
   4.1 Types of Reaction Intermediates

Reactions involving organic compounds are known as organic reactions. Generally, organic reactions involve
two steps : (i) breaking of the old bond and (ii) formation of new bond. Breaking of old bond may take place either homolytically
(one electron remains with each of the two atoms) leading to the formation of free radicals  as intermediate or heterolytically
(both the bonding electrons go to the electronegative atom) leading to the formation of  ions (carbocations or carbanions).

H C3 :–H C3
⊕

H C3
Free radical

electron deficient

Carbocation Carbanion 
electron rich (nucleophiles)

.

Thus on the whole, there are three reaction intermediates, all of which are trivalent and have a tendency to become
tetravalent accounting for high reactivity of these species.

When above types of reaction intermediates are formed, formation of the new bond may take place in a separate
and next step by combining other reagent. However, in some cases, both steps (breaking of old bond as well as formation of
new bond) occur simultaneously. Thus in such cases, well known intermediates are not formed but an imaginary transition
state having zero life time is formed.

HO    +    CH —Cl HO3     → CH3 Cl HOCH  + Cl    → 3
–:– δ– δ–

Transition state

4.1 Types of Reaction Intermediates

4.2 Types of Reagents

4.3 Types of Organic Reactions

4.4 Energetics of Organic Reactions

4.5 Competitive Reactions (Thermodynamic and Kinetic
Control)

4.6 Mechanism of Substitution Reactions

4.7 Mechanism of Addition Reactions

4.8 Mechanism of Elimination Reactions
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Reactions involving formation of free radicals are known as free radical reactions, while those involving ions are
known as ionic reactions.

Free radical reactions occur in gas phase or in non-polar solvents. These are initiated and catalysed by light, high
temperature, oxygen or peroxides and their rate is not influenced by change in temperature. Ionic reactions occur in presence
of polar solvents. These are not effected by light, oxygen or peroxides but catalysed by acids and bases. Generally, rate of
ionic reactions increase with increase in temperature.

4.1.1 Carbocations, Carbonium ions or Carbenium ions
Carbocations are defined as species with a positively charged carbon having only three covalent bonds. The carbon atom of

carbocation is sp2 hybridized. The three sp2 orbitals are utilised in forming bonds with three substituents, the remaining  p
orbital of carbon remains empty. Thus during reaction of a carbonium ion with a nucleophile, the latter may attach to it on
either side of the plane leading to the formation of racemic mixture (of course, if the parent compound is chiral).

R

R′ R″

C
⊕

Formation : Carbocations are generally formed in acid catalysed reactions and in solvolysis of the C—X bond.

(a) (i)
+ +

= −����⇀↽����H
2 2 3 2CH CH CH CH (ii)

+ + +
− − +����⇀ ��⇀↽���� ↽��H

2 2R OH R OH R H O

(b) (i) –+ +→− ClC)CH(ClC)CH( 333

(ii) + −− ≡ →6 5C H N NCl  25656 NHCNNHC +→≡– ++

On the basis of relative stability*, carbocations are classified into two types, viz. less stable or transient (e.g. simple
alkyl) and stable (e.g. aryl substituted methyl and allyl) carbocations. Relative stability of simple alkyl carbocations is
explained on the basis of inductive effect and hyperconjugation.

R C→–
⊕

H—C
⊕

→
–

R H H H

R R H H

> > >

tert-Alkyl
(+ charge dispersed
by 3 alkyl groups)

sec-Alkyl
(+ charge dispersed
by 2 alkyl groups)

Methyl carbocation
(+ charge not dispersed)

pri-Alkyl
(dispersed only by 1 

alkyl group)

R C→–
⊕

R C→–
⊕

Similarly, due to hyperconjugation, positive charge on different types of carbocations is dispersed on different
number of hydrogen atoms, e.g. on ethyl carbocation the positive charge can disperse over 4 positions.

H—C—CH2 H—C = CH2 H—C = CH2

H H
⊕

H

H H

H—C = CH
⊕

2

H

H H⊕

←→ ←→ ←→
⊕

Dispersal of positive charge over 4 positions in ethyl carbocation

In case of sec-carbocation, more equivalent structures can be written than for ethyl carbocation (a primary
carbocation); further still greater number of such structures can be written for a tertiary carbocation. Hence the relative
stability of the simple alkyl carbocations will follow the following order.

* Remember that greater the probability of the positive charge (in case of carbocations), negative charge (in case of carbanions) or an odd
electron (in case of free radicals) to be neutralised or dispersed in a species, more will be its stability. Conversely, greater is the probability
of the charge to be concentrated over a particular atom, lesser will be the stability of that species. In other words, dispersal of the charge
or the odd electron present on a species produces stability, while concentration of the charge produces unstability.
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H—–C—–C H—–C—–CH H—–C—CH2

H H H

H H H
H—C—H

H H

H

H—C—H H—C—H

> > > CH3⊕

⊕ ⊕ ⊕

tert-Butyl carbocation
(+ charge can disperse
over 9 other positions)

sec-Isopropyl carbocation
(+ charge can disperse
over 6 other positions)

Ethyl carbocation
(+ charge can disperse
over 3 other positions)

Methyl carbocation
(No dispersal 
of + charge)

A carbocation is more electron deficient (they have 6 electrons) than a free radical (with 7 electrons); hence
stability of alkyl carbocations due to hyperconjugation is greater than that of radicals.

Higher stability of allyl and aryl substituted methyl (e.g. Ph3
+
C  > Ph2

+
C H > Ph

+
C H2) carbocations is due to

dispersal of positive charge due to resonance.

CH CH — C H C H — CH CH2 2 2 2= ←→ =
+ +

Resonating structures of allyl carbocation

+
CH2 CH2 CH2 CH2

Resonating structures of benzyl carbocation

Since positive charge on Ph2 C
+

H can disperse over 7 positions, while that on Ph3 C
+

 over 10 positions, relative
stability of these carbocations follows the order.

—C —CH —CH2> >
⊕⊕ ⊕

Triphenylmethyl carbocation
(dispersal of + charge
on 9 other positions)

Diphenylmethyl carbocation
(7 other positions)

Benzyl carbocation
(3 other positions)

The overall stability order of carbocations is

+
C > Ph C  >3

  +
CH > Ph CH >2

+ +
CH2  > PhCH  2

+

3º > CH  2 = CHCH  2 > 2º > 1º > CH3
+ +

Stability of tert-carbocations as well as tert-radicals is largely due to steric relief achieved in their formation. In the
parent compound (e.g. tri-isopropylmethyl chloride), carbon atom is tetrahedral and thus has a bond angle of 109.5° with
the result the three bulky (isopropyl) groups are pushed by each other producing steric strain. When this compound is
converted into carbocation or a free radical, the bond angle extends from 109.5° (sp3) to 120° (sp2) resulting in the relief of
this strain due to increase in space between the bulky groups. Actually such a carbocation would resist addition of a
nucleophile because it would again result in the crowding of bulky groups together.
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(i) Stability of the carbocation decreases with the increase in s-character of the carbon bearing positive charge. Thus

% s-character ≡
+ + +

3 2 2
25 33.3 50

CH C H > C H = C H > C H C

(ii) Presence of electron-donating substituents tends to stabilize the carbocation as it helps in dispersing the positive
charge. Presence of electron-withdrawing groups destabilize the carbocation since it intensifies the positive
charge. Thus

2HC
+

2HC
+

3OCH

2HC
+

2NO

(iii) If a hetero atom (O, N etc.) having a lone pair of electrons is present next to positively charged carbon, stability of
the carbocation increases due to resonance.

3.. ..
..

3 CHOHCCH
+

–– 33 CHOCHCH
+

=–

(iv) Because of resonance, acylium ion is almost as stable as tert-butyl carbocation

OCCH3

+
=– OCCH3

+
≡–

. .

.. ..

Reactions :

Carbocations undergo mainly three reactions, viz. (i) combination with a nucleophile,(ii) elimination of a proton,
if any, from the α-carbon atom, and

CH —C = CH3 2 CH—C—CH3 3 CH —C—CH3 3

CH3 CH3 CH3

OH

← →– H
⊕

Nu
( )i( )ii ⊕

–

R    +      C = C
+

R – C – C
+( )i

(iii)  wherever possible, a less stable carbocation (1° or 2°) rearranges to the more stable (2° or 3°) carbocation.
This is possible by 1, 2-hydride shift or by 1, 2-  :CH3

– shift

CH—CH—CH3 2 CH —CH—CH3 3

H
n-Propyl cation
(less stable, 1°)

Isopropyl cation
(more stable, 2°)

 ;                    CH —C—CH3 2 CH —C—CH3 3

CH3 CH3

H

iso-Butyl cation
(less stable, 1°)

tert-Butyl cation
(more stable, 3°)

CH —C—CH3 2 CH —C—CH CH3 2 3

CH3

CH3CH3

neo-Pentyl cation
(less stable, 1°)

tert-Pentyl cation
(more stable, 3°)

  ;           CH —CH—C—CH3 3 CH —CH—C—CH3 3

CH3 CH3

CH3 CH3
(less stable, 2°) (more stable, 3°)
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4.1.2 Carbanions
Carbanions are anions of carbon generated by the removal of one of the group attached to a

carbon without removing the bonding electrons. The, a carbanion possesses one unshared pair of
electrons and three pairs of bonding electrons around the central carbon atom which is sp3

hybridised.

R′

R

R″

C

However, the bond angle between two bonding orbitals is slightly less than 109.5° due to two types of repulsions
(bp-bp and lp-bp; and lp-bp  > bp-bp ). The methyl anion is similar to ammonia in shape (pyramidal) ; the two are also isoelectronic.
Due to tetrahedral geometry, carbanion having three different
substituents (chiral carbanion) should show enantiomerism but
it is not so because the unshared pair of electrons and central
carbon rapidly oscillate from one side of the plane to the other.

