have been discussed. A reagent can similarly displace an atom or group on an aromatic ring, This can
be achieved principally by three processes, electirophilic, nucleophilic and free radical substinutions,
The mechanism of these reactions have attracted a lot of attention. Among these the electraphilic
substitution 1s the most widely studied. The most characteristic reaction of benzenoid arenes are
substitution reaction that occur when they react with electrophilic reagents. The reactions are of the

FﬂﬂiI tvpe shown below
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The electrophiles are either a positive ion (E* j or some electron deficient species with a large

wﬁaj_pusiriw 'F:*IHI'EE. The electrophiles attack the benzene ring, replacing one of the hydrogen
atoms in a reaction called as electrophilic aromatic substitution (FAS).

8.1 Arenium lon Mechanism

Benzene is susceptible to electrophilic artack primarily due to its exposed = electrons. Benzene's
closed shell of six n electrons gives it a special stability. Benzene is susceptible to electrophilic attack
and it undergoes substitution reactions rather than addition reactions.

Substitution reactions allow the aromatic sextet of r electrons to be regenerated after attack by

the electrophile. Experimental evidence indicates that electrophiles attack the n system of benzene to
form a non-aromatic cyclohexadienyl carbocation known as an arenium jon.

Step 1. —y
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A rendum ion
{delocalized cyclohexadieny| carion)

l1a step 1 the electrophile takes two electrons from the six electron n-system to form a o bond to
one carbon atom of the benzene ring. Formation of this bond interrupts the cyclic system of =

elecoons because in the formation of the arenium jon the carbon that forms a bond to the



elecouphill becomes i hybridized and 5o longer has an availsble porbital. Now cnly five carbag
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become 3 part of e = sysem. The carbon atom that bears the elecrophile becomes again sp?

Bytratzed and 4 Deacens dermanve with delocalized 6x electrons is formed.

- Evidence for Areasium lon Mechanism
There 5 consderable evidence that the arenium ion is a true intermediate in electrophilic

MUmahe sobsrTenon reacnoes. it i3 not a ransirion Sate.

{a) isolation of arenium ion intermediate: Arenium ion has been isolated by the treatment of
mesitylene with ethyl fluoride and BF, a1 —-80°. The normal substitution product was obtained on
ATy this ferediate
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(b) Isotope Effects: A difference in the rate of reaction due to a difference in the isotope present is
uﬂaﬂ:ﬁnhﬁnpceﬂnﬂ.h:ﬂh&hrdmgmhdhﬂhmmﬂyﬂunihmdw
carbon and deuterium which breaks more readily than carbon-tritium bond, It follows that whenever
@ hydrogen is lost in the rate determining step of a reaction it will show an isotope effect on replacing
the bydrogen by deuterium. A deuterated substance must undergo substitution more slowly than a
non-deuterated compound. As expected, isotope effects have not been observed in most aromatic
.mm:mdm.immm&mmmmuﬁ
rate for benzene. This shows that aromatic electrophilic substitutions involve two steps and that the




———————p Reaction Coordinate

The free energy of activation AG {f} » for the reaction leading from benzene and the electrophile,

E? . to the arenium ion is much greater than the free energy of activation hﬂﬁ;l , leading from

arenium ion to the product. This is consistent with the expection as the reaction leading from
benzene and an electrophile to the arenium ion is highly endothermic, because the benzene ring loses
its resonance energy. On the other hand, the reaction leading from the arenium ion to the substituted
benzene is highly exothermic as the benzene ring regains its resonance energy. Of the two-steps, the
formation of the arenium ion, is the rate determining step in electrophilic aromatic substitution.

Step 1. @ + A 22N + R rate-determining step
E H
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» o- and n-complexes

The intermediates of aromatic substitution discussed so far are referred to as o-complexes. In
these complexes there is actual bonding of the electrophile with the ring carbon atom and as the
orbitals now involve only five carbon atoms, there is loss of aromaticity. Experimental evidence
suggests that the formation of the above type of o-complex follows the initial formation of a complex

known as m~complex in which the electrophile is loosely held near the n-electron cloud of the
aromatic ring. In most of the aromatic substitutions formation of a n-complex is found to be reversible

ﬂ:_mpidiup, which is followed by the slow (rate determining) and irreversible step of a o-complex



Thus, benzene forms a 101 complex with hydrogen chloride, the reaction Delng tendiy
reversible. That no actual bond islrmnud ht:m a ring-carbon atom and the prnt?n Irovm HEL )y
mmm'“““ by repeating the reaction with DCL; this also ylelds # x complex, but its formation g

