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In the preceding chapter, we looked at aromaticity—the stability associated with
benzene and related compounds that contain a cyclic conjugated system of
4n + 2 7 electrons. In this chapter, we'll look at some of the unique reactions
that aromatic molecules undergo.

The most common reaction of aromatic compounds is electrophilic aromatic
substitution. That is, an electrophile reacts with an aromatic ring and substitutes
for one of the hydrogens. The reaction is characteristic of all aromatic rings, not
just benzene and substituted benzenes. In fact, the ability of a compound to
undergo electrophilic substitution is a good test of aromaticity.

Many ditferent substituents can be introduced onto an aromatic ring
through electrophilic substitution reactions. To list some possibilities, an aro-
matic ring can be substituted by a halogen (—CI, —Br, 1), a nitro group (—NO>),
a sulfonic acid group (—SO3H), a hydroxyl group (—OH), an alkyl group (—R), or
an acyl group (—COR). Starting from only a few simple materials, it's possible to
prepare many thousands of substituted aromatic compounds.
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16.1

Thomson OV Click Organic
Process to view an animation of
the bromination of aromatic
rings.

Thomsen e Click Organic
Interactive to practice your
problem-solving skills on the
mechanism of electrophilic
aromatic substitution.

WHY THIS CHAPTER?

This chapter generally continues the coverage of aromatic molecules begun in
the preceding chapter, but we'll shift focus to concentrate on reactions, looking
at the relationship between aromatic structure and reactivity. This relationship
is critical to an understanding of how many biological molecules and pharma-
ceutical agents are synthesized and why they behave as they do.

Electrophilic Aromatic Substitution Reactions: Bromination

Before seeing how electrophilic aromatic substitutions occur, let’s briefly recall
what we said in Chapter 6 about electrophilic alkene additions. When a reagent
such as HCI adds to an alkene, the electrophilic hydrogen approaches the
p orbitals of the double bond and forms a bond to one carbon, leaving a positive
charge at the other carbon. This carbocation intermediate then reacts with the
nucleophilic C17 ion to yield the addition product.

N *Cls
= H—CI
H Cl H
\CLC/ >(.[‘. C/ \C C/
= — — N e —_
/T N\ /N '
Alkene Carbocation Addition product

intermediate

An electrophilic aromatic substitution reaction begins in a similar way, but
there are a number of differences. One difference is that aromatic rings are less reac-
tive toward electrophiles than alkenes are. For example, Br, in CH,Cl, solution
reacts instantly with most alkenes but does not react with benzene at room tem-
perature. For bromination of benzene to take place, a catalyst such as FeBry is
needed. The catalyst makes the Bry molecule more electrophilic by polarizing it to
give an FeBry™ Br species that reacts as if it were Br*. The polarized Br, molecule
then reacts with the nucleophilic benzene ring to yield a nonaromatic carbocation
intermediate that is doubly allylic (Section 11.5) and has three resonance forms.

Br—Br + FeBrg

Br Br + /Br
,//?B\rd+ “FeBry = H H \ H
o - =

Although more stable than a typical alkyl carbocation because of resonance,
the intermediate in electrophilic aromatic substitution is nevertheless much less
stable than the starting benzene ring itself, with its 150 kJ/mol (36 kcal/mol) of
aromatic stability. Thus, the reaction of an electrophile with a benzene ring is
endergonic, has a substantial activation energy, and is rather slow. Figure 16.1
shows an energy diagram comparing the reaction of an electrophile with an
alkene and with benzene. The benzene reaction is slower (higher AG¥) because
the starting material is more stable.

o —

Br* “FeBry
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Figure 16.1 A comparison of
the reactions of an electrophile
(E*) with an alkene and with
benzene: AG*jane < AGHpenzene:

Benzene + E'

Reaction progress ——————=

A second difference between alkene addition and aromatic substitution
occurs after the carbocation intermediate has formed. Instead of adding Br~ to
give an addition product, the carbocation intermediate loses HY from the
bromine-bearing carbon to give a substitution product. Note that this loss of H*
is similar to what occurs in the second step of an E1 reaction (Section 11.10). The
net effect of reaction of Bry with benzene is the substitution of H* by Br* by the
overall mechanism shown in Figure 16.2.

Figure 16.2 MECHANISM: The

mechanism of the electrophilic Br—Br + FeBrg
bromination of benzene. The
reaction occurs in two steps and
involves a resonance-stabilized l
carbocation intermediate.
Brt ~FeBry
@ An electron pair from the benzene
ring attacks the positively polarized
bromine, forming a new C-Br bond OlSRJW
and leaving a nonaromatic
carbocation intermediate. g~
r( eBry
J H
+
# A base removes H* from the
carbocation intermediate, and the
neutral substitution product forms QJFast
as two electrons from the C-H bond
move to re-form the aromatic ring. Br

+ HBr + FeBrg

Why does the reaction of Br, with benzene take a different course than its
reaction with an alkene? The answer is straightforward. If addition occurred,
the 150 k|/mol stabilization energy of the aromatic ring would be lost and the
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Figure 16.3 Anenergy

diagram for the electrophilic
bromination of benzene. The
overall process is exergonic.

Problem 16.1

16.2

overall reaction would be endergonic. When substitution occurs, though, the
stability of the aromatic ring is retained and the reaction is exergonic. An energy
diagram for the overall process is shown in Figure 16.3.

H Br
Br
H
=
Addition

(does NOT occur)

Energy

Br
+ HBr

Substitution

Reaction progress ———

Monobromination of toluene gives a mixture of three bromotoluene products. Draw
and name them.

Other Aromatic Substitutions

There are many other kinds of electrophilic aromatic substitutions besides
bromination, and all are thought to occur by the same general mechanism. Let's
look at some of these other reactions briefly.

Aromatic Chlorination and lodination

Chlorine and iedine can be introduced into aromatic rings by electrophilic substi-
tution reactions, but fluorine is too reactive and only poor vields of monofluoro-
aromatic products are obtained by direct fluorination. Aromatic rings react with
Cl, in the presence of FeCl; catalyst to yield chlorobenzenes, just as they react
with Brp and FeBry. This kind of reaction is used in the synthesis of numerous phar-
maceutical agents, including the antianxiety agent diazepam, marketed as Valium.

HsC i
H Cl N
FeCly
+ Cy —— +  HCI
catalyst
of —N
Benzene Chlorobenzene (86%)

Diazepam
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lodine itself is unreactive toward aromatic rings, and 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 I, to
a more powerful electrophilic species that reacts as if it were [*. The aromatic
ring then reacts with I+ in the typical way, yielding a substitution product.

I; + 2Cu?t 21+ 2cut

— ~iBas
i \I A { ase . I
e L~ H —
I; + CuCly -
Benzene Iodobenzene (65%)

Electrophilic aromatic halogenations occur in the biosynthesis of numerous
naturally occurring molecules, particularly those produced by marine organ-
isms. In humans, the best-known example occurs in the thyroid gland during
the biosynthesis of thyroxine, a thyroid hormone involved in regulating growth
and metabolism. The amino acid tyrosine is first iodinated by thyroid peroxi-
dase, and two of the iodinated tyrosine molecules then couple. The electrophilic
iodinating agent is an I+ species, perhaps hypoiodous acid (HIO), that is formed
from iodide ion by oxidation with H,O,.

COy~ 1 CO,~
k I ;
e —_— A
H NH3 Thyroid H NH3
HO peroxidase HO
I3
Tyrosine 3,5-Diiodotyrosine

HO

Thyroxine
{a thyroid hormone)

Aromatic Nitration

Aromatic rings can be nitrated by reaction with a mixture of concentrated nitric
and sulfuric acids. The electrophile is the nitronium ion, NO,*, which is gener-
ated from HNO3 by protonation and loss of water. The nitronium ion reacts
with benzene to yield a carbocation intermediate, and loss of H* from this inter-
mediate gives the neutral substitution product, nitrobenzene (Figure 16.4).
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Figure 16.4 The mecha-
nism of electrophilic nitra-
tion of an aromatic ring. An
electrostatic potential map
of the reactive electrophile
NO,™ shows that the nitro-
gen atom is most positive
(blue).

(0] H 0
" /4
:0—N*  + H80, = :0—N'_
H o H [on
Nitric acid
0 0
+ v A
O0=N=0 \N+—O_ . H+
——10Hy N\o
—y </ _ + H30+
4
Nitrobenzene

Nitration of an aromatic ring does not occur in nature but is particularly
important in the laboratory because the nitro-substituted product can be
reduced by reagents such as iron, tin, or SnCl, to yield an arylamine, AtNH,.
Attachment of an amino group to an aromatic ring by the two-step
nitration/reduction sequence is a key part of the industrial synthesis of many
dyes and pharmaceutical agents. We'll discuss this reduction and other reactions
of aromatic nitrogen compounds in Chapter 24.

NO3 NH5
1. Fe, Hy0*
2. HO™

Nitrobenzene Aniline (95%)

Aromatic Sulfonation

Aromatic rings can be sulfonated by reaction with fuming sulfuric acid, a mix-
ture of HzSO4 and SO3. The reactive electrophile is either HSO3* or neutral SO,
depending on reaction conditions, and substitution occurs by the same two-step
mechanism seen previously for bromination and nitration (Figure 16.5). Note,
however, that the 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 aqueous acid.

Like nitration, aromatic sulfonation does not occur naturally but is widely
used in the preparation of dyes and pharmaceutical agents. For example, the sulfa
drugs, such as sulfanilamide, were among the first clinically useful antibiotics.
Although largely replaced today by more effective agents, sulfa drugs are still used
in the treatment of meningilis and urinary tract infections. These drugs are pre-
pared commercially by a process that involves aromatic sulfonation as the key step.

Q 0O
\V;
S\
NH3 I
Sulfanilamide (an antibiotic)



Figure 16.5 The mechanism of
electrophilic sulfonation of an
aromatic ring. An electrostatic
potential map of the reactive
electrophile HOSO,* shows that
sulfur and hydrogen are the
most positive atoms (blue).

Problem 16.2 |
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H
il ol
D%Si:\\o + H;S0, — O’//,Si'\\\o HSO4 ™
Sulfur trioxide
ofg/io 3 0 o
"oH % on N4

S+
/ H TOH
” “~—:Base

Benzenesulfonic acid

Aromatic Hydroxylation

Direct hydroxylation of an aromatic ring to yield a hydroxybenzene (a phenol)
is difficult and rarely done in the laboratory, but occurs much more frequently
in biological pathways. An example is the hydroxylation of p-hydroxyphenyl
acetate to give 3,4-dihydroxyphenyl acetate. The reaction is catalyzed by
p-hydroxyphenylacetate-3-hvdroxylase and requires molecular oxygen plus
the coenzyme reduced flavin adenine dinucleotide, abbreviated FADH,.

