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22-6 ELECTROPHILIC SUBSTITUTION OF PHENOLS

The aromatic ring in phenols is also a center of reactivity. The
interaction between the OH group and the ring strongly activates
the ortho and para positions toward electrophilic substitution.

For example, even dilute nitric acid causes nitration.

Friedel-Crafts acylation of phenols is complicated by ester
formation and is better carried out on ether derivatives of phenol.
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In Summary The oxygen in phenols and alkoxybenzenes can be protonated even though 
it is less basic than the oxygen in the alkanols and alkoxyalkanes. Protonated phenols and 
their derivatives do not ionize to phenyl cations, but the ethers can be cleaved to phenols 
and haloalkanes by HX. Alkoxybenzenes are made by Williamson ether synthesis, aryl 
alkanoates by acylation.

22-6 ELECTROPHILIC SUBSTITUTION OF PHENOLS

The aromatic ring in phenols is also a center of reactivity. The interaction between the OH 
group and the ring strongly activates the ortho and para positions toward electrophilic sub-
stitution (Sections 16-1 and 16-3). For example, even dilute nitric acid causes nitration.
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Friedel-Crafts acylation of phenols is complicated by ester formation and is better car-
ried out on ether derivatives of phenol (Section 16-5), as shown in the margin.

Phenols are halogenated so readily that a catalyst is not required, and multiple halogena-
tions are frequently observed (Section 16-3). As shown in the following reactions, tribromi-
nation occurs in water at 208C, but the reaction can be controlled to produce the 
monohalogenation product through the use of a lower temperature and a less polar solvent.
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Halogenation of Phenols

Electrophilic attack at the para position is frequently dominant because of steric effects. 
However, it is normal to obtain mixtures resulting from both ortho and para substitutions, 
and their compositions are highly dependent on reagents and reaction conditions.
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Exercise 22-18

Friedel-Crafts methylation of methoxybenzene (anisole) with chloromethane in the presence of 
AlCl3 gives a 2 : 1 ratio of ortho : para products. Treatment of methoxybenzene with 2-chloro-
2-methylpropane (tert-butyl chloride) under the same conditions furnishes only 1-methoxy-4-
(1,1-dimethylethyl) benzene (p-tert-butylanisole). Explain. (Hint: Review Section 16-5.)
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Phenols are halogenated so readily that a catalyst is not required, and multiple
halogenations are frequently observed.

Tribromination occurs in water at 20 oC, but the reaction can be controlled to produce the
monohalogenation product through the use of a lower temperature and a less polar solvent.

Electrophilic attack at the para position is frequently dominant because of steric effects.
However, it is normal to obtain mixtures resulting from both ortho and para substitutions,
and their compositions are highly dependent on reagents and reaction conditions.
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Under basic conditions, phenols can undergo electrophilic substitution, even with very mild
electrophiles, through intermediate phenoxide ions. An industrially important application is
the reaction with formaldehyde, which leads to o- and p-hydroxymethylation.

Mechanistically, these processes may be considered enolate condensations, much like the
aldol reaction.
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Mechanistically, these processes may be considered enolate condensations, much like the 
aldol reaction (Section 18-5).

CH2

OH

HO! !
k

!

O  ! O O

!

" HOH
PO

Hydroxymethylation of Phenol

ððš

šš

šð ðð ðð

šš

O
H

CH2O  ! "

O

H!  OCH2

HOH

!HO  !

OH

CH2OH

"

OH

CH2OHðš

ðš

ðððð ð

š

š

šš

šš

š ðš

šš

ššš

The initial aldol products are unstable: They dehydrate on heating, giving reactive interme-
diates called quinomethanes.
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Because quinomethanes are !,"-unsaturated carbonyl compounds, they may undergo 
Michael additions (Section 18-11) with excess phenoxide ion. The resulting phenols can be 
hydroxymethylated again and the entire process repeated. Eventually, a complex phenol–
formaldehyde copolymer, also called a phenolic resin (e.g., Bakelite), is formed. Their 
major uses are in plywood (45%), insulation (14%), molding compounds (9%), ! brous and 
granulated wood (9%), and laminates (8%).

OH

CH2

H

O!

CH2OH

OH

CH2 O
CH2

O!

CH2

"

O O

Phenolic Resin Synthesis

O
H

CH2

OH OH

H2C

CH2

OH OH

polymer n H2O"

P! k



5

The initial aldol products are unstable: They dehydrate on heating, giving reactive
intermediates called quinomethanes.

