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15 Arenes

Compounds containing only carbon and hydrogen are called hydrocarbons. This 

class of compound can be subdivided into alkanes, alkenes and arenes. 

15.4 Arenes  
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15.3  Hydrocarbons as 
fuels

a) describe and explain how the combustion reactions of alkanes led to 
their use as fuels in industry, in the home and in transport

b) recognise the environmental consequences of:
(i)  carbon monoxide, oxides of nitrogen and unburnt hydrocarbons 

arising from the internal combustion engine and of their catalytic 
removal

(ii) gases that contribute to the enhanced greenhouse effect
c) outline the use of infra-red spectroscopy in monitoring air pollution (see 

also Section 22.2) 

15.4   Arenes a) describe the chemistry of arenes as exemplified by the following 
reactions of benzene and methylbenzene:

(i) substitution reactions with chlorine and with bromine

(ii) nitration

(iii) Friedel-Crafts alkylation and acylation

(iv) complete oxidation of the side-chain to give a benzoic acid

(v) hydrogenation of the benzene ring to form a cyclohexane ring

b) (i)  describe the mechanism of electrophilic substitution in 
arenes, as exemplified by the formation of nitrobenzene and 
bromobenzene

(ii)  suggest the mechanism of other electrophilic substitution 
reactions, given data

(iii)  describe the effect of the delocalisation of electrons in arenes in 
such reactions

c) interpret the difference in reactivity between benzene and 
chlorobenzene

d) predict whether halogenation will occur in the side-chain or in the 
aromatic ring in arenes depending on reaction conditions

e) apply knowledge relating to position of substitution in the 
electrophilic substitution of arenes (see the Data Booklet Table 9) 

Syllabus content
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STRUCTURE

Benzene consists of six carbon atoms arranged in a regular hexagon, each joined to a 

hydrogen atom and to its neighbours by σ bonds.  

There are six spare p orbitals, one on each carbon atom, all parallel to each other and 

perpendicular to the plane of the ring.  

Each p orbital overlaps equally with both its neighbours, forming a delocalised six-centre 

molecular π orbital.

 1

 25 Arenes and phenols

417

The structure of benzene was described in detail in section 3.16. It consists of six 
carbon atoms arranged in a regular hexagon, each joined to a hydrogen atom and to 
its neighbours by σ bonds. There are six spare p orbitals, one on each carbon atom, 
all parallel to each other and perpendicular to the plane of the ring. Each p orbital 
overlaps equally with both its neighbours, forming a delocalised six-centre molecular 
π orbital (see Figure 25.4).

All the bond angles in benzene are 120°. All the C¬C bonds have the same length, 
0.139 nm. This is intermediate between the length of the C ¬C bond in an alkane 
(0.154 nm) and the C“C double bond in an alkene (0.134 nm).

The usual representation used for benzene is either the symmetrical skeletal 
formula (derived from the Thiele structure) or the Kekulé structure, either skeletal or 
structural. Figure 25.5 shows these representations. The benzene structure is normally 
represented by the skeletal formula, as in Figure 25.5a. When we want to show in 
detail how the π electrons move during reactions, however, we may sometimes use a 
Kekulé structure, as in Figure 25.5b or 25.5c. Figure 25.6 shows models of the Kekulé 
and Thiele structures.

ba

In the skeletal formula, each corner of the hexagon is assumed to contain a carbon 
atom, to which is attached a hydrogen atom, unless otherwise stated. For example, 
chlorobenzene can be written as follows:

Cl

The Kekulé structure fi tted in with the chemical bonding ideas of the 1860s, but 
was clearly incorrect in one important respect. It predicts that benzene is highly 
unsaturated – the formula suggests that the molecule contains three double bonds. 
It ought to undergo addition reactions readily, just like an alkene. In fact, benzene is 
inert to most reagents that readily add on to alkenes (see Table 25.1).

Reagent Benzene Cyclohexene

shaking with KMnO4(aq) no reaction immediate decolorisation

shaking with Br2(aq) no reaction immediate decolorisation

H2(g) in the presence of nickel very slow reaction at 100 °C 
and 100 atm

rapid reaction at 20 °C and 
1 atm
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Table 25.1 A comparison of some reactions 
of benzene and cyclohexene
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STRUCTURE

All carbon-carbon bonds are equal in length and strength, as are all carbon-hydrogen 

bonds, and the C—C—C and H—C—C angles are all 120°. 

The benzene structure is normally represented by the skeletal formula  

The six-centre delocalised π bond is responsible for the following physical and chemical 

properties of benzene.  

• It causes all C—C bond lengths to be equal, creating a planar, regular hexagonal shape.  

• It prevents benzene undergoing any of the normal addition reactions that alkenes show.  

• The π bond also makes benzene more stable than expected. 
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AROMATIC COMPOUNDS

Compounds that contain rings of delocalised electrons are called aromatic compounds. 

The name was originally applied to certain natural products that had strong, pleasant 

aromas, such as vanilla-bean oil, clove oil, almond oil, thyme oil and oil of wintergreen.  

All of these oils contained compounds whose structures were found to include a benzene 

ring.  

The term ‘aromatic’ eventually became associated with the presence of the ring itself, 

whether or not the compound had a pleasant aroma.

 3

ORGANIC CHEMISTRY

420

Or the two rings could share two carbon atoms in common (with their π electrons), 
as in naphthalene:

More rings can fuse together, giving such compounds as anthracene and pyrene:

anthracene pyrene

Notice that with each successive ring fused together, the hydrogen-to-carbon ratio 
decreases, from 1 : 1 in benzene to 5 : 8 in pyrene. Eventually, as many more rings fuse 
together, a sheet of the graphite lattice (graphene) would result (see Topic 4).

Many of the multiple-ring arenes, such as pyrene, are strongly carcinogenic 
(cancer producing). Even benzene itself is a highly dangerous substance, causing 
anaemia and cancer on prolonged exposure to its vapour. In the past it was used as 
a laboratory solvent, but its use is now severely restricted, although it is still added to 
some brands of unleaded petrol to increase their anti-knock rating.

Physical properties of arenes
Benzene and most alkylbenzenes are strongly oily-smelling colourless liquids, 
immiscible with, and less dense than, water. They are non-polar, and the only 
intermolecular bonding is due to the induced dipoles of van der Waals’ forces. Their 
boiling points are similar to those of the equivalent cycloalkanes (see Table 25.3), and 
increase steadily with relative molecular mass as expected.

Compound Formula Boiling 
point/°C

Compound Formula Boiling 
point/°C

cyclohexane C6H12  81 benzene C6H6  80

methylcyclohexane C7H14 100 methylbenzene C7H8 111

ethylbenzene C8H10 136

propylbenzene C9H12 159

 25.2  Isomerism and nomenclature
Aromatic compounds with more than one substituent on the benzene ring can exist 
as positional isomers. There are three dichlorobenzenes:

Cl

Cl

Cl

Cl

Cl
Cl

1,2-dichlorobenzene 1,3-dichlorobenzene 1,4-dichlorobenzene

The terms ortho-, meta- and para- are sometimes used as prefi xes to represent the 
relative orientations of the groups (see Table 25.4).

Table 25.3 Boiling points of some 
cyclohexanes and arenes
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So benzene is more stable than ‘cyclohexatriene’ by 354 − 205 = 149 kJ mol−1 (see 
Figure 25.7).

The stabilisation of 149 kJ mol−1 is known variously as the stabilisation energy, 
the delocalisation energy or the resonance energy.

Other arenes
Compounds that contain rings of delocalised electrons are called aromatic 
compounds. The name was originally applied to certain natural products that had 
strong, pleasant aromas, such as vanilla-bean oil, clove oil, almond oil, thyme oil 
and oil of wintergreen. All of these oils contained compounds whose structures were 
found to include a benzene ring. The term ‘aromatic’ eventually became associated 
with the presence of the ring itself, whether or not the compound had a pleasant 
aroma (see Figures 25.8 and 25.9).

There are two ways in which benzene rings can join together. Two rings could be 
joined by a single bond, as in biphenyl:
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So benzene is more stable than ‘cyclohexatriene’ by 354 − 205 = 149 kJ mol−1 (see 
Figure 25.7).

The stabilisation of 149 kJ mol−1 is known variously as the stabilisation energy, 
the delocalisation energy or the resonance energy.

Other arenes
Compounds that contain rings of delocalised electrons are called aromatic 
compounds. The name was originally applied to certain natural products that had 
strong, pleasant aromas, such as vanilla-bean oil, clove oil, almond oil, thyme oil 
and oil of wintergreen. All of these oils contained compounds whose structures were 
found to include a benzene ring. The term ‘aromatic’ eventually became associated 
with the presence of the ring itself, whether or not the compound had a pleasant 
aroma (see Figures 25.8 and 25.9).

There are two ways in which benzene rings can join together. Two rings could be 
joined by a single bond, as in biphenyl:

26_07 Cam/Chem AS&A2

Barking Dog Art

en
er

g
y/

kJ
 m

o
l–1

cyclohexane

–118

–232

stabilisation 
by 149 kJ mol–1

–205
actual

–354
predicted

� �Figure 25.7 Enthalpy changes of 
hydrogenation of benzene and the 
cyclohexenes

25_08 Cam/Chem AS&A2

Barking Dog Art

vanillin
(oil of vanilla bean)

thymol
(oil of thyme)

eugenol
(oil of cloves)

benzaldehyde
(oil of almonds)

methyl salicylate
(oil of wintergreen)

CHO

OH

OCH3

OH

CO2CH3
CHO

CH(CH3)2

CH2     CH     CH2

OCH3

HO

CH3

OH

Figure 25.8 Some pleasant-smelling naturally 
occurring aromatic compounds

25_09 Cam/Chem AS&A2

Barking Dog Art

benzoyl chloride
(acidic and nauseating)

ClO
C

phenylamine (aniline)
(musty, tar-like)

thiophenol
(burnt rubber)

SHNH2

Figure 25.9 Some not-so-pleasant-smelling 
aromatic compounds made in the laboratory

181333_25_A_Chem_BP_415-439.indd   419 10/10/14   8:32 PM

 25 Arenes and phenols

419

So benzene is more stable than ‘cyclohexatriene’ by 354 − 205 = 149 kJ mol−1 (see 
Figure 25.7).

The stabilisation of 149 kJ mol−1 is known variously as the stabilisation energy, 
the delocalisation energy or the resonance energy.

Other arenes
Compounds that contain rings of delocalised electrons are called aromatic 
compounds. The name was originally applied to certain natural products that had 
strong, pleasant aromas, such as vanilla-bean oil, clove oil, almond oil, thyme oil 
and oil of wintergreen. All of these oils contained compounds whose structures were 
found to include a benzene ring. The term ‘aromatic’ eventually became associated 
with the presence of the ring itself, whether or not the compound had a pleasant 
aroma (see Figures 25.8 and 25.9).

There are two ways in which benzene rings can join together. Two rings could be 
joined by a single bond, as in biphenyl:

26_07 Cam/Chem AS&A2

Barking Dog Art

en
er

g
y/

kJ
 m

o
l–1

cyclohexane

–118

–232

stabilisation 
by 149 kJ mol–1

–205
actual

–354
predicted

� �Figure 25.7 Enthalpy changes of 
hydrogenation of benzene and the 
cyclohexenes

25_08 Cam/Chem AS&A2

Barking Dog Art

vanillin
(oil of vanilla bean)

thymol
(oil of thyme)

eugenol
(oil of cloves)

benzaldehyde
(oil of almonds)

methyl salicylate
(oil of wintergreen)

CHO

OH

OCH3

OH

CO2CH3
CHO

CH(CH3)2

CH2     CH     CH2

OCH3

HO

CH3

OH

Figure 25.8 Some pleasant-smelling naturally 
occurring aromatic compounds

25_09 Cam/Chem AS&A2

Barking Dog Art

benzoyl chloride
(acidic and nauseating)

ClO
C

phenylamine (aniline)
(musty, tar-like)

thiophenol
(burnt rubber)

SHNH2

Figure 25.9 Some not-so-pleasant-smelling 
aromatic compounds made in the laboratory

181333_25_A_Chem_BP_415-439.indd   419 10/10/14   8:32 PM

 25 Arenes and phenols

419

So benzene is more stable than ‘cyclohexatriene’ by 354 − 205 = 149 kJ mol−1 (see 
Figure 25.7).

The stabilisation of 149 kJ mol−1 is known variously as the stabilisation energy, 
the delocalisation energy or the resonance energy.