CH,CO,™ HO CH,CO4™
o))
p-Hydroxyphenylacetate-
HO 3-hydroxylase HO
p-Hydroxyphenyl acetate 3,4-Dihydroxyphenyl acetate

By analogy with other electrophilic aromatic substitutions, you might
expect that an electrophilic oxygen species acting as an “OH* equivalent” is
needed for the hydroxylation reaction. That is exactly what happens, with the
electrophilic oxygen arising by protonation of FAD hydroperoxide, RO—OH
(Figure 16.6); that is, RO—OH + H* — ROH + OH™*. The FAD hydroperoxide is
itself formed by reaction of FADH; with O,.

How many products might be formed on chlorination of o-xvlene (o-dimethyl-

benzene), m-xylene, and p-xylene?

Problem 16.3 |

When benzene is treated with D50, deuterium slowly replaces all six hydrogens in
the aromatic ring. Explain.
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FADH, | i 7\ l |

F
!
=
fo—.

& Reduced flavin adenine
dinucleotide reacts with (1] 1 0,
molecular oxygen to give a -
hydroperoxide intermediate.

N f__:_lj_)
FAD hydroperoxide ‘ ‘

#) Protonation of a hydroperoxide

oxygen by an acid HA makes L
the neighboring oxygen
electrophilic and allows the 9]
aromatic ring to react, giving a
carbocation intermediate, e 4
OH :Base #
~0,CCH HaC. ; M N 0
2CLCHy HJ S . P
N
*™0OH HaC N “H
HHO
L S
€) Loss of H from the carbocation
gives the hydroxy-substituted
aromatic product, o I
~0,CCH, OH
OH

3,4-Dihydroxyphenyl acetate

Figure 16.6 MECHANISM: Mechanism of the electrophilic hydroxylation of p-hydroxyphenyl
acetate, by reaction with FAD hydroperoxide. The hydroxylating species is an “OH™ equiva-
lent” that arises by protonation of FAD hydroperoxide, RO—0H + H* — ROH + OH*,

163 Alkylation and Acylation of Aromatic Rings:
- The Friedel-Crafts Reaction

Among the most useful electrophilic aromatic substitution reactions in the labo-
ratory is alkylation—the introduction of an alkyl group onto the benzene ring.
Called the Friedel-Crafts reaction after its discoverers, the reaction is carried out

© Jahn MeMurry



Figure 16.7 MECHANISM:

Mechanism of the Friedel-Crafts

alkylation reaction of benzene
with 2-chloropropane to yield
isopropylbenzene (cumene).

The electrophile is a carbocation,

generated by AlClz-assisted
dissociation of an alkyl halide.

Charles Friedel (1832-1899) was
bornin Strasbourg, France, and
studied atthe Sarbanne in Paris.
Trained as both a mineralogist

and a chemist, he was among the

first to attempt to manufacture
synthetic diamonds. He was pro-
fessor of mineralogy at the

School of Mines before becoming
professor of chemistry at the Sor-

bonne (1884-1899).

James Mason Crafts (1839-1917)
was born in Boston, Massachu-
setts, and graduated from
Harvard in 1858. Although he did
not receive a Ph.D., he studied
with eminent chemists in Europe
for several years and was
appointed in 1868 as the first pro-
fessor of chemistry at the newly
founded Cornell University in
Ithaca, New York. Ithaca winters
proved too severe, however, and
he soon moved to the Massachu-
setts Institute of Technology,
where he served as president
from 1897 to 1900.
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by treating the aromatic compound with an alkyl chloride, RCl, in the presence

of AICl; to generate a carbocation electrophile, R*.

Aluminum chloride catalyzes

the reaction by helping the alkyl halide to dissociate in much the same way that
FeBry catalyzes aromatic brominations by polarizing Br, (Section 16.1). Loss of

H* then completes the reaction (Figure 16.7).

cl
CHsCHCH; + AICIg

€ An electron pair from the
aromatic ring attacks the

+
——  CHsCHCH; AICI4~

4
CH3CHCH;  AICly™

carbocation, forming a C-C (1] l
bond and yielding a new \
carbocation intermediate. ) .
CHg
|
CHCH5
H
4
| AlCly |
 Loss of a proton then
gives the neutral alkylated (2}
substitution product.
e
CHCH3
+ HCI + AlCl3

Despite its utility, the Friedel-Crafts alkylation has several limitations. For
one thing, only alkyl halides can be used. Aromatic (aryl) halides and vinylic
halides do not react because arvl and vinylic carbocations are too high in energy

to form under Friedel-Crafts conditions,

Cl
) /\m
An aryl halide

NOT reactive

A vinylic halide

Another limitation is that Friedel-Crafts reactions don't succeed on aro-
matic rings that are substituted either by a strongly electron-withdrawing group




556 CHAPTER1G6 Chemistry of Benzene: Electrophilic Aromatic Substitution

Figure 16.8 Limitations on the
aromatic substrate in Friedel-
Crafts reactions. No reaction
occurs if the substrate has either
an electron-withdrawing sub-
stituent or an amino group.

such as carbonyl (C=0) or by an amino group (—NH,, NHR, —NR;). We'll see in
the next section that the presence of a substituent group already on a ring can
have a dramatic effect on that ring’s subsequent reactivity toward further
electrophilic substitution. Rings that contain any of the substituents listed in
Figure 16.8 do not undergo Friedel-Crafts alkylation.

Y

i
A8, NO reaction where Y = —NR3, —NO,, —CN,

—8503H, —CHO,; —COCHg;

9
—CO,H, —CO,CH;

(—NHg, —NHR, —NRj)

A third limitation to the Friedel-Crafts alkylation is that it's often difficult
to stop the reaction after a single substitution. Once the first alkyl group is on
the ring, a second substitution reaction is facilitated for reasons we’ll discuss
in the next section. Thus, we often observe polyalkylation. Reaction of benzene
with 1 mol equivalent of 2-chloro-2-methylpropane, for example, vields p-di-teri-
butylbenzene as the major product, along with small amounts of tert-butyl-
benzene and unreacted benzene. A high yield of monoalkylation product is
obtained only when a large excess of benzene is used.

HaC_ ChHa

C
HC CH N

HaC  CHa SN CHg

\C./ &
HsC” ClI CHg b SN

+ + ,.C.A
AICl4 7\
HsC CH3

Minor product Major product

Yet a final limitation to the Friedel-Crafts reaction is that a skeletal
rearrangement of the alkyl carbocation electrophile sometimes occurs during
reaction, particularly when a primary alkyl halide is used. Treatment of benzene
with 1-chlorobutane at 0 °C, for instance, gives an approximately 2:1 ratio of
rearranged (sec-butyl) to unrearranged (butyl) products.

The carbocation rearrangements that accompany Friedel-Crafts reactions
are like those that accompany electrophilic additions to alkenes (Section 6.11)
and occur either by hydride shift or alkyl shift. For example, the relatively
unstable primary butyl carbocation produced by reaction of 1-chlorobutane
with AlCly rearranges to the more stable secondary butyl carbocation by shift
of a hydrogen atom and its electron pair (a hydride ion, H:7) from C2 to C1.
Similarly, alkylation of benzene with 1-chloro-2,2-dimethylpropane yields
(1,1-dimethylpropyl)benzene. The initially formed primary carbocation rearranges
to a tertiary carbocation by shift of a methyl group and its electron pair from
C2 to C1.
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i
CHCH,CH3 CH2CH5CH,CH3
CH3CH,CHoCHLCI " =
AlClq g
Benzene sec-Butylbenzene Butylbenzene
(65%) (35%)
1+ H
=%, ; £ |
CHaCHCHCHg <9098 ot CH,CHCHg
HaC CH
3b s
=
{CH3)3CCH,CI CHaCH3
AICl4
Benzene {1,1-Dimethylpropyl)benzene
CHy
CHa— Gty Ak CHz—C—CH,CH
3 i 2 Shift 3 I 2LH3
CH3 CH3

Just as an aromatic ring is alkylated by reaction with an alkyl chloride, it is
acylated by reaction with a carboxylic acid chloride, RCOCI, in the presence of
AlCl3. That is, an acyl group (—~COR; pronounced a-sil) is substituted onto the
aromatic ring. For example, reaction of benzene with acetyl chloride yields
the ketone, acetophenone.

0
0 o
. | AICI3 CHg
Heg=™ =g BOm
Benzene Acetyl chloride Acetophenone (95%)

The mechanism of the Friedel-Crafts acylation reaction is similar to that
of Friedel-Crafts alkylation, and the same limitations on the aromatic sub-
strate noted previously in Figure 16.8 for alkylation also apply to acylation.
The reactive electrophile is a resonance-stabilized acyl cation, generated by
reaction between the acyl chloride and AICl; (Figure 16.9). As the resonance
structures in the figure indicate, an acyl cation is stabilized by interaction of
the vacant orbital on carbon with lone-pair electrons on the neighboring oxy-
gen. Because of this stabilization, no carbocation rearrangement occurs dur-
ing acylation.
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Il ICl 5 dd
a-Cg M, r€=0 — R—C=0" + AIC,
An acyl cation

o)
g ﬁ
=

e ‘g

© ¢ M—p=0 —> —:H—\ S + HCl + AICh

AICI™

Figure 16.9 Mechanism of the Friedel-Crafts acylation reaction. The electrophile is a
resonance-stabilized acyl cation, whose electrostatic potential map indicates that carbon
is the most positive atom (blue).

Unlike the multiple substitutions that often occur in Friedel-Crafts alkyla-
tions, acylations never occur more than once on a ring because the product acyl-
benzene is less reactive than the nonacylated starting material. We'll account for
this reactivity difference in the next section.

Aromatic alkylations occur in numerous biological pathways, although
there is of course no AlCly present in living systems to catalyze the reaction.
Instead, the carbocation electrophile is usually formed by dissociation of an
organodiphosphate, as we saw in Section 11.6. The dissociation is typically
assisted by complexation to a divalent metal cation such as Mg+ to help neu-
tralize charge.

