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4.0 Objective
Objective of this unit is to study the electrophilic substitution on the aromatic

compounds.
4.1 Introduction

In aromatic compounds substitution may take place by electrophilic, nucleophilic or
free radical mechanism. In this unit electrophilic substitution is discussed, the remaining
two will be discussed in the subsequent units.
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There is a -electron cloud above and below the aromatic ring. These -electrons are
loosely held as compared to -electrons and are available to electrophiles. Thus, electrophilic
substitutions are characteristic reactions of aromatic compounds. On the other hand, the
electron cloud above and below the plane of an aromatic ring shields the ring carbon from the
attack of a nucleophile.
4.2 Arenium Ion Mechanism

The most widely accepted mechanism of aromatic electrophilic substitution is
bimolecular and involves arenium ion intermediate. Sometimes this mechanism is called as
SE2 mechanism, as it is bimolecular. In this mechanism the electrophilic attacks the substrate
in the first step to give a carbocation (known as arenium ion or wheland intermediate or -
complex or benzenonium ion or cyclohexadienyl cation in the case of benzenoid systems),
the leaving group (electrofuge) departs in the second step. The mechanism resembles the
tetrahedral mechanism but the charges are reversed here. The first step is rate determining
and the reaction follows second order kinetics.

The attacking electrophile may be a positive ion or a dipole. The arenium ion is
stabilised by resonance but due to the loss of aromaticity its resonance energy is much less
than that of the parent aromatic system. Thus, the arenium ion loses a proton and reverts to
the more stable aromatic state. A base present in the reaction mixture helps in the removal
of a proton.

Slow
Y YH YH YH

Resonance stabilised arenium ion intermediate

YH+

Step 1.

FastStep 2.
YH
B

Y
+  BH –Br
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Evidence for the Arenium ion intermediates
1. Isolation of arenium ion intermediates :

A very strong evidence for the arenium ion mechanism is the isolation of the arenium
ion intermediate in many cases. For example, the arenium ion 1 was isolated in the following
reaction and when it was heated, the normal substitution product 2 was obtained.

H+
MeMe

Me
Et F

BF , – 80°C3

Et

Me


MeMe

Me
Et

1 Me

Me

2
 + HF + BF3

Mesitylene mp – 15°C
Arenium ions have also been detected spectrally.

2. Isotope effects :
A difference in the rate of reactions due to difference in the isotope present in the

reaction system is called isotope effect. If the proton is lost before the arrival of the
electrophile (SEI mechanism) or if the loss of the proton and the arrival of the electrophile
are simultaneous then there should be a substantial isotope effect (i.e., deuterated substrates
should undergo substitution more slowly than undeuterated substrates) because, in this
case, the C–H bond is broken in the rate determining step. In the arenium ion mechanism, the
C–H bond is not broken in the rate determining step, hence no isotope effect should be found.
As expected, isotope effect has not been observed in most aromatic eletrophilic substitutions.
For example, the rates of nitration of deuterio-and-tritiobenzenes are the same as the rate for
benzene. This clearly shows that aromatic electrophilic substitutions involve two-step and
that the loss of proton is not the rate determining step.

The above facts are incompatible with either SEI or the following concerted
(simultaneous) mechanism resembling SN2 mechanism.

 

Energy profile for a typical aromatic electrophilic substitution reaction :
A more detailed picture of the arenium ion mechanism may be presented by its energy

profile (fig. 4.1).
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Reaction coordinate (progress of the reaction) 

Ene
rgy

 

Similar energy profiles can be drawn for substituted aromatic rings. The rate of
substitution at ortho, para or meta positions depends on the height of the energy barrier
( G ) between the reactants and the T.S.

 and  complexes : Positive ions can form addition complexes ( complexes) with
 systems. It has been suggested that in aromatic electrophilic substitution a  complex is
formed first and then it is converted to the arenium ion (a  complex).

The  complexes do not involve actual chemical bonding but the electrophile is held
near the -electron cloud of the aromatic ring. On the other hand, in  complexes there is
actual chemical bonding between the electrophile and a carbon atom of the aromatic ring.

Evidence for the formation of  and  complexes :
 and  compleses have been prepared and studied in many cases. For example,

when benzene is treated with HCl alone a  complex is formed which is colourless and does
not conduct electricity. Furthermore, when DCl is used to form a  complex, no deuterium
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exchange takes place because there is no covalent bond between the electrophile and the
ring.