Other arenes
Compounds that contain rings of delocalised electrons are called aromatic 
compounds. The name was originally applied to certain natural products that had 
strong, pleasant aromas, such as vanilla-bean oil, clove oil, almond oil, thyme oil 
and oil of wintergreen. All of these oils contained compounds whose structures were 
found to include a benzene ring. The term ‘aromatic’ eventually became associated 
with the presence of the ring itself, whether or not the compound had a pleasant 
aroma (see Figures 25.8 and 25.9).

There are two ways in which benzene rings can join together. Two rings could be 
joined by a single bond, as in biphenyl:

26_07 Cam/Chem AS&A2

Barking Dog Art

en
er

g
y/

kJ
 m

o
l–1

cyclohexane

–118

–232

stabilisation 
by 149 kJ mol–1

–205
actual

–354
predicted

� �Figure 25.7 Enthalpy changes of 
hydrogenation of benzene and the 
cyclohexenes

25_08 Cam/Chem AS&A2

Barking Dog Art

vanillin
(oil of vanilla bean)

thymol
(oil of thyme)

eugenol
(oil of cloves)

benzaldehyde
(oil of almonds)

methyl salicylate
(oil of wintergreen)

CHO

OH

OCH3

OH

CO2CH3
CHO

CH(CH3)2

CH2     CH     CH2

OCH3

HO

CH3

OH

Figure 25.8 Some pleasant-smelling naturally 
occurring aromatic compounds

25_09 Cam/Chem AS&A2

Barking Dog Art

benzoyl chloride
(acidic and nauseating)

ClO
C

phenylamine (aniline)
(musty, tar-like)

thiophenol
(burnt rubber)

SHNH2

Figure 25.9 Some not-so-pleasant-smelling 
aromatic compounds made in the laboratory

181333_25_A_Chem_BP_415-439.indd   419 10/10/14   8:32 PM

CEDAR COLLEGE ARENES



 13

�

NAMING ARENES

Arenes are hydrocarbons, such as benzene, methylbenzene and naphthalene. They are 

ring compounds in which there are delocalised electrons. The simplest arene is benzene.  

The names and structures of some derivatives of benzene are shown below.

 5

Figure 1.9 shows benzene with normal covalent sigma bonds (σ bonds)
between its carbon and hydrogen atoms. Each carbon atom uses three of its
electrons to form three σ bonds with its three neighbours. This leaves each
carbon atom with one electron in an atomic p-orbital.

These six p-orbital electrons do not pair up to from three carbon–carbon
double bonds (consisting of a σ bond plus a π bond) as in the Kekulé
structure. Instead, they are shared evenly between all six carbon atoms giving
rise to circular clouds of negative charge above and below the ring of carbon
atoms (Figure 1.10). This is an example of a delocalised π electron system
which results in any molecule where the conventional structure shows
alternating double and single bonds. Within the π electron systems, the
electrons are free to move anywhere.

Molecules with delocalised electrons, in which the charge is spread over a
larger region than usual, are more stable than might otherwise be expected. In
benzene, this accounts for the compound being 152 kJ mol–1 more stable than
expected for the Kekulé structure. This way of showing the structure explains
the shape and stability of benzene.

The development of ideas concerning the structure of benzene illustrates
the way in which theories develop and get modified as new knowledge
becomes available.

1.4 Naming arenes
The name ‘benzene’ comes from gum benzoin, a natural product containing
benzene derivatives. These derivatives of benzene are named either as substituted
products of benzene or as compounds containing the phenyl group, C6H5−.

The names and structures of some derivatives of benzene are shown in
Table 1.1.

chlorobenzene chloro, −Cl C6H5−Cl

nitrobenzene nitro, −NO2 C6H5−NO2

methylbenzene methyl, −CH3 C6H5−CH3

phenol hydroxy, −OH C6H5−OH

phenylamine amine, −NH2 C6H5−NH2

Systematic name Substituent group Structure

Naming arenes

5

Figure 1.9 !
Sigma bonds in benzene, with one
electron per carbon atom remaining
in a p-orbital.

Figure 1.10 !
Representation of the delocalised π
bonding in benzene. The circle in a
benzene ring diagram represents six
delocalised electrons.

Table 1.1 !
The names and structures of some
derivatives of benzene.

HH

H

H H

H

σ bond

p-orbital

H

C C

C

CC

CH

H H

H

delocalised electrons

benzene

NAMING ARENES

Aromatic compounds with more than one substituent on the benzene ring can exist as 

positional isomers. There are three dichlorobenzenes: 

 6
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Or the two rings could share two carbon atoms in common (with their π electrons), 
as in naphthalene:

More rings can fuse together, giving such compounds as anthracene and pyrene:

anthracene pyrene

Notice that with each successive ring fused together, the hydrogen-to-carbon ratio 
decreases, from 1 : 1 in benzene to 5 : 8 in pyrene. Eventually, as many more rings fuse 
together, a sheet of the graphite lattice (graphene) would result (see Topic 4).

Many of the multiple-ring arenes, such as pyrene, are strongly carcinogenic 
(cancer producing). Even benzene itself is a highly dangerous substance, causing 
anaemia and cancer on prolonged exposure to its vapour. In the past it was used as 
a laboratory solvent, but its use is now severely restricted, although it is still added to 
some brands of unleaded petrol to increase their anti-knock rating.

Physical properties of arenes
Benzene and most alkylbenzenes are strongly oily-smelling colourless liquids, 
immiscible with, and less dense than, water. They are non-polar, and the only 
intermolecular bonding is due to the induced dipoles of van der Waals’ forces. Their 
boiling points are similar to those of the equivalent cycloalkanes (see Table 25.3), and 
increase steadily with relative molecular mass as expected.

Compound Formula Boiling 
point/°C

Compound Formula Boiling 
point/°C

cyclohexane C6H12  81 benzene C6H6  80

methylcyclohexane C7H14 100 methylbenzene C7H8 111

ethylbenzene C8H10 136

propylbenzene C9H12 159

 25.2  Isomerism and nomenclature
Aromatic compounds with more than one substituent on the benzene ring can exist 
as positional isomers. There are three dichlorobenzenes:

Cl

Cl

Cl

Cl

Cl
Cl

1,2-dichlorobenzene 1,3-dichlorobenzene 1,4-dichlorobenzene

The terms ortho-, meta- and para- are sometimes used as prefi xes to represent the 
relative orientations of the groups (see Table 25.4).

Table 25.3 Boiling points of some 
cyclohexanes and arenes
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NAMING ARENES

The terms ortho-, meta- and para- are sometimes used as prefixes to represent the relative 

orientations of the groups.
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Orientation Prefi x Abbreviation Example

1,2- ortho- o- CH3

NO2

1,3- meta- m- CO2HCl

1,4- para- p-
CH3 NH2

If the two substituents are different, one of them is defi ned as the ‘root’ group, in the 
following order of precedence

¬CO2H > ¬OH > ¬CH3 > ¬halogen > ¬NO2  (NO2 is called the nitro group)

and the ring carbons numbered from the carbon atom holding that group. For example:
 

is 2-methylbenzoic acid

CH3

Br  

is 3-bromomethylbenzene

NO2

Cl  

is 4-nitrochlorobenzene.

Worked example
Draw out all possible positional isomers of C6H3Br2OH and name them.

Answer
There are six isomers. Their names and formulae are as follows:

OH

Br

Br

OH

Br

Br

OH

Br

Br

2,3-dibromophenol 2,4-dibromophenol 2,5-dibromophenol

HOHOHO

Br Br

Br

Br

Br Br

2,6-dibromophenol 3,4-dibromophenol 3,5-dibromophenol

Table 25.4 Orientations of substituents on 
the benzene ring

CH3

CO2H

Now try this
How many isomers are there of 
trichloromethylbenzene, C6H2Cl 3(CH3)? 
What are their names?
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In phenyl compounds, such as phenol and phenylamine, the −OH and −NH2 groups are 

assumed to occupy the ‘1’ position. 
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When more than one hydrogen atom is substituted, numbers are used to
indicate the positions of substituents on the benzene ring (Figure 1.11). The
ring is usually numbered clockwise, and the numbers used are the lowest ones
possible. In some cases the ring is numbered anticlockwise to get the lowest
possible numbers.

In phenyl compounds, such as phenol and phenylamine, the −OH and
−NH2 groups are assumed to occupy the ‘1’ position.

Figure 1.11 !
Naming disubstituted products of benzene and phenol.

1.5 The properties and reactions of arenes
Arenes are non-polar compounds with weak intermolecular forces between
their molecules. The boiling points of arenes depend on the size of the
molecules. The bigger the molecules, the higher the boiling point. Benzene
and methylbenzene are liquids at room temperature, while naphthalene is a
solid (Figure 1.12).

Figure 1.12 !
Three arenes – benzene, methylbenzene and naphthalene

Arenes, like other hydrocarbons, do not mix with water, but they do mix
freely with non-polar solvents such as cyclohexane.

Arenes – aromatic hydrocarbons

6

Note

The names used for compounds with
a benzene ring can be confusing. The
phenyl group C6H5− is used to name
many compounds in which one of the
hydrogen atoms in benzene has been
replaced by another atom or group.
The use of phenyl in this way dates
back to the first studies of benzene. At
this time, ‘phene’ was suggested as
an alternative name for benzene based
on a Greek word for ‘giving light’. The
name ‘phene’ was suggested because
benzene had been discovered in the
tar formed on heating coal to produce
gas for lighting.

5 How does the model of benzene molecules with delocalised π electrons account
for the following?
a) The benzene ring is a regular hexagon.
b) There are no isomers of 1,2-dichlorobenzene.
c) Benzene is less reactive than cycloalkenes.

6 When chemists thought that benzene had alternate single and double bonds, it
was sometimes named cyclohexa-1,3,5-triene. Why is this now an unsatisfactory
systematic name for benzene?

7 Why is the top right compound in Figure 1.11 named 1-bromo-3-chlorobenzene
and not 1-chloro-3-bromobenzene?

Test yourself

Cl

Cl

Cl

1,2-dichlorobenzene

Cl

CH3

1-chloro-3-methylbenzene

NH2

NO2

3-nitrophenylamine 2,4-dichlorophenol

Cl

Br

1-bromo-3-chlorobenzene

OH

Cl

CH3

Note

Benzene is toxic. It is also a
carcinogen. Because of this, benzene
is banned from teaching laboratories.
Arene reactions can be studied using
other compounds, such as
methylbenzene or methoxybenzene.

Data
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ISOMERS OF C6H3Br2OH

 10

 25 Arenes and phenols

421

Orientation Prefi x Abbreviation Example

1,2- ortho- o- CH3

NO2

1,3- meta- m- CO2HCl

1,4- para- p-
CH3 NH2

If the two substituents are different, one of them is defi ned as the ‘root’ group, in the 
following order of precedence

¬CO2H > ¬OH > ¬CH3 > ¬halogen > ¬NO2  (NO2 is called the nitro group)

and the ring carbons numbered from the carbon atom holding that group. For example:
 

is 2-methylbenzoic acid

CH3

Br  

is 3-bromomethylbenzene

NO2

Cl  

is 4-nitrochlorobenzene.

Worked example
Draw out all possible positional isomers of C6H3Br2OH and name them.

Answer
There are six isomers. Their names and formulae are as follows:

OH

Br

Br

OH

Br

Br

OH

Br

Br

2,3-dibromophenol 2,4-dibromophenol 2,5-dibromophenol

HOHOHO

Br Br

Br

Br

Br Br

2,6-dibromophenol 3,4-dibromophenol 3,5-dibromophenol

Table 25.4 Orientations of substituents on 
the benzene ring

CH3

CO2H

Now try this
How many isomers are there of 
trichloromethylbenzene, C6H2Cl 3(CH3)? 
What are their names?

181333_25_A_Chem_BP_415-439.indd   421 10/10/14   8:32 PM

 25 Arenes and phenols

421

Orientation Prefi x Abbreviation Example

1,2- ortho- o- CH3

NO2

1,3- meta- m- CO2HCl

1,4- para- p-
CH3 NH2

If the two substituents are different, one of them is defi ned as the ‘root’ group, in the 
following order of precedence

¬CO2H > ¬OH > ¬CH3 > ¬halogen > ¬NO2  (NO2 is called the nitro group)

and the ring carbons numbered from the carbon atom holding that group. For example:
 

is 2-methylbenzoic acid

CH3

Br  

is 3-bromomethylbenzene

NO2

Cl  

is 4-nitrochlorobenzene.