– –
C CR′

R

R″

R′

R

R″
This rapid equilibrium between enantiomeric pyramidal structures
thus explains the loss of optical activity associated with the
asymmetric carbanions.

Rapid equilibrium between two enantiomers of a carbanion

Although unconjugated carbanions are sp3 hybridised, conjugated carbanions are sp2 hybridised because electron
delocalisation results in formation of a double bond in which all involved atoms should be coplanar.

CH —C—CH   2 3 ←→  CH  2 = C—CH3

:–
O O

–

Thus such carbanions will be optically inactive even when it has three different groups (chiral carbanion),
because asymmetry of the negative carbon is destroyed with the formation of a carbon-carbon double bond.

When formed – Carbanions are formed by compound having group like –CN, –NO2, etc. On a doubly bonded
carbon atom.

2 5 2 2 5 2C H O CH CH C N C H OCH C H C N
−− + = − ≡ → − − ≡

(a) having electrons attracting substituents such as —NO2, —CN or carbonyl which render α-hydrogen atoms
relatively acidic. Further once the carbanion is formed by these compounds, it is stabilised by delocalisation of
the negative charge.

CH C N CH —C N CH  = C = N3 2 2            ≡ → ≡ ←→– H
+ – –

– H
+ –

CH —C—H  CH —C—H CH  = C—H3 2 2→ ←→      

O O O
–

(b) having acetylenic hydrogen atom so that the negative charge is present on acetylenic carbon atom which can
accommodate it easily because of its greater s character. Thus the relative stability of the following carbanions
can be explained.

−≡ + → ≡ +RC CH B RC C BH: :

RC C  ≡ R C = CH2 RC—CH3 2> >
–

Acetylenic C
(50%  character)s

Alkenyl C
(33.3%  character)s

Alkyl C
(25% character)s 

– –

(c) whose one hydrogen atom is removed forming anion which along with π electrons of the molecule can form
delocalised aromatic system, characteristic stability of aromatic compounds, e.g. cyclopentadiene.

→
–
OCH3

–

≡ –

Cyclopentadiene Cyclopentadienyl anion

. .
  ;        

−→base
6 5 3 6 5 3

Triphenylcarbanion
(Triphenylmethylanion)

(C H ) CH (C H ) C :
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Stability :
Usually, a carbanion is stabilised by resonance if a double bond is located α- to the anionic carbon. This explains

the stability of allylic and benzylic carbanions.

CH  = CH—CH CH —CH = CH2 2 2 2      ←→

: :– –

CH2 CH2 CH2 CH2

–

←→ ←→ ←→

–

– –

..

.. ..

..

If the α-position of a carbanion has an electronegative element (like halogen) or a functional group with a multiple
bond, viz. C = C, C = O, C N≡ , NO2 etc. such carbanions are stabilized by resonance.

                  
Cl

RCHHCR
..

–––
–

                               
O
||

RCHHCR
..

−−−
−

:O:
|

RCCHR

..

−=−

–ve charge is dispersed due to –I effect                 –ve charge is dispersed due to resonance

The stability effect of the various α-substituents follows the order :
– NO2 > –COR > –COOR > – CN > –X (halogen)

Thus the relative stability of carbanion having different number of phenyl groups on anionic carbon can also be
explained on the basis of resonance.

C H — C6 5 C H —CH6 5 CH—CH6 5 2

C H6 5 C H6 5

C H6 5

–
> >–

–

.. ..
..

Presence of electron-donating substituents in bezene ring decreases the stability of the carbanion, while presence
of electron-withdrawing substituents increases the stability (reverse to the order of corresponding carbocations). For example,

3OCH2NO

2
..

CH
−

2
..

CH
−

2
..

CH
−

Stability of the carbanions increases with the increase in s-character of the carbon bearing negative charge.
−− −

< = < ≡3 2 2CH CH CH CH CH C
. . .. . .

Since presence of electron withdrawing groups increases stability of carbanion as they help in dispersing
negative charge on C, presence of electron-pushing groups (alkyl groups) will decrease the stability of carbanions as they
concentrate (increase) negative charge on C. Thus the stability order of the simple carbanions is

H—C R C→– R C→– R C→–

H H R R

H H H R

– – – –> > >

→
–

Methyl 1°-Alkyl 2°-Alkyl 3°-Alkyl

.. .. .. ..
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Remember that here the stability order is exactly reverse to that of carbocations and free radicals.

(i)
− − − − − −− −≡ > > > > = > > = >3 2 2 2 2 6 5 2 3HC C Ph C Ph CH P h C H CH CHCH C H CH C H CH

(ii)
NO2

NO2

NO2

> >

CH2 CH2 CH2

– – –

Reactions :
Among common reactions of carbanions are their nucleophilic character, viz. (i) nucleophilic substitution, and

(ii) nucleophilic addition (addition to carbonyl carbon, aldol condensation).

(i) CH CH Br  CH C CH CH C CH3 2 3 2+            ≡ → ≡
–

(ii)        CH C—H  +  CH CHO CH —C—H3 2 3    →

O

:–
O

–

CH CHO2

Usually, carbanions do not undergo rearrangement reactions.

  4.1.3 Free Radicals
Free radicals are neutral species having an odd or unpaired electron which imparts it paramagnetism. A free radical is

found to have a planar configuration in which the carbon atom bearing the odd electron is sp2 hybridised (as in carbocations)
and the odd electron remains in the p orbitals.

C

R

R R

Formation :
Free radicals are often produced when a molecule is supplied sufficient energy (thermal or photochemical). In

addition, oxidation-reduction reactions involving the gain or loss of a single electron can also generate free radicals.

HC – N = N – CH3 3

. . . . heat 2H C + N3 2
.

→ + → +3 3 3 3 3CH COCH CH COCH CH CO. . .hv

RCOO
– anode

(–e )
– R – C – O :

. .
. . R  + CO2

Stability :
Stability of free radicals is explained on the basis of resonance (in case of allyl and aryl substituted methyl free

radicals) and hyperconjugation (in case of alkyl radicals : 3° > 2° > 1°).

HC—C3 H C—C3 H C—C3 H H C = C  2

CH3 CH H2 CH3 CH3

CH3 CH3 CH H2 CH3

←→ ←→ ←→

(2 other such structures) (2 other such structures) (2 other such structures)

.

.

.

.

Hyperconjugation in tert-butyl radical
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Since allyl and benzyl radicals are stabilized by resonance, these are more stable than alkyl free radicals.

2CH 2CH2CH
.

2CH

.

.

.

Reactions :

Among the important chemical reactions of free radicals are : (i)  formation of new free radicals, (ii) combination
with other free radical, and (iii) disproportionation (possible only in selected higher radicals).

(i) + → +4 3CH Cl HCl CH. . (ii) + →3 3 3 3CH CH CH CH. .

+ → +3 2 3CH Cl CH Cl Cl. . (iii) → + =3 2 3 3 2 2CH CH CH CH CH CH.  (Disporportionation)

Free radicals have lesser tendency for rearrangement because of the fact that the difference in stability between
a primary and a tertiary radical is not as much as that between a primary and a tertiary carbocation.

Radical ions :

A free radical obtained by the addition of an electron to a π system is called radical anion, while the free radical
obtained by the removal of an electron from a π bond is called radical cation.

Example 1 :

Arrange the following free radicals / carbocations in decreasing order of stability.

(a)
. ..

. . .

(b) CH CC
+ ++ CH3

CH3

Solution :

(a) > > > > >

2° allylic 
radical with 

two conjugated
double bond

2° allylic 
radical with 

one conjugated
double bond

vinylic vinylic vinylic

. . .
. . .

(b) CHC C
++ + CH3

CH3

> >
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  4.1.4 Carbenes
Carbenes are neutral, divalent carbon intermediates in which a carbon is covalently bonded to two atoms and

has two non-bonding orbitals containing two electrons between them. Carbenes are of two types, singlet and triplet.
Singlet carbene has sp2 hybridised carbon atom, two of which are used in forming covalent bonds with the two substituents,
the third one has the unshared pair of electrons ; while the p-orbital remains vacant. Thus a singlet carbene is diamagnetic
and resembles carbocation.

C ↑↓

R

R

C ↑

↑ R

R

or orR C2 R C2

↑↓ ↑

↓

Singlet carbene Triplet carbene

Triplet carbon has sp hybridised carbon atom, the two hybrid orbitals form covalent bonds with two groups and
two electrons are placed, one each, in the equivalent, mutually perpendicular py and pz orbitals, i.e. here the two unshared
electrons are not paired, thus a triplet carbene is paramagnetic and resembles a free radical (diradical).

In a singlet carbene, two electrons are present in the same orbital i.e. electrons are paired, interelectronic repulsion
takes place and hence a singlet carbene is generally less stable than the triplet carbene.

Formation :

Carbenes are formed during alkaline hydrolysis of chloroform and decomposition of diazo compounds and
ketenes.

(i) CHCl3 CCl3 CCl   +  Cl2
–OH

–
–

Dichlorocarbene

.. (ii) CH  = N = N2 CH      +     N2 2

⊕ –
→heat

Carbene

.. ....

(iii) CH  = C = O2 CH   +   CO2→heat

..

Carbenes have never been purified or even made in a high concentration, because when two carbenes collide,
they immediately dimerize to given an alkene.

+ → =veryfast
2 2 2 2R C CR R C CR: :

Carbenes in which the carbene carbon is attached to two atoms, each having a lone pair of electrons are relatively
more stable than the carbene itself due to resonance.

C

R N2

R N2

←→ ←→C

R N2

R N2

⊕

–
C

R N2

R N2

–

..

..

.. ..

..

..

..

Reactions :
Carbenes undergo mainly two types of reactions ; cycloaddition with an alkene and insertion between the C—H

bond.

HC = CH   +   CH H C—–CH     +  CH CH = CH2 2 2 2 2 3 2    →

CH2

(due to cycloaddition) (due to insertion)

..

