes

* There are two general types of ortho, para directors and
one general type of meta director.

* All ortho, para directors are R groups or have a
nonbonded electron pair on the atom bonded to the
benzene ring.

» All meta directors have a full or partial positive charge
on the atom bonded to the benzene ring.

41

Determining Directing Effects

* To evaluate the effects of a given substituent, we can use the
following stepwise procedure:
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How To Determine the Directing Effects of a Particular Substituent J

Step [1] Draw all resonance structures for the carbocation formed from attack of an electrophile E* at the ortho, meta,
and para positions of a substituted benzene (CgHs— A).

original substituent — A

ortho * There are at least three resonance structures for each site of reaction.
* Each resonance structure places a positive charge ortho or para to the

meia new C-E bond.

]
para

Step [2] Evaluate the stability of the intermediate resonance structures. The electrophile attacks at those positions that
give the most stable carbocation.

42
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Methyl Carbocation Stabilization

» A CH;group directs electrophilic attack ortho and para to itself
because an electron-donating inductive effect stabilizes the
carbocation intermediate.
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CHs

5 CHgy CHy CHy
C_H ) H H H E
ortho il ‘ E* /\“/*E _/ ~E Ell .

attack R \\\;} &~

CHj stabilizes the preferred
(+) charge product

CHs CHs CHy CHy CH,
attack t - WJ —
CH ) € NE +SE NE

CH,

CHy CHj CHy ]
s /\l i
attack \ 58 % 4
H E H® 'E HE £

CH; stabilizes the

(+) charge preferred

product 43

Amine Carbocation Stabilization

* An NH, group directs electrophilic attack ortho and para to itself
because the carbocation intermediate has additional resonance
stabilization.
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fiH, r\‘in /NLHQ fiH, NH, NH,
ALH N AUH H AN H H E
ortho [/ \ E*, i T\E — ./ I . “E l E -
attack N N § > & = =
more stable preferred
All atoms have an octet. product
NH, NH, NH, NH, NH,
Z
= O, A —— O —Q
attack ) 25
H NTE - £ N
NH, NH, NH, NH, NH, NH,
| -
para e - - Q - > ’ [[«—— 0 <. \)\ﬁ - <>
attack & +
N
{ HE }\E HE HB(E
£ H E
more stable "
All atoms have an octet. proferred
product 44
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Nitro Carbocation Stabilization

* With the NO, group (and all meta directors) meta attack occurs
because attack at the ortho and para position gives a
destabilized carbocation intermediate.
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ortho
attack
destabilized
two adjacent (+) charges
NO, NO,
AL
meta ‘/ = L
attack § H
~TE (-
preferred
product
NO, NO,
P N
para 9 :‘ X R \ U
attack ‘.\ * X
> o
H E E
destabilized
two adjacent (+) charges 45

Summary of Reactivity and Directing Effects

Figure 18.7
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-NH, [NHR, NR;)

activating
groups ortho, para
directors

Increasing activation
o
)

deactivating
groups meta
directors

Increasing deactivation
(o]
(o]
=
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Reactions of Activated Rings

* Benzene rings activated by strong electron-donating groups—
OH, NH,, and their derivatives (OR, NHR, and NR,)—undergo
polyhalogenation when treated with X, and FeX,.
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[ very strong activating group ﬂ

NH, OH
B B B Br
FeBr3 FeBr3
aniline phenol

Br

Every ortho and para H is replaced.

Monosubstitution of H by Br occurs with Br, alone without added catalyst to form a mixture of
ortho and para products.

OH OH OH
SN Br, Br
With no catalyst: | —_— +
G
Br
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Reactions of Deactivated Rings

* A benzene ring deactivated by strong electron-withdrawing
groups (i.e., any of the meta directors) is not electron rich enough
to undergo Friedel-Crafts reactions.
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NO,
ﬂ No reaction
{ AICly

strong deactivator

* Friedel-Crafts reactions also do not occur with NH, groups
because the complex that forms between the NH, group and the
AICI; catalyst deactivates the ring towards Friedel-Crafts
reactions.
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o H
23 ™~ |- RCI
NH, + AICl; — N—AICl; ——=—> No reaction
S ’ AICly
Lewis acid / H

Lewis base
This (+) charge deactivates the benzene ring. 48
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Friedel-Crafts Reactions and Ring Activation

» Treatment of benzene with an alkyl halide and AICI; places an
electron-donor R group on the ring.