Worked example
Draw out all possible positional isomers of C6H3Br2OH and name them.

Answer
There are six isomers. Their names and formulae are as follows:

OH

Br

Br

OH

Br

Br

OH

Br

Br

2,3-dibromophenol 2,4-dibromophenol 2,5-dibromophenol

HOHOHO

Br Br

Br

Br

Br Br

2,6-dibromophenol 3,4-dibromophenol 3,5-dibromophenol

Table 25.4 Orientations of substituents on 
the benzene ring

CH3

CO2H

Now try this
How many isomers are there of 
trichloromethylbenzene, C6H2Cl 3(CH3)? 
What are their names?

181333_25_A_Chem_BP_415-439.indd   421 10/10/14   8:32 PM

CEDAR COLLEGE ARENES



 16

�

NAMING

If the benzene ring is a ‘substituent’ on an alkyl or alkenyl chain, it is given the name 

phenyl: 
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If the benzene ring is a ‘substituent’ on an alkyl or alkenyl chain, it is given the name 
phenyl:

phenylethanoic acid 2,2-diphenylchloroethene

CH2CO2H

C

H Cl

C

 25.3  Reactions of arenes
Combustion
Benzene and methylbenzene (whose old name, toluene, is still in use) are 
components of many brands of unleaded petrol. In suffi cient oxygen, they burn 
completely to carbon dioxide and steam:

C6H6 + 71
2O2 → 6CO2 + 3H2O

If liquid arenes are set alight in the laboratory, they burn with very smoky fl ames. 
Much soot is produced because there is insuffi cient oxygen for complete combustion. 
A smoky fl ame is an indication of a compound with a high C : H ratio.

C6H6 + 11
2O2 → 6C (s) + 3H2O

Just as with hydrogenation, the enthalpy of combustion of benzene is less exothermic 
than expected, because of the stability due to the six delocalised π electrons.

Electrophilic substitution in benzene
In a similar way to the π bond in alkenes, the delocalised π bond in benzene is an 
area of high electron density, above and below the six-membered ring. Benzene 
therefore reacts with electrophiles. Because of the extra stability of the delocalised 
electrons, however, the species that react with benzene have to be much more 
powerful electrophiles than those that react with ethene. Bromine water and aqueous 
acids have no effect on benzene.

The electrophiles that react with benzene are all positively charged, with a strong 
electron-attracting tendency. The other major difference between benzene and 
alkenes is what happens after the electrophile has attacked the π bond. In alkenes, an 
anion ‘adds on’ to the carbocation intermediate. In benzene, on the other hand, the 
carbocation intermediate loses a proton, so as to re-form the ring of π electrons. This 
demonstrates how stable the delocalised system is.
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PROPERTIES

Benzene and most alkylbenzenes are strongly oily-smelling colourless liquids.  

They do not mix with water, but they do mix with non-polar solvents such as cyclohexane.  

They are non-polar, and the only intermolecular bonding is due to the induced dipoles of 

van der Waals’ forces.  

Their boiling points are similar to those of the equivalent cycloalkanes, and increase 

steadily with relative molecular mass as expected.  

Benzene and methylbenzene are liquids at room temperature, while naphthalene is a solid.
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In a similar way to the π bond in alkenes, the delocalised π bond in benzene is an area of 

high electron density, above and below the six-membered ring.  

Benzene therefore reacts with electrophiles.  

Because of the extra stability of the delocalised electrons, however, the species that react 

with benzene have to be much more powerful electrophiles than those that react with 

ethene.  

Bromine water and aqueous acids have no effect on benzene. 
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REACTIVITY

The electrophiles that react with benzene are all positively charged, with a strong electron-

attracting tendency.  

The other major difference between benzene and alkenes is what happens after the 

electrophile has attacked the π bond.  

In alkenes, an anion ‘adds on’ to the carbocation intermediate.  

In benzene, on the other hand, the carbocation intermediate loses a proton, so as to re-

form the ring of π electrons.  

This demonstrates how stable the delocalised system is.  
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If the benzene ring is a ‘substituent’ on an alkyl or alkenyl chain, it is given the name 
phenyl:

phenylethanoic acid 2,2-diphenylchloroethene

CH2CO2H

C

H Cl

C

 25.3  Reactions of arenes
Combustion
Benzene and methylbenzene (whose old name, toluene, is still in use) are 
components of many brands of unleaded petrol. In suffi cient oxygen, they burn 
completely to carbon dioxide and steam:

C6H6 + 71
2O2 → 6CO2 + 3H2O

If liquid arenes are set alight in the laboratory, they burn with very smoky fl ames. 
Much soot is produced because there is insuffi cient oxygen for complete combustion. 
A smoky fl ame is an indication of a compound with a high C : H ratio.

C6H6 + 11
2O2 → 6C (s) + 3H2O

Just as with hydrogenation, the enthalpy of combustion of benzene is less exothermic 
than expected, because of the stability due to the six delocalised π electrons.

Electrophilic substitution in benzene
In a similar way to the π bond in alkenes, the delocalised π bond in benzene is an 
area of high electron density, above and below the six-membered ring. Benzene 
therefore reacts with electrophiles. Because of the extra stability of the delocalised 
electrons, however, the species that react with benzene have to be much more 
powerful electrophiles than those that react with ethene. Bromine water and aqueous 
acids have no effect on benzene.

The electrophiles that react with benzene are all positively charged, with a strong 
electron-attracting tendency. The other major difference between benzene and 
alkenes is what happens after the electrophile has attacked the π bond. In alkenes, an 
anion ‘adds on’ to the carbocation intermediate. In benzene, on the other hand, the 
carbocation intermediate loses a proton, so as to re-form the ring of π electrons. This 
demonstrates how stable the delocalised system is.
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Alkenes react by electrophilic addition. Arenes react by electrophilic substitution. 

BROMINATION 

Benzene will react with non-aqueous bromine on warming in the presence of anhydrous 

aluminium chloride or aluminium bromide, or iron(III) chloride. 

Anhydrous aluminium or iron(III) halides contain electron-deficient atoms.  

They can react with the bromine molecule by accepting one of the lone pairs of electrons 

on bromine.
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BROMINATION

This causes strong polarisation of the Br—Br bond, weakening it, and eventually leading to 

its heterolytic breaking.
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Alkenes react by electrophilic addition.
Arenes react by electrophilic substitution.

Bromination
Benzene will react with non-aqueous bromine on warming in the presence of 
anhydrous aluminium chloride or aluminium bromide, or iron(III) chloride, or even 
just iron metal. In the latter case, an initial reaction between iron and bromine 
provides the iron(III) bromide catalyst:

2Fe(s) + 3Br2(l) → 2FeBr3(s)

Anhydrous aluminium or iron(III) halides contain electron-defi cient atoms. They can 
react with the bromine molecule by accepting one of the lone pairs of electrons on 
bromine:

Br (1a)Br Al

Br

Br

Br BrBr Al

Br

Br

Br••

This causes strong polarisation of the Br¬Br bond, weakening it, and eventually 
leading to its heterolytic breaking:

(1b)AlAlBr Br  + BrBr Br

Br

Br

Br

Br

Br

•
•

The bromine cation that is formed is a powerful electrophile. It becomes attracted to 
the π bond of benzene. It eventually breaks the ring of electrons and forms a σ bond 
to one of the carbon atoms of the ring:

Br (2)
H

Br

Two of the six π electrons are used to form the (dative) bond to the bromine atom. 
The other four π electrons are spread over the remaining fi ve carbon atoms of the 
ring, in a fi ve-centre delocalised orbital (see Figure 25.10).

The distribution of the four π electrons is not even. They are associated more with 
carbon atoms 3 and 5 than with atoms 2, 4 and 6. The positive charge is therefore 
distributed over atoms 2, 4 and 6. This is best represented by the following classical 
mesomers:

Br
Br

H

Br

H

Br

H

25.10 JM/Chem.4 AS&A2

Barking Dog Art
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Figure 25.10 The four π electrons are 
delocalised over fi ve carbons
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INTERMEDIATE

The bromine cation that is formed is a powerful electrophile. It becomes attracted to the π 

bond of benzene. It eventually breaks the ring of electrons and forms a σ bond to one of 

the carbon atoms of the ring: 
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Alkenes react by electrophilic addition.
Arenes react by electrophilic substitution.

Bromination
Benzene will react with non-aqueous bromine on warming in the presence of 
anhydrous aluminium chloride or aluminium bromide, or iron(III) chloride, or even 
just iron metal. In the latter case, an initial reaction between iron and bromine 
provides the iron(III) bromide catalyst:
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Two of the six π electrons are used to form the (dative) bond to the bromine atom. 
The other four π electrons are spread over the remaining fi ve carbon atoms of the 
ring, in a fi ve-centre delocalised orbital (see Figure 25.10).

The distribution of the four π electrons is not even. They are associated more with 
carbon atoms 3 and 5 than with atoms 2, 4 and 6. The positive charge is therefore 
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Two of the six π electrons are used to form the (dative) bond to the bromine atom.  

The other four π electrons are spread over the remaining five carbon atoms of the ring, in a 

five-centre delocalised orbital.
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Alkenes react by electrophilic addition.
Arenes react by electrophilic substitution.

Bromination
Benzene will react with non-aqueous bromine on warming in the presence of 
anhydrous aluminium chloride or aluminium bromide, or iron(III) chloride, or even 
just iron metal. In the latter case, an initial reaction between iron and bromine 
provides the iron(III) bromide catalyst:

2Fe(s) + 3Br2(l) → 2FeBr3(s)

Anhydrous aluminium or iron(III) halides contain electron-defi cient atoms. They can 
react with the bromine molecule by accepting one of the lone pairs of electrons on 
bromine:
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This causes strong polarisation of the Br¬Br bond, weakening it, and eventually 
leading to its heterolytic breaking:
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The bromine cation that is formed is a powerful electrophile. It becomes attracted to 
the π bond of benzene. It eventually breaks the ring of electrons and forms a σ bond 
to one of the carbon atoms of the ring:

Br (2)
H

Br

Two of the six π electrons are used to form the (dative) bond to the bromine atom. 
The other four π electrons are spread over the remaining fi ve carbon atoms of the 
ring, in a fi ve-centre delocalised orbital (see Figure 25.10).

The distribution of the four π electrons is not even. They are associated more with 
carbon atoms 3 and 5 than with atoms 2, 4 and 6. The positive charge is therefore 
distributed over atoms 2, 4 and 6. This is best represented by the following classical 
mesomers:
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BROMINATION

The intermediate carbocation then loses a proton, to re-form the sextet of π electrons:  

The final stage regenerates the catalyst, by the reaction between the proton (H+) formed in 

the above step with the [AlBr4]−.
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We shall return to this feature of the intermediate carbocation when we look at 
orientation effects on page 427.

The intermediate carbocation then loses a proton, to re-form the sextet of 
π electrons:

   H

BrBrH

• •

(3)

The fi nal stage regenerates the catalyst, by the reaction between the proton formed in 
step (3) with the [AlBr4]

− formed in step (1b):

H+ + Al Br4
− → HBr + Al Br3

Further substitution can occur with an excess of bromine, to form dibromobenzene, 
and even tribromobenzene. For the reactions of bromobenzene, see section 25.4.

Chlorination
Just as with bromine, chlorine in the presence of an electron-acceptor such as 
aluminium chloride will substitute into the benzene ring:

warm

Cl

   HCl
AlCl3Cl2

The properties and reactions of chlorobenzene are discussed in section 25.4.

Now try this
Suggest a mechanism for the chlorination of benzene.

Nitration
Benzene does not react with nitric acid, even when the acid is concentrated. 
But a mixture of concentrated nitric and concentrated sulfuric acids produces 
nitrobenzene:

 HNO3

nitrobenzene

2conc. H SO4

T< 55 °C  H2O

NO2

Further nitration to dinitrobenzene (and also some oxidation) can occur unless the 
temperature is controlled to be below about 55 °C.

The role of the concentrated sulfuric acid in this reaction is to produce the 
powerful electrophile needed to nitrate the benzene ring. By analogy with 
bromination:

Br

Br

 H
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We shall return to this feature of the intermediate carbocation when we look at 
orientation effects on page 427.

The intermediate carbocation then loses a proton, to re-form the sextet of 
π electrons:

   H

BrBrH

• •

(3)

The fi nal stage regenerates the catalyst, by the reaction between the proton formed in 
step (3) with the [AlBr4]

− formed in step (1b):

H+ + Al Br4
− → HBr + Al Br3

Further substitution can occur with an excess of bromine, to form dibromobenzene, 
and even tribromobenzene. For the reactions of bromobenzene, see section 25.4.