C = C C = C
H HH H

R RR R

cis singlet cis

+     CBr: 2

C
Br2
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Insertion reaction :

R—C—H    +    R C2 R—C—C—H

H H R

H H R

→..

Further it can be inserted in all the possible positions (1°, 2°, 3°).

+ →3 2 3 2 3 2 2 3CH CH CH CH CH CH CH CH:  + 3 3

3

CH CHCH
|
CH

Carbenes are involved as intermediates in some well reactions like Riemer-Tiemann reaction, carbylamine reaction,
Wittig reaction and Wolff rearrangement.

  4.1.5 Nitrenes (Imidogens)
Nitrenes are neutral monovalent nitrogen species i.e. these are analogs of carbenes. These are electron deficient

species and thus act as strong electrophiles. Like carbenes, nitrenes also exist in singlet and triplet states. Triplet state is the
ground state and most nitrenes exist in this state. These can be generated in situ by the following methods.

(i) By the decomposition of azides in presence of heat or light.

+ −− = =
Alkylazide

R N N N
. . . .

: 
Heator
Light→ − + ≡

Alkylnitrene
R N N N

. .
:

(ii) By the action of bromine in presence of base on a 1° amide (Hofmann bromamide reaction).

− − →2Br /NaOH
2

O
||

R C NH

O
||

R C N HBr−− −  OH−
→  NCR

||
O

..

..−−
−

Br−   →
−− )Br(  − −

||

Acylnitrene

O

R C N
. .

. .

Nitrenes, particularly acyl nitrenes are formed as intermediates in Hofmann, Curtius and Lossen rearrangements.

  4.1.6 Arynes
Arynes may be defined as aromatic compounds containing a formal carbon-carbon triple bond. The best known example is

benzyne which is benzene minus two ortho hydrogens and thus sometimes it is also called dehydrobenzene.
Remember that the benzyne bond is not like the triple bond of acetylene. In benzyne, one of the π components of

the bond is part of delocalized π system of the aromatic ring. The second π component is obtained by overlapping of two
sp2 hybridized orbitals (not p-p overlap). These two sp2 orbitals lie in the plane of the ring and does not interact with the
aromatic π system. Further the two contributing sp2 orbitals are not oriented properly for effective overlap, the π bond
formed is relatively weak and hence benzynes are not stable but extremely reactive.

The degree of overlap of these

 orbitals is smaller than in
the triple bond of an alkyne
sp2

Benzyne formation has been observed in following reactions.
(i) Reaction of aryl halides with a strong base as during formation of (a) aniline from bromobenzene and (b) phenol

from chlorobenzene.

(a)

Br
+ +→ →

+ NH : 2
– NH2

NH2

NH3

(b)

Cl
→ →OH

– H O2

350°

OH
+

OH
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(ii) By heating benzenediazonium-2-carboxylate.

N N

:

COO– COO–

– N2 +  CO2

heat,

Benzene diazonium-2-carboxylate

(iii) By heating o-fluorophenyl magnesium bromide

F

MgBr
 →Heat +  Mg

Br

F

Benzynes undergo nucleophilic addition with a wide variety of nucleophiles like H2O, NH3, RNH2, C6H5Li etc.
They also undergo dimerization reactions and react with olefins to form addition bicyclic compounds.

+  CH  = CH—CN 2  →

CN

   4.2 Types of Reagents

Heterolysis of a covalent bond is carried out by two types of reagents : electrophiles and nucleophiles.

  4.2.1 Electrophiles
An electrophile (electron loving) is a reagent that is deficient in electrons and thus they attack at the electron rich site

of the molecule. They are also called cationoid reagents and either carry a positive charge or have incomplete valence shell
or have an atom which can acquire more electrons, e.g. SiF4. Some commonly used electrophilic reagents are H⊕, H3O⊕,

NO2
⊕, R3C+, X⊕, RC+O, BF3, AlCl3, ZnCl2, FeCl3, SiF4, ICl, R. (free radicals), :CR (carbenes), N R

. .
:  (nitrenes), etc. Since

electrophiles are capable of accepting electron pair, they are Lewis acids.
Positively charged electrophiles are more reactive than the neutral ones. Since presence of electron withdrawing

substituents tends to concentrate positive charge on the reacting site of the electrophile, such electrophiles will be more
reactive. Smaller cations are stronger electrophiles than the larger cations belonging to the same group because the
positive charge is dispersed over a smaller surface.

In addition to the above list, cation carriers like Br – Br, H – Br, Cl – OH, etc. and oxidising agents like Fe3+, O3, R
– O – O – R, etc. also act as electrophilic reagents.

  4.2.2 Nucleophiles
A nucleophile (nucleus loving) is a reagent that has at least one unshared pair of electrons on one of its atoms. They are also

called anionoid reagents. These are negatively charged species, neutral compounds of oxygen, nitrogen or sulphur which
always carry at least one unshared pair of electrons on them or compounds having π electrons. Common examples are

OH–, OR–, Br–, CN–, NH2
–, RCOO–, RC ≡ C–, CH3COCH2

–, (COOC2H5)2CH–, 2H O
. .

: , ROH, ROR, RSH, NH3,
H2C = CH2,etc.

As expected, nucleophiles react at a positive or a partially positive site of a reactant. Fully charged ions like OR–

and OH– are stronger nucleophiles than neutral substances like alcohols and water. Nucleophilic character is also enlarged
by the presence of electron-donating groups (e.g. alkyl) which tend to concentrate negative charge on the reacting site of the
nucleophile, e.g., OCH3

– is a better nucleophile than OH–.
Reactions instigated by nucleophiles and electrophiles are respectively known as nucleophilic and electrophilic

reactions.
In addition, anion carriers, e.g. R – MgX, H – H3AlLi, H – C6H5, > C = C < etc. and reducing agents like Fe2+,

[Fe(CN)6]4– etc. also act as nucleophilic reagents.
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  4.2.3 Ambiphiles or Ambidents
Reagents having both electron attracting (electrophilic) as well as
electron-repelling (nucleophilic) site have dual (amphoteric) nature
and known as ambiphiles.  For example, HOH, ROH, RPH2,     

CH  – C  N3 ≡ :
δ+ δ–

Electrophile

Nucleophileorganic compounds having C = O or C N≡  linkage etc.

Other important examples of ambident nucleophiles are − − =O N O
. .

, 

OO
||||
CCHC −−−−  etc.

  4.2.4 Comparison of Nucleophilicity and Basicity
Both of these two characteristics depend upon the availability of a lone pair of electrons. If this lone pair of

electrons is donated to a hydrogen atom, it is called basicity and if it is donated to a carbon atom, it is called nucleophilicity.
For example,

Nu [Basicity]+     H—A Nu—H   +   A
– –

Nu [Nucleophilicity]+     C—X Nu—C    +    X      →
– –

..
.. ..

..
Thus, nucleophilicity depends upon the rate constant of the reaction, while basicity depends upon the equilibrium

constant (Kb). In other words, nucleophilicity governs the kinetics of a reaction while basicity determines its thermodynamics.
Nucleophilicity and basicity may be similar or different as indicated by the following points.

(i) If the nucleophilic centre of two or more species is same, nucleophilicity parallels basicity, i.e. more basic the
species, stronger is its nucleophilicity

CH3O–   >  HO–   >  CH3COO–   >  H2O
 Basicity and nucleophilicity decrease   →

In all of the above species, nucleophilic atom is same, hence nucleophilicity parallels basic strength which in turn
depends upon the relative strength of the conjugate acid (stronger the conjugate acid, weaker will be the base).

(ii) For the same nucleophilic centre, the basicity increases but due to steric hindrance the nucleophilicity decreases
as the size of the nucleophile increases. For example,

——— increasing basicity ——→

CH3O–, (CH3)2CHO–, (CH3)3CO–

←—— increasing nucleophilicity ——

(iii) In going from left to right across a period, the basicity and nucleophilicity are directly related. Both of the
characteristics decrease as the electronegativity of the atom bearing lone pair of electrons increases. For example,

H C3 H N2 HO F– – – –
> > >.. .. .. ..

.. ..

.. ..

   Basicity and nucleophilicty decrease   →

(iv) In moving down a group, the basicity and nucleophilicity are inversely related, i.e. nucleophilicity increases
while basicity decreases. For example,

F–, Cl–, Br–, I– ; NH3, PH3 ; H2O, H2S
    Basicity decreases, while nucleophilicity increases   →

This opposite behaviour is because of the fact that basicity and nucleophilicity depend upon different factors.
Basicity is directly related to the strength of the H–Element bond, while nucleophilicity is indirectly related to the
electronegativity of the atom to which proton is attached.

Bond dissociation energy of the H–Element : H—F > H—Cl > H—Br > H—I
Thus basicity follows the order : F– > Cl– > Br– > I–

Electronegativity of the atom : F > Cl > Br > I

Thus nucleophilicity follows the order : I– > Br– > Cl– > F–.
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(v) When the atom bonded to the nucleophilic centre also has a lone pair of electrons, the nucleophilicity increases

while the basicity decreases. For example, H — O
..

O
..

.. — .. :– (peroxide ion) is more nucleophilic than OH– ion but it

is less basic than the OH– ion. Similarly, hydrazine (H N
..

— N
..

H )2 2  is more nucleophilic but less basic than NH3.

Effect of solvent on nucleophilicity : Anionic nucleophiles are less reactive in protic solvents (viz. ROH, HOH)
than in aprotic solvents (viz. acetonitrile CH3CN, DMF, HCONH2, acetone). For example, fluoride ion is a poor nucleophile
in protic solvents, however it is a good nucleophile in an aprotic solvent. The reason is very simple, anionic nucleophiles,
especially smaller one like F–, are solvated through H-bonds in protic solvents and hence their attack on the substrate will
require breaking of some of the hydrogen bonds which reduce their nucleophilicity.

Example 2 :

Are base strength and nucleophilicity, both inolving reaction of an electron pair with a positive site, identical? Explain.