On the other hand, when benzene is treated with HCl in the presence of AlCl3, solution
of arenium ion ( complex) is obtained, which is coloured and conducts electricity (showing
the presence of positive and negative ions).

Furthermore, when DCl and AlCl3 are used to form a -complex, deuterium exchange
takes place.
4.3 Orientation and Reactivity in Monosubstituted Benzenes

When a monosubstituted benzene undergoes an electrophilic substitution, the position
takes up by the incoming group (the orientation) and the rate of reaction (the reactivity) are
determined by the substituent already present on the benzene ring. On this basis various
substituents can be divided into three categories.
1. Ortho, paradirecting and activating groups :

If a group of this category is already present on the benzene ring then the incoming
group is attached to the ortho and para positions. Furthermore, the benzene ring containing
a group of this category is more reactive towards electrophilic substitution than benzene
itself. This is called activation of the benzene ring.
Example :-

–O, NR2, NHR, NH2, OH, OR, NHCOR, OCOR, SR, alkyl and aryl.
2. Meta-directing and deactivating groups :

If a group of this category is already present on the benzene ring then the incoming
group is attached to the meta-position. Furthermore, the benzene ring containing a group of
this category is less reactive towards electrophilic substitution than benzene itself. This is
called deactivation of benzene ring.
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Examples :-

3RN , NO2, CF3, CN, SO3H, CHO, COR, COOH, COOR, CONH2, CCl3 and 3HN

3. Ortho, para-directing and deactivating groups :
Halogens (F, Cl, Br and I) are ortho and para directing but they deactivate the benzene

ring for further electrophilic substitutions.
Explanation for orientation and reactivity :

The effect of substituents on orientation and reactivity can be best explained by writing
all the possible resonating structures of the carbocation (arenium ion) intermediate for each
of the three possible reaction cources, i.e, for the attack at o, p and m-positions, and comparing
their stability.
Ortho, para-directing and activating groups :
(a) The groups containing a lone pair of electrons on the bey atom stabilise the carbocation

to a greater extent when the attack takes place at the o and p-positions as compared to
the attack at the m-positions. This is because for the attack at ortho and para positions
an additional and particularly stable resonating structure (marked A) can be written
in which all the atoms (except hydrogen) have a complete octet of electrons. Thus,
the incoming electrophile is attached to the o and p-positions, i.e., these groups are o-
p-directing. Electron donation by such groups (z) increases the rate of substitution
compared to that in benzene itself, thus, these are activating groups.

Attack at ortho position :
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Attack at p-position :

Attack at m-position :

(b) In the case of alkyl groups the following resonating structures can be written :
Attack at ortho position :
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Attack at para position :

Attack at meta position :

In the case of ortho and para attacks there is one resonating structure (marked A) in
each case which is particularly stable because it contains the electron-releasing alkyl group
attached to the carbon carrying the positive charge. No such resonating structure can be
written in the case of meta attack.

Furthermore, the resonating structures marked A are tertiary carbocations. Thus, in the
case of alkylbenzenes ortho and para substitution is preferred to meta. Electron donation by
alkyl groups increases the rate of substitution compared to that in benzene itself, thus, these
are activating groups.
Meta directing and deactivating groups :

The substituents like 3HN , 3RN , NO2, CF3, CN, SO3H, CHO, COR, COOH, COOR,
etc. belong to this category. Such substituents are strongly electron with drawing and deactivate
all the ring positions compared to that of benzene, but are more deactivating for the o and p-
positions than for m-position. Therefore, the substitution takes place at slower rate than benzene
and occurs preferably at m-positions. Let us explain it by taking the example of nitrobenzene.
Attack at ortho position :
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Attack at para position :

Attack at meta position :

In the case of ortho and para attacks the resonating structures marked A are particularly
unstable because the charge intensification in these the maximum due to the presence of the
electron-withdrawing group on the carbon carrying the positive charge. No such unstable
structure is possible in the case of m-attack. In other words, the carbocation intermediate
formed in ortho and para-attack are destabilised to a greater extent than that in m-attack. Thus
meta substitution is preferred to ortho and para substitution in nitrobenzene.