F{\‘
R—Cl —— R—CI+AICl; — R* + CI

An alkyl Chloride
chloride ion |
00 00 00
Il il i
R—O?OTO‘ — R—OPOPO" —> R* _OFOTO‘ (P,0,%)
| |
00" 00" 00"
An organo- Mg?* Diphosphate ion
diphosphate

An example of a biological Friedel-Crafts reaction occurs during the bio-
synthesis of phylloquinone, or vitamin K, the human blood-clotting factor.
Phylloquinone is formed by reaction of 1,4-dihydroxynaphthoic acid with
phytyl diphosphate. Phytyl diphosphate first dissociates to a resonance-
stabilized allylic carbocation, which then substitutes onto the aromatic ring
in the typical way. Several further transformations lead to phylloquinone
(Figure 16.10).
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- CHy CHs |
1
CHyCH=CCHy(CH,CH,CHCHp)3H
A ‘_
’OITOPO4CHECH=CCH2(CHZCH2CHCH2)3H
epie
CH3 CH3
Mg2-|- +| I
CHy=CH—CCH2(CHyCH5CHCH3)3H
Phytyl diphosphate Phytyl carbocation
OH OH
CO,H CO5H
2 e S 2
CHg CHa - | (-H GHa CHa
\ -+ | t —
\_ CH,CH=CCHy{CH,CH,CHCHa)3H CHZCH=CCHa(CH;CH,CHCHZ)5H
OH OH
1,4-Dihydroxy- Phytyl carbocation

naphthoic acid

OH
CO,H

0
CH3
CHs CHs —= O CH3 CHs
CHQCH:(‘:CHZ(CHZCHzcl:HCHz}gH CHZCH=C‘ZCH2(CH2CH2C|:HCH2)3H
0

Phylloquinone
(vitamin K4)

OH

Figure 16.10 Biosynthesis of phylloquinone (vitamin K;) from 1,4-dihydroxynaphthoic acid.
The key step that joins the 20-carbon phytyl side chain to the aromatic ring is a Friedel-Crafts-
like electrophilic substitution reaction.

WORKED EXAMPLE 16.1 Predicting the Product of a Carbocation Rearrangement

The Friedel-Crafts reaction of benzene with 2-chloro-3-methvlbutane in the presence
of AlCl3 occurs with a carbocation rearrangement. What is the structure of the product?

Strategy A Friedel-Crafts reaction involves initial formation of a carbocation, which can
rearrange by either a hydride shift or an alkyl shift to give a more stable carbocation.
Draw the initial carbocation, assess its stability, and see if the shift of a hydride ion
or an alkyl group from a neighboring carbon will result in increased stability. In the
present instance, the initial carbocation is a secondary one that can rearrange to a
maore stable tertiary one by a hydride shift.

H CH H CHs CH3
HaC \c/ A, e !”\C/ ——  HaC G
£ N s Rierlsg e Tt
C CH € CH CH
/A . + N 7 3
cl H H H H
Secondary Tertiary

carbocation carbocation
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Solution

Problem 16.4

Problem 16.5 |

Problem 16.6

Use this more stable tertiary carbocation to complete the Friedel-Crafts reaction.

HsC CH
3\/ 3

CHs c
it [i:+ “CH,CH3
4 —
=) \C/ \CHE
bl
H H

Which of the following alkyl halides would you expect to undergo Friedel-Crafts
reaction without rearrangement? Explain.

(a) CH3CH,CI (b) CH3CH,CH(CI)CHj (c) CH4CH,CH,Cl

(d) (CHz)3CCH,CI (e) Chlorocyclohexane

What is the major monosubstitution product from the Friedel-Crafts reaction of
benzene with 1-chloro-2-methylpropane in the presence of AlCI5?

Identify the carboxylic acid chloride that might be used in a Friedel-Crafts acylation
reaction to prepare each of the following acylbenzenes:

| (a) 0 (b}

16.4

Substituent Effects in Substituted Aromatic Rings

Only one product can form when an electrophilic substitution occurs on benzene,
but what would happen if we were to carry out a reaction on an aromatic ring that
already has a substituent? A substituent already present on the ring has two effects.

I Substituents affect the reactivity of the aromatic ring. Some substituents acti-
vate the ring, making it more reactive than benzene, and some deactivate the
ring, making it less reactive than benzene. In aromatic nitration, for instance, an
—OH substituent makes the ring 1000 times more reactive than benzene, while
an —NO,; substituent makes the ring more than 10 million times less reactive.

: NO; : El : H : OH
Relative rate
of nitration

6% 1078 0.033 1 1000

I Substituents affect the orientation of the reaction. The three possible disub-
stituted products—ortho, meta, and para—are usually not formed in equal
amounts. I[nstead, the nature of the substituent already present on the ben-
zene ring determines the position of the second substitution. Table 16.1 lists
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experimental results for the nitration of some substituted benzenes and shows

that some groups direct substitution primarily to the ortho and para positions,
while other groups direct substitution primarily to the meta position.

Table 16.1 Orientation of Nitration in Substituted Benzenes

W Y
NG e
H2S04, 25 °C NO2
Product (%) Product (%)
Ortho Meta Para Ortho Meta Para
Meta-directing deactivators Ortho- and para-directing deactivators
+

~N(CH3)3 2 87 11 —F 13 1 86
—NO, 74 91 2 —ClI 35 1 64
—COzH 22 76 2 =Bt 43 1 56
—CN 17 81 2 —1 45 1 54

—CO,CH3 28 66 6 Ortho- and para-directing activators
—COCH3 26 72 2 —CH3 63 3 34
—CHO 19 72 9 —0H 50 0 50
—NHCOCH; 19 2 79

Substituents can be classified into three groups, as shown in Figure 16.11:
ortho- and para-directing activators, ortho- and para-directing deactivators, and meta-
directing deactivators. There are no meta-directing activators. Notice how the direct-
ing effects of the groups correlate with their reactivities. All meta-directing groups
are deactivating, and most ortho- and para-directing groups are activating. The
halogens are unique in being ortho- and para-directing but weakly deactivating.

Benzene

0 0
I | —CHj

—NO; —S03H —COH —CH —fr: —F¢ (alkyll  —OCH3 —NH;

+ . -.. — O .
—NRg —C=N | ﬁ =48 =0 —H \/ & 1 —OH
—CCHy —COCH; \, // —NHCCH,
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators

Active Figure 16.11 Classification of substituent effects in electrophilic aromatic substitu-
tion. All activating groups are ortho- and para-directing, and all deactivating groups other
than halogen are meta-directing. The halogens are unique in being deactivating but ortho-
and para-directing. Sign in at www.thomsonedu.com to see a simulation based on this
figure and to take a short quiz.
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Reactivity and orientation in electrophilic aromatic substitutions are con-
trolled by an interplay of inductive effects and resonance effects. As we saw in
Sections 2.1 and 6.9, an inductive effect is the withdrawal or donation of elec-
trons through a o bond due to electronegativity. Halogens, hydroxyl groups, car-
bonyl groups, cyano groups, and nitro groups inductively withdraw electrons
through the o bond linking the substituent to a benzene ring. The effect is most
pronounced in halobenzenes and phenols, in which the electronegative atom is
directly attached to the ring, but is also significant in carbonyl compounds,
nitriles, and nitro compounds, in which the electronegative atom is farther
removed. Alkyl groups, on the other hand, inductively donate electrons. This is
the same hyperconjugative donating effect that causes alkyl substituents to sta-
bilize alkenes (Section 6.6) and carbocations (Section 6.9).

P i
f =N
5+ OH b iCo Fe ;

Inductive electron withdrawal

CHg

Inductive electron
donation

A resonance effect is the withdrawal or donation of electrons through a
7 bond due to the overlap of a p orbital on the substituent with a p orbital
on the aromatic ring. Carbonyl, cyano, and nitro substituents, for example,
withdraw electrons from the aromatic ring by resonance. Pi electrons flow from
the rings to the substituents, leaving a positive charge in the ring. Note that
substituents with an electron-withdrawing resonance effect have the general
structure —Y=Z, where the Z atom is more electronegative than Y.

[ @ &
5+ é?N: "

6=

N
%:

Resonance electron-
withdrawing group
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Conversely, halogen, hydroxyl, alkoxyl (—OR), and amino substituents
donate electrons to the aromatic ring by resonance. Lone-pair electrons flow from
the substituents to the ring, placing a negative charge in the ring. Substituents
with an electron-donating resonance effect have the general structure —Y, where
the Y atom has a lone pair of electrons available for donation to the ring.

( ‘:3‘.“

S OH (o
X Do
> 5 O
| l |
o cr* OH 0. NH,

(NHQ
b

Resonance electron-
donating group

Thomson!: W Click Organic
Interactive to use a web-based
palette to predict products
from electrophilic aromatic
substitutions on substituted
arenes.

One further point: inductive effects and resonance effects don’t necessarily
act in the same direction. Halogen, hydroxyl, alkoxyl, and amino substituents,
for instance, have electron-withdrawing inductive effects because of the electro-
negativity of the —X, —O, or —N atom bonded to the aromatic ring but have
electron-donating resonance effects because of the lone-pair electrons on those
same —X, —O, or —N atoms. When the two effects act in opposite directions, the
stronger of the two dominates.

WORKED EXAMPLE 16.2

Strategy

Solution

Problem 16.7

Problem 16.8

Predicting the Product of an Electrophilic Aromatic Substitution Reaction
Predict the major product of the sulfonation of toluene.

Identify the substituent present on the ring, and decide whether it is ortho- and
para-directing or meta-directing. According to Figure 16.11, an alkyl substituent is
ortho- and para-directing, so sulfonation of toluene will give primarily a mixture of
o-toluenesulfonic acid and p-toluenesulfonic acid.

CHq CH3 CHs
S03
H2S04 &
SOzH HO3S
Toluene o-Toluenesulfonic acid  p-Toluenesulfonic acid

Write resonance structures for nitrobenzene to show the electron-withdrawing reso-
nance effect of the nitro group.

Write resonance structures for chlorobenzene to show the electron-donating reso-
nance effect of the chloro group.



564 CHAPTER 16 Chemistry of Benzene: Electrophilic Aromatic Substitution

Problem 16.9

16.5

Predict the major products of the following reactions:
(a) Nitration of bromobenzene (b) Bromination of nitrobenzene

| (¢) Chlorination of phenol (d) Bromination of aniline

An Explanation of Substituent Effects

Activation and Deactivation of Aromatic Rings

What makes a group either activating or deactivating? The common character-
istic of all activating groups is that they donate electrons to the ring, thereby
making the ring more electron-rich, stabilizing the carbocation intermediate,
and lowering the activation energy for its formation. Hydroxyl, alkoxyl, and
amino groups are activating because their stronger electron-donating reso-
nance effect outweighs their weaker electron-withdrawing inductive effect.
Alkyl groups are activating because of their electron-donating inductive
effect.

Conversely, the common characteristic of all deactivating groups is that
they withdraw electrons from the ring, thereby making the ring more
electron-poor, destabilizing the carbocation intermediate, and raising the
activation energy for its formation. Carbonyl, cyano, and nitro groups
are deactivating because of both electron-withdrawing resonance and induc-
tive effects. Halogens are deactivating because their stronger electron-
withdrawing inductive effect outweighs their weaker electron-donating
resonance effect.