Because quinomethanes are 𝝰,𝝱-unsaturated carbonyl compounds, they may undergo
Michael additions with excess phenoxide ion. The resulting phenols can be
hydroxymethylated again and the entire process repeated.

Eventually, a complex phenol– formaldehyde copolymer, also called a phenolic resin (e.g.,
Bakelite), is formed. Their major uses are in plywood (45%), insulation (14%), molding
compounds (9%), fibrous and granulated wood (9%), and laminates (8%).
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In the Kolbe-Schmitt reaction, phenoxide attacks carbon dioxide to furnish the salt of 2-
hydroxybenzoic acid (o-hydroxybenzoic acid, salicylic acid, precursor to aspirin).
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In the Kolbe*-Schmitt† reaction, phenoxide attacks carbon dioxide to furnish the salt 
of 2-hydroxybenzoic acid (o-hydroxybenzoic acid, salicylic acid, precursor to aspirin; see 
Real Life 22-2).
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*Professor Adolph Wilhelm Hermann Kolbe (1818–1884), University of Leipzig, Germany.
†Professor Rudolf Schmitt (1830–1898), University of Dresden, Germany.

Various wood products incorpo-
rating Bakelite are used in the 
construction of houses.

Solved Exercise 22-21 Working with the Concepts: Recognizing Phenol 
as an Enol

Formulate a mechanism for the Kolbe-Schmitt reaction.

Strategy
As always, we take an inventory of the components of the reaction: starting materials, other 
reagents and reaction conditions, and products. Phenol is an electron-rich arene (see this and 
Section 16-3) and also acidic. Carbon dioxide has an electrophilic carbon that is attacked by 
nucleophilic carbon atoms, such as in Grignard reagents (Section 19-6). The reaction conditions 
are strongly basic. Finally, the product looks like that of an electrophilic ortho substitution.

Solution
• Under basic conditions, phenol will exist as phenoxide, which, like an enolate ion (Section 18-1), 

can be described by two resonance forms (see margin).
• Enolate alkylations occur at carbon (Section 18-10). In analogy, you can formulate a phenoxide 

attack on the electrophilic carbon of CO2. Alternatively, you can think of this reaction as an elec-
trophilic attack of CO2 on a highly activated benzene ring.

• Finally, deprotonation occurs to regenerate the aromatic arene.
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As you will have noticed, the selectivity for ortho attack by CO2 in this process is exceptional. 
Although not completely understood, it may involve direction of the electrophile by the Na1 ion 
in the vicinity of the phenoxide negative charge.
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Exercise 22-22 Try It Yourself

Phentolamine (as a water-soluble methanesulfonic acid salt) is an antihypertensive that has recently 
been introduced into dentistry: It cuts in half the time taken to recover from the numbing effect 
of local anesthetics. The key step in its preparation dates from 1886, the reaction shown below. 
What is its mechanism? (Caution: This is not a nucleophilic aromatic substitution. Hint: Think 
keto–enol tautomerism).
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What is its mechanism? (Caution: This is not a nucleophilic aromatic substitution. Hint: Think 
keto–enol tautomerism).

"

OH CH3

NH2

OH

70%

Phentolamine

160#C
CH3

OH

N
H

N

HN

CH3

OH

N

Exercise 22-22

Phentolamine (as a water-soluble methanesulfonic acid salt) is an antihypertensive that has
recently been introduced into dentistry: It cuts in half the time taken to recover from the
numbing effect of local anesthetics. The key step in its preparation dates from 1886, the
reaction shown below. What is its mechanism? (Caution: This is not a nucleophilic aromatic
substitution. Hint: Think keto–enol tautomerism).
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In Summary The benzene ring in phenols is subject to electrophilic aromatic substitu-
tion, particularly under basic conditions. Phenoxide ions can be hydroxymethylated and 
carbonated.

Hexachlorophene

Cl

Cl

OH OH

Cl

Cl

Cl Cl

Exercise 22-23

Hexachlorophene (margin) is a skin germicide formerly used in soaps. It is prepared in one step 
from 2,4,5-trichlorophenol and formaldehyde in the presence of sulfuric acid. How does this reac-
tion proceed? (Hint: Formulate an acid-catalyzed hydroxymethylation for the ! rst step.)

22-7  AN ELECTROCYCLIC REACTION OF THE BENZENE RING: 
THE CLAISEN REARRANGEMENT

At 2008C, 2-propenyloxybenzene (allyl phenyl ether) undergoes an unusual reaction that leads 
to the rupture of the allylic ether bond: The starting material rearranges to 2-(2-propenyl)phenol 
(o-allylphenol).