* Since R groups activate the ring, the alkylated product
(C¢HsR) is now more reactive than benzene itself towards
further substitution, and it reacts again with RCl to give
products of polyalkylation.
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RCI HCI
“ACI, “AICI,
an electron- donor group major products

» Polysubstitution does not occur with Friedel-Crafts acylation.
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I
C.
L (TR
+
R™ cl AlCl3 a deactivating group
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Reinforcing Directing Effects

1. When the directing effects of two groups reinforce, the new
substituent is located on the position directed by both

groups.
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ortho, para director

CH3 CHj
Hiped The new group is ortho to the CHz group

and meta to the NO, group.
Q > FeBr3
O,

meta director

p-nitrotoluene
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Opposing Directing Effects

2. If the directing effects of two groups oppose each other, the
more powerful activator “wins out.”
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stronger ortho, para director

_—NHCOCH,4 NHCOCH,4

( \ The new substituent goes ortho
\ < Br. Br to the stronger activator.
)
FeBry
0 B

weaker ortho, para director

A
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Steric Limitations to Directing Effects

3. No substitution occurs between two meta substituents
because of crowding.
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No substitution

ortho to 1 CH; group CHj occurs here. CH,
para to 1 CH; group
AN il Br,
FeBrj
CH,3 CHj

ortho to 1 CH3 group /

para to 1 CHz group m-xylene Br
(1,3-dimethylbenzene)
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Synthesis of Benzene Derivatives

* In a disubstituted benzene, the directing effects indicate
which substituent must be added to the ring first.
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ortho, para director —> By

Because the two groups are para to each other,
add the ortho, para director first.

meta director—>NO,

p-bromonitrobenzene
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Synthesis of Benzene Derivatives
« Pathway 1, in which bromination precedes nitration, yields
the desired product.
» Pathway 2 yields the undesired meta isomer.
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Pathway [1]: Bromination before nitration

ortho, para director

Br Br |J3,
A AN NO,
Br, HNO,4 [ \T . 2
- - +
FeBry H,S0, N
NO, The ortho isomer can be

separated from the mixture.
para product

This pathway gives the desired product
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Pathway [2]: Nitration before bromination

A A -Br
‘ ™ HNO4 ‘ N Bra [ ™3 This pathway does NOT form
= H,S0,4 A FeBry 2 the desired product.
NO, NO,
meta director meta isomer
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Nucleophilic Aromatic Substitution

* Nucleophilic aromatic substitution results in the substitution
of a halogen on a benzene ring by a nucleophile.

Copyright © The McGraw. nc. dasplay

Nucleophilic aromatic @X L. @Nu +u X
substitution A A

X=F,Cl, Br,1
A = H or electron-withdrawing group

» Two different mechanisms are proposed to explain the result
of the reaction.

* Addition-elimination
¢ Elimination-addition
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Nucleophilic Aromatic Substitution by
Addition-Elimination
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({\ Mechanism 18.10 Nucleophilic Aromatic Substitution by Addition-Elimination

Step [1] Addition of the nucleophile (:Nu") to form a carbanion

u~ « Addition of the nucleophile (:Nu") forms a
resonance-stabilized carbanion with a new

—:Ni
[ a Nu Nu = Nu
Z N Z
Q{ /OLC' _C' /CFCI C—Nu bond—three resonance structures
by — [ — —
5 £ = can be drawn.
WS wNAT w w

* Step [1] is rate-determining since the
resonance-stabilized carbanion aromaticity of the benzene ring is lost.

Step [2] Loss of the leaving group to re-form the aromatic ring
* In Step [2], loss of the leaving group re-forms

Nu
Nu
Z N cl & OF the aromatic ring. This step is fast because the
\ ) aromaticity of the benzene ring is restored.
w w

56
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Reactivity Trends in Nucleophilic Aromatic
Substitution
* Increasing the number of electron-withdrawing groups
increases the reactivity of the aryl halide.

* Electron-withdrawing groups stabilize the intermediate
carbanion.

* Increasing the electronegativity of the halogen increases the
reactivity of the aryl halide.

* A more electronegative halogen stabilizes the
intermediate carbanion by an inductive effect.

Increasing reactivity

57

Orientation for Addition-Elimination

* Nucleophilic aromatic substitution only occurs by an
addition-elimination mechanism with aryl halides that contain
ortho or para electron-withdrawing substituents.
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Para NO, group

/"lNu”
[ ci Nu Nu Nu 5 Nu
AN cl cl A {-ci cl
- > — | g = | 4w
O,N O,N ~J b\\l\‘l N "\’}‘/ O,N
Hel Hel T

additional resonance stabilization

The negative charge is delocalized
Meta NO, group on the O atom of the NO, group.