Solution :

No, although they are parallel quantities, they differ from each other because

(i) Strength of a base is based on the K for the reaction of the base with a proton-donating Bronsted acid;

− −+ +B HA B H A��⇀↽��: : :

(ii) nucleophilicity is measured by the rate of reaction with an electrophile, usually a carbon atom.

− −+ − − → − − +
| |

| |
B C Br B C Br:

Example 3 :

Compare the basicities of the following pairs of bases :

(a) F– and I– (b) OH– and SH– (c) OH– and −
2NH

(d) CH ≡ C– and CH2 = CH– (e) NH2OH and NH3 (f) Cl3C– and F3C–

Solution :

(a) For elements in the same group of the periodic table, the larger the basic site atom higher will be the possibility of
delocalization of the charge, hence lesser will be its availability for proton. Thus

I–  <  F–

(b) Here also S and O lies in the same group, but S lies in higher period than O.

SH–            <             OH–

(S lies in 3rd period)    (O lies in 2nd period)

(c) When the basic site elements are in the same period of the periodic table and carry negative charge, more the
number of electron pairs on the site atom, more will be delocalization of the negative charge and thus weaker is the
base. Thus

− −<2N H O H
. . . .

: : . .

(d) More is the s-character of the orbital having unshared (lone) pair of electrons, more it will be closer to carbon and
thus lesser will be the basicity.

− −≡ < =
22CH C CH CH

. . . .

sp sp

(e) When the basic site has no negative charge, but has a group like –X, –OH, –OR which causes electron-attraction
due to inductive effect decreases electron density on the basic site leading to decrease in basicity. Thus

H N2 OH    <    NH3

. .. .
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(f) At first sight, one would conclude that –CF3 is less basic than –CCl3 due to more electron-withdrawing nature of
F than Cl.

Cl

C <:–       
C :

–
F Cl

F Cl

F

However, this is not true because in Cl3C:–, the unshared electron pair on C in the p-orbital undergoes extended
p-dπ bonding into an empty d-atomic orbital of each of the three chlorines (p-dπ bonding is not possible in F3C:– because
F has no d-orbital). Thus Cl3C:– is in a weaker base than F3C:–.

: Cl  –  C  =  

: : Cl :  : Cl

:
:

: :

  Cl :   Cl :   Cl :   Cl :: : : :

: : : :

: Cl:
:

=  C  –  –  C  –  

: Cl:

:

Remember that resonance stabilization is more important than the inductive effect.

Example 4 :

Explain the following :

(a) NH3 is more basic than PH3. Explain it on the basis of their bond angle; bond angle in NH3 and PH3 are 107º
(app.) and 90º (app.) respectively.

(b) Methaneselanate, CH3SeO3
– is a stronger base than methanesulphonate, CH3SO3

–.

Solution :

(a) Both N and P are in group  5 of the periodic table, but P lies in third period while N in second period. Thus
P, being larger in size than N, its hydride (PH3) will be less basic than NH3.
Explanation on the basis of bond angle : The 90º H–P–H bond angle indicates that P uses p AO's for bonding
and hence the unshared electron pair lies in s-orbital which being closer to nucleus, is less available for
protonation. The 107º H–N–H bond angle indicates that N uses sp3 HO's, hence electron pair lies in sp3 orbital
having 25% s-character. Thus unshared electron pair on N (in NH3) is more available than the unshared
electron pair on P (in PH3).

(b) Both S and Se atom are capable of forming p-dπ bonds, causing dispersal (delocalization) of negative charge.
However, p-dπ bonding is more important in CH3SO3

– which involves overlapping of 2p AO's of oxygen with
3d-orbital of S, overlapping in CH3SeO3

– involves 2p-orbital of oxygen and 4d-orbital of Se, hence it is less
effective. Thus there is less effective overlap and delocalization of the negative charge in CH3SeO3

–, hence it is
stronger base than CH3SO3

–.

Example 5 :

(a) Write chemical equations for the reaction of CH3NH2 with (i) H2O; (ii) gaseous HCl and (iii) (CH3)3B.

(b) Whether the amine is behaving as a base or as a nucleophile in the three cases.

Solution :

(a) (i) 3 2 2 3 3
acidbase salt

CH NH H O CH NH OH+ −+ ��⇀↽�� (ii) 3 2 3 3
base acid salt

CH NH HCl(g) CH NH Cl (solid)+ −+ →

(iii) 3 2 3 3 3 2 3 3
nucleophile complexcompoundelectrophile

(Biselectrondeficient)

CH NH B(CH ) CH NH B (CH )+ −+ → −

(b) In (i) and (ii) CH3NH2 acts as a Bronsted base; while in (iii), it is acting as a nucleophile.
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   4.3 Types of Organic Reactions

The most common organic reactions can be classified into four groups namely substitution, addition, elimination
and rearrangements.

  4.3.1 Substitution Reactions
The replacement of an atom or group from a molecule by a different atom or group is known as substitution or displacement

reaction. The species to be substituted may be either a nucleophile, an electrophile or a free radical.

In nucleophilic substitution, a nucleophile provides an electron pair to the substrate and the leaving group
departs with an electron pair.

Nu     +    R – X: R – Nu   +   X :

These are usually written as SN (S stands for substitution and N for nucleophilic) and are common in aliphatic
compounds especially in alkyl halides and acyl halides.

In electrohphilic substitution, the attacking species is an electrophile and the departing group leaves the molecule
without pair of bonding electrons. These are usually written as SE (S stands for substitution and E for electrophilic) and are
more common in aromatic compounds which provides electron rich site.

+  NO2
⊕  → →

H NO2

NO2
+  H⊕

⊕

In free radical substitution, a free radical attacks the substrate to form new free radical which is converted into
substituted product, the leaving atom departs the substrate with an electron. These reactions are initiated by sunlight,
oxygen and other free radical producing agents. Most common examples are halogenation of alkanes.

CH4 + Cl2  light→  CH3Cl + HCl

  4.3.2 Addition Reactions
In addition reactions, the reagent adds to a molecule which generally has a multiple bond. Like substitution,

here also the attacking species may be a nucleophile, electrophile or a free radical.

CH2 = CH2 + HBr   → CH3 – CH2Br

In electrophilic addition, an electrophile approaches a multiple bond (source of electrons) to form a carbocation
which in the next step combines with a nucleophile to give addition product.

CH2 = CH2 H⊕
→  CH3—CH2

⊕ BrΘ
→  CH3—CH2Br

However, when the addition of HBr to alkenes is carried out in presence of peroxides, addition occurs through
radical mechanism.

In nucleophilic additions, a nucleophile provides a pair of electrons to a carbon atom joined to oxygen by a
multiple bond.

C = O   → →C C
CH3 CH3 CH3O– O–

CH3 CH3 CH3CN CN

CN
–

HCN

Free radical addition reactions are initiated by free radicals. For example,

peroxide
3 2 3 2 2CH CH CH HBr CH CH CH Br= + →
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  4.3.3 Elimination Reactions
An elimination reaction involves removal of two atoms from the same molecule, thus it is said to be reverse of an

addition reaction. For example,

CH3CH2Cl alc.KOH→  CH2 = CH2 + HCl

Generally, two atoms or groups are lost from adjacent carbon atoms to form an unsaturated compound, such
reactions are known as β-elimination. Acid-catalyzed dehydration of alcohols and base-catalysed dehydrohalogenation
of alkyl halides are common examples.

(i) CH —CH —OH CH —CH —OH2 2 2 2 2       → → CH —CH CH = CH2 2 2 2    →  

H H H

:
:

H
⊕

H
⊕– H O2⊕ ⊕

(ii) CH —CH —Cl H O + CH  = CH  + Cl2 2 2 2 2      →

H
OH

–

–

In few elimination reactions, two atoms or groups are lost from the same carbon atom to form highly reactive
species, known as carbenes (α-elimination). For example,

OH  + H – CCl
–

2

Cl

: CCl  +   H O + Cl2  2
–

Dichlorocarbene

  4.3.4 Molecular Rearrangements
A rearrangement reaction involves the migration of an atom or a group (including a double bond) within the

molecule.

(i) CH3CH(X)CH = CH2    →  CH3CH = CHCH2X

(ii) CH —C—CH3 2 CH —C—CH3 3→

CH3 CH3

H
⊕

(1° carbocation) (3° carbocation)

⊕

(iii) NH4CNO    →  NH2CONH2

1. Pick up the species which can act as (a) an electrophile, (b) a nucleophile, (c) both i.e. electrophile as well as nucleophile and (d)
neither electrophile nor nucleophile.

H+, H2, H2O, Cl+, Cl–, Cr3+, CH4, NO2
+, BeCl2, CH2O, CH3CH = CH2, SnCl4, CH3CN, SiF4

2. Some of the commonly used reagents are given below. Identify which part of the reagent can act as an electrophile ?

Cl2, H2O, HBr, HOCl, CH3COOH, CH3COCl, C6H5SO2OH

3. In CH3COCl and ICl, every atom has complete octet of electrons, even then they behave as electrophiles. Explain.

4. Classify the following reactions as addition, substitution, elimination, rearrangement or redox, note that a single reaction may
belong to more than one type

(i) H2C = CH2 + HCl   → CH3CH2Cl (ii) H2C = CH2 + H2 Pt →  CH3CH3

(iii) CH CH = CH3 2 (iv) CH3CHClCHClCH3 + Zn   → CH3CH = CHCH3 + ZnCl2
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(v) +  Br     BrCH C H C H B r2 2 2 2→    (vi) NH4CNO   → H2NCONH2

(vii) CHCl3 + OH–   → :CCl2 + H2O + Cl– (viii) CH3CH2Br + H–   → CH3CH3 + Br–

(ix) →
H2

5. Think of the intermediate formed during following reactions :

(i) (CH3)3COH + H+   → [Intermediate] + H2O (ii) CH2I2 + Zn   → [   ] + ZnI2

(iii) (CH3)3CCl + AlCl3   → [   ] + AlCl4
– (iv) CH3—N = N—CH3   → [   ] + N2

(v) CH2N2   → [   ] + N2 (vi) CH2 = CH2 + DBr   → [   ] + Br–

(vii) (CH3)2Hg   → [   ] + .Hg. (viii) C2H2 + Na   → [   ] + Na + + 
1
2

H2

6. The rate expression for the following reaction is given by the expression r = k [Me3CBr][Ag+].

Me3CBr + CH3COO– + Ag+   → Products

Write down the product of the reaction and explain it by a plausible mechanism showing the reacting electrophiles and nucleophiles.