‘tion do not lead to the exchange of deaterium with any of the hydrogen atoms of g,
Mlicleus showing that no C—D bond has been formed in the complex.
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On the other hand, in the presence of a compound with electran-deficlent orbital e. g, | AlCly, 5
_ complex is formed. If DCL is now employed in place of HCl, rapld exchange of deuteriyy,
with hydrogen atoms of the nucleus is found indicating the formation of a o complex or Wheluyg

intermediate.
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8.2 Nitration

The aromatic substitution reaction that has recetved by far the closest study in nitration and as a
resuit, it is one that probably provides the most detailed mechanistic picture. Nitration s carried oy
with a mixture of concentrated nitric and sulfuric acids, the so-called nitrating mixture, A mixture of
concentrated nitric acid and sulfuric acd converts benzene into nitrobenzene

NO,
©+HHD-_| %l@ + H0

(95%)
In the mixture of concentrated nitric acid and sulfuric acid, used for the nitration reaction, it has
been shown that a positive nitronium lon (NO3 ) is present,

HNOy + 2H;50, — NOY + H40% + 2HSO9
thll-_hh
.
HNO, + H3S0,4 ¥ H,NOF + Hs0Y
HaNOF == NO¥ + H,0

M0+ H380, == H 8 + Hs0§
This is an acid base reaction in which nitric acid is the base. The
rosislctbmar - ‘;':m nitronium ion formed above

benzene to form a retnnsnes srabillccd cosml e Lan
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Finally the remaval of proton (by a base) from the arenium jon and formation of the substitution
product occurs:

HY™

The salts of nitronium ion such as NOF CI0Y (nitronium perchlorate) and NOY BFY (nitronium
Avoroborate]) are also effective nitrating agents,

+ NOBBF] ——»
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2HNO; == NOY + NOY + H,0
The equilibrium lies 1o the left but enough NO3 is formed for nitration to cccur.
In the case of N3O5 in CCl,, there is spontaneous dissociation
N3O = NO3 + NO;
There is a lot of evidence that NOZ' is present in most nitrations and that it is the artacking entity.
(@) When nitric acid is dissolved in concentrared sulfuric acid, the peak for nitric acid disappears in

the Raman spectrum and two new peaks appear, one at 1400 cm ! duethD!' and one at
1050 em ' due 1o HSOS.

(b) The freezing point of 1009 sulfuric acid is lowered four times the expected val HNO
~ indicates the presence of four ions in the solution, i -
(€}

By the actual isolation of the crystalline nitronium saltsi. e, nitronium perchlorate (NOS C10T )
and nitronium nitrate (NOF NOT )

 The details of sulfonation are less well known, Benzene reacts with fuming sulfuric acid at
temperature nmmmm.mmm-ﬂnm:ﬂummm
mﬂnmmﬂmmmhmm-ﬂm.hm.
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is 3 reversible process, especially az high temperatares. However, high yiekhs of
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8.4 Halogenation

Benzene can be halogenated with chlorine and bromine | mmd:mﬂm
such as FeBry, FeCly, AICly etc, wﬂnﬂmﬁ:ﬂmi:n of the attacking halogen

thereby making it more reactive. For . of FeBrs -
40°C to form bromobenzene. example, bromine reacts with benzene in presence of Felr

Br
Felir,
©+Ht—ﬂr ?:—1 @1-“![1—&51‘1
Bromobenrens

The ferric bromide reacts with bromine o uce a positive bromine ion, Br® (and FeBry )

@ O
Br—Br + FeBry — Br—Br—FeBry — BT + FeEr.f"

This Br ¥ ion attacks the benzene ring to produce an arenium ion.

Q\_*.B" =, @fﬂmH@l = @d

Finally a proton is removed from the arenium ion by FeBr? . This results in the formation of
bromobenzene, hydrogen bromide and the catalyst FeBr; is regenerated

P ey AN

5 e ——— + H—Br + FeBr,

The mechanism of chlorination of benzene in the presence of ferric chioride is analogous to the
ane for bromination, Fluorine reacts vigorously with aromatic hydrocarbons even in the absence of

catalyst. W.Whmumﬂmh&mnfuﬂyﬂ.
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[H;_S—Ir;' H-0 + X, where X = Clor Br).
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criveness of Lewis acid catalysts is _
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