O~ O~ O

|e |es |

E E E
H H H
v i —y

Y withdraws electrons; Y donates electrons;
carbocation intermediate carbocation intermediate
is less stable, and ring is more stable, and ring
is less reactive. is more reactive.

Figure 16.12 compares electrostatic potential maps of benzaldehyde (deac-
tivated), chlorobenzene (weakly deactivated), and phenol (activated) with
that of benzene. The ring is more positive (yellow-green) when an electron-
withdrawing group such as —CHO or —Cl is present and more negative (red)
when an electron-donating group such as —OH is present.



Figure 16.12 Electrostatic
potential maps of benzene
and several substituted
benzenes show that an
electron-withdrawing group
(=CHQO or —Cl) makes the
ring more electron-poor
(yellow-green), while an
electron-donating group
(—OH) makes the ring more
electron-rich (red).
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Cl OH

Benzaldehyde Chlorobenzene Benzene Phenol

Problem 16.10 | Rank the compounds in each group in order of their reactivity to electrophilic
| substitution:

Problem 16.11

(a) Nitrobenzene, phenol, toluene, benzene
(b) Phenol, benzene, chlorobenzene, benzoic acid
(c) Benzene, bromobenzene, benzaldehyde, aniline

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

Problem 16.12 An electrostatic potential map of (trifluoromethyl)benzene, CqH5CF3, is shown.

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

(Trifluoromethyl)benzene Toluene

Ortho- and Para-Directing Activators: Alkyl Groups

Inductive and resonance effects account for the directing effects of substituents
as well as for their activating or deactivating effects. Take alkyl groups, for
instance, which have an electron-donating inductive effect and are ortho and
para directors. The results of toluene nitration are shown in Figure 16.13.
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CHs

Toluene

CHy CH3 CHs
H H [ H
NO5 NO e NO3
Ortho o 2 2 2
/—> 63/6 «—> —_—
+ n +
Vlost stable
CH4 CHs CHj
+ +
_ Mew s —
: H H H
NO» NO; * NO,
CHa CHj CHq

: PN

Para 34%, > e |
* +

H NO, H NO, H NO,

Most stable

Figure 16.13 Carbocation intermediates in the nitration of toluene. Ortho and para inter-
mediates are more stable than the meta intermediate because the positive charge is on a
tertiary carbon rather than a secondary carbon.

Nitration of toluene might occur either ortho, meta, or para to the methyl
group, giving the three carbocation intermediates shown in Figure 16.13. All
three intermediates are resonance-stabilized, but the ortho and para intermediates
are more stabilized than the meta intermediate. For both the ortho and para reac-
tions, but not for the meta reaction, a resonance form places the positive charge
directly on the methyl-substituted carbon, where it is in a tertiary position and
can best be stabilized by the electron-donating inductive effect of the methyl
group. The ortho and para intermediates are thus lower in energy than the meta
intermediate and form faster.

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

Hydroxyl, alkoxyl, and amino groups are also ortho-para activators, but for a
different reason than for alkyl groups. As described in the previous section,
hydroxyl, alkoxyl, and amino groups have a strong, electron-donating reso-
nance effect that outweighs a weaker electron-withdrawing inductive effect,
When phenol is nitrated, for instance, only ortho and para reaction is observed.
As shown in Figure 16.14, all three possible carbocation intermediates are stabi-
lized by resonance, but the intermediates from ortho and para reaction are sta-
bilized most. Only the ortho and para intermediates have resonance forms in
which the positive charge is stabilized by donation of an electron pair from oxy-
gen. The intermediate from meta reaction has no such stabilization.
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_——10H :0H :OH
H H H
50% NO; «—— —_— NO2 —— NO,
+ +
Most stable
:OH :OH :OH
|
+ 4 ;

0% /H =% H = H

+
NO, NO5 NO,
- . /—‘.n A4
1OH —:0H ( *oH :0H
by L0
+
50% = > —>
+ -
H NO; H NO; H NO;, H NO;
Most stable

Problem 16.13

Figure 16.14 Carbocation intermediates in the nitration of phenol. The ortho and para
intermediates are more stahle than the meta intermediate because of resonance donation
of electrons from oxygen.

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

Acetanilide

Ortho- and Para-Directing Deactivators: Halogens

Halogens are deactivating because their stronger electron-withdrawing induc-
tive effect outweighs their weaker electron-donating resonance effect.
Although weak, that electron-donating resonance effect is felt only at the
ortho and para positions (Figure 16.15). Thus, a halogen substituent can sta-
bilize the positive charge of the carbocation intermediates from ortho and
para reaction in the same way that hydroxyl and amino substituents can. The
meta intermediate, however, has no such stabilization and is therefore
formed more slowly.

Note again that halogens, hvdroxyl, alkoxyl, and amino groups witlidraw
electrons inductively and donate electrons by resonance. Halogens have a
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Qrtha

/attack 35%

\
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benzene \
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attack

Problem 16.14

=  *cie

| 1Cls £Gls
~|. e
+ +
H NOy

( *cu :Cl: :Cl:

r‘_-:(.:.l: :

A bt
H H H H
NOZ — NO2 «—> @ N02 —> NOE

Maost stable

: ('j.\ : & El : :EI :
+ + SN
Meta
attack 3 H 1 H H
NO:_? NOE + N02

H NOy H NO, H NO,

Most stable

Figure 16.15 Carbocation intermediates in the nitration of chlorobenzene. The ortho and
para intermediates are more stable than the meta intermediate because of electron donation
of the halogen lone-pair electrons.

stronger electron-withdrawing inductive effect but a weaker electron-donating
resonance effect and are thus deactivators. Hydroxyl, alkoxyl, and amino groups
have a weaker electron-withdrawing inductive effect but a stronger electron-
donating resonance effect and are thus activators. All are ortho and para direc-
tors, however, because of the lone pair of electrons on the atom bonded to the
aromatic ring.

Meta-Directing Deactivators

Meta-directing deactivators, such as —CHO, act through a combination of
electron-withdrawing inductive and resonance effects that reinforce each other
and are felt most strongly at the ortho and para positions. As a result, the
ortho and para intermediates are less stable so reaction with an electrophile
occurs at the meta position (Figure 16.16).

Draw resonance structures for the intermediates from reaction af an electrophile at
the ortho, meta, and para positions of nitrobenzene. Which intermediates are most
stable?
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= H 2 H - H
\ + NOz NOZ NDz
Benzaldehyde |
\
D\C/H D%C/H ‘\‘\C/H
-
Para 9% —— o
.‘.
H NO, H NO, H NO;
Least stable
Figure 16.16 Carbocation intermediates in the chlorination of benzaldehyde. The ortho
and para intermediates are less stable than the meta intermediate.
Key IDEAS ) ) X _—
——— —————» A Summary of Substituent Effects in Aromatic Substitution A summary of the

Test your knowledge of Key
Ideas by using resources in
ThomsonNOW or by answering

activating and directing effects of substituents in electrophilic aromatic substi-
tution is shown in Table 16.2.

end-of-chapter problems marked
with A.

Table 16.2 = Substituent Effects in Electrophilic Aromatic Substitution

Substituent Reactivity Orienting effect Inductive effect Resonance effect
—CH3 Activating Ortho, para Weak donating —

-0OH, -NH, Activating Ortho, para Weak withdrawing Strong donating
-F,-Cl Desctive e ,. — i

—Br,-I eactivating Ortho, para Strong withdrawing Weak donating
-NO,, -CN, l

—CHO, -CO;R {  Deactivating Meta Strong withdrawing Strong withdrawing

~COR, -CO,H
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16.6

Trisubstituted Benzenes: Additivity of Effects

Electrophilic substitution of a disubstituted benzene ring is governed by the
same resonance and inductive effects that affect monosubstituted rings.
The only difference is that it's now necessary to consider the additive effects
of two different groups. In practice, this isn't as difficult as it sounds; three rules
are usually sufficient.

1. If the directing effects of the two groups reinforce each other, the situation is
straightforward. In p-nitrotoluene, for example, both the methyl and the
nitro group direct further substitution to the same position (ortho to
the methyl = meta to the nitro). A single product is thus formed on electro-
philic substitution.

CH3 CH3
CHg3 directs here. CHg directs here. B
NO; directs here. -J» <~ NOjy directs here. :
X o Brz
FeBr3
NO3 NO3
p-Nitrotoluene 2-Bromo-4-nitrotoluene

2. If the directing effects of the two groups oppose each other, the more powerful
activating group has the dominant influence, but mixtures of products often
result. For example, bromination of p-methylphenol yields primarily 2-bromo-
4-methylphenol because —OH is a more powerful activator than —CHj,

OH OH
OH directs here. _ OH directs here. NO
N « -
2 HNO3 =
: H2S04
CH3 directs here.” R ™ CH3 directs here. 2
CHg CHs
p-Methylphenol 4-Methyl-2-nitrophenol

3. Further substitution rarely occurs between the two groups in a meta-
disubstituted compound because this site is too hindered. Aromatic rings
with three adjacent substituents must therefore be prepared by some other
route, usually by substitution of an ortho-disubstituted compound.

Too hindered R
[ CHy

CHjq CH3
>~ / Cl
~ Cig
FBCIg
Cl

m-Chlorotoluene 3,4-Dichiorotoluene 2,5-Dichlorotoluene | NOT formed |
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But:

Cl

CH3 CHy CH3
Clz
FeCl3 +
NO, NO, cl NO,

o-Nitrotoluene 2-Chloro-6-nitrotoluene  4-Chloro-2-nitrotoluene

Ve UCD RS GV IHRSR RS Predicting the Product of Substitution on a Disubstituted Benzene
What product would you expect from bromination of p-methylbenzoic acid?

Strategy Identify the two substituents present on the ring, decide the directing effect of each
and, if necessary, decide which substituent is the stronger activator. In the present
case, the carboxyl group (- CO5H) is a meta director and the methvl group is an
ortho and para director. Both groups direct bromination to the position next to the
methyl group, yielding 3-bromo-4-methylbenzoic acid.

Solution CHy CHa
FeBrg
/©/ Al /@
HO,C HO,C Br

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

Problem 16.15 | At what position would you expect electrophilic substitution to occur in each of the
following substances?

(a) OCH3

A, ¢ T

Problem 16.16 Show the major product(s) from reaction of the following substances with
(i) CH3CH,Cl, AICI3 and (i) HNO3, HS0,.