7. Arrange the following free radicals in decreasing order of stability.

(i)

I II III IV V

(ii) CH = CH2 CH = CH—CH2 2

CH2 CH3

I II III IV

   4.4 Energetics of Organic Reactions

Every chemical reaction can proceed in either direction, even if it goes in one direction to a microscopic extent.
Thus for every reaction, a state of equilibrium is reached when the concentrations of A, B, C and D no longer change even
though the reverse and forward reactions are taking place. The equilibrium constant of a reaction depends upon following
thermodynamic quantities.

e f A   +   B g h C   +   D

(i) Enthalpy change (∆H). It is the quantity of heat released or absorbed when a mole of reactant is converted into
a mole of product. Alternatively, ∆H of a chemical reaction is the difference in the enthalpies of the products, HP
and the reactants, HR, i.e. ∆H = HP – HR.

If the bonds in the products are more stable than the bonds in the reactants, i.e. when the sum of bond energies
of the products are more than that of the reactants, ∆H is negative and the reaction is exothermic.

H3C—H + Cl—Cl    → H3C—Cl + H—Cl
Bond energy                      435                243   339          431  ; ∆H = – 92 kJ mol–1

                                            

                                                 678 kJ mol–1    770 kJ mol–1

(ii) Entropy change (∆S). Since entropy is a measure of randomness, change in entropy is the measure of the energy
consumed (or released) in the reaction to create more order (or randomness) in products relative to reactants. For
a reaction,

∆S = SP – SR

(iii) Free energy change (∆G). When entropy change is taken with the absolute temperature (T), it gives the free
energy change (∆G) according to the following relation.

∆G = ∆H – T∆S

A reaction proceeds in the forward direction only when ∆G is negative that is there is overall release of energy.
A positive ∆G, on the other hand, indicates that the reaction has a tendency to go backward.
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Rates of reactions

Although a negative value of ∆G tell us that the reaction is thermodynamically feasible in the forward direction,
it does not necessarily tell us that the reaction will proceed at a measurable rate. The rate of reaction and its dependence
on the concentration of the various reacting species is predicted by kinetic studies. Consider the following reaction.

e A + f B   → g C + h D
The rate of the above reaction is given by

rate = k [A]x [B]y

where k is the rate constant at temperature T. The numerical values of the exponents x and y are determined
experimentally, they need not be the same as e and f, the coefficients of the chemical reaction. The sum of the values of the
exponents is defined as the order of the reaction.

Under a given set of conditions (concentration, temperature, nature of solvent, presence of catalyst etc.), following
factors determine the rate of a given reaction.

(i) Number of collisions per unit time. The greater the chances for molecular collision, the faster the reaction.
Probability of collision is proportional to the molar concentrations.

(ii) Enthalpy of activation (activation energy, Eact, ∆H==| ). Reaction may take place only when colliding molecules
have some enthalpy content in excess of average (Eact). The smaller the value of Eact, the more successful will be
the collisions and the faster the reaction.

(iii) Entropy of activation (∆S==| ). All collisions between molecules possessing requisite Eact does not result the
reaction. Collisions between molecules must also occur in certain orientation, reflected by the value of entropy of
activation. The more organized or less random is the required orientation of the colliding molecules, lower is the
entropy of activation and thus slower is the reaction.

Transition state and enthalpy diagrams

When reactants having sufficient enthalpy of activation and proper orientation collide, they pass through a
hypothetical transition state in which some bonds are breaking while others are being formed. The relationship of the
transition state to the reactants and products is shown by energy (enthalpy) diagrams.

Activation Energy, E∆ a

Heat of Reaction, H∆

Transition State
AX......BY

Reactants
AX + BY

Products

A–Y + B–XPo
te

nt
ia

l  
En

er
gy

Progress of Reaction
Enthalpy diagram for exothermic reactions.

From the above plot it is obvious that for the reaction to proceed, energy must be supplied to the reactants in order
to carry them over the hump. This energy is required, essentially, to stretch and ultimately to break any bond as may be
necessary in the reactants. This amount of work necessary to get the reactants upto the top of the hump is called the free
energy of activation, activation energy or energy of activation. Therefore, reactions with high activation energies occur
more slowly than those with low activation energies, since at ordinary temperature the kinetic energy of only a small
fraction of the reactant molecules will be great enough to provide sufficient energy on collision to reach the transition state.
Thus we see that it is the activation energy and not the heat of reaction which determines the reaction. The top of the energy
hump corresponds to the least stable configuration through which the reactants pass on their way to products and this is
generally known as the transition state or activated complex. The activated complex is not a true molecule. It contains
partial bonds, and the energy content of the system is maximum. Its life is extremely short, and hence it cannot be isolated;
it always decomposes into reactants or products.
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An endothermic reaction similarly has a specific activation energy required to reach its transition state. But here
the activation energy must be greater or least equal to the heat of reaction.

Activation 
Energy

Heat of Reaction

Transition State
AX......BY

Reactants
A–X + B–Y

Products
A–Y + B–X

Po
te

nt
ia

l  
 E

ne
rg

y

Progress of Reaction 
Enthalpy diagram  for endothermic reaction

However, many common reactions are not so simple and do not proceed through a single transition state as the
above two examples, but involve the formation of one or more actual intermediates. The overall such reactions consist of
two or more separate reactions, viz. (i) reactants →  intermediate, and (ii) intermediate → products, and thus two or more
activation energies will be involved–one leading to a transition state for formation of the intermediate, and a second
leading to a transition state between the intermediate and the final products. The step with the highest activation energy
will usually be the slower and therefore the rate determining step of the over-all reaction.

Reactants

: Z + A–B + Y
– +

Po
te

nt
ia

l  
 E

ne
rg

y

Progress of Reaction 
Enthalpy diagram for an  exothermic reaction  with a transient intermediate

    ∆E
1

(Rate determining)

    ∆E11

    ∆H

Ist Transition State

(A      B      Y)
+

Transient
intermediate

A  + B – Y
+

2nd Transition State

             A ...... Z
⊕

: 
–

Products
A–Z + B–Y

..........

a

a

If a reaction proceeds through a true intermediate, there will be a minima in the energy diagram. The greater the
dip, the more stable will be the intermediate, and vice versa i.e., the shallower the dip, the less stable will be the intermediate.
In the extreme case, the dip may be so shallow that the intermediate is indistinguishable from the transition state. It should
be noted here that each intermediate has its own transition state.

1. Predict the sign of ∆S (positive or negative) in the following reactions :

(i) CH2 = CH2 + H2   → CH3CH3 (ii) H C CH2 2—– CH CH = CH3 2

CH2

→heat

(iii) CH3COO– (aq) + H3O+ (aq)   → CH3COOH + H2O

2. Predict the effect on the rate of a reaction if a change in the solvent causes (i) a decrease in ∆H==|  and an increase in ∆S==| , (ii) an
increase in ∆H==|  and a decrease in ∆S==| , (iii) an increase in ∆H==|  and ∆S==| , and (iv) a decrease in ∆H==|  and ∆S==| .

3. Catalyst generally speeds up reactions by lowering ∆H==| . Explain how this occurs in terms of reactant and transition state
enthalpies.
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4. The rate of the reaction (A + B → C + D) can be expressed in three ways.

(i) rate = k[A][B], (ii) rate = k[A], or (iii) rate = k[B]. Give plausible mechanisms consistent with the above expressions.

5. Give mechanism for the reaction, 2A + 2B   → C + D, whose rate = k[A]2[B], assuming that no step is termolecular.

6. The rate of the reaction A + 2B   → C + D is expressed as rate = k[A][B]2. If the rate determining step of the reaction is
unimolecular, give the possible mechanism of the reaction.

   4.5 Competitive Reactions (Thermodynamic and Kinetic Control)

Many reactions produce a mixture of products formed from a common intermediate. For example, hydrogen
halides add to 1, 3-butadiene to give a mixture of two regioisomeric allylic halides.

= =2 2
1,3-Butadiene

CH CHCH CH  
( 80 C)

HBr

− °
 →  23

3-Bromo-1-butene (81%)
(1, 2-Addition)

Br

CHCH CHCH


=   +  3 2
1-Bromo-2-butene (19%)

(1, 4-Addition)

CH CH CHCH Br=

Both of the above products are derived from the same allylic carbocation.

3 2 3 2
2 (Morestable) (1 Lessstable)

[CH CHCH CH CH CH CHCH ]
+ +

° °
= ←→ =  

Br−
 →  3 2

3-Bromo-1-butene (81%)

Br

CH CHCH CH


=

(Major)

+ 3 2
1-Bromo-2-butene (19%)

CH CH CHCH Br=

(Minor)

The secondary carbocation is more stable than the primary i.e. it bears more of the positive charge than does the
primary carbon, hence attack by the nucleophile (Br –) is faster at 2° carbocation forming 1, 2-addition product as the major
product.

When the major product of a reaction is that which is formed at the fastest rate, it is known as kinetically controlled or
rate-controlled product, and the reaction is known as kinetically controlled reaction. Such reactions take place at low temperature.
Most organic reactions fall into this category, and the addition of HBr to 1, 3-butadiene at low temperature is a kinetically
controlled reaction.

However, addition of HBr to 1, 3-butadiene at room temperature gives 1-bromo-2-butene (1, 4-addition product)
as the major product.