2-Propenyloxybenzene
(Allyl phenyl ether)

2-(2-Propenyl)phenol
(o-Allylphenol)

75%

H

O
CH2CH CH2E P

CH2PCH2CH

OH

!

This transformation, called the Claisen* rearrangement, is another concerted reaction with 
an aromatic transition state that accommodates the movement of six electrons (Sections 14-8 
and 15-3). The initial intermediate is a high-energy isomer, 6-(2-propenyl)-2,4-cyclohexa-
dienone, which enolizes to the ! nal product (Sections 18-2 and 22-3).

Mechanism of the Claisen Rearrangement

O OH
H

O

6-(2-Propenyl)-
2,4-cyclohexadienone

O
O

O

The Claisen rearrangement is general for other systems. With the nonaromatic 1-ethenyloxy-
2-propene (allyl vinyl ether), it stops at the carbonyl stage because there is no driving force 
for enolization. This is called the aliphatic Claisen rearrangement.

*Professor Rainer Ludwig Claisen (1851–1930), University of Berlin, Germany.

ReactionRReaction

Mechanism

Exercise 22-23

Hexachlorophene is a skin germicide formerly used in soaps. It is prepared in one step from
2,4,5-trichlorophenol and formaldehyde in the presence of sulfuric acid. How does this
reaction proceed? (Hint: Formulate an acid-catalyzed hydroxymethylation for the first step.)
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22-8 OXIDATION OF PHENOLS: BENZOQUINONES

Phenols can be oxidized to carbonyl derivatives by one-electron transfer mechanisms,
resulting in a new class of cyclic diketones, called benzoquinones.

Benzoquinones and benzenediols are redox couples

The phenols, 1,2- and 1,4-benzenediol (for which the respective common names catechol
and hydroquinone are retained by IUPAC) are oxidized to the corresponding diketones,
ortho- and para-benzoquinone, by a variety of oxidizing agents, such as sodium dichromate
or silver oxide.

Yields can be variable when the resulting diones are reactive, as in the case of o-
benzoquinone, which partly decomposes under the conditions of its formation.
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In Summary 2-Propenyloxybenzene rearranges to 2-(2-propenyl)phenol (o-allylphenol) by 
an electrocyclic mechanism that moves six electrons (Claisen rearrangement). Similar con-
certed reactions are undergone by aliphatic unsaturated ethers (aliphatic Claisen rearrange-
ment) and by hydrocarbons containing 1,5-diene units (Cope rearrangement).

22-8 OXIDATION OF PHENOLS: BENZOQUINONES

Phenols can be oxidized to carbonyl derivatives by one-electron transfer mechanisms, result-
ing in a new class of cyclic diketones, called benzoquinones.

Benzoquinones and benzenediols are redox couples
The phenols 1,2- and 1,4-benzenediol (for which the respective common names catechol 
and hydroquinone are retained by IUPAC) are oxidized to the corresponding diketones, 
ortho- and para-benzoquinone, by a variety of oxidizing agents, such as sodium dichro-
mate or silver oxide. Yields can be variable when the resulting diones are reactive, as 
in the case of o-benzoquinone, which partly decomposes under the conditions of its 
formation.

Benzoquinones from Oxidation of Benzenediols

OH

OH

O

O
Low yield

Ag2O, (CH3CH2)2O

Catechol o-Benzoquinone

O

O O

O

OH

OH

O
92%

O

Na2Cr2O7, H2SO4

Hydroquinone p-Benzoquinone

O

O O

O

The redox process that interconverts hydroquinone and p-benzoquinone can be visual-
ized as a sequence of proton and electron transfers. Initial deprotonation gives a phenoxide 
ion, which is transformed into a phenoxy radical by one-electron oxidation. Proton 
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The redox process that interconverts hydroquinone and p-benzoquinone can be visualized
as a sequence of proton and electron transfers.

Initial deprotonation gives a phenoxide ion, which is transformed into a phenoxy radical by
one-electron oxidation. Proton dissociation from the remaining OH group furnishes a
semiquinone radical anion, and a second one-electron oxidation step leads to the
benzoquinone.

All of the intermediate species in this sequence benefit from considerable resonance
stabilization.
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dissociation from the remaining OH group furnishes a semiquinone radical anion, and a 
second one-electron oxidation step leads to the benzoquinone. All of the intermediate 
species in this sequence bene! t from considerable resonance stabilization (two forms are 
shown for the semiquinone). We shall see in Section 22-9 that redox processes similar to 
those shown here occur widely in nature.

OH

OH

!H"

OH

O  !

!e!