Nu™

"/CI Nu Nu = Nu
7 |‘_ e cl cl
N 5
NO, NO, NO, NO,

The negative charge is never delocalized on the NO, group.
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Nucleophilic Aromatic Substitution by
Elimination-Addition
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((-\ Mechanism 18.11 Nucleophilic Aromatic Substitution by Elimination-Addition: Benzyne
Part [1] Elimination of HX to form benzyne
I
& Lo @, 7 o :
| \ ,—OH ——— o) — \ H « Elimination of H and X from two adjacent carbons forms a
NN = X reactive benzyne intermediate (Steps [1] and [2)).
+ H,0 benzyne
+ Cr

Part [2] Nucleophilic addition to form the substitution product

~i0H
/ e OH OH
Z B~ 14] o : o o
| \ \;‘ ——— U —_— * Addition of the nucleophile ("OH in this case) and
X N *H-OH H protonation form the substitution product (Steps [3] and [4]).
2 + “OH
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Products of Elimination-Addition

* Formation of a benzyne intermediate explains why
substituted aryl halides form mixtures of products.

* Nucleophilic aromatic substitution by an elimination-addition
mechanism affords substitution on the carbon directly
bonded to the leaving group and the carbon adjacent to it.
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CHj CH4 CHj
NaNH,
T S +
NH5
NH,
Cl NH,
p-chlorotoluene p-methylaniline m-methylaniline
(p-toluidine) (m-toluidine)
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Products of Elimination-Addition

* Nucleophilic attack on the benzyne intermediate may occur at
C3 to form m-methylaniline, or C4 to form p-methylaniline.

Copyri qm@me McGraw-Hill Companies, Inc. Permission required for r r-ploduc(on or display

CHjy
_NaNH, i “NH,
two steps nucleophlllc
attack at C3 NH2
Cl
p-chlorotoluene or m-methylaniline
CHj CHj CHj
NHg
4 nucleophilic e
it attack at C4 ~ H
—NH, NH, C4 NH,

p-methylaniline
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Products of Elimination-Addition

* The second =n bond of benzyne is different from all other =
bonds seen thus far:

* It is formed by the side-by-side overlap of sp? hybrid
orbitals, not p orbitals.

* Therefore, it is extremely weak.
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» The ¢ bond is formed by overlap of two sp? hybrid orbitals.

* One n bond is formed by overlap of two p orbitals perpendicular to the plane of the
molecule.

» The second n bond is formed by overlap of two sp? hybrid orbitals.

H H

e
:/> Overlap of two sp? hybrid
H ‘ ‘\. orbitals forms a © bond.

sp? hybridized}
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Halogenation of Alkyl Benzenes

* Benzylic C-H bonds are weaker than most other sp3
hybridized C-H bonds, because homolysis forms aresonance-
stabilized benzylic radical.
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benzylic C-H bond

Ay i i i i i
G o c C C.. SN
“CH, " CH, W'\cna 7 CH, 7 CH, 7" CH,
B = = J. R I
+He

five resonance structures for the benzylic radical

* As a result, alkyl benzenes undergo selective bromination at
the weak benzylic C-H bond under radical conditions to form
the benzylic halide.
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H\ /H B \ /Br

o
C. % C
CH, _bvors “CH, + HBr

or
NBS

ethylbenzene hvorROOR  a benzylic bromide

radical conditions 63
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(i-) Mechanism 18.12 Benzylic Bromination
Initiation
Step [1] Bond cleavage forms two radicals.
e g * The reaction begins with homolysis of the Br-Br
o ‘B bond using energy from light or heat to form two Br
radicals.
Propagation
Steps [2] and [3] One radical reacts and a new radical is formed.
H H/ \‘|'3' [ H Br: * Abstraction of a benzylic hydrogen by a Br- radical
Br: 3 - =

N forms the resonance-stabilized benzylic radical in

C2 Ce ! r C.
“CH, Gy, ¢ & “CH,  Step [2], which reacts with Br; in Step [3] to form
4’[2] 4‘[3] the bromination product.