Chlorination
Just as with bromine, chlorine in the presence of an electron-acceptor such as 
aluminium chloride will substitute into the benzene ring:

warm

Cl

   HCl
AlCl3Cl2

The properties and reactions of chlorobenzene are discussed in section 25.4.

Now try this
Suggest a mechanism for the chlorination of benzene.

Nitration
Benzene does not react with nitric acid, even when the acid is concentrated. 
But a mixture of concentrated nitric and concentrated sulfuric acids produces 
nitrobenzene:

 HNO3

nitrobenzene

2conc. H SO4

T< 55 °C  H2O

NO2

Further nitration to dinitrobenzene (and also some oxidation) can occur unless the 
temperature is controlled to be below about 55 °C.

The role of the concentrated sulfuric acid in this reaction is to produce the 
powerful electrophile needed to nitrate the benzene ring. By analogy with 
bromination:

Br

Br

 H
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CHLORINATION

Just as with bromine, chlorine in the presence of an electron-acceptor such as aluminium 

chloride will substitute into the benzene ring.
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We shall return to this feature of the intermediate carbocation when we look at 
orientation effects on page 427.

The intermediate carbocation then loses a proton, to re-form the sextet of 
π electrons:

   H

BrBrH

• •

(3)

The fi nal stage regenerates the catalyst, by the reaction between the proton formed in 
step (3) with the [AlBr4]

− formed in step (1b):

H+ + Al Br4
− → HBr + Al Br3

Further substitution can occur with an excess of bromine, to form dibromobenzene, 
and even tribromobenzene. For the reactions of bromobenzene, see section 25.4.

Chlorination
Just as with bromine, chlorine in the presence of an electron-acceptor such as 
aluminium chloride will substitute into the benzene ring:

warm

Cl

   HCl
AlCl3Cl2

The properties and reactions of chlorobenzene are discussed in section 25.4.

Now try this
Suggest a mechanism for the chlorination of benzene.

Nitration
Benzene does not react with nitric acid, even when the acid is concentrated. 
But a mixture of concentrated nitric and concentrated sulfuric acids produces 
nitrobenzene:

 HNO3

nitrobenzene

2conc. H SO4

T< 55 °C  H2O

NO2

Further nitration to dinitrobenzene (and also some oxidation) can occur unless the 
temperature is controlled to be below about 55 °C.

The role of the concentrated sulfuric acid in this reaction is to produce the 
powerful electrophile needed to nitrate the benzene ring. By analogy with 
bromination:

Br

Br

 H
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ALKYLATION

when benzene is heated with a chloroalkane in the presence of aluminium chloride, the 

alkyl group attaches to the benzene ring. 
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Also, via subsequent reduction, nitration is an important route to aromatic amines, 
which are used to make a variety of dyes (see Topic 27).

NH2NO2

dyes

phenylamine

Alkylation (the Friedel–Crafts reaction)
In 1877 the French chemist Charles Friedel and his co-worker, American chemist 
James Crafts, discovered that when benzene is heated with a chloroalkane in the 
presence of aluminium chloride, the alkyl group attaches to the benzene ring.

CH3

AlCl3  ! heat
! CH3 Cl ! HCl

The reaction goes via the formation of an intermediate carbocation.

��CH3 Cl CH3 Cl CH3    !    AlCl4AlCl3AlCl3
!! " "

The carbocation is the electrophile.

CH3 
!

CH3
CH3H

! H!
!

Acylation (Friedel–Crafts acylation)
If an acyl chloride (see section 26.3, page 442) is used instead of a chloroalkane in 
the Friedel–Crafts reaction, a phenylketone is produced.

C
CH3 O

AlCl3  ! heat
! CH3 COCl ! HCl

The reaction between an acyl chloride and aluminium chloride produces the acylium 
ion. The intermediate is formed from the attack of the acylium ion on the benzene 
ring.

trinitrobenzene (TNB)

25_11 Cam/Chem AS&A2

Barking Dog Art

NO2

NO2

O2N

trinitromethylbenzene
(trinitrotoluene) (TNT)

NO2

CH3

NO2

O2N

trinitrophenol
(picric acid)

NO2

OH

NO2

O2N

Figure 25.11 Three powerful explosives that 
are poly-nitro compounds
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In 1877 the French chemist Charles Friedel and his co-worker, American chemist 
James Crafts, discovered that when benzene is heated with a chloroalkane in the 
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If an acyl chloride (see section 26.3, page 442) is used instead of a chloroalkane in 
the Friedel–Crafts reaction, a phenylketone is produced.

C
CH3 O

AlCl3  ! heat
! CH3 COCl ! HCl

The reaction between an acyl chloride and aluminium chloride produces the acylium 
ion. The intermediate is formed from the attack of the acylium ion on the benzene 
ring.

trinitrobenzene (TNB)

25_11 Cam/Chem AS&A2

Barking Dog Art

NO2

NO2

O2N

trinitromethylbenzene
(trinitrotoluene) (TNT)

NO2

CH3

NO2

O2N

trinitrophenol
(picric acid)

NO2

OH

NO2

O2N

Figure 25.11 Three powerful explosives that 
are poly-nitro compounds

181333_25_A_Chem_BP_415-439.indd   426 10/10/14   8:32 PM

CEDAR COLLEGE ARENES



 22

�

ACYLATION

If an acyl chloride is used instead of a chloroalkane, a phenylketone is produced. 
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Also, via subsequent reduction, nitration is an important route to aromatic amines, 
which are used to make a variety of dyes (see Topic 27).

NH2NO2
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phenylamine

Alkylation (the Friedel–Crafts reaction)
In 1877 the French chemist Charles Friedel and his co-worker, American chemist 
James Crafts, discovered that when benzene is heated with a chloroalkane in the 
presence of aluminium chloride, the alkyl group attaches to the benzene ring.

CH3
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!! " "
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If an acyl chloride (see section 26.3, page 442) is used instead of a chloroalkane in 
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! AlCl3C
ClCH3

O

CH3 C !  AlCl4

!   H!

O
! "

CH3
HC

O

!

CH3 C O
!

CH3

C
O

an acylium ion

Worked example
Draw the structural formulae of the products you would expect from the reaction of 
benzene and aluminium chloride with

a CH3CH2Cl
b (CH3)2CH—COCl.

Answer

a O

b 
O

Electrophilic substitution in substituted arenes – 
the orientation of the incoming group
When methylbenzene is treated with nitric and sulfuric acids, the three possible 
mono-nitro compounds are formed in the following ratios:

58% 4% 38%

CH3
NO2

CH3

NO2

CH3

NO2

If the NO2
+ electrophile had attacked the ring in a purely random way, the 

distribution should have been 40 : 40 : 20 (there being two 2-positions and two 
3-positions, but only one 4-position). This non-random attack is seen in other 
reactions too (see Table 25.5).

Now try this
What organochlorine compounds are 
needed to synthesise the following 
compounds from benzene?

1 

C
C(CH3)3 O

2 

C
C(CH3)3 O
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SKILL CHECK 1

Draw the structural formulae of the products you would expect from the reaction of 

benzene and aluminium chloride with  

(a) CH3CH2Cl 

(b) (CH3)2CHCOCl.  
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SKILL CHECK 2

What organochlorine compounds are needed to synthesise the following compounds from 

benzene? 

 25

 25 Arenes and phenols

427

! AlCl3C
ClCH3

O

CH3 C !  AlCl4

!   H!

O
! "

CH3
HC

O

!

CH3 C O
!

CH3

C
O

an acylium ion

Worked example
Draw the structural formulae of the products you would expect from the reaction of 
benzene and aluminium chloride with

a CH3CH2Cl
b (CH3)2CH—COCl.

Answer
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Electrophilic substitution in substituted arenes – 
the orientation of the incoming group
When methylbenzene is treated with nitric and sulfuric acids, the three possible 
mono-nitro compounds are formed in the following ratios:

58% 4% 38%

CH3
NO2

CH3

NO2

CH3

NO2

If the NO2
+ electrophile had attacked the ring in a purely random way, the 

distribution should have been 40 : 40 : 20 (there being two 2-positions and two 
3-positions, but only one 4-position). This non-random attack is seen in other 
reactions too (see Table 25.5).

Now try this
What organochlorine compounds are 
needed to synthesise the following 
compounds from benzene?

1 

C
C(CH3)3 O

2 

C
C(CH3)3 O
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When benzene is treated with a mixture of concentrated nitric and sulphuric acid at around 

55oC nitrobenzene is formed. 
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We shall return to this feature of the intermediate carbocation when we look at 
orientation effects on page 427.

The intermediate carbocation then loses a proton, to re-form the sextet of 
π electrons:

   H

BrBrH

• •

(3)

The fi nal stage regenerates the catalyst, by the reaction between the proton formed in 
step (3) with the [AlBr4]

− formed in step (1b):

H+ + Al Br4
− → HBr + Al Br3

Further substitution can occur with an excess of bromine, to form dibromobenzene, 
and even tribromobenzene. For the reactions of bromobenzene, see section 25.4.

Chlorination
Just as with bromine, chlorine in the presence of an electron-acceptor such as 
aluminium chloride will substitute into the benzene ring:

warm

Cl

   HCl
AlCl3Cl2

The properties and reactions of chlorobenzene are discussed in section 25.4.

Now try this
Suggest a mechanism for the chlorination of benzene.

Nitration
Benzene does not react with nitric acid, even when the acid is concentrated. 
But a mixture of concentrated nitric and concentrated sulfuric acids produces 
nitrobenzene:

 HNO3

nitrobenzene

2conc. H SO4

T< 55 °C  H2O

NO2

Further nitration to dinitrobenzene (and also some oxidation) can occur unless the 
temperature is controlled to be below about 55 °C.

The role of the concentrated sulfuric acid in this reaction is to produce the 
powerful electrophile needed to nitrate the benzene ring. By analogy with 
bromination:

Br

Br

 H
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The mechanism of the nitration of benzene
Sulfuric acid is a stronger acid than nitric acid. It is so strong that it donates a proton 
to nitric acid. In this reaction, nitric acid is acting as a base!

H2SO4 + HNO3 → HSO4
− + H2NO3

+

The protonated nitric acid then loses a water molecule, and this is then protonated 
by another molecule of sulfuric acid:

 H2NO3
+ → H2O + NO2

+

H2SO4 + H2O → HSO4
− + H3O

+

The nitronium ion then attacks the benzene ring in the usual way, forming the 
carbocation intermediate, which subsequently loses a proton:

H

O

N O

   H

O O

NONO

we might expect the electrophile for nitration to be NO2
+:

NO2

NO2

 H

and this indeed seems to be the case.
Over the years, various pieces of evidence have been collected to substantiate the 

claim of NO2
+ (known as the nitryl cation or nitronium ion) to be the electrophile.

● Stable salts containing the nitryl cation exist, for example nitryl chlorate(VII), 
NO2

+Cl O4
−, and nitryl tetrafl uoroborate(III), NO2

+BF4
−. Each of these, when 

dissolved in an inert solvent, nitrates benzene smoothly and in high yield to 
give nitrobenzene.

● The infrared spectrum of a compound tells us about the types of bonds in the 
compound, and its shape. The infrared spectrum of a solution of nitric acid in 
sulfuric acid shows a strong absorbance at 2350 cm−1. This absorbance is also 
present in the spectra of nitryl salts, but is not present in that of nitric acid in 
the absence of sulfuric acid. It is almost identical to a similar absorbance 
in the spectrum of carbon dioxide. CO2 and NO2

+ are isoelectronic linear 
molecules (see section 3.13), and so would be expected to have similar 
infrared spectra.

● Various physico-chemical data (for example, the depression of freezing point) show 
that when one molecule of HNO3 is dissolved in concentrated sulfuric acid, four 
particles are formed. (The freezing point of a liquid is lowered if substances are 
dissolved in it, and the amount of the depression depends upon the mole ratio of 
solute to solvent.)

These three pieces of evidence suggest that the following reaction occurs when the 
two acids are mixed:

2H2SO4 + HNO3 → H3O
+ + NO2

+ + 2HSO4
−

The nitration of benzene and other arenes is an important reaction in the production 
of explosives (see Figure 25.11)
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378 24  Benzene and its compounds

Further nitration of the nitrobenzene produces 1,3-
dinitrobenzene and 1,3,5-trinitrobenzene. Unlike the 
electron-donating methyl group in methylbenzene 
(which activates the 2 and 4 positions in the benzene 
ring), the NO2 group is electron-withdrawing. Th is 
type of group (which includes COOH) deactivates the 
2 and 4 positions in the benzene ring. Th erefore, when 
there is a nitro group bonded to the benzene ring, further 
substitution takes place at the 3 and 5 positions.