(a) 'i, (b} \;
. 7 = QM" ,,%’;
. O’“ N A J

* »/- < e = o
0 5 ™
- ' é_v - -

- o

A 4
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Thomson 0w Click Qrganic
Process to view an animation
showing a nucleophilic aromatic
substitution reaction.

Nucleophilic Aromatic Substitution

As we've seen, aromatic substitution reactions usually occur by an electrophilic
mechanism. Aryl halides that have electron-withdrawing substituents, how-
ever, can also undergo nucleophilic aromatic substitution. For example,
2,4,6-trinitrochlorobenzene reacts with aqueous NaOH at room temperature to
give 2,4,6-trinitrophenol. The nucleophile OH™ has substituted for CI~.

cl OH
O3N NO; OzN NO,
1. 70OH + or
2. H30+
NOg NOg
2,4,6-Trinitrochlorobenzene 2,4,6-Trinitrophenol (100%)

Nucleophilic aromatic substitution is much less common than electrophilic
substitution but nevertheless does have certain uses. One such use is the reac-
tion of proteins with 2,4-dinitrofluorobenzene, known as Sanger’s reagent, to
attach a “label” to the terminal NH5 group of the amino acid at one end of the
protein chain.

05N H R H 0] 05N
i ‘\C, Ill (”: —_— \ 7 H 0
1 i i g N b
F [ i i v
o R H [
NO5 NO, H o R H
2,4-Dinitro- A protein A labeled protein

fluorobenzene

How does this reaction take place? Although it appears superficially similar
to the Sy1 and S 2 nucleophilic substitution reactions of alkyl halides discussed
in Chapter 11, it must be different because aryl halides are inert to both Sy 1 and
Sn2 conditions. Syl reactions don’t occur with aryl halides because dissociation
of the halide is energetically unfavorable due to the instability of the potential
aryl cation product. Sn2 reactions don’t occur with aryl halides because the
halo-substituted carbon of the aromatic ring is sterically shielded from backside
approach. For a nucleophile to react with an aryl halide, it would have
to approach directly through the aromatic ring and invert the stereochemistry
of the aromatic ring carbon—a geometric impossibility.



Jacob Meisenheimer (1876-1934)
was born in Greisheim, Germany,
and received his Ph.D. at Munich.
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Figure 16.17 MECHANISM:
Mechanism of nucleophilic aro-
matic substitution. The reaction
occurs in two steps and involves
a resonance-stabilized carbanion
intermediate.
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: -
©/ W E © . \spzorbital

(unstable cation)

Dissociation reaction does not occur because the
aryl cation is unstable; therefore, no Sy;1 reaction.

Nu:

o —Xo

Backside displacement is sterically
blocked; therefore, no 5,2 reaction.

Nucleophilic substitutions on an aromatic ring proceed by the mechanism
shown in Figure 16.17. The nucleophile first adds to the electron-deficient aryl
halide, forming a resonance-stabilized negatively charged intermediate called a
Meisenheimer complex. Halide ion is then eliminated in the second step.

el
et W
>+ TiOM
NO5
@ Nucleophilic addition of hydroxide ion
to the electron-poor aromatic ring takes o
place, yielding a stabilized carbanion
intermediate.
QC)
OH
= "NOy
@) The carbanion intermediate undergoes
elimination of chloride ion in a second el
step to give the substitution product.
OH
# EF
NO,

Nucleophilic aromatic substitution occurs only if the aromatic ring has an
electron-withdrawing substituent in a position ortho or para to the leaving
group. The more such substituents there are, the faster the reaction. As shown
in Figure 16.18, only ortho and para electron-withdrawing substituents stabilize
the anion intermediate through resonance; a meta substituent offers no such
resonance stabilization. Thus, p-chloronitrobenzene and o-chloronitrobenzene
react with hydroxide ion at 130 °C to yield substitution products, but
m-chloronitrobenzene is inert to OH™.
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Figure 16.18 Nucleophilic aromatic substitution on nitrochlorobenzenes. 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.

Note the differences between electrophilic and nucleophilic aromatic substi-
tutions. Electrophilic substitutions are favored by electron-donatirng substituents,
which stabilize the carbocation intermediate, while nucleophilic substitu-
tions are favored by electron-withdrawing substituents, which stabilize a carb-
anion intermediate. The electron-withdrawing groups that deactivate rings for
electrophilic substitution (nitro, carbonyl, cyano, and so on) activate them
for nucleophilic substitution. What's more, these groups are meta directors in
electrophilic substitution but are ortho—para directors in nucleophilic substitu-
tion. In addition, electrophilic substitutions replace hydrogen on the ring, while
nucleophilic substitutions replace a leaving group, usually halide ion.

Problem 16.17 | The herbicide oxyfluorfen can be prepared by reaction between a phenol and an aryl
fluoride. Propose a mechanism.

FsC F 0 FsC
? “CHaCHz Ko

o NO, cl

OH 0 0
“CH,CHg

NO;
Oxyfluorfen
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Benzyne

Halobenzenes without electron-withdrawing substituents don't react with
nucleophiles under most conditions. At high temperature and pressure, how-
ever, even chlorobenzene can be forced to react. Chemists at the Dow Chemical
Company discovered in 1928 that phenol could be prepared on a large indus-
trial scale by treatment of chlorobenzene with dilute aqueous NaOH at 340 °C
under 170 atm pressure.

Cl OH

1. NaOH, H40, 340 °C, 170 atm
2. Hz0*

+ NaCl

Chlorobenzene Phenol

A similar substitution reaction occurs with other strong bases. Treatment of
bromobenzene with potassium amide (KNH;) in liquid NHy solvent, for
instance, gives aniline. Curiously, though, when bromobenzene labeled with
radioactive 14C at the C1 position is used, the substitution product has equal
amounts of the label at both C1 and C2, implying the presence of a symmetri-
cal reaction intermediate in which C1 and C2 are equivalent.

Br « _-NHo .
K+ ~NH,
NH3

50 : 50

Bromobenzene Aniline

Further mechanistic evidence comes from trapping experiments. When
bromobenzene is treated with KNH; in the presence of a diene such as furan, a
Diels-Alder reaction (Section 14.5) occurs, implying that the symmetrical inter-
mediate is a benzyne, formed by elimination of HBr from bromobenzene. Ben-
zyne is too reactive to be isolated as a pure compound but, in the presence of
water, addition occurs to give the phenol. In the presence of a diene, Diels-Alder
cycloaddition takes place.

~:0H OH

4

—HCl Ha0
elimination addition

H

Chlorobenzene Benzyne Phenol
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Figure 16.19 An orbital picture
and electrostatic potential map
of benzyne. The benzyne carbons
are sp?-hybridized, and the
“third"” bond results from

weak overlap of two adjacent

sp? orbitals.

Problem 16.18

16.9

. Br « ~NH» 5
tNH;™ i NH3 = |
TNHs e ¥
3 x
(=HBr) NH;

Bromobenzene Benzyne Aniline
(symmetrical)

The electronic structure of benzyne, shown in Figure 16.19, is that of a highly
distorted alkyne. Although a typical alkyne triple bond uses sp-hybridized carbon
atoms, the benzyne triple bond uses sp?-hybridized carbons. Furthermore, a
typical alkyne triple bond has two mutually perpendicular 7 bonds formed by
p-p overlap, but the benzyne triple bond has one 7 bond formed by p-p overlap
and one 7 bond formed by sp?-sp? overlap. The latter 7 bond is in the plane of
the ring and is very weak.

Benzyne

Side view

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.

Oxidation of Aromatic Compounds

Oxidation of Alkylbenzene Side Chains

Despite its unsaturation, the benzene ring is inert to strong oxidizing agents such
as KMnQO, and Na,Cr,0, reagents that will cleave alkene carbon—carbon bonds
(Section 7.9). It turns out, however, that the presence of the aromatic ring has a
dramatic effect on alkyl side chains. Alkyl side chains react rapidly with oxidizing
agents and are converted into carboxyl groups, —CO;H. The net effect is conver-
sion of an alkylbenzene into a benzoic acid, Ar—R — Ar—CO;H. As an example,
butylbenzene is oxidized by aqueous KMnO, in high yield to give benzoic acid.

CH4CH,CH5CHs s
KMnO OH
H,0

Butylbenzene Benzoic acid (85%)
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A similar oxidation is employed industrially for the preparation of the
terephthalic acid used in the production of polyester fibers. Approximately
5 million tons per year of p-xylene are oxidized, using air as the oxidant and
Co(lll) salts as catalyst.

0 OH
CHs N~
= 0,
S Col(III)
CH C
= 0% OH
p-Xylene Terephthalic acid

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 ben-
zylic radicals. tert-Butylbenzene has no benzylic hydrogens, however, and is
therefore inert.

HaC  CHg
N/
C

e

CHz  kmnOs - i
Hzo o reaction

tert-Butylbenzene

Analogous side-chain oxidations occur in various biosynthetic pathways.
The neurotransmitter norepinephrine, for instance, is biosynthesized from
dopamine by a benzylic hydroxylation reaction. The process is catalyzed by
the copper-containing enzyme dopamine B-monooxygenase and occurs by a
radical mechanism. A copper-oxygen species in the enzyme first abstracts the
pro-R benzylic hydrogen to give a radical, and a hydroxyl is then transferred
from copper to carbon.

HO *__NH, HO NHg

HO HO

Dopamine Norepinephrine

Problem 16.19 | What aromatic products would yvou obtain from the KMnOy oxidation of the
following substances?

' a) OQNUCHKJH;;)Z (b) C(CH3)s
! HaC~” :
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Bromination of Alkylbenzene Side Chains

Side-chain bromination at the benzylic position occurs when an alkylbenzene
is treated with N-bromosuccinimide (NBS). For example, propylbenzene gives
(1-bromopropyl)benzene in 97% yield on reaction with NBS in the presence of
benzoyl peroxide, (PhCO3),, as a radical initiator. Bromination occurs exclu-
sively in the benzylic position and does not give a mixture of products.

Q
H H N—B H Br
\/ ' \/ 2
\CHcha o} \CHZCHB
(PhCO2)2, CCla N=H
Propylbenzene (1-Bromopropyl)benzene o
(97%])

The mechanism of benzylic bromination is similar to that discussed in Sec-
tion 10.4 for allylic bromination of alkenes. Abstraction of a benzylic hydrogen
atom generates an intermediate benzylic radical, which reacts with Br, to yield
product and a Br- radical that cycles back into the reaction to carry on the chain.
The Bry necessary for reaction with the benzylic radical is produced by a con-
current reaction of HBr with NBS.

H H H Br H
\C/ ([: \C/
TR “R . “R
+ Br — + HBr = + Br

Benzylic radical

HBr + N—Bf — Bry + N—H
0 o]
Reaction occurs exclusively at the benzylic position because the benzylic

radical intermediate is stabilized by resonance. Figure 16.20 shows how the ben-
zyl radical is stabilized by averlap of its p orbital with the ring  clectron system.