+-Br:  * Because the Br- radical formed in Step [3] is a
[+ four resonance structures] reactant in Step [2], Steps [2] and [3] can occur
+ HBr repeatedly without additional initiation.
Repeat Steps [2], (3], [2], [3], again and again.
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lonic and Radical Halogenation

» Alkyl benzenes undergo two different reactions depending on
the reaction conditions:
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Br, =R
— + | | lonic conditions
FeBrg —
B Br

r

©A ortho isomer para isomer

Br

Br,
——— Radical conditions
hvorA

* With Br, and FeBr; (ionic conditions), electrophilic aromatic
substitution occurs, resulting in replacement of H by Br on the
aromatic ring to form ortho and para isomers.

* With Br, and light or heat (radical conditions), substitution of H
by Br occurs at the benzylic carbon of the alkyl group.
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Oxidation of Alkyl Benzenes

* Arenes containing at least one benzylic C-H bond are oxidized
with KMnO, to benzoic acid.
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L 30Hg
Examples T
o
o , é - carboxy group
toluene KMnO, ‘/" X7 oH
— ||
Xy CH(CHa)2 benzoic acid
isopropylbenzene

* Substrates with more than one alkyl group are oxidized to
dicarboxylic acids.

+ Compounds without a benzylic hydrogen are inert to oxidation.
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__-CH:CH; _~_-COOH
f j KMnO, _ U N

N
CH,CH; " “COOH

phthalic acid

LA

_\C(CHy)
| i KMnO, .
‘\\/ > —  Noreaction 66

33



Reduction of Acyl Benzenes

+ Ketones formed as products of Friedel-Crafts acylation can be
reduced to alkyl benzenes by two different methods:

1. The Clemmensen reduction—uses zinc and mercury in the
presence of strong acid.

2. The Wolff—Kishner reduction—uses hydrazine (NH,NH,) and
strong base (KOH).
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o] H H
8 \C/
Clemmensen \CH3 Zn(Hg) + HCI \CH3
reduction =
A
O H H
Il \ /

Wolff-Kishner C\C(CH3)3 NH_NH, +"OH C\C(CHs)a
reduction A
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Synthesis of Alkyl Benzenes

* We now know two different ways to introduce an alkyl group on
a benzenering:

1. Aone-step method using Friedel-Crafts alkylation.

2. A two-step method using Friedel-Crafts acylation to form a
ketone, followed by reduction.

Figure 18.8
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Friedel-Crafts
alkylation H\ /H

c
@ RCH,CI ©/ “R
AICl

Friedel-Crafts ;
acylation reduction
RCOCI ©/ ~R

AlCly

0=0
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Synthesis of Alkyl Benzenes

» Although the two-step method seems more roundabout, it must
be used to synthesize certain alkyl benzenes that cannot be

prepared by the one-step Friedel-Crafts alkylation because of
rearrangements.
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Friedel-Crafts alkylation generates
isopropylbenzene by rearrangement.

v
CH3CH,CH,CI CH(CHa),
AlC,

X The two-step sequence—Friedel-Crafts
isopropylbenzene

acylation followed by reduction—
generates propylbenzene.

l

CH,CH,CHg

o]
Icl;
‘\ “CH,CH;  Zn(Hg), HCI A

= =

propylbenzene
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Reduction of Nitro Benzenes

* A nitro group (NO,) that has been introduced on a benzene ring
by nitration with strong acid can readily be reduced to an amino
group (NH,) under a variety of conditions.
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NO, NH,
©/ H21 - ©/
or

nitrobenzene Fe, HCI aniline
or
Sn, HCI

* Reduction of ethyl p-nitrobenzoate with H, and a palladium

catalyst forms ethyl p-aminobenzoate, a local anesthetic
commonly called benzocaine.
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b
OZN@COZCHZCHS ﬁ- HZNOC020H2CH3

ethyl p-nitrobenzoate ethyl p-aminobenzoate 70
(benzocaine)
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Multistep Synthesis

» Write out a synthesis of p-nitrobenzoic acid from benzene.
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O2N@COOH

p-nitrobenzoic acid

+ First, perform retrosynthetic analysis.
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Friedel-Crafts
oxidation alkylation
COOH |
_

p—nltrobenzonc acid nitration
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Multistep Synthesis

* Then, write out the synthesis from starting material to product.
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COOH
_CHCI _HNO; KMno4
AICl H,S0,
(1 toluene (2]
[+ ortho |somer] p-nnrobenzoic
acid

* Make sure you put the methyl group on first as nitro is a meta
director and deactivator.

* Do not oxidize the methyl group until after adding the nitro as
a carboxylic acid is a meta director and deactivator.
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