CH2 = CHCH = CH2 
HBr

roomtemp.
→  3 2

3-Bromo-1-butene (44%)
(1, 2-addition)

Br

CH CHCH CH


= + 3 2
1-Bromo-2-butene (56%)

(1, 4-addition)

CH CH CHCH Br=

When the major product of the reaction is that which is relatively more stable, it is known as thermodynamically-
controlled or equilibrium controlled product, and the reaction is known as thermodynamically-controlled reaction. Such
products are formed at room temperature (high temperature).

Thus, it can be concluded that the temperature of the reaction exerts a major influence on the product composition.
This can be explained on the basis of the fact that at elevated temperature, the 1, 2 and 1, 4-addition products interconvert
rapidly by allylic rearrangement. Heating the product mixture to 45°C in the presence of hydrogen bromide leads to a
mixture in which the ratio of 3-bromo-1-butene to 1-bromo-2-butene is 15 : 85.

CH CHCH = CH3 2 CH CH = CHCH Br3 2

Br

C

H

CH CH3 CH2
Br–

3-Bromo-1-butene
(Less stable)

1-Bromo-2-butene
(More stable)

+

The predominance of the 1, 4-addition product (1-bromo-2-butene) is due to its high stability owing to the
presence of internal double bond  than the 1, 2-addition product (3-bromo-1-butene) which has a terminal double bond.
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When addition occurs under such conditions where the products can equilibrate, the composition of the product
is not in accordance to the relative rates of formation of the products (or the relative stability of the intermediate carbocation)
but tends to reflect their relative stabilities.

However, it must be remembered that if the conditions of the reaction do not permit interconversion (like low
temperature), i.e. when the reaction is irreversible the kinetically controlled product will invariably predominate. The
irreversible nature of the reaction at low temperature is because of slow isomerization which in turn in due to insufficient
thermal energy to permit the products to surmount the energy barrier for ionization. At higher temperatures, isomerization
is possible and the more stable product predominates.

   4.6 Mechanism of Substitution Reactions

As described earlier substitution reactions may follow of free-radical or ionic path. Further, ionic mechanism
may be nucleophilic (when the reagent is nucleophile) or electrophilic. Thus, on the whole there are three types of substitution
reactions namely free radical, nucleophilic and electrophilic depending upon the nature of the reactant, reagent and
reaction conditions.

  4.6.1 Free-Radical Mechanism
This mechanism occurs when the reaction conditions or reagent are free-radical producing, viz. UV light, high temperature
or presence of certain free radical initiators (e.g. peroxides, tetraethyl lead, etc.). This mechanism is observed in halogenation
of alkanes. For details of halogenation, readers are referred to Ch. on ‘Alkanes’. However, here three necessary steps
encountered in halogenation of alkanes are summarised below.

(i) Initiation step (Formation of free-radical). A reactive particle, typically an atom or free-radical, is needed to start the
reaction. It is the generation of this reactive particle that requires the vigorous conditions, viz. presence of UV
light, high temperature etc.

X – X 
UVlight

or250-400 C°→ 2X.

(ii) Propagation steps. → +3 3X +H—CH HX CH. .

+ → +3 2 3CH X CH X X. .

These two steps are repeated until finally a chain is terminated.
(iii) Termination step. The above propagation steps, i.e. chain reaction stops by coupling of any two radicals.

→ −X + X X X. .

+ →3 3CH X CH —X. .

+ →3 3 3 3CH CH CH —CH. .

When the ratio of CH4 to X2 is high, CH3X is formed predominantly and when X2 is in excess, CCl4 is the final
product.
Relative reactivity of hydrogens toward free radical halogenation : It is in accordance with the relative stability of the free
radicals.

Benzyl > allyl > 3° > 2° > 1° > vinyl > methyl
Halogenation at allylic or benzylic carbon takes place by means of Cl2 or Br2 at high temperatures (500-800°C). However,
allylic bromination is carried out more easily with NBS (N-bromosuccinimide). The weak N-Br bond in NBS can be cleaved
homolytically into radical upon warming or exposure to visible light. For more details of allylic bromination consult
(6.4.15).

NBS
Heat

BrCH2

NBS
Heat

32CHCH 3CHCH
|
Br
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Stereochemistry :

(i) If the reaction creates a chirality centre in the product both the R and S enantiomers are formed.

HH
3CH

32CHCH

BrH
3CH

32CHCH

Br H
3CH

32CHCH

+

enantiomers

hv

Br2

(ii) In case, the parent compound already has a chiral centre, and another chirality centre is developed, a pair of
diastereomers is formed.

Cl
H

H
H

3CH

3CH

hv +

diastereomers

Cl
Br

H
H

3CH

3CH

Cl
H

H
Br

3CH

3CH

Br2

  4.6.2 Nucleophilic Substitution (SN) Reactions
These reactions occur when the attacking agent is a nucleophile. Such reactions are mainly encountered in alkyl

halides and acyl halides.

Nucleophilic substitution in alkyl halides : The carbon-halogen bond in an alkyl halide is polar 
δ+ δ−

( R — X )  and
cleaved heterolytically on attack by a nucleophile.

R—X R—Y   +   X+   Y →: ::

: :

: :

– Solvent –

Nucleophiles may be anions or neutral molecules having lone pair of electrons. Relative reactivity of different
nucleophiles will be discussed at a later stage. The leaving group in alkyl halides is halide ion (X–). Relative leaving ability
of the halide ion, i.e. reactivity of alkyl halides follows the order : RI > RBr > RCl >> RF which can be explained in two ways.

(a) Leaving-group ability of an anion is related to basicity. A strongly basic anion is usually a poorer leaving group
than a weakly basic one. Fluoride is the most basic and the poorest leaving group, while iodide is the least basic and the
best leaving group.

(b) Iodine has the weakest bond to carbon and thus iodide is the best leaving group ; on the contrary fluorine has the
strongest bond to carbon and thus fluoride is the poorest leaving group. Alkyl fluorides are rarely used as substrates in
nucleophilic substitution because they are several thousand times less reactive than alkyl chlorides.

In order to ensure that reaction occurs in homogeneous solution, such solvents  are chosen which dissolve both
the alkyl halide (organic compounds) and nucleophiles (generally ionic salts). Two such solvents are ethanol-water
mixtures and dimethyl sulphoxide, (CH3)2S = O (DMSO).

Kinetic studies (study of rate of reaction with change in concentration) of nucleophilic substitution show that
methyl and other primary halides react by second-order kinetics (i.e. rate is dependent upon the concentration of two
substances, viz. alkyl halide and nucleophile) ; while tert-alkyl halides react by first-order kinetics (i.e. rate depends upon
the concentration of only one substance, the alkyl halide). In short,

rate = k[RX][OH–] (For CH3X and 1° alkyl halides)

rate = k[RX] (For 3° alkyl halides)

Secondary alkyl halides show border line behaviour : sometimes sceond-order, sometimes first-order, often a
mixture of the two.

The above facts led to the conclusion that nucleophilic aliphatic substitution can proceed by two different
mechanisms, named as biomolecular and unimolecular.



171
  

  4.6.3 Bimolecular Mechanism of Nucleophilic Substitution (SN2)
As mentioned earlier, the rate of such reaction is found to be directly proportional to the concentration of both

reactants (alkyl halide and nucleophile). Thus we can say that the reaction is first-order with respect to each reactant or
second-order overall. The overall second-order kinetic behaviour points out that the rate-determining step of the reaction
is bimolecular.

The SN2 reactions are believed to be completed in one step. The nucleophile (e.g. OH–) starts to share its electrons
with the substrate carbon from the side opposite* to the bromine atom (back side attack), and simultaneously the bromine
atom starts removing its shared pair of electrons from the carbon atom (concerted process). This leads to the formation of
a transition state.

HO   + C—–Br HO
–

           → C Br HO—–C +  Br              →
–

Transition state

δ– δ–

The SN2 reaction (Note that the nucleophile, OH– attacks the back side of the bromine atom)
In the transition state, carbon atom is partially bonded to the nucleophile (OH–) as well as to the leaving group

(—Br) ; —OH has a diminished negative charge since it has begun to share its electrons with carbon, while —Br has
developed a partial negative charge as it has partly removed a pair of electrons from carbon. The —OH and —Br are
located as far apart as possible ; the three substituents and the carbon lie in a single plane, all bond angles being 120°. Thus
note the carbon atom in the transition state is pentavalent. The C-substituent bonds are thus arranged like the spokes in a
wheel, with the C—OH and the C—Br bonds lying along the axle.

Finally, the C—Br bond is fully cleaved by the energy liberated by the C—OH bond formation, the —OH group
takes the position just opposite to that occupied by the —Br. The negative charge on bromine (the leaving group) is
stabilised by hydrogen bonding with the solvent.

The SN2 mechanism is believed to describe most substitution of simple primary alkyl halides and to some extent
secondary alkyl halides.
Stereochemistry of SN2 reactions :

Stereochemistry of SN2 reactions can best be demonstrated by taking alkyl halide having chiral carbon,
e.g. 2-bromooctane. When (+)-2-bromooctane is allowed to react with NaOH under SN2 conditions, (–)-2-octanol is obtained.

C—–Br

H
C H6 13

H C3

HO—–C

H
C H6 13

CH3

→
CHOH/water2 5

NaOH

(+)-2-Bromooctane (–)-2-Octanol

The change in the sign of specific rotation from (+)- to (–)- indicates that the configuration changes during the
reaction. Thus it can be concluded that an SN2 reaction proceeds with inversion of configuration usually referred to as Walden
inversion.

Remember that there is no distinct relation between the sign of rotation and R/S specification of different
compounds. They may be having different sign of rotation but same specification (R or S), although in the above particular
example inversion in configuration (i.e. change in specific rotation, happens to be accompanied by a change in specification
from S-(+)-2-bromooctane to R-(–)-2-octanol.