Phenoxide
ion

OH

Phenoxy
radical

jO

!H"

jO

Semiquinone
radical anion

!e!

O

OjO

ð

ð""

ðšðšðš ðš O  !ððš

O  !ðð"ð

ðð

ðð

Redox Relation Between p-Benzoquinone and Hydroquinone

"ð "ð

Exercise 22-27

Give a minimum of two additional resonance forms each for the phenoxide ion, phenoxy radical, 
and semiquinone radical anion shown in the preceding scheme.

The enone units in p-benzoquinones undergo conjugate 
and Diels-Alder additions
p-Benzoquinones function as reactive !,"-unsaturated ketones in conjugate additions (see 
Section 18-9). For example, hydrogen chloride adds to give an intermediate hydroxy dienone 
that enolizes to the aromatic 2-chloro-1,4-benzenediol.

O

OH

p-Benzoquinone

O

O

! HCl H

Cl

6-Chloro-4-hydroxy-
2,4-cyclohexadienone

OH

OH

Cl

2-Chloro-1,4-benzenediol

Conjugate
addition

Enolization

The double bonds also undergo cycloadditions to dienes (Section 14-8). The initial cyclo-
adduct to 1,3-butadiene tautomerizes with acid to the aromatic system.

Diels–Alder Reactions of p-Benzoquinone

!

OH

OH

88% overall

O

O

C6H6, 20"C, 48 h

O

O

H
%

%
H

HCl, #

Cycloaddition Double
enolization
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The enone units in p-benzoquinones undergo conjugate and Diels-Alder additions

p-Benzoquinones function as reactive 𝝰,𝝱-unsaturated ketones in conjugate additions.
Hydrogen chloride adds to give an intermediate hydroxy dienone that enolizes to the
aromatic 2-chloro-1,4-benzenediol.

The double bonds also undergo cycloadditions to dienes. The initial cyclo-adduct
tautomerizes with acid to the aromatic system.
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22-9 OXIDATION-REDUCTION PROCESSES IN NATURE

Chemical processes involving hydroquinones and p-benzoquinones that occur in nature.
Oxygen can engage in reactions that cause damage to biomolecules. Natural antioxidants
inhibit these transformations, as do several synthetic preservatives.

Ubiquinones mediate the biological reduction of oxygen to water

Nature makes use of the benzoquinone–hydroquinone redox couple in reversible oxidation
reactions. These processes are part of the complicated cascade by which oxygen is used in
biochemical degradations.

An important series of compounds used for this purpose are the ubiquinones (a name
coined to indicate their ubiquitous presence in nature), also collectively called coenzyme Q
(CoQ, or simply Q). The ubiquinones are substituted p-benzoquinone derivatives bearing a
side chain made up of 2-methylbutadiene units (isoprene). An enzyme system that utilizes
NADH converts CoQ into its reduced form (QH2).
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QH2 participates in a chain of redox reactions with electron-transporting iron-containing
proteins called cytochromes. The reduction of Fe3+ to Fe2+ in cytochrome b by QH2 begins
a sequence of electron transfers involving six different proteins. The chain ends with
reduction of O2 to water by addition of four electrons and four protons.

Phenol derivatives protect cell membranes from oxidative damage

The biochemical conversion of oxygen into water includes several intermediates, including
superoxide, O2.–, the product of one-electron reduction, and hydroxy radical, .OH, which
arises from cleavage of H2O2. Both are highly reactive species capable of initiating reactions
that damage organic molecules of biological importance. An example is the
phosphoglyceride, a cell-membrane component derived from the unsaturated fatty acid
cis,cis-octadeca-9,12-dienoic acid (linoleic acid).
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Antioxidants! 
The frenzy 
dates back to 
1956, when it 

was proposed that disease 
and aging are due to damage 
by oxidative radical species, 
such as HOO. . Indeed, 
radicals do play havoc with 
biological molecules, but they 
are also essential in mediating 
metabolism and other 
biological processes. There is 
no evidence to support that 
exogenous intake of 
antioxidants has a bene! cial 
effect on health. Compounds 
such as vitamins A, C, E, and 
other, mainly phenolic, 
compounds, while acting as 
reducing agents, owe their 
salutary in" uence to many 
other functions. Many 
groceries are now labeled with 
so-called ORAC units (oxygen 
radical absorbance capacity) 
or similar in vitro measures 
that indicate how well 
additives (speci! c foods) 
delay destruction of a test 
molecule by purposely 
generated radicals. These 
numbers are irrelevant in vivo 
and are grossly misused to 
promote products in this $65 
billion market. What does it 
mean that freeze-dried acai 
berries score at 102,000 in this 
test (from one laboratory), 
whereas apples “" unk” at 
4300? Stick to the U.S. Dietary 
Guidelines: Fill half your plate 
with fruits and vegetables, 
one-quarter with grains.