Nitration of benzene
Th e nitration of benzene is another example of an 
electrophilic substitution. Nitration refers to the 
introduction of the NO2 group into a molecule. In 
this reaction the electrophile is the NO2

+ ion, known as 
the nitronium ion (or nitryl cation). Th is is made from 
a mixture of concentrated nitric acid and concentrated 
sulfuric acid:

HNO3 + 2H2SO4 → NO2
+ + 2HSO4

− + H3O+

Th is ‘nitrating mixture’ is refl uxed with benzene at about 
55 °C to make nitrobenzene:

NO2

+  HNO3 +  H2O⎯→

Th e mechanism of the electrophilic substitution is:

NO2

NO2

NO2
+ +  H+

H

+
stage 1 stage 2

In stage 1 in the mechanism, the electrophile, NO2
+, 

is attracted to the high electron density of the π bonding 
system in benzene. A pair of electrons from the benzene 
ring is donated to the nitrogen atom in NO2

+, and 
forms a new covalent bond. At this point, benzene’s 
delocalised ring of electrons is disrupted. Th ere are now 
four π bonding electrons and a positive charge spread 
over fi ve carbon atoms.

However, the full delocalised ring is restored in stage 2 
when the C H bond breaks heterolytically. Both electrons 
in the C H covalent bond go into nitrobenzene’s π 
bonding system, and hydrogen leaves as an H+ ion. Th ere 
are now six electrons spread over the six carbon atoms so 
the chemical stability of the benzene ring is retained in 
this substitution reaction.

bromine at room temperature in the 
presence of iron(III) bromide.

e How would the reaction in part d diff er 
if the methylbenzene and bromine were 
boiled in the presence of ultraviolet light?

f Name the mechanism of the reaction 
in part e.

4 a  Copy and complete the two equations 
below that can be used to show the 
nitration of methylbenzene:
i C6H5CH3 + NO2

+ →  + 
ii C6H5CH3 + HNO3 

 ⎯⎯→H2SO4   + 
iii Name the possible mono-substituted 

products in parts i and ii.
iv 1-methyl-2,4-dinitrobenzene and 

1-methyl-2,4,6-trinitrobenzene 
are formed on further nitration of 
methylbenzene. Draw the displayed 
formula of each compound.

b Benzene also undergoes electrophilic 
substitution when refl uxed with fuming 
sulfuric acid for several hours. Th is is 
called sulfonation. Th e electrophile is the 
SO3 molecule and the product formed is 
benzenesulfonic acid, C6H5SO3H.
i Which atom in the SO3 molecule 

accepts an electron pair in the 
mechanism of sulfonation?

ii Write an equation in the style of part 
a i for the sulfonation of benzene to 
form benzenesulfonic acid.

Check-up

Oxidation of the side-chain in arenes
Th e presence of the benzene ring in an alkylarene, such as 
methylbenzene, can aff ect the characteristic reactions of 
its alkyl side-chain. For example, alkanes are not usually 
oxidised by a chemical oxidising agent such as potassium 
manganate(VII). However, in alkylarenes the alkane side-

Formation of the electrophile occurs in 3 steps @ 55 oC

                 HNO3     ⟶     NO+
2     +     OH҆ 

 OH҆     +      H2SO4    ⟶     HSO4
҆   +     H2O 

H2O     +     H2SO4     ⟶     HSO4
҆     +     H3O+

2 H2SO4     +     HNO3    ⟶    2 HSO4
҆     +     H3O+     +     NO+

2 

HYDROGENATION

Benzene reacts with hydrogen gas and nickel catalyst at 200 oC to form cyclohexane.
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Under more severe conditions, benzene can be made to react with one of these 
reagents, bromine. But now the reaction follows a different course – a substitution 
reaction occurs, rather than addition, and the necessary reaction conditions are much 
more extreme.

  Br2(l)
in the absence of water

Br

 HBr

bromobenzene

AlCl3 + heat

The stability of benzene
The six-centre delocalised π bond is responsible for the following physical and 
chemical properties of benzene.

● It causes all C¬C bond lengths to be equal, creating a planar, regular hexagonal 
shape.

● It prevents benzene undergoing any of the normal addition reactions that alkenes 
show.

The π bond also makes benzene more stable than expected. Not only is benzene 
much less reactive than cyclohexene, it is also thermodynamically more stable. We 
can demonstrate this by comparing the actual and the ‘calculated’ enthalpy changes 
of hydrogenation. The hydrogenation of alkenes is an exothermic process:

CH2“CH2 + H2 → CH3¬CH3   ∆H 1 = −137 kJ mol−1

For many higher alkenes, the enthalpy changes of hydrogenation are very similar 
to each other, and average about 118 kJ mol−1. Furthermore, for dienes and trienes 
(containing two and three double bonds, respectively), the enthalpy changes of 
hydrogenation are simple multiples of this value (see Table 25.2). So we might expect 
benzene to follow the same trend.

Alkene Formula ∆H 1hydrogenation/
kJ mol-1

∆H 1 per C“C

cis-but-2-ene CH3¬CH“CH¬CH3  −119  −119

cyclohexene  −118  −118

butadiene CH2“CH¬CH“CH2  −236  −118

cyclohexadiene  −232  −116

‘cyclohexatriene’ [−354]
(predicted)

[−118]
(assumed)

If we measure the experimental enthalpy change of hydrogenation of benzene, 
we fi nd that it is far less exothermic than that predicted for ‘cyclohexatriene’ in 
Table 25.2:

∆H hydrogenation = –205 kJ mol
–11  3H2(g)

Table 25.2 Enthalpy changes of 
hydrogenation of some alkenes
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REACTIONS OF METHYL BENZENE

Methylbenzene reacts in the same way as benzene, via an electrophilic- substitution 

mechanism. 

The conditions for the reactions of methylbenzene are slightly milder than those for the 

reactions of benzene as the methyl group is an activating group. 

The methyl group donates electron density into the benzene ring (positive inductive effect). 

This increases the amount of electron density in the ring so that it is more attractive to 

electrophiles and reacts more readily. 

 29
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The same stabilisation is possible when substitution occurs at position 4.

If substitution were to occur at position 3, stabilisation of the positively 
charged intermediate is not possible by donation of the lone pair on the 
O into the ring.

Edh^i^dc�d[�hjWhi^iji^dc�^c�bZi]na�WZcoZcZ
The methyl group has an electron-releasing eff ect and this also stabilises 
the intermediate when substitution occurs at positions 2 and 4. 

The electron-releasing eff ect of the methyl group comes from the 
overlap of the electron density in the C–H T bond with a p orbital on an 
adjacent atom (Figure G43).

The stabilising eff ect of the methyl group on the intermediate can be 
shown as:

8
8 8
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Examiner’s tip
A summary of the explanations 
is that an electron-releasing 
group stabilises the 
intermediate by electron 
donation into the ring. This 
stabilisation is only possible 
when substitution occurs 
at positions 2, 4 and 6. An 
electron-withdrawing group 
destabilises the intermediate 
by withdrawing electron 
density from the ring. This 
destabilisation is greatest 
when substitution occurs at 
positions 2, 4 and 6, therefore 
substitution at position 3 is 
preferred.

As for phenol, this stabilisation is only possible when substitution 
occurs at positions 2 or 4.
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Substituted benzene rings undergo basically the same reactions as 
a benzene ring, i.e. electrophilic substitution. The nature of the 
substituent determines the position of further substitution and 
the rate of the reaction relative to unsubstituted benzene.

Substituents on a benzene ring may be divided into two groups: those 
which cause substitution predominantly at positions 2 and 4  (and 6) 
(ortho and para positions) and those that cause substitution at position 3  
(and 5) (the meta position). 

Substituents that cause substitution faster than with benzene are called 
activating groups and those that cause substitution to occur more slowly 
than with benzene are called deactivating groups (Table G5 ).
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2,4-directing groups usually cause substitution faster than benzene 
and 3-directing groups normally cause electrophilic substitution 
to occur more slowly than benzene (chlorine as a substituent is an 
exception to this – it is a 2,4-directing group and chlorobenzene 
reacts more slowly than benzene).

GViZ�d[�hjWhi^iji^dc
The rate-determining step in the reaction is the attack of the electrophile 
on the ring. When an activating group is present this step occurs more 
quickly as there is more electron density in the ring so that an electrophile 
is attracted more strongly. When the ring is deactivated by the withdrawal 
of electron density, the electrophile is attracted less strongly and the 
reaction occurs more slowly. 

Thus methylbenzene reacts more readily than benzene due to the 
electron-releasing eff ect of the –CH3 group (positive inductive 
eff ect). The methyl group activates the ring towards electrophilic 
substitution by donating electron density into the ring. This makes the 

8=(

=A

REACTIONS OF METHYL BENZENE

Methylbenzene reacts more readily than benzene due to the electron-releasing effect of 

the –CH3 group (positive inductive effect).The methyl group activates the ring towards 

electrophilic substitution by donating electron density into the ring.  

This makes the ring more negative, i.e. more attractive towards electrophiles and the 

reaction occurs more quickly than with benzene.  

The methyl group is a 2,4-directing group and so the major products of substitution are: 
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Acyl halides react with benzene in the presence of a halogen carrier 
catalyst. Consider the reaction of ethanoyl chloride with benzene:

CH3COCl + C6H6 n C6H5COCH3 + HCl

;dgbVi^dc�d[�i]Z�ZaZXigde]^aZ
This is a similar reaction to that already seen on pages 34–35 for the 
formation of the electrophiles for chlorination and alkylation.

CH3COCl + AlCl3 n CH3CO+ + [AlCl4]−

The mechanism is the same as for alkylation.

The benzene ring here is named as 
a phenyl substituent.

Again, the second step could be shown with [AlCl4]− removing the H+ 
to reform the catalyst.

GZVXi^dch�d[�bZi]naWZcoZcZ
Methylbenzene reacts in the same way as benzene, via an electrophilic-
substitution mechanism. The conditions for the reactions of 
methylbenzene are slightly milder than those for the reactions of benzene 
as the methyl group is an activating group. The methyl group donates 
electron density into the benzene ring (positive inductive eff ect). This 
increases the amount of electron density in the ring so that it is more 
attractive to electrophiles and reacts more readily.

The methyl group is a 2,4-directing group and so the major products 
of substitution are:

=A

8=(

M

8=(

M

Some of the electrophilic substitution reactions of methylbenzene are 
shown in Figure G39.
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CHLORINATION OF METHYL BENZENE

If methylbenzene is reacted with chlorine in the presence of a halogen carrier catalyst 

(AlCl3) at room temperature 2-chloromethylbenzene and 4-chloromethylbenzene are 

formed. 

 31
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If methylbenzene is reacted with chlorine in the presence of a halogen 
carrier catalyst (AlCl3) at room temperature 2-chloromethylbenzene and 
4-chloromethylbenzene are formed. This is chlorination in the ring.
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If methylbenzene is reacted with chlorine in the presence of UV 
light then side-chain substitution occurs where a hydrogen atom in 
the methyl group is substituted by a Cl atom. This involves a free radical 
substitution mechanism as for alkanes.

Examiner’s tip
The mechanism here is as for 
alkanes (see Chapter 10, page 434 
of the Coursebook) and can be 
summarised as
 UV
Cl2 ~n��$Mr

RCH3���$Mr�n RCH2r���)$M

RCH2r���$M2 n RCH2$M���$Mr

plus a termination step.

CHLORINATION OF METHYL BENZENE

If methylbenzene is reacted with chlorine in the presence of UV light then side-chain 

substitution occurs where a hydrogen atom in the methyl group is substituted by a Cl atom. 

This involves a free radical substitution mechanism as for alkanes. 