It is important to note that during SN2 reaction, configuration of every molecule is inverted i.e. an SN2 reaction
proceeds with complete inversion of configuration. This can be proved by the fact that a sample of 83% optically pure (+)-2-
bromooctane gives 83% optically pure (–)-2-octanol on SN2 reaction.

C H6 13 C H6 13

Br HH OH

CH3 CH3

→NaOH
SN2

S-(+)-2-Bromooctane
[ ] = + 32.9°

(Optical purity 83%)
α

R-(–)-2-Octanol
[ ] = – 8.55°

(Optical purity 83%)
α

* Attack by OH– on the oppsoite side to that of bromine is because of the fact that both of them are electron rich. It is, therefore, natural
that they will remain away as far apart as possible.



172

1. Determine the specific rotation of (–)-2-octanol obtained by the reaction of (+)-2-bromooctane (of specific rotation = + 24.9°) with
aqueous sodium hydroxide. Given [α] for optically pure (+)-2-bromooctane and (–)-2-octanol have specific rotations of + 39.6° and
– 10.3° respectively.

Steric effects in SN2 reactions : There is a very large difference in reactivity between different types of alkyl
halides towards SN2 reactions under the given state of conditions. For example, reactivity of some alkyl bromides with
lithium iodide in acetone differs widely.

CH3Br CH3CH2Br (CH3)2CHBr (CH3)3CBr
Relative rate 221000 1350 1 too small to measure

The above large difference in rate is because of degree of steric hindrance offered by increasing number of alkyl
groups on the carbon bearing the leaving group, to the nucleophile. This is further evidenced by studying the rate of
reaction of different 1° halides with lithium iodide in acetone.

1° Alkyl halides : CH3—CH2Br C2H5—CH2Br (CH3)2CH—CH2Br (CH3)3C—CH2Br
Relative rate :      1.0 0.8 0.036 0.00002

In the above example, we see that although neopentyl bromide, (CH3)3CCH2Br, is a primary alkyl halide, it is
practically inert to substitution by SN2 mechanism because of steric hindrance. Thus remember that difference in rate
between two SN2 reactions are mainly due to steric factors, and not to polar factors.

  4.6.4 Unimolecular Mechanism of Nucleophilic Substitution (SN1)
In the above discussion, it is observed that tert-alkyl halides are practically inert to substitution by SN2 mechanism

because of steric hindrance. It does not mean that such halides do not undergo nucleophilic substitutions. Actually, it was
observed that the hydrolysis of tert-alkyl halides occurs by a different mechanism. It follows first-order kinetics, that is, the
rate depends upon the concentration of only one reactant, the tert-alkyl halide which is proved by the fact that the rate does not
change either on adding the stronger nucleophile like OH– ion or increasing the concentration of OH–.

(CH3)3CBr + H2O   → (CH3)3COH + HBr ; rate = k[(CH3)3CBr]

The observations led to the fact that the reaction takes place according to following steps.
Step 1. The carbon-halogen bond breaks heterolytically without any assistance from the nucleophile forming a

carbocation.

(CH ) C— B3 3 r (CH ) C      +  Br3 3
+

   : :

:
:→slow –

tert-Butyl bromide tert -Butyl cation

:

:
::

Step 2. (CH ) C   +   OH3 3 2 (CH ) C—O3 3
+ +

: :

: →fast
H

H

Step 3. (CH ) C—O3 3
+ +

: :

:

:
H

H
+       OH2 (CH ) C—OH   +   H—OH3 3 2→fast

tert-Butyl oxonium ion
(acts as an acid)

Water
(acts as a base)

tert-Butyl alcohol

Step 3 does not occur when the nucleophile is an anion. In this mechanism, since the rate-determining step (slow
step which is first) involves only one molecule, it is known as unimolecular nucleophilic substitution (SN1).

Relative reactivity of different alkyl halides towards SN1 mechanism : Since SN1 reactions involve the formation
of carbocation as intermediate in the rate determining step, more is the stability of carbocation higher will be reactivity
of alkyl halides towards SN1 route. Now we know that stability of carbocations follows the order : 3° > 2° > 1°, so SN1
reactivity should also follow the same order.

3° > 2° > 1° > Methyl  (SN1 reactivity)
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This is also proved experimentally by carrying out substitution of different alkyl halides by chosing conditions under
which SN1 route is very slow as solvolysis in aqueous formic acid (both H2O and HCOOH are weak nucleophiles)

RX + H2O HCOOH →  ROH + HX
The relative rate of hydrolysis (which is mainly SN1) of different alkyl halides under these conditions are found

as below.

Alkyl bromide Class Relative rate

CH3Br Unsubstituted 1
CH3CH2Br Primary 2

(CH3)2CHBr Secondary 43

(CH3)3CBr Tertiary 100,000,000

This suggests that steric crowding that influences reaction rate in SN2 processes plays no role in SN1 reactions.
On the other hand, in SN1 reactions, electronic effect, specifically the stabilization of carbocation intermediate by alkyl
substituents is the decisive factor.

Additional evidence for the formation of carbocations as
intermediates comes from the observations that in certain cases
rearranged products are the main products (recall that carbocations CH CHCHCH3 3 CH CCH CH3 2 3

CH3 CH3

Br OH
2-Bromo-3-methylbutane 2-Methyl-2-butanol (93%)

undergo rearrangement to the more stable). For example, hydrolysis
of 2-bromo-3-methylbutane (a secondary alkyl halide) yields 2-methyl-
2-butanol (a tertiary alcohol) as the exclusive product of hydrolysis.

Mechanism :

CH —C—CHCH3 3 CH—C—CHCH3 3

CH3 CH3

H HBr

slow rearranges by

1, 2-hydride shift (fast)

+

2-Bromo-3-methylbutane 1, 2-Dimethylpropylcation (2°)

CH —C—CH CH3 2 3 CH —C—CH CH3 2 3 CH —C—CH CH3 2 3

CH3 CH3 CH3

OH2 OH

H O2

fast
fast

+

+
1, 1-Dimethylpropyl

cation (3°)
2-Methyl-2-butanol

(3° alcohol)

Stereochemistry of SN1 reactions : We have observed that SN1 reactions involve the formation of carbocations as
intermediates. Further, since carbocations are planar, they can be attacked by the nucleophile in the second (fast) step on
either side of the face. Thus if the starting alkyl halide is optically active, the product should be racemic mixture with no
optical activity. However, this is rarely observed in practice. Normally, the two enantiomers of the product are not formed
in equal amount ; the enantiomer having inverted configuration with respect to the alkyl halide predominates and the
second enantiomer of the product is present in lesser amount. Thus the product contains a racemic modification and some
amount of the enantiomer having inverted configuration. Hence it can be said that SN1 reactions proceed with inversion
plus partial racemization. In short, we can say that SN1 reactions proceed both with inversion as well as retention of
configuration, number of inverted molecules are always more than the molecules having original configuration. For
example, hydrolysis of optically pure (–)-2-bromooctane gives 83% (+)- and 17% (–)-2-octanols, i.e. reaction proceeds with
66% net inversion.

C H6 13 C H6 13 C H6 13

H HO HBr H OH+

CH3 CH3 CH3

→
H O2

ethanol

(–)-2-Bromooctane (+)-2-Octanol (83%)

Net inversion = 66%

(–)-2-Octanol (17%)
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Partial but not complete loss of optical activity in SN1 reactions suggests that the carbocation is not completely
free of its halide ion counterpart when it is attacked by the nucleophile. Actually ionization of the alkyl halide gives a
carbocation halide ion pair. The anion of the leaving group shields one side of the carbocation, and thus the nucleophile
attacks the carbocation faster from the side opposite to the leaving group.

C H6 13

C H6 13

C H6 13

H

HO

H

Br

H

OH

CH3

CH3

CH3

→

→

→

Inversion (Predominates)

Retention

C

CH3

C H6 13 H

H O2

a ab

b

+ Br
–

Thus more amount of the inverted configuration is formed than that of retained configuration. (The more stable
carbocation gives more racemization). Thus note that the products of SN1 reactions are not stereospecific (difference from
SN2 products which are stereospecific).

1. (a) Which of the alkyl halide in each of the following pairs will react faster in SN1 reaction ?

(i) Cyclopentyl iodide or 1-methylcyclopentyl iodide

(ii) Cyclopentyl bromide or 1-bromo-2, 2-dimethylpropane

(iii) tert-Butyl iodide or tert-butyl chloride.

(b) Which of the alkyl halide in each of the following pairs will react faster with sodium iodide in acetone ?

(i) 1-Bromopentane or 3-bromopentane (ii) 1-Chlorohexane or cyclohexyl chloride

(iii) 2-Chloropentane or 2-fluoropentane (iv) 1-Bromodecane or 2-bromopropane

(v) 2-Bromo-2-methylhexane or 2-bromo-5-methylhexane.

2. In the hydrolysis of 2-bromo-3-methylbutane, the intermediate carbocation rearranges by a hydride shift, but not by a methyl shift,
explain.

3. R-α-Phenylethyl chloride, C6H5CHClCH3, of specification rotation – 34° is treated with dilute aqueous NaOH to give alcohol of [α]
+ 1.7°. If the specific rotations of the optically pure (R)-α-phenylethyl chloride and (R)-α-phenylethyl alcohol are – 109° and – 42.3°
respectively, calculate (a) the optical purity of the reactant and product and (b) the percentage of inversion and of retention.

4. Suggest the mechanism whether S
N1  or S

N2  in the following reactions :

(i) CH3CH2CH2X →:Z  CH3CH(Z)CH3 (ii) (CH3)2CHCH(X)CH3 →:Z  (CH3)2C(Z)CH2CH3

(iii) (CH3)3CCH2Br −
→2 5C H O  (CH3)3CCH2OC2H5 (iv) (CH3)3CCH2Br →2 5C H OH  (CH3)2


2 3

2 5

C—CH CH

OC H

5. Neopentyl halides undergo nucleophilic substitutions very slowly, whatever might be the experimental conditions. Explain.
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SN2 versus SN1 reactions
    

                     SN2 SN1

1. These follow second-order kinetics. 1. These follow first order kinetics
2. Here the nucleophile attacks on the alkyl 2. Here the nucleophile attacks on the

halide from back side. carbocation which are first

formed by heterolysis of the C–X bond.
3. These involve complete stereochemical inversion. 3. These involve partial racemization.