Similarly, the meta directing and deactivating nature of the other groups of this category
can be explained.
Ortho, para directing and deactivating groups

Halogens (F, Cl, Br and I) belong to this category. These are ortho-para directing but
deactivate the benzene ring toward electrophilic substitution. This exceptional behaviour
can be explained on the basis of inductive and resonance effects of halogens.
Attack at ortho positions :
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Attack at para positions :

Attack of meta position :

In the case of ortho and para attacks there is one resonating structure (marked A) in
each case which is comparatively more stable because in this structure all the atoms (except
hydrogen) have a complate octet of electrons. No such structure of comparable stability is
possible in the case of meta attack. Thus, halobenzenes undergo electrophilic substitution at
ortho and para positions in preference to meta position.

Although ortho and para positions are activated as shown above, the strong electron
withdrawing inductive (–I) effect of halogens intensifies the positive charge on carbocation
and destabilises it. The strong-I effect (–I > + R) causes net electron withdrawal and hence
deactivation of the ring for electrophilic substitution. Thus, reactivity is controlled by the
stronger inductive effect, while the weaker resonance effect controls the orientation.
4.4 Steric Effects and Ortho/Para Ratios in Aromatic Electrophilic

Substitution
When a monosubstituted benzene containing an o-p-directing group undergoes

electrophilic substitution, mainly o-and p-substituted products are obtained. Since, there are
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two ortho positions available compared to only one para position, it may be expected that the
o and p-isomers should be formed in 2 : 1 ratio. However, in actual practice this
o/p ratio is less. Several factors like steric hindrance, polar effect. (Inductive and resonance)
of the substituent, solvent effect, temperature, etc. effect the o/p ratio.

Because of the steric hindrance involved in the T.S. for ortho substitution, the
proportion of ortho isomer decreases as the size of the o-p-directing group already present
on the benzene ring increases, or the size of the attacking electrophile increases. For example,
in the nitration of toluene and t-butyl benzene under the same conditions, toluene gives 58%
of the ortho compound and 37% of the para, whereas the latter with the more bulky t-butyl
group gave 16% of the ortho product of 73% of the para.

Similarly, the alkylation of toluene with less bulky incoming ethyl group gives 45% of
the ortho compound and 25% of the para, whereas if the more bulky t-butyl group is incoming
group then 0% of the ortho and 94% of the para products are obtained.

Another important factor which affects the o/p ratio is the inductive effect. For example,
nitration of the halobenzenes gave ortho products as follows.

PhF, 12%, PhCl, 30%, PhBr,38%, PhI 41%. It should be noted that this is opposite to
what would be predicted on the basis of steric effect alone. This is because fluorine which
has the strongest-I effect of the four halogens has greater deactivating effect at the ortho
position compared to the para than chlorine, and the effect of chlorine is greater than that of
bromine, which has greater effect than that of iodine. Thus, in the electrophilic substitution,
amongst halobenzenes, iodobenzene gives the largest amount of ortho product and
fluorobenzene the smallest. This indicates that in the case of halobenzenes-I effect
predominates over the steric effect in governing the o/p ratio.
4.5 Orientation in Other Ring Systems

Unlike benzene, in fused ring hydrocarbons the positions are not equivalent and there
is a preferred orientation even in the unsubstituted hydrocarbon. For example, in naphthalene
the -position (position 1) is preferred site of attack, i.e., it is more reactive than the -
possition (position 2). This is because the intermediate formed after the attack at -position
is stabilised by two resonating structures retaining one benzene ring, while only one such
structure can be written in the case of the attack at -position.
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Under certain conditions substitution at the -position predominates. For example,
the sulphonation of naphthalene at 80°C, where the reaction does not reach equilibrium,
gives mostly -naphthalene sulphonic acid, whereas 160°C, where equilibrium is obtained,
thermodynamically more stable -isomer predominates (the -isomer is thermodynamically
l ess stabl e because of  ster i c repul si on betw een the SO 3H group and the hydrogen at
position 8).

Because of more extensive delocalisation of the positive charge in the corresponding
arenium ion, anthracene, phenanthrene and other fused ring polycyclic hydrocarbons are more
reactive than benzene in electrophilic substitutions. The orientations in there hydrocarbons
can also be predicted and explained on the basis of the stability of the carbocations (arenium
ions) formed by the attack of an electrophile.