 32

<��;JGI=:G�DG<6C>8�8=:B>HIGN (,8=:B>HIGN�;DG�I=:�>7�9>EADB6���86B7G>9<:�JC>K:GH>IN�EG:HH�'%&&

8=(

8a

D

8
D

=

=

8

=

8 8=(

D

8=(

CD'

8=(

8a

8a

8=(

CD'

8=(

8=(

8='8=(

8='8=(

8=(

8

8=(

8=(

=(8

XdcX#�=CD(

XdcX#�='HD)

]ZVi�jcYZg�gZ[ajm

6a8a(

6a8a( 8'=*8a
6a8a(8a'

;^\jgZ�<(.� :aZXigde]^a^X�hjWhi^iji^dc�gZVXi^dch�d[�bZi]naWZcoZcZ#

=A

8]adg^cVi^dc�d[�bZi]naWZcoZcZ
If methylbenzene is reacted with chlorine in the presence of a halogen 
carrier catalyst (AlCl3) at room temperature 2-chloromethylbenzene and 
4-chloromethylbenzene are formed. This is chlorination in the ring.
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If methylbenzene is reacted with chlorine in the presence of UV 
light then side-chain substitution occurs where a hydrogen atom in 
the methyl group is substituted by a Cl atom. This involves a free radical 
substitution mechanism as for alkanes.

Examiner’s tip
The mechanism here is as for 
alkanes (see Chapter 10, page 434 
of the Coursebook) and can be 
summarised as
 UV
Cl2 ~n��$Mr

RCH3���$Mr�n RCH2r���)$M

RCH2r���$M2 n RCH2$M���$Mr

plus a termination step.
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If methylbenzene is reacted with chlorine in the presence of a halogen 
carrier catalyst (AlCl3) at room temperature 2-chloromethylbenzene and 
4-chloromethylbenzene are formed. This is chlorination in the ring.
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If methylbenzene is reacted with chlorine in the presence of UV 
light then side-chain substitution occurs where a hydrogen atom in 
the methyl group is substituted by a Cl atom. This involves a free radical 
substitution mechanism as for alkanes.

Examiner’s tip
The mechanism here is as for 
alkanes (see Chapter 10, page 434 
of the Coursebook) and can be 
summarised as
 UV
Cl2 ~n��$Mr

RCH3���$Mr�n RCH2r���)$M

RCH2r���$M2 n RCH2$M���$Mr

plus a termination step.
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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OXIDATION OF THE SIDE CHAIN 

When alkylbenzenes are treated with hot acidified potassium manganate(VII), oxidation of 

the whole side chain occurs, leaving the carbon atom closest to the ring as a carboxylic 

acid group:
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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acidified KMnO4

heat

acidified KMnO4
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SKILL CHECK 3

Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 

manganate(VII).  

Hydrocarbon A gave benzoic acid, C6H5CO2H.  

Hydrocarbon B gave benzene-1,2-dioic acid:  

Hydrocarbon C gave benzene-1,2,4-trioic acid: 

Suggest the structures of A, B and C. 
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3

181333_25_A_Chem_BP_415-439.indd   430 10/10/14   8:33 PM

ORGANIC CHEMISTRY

430

In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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A is:

B is:

C is:
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SKILL CHECK 4

Suggest structures for the aromatic carboxylic acids which will be produced when the 

following compounds are oxidised by hot potassium manganate(VII). (All these compounds 

are isomers with the molecular formula C11H14.) 
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In ethylbenzene, the hydrogen atoms on the carbon atom adjacent to the benzene 
ring are substituted much more readily than the three hydrogens on the other carbon, 
so the following reaction gives a good yield of the product:

> 90%

 Cl2

UV light
 HCl

CH2CH3 CHClCH3

or boiling

Oxidation of the side chain
When alkylbenzenes are treated with hot alkaline potassium manganate(VII), 
oxidation of the whole side chain occurs, leaving the carbon atom closest to the ring 
as a carboxylate or carboxylic acid group:

KMnO4

heat with OH–
1 H1(aq)

1 H1(aq)KMnO4

heat with OH–

CH2CH3 CO2K CO2H

CH3 CO2K CO2H

CH2CH3 CO2K CO2H

Worked example
Three hydrocarbons A, B and C with the formula C9H12 were oxidised by hot potassium 
manganate(VII).

● Hydrocarbon A gave benzoic acid, 
C6H5CO2H.

● Hydrocarbon B gave benzene-1,2-dioic 
acid:

CO2H

CO2H

● Hydrocarbon C gave benzene-1,2,4-trioic 
acid:

CO2H

CO2H

CO2H

Suggest the structures of A, B and C.

Answer
Since A gave benzoic acid, all three ‘extra’ carbon atoms must be in the same side chain. So A is:

or

CH(CH3)2CH2CH2CH3

Compound B must contain two side chains, since two carboxylic acid groups are left after 
oxidation. What is more, the chains must be on adjacent carbons in the ring, as a 
1,2-dicarboxylic acid is formed. So B is:

CH2CH3

CH3

By similar reasoning, C must be:  

CH3

CH3

CH3

Now try this
Suggest structures for the aromatic 
carboxylic acids which will be produced 
when the following compounds are 
oxidised by hot potassium manganate(VII). 
(All these compounds are isomers with 
the molecular formula C11H14.)

1

2

3
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REACTIONS OF SUBSTITUTED BENZENE RINGS

Substituted benzene rings undergo basically the same reactions as a benzene ring, i.e. 

electrophilic substitution.  

The nature of the substituent determines the position of further substitution and the 

rate of the reaction relative to unsubstituted benzene.  

Substituents on a benzene ring may be divided into two groups: those which cause 

substitution predominantly at positions 2 and 4 (and 6) (ortho and para positions) and 

those that cause substitution at position 3 (and 5) (the meta position).  

The orientation of the incoming group (NO2 or Br) depends on the substituent already in 

the ring, and not on the electrophile.  
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2,4-DIRECTING

If we look closely at the types of substituents that are 2,4-directing, we find that either  

• they are capable of donating electrons to the ring by the inductive effect, or  

• they have a lone pair of electrons on the atom joined to the ring. This lone pair can be 

incorporated into the π system by sideways overlap of p orbitals.

 39
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The same stabilisation is possible when substitution occurs at position 4.

If substitution were to occur at position 3, stabilisation of the positively 
charged intermediate is not possible by donation of the lone pair on the 
O into the ring.

Edh^i^dc�d[�hjWhi^iji^dc�^c�bZi]na�WZcoZcZ
The methyl group has an electron-releasing eff ect and this also stabilises 
the intermediate when substitution occurs at positions 2 and 4. 

The electron-releasing eff ect of the methyl group comes from the 
overlap of the electron density in the C–H T bond with a p orbital on an 
adjacent atom (Figure G43).

The stabilising eff ect of the methyl group on the intermediate can be 
shown as:
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Examiner’s tip
A summary of the explanations 
is that an electron-releasing 
group stabilises the 
intermediate by electron 
donation into the ring. This 
stabilisation is only possible 
when substitution occurs 
at positions 2, 4 and 6. An 
electron-withdrawing group 
destabilises the intermediate 
by withdrawing electron 
density from the ring. This 
destabilisation is greatest 
when substitution occurs at 
positions 2, 4 and 6, therefore 
substitution at position 3 is 
preferred.

As for phenol, this stabilisation is only possible when substitution 
occurs at positions 2 or 4.
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ring more negative, i.e. more attractive towards electrophiles and 
the reaction occurs more quickly than with benzene.

L]n�YdZh�e]Zcda�gZVXi�bdgZ�gZVY^an�i]Vc�WZcoZcZ4
At fi rst sight we might expect the –OH group to be electron-
withdrawing due to the high electronegativity of O. However, the –OH 
group also possesses a lone pair of electrons and overlap of this lone 
pair into the ring activates the benzene ring (Figure G40).

This π donation into the ring is a bigger eff ect than the T-withdrawing 
eff ect (due to the electronegativity of O). Therefore there is net 
donation of electron density into the ring and the ring will 
attract electrophiles more strongly.

GZVXi^dc�d[�e]Zcda�l^i]�X]adg^cZ
One particularly good example of the ease of reactivity of phenol is in its 
reaction with chlorine.

Phenol reacts with chlorine water – Cl2(aq) – to form 
2,4,6-trichlorophenol (no halogen carrier required):

C^igdWZcoZcZ�gZVXih�bdgZ�hadlan�i]Vc�WZcoZcZ
The NO2 group is electron-withdrawing and deactivates the benzene 
ring. With less electron density in the ring it attracts electrophiles less 
strongly, therefore nitrobenzene reacts more slowly than benzene. NO2 is 
electron-withdrawing because of the high electronegativity of the atoms 
in the group and, unlike the O in phenol, it does not possess a lone pair 
of electrons on the N that can be donated into the ring. There is also 
delocalisation of the Q electrons from the ring onto the NO2 group.

Edh^i^dc�d[�hjWhi^iji^dc�^c�VgZcZh
The position of substitution is determined by the charge distribution in 
the intermediate. The more stable the intermediate the more likely it is to 
be formed.

This is most usually explained using the Kekulé structure of benzene 
but to understand the explanation we must fi rst understand something 
about resonance.

Two possible Lewis structures may be drawn for benzene, with the 
double bonds between diff erent atoms (Figure G41). These are called 
resonance structures. The actual structure of benzene is regarded as a 
resonance hybrid of these two structures – not one or the other but 
somewhere in between.

I]Z�edh^i^dc�d[�hjWhi^iji^dc�^c�c^igdWZcoZcZ
The position of substitution in nitrobenzene can be explained in terms 
of the stability of the intermediate carbocation formed. 
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Phenol is also made more reactive 
in water since it is acidic and 
produces the phenoxide ion 
C6H5O−. The negative charge 
on the O means T withdrawal 
is reduced and Q donation is 
increased, therefore the ring is 
more attractive to electrophiles.

;^\jgZ�<)&� GZhdcVcXZ�higjXijgZh�d[�
WZcoZcZ#

=A

phenolmethylbenzene

2,4-DIRECTING
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 25.4  Halogenoarenes
We saw on pages 423–424 how bromobenzene and chlorobenzene can be made from 
benzene. The reactions of the ring in halogenobenzenes are similar to those of benzene.

Halogenoarenes undergo electrophilic substitution, and can be nitrated:

conc. HNO3 + conc. H2SO4

NO2

ClCl

However, unlike halogenoalkanes, halogenoarenes cannot be hydrolysed, even 
by boiling in aqueous sodium hydroxide. The carbon–halogen bond is stronger 
in halogenoarenes than it is in halogenoalkanes, possibly due to an overlap of p 
electrons similar to that in phenol (see Figure 25.13, and compare it with Figure 25.12).

In addition to this, the carbon attached to the halogen is not accessible to the usual 
nucleophilic reagents that attack halogenoalkanes, since its δ+ charge is shielded by the 
negative π cloud of the ring. This means that halogenoarenes are inert to all nucleophiles.

Certain halogenoarenes fi nd important uses as insecticides and herbicides (see the 
panel below).

25_13 Cam/Chem AS&A2

Barking Dog Art

Cl

Figure 25.13 Delocalisation of the lone pair 
in chlorobenzene

Organochlorine insecticides and herbicides
Insecticides
Chlorobenzene used to be made in large quantities as an intermediate in the 
production of the insecticide DDT:

Cl2

AlCl3

CCl3CHO

AlCl3

Cl

4,4!-dichlorodiphenyltrichloroethane
(DDT)

CCl3

CH

C1 C1

The use of chlorinated insecticides is now banned in many countries. These 
compounds are quite inert to biodegradation, so they stay in the environment 
for many years. What is more, being non-hydrogen-bonded covalent substances, 
they are insoluble in water, but soluble in fats and oils. They tend to concentrate 
in the fatty tissue of animals, especially those higher up the food chain. Birds of 
prey were especially vulnerable. At one time, the shells of their eggs were so thin 
that they cracked during attempted incubation, with disastrous consequences for 
their populations. DDT may still be used in parts of Africa and Asia to control the 
malaria mosquito, as the advantages to human health are considered to outweigh the 
disadvantages to the environment.

Herbicides
The compounds 2,4-dichlorophenoxyethanoic acid (2,4-D) and 
2,4,5-trichlorophenoxyethanoic acid (2,4,5-T) have been successfully used for many 
years as selective weedkillers for broad-leaved weeds. They have little effect on 
narrow-leaved plants such as grass and cereals, and so can be used as lawn or fi eld 
weedkillers. Their action mimics that of the natural plant growth hormone indole 

Figure 25.14 Malaria is caused by a 
microscopic parasite that is spread by the bite 
of the Anopheles mosquito. Malaria affects 
over 300 million people worldwide and kills 
around 3 million a year. DDT treatment of the 
Anopheles mosquito saves millions of human 
lives, so the environmental price is considered 
worth paying.
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Reaction Percentage of product Ratio
(ortho + para)

meta
ortho
(1,2)

meta
(1,3)

para
(1,4)

+ Br2 Br

CH3 CH3 33     1 66 99 : 1

+ HNO3 NO2

OH OH 50     1 49 99 : 1

NO NO

+ HNO3 NO2

22   6 93.5     0.5    1 : 14

+ HNO3 NO2

CO2HCO2H 19 80     1    1 : 4

The data in Table 25.5 can be interpreted as follows.