Acai berries score high in 
ORAC units.

Really

OH

OH

(CH2CH CCH2)nH

CH3

CH3

CH3O

CH3O

O
Ubiquinones (n ! 6, 8, 10)

(Coenzyme Q)

O

P
A

(CH2CH CCH2)nH

CH3

CH3

CH3O

CH3O

Enzyme,
reducing agent

Reduced form of coenzyme Q
(Reduced Q, or QH2)

P
A

QH2 participates in a chain of redox reactions with electron-transporting iron-containing 
proteins called cytochromes (Real Life 8-1). The reduction of Fe31 to Fe21 in cytochrome b
by QH2 begins a sequence of electron transfers involving six different proteins. The chain 
ends with reduction of O2 to water by addition of four electrons and four protons.

O2 1 4 H1 1 4 e2 uy 2 H2O

Phenol derivatives protect cell membranes 
from oxidative damage
The biochemical conversion of oxygen into water includes several intermediates, including 
superoxide, O2

.2, the product of one-electron reduction, and hydroxy radical, .OH, which 
arises from cleavage of H2O2. Both are highly reactive species capable of initiating reactions 
that damage organic molecules of biological importance. An example is the phosphogly-
ceride shown here, a cell-membrane component derived from the unsaturated fatty acid 
cis,cis-octadeca-9,12-dienoic acid (linoleic acid).

Initiation step
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O
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Pentadienyl radical
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H HCH3(CH2)4 11
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#

The doubly allylic hydrogens at C11 are readily abstracted by radicals such as . OH 
(Section 14-2).

The resonance-stabilized pentadienyl radical combines rapidly with O2 in the ! rst of 
two propagation steps. Reaction occurs at either C9 or C13 (shown here), giving either of 
two peroxy radicals containing conjugated diene units.

Propagation step 1

R

Peroxy radical

R!

j
R R!O2

A
jOð"

Oðš
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22-10 ARENEDIAZONIUM SALTS

N-nitrosation of primary benzenamines (anilines) furnishes arenediazonium salts, which can
be used in the synthesis of phenols.

Arenediazonium salts are stabilized by resonance of the 𝝿 electrons in the diazo function
with those of the aromatic ring.

They are converted into haloarenes, arenecarbonitriles, and other aromatic derivatives
through replacement of nitrogen by the appropriate nucleophile.
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In Summary Oxygen-derived radicals are capable of initiating radical chain reactions in 
lipids, thereby leading to toxic decomposition products. Vitamin E is a naturally occurring 
phenol derivative that functions as an antioxidant to inhibit these processes within mem-
brane lipids. Vitamin C and glutathione are biological reducing agents located in the intra- 
and extracellular aqueous environments. High concentrations of benzoquinones can bring 
about cell death by consumption of glutathione; vitamin C can protect the cell by reduction 
of the benzoquinone. Synthetic food preservatives are structurally designed to mimic the 
antioxidant behavior of vitamin E.

22-10 ARENEDIAZONIUM SALTS

As mentioned in Section 22-4, N-nitrosation of primary benzenamines (anilines) furnishes 
arenediazonium salts, which can be used in the synthesis of phenols. Arenediazonium salts 
are stabilized by resonance of the ! electrons in the diazo function with those of the aromatic 
ring. They are converted into haloarenes, arenecarbonitriles, and other aromatic derivatives 
through replacement of nitrogen by the appropriate nucleophile.

Arenediazonium salts are stabilized by resonance
The reason for the stability of arenediazonium salts, relative to their alkane counterparts, is 
resonance and the high energy of the aryl cations formed by loss of nitrogen. One of the 
electron pairs making up the aromatic ! system can be delocalized into the functional group, 
which results in charge-separated resonance structures containing a double bond between 
the benzene ring and the attached nitrogen.
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Resonance in the Benzenediazonium Cation

N
N

At elevated temperatures (.508C), nitrogen extrusion does take place, however, to form 
the very reactive phenyl cation. When this is done in aqueous solution, phenols are produced 
(Section 22-4).