Figure 16.20 A resonance-stabilized benzylic radical. The spin-density surface shows that
the unpaired electron (blue) is shared by the ortho and para carbons of the ring.
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Refer to Table 5.3 on page 156 for a quantitative idea of the stability of a benzyl rad-
ical. How much more stable (in kJ/mol) is the benzyl radical than a primary alky!

' radical? How does a benzyl radical compare in stability to an allyl radical?

Styrene, the simplest alkenylbenzene, is prepared commercially for use in plastics
manufacture by catalytic dehydrogenation of ethylbenzene. How might you prepare
styrene from benzene using reactions you've studied?

-

Styrene

Reduction of Aromatic Compounds

Catalytic Hydrogenation of Aromatic Rings

Just as aromatic rings are generally inert to oxidation, they're also inert to cat-
alytic hydrogenation under conditions that reduce typical alkene double
bonds. As a result, it's possible to reduce an alkene double bond selectively in
the presence of an aromatic ring. For example, 4-phenyl-3-buten-2-one is
reduced to 4-phenyl-2-butanone at room temperature and atmospheric pres-
sure using a palladium catalyst. Neither the benzene ring nor the ketone car-
bonyl group is affected.

0 ]
S
Hs, Pd
Ethanol
4-Phenyl-3-buten-2-one 4-Phenyl-2-butanone
(100%)

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 on carbon. Under these condi-
tions, aromatic rings are converted into cyclohexanes. For example, o-xylene
yields 1,2-dimethylcyclohexane, and 4-fert-butylphenol gives 4-tert-bultyl-
cyclohexanol.

CH3
CHg B
Hs, Pt; ethanol
130 atm, 25 °C L
CHgq H
CH3
o-Xylene cis-1,2-Dimethyi-

cyclohexane
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H;C CH
3 e ok 3
o
CHz ., Rh/C; ethanol
1 atm, 256 °C
HO
4-tert-Butylphenol cis-4-tert-Butyl-

cyclohexane

Reduction of Aryl Alkyl Ketones

Just as an aromatic ring activates a neighboring (benzylic) hydrogen toward oxi-
dation, it also activates a neighboring carbonyl group toward reduction. Thus, an
aryl alkyl ketone prepared by Friedel-Crafts acylation of an aromatic ring can be
converted into an alkylbenzene by catalytic hydrogenation over a palladium cata-
lyst. Propiophenone, for instance, is reduced to propylbenzene by catalytic hydro-
genation. Since the net effect of Friedel-Crafts acylation followed by reduction is
the preparation of a primary alkylbenzene, this two-step sequence of reactions
makes it possible to circumvent the carbocation rearrangement problems associated
with direct Friedel-Crafts alkylation using a primary alkyl halide (Section 16.3),

O H H
[| N/
[ ~ SN
CH3CH,CCI CHaCHz 1y pd CH,CH3
AlClg
e | Propiophenone (95%) Propylbenzene (100%)
&3 H CHs
N/
CH2CHoCH3 €.
CH5CH,CH,CI i CH3
AICl,
Propylbenzene Isopropylbenzene

Mixture of two products

Note that the conversion of a carbonyl group into a methylene group
(C=0 — CHjy) by catalytic hydrogenation is limited to aryl alkyl ketones;
dialkyl ketones are not reduced under these conditions. Furthermore, the cat-
alytic reduction of aryl alkyl ketones is not compatible with the presence of a
nitro substituent on the aromatic ring because a nitro group is reduced to an
amino group under the reaction conditions. We'll see a more general method for
reducing all ketone carbonyl groups to yield alkanes in Section 19.9.

0 H H
0aN l!"_l, HaN \C/
a ~ 2 R
CHz  p,, pdic CHs

Ethanol

m-Nitroacetophenone m-Ethylaniline
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How would you prepare diphenylmethane, (Ph);CH,, from benzene and an acid
chloride?

Synthesis of Trisubstituted Benzenes

One of the surest ways to learn organic chemistry is to work synthesis problems.
The ability to plan a successful multistep synthesis of a complex molecule
requires a working knowledge of the uses and limitations of a great many
organic reactions. Not only must you know which reactions to use, you must also
know when to use them because the order in which reactions are carried out is
often critical to the success of the overall scheme.

The ability to plan a sequence of reactions in the right order is particularly
valuable in the synthesis of substituted aromatic rings, where the introduction
of a new substituent is strongly affected by the directing effects of other sub-
stituents. Planning syntheses of substituted aromatic compounds is therefore an
excellent way to gain confidence using the many reactions learned in the past
few chapters.

During our previous discussion of strategies for working synthesis problems
in Section 8.9, we said that it's usually best to work a problem backward, or
retrosynthetically. Look at the target molecule and ask yourself, “What is an
immediate precursor of this compound?” Choose a likely answer and continue
working backward, one step at a time, until you arrive at a simple starting mate-
rial. Let’s try some examples.

VLR G [N R  Synthesizing a Polysubstituted Benzene

Synthesize 4-bromo-2-nitrotoluene from benzene.

Strategy Draw the target molecule, identify the substituents, and recall how each group can

Solution

be introduced separately. Then plan retrosynthetically.

CHz
4-Bromo-2-nitrotoluene

Br NO2

The three substituents on the ring are a bromine, a methyl group, and a nitro
group. A bromine can be introduced by bromination with Br,/FeBrs, a methyl group
can be introduced by Friedel-Crafts alkylation with CH3CI/AICl3, and a nitro
group can be introduced by nitration with HNO3/H»SO,.

“What is an immediate precursor of the target?” The final step will involve intro-
duction of one of three groups—bromine, methyl, or nitro—so we have to consider
three possibilities. Of the three, the bromination of ¢-nitrotoluene could be used
because the activating methyl group would dominate the deactivating nitro group
and direct bromination to the right position. Unfortunately, a mixture of product
isomers would be formed. A Friedel-Crafts reaction can’t be used as the final step
because this reaction doesn’t work on a nitro-substituted (strongly deactivated)
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benzene. The best precursor of the desired product is probably p-bromotoluene,
which can be nitrated ortho to the activating methyl group to give a single product.

CH
= 3

= - N 02

o-Nitrotoluene

This ring will give a mixture
of isomers on bromination.

Br NO»2

m-Bromonitrobenzene
This deactivated ring will not

undergo a Friedel-Crafts reaction.

\
: CHa

Br

p-Bromotoluene

This ring will give only the
desired isomer on nitration.

Br :fi

FeBrg

HNO3
HzS04
CHs

Br N02

4-Bromo-2-nitrotoluene

Next ask yourself, “What is an immediate precursor of p-bromotoluene?” Perhaps
toluene is an immediate precursor because the methyl group would direct bromina-
tion to the ortho and para positions. Alternatively, bromobenzene might be an imme-
diate precursor because we could carry out a Friedel-Crafts methylation and obtain a
mixture of ortho and para products. Both answers are satisfactory, although both
would also lead unavoidably to a product mixture that would have to be separated.

CHj

CHs

2

FeBrg

Bry

Br

CH5C!I

AICI3

Br

Toluene p-Bromotoluene Bromobenzene

(+ ortho isomer)

“What is an immediate precursor of toluene?” Benzene, which could be methyl-
ated in a Friedel-Crafts reaction. Alternatively, “What is an immediate precursor of
bromobenzene?” Benzene, which could be brominated.

The retrosynthetic analysis has provided two valid routes from benzene to
4-bromo-Z-nitrotoluene.

CH3z
CH5CI Bry
7 A|C|3 FeBr3 \.7

CHs P CHg
Toluene HNO3
H,S0;4 S
Br Br NO,
Benzene Bry CH3Cl ~ p-Bromotoluene 4-Bromo-2-nitrotoluene
FeBry AICl3

Br

Bromobenzene




WORKED EXAMPLE 16.5

Strategy

Solution

o-Propylbenzene-

This ring will give the wrong
isomer on chlorination.

16.11  Synthesis of Trisubstituted Benzenes 583

Synthesizing a Polysubstituted Benzene

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

Draw the target molecule, identify its substituents, and recall how each of the three
can be introduced. Then plan retrosynthetically.

SO3H

4-Chloro-2-propylbenzenesulfonic acid

cl CHaCH,CH3

The three substituents on the ring are a chlorine, a propyl group, and a sulfonic
acid group. A chlorine can be introduced by chlorination with Cl,/FeCls, a propyl
group can be introduced by Friedel-Crafts acylation with CH3CH>COCI/AICI, fol-
lowed by reduction with H,/Pd, and a sulfonic acid group can be introduced by sul-
fonation with SO3/H,S0,.

“What is an immediate precursor of the target?” The final step will involve intro-
duction of one of three groups—chlorine, propyl, or sulfonic acid—so we have to
consider three possibilities. Of the three, the chlorination of o-propvlbenzene-
sulfonic acid can’t be used because the reaction would occur at the wrong position.
Similarly, a Friedel-Crafts reaction can’t be used as the final step because this reac-
tion doesn’t work on sulfonic acid-substituted (strongly deactivated) benzenes.
Thus, the immediate precursor of the desired product is probably m-chloropropyl-
benzene, which can be sulfonated to give a mixture of product isomers that must
then be separated.

SO3H SO3H

CH,CH,CH4 cl CHyCH,CHg

p-Chlorobenzene-
sulfonic acid

This deactivated ring will not
undergo a Friedel-Crafts reaction.

>_}f:

m-Chloropropylbenzene
sulfonic acid

This ring will give the desired
product on sulfonation.

SO3
HzSO,;

SO3H

ci CH,CH,CH3

4-Chloro-2-propylbenzenesulfonic acid

“What is an immediate precursor of m-chloropropylbenzene?” Because the
two substituents have a meta relationship, the first substituent placed on
the ring must be a meta director so that the second substitution will take place
at the proper position. Furthermore, because primary alkyl groups such as
propyl can't be introduced directly by Friedel-Crafts alkylation, the precursor of
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m-chloropropylbenzene is probably mi-chloropropiophenone, which could be
catalytically reduced.

-2 ~
| o |
Pd, C -
- CH,CH3 : -
cl ol cl CHoCHyCH3

]
0
m-Chloropropiophenone m-Chloropropylbenzene

“What is an immediate precursor of m-chloropropiophenone?” Propiophenone,
which could be chlorinated in the meta position.

Cly
CH,CH;  FeCls /©\ CH5CH3
" cl ol
Il I
(6] 0
Propiophenone m-Chloropropiophenone

“What is an immediate precursor of propiophenone?” Benzene, which could
undergo Friedel-Crafts acylation with propanoyl chloride and AICl;.