● The orientation of the incoming group (NO2 or Br) depends on the substituent 
already in the ring, and not on the electrophile.

● Some substituents favour both 2- and 4-substitution, whereas other substituents 
favour 3-substitution, at the expense of both 2- and 4-substitution.

If we look closely at the types of substituents that are 2,4-directing, we fi nd that 
either they are capable of donating electrons to the ring by the inductive effect, or 
they have a lone pair of electrons on the atom joined to the ring. This lone pair 
can be incorporated into the π system by sideways overlap of p orbitals (see 
Figure 25.12).

On the other hand, all those substituents that favour 3-substitution have a δ+ atom 
joined directly to the ring (see Table 25.6).

2- and 4-directing substituents 3-directing substituents

CH3 Ar O

−
O

ArN

H O Ar

•• δ–O

H

δ+
ArC

H2N Ar

•• Ar
δ–
N

δ+
C

Ar

δ–O

R

δ+
C

Table 25.5 Orientation in some electrophilic 
substitution reactions
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Figure 25.12 Delocalisation of the lone pair 
in 2,4-directing substituents

Table 25.6 Substituents and their effects on 
the benzene ring
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Those amines that are soluble in water form weakly alkaline solutions, just as 
ammonia does, due to partial reaction with the solvent, producing OH− ions:

CH3CH2NH2 + H2O W CH3CH2NH3
+ + OH−

Table 27.3 lists some amines, with values of their dissociation equilibrium constants, 
Kb, for the following equilibrium:

R3N + H2O W R3NH+ + OH−

Kb =
 

[R3NH+][OH−]
[R3N]

The larger Kb is, the stronger is the base. Ammonia is included for comparison.
From Table 27.3 we can see that electron-donating alkyl groups attached to the 

nitrogen atom increase the basicity of amines. This is expected, since the basicity 
depends on the availability of the lone pair of electrons on nitrogen to form a dative 
bond with a proton (see Figure 27.6). Electron donation from an alkyl group will 
encourage dative bond formation.  

Table 27.3 The basicity of some amines 

Amine Formula Kb
/mol dm−3

phenylamine NH2 4.2 × 10−10

ammonia NH3 1.8 × 10−5

ethylamine CH3CH2NH2 5.1 × 10−4

diethylamine (CH3CH2)2NH 1.0 × 10−3

The most dramatic difference in basicities to be seen in Table 27.3 is between that of 
phenylamine (Kb ≈ 10−10) and the alkyl amines (Kb ≈ 10−3). Taking two compounds of 
about the same relative molecular mass and shape, we see that phenylamine is about 
a million times less basic than cyclohexylamine:

NH2 NH2

  phenylamine
Kb = 4.2 × 10–10

   cyclohexylamine
Kb = 3.3 × 10–4

This is because in phenylamine, the lone pair of electrons on the nitrogen atom is 
delocalised over the benzene ring. The bonds around the nitrogen atom can take 
up a planar arrangement, with the nitrogen’s lone pair in a p orbital, so that extra 
stability can be gained by overlapping this p orbital with the delocalised π bond of 
the benzene ring (see Figure 27.7). 
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Figure 27.6 When an amine acts as a base, 
the nitrogen lone pair forms a dative bond with 
a proton. 
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Figure 27.7 Delocalisation of the nitrogen 
lone pair in phenylamine 

This overlap, causing a drift of electron density from nitrogen to the ring, has two 
effects on the reactivity of phenylamine.

● It causes the lone pair to be much less basic (see above) and also much less 
nucleophilic.

● It causes the ring to be more electron rich, and so to undergo electrophilic 
substitution reactions much more readily than benzene. The enhanced reactivity of 
phenylamine in this regard is similar to that of phenol (see Topic 25, page 434), an 
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3-DIRECTING

On the other hand, all those substituents that favour 3-substitution have a δ+ atom joined 

directly to the ring.

 41

DIRECTING GROUPS
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Reaction Percentage of product Ratio
(ortho + para)

meta
ortho
(1,2)

meta
(1,3)

para
(1,4)

+ Br2 Br

CH3 CH3 33     1 66 99 : 1

+ HNO3 NO2

OH OH 50     1 49 99 : 1

NO NO

+ HNO3 NO2

22   6 93.5     0.5    1 : 14

+ HNO3 NO2

CO2HCO2H 19 80     1    1 : 4

The data in Table 25.5 can be interpreted as follows.

● The orientation of the incoming group (NO2 or Br) depends on the substituent 
already in the ring, and not on the electrophile.

● Some substituents favour both 2- and 4-substitution, whereas other substituents 
favour 3-substitution, at the expense of both 2- and 4-substitution.

If we look closely at the types of substituents that are 2,4-directing, we fi nd that 
either they are capable of donating electrons to the ring by the inductive effect, or 
they have a lone pair of electrons on the atom joined to the ring. This lone pair 
can be incorporated into the π system by sideways overlap of p orbitals (see 
Figure 25.12).

On the other hand, all those substituents that favour 3-substitution have a δ+ atom 
joined directly to the ring (see Table 25.6).

2- and 4-directing substituents 3-directing substituents
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•• δ–O
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δ–
N

δ+
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δ–O

R

δ+
C

Table 25.5 Orientation in some electrophilic 
substitution reactions
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Figure 25.12 Delocalisation of the lone pair 
in 2,4-directing substituents

Table 25.6 Substituents and their effects on 
the benzene ring
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DIRECTING GROUPS

One explanation is that an electron-releasing group stabilises the intermediate by electron 

donation into the ring.  

This stabilisation is only possible when substitution occurs at positions 2, 4 and 6.  

An electron-withdrawing group destabilises the intermediate by withdrawing electron 

density from the ring. 

This destabilisation is greatest when substitution occurs at positions 2, 4 and 6, therefore 

substitution at position 3 is preferred.  

 43

DIRECTING GROUPS

An alternative way of explaining the directing effect of substituent groups (not for 

examinations) is in terms of the charge distribution in the initial compound. 

An electron-releasing group will increase the electron density at positions 2, 4 and 
6 and therefore the electrophile is more attracted to these positions. 

An electron-withdrawing group withdraws electron density from positions 2, 4 and 6 and, 

therefore, there is more electron density at positions 3 and 5 and an electrophile is 

attracted to these positions. 

 44
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HiZg^X�Z[[ZXih
Steric eff ects can also infl uence the position of substitution in a benzene 
ring. On a purely statistical basis, for a 2,4-directing group, substitution 
at position 2 should be twice as likely as substitution at position 4 as 
there are two position 2s but only one position 4. For nitration of methyl 
benzene there is indeed greater substitution at position 2, but when the 
much bulkier –C(CH3)3 group is attached to the benzene ring, nitration 
results in over four times more of the 4-substituted product. The bulky 
–C(CH3)3 group blocks the approach of the electrophile to position 2 (or 
6) more eff ectively than the –CH3 group.

Acylation of methylbenzene usually results in a very high proportion 
of the 4-substituted product. The can be also explained by steric eff ects, 
where the methyl group hinders the approach of the electrophile to 
positions 2 or 6. 

An alternative way of explaining the directing 
eff ect of substituent groups (not for examinations) 
is in terms of the charge distribution in the initial 
compound. An electron-releasing group will 
increase the electron density at positions 2, 4 and 
6 and therefore the electrophile is more attracted 
to these positions. An electron-withdrawing group 
withdraws electron density from positions 2, 4 and 
6 and, therefore, there is more electron density at 
positions 3 and 5 and an electrophile is attracted to 
these positions.

This can also be shown using resonance forms.
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 15 Name the following molecules:  16 The molecule in Question 15a can react with 

chlorine under suitable conditions to form fi ve 
possible monochlorinated products. Draw the 
structures of the possible products and suggest 
which is least likely to be formed when the 
molecule reacts with chlorine.
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SKILL CHECK 5

Compound X, shown below, can be formed from benzene in a two-step 

reaction sequence. Design a reaction pathway showing all reagents and 

conditions and the intermediate compound for the conversion of benzene to X. 
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 d  Complete the following equation by drawing the structure of the organic product formed. [1]
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6 Ethanoyl chloride and ethanoic anhydride react in the same way with nucleophiles.

 a  i Draw the structure of ethanoyl chloride. [1]
  ii  Write an equation showing full structural formulas for the reaction between ethanoyl chloride 

and propan-2-ol. [2]
  iii To what class of compounds does the organic product in part ii belong? [1]
  iv Draw out the mechanism for the reaction between ethanoyl chloride and water. [4]

 b  i Draw the structure of propanoic anhydride. [1]
  ii  Draw the full structural formulas of both organic products of the reaction between 

propanoic anhydride and ammonia. [2]

7 a The compound shown can be formed from benzene in a single step.

  i  Write an equation, showing all reagents and conditions for the formation of this compound 
from benzene. [2]

  ii Draw the mechanism for the reaction in part i. [3]

 b Explain why phenol reacts more rapidly with chlorine than benzene does. [2]

 c  Nitrobenzene reacts with a mixture of concentrated sulfuric and concentrated nitric acid to form 
a compound with the molecular formula C6H4N2O4. Draw the structural formula of the product. [1]

 d  Compound X, shown below, can be formed from benzene in a two-step reaction sequence. 
Design a reaction pathway showing all reagents and conditions and the intermediate compound 
for the conversion of benzene to X. [4]

=A

RATE

2,4-directing groups usually cause substitution faster than benzene and 3-directing group 

normally cause electrophilic substitution to occur more slowly than benzene (chlorine as a 

substituent is an exception to this – it is a 2,4-directing group and chlorobenzene reacts 

more slowly than benzene).  

Substituents that cause substitution faster than with benzene are called activating groups 

(2,4-directing groups except for chlorobenzene) and those that cause substitution to occur 

more slowly than with benzene are called deactivating group (3-directing group).

 46
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RATE OF ELECTROPHILIC SUBSTITUTION

The rate-determining step in the reaction is the attack of the electrophile on the ring. 

When an activating group is present this step occurs more quickly as there is more 

electron density in the ring so that an electrophile is attracted more strongly. 

When the ring is deactivated by the withdrawal of electron density, the electrophile is 

attracted less strongly and the reaction occurs more slowly.  

Activating groups donate electron density into the ring. This makes the ring more negative, 

i.e. more attractive towards electrophiles and the reaction occurs more quickly than with 

benzene.

 47

PHENOL FASTER THAN BENZENE

At first sight we might expect the –OH group to be electron-withdrawing due to the high 

electronegativity of O. However, the –OH group also possesses a lone pair of electrons 

and overlap of this lone pair into the ring activates the benzene ring.  

This π donation into the ring is a bigger effect than the electron withdrawing effect (due to 

the electronegativity of O). 

Therefore there is net donation of electron density into the ring and the ring will attract 

electrophiles more strongly. 
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Reaction Percentage of product Ratio
(ortho + para)

meta
ortho
(1,2)

meta
(1,3)

para
(1,4)

+ Br2 Br

CH3 CH3 33     1 66 99 : 1

+ HNO3 NO2

OH OH 50     1 49 99 : 1

NO NO

+ HNO3 NO2

22   6 93.5     0.5    1 : 14

+ HNO3 NO2

CO2HCO2H 19 80     1    1 : 4

The data in Table 25.5 can be interpreted as follows.

● The orientation of the incoming group (NO2 or Br) depends on the substituent 
already in the ring, and not on the electrophile.

● Some substituents favour both 2- and 4-substitution, whereas other substituents 
favour 3-substitution, at the expense of both 2- and 4-substitution.

If we look closely at the types of substituents that are 2,4-directing, we fi nd that 
either they are capable of donating electrons to the ring by the inductive effect, or 
they have a lone pair of electrons on the atom joined to the ring. This lone pair 
can be incorporated into the π system by sideways overlap of p orbitals (see 
Figure 25.12).

On the other hand, all those substituents that favour 3-substitution have a δ+ atom 
joined directly to the ring (see Table 25.6).
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Table 25.5 Orientation in some electrophilic 
substitution reactions
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Figure 25.12 Delocalisation of the lone pair 
in 2,4-directing substituents

Table 25.6 Substituents and their effects on 
the benzene ring
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ring more negative, i.e. more attractive towards electrophiles and 
the reaction occurs more quickly than with benzene.