Why is the phenyl cation so reactive? After all, it is a carbocation that is part of a 
benzene ring. Should it not be resonance stabilized, like the phenylmethyl (benzyl) cation? 
The answer is no, as may be seen in the molecular-orbital picture of the phenyl cation 
(Figure 22-5). The empty orbital associated with the positive charge is one of the sp2 hybrids 

Figure 22-5 (A) Line structure of the phenyl cation. (B) Orbital picture of the phenyl cation. The 
alignment of its empty sp2 orbital is perpendicular to the six-!-electron framework of the aromatic 
ring. As a result, the positive charge is not stabilized by resonance. (C) The electrostatic potential 
map of the phenyl cation, shown at an attenuated scale for better contrast, pinpoints much of the 
positive charge (blue edge on the right) as located in the plane of the six-membered ring.

+

p orbitals

Empty sp2 orbital
BA C

+

Phenyl cation
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At elevated temperatures (.508C), nitrogen extrusion does take place, however, to form 
the very reactive phenyl cation. When this is done in aqueous solution, phenols are produced 
(Section 22-4).

Why is the phenyl cation so reactive? After all, it is a carbocation that is part of a 
benzene ring. Should it not be resonance stabilized, like the phenylmethyl (benzyl) cation? 
The answer is no, as may be seen in the molecular-orbital picture of the phenyl cation 
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At elevated temperatures (>50 oC), nitrogen extrusion does take place to form the very
reactive phenyl cation. When this is done in aqueous solution, phenols are produced.

Why is the phenyl cation so reactive?

The empty orbital associated with the positive charge is one of the sp2 hybrids aligned in
perpendicular fashion to the 𝝿 framework that normally produces aromatic resonance
stabilization.

Hence, this orbital cannot overlap with the 𝝿 bonds, and the positive charge cannot be
delocalized. Moreover, the cationic carbon would prefer sp hybridization, an arrangement
precluded by the rigid frame of the benzene ring.

We used a similar argument to explain the difficulty in deprotonating benzene to the
corresponding phenyl anion.
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Arenediazonium salts can be converted into other substituted benzenes

When arenediazonium salts are decomposed in the presence of nucleophiles other than
water, the corresponding substituted benzenes are formed.

For example, diazotization of arenamines (anilines) in the presence of hydrogen iodide
results in the corresponding iodoarenes.

Attempts to obtain other haloarenes in this way are frequently complicated by side
reactions.
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aligned in perpendicular fashion to the ! framework that normally produces aromatic resonance 
stabilization. Hence, this orbital cannot overlap with the ! bonds, and the positive charge can-
not be delocalized. Moreover, the cationic carbon would prefer sp hybridization, an arrangement 
precluded by the rigid frame of the benzene ring. We used a similar argument to explain the 
dif! culty in deprotonating benzene to the corresponding phenyl anion (Section 22-4).

Arenediazonium salts can be converted into other 
substituted benzenes
When arenediazonium salts are decomposed in the presence of nucleophiles other than 
water, the corresponding substituted benzenes are formed. For example, diazotization of 
arenamines (anilines) in the presence of hydrogen iodide results in the corresponding 
iodoarenes.
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Attempts to obtain other haloarenes in this way are frequently complicated by side reac-
tions. One solution to this problem is the Sandmeyer* reaction, which makes use of the 
fact that the exchange of the nitrogen substituent for halogen is considerably facilitated by 
the presence of cuprous [Cu(I)] salts. The detailed mechanism of this process is complex, 
and radicals are participants. Addition of cuprous cyanide, CuCN, to the diazonium salt in 
the presence of excess potassium cyanide gives aromatic nitriles.
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*Dr. Traugott Sandmeyer (1854–1922), Geigy Company, Basel, Switzerland.
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One solution to this problem is the Sandmeyer reaction, which makes use of the fact that
the exchange of the nitrogen substituent for halogen is considerably facilitated by the
presence of cuprous [Cu(I)] salts. The detailed mechanism of this process is complex, and
radicals are participants.

Addition of cuprous cyanide, CuCN, to the diazonium salt in the presence of excess
potassium cyanide gives aromatic nitriles.
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Exercise 22-30

Propose syntheses of the following compounds, starting from benzene.
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The diazonium group can be removed by reducing agents. The sequence diazotization–
reduction is a way to replace the amino group in arenamines (anilines) with hydrogen. 
The reducing agent employed is aqueous hypophosphorous acid, H3PO2. This method is 
especially useful in syntheses in which an amino group is used as a removable directing 
substituent in electrophilic aromatic substitution (Section 16-5).