[l
CH3CH,CC

CH,CH
AICl il
[
0
Benzene Propiophenone

The final synthesis is a four-step route from benzene:

|
CH4CH,CCI Cly

AlCl3 CH-CH FeCl3 CH,CH
213 P [
‘gl cl C
I |
0 0
Benzene Propiophenone m-Chloropropiophenone
Ha
Pd,C
SOzH
S0O5
H,S0,
cl CH,CH,CHs cl CH,CH,CH;
4-Chloro-2-propyl- m-Chloropropylbenzene

benzenesulfonic acid
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Problem 16.24

FocusOn...

- -

Organic chemistry by robot
means no spilled flasks!

Focus On. .. 585

Planning organic syntheses has been compared with playing chess. There
are no tricks; all that's required is a knowledge of the allowable moves (the
organic reactions) and the discipline to plan ahead, carefully evaluating the con-
sequences of each move. Practicing is not always easy, but there is no surer way
to learn organic chemistry.

Propose syntheses of the following substances from benzene:
(a) m-Chloronitrobenzene (b) m-Chloroethylbenzene
(c) 4-Chloro-1-nitro-2-propylbenzene  (d) 3-Bromo-2-methylbenzenesulfonic acid

In planning a synthesis, it's as important to know what not to do as to know what
to do. As written, the following reaction schemes have flaws in them. What is wrong
with each?

(a) CN CN

1. CH4CH,COCI, AICl,

2. HNO
3. H280, _CHyCH3
O,N ¢
(0]
(b) Cl Cl
1. CH3CHCH,Cl, AICI3
2. Cly, FeCly
CH3CH,CH cl

| \
N\ Ve
Combinatorial Chemistry

Traditionally, organic compounds have been syn-
thesized one at a time. This works well for prepar-
ing large amounts of a few substances, but it
doesn’t work so well for preparing small amounts of
a great many substances. This latter goal is particu-
larly important in the pharmaceutical industry,
where vast numbers of structurally similar com-
pounds must be screened to find the optimum drug
candidate.

© 2008, Zinsser Analytic. Used witl pe

(continued)
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Figure 16.21 The results of
split combinatorial synthesis.
Assuming that 4 different
building blocks are used at
each step, 64 compounds
result after 3 steps, and more
than 1 million compounds
result after 10 steps.

To speed the process of drug discovery, combinatorial chemistry has been
developed to prepare what are called combinatorial libraries, in which any-
where from a few dozen to several hundred thousand substances are prepared
simultaneously. Among the early successes of combinatorial chemistry is the
development of a benzodiazepine library, a class of aromatic compounds
much used as antianxiety agents.

\ ]
N
Benzodiazepine library
R3 (R1-Ry4 are various
> =N organic substituents)
Ry
Ra

Two main approaches to combinatorial chemistry are used—parallel syi-
thesis and split synthesis. In parallel synthesis, each compound is prepared inde-
pendently. Typically, a reactant is first linked to the surface of polymer beads,
which are then placed into small wells an a 96-well glass plate. Programmable
robotic instruments add different sequences of building blocks to the different
wells, thereby making 96 different products. When the reaction sequences are
complete, the polymer beads are washed and their products are released.

In split synthesis, the initial reactant is again linked to the surface of
polymer beads, which are then divided into several groups. A different build-
ing block is added to each group of beads, the different groups are combined,
and the reassembled mix is again split to form new groups. Another building
block is added to each group, the groups are again combined and redivided,
and the process continues. If, for example, the beads are divided into four
groups at each step, the number of compounds increases in the progression
4 — 16 — 64 — 256. After 10 steps, more than 1 million compounds have
been prepared (Figure 16.21).

A
. i
FF F -
AB, AB, AB, | AB,
[
R L Sl
AB,C,AB,C, AB;C,AB,C, AB,C;AB,C; = AB,C,AB,C,
| ABCABC,  ABCABC, | ABCABC, | ABCABC,
I
qu lDz ng l[h
AB,C,D,AB,C,D,AB,C,D;AB,C,D; 16 16 16

AB,C,D,AB,C,D,AB,C,D,AB,C,D,
AB,C3D,AB,C,D,AB,C4D,AB,Cs0,
AB,C,D,AB,C,D,AB,C,D,AB,C,D;

products

. products ‘

(continued)

| products
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Of course, with so many different final products mixed together, the prob-
lem is to identify them. What structure is linked to what bead? Several
approaches to this problem have been developed, all of which involve
the attachment of encoding labels to each polymer bead to keep track of the
chemistry each has undergone. Encoding labels used thus far have included
proteins, nucleic acids, halogenated aromatic compounds, and even com-
puter chips.

SUMMARY AND KEY WORDS

An electrophilic aromatic substitution reaction takes place in two steps—initial
reaction of an electrophile, E+, with the aromatic ring, followed by loss of H* from
the resonance-stabilized carbocation intermediate to regenerate the aromatic ring.

FE & .//:Base
/ [ H E

i )

— -

+

Many variations of the reaction can be carried out, including halogenation,
nitration, and sulfonation. Friedel-Crafts alkylation and acylation reactions,
which involve reaction of an aromatic ring with carbocation electrophiles, are
particularly useful. They are limited, however, by the fact that the aromatic ring
must be at least as reactive as a halobenzene. In addition, polyalkylation and
carbocation rearrangements often occur in Friedel-Crafts alkylation.

Substituents on the benzene ring atfect both the reactivity of the ring
toward further substitution and the orientation of that substitution. Groups can
be classified as ortho- and para-directing activators, ortho- and para-directing deacti-
vators, or meta-directing deactivators. Substituents influence aromatic rings by a
combination of resonance and inductive effects. Resonance effects are trans-
mitted through 7 bonds; inductive effects are transmitted through o bonds.

Halobenzenes undergo nucleophilic aromatic substitution through either
of two mechanisms. If the halobenzene has a strongly electron-withdrawing
substituent in the ortho or para position, substitution occurs by addition of a
nucleophile to the ring, followed by elimination of halide from the intermedi-
ate anion. If the halobenzene is not activated by an electron-withdrawing sub-
stituent, substitution can occur by elimination of HX to give a benzyne,
followed by addition of a nucleophile.

The benzylic position of an alkylbenzene can be brominated by reaction
with N-bromosuccinimide, and the entire side chain can be degraded to a car-
boxyl group by oxidation with aqueous KMnO,. Although aromatic rings are
less reactive than isolated alkene double bonds, they can be reduced to cyclo-
hexanes by hydrogenation over a platinum or rhodium catalyst. In addition,
aryl alkyl ketones are reduced to alkylbenzenes by hydrogenation over a plat-
inum catalyst.
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SUMMARY OF REACTIONS

1. Electrophilic aromatic substitution
(a) Bromination (Section 16.1)

@ + Brp FeBrs © + HBr

(b) Chlorination (Section 16.2)

Cl
© Crect @ s

(c) Iodination (Section 16.2)

© dal s CuClz

(d) Nitration (Section 16.2)

© + HND3 H2504 © + H 20

(e) Sulfonation (Section 16.2)

HSO

(f) Friedel-Crafts alkylation (Section 16.3)

CH3
© + ChHgey NS, ©/ + Hel

Aromatic ring. Must be at least as reactive as a halobenzene.
Alkyl halide. ~ Primary alkyl halides undergo carbocation
rearrangement.




Summary of Reactions

(g) Iriedel-Crafts acylation (Section 16.3)

0
I AlCI “CH3
@ + CHgCol —2> + HCI

2. Reduction of aromatic nitro groups (Section 16.2)

NO5 NH2
1. Fe, h10+
EX

3. Nucleophilic aromatic substitution
(a) By addition to activated aryl halides (Section 16.7)

I L' ~OH
H-JG

(b) By formation of benzyne intermediate from unactivated aryl halide

(Section 16.8)

aL “NH3
Br
NHn

4. Oxidation of alkylbenzene side chain (Section 16.9)

CH3 COgH
KMnO4
H20

5. Benzylic bromination of alkylbenzene side chain (Section 16.9)

0

CHg = CH,Br
@/ cCM Qf

6. Catalytic hydrogenation of aromatic ring (Section 16.10)

@ Rh/C catalyst O

589
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exercises R

7. Reduction of aryl alkyl ketones (Section 16.10)

Hx :H
[| \C/
R e
R H,pPd R
Ethanol
Organic KNOWLEDGE TOOLS
Thomson!/ W/ Sign in at www.thomsonedu.com to assess your knowledge of this

chapter’s topics by taking a pre-test. The pre-test will link you to interactive organic
chemistry resources based on your score in each concept area.

ng Online homewaork for this chapter may be assigned in Organic OWL.

B indicates problems assignable in Organic OWL.
4 denotes problems linked to Key Ideas of this chapter and testable in ThomsonNOW.

VISUALIZING CHEMISTRY

(Problems 16.1-16.24 appear within the chapter.)

16.25 m Draw the product from reaction of each of the following substances with
(i) Bry, FeBr; and (ii) CH3;COCI, AIClj.

(a) 3 (b)
. @ _ 0 2
| 2 1 g

8.8, >

16.26 The following molecular model of a dimethyl-substituted biphenyl represents
the lowest-energy conformation of the molecule. Why are the two benzene
rings tilted at a 63° angle to each other rather than being in the same plane so
that their p orbitals can overlap? Why doesn’t complete rotation around the
single bond joining the two rings occur?

B Assignable in OWL 4 Key ldea Problems
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16.28
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® How would you synthesize the following compound starting from ben-
zene? More than one step is needed.

’
C/U/

o,v.)
.J

The following compound can’t be synthesized using the methods discussed in
this chapter. Why not?

i

&

©

ADDITIONAL PROBLEMS

16.29

16.30

16.31

16.32

B Identify each of the following groups as an activator or deactivator and as
an o,p-director or m-director:

(a) ~3-N(CHs), (b) %_O ) -5-OCH,CHs d ©

(=

B Predict the major product(s) of nitration of the following substances.
Which react faster than benzene, and which slower?

(a) Bromobenzene (b) Benzonitrile (c) Benzoic acid

(d) Nitrobenzene (e) Benzenesulfonic acid (f) Methoxybenzene

® 4 Rank the compounds in each group according to their reactivity toward
electrophilic substitution.