L]n�YdZh�e]Zcda�gZVXi�bdgZ�gZVY^an�i]Vc�WZcoZcZ4
At fi rst sight we might expect the –OH group to be electron-
withdrawing due to the high electronegativity of O. However, the –OH 
group also possesses a lone pair of electrons and overlap of this lone 
pair into the ring activates the benzene ring (Figure G40).

This π donation into the ring is a bigger eff ect than the T-withdrawing 
eff ect (due to the electronegativity of O). Therefore there is net 
donation of electron density into the ring and the ring will 
attract electrophiles more strongly.

GZVXi^dc�d[�e]Zcda�l^i]�X]adg^cZ
One particularly good example of the ease of reactivity of phenol is in its 
reaction with chlorine.

Phenol reacts with chlorine water – Cl2(aq) – to form 
2,4,6-trichlorophenol (no halogen carrier required):

C^igdWZcoZcZ�gZVXih�bdgZ�hadlan�i]Vc�WZcoZcZ
The NO2 group is electron-withdrawing and deactivates the benzene 
ring. With less electron density in the ring it attracts electrophiles less 
strongly, therefore nitrobenzene reacts more slowly than benzene. NO2 is 
electron-withdrawing because of the high electronegativity of the atoms 
in the group and, unlike the O in phenol, it does not possess a lone pair 
of electrons on the N that can be donated into the ring. There is also 
delocalisation of the Q electrons from the ring onto the NO2 group.

Edh^i^dc�d[�hjWhi^iji^dc�^c�VgZcZh
The position of substitution is determined by the charge distribution in 
the intermediate. The more stable the intermediate the more likely it is to 
be formed.

This is most usually explained using the Kekulé structure of benzene 
but to understand the explanation we must fi rst understand something 
about resonance.

Two possible Lewis structures may be drawn for benzene, with the 
double bonds between diff erent atoms (Figure G41). These are called 
resonance structures. The actual structure of benzene is regarded as a 
resonance hybrid of these two structures – not one or the other but 
somewhere in between.

I]Z�edh^i^dc�d[�hjWhi^iji^dc�^c�c^igdWZcoZcZ
The position of substitution in nitrobenzene can be explained in terms 
of the stability of the intermediate carbocation formed. 
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Phenol is also made more reactive 
in water since it is acidic and 
produces the phenoxide ion 
C6H5O−. The negative charge 
on the O means T withdrawal 
is reduced and Q donation is 
increased, therefore the ring is 
more attractive to electrophiles.

;^\jgZ�<)&� GZhdcVcXZ�higjXijgZh�d[�
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=A

CEDAR COLLEGE ARENES



 35

�

RING REACTIONS WITH PHENOLS

Phenols are more susceptible to electrophilic attack than benzene, owing to the 

delocalisation of the lone pair of electrons on oxygen.  

This allows phenol to react with reagents that are more dilute, and also to undergo multiple 

substitution with ease.  

When treated with dilute aqueous nitric acid (no sulfuric acid is needed) phenol gives a 

mixture of 2- and 4-nitrophenols.

 49

ORGANIC CHEMISTRY

434

Consequently, phenol not only reacts with sodium metal, giving off hydrogen gas:

  H2(g)1–
2

sodium phenoxide
(a white solid)

O   NaOH

Na

but, unlike alcohols, it also dissolves in aqueous sodium hydroxide:

H2ONaOH

OH O   Na

Phenol is visibly acidic: the pH of a 0.1 mol dm−3 solution in water is 5.4, so it will 
turn universal indicator solution yellow. An old name for phenol is carbolic acid (see 
section 25.6).

Esterifi cation
Because of the delocalisation over the ring of the lone pair on the oxygen atom, 
phenol is not nucleophilic enough to undergo esterifi cation in the usual way, that is, 
by heating with a carboxylic acid and a trace of concentrated sulfuric acid (for the 
mechanism of esterifi cation, see section 18.3).

 CH3CO2H
heat with

conc. H2SO4

OH

ester not formed

CH3CO

O

 H2O

Phenol can, however, be esterifi ed by adding an acyl chloride:

! CH3COCl ! HCl1NaOH
or pyridine

OH CH3O
C

O
phenyl ethanoate

See section 26.3 for a fuller description of the conditions used for this reaction.

Substitution reactions of the benzene ring
As we mentioned on page 428, phenols are more susceptible to electrophilic attack 
than benzene, owing to the delocalisation of the lone pair of electrons on oxygen. 
This allows phenol to react with reagents that are more dilute, and also to undergo 
multiple substitution with ease.

Nitration
When treated with dilute aqueous nitric acid (no sulfuric acid is needed) phenol gives 
a mixture of 2- and 4-nitrophenols:

dilute HNO3 at room temperature

OH

50%

OH
NO2

NO2

50%

OH
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BROMINATION 

Phenol decolorises a dilute solution of bromine in water at room temperature, giving a 

white precipitate of 2,4,6-tribromophenol. No aluminium bromide is needed. Contrast this 

with the conditions needed for the bromination of benzene. 

A similar product is formed by the action of chlorine water on phenol.

 50
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Bromination
Phenol decolorises a dilute solution of bromine in water at room temperature, giving a 
white precipitate of 2,4,6-tribromophenol. No aluminium bromide is needed. Contrast 
this with the conditions needed for the bromination of benzene on page 423.

3HBr3Br2 (aq)

OH
Br

OH
Br

Br

A similar product, formed by the action of chlorine water on phenol, is used in dilute 
solution as the antiseptic TCP (see page 436).

3HCl3Cl2(aq)

OH
Cl

OH
Cl

Cl

2,4,6-trichlorophenol
(TCP)

Coupling
Phenols couple with diazonium salts (see section 27.3) to form azo dyes:

1
aqueous NaOH at 5 8C

(2H1)

an azo dyephenyldiazonium ion

N

OH

OH1N
N

N

A specifi c test for phenols
When a dilute solution of iron(III) chloride is added to a dilute solution of a phenol, 
a coloured complex is formed. The colour depends on the substituents on the ring. 
With phenol itself, a purple coloration is observed:

3  3HFe3

OH
Fe

3

O
(aq)(aq)(aq)

 25.6  Some important phenols
Antiseptics
A dilute solution of phenol in water (known as carbolic acid) was one of the 
fi rst disinfectants to be used in medicine, by Joseph Lister in Glasgow, Scotland, 
in 1867. Phenol itself is unfortunately too corrosive to be of general use as an 
antiseptic. Many chloro derivatives have been found to be more potent antiseptics 
than phenol itself. They can be used in much lower concentrations, which reduces 
their corrosive effect. Two of the most common are trichlorophenol (TCP) and 
chloroxylenol (see Figure 25.19). Thymol occurs in oil of thyme, and is an excellent 
non-toxic antiseptic, as well as being a fungicide.
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CHLOROBENZENE

Halogenoarenes undergo electrophilic substitution, and can be nitrated:  

However, unlike halogenoalkanes, halogenoarenes cannot be hydrolysed, even by boiling 

in aqueous sodium hydroxide. The carbon–halogen bond is stronger in halogenoarenes 

than it is in halogenoalkanes, due to an overlap of p electrons similar to that in phenol.   

The p orbitals from the Cl atom tend to overlap with the delocalised p electrons in the 

benzene ring. This causes the C—Cl bond to be stronger, and hydrolysis does not occur. 
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 25.4  Halogenoarenes
We saw on pages 423–424 how bromobenzene and chlorobenzene can be made from 
benzene. The reactions of the ring in halogenobenzenes are similar to those of benzene.

Halogenoarenes undergo electrophilic substitution, and can be nitrated:

conc. HNO3 + conc. H2SO4

NO2

ClCl

However, unlike halogenoalkanes, halogenoarenes cannot be hydrolysed, even 
by boiling in aqueous sodium hydroxide. The carbon–halogen bond is stronger 
in halogenoarenes than it is in halogenoalkanes, possibly due to an overlap of p 
electrons similar to that in phenol (see Figure 25.13, and compare it with Figure 25.12).

In addition to this, the carbon attached to the halogen is not accessible to the usual 
nucleophilic reagents that attack halogenoalkanes, since its δ+ charge is shielded by the 
negative π cloud of the ring. This means that halogenoarenes are inert to all nucleophiles.

Certain halogenoarenes fi nd important uses as insecticides and herbicides (see the 
panel below).
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Cl

Figure 25.13 Delocalisation of the lone pair 
in chlorobenzene

Organochlorine insecticides and herbicides
Insecticides
Chlorobenzene used to be made in large quantities as an intermediate in the 
production of the insecticide DDT:

Cl2

AlCl3

CCl3CHO

AlCl3

Cl

4,4!-dichlorodiphenyltrichloroethane
(DDT)

CCl3

CH

C1 C1

The use of chlorinated insecticides is now banned in many countries. These 
compounds are quite inert to biodegradation, so they stay in the environment 
for many years. What is more, being non-hydrogen-bonded covalent substances, 
they are insoluble in water, but soluble in fats and oils. They tend to concentrate 
in the fatty tissue of animals, especially those higher up the food chain. Birds of 
prey were especially vulnerable. At one time, the shells of their eggs were so thin 
that they cracked during attempted incubation, with disastrous consequences for 
their populations. DDT may still be used in parts of Africa and Asia to control the 
malaria mosquito, as the advantages to human health are considered to outweigh the 
disadvantages to the environment.

Herbicides
The compounds 2,4-dichlorophenoxyethanoic acid (2,4-D) and 
2,4,5-trichlorophenoxyethanoic acid (2,4,5-T) have been successfully used for many 
years as selective weedkillers for broad-leaved weeds. They have little effect on 
narrow-leaved plants such as grass and cereals, and so can be used as lawn or fi eld 
weedkillers. Their action mimics that of the natural plant growth hormone indole 

Figure 25.14 Malaria is caused by a 
microscopic parasite that is spread by the bite 
of the Anopheles mosquito. Malaria affects 
over 300 million people worldwide and kills 
around 3 million a year. DDT treatment of the 
Anopheles mosquito saves millions of human 
lives, so the environmental price is considered 
worth paying.
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ELECTROPHILIC SUBSTITUTION ON CHLOROBENZENE

Chlorobenzene reacts with electrophiles more slowly than benzene does. The chlorine is a 

deactivating group. 

Chlorine is more electronegative than carbon, and so pulls the electrons in the ring towards 

itself. 

That makes the electron density around the ring rather less in chlorobenzene.  

It becomes less attractive for electrophiles, and so the reaction is slower. 

Halogenobenzenes are deactivating, yet are 2,4-directors. (The exception to the rule).
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SKILL CHECK 6

Give the structure of the organic products formed when the following molecules are 

heated with excess aqueous sodium hydroxide: 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8 Give the structure of the organic products formed when the 

following molecules are heated with excess aqueous sodium 
hydroxide:
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Organometallic compounds are organic molecules which also contain a 
metal atom. More precisely, they contain a bond between a carbon atom 
and a metal atom. These are useful in organic synthesis.

The most commonly used organometallic reagents are Grignard 
reagents. These may be formed when a halogenoalkane is reacted with 
magnesium turnings using a dry ether (usually ethoxyethane, (C2H5)2O) 
as the solvent. 
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The solvent must be dry as Grignard reagents react vigorously with 
water.
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r� Describe the formation of 
Grignard reagents

r� Write equations for reactions of 
Grignard reagents

Organolithium compounds are also 
commonly used.

Grignard is pronounced as 
grin-yard.

The Grignard reagent cannot be 
isolated from solution.

This would, however, be rather a 
waste of a Grignard reagent!

The general equation for the formation of a Grignard reagent is:

 dry ethoxyethane
RX + Mg ~~~~n RMgX

For example:

 dry ethoxyethane
C2H5Br + Mg ~~~~n C2H5MgBr
 ethylmagnesium 
 bromide

The structure of the Grignard reagent is shown in Figure G24. There is a 
covalent bond between the Mg and the C and between the Mg and the Br.

C is signifi cantly more electronegative than Mg and the Grignard 
reagent acts in reactions as R−, that is, a negatively charged alkyl group. 
The alkyl group is a nucleophile and will attack positive regions in a 
molecule.
1 Reaction of Grignard reagents with water
 An alkane is formed, e.g.

C2H5MgI + H2O n C2H6 + Mg(OH)I
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