N2
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NaNO2, H!, H2O

1-Bromo-3-methylbenzene
(m-Bromotoluene)

85%

Reductive Removal of a Diazonium Group

NH2

CH3

Br

CH3

Br

H3PO2, H2O, 25"C

CH3

Br

H

#N2, #H3PO3

Another application of diazotization in synthetic strategy is illustrated in the synthesis 
of 1,3-dibromobenzene (m-dibromobenzene). Direct electrophilic bromination of benzene is 
not feasible for this purpose; after the ! rst bromine has been introduced, the second will 
attack ortho or para. What is required is a meta-directing substituent that can be transformed 
eventually into bromine. The nitro group is such a substituent. Double nitration of benzene 
furnishes 1,3-dinitrobenzene (m-dinitrobenzene). Reduction (Section 16-5) leads to the ben-
zenediamine, which is then converted into the dihalo derivative.

HNO3, H2SO4, $

Synthesis of 1,3-Dibromobenzene by Using a Diazotization Strategy
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H2, Pd

Br

BrNO2

NH2

NH2

1. NaNO2, H!, H2O
2. CuBr, 100"C 

Exercise 22-30

Propose syntheses of the following compounds, starting from benzene.

(a) 

I

 (b) 

CN

CN

 (c) 

SO3H

OH

Although it is written as H3PO2, 
hypophosphorous acid is 
actually a mixture of two 
tautomers:

Major Minor
Hypophosphorous

acid

P

O

OH
H
H

B
H/

∑ P

OH

OHH

A
HE

It reduces diazonium formally 
by hydride transfer to give 
the arene and H3PO3 (see 
Section 9-4).

Exercise 22-31

Propose a synthesis of 1,3,5-tribromobenzene from benzene.

In Summary Arenediazonium salts, which are more stable than alkanediazonium salts 
because of resonance, are starting materials not only for phenols, but also for haloarenes, 
arenecarbonitriles, and reduced aromatics by displacement of nitrogen gas. The intermediates 
in some of these reactions may be aryl cations, highly reactive because of the absence of 
any electronically stabilizing features, but other, more complicated mechanisms may be 
followed. The ability to transform arenediazonium salts in this way gives considerable scope 
to the regioselective construction of substituted benzenes.
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The diazonium group can be removed by reducing agents. The sequence diazotization–
reduction is a way to replace the amino group in arenamines (anilines) with hydrogen.

The reducing agent employed is aqueous hypophosphorous acid, H3PO2.

This method is especially useful in syntheses in which an amino group is used as a
removable directing substituent in electrophilic aromatic substitution.

1020 C h e m i s t r y  o f  B e n z e n e  S u b s t i t u e n t sC H A P T E R  2 2

The diazonium group can be removed by reducing agents. The sequence diazotization–
reduction is a way to replace the amino group in arenamines (anilines) with hydrogen. 
The reducing agent employed is aqueous hypophosphorous acid, H3PO2. This method is 
especially useful in syntheses in which an amino group is used as a removable directing 
substituent in electrophilic aromatic substitution (Section 16-5).

N2
!

NaNO2, H!, H2O

1-Bromo-3-methylbenzene
(m-Bromotoluene)

85%

Reductive Removal of a Diazonium Group

NH2

CH3

Br

CH3

Br

H3PO2, H2O, 25"C

CH3

Br

H

#N2, #H3PO3

Another application of diazotization in synthetic strategy is illustrated in the synthesis 
of 1,3-dibromobenzene (m-dibromobenzene). Direct electrophilic bromination of benzene is 
not feasible for this purpose; after the ! rst bromine has been introduced, the second will 
attack ortho or para. What is required is a meta-directing substituent that can be transformed 
eventually into bromine. The nitro group is such a substituent. Double nitration of benzene 
furnishes 1,3-dinitrobenzene (m-dinitrobenzene). Reduction (Section 16-5) leads to the ben-
zenediamine, which is then converted into the dihalo derivative.

HNO3, H2SO4, $

Synthesis of 1,3-Dibromobenzene by Using a Diazotization Strategy

NO2

H2, Pd

Br

BrNO2

NH2

NH2

1. NaNO2, H!, H2O
2. CuBr, 100"C 

Exercise 22-30

Propose syntheses of the following compounds, starting from benzene.

(a) 

I

 (b) 

CN

CN

 (c) 

SO3H

OH

Although it is written as H3PO2, 
hypophosphorous acid is 
actually a mixture of two 
tautomers:

Major Minor
Hypophosphorous

acid

P

O

OH
H
H

B
H/

∑ P

OH

OHH

A
HE

It reduces diazonium formally 
by hydride transfer to give 
the arene and H3PO3 (see 
Section 9-4).

Exercise 22-31

Propose a synthesis of 1,3,5-tribromobenzene from benzene.