(a) Chlorobenzene, o-dichlorobenzene, benzene

(b) p-Bromonitrobenzene, nitrobenzene, phenol

{c) Fluorobenzene, benzaldehyde, o-xylene

(d) Benzonitrile, p-methylbenzonitrile, p-methoxybenzonitrile

B 4 Predict the major monoalkylation products you would expect to obtain
from reaction of the following substances with chloromethane and AICly:

(a) Bromobenzene (b) m-Bromophenol
(c) p-Chloroaniline (d) 2,4-Dichloronitrobenzene
(e) 2,4-Dichlorophenol (f) Benzoic acid

(g) p-Methylbenzenesulfonic acid (h) 2,5-Dibromotoluene

W Assignable in OWL A Key Idea Problems
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16.33 W Name and draw the major product(s) of electrophilic chlorination of the
following compounds:
(a) m-Nitrophenol (b) o-Xylene
(c) p-Nitrobenzoic acid (d) p-Bromobenzenesulfonic acid
16.34 Predict the major product(s) you would obtain from sulfonation of the fol-
lowing compounds:
(a) Fluorobenzene (b) m-Bromophenol
(c) m-Dichlorobenzene (d) 2,4-Dibromophenol

16.35 Rank the following aromatic compounds in the expected order of their reac-
tivity toward Friedel-Crafts alkylation. Which compounds are unreactive?
(a) Bromobenzene (b) Toluene (¢) Phenol
(d) Aniline (e) Nitrobenzene (f) p-Bromotoluene

16.36 ® What product(s) would vou expect to obtain from the following reactions?

(b) Br
H 1. HNO3, H,S0,

@i T e
NO,
(dj Cl
@Q KMnD4 2 CHCHaCHyCl
- AlCl

16.37 Predict the major product(s) of the following reactions:

(b) 0]
CHgCHCl - CH3CH3COCI
~ ey " AICI3

HNoy 503
Hy50, H2S04

: _CO,H (d} N{CH,CH3)s

16.38 Aromatic iodination can be carried out with a number of reagents, including
iodine monochloride, ICl. What is the direction of polarization of ICI? Pro-
pose a mechanism for the iodination of an aromatic ring with ICI.

16.39 W The sulfonation of an aromatic ring with SO5 and H,S50 is reversible. That
is, heating benzenesulfonic acid with H,SO, yields benzene. Show the mech-
anism of the desulfonation reaction. What is the electrophile?

16.40 ® The carbocation electrophile in a Friedel-Crafts reaction can be generated
in ways other than by reaction of an alkyl chloride with AICl;. For example,
reaction of benzene with 2-methylpropene in the presence of HyPOy yields
tert-butylbenzene. Propose a mechanism for this reaction.

16.41 The N,N,N-trimethylammonium group, —N(CH3)s, is one of the few groups
that is a meta-directing deactivator yet has no electron-withdrawing reso-
nance effect. Explain.

B Assignable in OWL A Key ldea Problems
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16.44

16.45

16.46

16.47
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The nitroso group, —N=0, is one of the few nonhalogens that is an ortho- and
para-directing deactivator. Explain by drawing resonance structures of the
carbocation intermediates in ortho, meta, and para electrophilic reaction on
nitrosobenzene, Co;HsN=0.

Using resonance structures of the intermediates, explain why bromination of
biphenyl occurs at ortho and para positions rather than at meta,

Biphenv‘

m & At what position and on what ring do you expect nitration of 4-bromo-
biphenyl to occur? Explain, using resonance structures of the potential inter-

mediates.
Br 4-Bromobiphenyl

4 Electrophilic substitution on 3-phenylpropanenitrile occurs at the ortho
and para positiens, but reaction with 3-phenylpropenenitrile occurs at the
meta position. Explain, using resonance structures of the intermediates.

N
CH2CH2CN @/\vc

3-Phenylpropanenitrile 3-Phenylpropenenitrile

Addition of HBr to 1-phenylpropene yields only (1-bromopropyl)benzene.
Propose a mechanism for the reaction, and explain why none of the other
regioisomer is produced.

Br
~
+ HBr —=*

Triphenylmethane can be prepared by reaction of benzene and chloroform in
the presence of AICl;. Propose a mechanism for the reaction.

j
o= OO

B Assignable in OWL 4 Key Idea Problems
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(a)

(e)

16.48

16.49

16.50

16.51

16.52

16.53

B At what position, and on what ring, would you expect the following sub-
stances to undergo electrophilic substitution?

{a) (@] (b)

CHsy
Br

(e (d) ﬁ
1 P
CH

3

B At what position, and on what ring, would you expect bromination of benz-
anilide to occur? Explain by drawing resonance structures of the intermediates.

Benzanilide

Would you expect the Friedel-Crafts reaction of benzene with (R)-2-chloro-
butane to yield optically active or racemic product? Explain.

® How would you synthesize the following substances starting from benzene
or phenol? Assume that ortho- and para-substitution products can be separated.
(a) o-Bromobenzoic acid (b) p-Methoxvtoluene

(c) 2,4,6-Trinitrobenzoic acid (d) m-Bromoaniline

B Starting with benzene as your only source of aromatic compounds, how
would you synthesize the following substances? Assume that you can separate
ortho and para isomers if necessary.

(a) p-Chloroacetophenone (b) m-Bromonitrobenzene

(c) o-Bromobenzenesulfonic acid (d) m-Chlorobenzenesulfonic acid

B Starting with either benzene or toluene, how would you synthesize the fol-
lowing substances? Assume that ortho and para isomers can be separated.
(a) 2-Bromo-4-nitrotoluene (b) 1,3,5-Trinitrobenzene

(c) 2,4,6-Tribromoaniline

16.54 As written, the following syntheses have flaws. What is wrong with each?

CHs

COoH b) Cl cl
CHs
1. C!z, FeCI3 1 HN03, H2504
2. KMnOy 2. CHgCl, AlCI3
cl 3. Fe, HgO*
4. NaOH, Hp0
NH;
CHz
I NO;
1. CH3CCI, AICI3
2. HNOgz, H250,4
3. Hy/Pd; ethanol
CH5CH3
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Exercises 595

16.55 ® How would you synthesize the following substances starting from benzene?

{a) /@/\ (b) CH,0H (c) CH»CH,0H
cl HOCH,” : :

16.56 The compound MON-0585 is a nontoxic, biodegradable larvicide that is
highly selective against mosquito larvae. Synthesize MON-0585 using either
benzene or phenol as a source of the aromatic rings.

C(CHzl3

1
@7? OH  MON-0585
CH3

C(CH3l3

16.57 ® Hexachlorophene, a substance used in the manufacture of germicidal soaps,
is prepared by reaction of 2,4,5-trichlorophenol with formaldehyde in the
presence of concentrated sulfuric acid. Propose a mechanism for the reaction.

OH OH OH
Cl Cl CH, Cl
CH.0
H,S504
Cl CICl
Cl Cl Cl

Hexachlorophene

16.58 ® Benzenediazonium carboxylate decomposes when heated to yield N,, CO»,
and a reactive substance that can't be isolated. When benzenediazonium car-
boxylate is heated in the presence of furan, the following reaction is observed:

0
y:\ 0
o < 7 Heat
" + \ / — “ + C02 + N2
N‘\\\“N

What intermediate is involved in this reaction? Propose a mechanism for its
formation.

16.59 Phenylboronic acid, CgHsB(OH),, is nitrated to give 15% ortho-substitution
product and 85% meta. Explain the meta-directing effect of the —B(OH),
group.

16.60 Draw resonance structures of the intermediate carbocations in the bromina-
tion of naphthalene, and account for the fact that naphthalene undergoes
electrophilic substitution at C1 rather than C2.

Br

Bro
e
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536 CHAPTER 16 Chemistry of Benzene: Electrophilic Aromatic Substitution

16.61 ® Propose a mechanism for the reaction of 1-chloroanthraquinone with
methoxide ion to give the substitution product 1-methoxyanthraquinone,
Use curved arrows to show the electron flow in each step.

(0] OCH3
Na* “OCH3
+ NaCl
1-Chloroanthraquinone 1-Methoxyanthraquinone

16.62 m 4-Chloropyridine undergoes reaction with dimethylamine to yield 4-dimethyl-
aminopyridine. Propose a mechanism for the reaction.

N(CHg);

h HNCHas ﬁj -

16.63 ®m p-Bromotoluene reacts with potassium amide to give a mixture of - and
p-methylaniline. Explain.

16.64 ® Propose a mechanism to account for the reaction of benzene with 2,2,5,5-
tetramethyltetrahydrofuran.

=
H,S0
| & g —aty
S

16.65 Propose a mechanism to account for the following reaction:

Ef CH»CI lC? e
2

16.66 W In the Gatterman-Koch reaction, a formyl group (—CHO) is introduced
directly onto a benzene ring. For example, reaction of toluene with CO and
HCl in the presence of mixed CuCl/AlICl; gives p-methylbenzaldehyde. Pro-
pose a mechanism.

CHg CHg

+ CO + HCl CuCI/AICI3

CHO
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16.68

16.69

16.70

16.71

16.72

Exercises 597

B Treatment of p-tert-butylphenol with a strong acid such as H,SO, vields
phenol and 2-methylpropene. Propose a mechanism,

B Benzene and alkyl-substituted benzenes can be hydroxylated by reaction
with H,0; in the presence of an acidic catalyst. What is the structure of the
reactive electrophile? Propose a mechanism for the reaction.

OH
H202
_ewe
CF3S03H catalyst

How would you synthesize the following compounds from benzene? Assume
that ortho and para isomers can be separated.

{a) CH3 (b) CH3
of CH2(|:HCH3
O,N Br
SO3H

You know the mechanism of HBr addition to alkenes, and you know the
effects of various substituent groups on aromatic substitution. Use this
knowledge to predict which of the following two alkenes reacts faster with
HBr. Explain your answer by drawing resonance structures of the carbocation
intermediates.

CH=CH, CH=CH,
and
CH30 OZN

Benzyl bromide is converted into benzaldehyde by heating in dimethyl sul-
foxide. Propose a structure for the intermediate, and show the mechanisms of
the two steps in the reaction.

o i
CH,Br + C
H3C/ \CH3 [7 :| E2 reaction H
(SN2 reaction)

Use your knowledge of directing effects, along with the following data, to
deduce the directions of the dipole moments in aniline and bromobenzene.

pw=153D un=152D u=291D
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16.73 ldentify the reagents represented by the letters a—e in the following scheme:
O
Br
Br
@/K/ NS
2, LN
. o /©/\/

16.74 Phenols (ArOH) are relatively acidic. and the presence of a substituent group
on the aromatic ring has a large eftect. The pK, of unsubstituted phenol, for
example, is 9.89, while that of p-nitrophenol is 7.15. Draw resonance struc-
tures of the corresponding phenoxide anions and explain the data.

16.75 Would you expect p-methylphenol to be more acidic or less acidic than
unsubstituted phenol? Explain. (See Problem 16.74.)
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