Heterocyclic compounds also have non-equivalent positions and the orientation in their
electrophilic substitution can be explained on the basis of the stability of the intermediate
formed. Furan, thiophene, and pyrrole are mainly substituted at the position 2, and all are
more reactive than benzene. In pyridine the position 3 is most reactive, but pyridine is much
less reactive than benzene.
4.5 Diazonium Coupling

Aromatic diazonium salts react with phenols, naphthols and aromatic amines to form
highly coloured azo compound (azodyes). This reaction is known as coupling reaction. The
azo compounds are of great importance as dyes, about half of the dyes in industrial use
today are azo dyes.

Ar 
2N + Ar’H  Ar – N = N – Ar´ + H

Azo compound
The aromatic ring (Ar’ H) undergoing attack by the diazonium ion electrophile must

contain a powerful electron releasing group such as OH,, NR2, NHR or NH2. The coupling
usually occurs para to the activating groups, if the para position is already occupied, it takes
place at ortho position. This is presumably because of the size of the attacking diazonium
ion.
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Phenol couple fastest in mildly alkaline solutions because phenoxide ion is much more
reactive than the unionised phenol in aromatic electrophilic substitution, and phenols
themselves are not active enough for the coupling reaction. For amines the solution may be
mildly acidic or neutral. If the acidity is too high, the reaction does not occur because the
concentration of free amine becomes too small, and most of the amine is in the form of
amine salt in which the ring is deactivated due to the-I effect of the ammonium ion group. In
mildly acidic solution the concentration of the attacking electrophile Ar–N2 is high. However,
neither phenols nor amines react in strongly alkaline solution because the diazonium ion is
converted into a diazo hydroxide Ar–N = N–OH and diazoate Ar–N =N–ONa which do not
couple.

NNAr    NaOH
H

 Ar – N = N – OH NaOH
H

 Ar – N = N – O  aN

Does not couple Does not couple

P-dimethylaminoazobenzene
A detailed study of the coupling reaction has shown that it involves electrophilic

substitution
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the electrophile being the diazonium cation and the substrate being the free amine or the
phenoxide ion :

The coupling of phenoxide ion similarly occurs as follows :
Since II is the reactive resonating structure, any factor that increases its contribution

will increase the reactivity of that diazonium cation. Electron-withdrawing group would
favour II and electron releasing group would favour I. This has been found to be so in the
practice, e.g., p-nitrobenzenediazonium cation is more than 10,000 times as reactive as the p-
methoxybenzendiazonium cation under the same conditions. The 2, 4, 6-trinitro-
benzenediazonium cation is so reactive that it couples with certain hydrocarbons, e.g.
mesitylene.

2-Naphthol in alkaline solution couples with diazonium salts to give 1-phenylazo-2-
naphthol, the reaction is used to test primary aromatic amines :

4.7 Gattermann-Koch Reaction
Certain aromatic compounds can be formylated with a mixture of CO and HCl in the

presence of AlCl3. This reaction is known as Gattermann-Koch reaction. This reaction is
generally limited to benzene and alkyl benzenes. It does not take place with phenols, phenolic
ethers and rings which contain meta-directing substituents. The formylation takes place
mostly at the para-position. Cuprous chloride is necessary if the reaction is to be carried out
at almospheric pressure. At high pressures (150-200 atm) cuprous chloride is not needed.

ArCHOHClCOArH CuCl
AlCl3 
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The mechanism of this reaction is uncertain, but probably the formyl cation ( 0CH  )
is the active electrophilic species. The function of cuprous chloride is to co-ordinate with
CO to provide its higher local concentration.

4.8 Solved Examples
1. Outline the mechanism of the following

Solution :
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2. Outline the mechanism of the following reaction.

Solution :

4.9 Model Questions
1. Explain why aniline is more reactive than acetanilide in electrophilic substitution.
2. Explain why the bromination of toluene is five times faster than that of t-butyl-

benzene.
3. The insecticide DDT is prepared by the following route. Suggest a mechanism for

the reaction.
4. Chlorobenzene is far less reactive than aniline in electrophilic substitution although

chlorine and nitrogen have almost the same electronegativity. Explain.
5. Write short notes on Gattermann-Koch reaction.
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CH3CHO + 2C6H5Cl   42SOH

l

CH–CCl3