In Summary Arenediazonium salts, which are more stable than alkanediazonium salts 
because of resonance, are starting materials not only for phenols, but also for haloarenes, 
arenecarbonitriles, and reduced aromatics by displacement of nitrogen gas. The intermediates 
in some of these reactions may be aryl cations, highly reactive because of the absence of 
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Exercise 22-31

Propose a synthesis of 1,3,5-tribromobenzene from benzene.

In Summary Arenediazonium salts, which are more stable than alkanediazonium salts 
because of resonance, are starting materials not only for phenols, but also for haloarenes, 
arenecarbonitriles, and reduced aromatics by displacement of nitrogen gas. The intermediates 
in some of these reactions may be aryl cations, highly reactive because of the absence of 
any electronically stabilizing features, but other, more complicated mechanisms may be 
followed. The ability to transform arenediazonium salts in this way gives considerable scope 
to the regioselective construction of substituted benzenes.

Another application of diazotization in synthetic strategy is illustrated in the synthesis of
1,3-dibromobenzene (m-dibromobenzene). Direct electrophilic bromination of benzene is
not feasible for this purpose; after the first bromine has been introduced, the second will
attack ortho or para.

What is required is a meta-directing substituent that can be transformed eventually into
bromine. The nitro group is such a substituent. Double nitration of benzene furnishes 1,3-
dinitrobenzene (m-dinitrobenzene).

Reduction leads to the benzenediamine, which is then converted into the dihalo derivative.
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22-11 ELECTROPHILIC SUBSTITUTION WITH ARENEDIAZONIUM SALTS: DIAZO
COUPLING

Being positively charged, arenediazonium ions are electrophilic. Although they are not very
reactive in this capacity, they can accomplish electrophilic aromatic substitution when the
substrate is an activated arene, such as phenol or benzenamine (aniline).

This reaction, called diazo coupling, leads to highly colored compounds called azo dyes.

For example, reaction of N,N-dimethylbenzenamine (N,N-dimethylaniline) with
benzenediazonium chloride gives the brilliant orange dye Butter Yellow.

This compound was once used as a food coloring agent but has been declared a suspect
carcinogen by the Food and Drug Administration.
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22-11  ELECTROPHILIC SUBSTITUTION WITH 
ARENEDIAZONIUM SALTS: DIAZO COUPLING

Being positively charged, arenediazonium ions are electrophilic. Although they are not 
very reactive in this capacity, they can accomplish electrophilic aromatic substitution when 
the substrate is an activated arene, such as phenol or benzenamine (aniline). This reaction, 
called diazo coupling, leads to highly colored compounds called azo dyes. For example, 
reaction of N,N-dimethylbenzenamine (N,N-dimethylaniline) with benzenediazonium 
chloride gives the brilliant orange dye Butter Yellow. This compound was once used as a 
food coloring agent but has been declared a suspect carcinogen by the Food and Drug Admin-
istration. Like many azo dyes, it is employed as a pH indicator, yellow above pH 5 4.0, red 
below pH 5 2.9. The reason for the color change is the protonation of one of the diazo nitro-
gens at low pH to generate a resonance-stabilized cation. A convenient way to quantify the 
color of dyes is by UV-visible spectroscopy (Section 14-11). Thus, the two colors of Butter 
Yellow are manifested in absorptions at !max 5 420 nm (yellow) and 520 nm (red), respectively.
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Dyes used in the clothing industry usually contain sulfonic acid groups that impart water 
solubility and allow the dye molecule to attach itself ionically to charged sites on the poly-
mer framework of the textile.

Industrial Dyes

Methyl Orange
pH %% 3.1, red; !max ! 520 nm
pH & 4.4, yellow; !max ! 450 nm 
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pH % 3.0, blue-violet; !max ! 590 nm
pH & 5.2, red; !max ! 497 nm    
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Congo Red

Dyes are important additives in 
the textile industry. Azo dyes, 
while still in widespread use, are 
becoming less attractive for this 
purpose because some have been 
found to degrade to carcinogenic 
benzenamines.

Like many azo dyes, it is employed as a pH indicator, yellow above pH = 4.0, red below pH
= 2.9. The reason for the color change is the protonation of one of the diazo nitrogens at
low pH to generate a resonance-stabilized cation.

By UV-visible spectroscopy, the two colors of Butter Yellow are manifested in absorptions
at 𝝺max = 420 nm (yellow) and 520 nm (red), respectively.
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Dyes used in the clothing industry usually contain sulfonic acid groups that impart water
solubility and allow the dye molecule to attach itself ionically to charged sites on the
polymer framework of the textile.
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