4. These form unrearranged products. 4. Rearrange products are formed, where possible.
5. The order of reactivity is 5. Order of reactivity is

CH3W > 1° > 2°  > 3°. 3° > 2° > 1° > CH3W.

6. These require strong nucleophiles 6. Weak nucleophiles are OK.
7. Wide variety of solvents are used. 7. These require good ionising solvent

8. The reaction is stereoselective as well as 8. The reaction is neither stereoselective nor
stereospecific. stereospecific.

    

  4.6.5 Factors Affecting SN Reactions
However, before going to details of the factors favouring SN1 or SN2 reaction, we must know that the main

difference in the two mechanisms lies in the way the nucleophile attacks on substrate. In SN2 mechanism, nucleophile
attacks the alkyl halide from back-side of the substrate ; while in SN1, nucleophile attacks on the carbocation, hence here the
alkyl halide first undergoes heterolytic cleavage. Thus whichever of these two processes (back-side attack by the nucleophile
or heterolysis to form a carbocation) goes faster for a particular alkyl halide determines which mechanism predominates.

R – X + : Z →Solvent
 R  –  Z  +  X

–

CH =  CH—X2 CH = CH—CH—X2 2HC  C—X≡: ::

:

: ::

:: ::

:

X

HC = CH—X2 H C — C H  =  X2
←→: :

: :

: : ⊕
–
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(ii) The halogen is attached to more electronegative carbon (sp2 or sp) which thus makes departure of X difficult than
in alkyl halides where it is attached on sp3 carbon.
On the other hand, allyl halides undergo nucleophilic substitution easily mainly by SN1 mechanism.

CH3CH = CH—CH2X   → [CH CH CH — CH CH CH — CH CH ]3 2 3 2= ←→ =
+ +

OH−
 →  CH3CH = CHCH2OH + CH3CH(OH)—CH = CH2

           Normal product (SN1)         Rearranged product (SN1’)

Summary of alkyl, allylic and benzylic halides and SN reactions :
(a) Halides showing mainly SN2 reactions :

°°

− − − − −3 2
|

2 alkyl1 alkylmethyl

CH X R CH X R CH X

R'

(b) Halides showing mainly SN
1 reactions :

RC – X3 Ar – C – X C = C X
C

3° alkyl 3° benzylic 3° allylic

R

R'

R'R

(c) Halides showing either SN
1 or SN

2 reactions :

Ar – CH X2 Ar – CH – X C = C C = C – C – X

R
1° benzylic 2° benzylic 1° allylic 2° allylic

CH X2
H

R

2. Nature of the leaving group. The nature of the leaving group has little effect on the type of mechanism. However,
it effects the rate of reaction in both SN1 as well as SN2 reactions to same extent. In both cases, leaving group is
removed, hence better the leaving group, faster will be the reaction.
Since the leaving group breaks away as a base, it is easier to displace weaker bases as compared to stronger
bases. Thus we can say that the less basic the substituent, the more easily it is displaced (by the solvent in SN1
reactions or by an attacking nucleophile in SN2 reactions). This explains why alcohols are resistant to nucleophilic
displacement in non-acidic media because strongly basic nature of the OH– group makes it a poor leaving group.
However, in presence of acids, the oxygen of the —OH group gets protonated and thus here the leaving group
(H2O), being a very weak base displaced easily. Thus alcohols undergo nucleophilic substitutions only in acidic
medium. Thus, in general the weaker the base, the better is the leaving group. Relative leaving group abilities
of the important groups are tabulated below.

Relative Leaving-Group Abilities

Leaving group Relative rate Conjugate acid* of leaving group Ka of conjugate acid

F– 10–5 HF 3.5 × 10–4

Cl– 1010 HCl 107

Br– 101 HBr 109

I– 102 HI 1010

H2O 101 H3O+ 55
TsO– 105 TsOH 6 × 102

CF3SO2O– 108 CF3SO2OH 106

TsO– is p-toluenesulphonate ; their esters are called tosylates ; CF3SO2O– is trifluoromethanesulphonate (esters of the latter are
called triflates).

* Any species whose conjugate acid has Ka less than 1 cannot be a leaving group in a nucleophilic substitution; viz. OH–, H–, OR–, NH2
–, NR2

–.
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Since p -toluenesulphonates (easily prepared by the reaction of alcohol and p-toluenesulphonyl chloride,
commonly known as tosyl chloride) are better leaving groups than halides, alkyl halides (chloride, bromide or
iodide) can be prepared from alkyl p-toluenesulphonates using corresponding NaX as nucleophile.

CH CHCH CH    +   NaBr     CH CHCH CH      +               NaOTs3 2 3 3 2 3 →

OTs Br
sec p-Butyl- -toluene sulphonate sec-Butyl bromide Sodium -toluenesulphonatep

Tosylates undergo nucleophilic substitution (SN1 as well as SN2) in the same way as alkyl halides.

Other good leaving groups are phenoxide ion or 2, 4-dinitrophenoxide ion ; these are weak bases due to dispersal
of negative charge on the benzene ring.

Example 6 :
Arrange the following in decreasing order of their leavability.

CH3COO–, C6H5O–, Cl3CCOO– and C H SO-
6 5 3

Solution :
Weaker the base (or stronger the conjugate acid of the base), more will be its leaving capacity. The conjugate acids of the
given anions are

CH3COOH C6H5OH Cl3CCOOH C6H5SO3H

The relative acidic character of the four conjugate acids is

C6H5SO3H  >  Cl3CCOOH  >  CH3COOH  >  C6H5OH
Thus the leavability (fugacity) of the four groups is

 –
6 5 3C H SO  >  Cl3CCOO–  >  CH3COO–  >  C6H5O–

Alternatively, more the stability of the anion (base), higher is its leavability. Thus

C H – S – O6 5 

–

O O

O
Most stable due to three 

equivalent resonating structures
Stable due to inductive
as well as resonance

Two resonating structures
are equivalent

> >Cl     C – COO– CH   – C – O3
–

Cl

Cl

>     C  H  O6 5
–

1. Give chemical equation showing preparation of octadecyl p-toluenesulphonate ; and its reaction with (a) potassium acetate and
sodium butanethiolate (CH3CH2CH2CH2SNa).

3. Nature and concentration of the nucleophile. Remember that SN2 and SN1 reactions differ in the respect that in
the former, nucleophile participates in the rate-determining step, while in SN1 reactions it participates after the
rate-determining step. So, nature and concentration of nucleophiles mainly affects SN2 reactions, and it does not
play directly any role in SN1 reactions.
In SN2 reactions, a nucleophile transfers its electron pair to carbon of the substrate leading to the formation of
transition state. Hence, a stronger nucleophile will react with the substrate faster. Nucleophilic strength or
nucleophilicity is a measure of how fast a Lewis base displaces a leaving group from a suitable substrate. By
measuring the rate at which various Lewis bases react with methyl iodide in methanol, a list of their nucleophilicity
relative to methanol as the standard nucleophile has been compiled.
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Nucleophilicity of some common nucleophiles in water and alcohol

Class of nucleophile Nucleophile Relative reactivity

Very good R3P:, I–, HS–, RS– > 105

Good R2NH, HO–, RO–, CN–, N3
– 104

Fair Br–, NH3, Cl–, RCOO– 103

Weak F–, H2O, ROH 1

Very weak RCOOH 10–2

Trends in nucleophilicity :

(i) A species with a negative charge is a stronger nucleophile than a similar neutral species. In particular, a base is
a stronger nucleophile than its conjugate acid.

2O H H O
−

>
. . . .

: :. .  ;                   2SH H S
−

>
. . ..

: :. .  ;                   
−

>2 3NH NH
.. ..

:

(ii) With increase in electronegativity, nucleophilicity decreases from left to right in the periodic table.

OH F− −>
.. ..

: :....   ;                   
3 2NH H O>

..
: :  ;                   

3 2R P R S>
..

: :

(iii) Nucleophilicity increases down the periodic table, following the increase in size and polarizability.

I Br Cl F− − − −> > >  ;                   SeH SH OH− − −> >  ;                   >3 3R P R N: :

The rate of SN1 is independent of the nature of the nucleophile (stronger or weaker) because here the nucleophile
attacks on the carbocation (a fast step). The net result is that, other things being equal, a strong nucleophile favours the SN2
reaction, and a weak nucleophile favours the SN1 reaction.

Thus we can explain that why neopentyl bromide, Me3CCH2Br gives unrearranged product (SN2  reaction) with
ethoxide ion (a strong nucleophile), but a rearranged product (SN1  mechanism) with C2H5OH (a weak nucleophile).

In SN2  reactions, since a nucleophile is involved in the rate determining step, its concentration will directly
effect the rate of reaction.

rate = k[RX][:Z]

Hence an increase in the concentration will speed up the reaction and also fraction of the reaction undergoing
SN2  reaction. On the other hand, a decrease in [: Z] slows down the SN2 reaction and also the fraction of the reaction
undergoing SN2 reaction. The net result is that, other things being equal,  a high concentration of nucleophile favours SN2
reaction, and a low concentration favours the SN1 reaction.

4. Effect of solvent. Solvents play a dominant and sometimes decisive role in deciding the rate and mechanism of
nucleophilic substitution. Change in solvent in a particular reaction may increase or decrease the rate of reaction,
even in some cases it may change the mechanism as is evident from following examples.

(i)
>

6 13
( 91%yield)
C H CN  

<
←DMSO

20mts.
 CH3(CH2)4CH2Br + NaCN 

>
→3aq.CH OH

20hrs.
 6 13

(71%yield)
C H CN

It is an example of SN2 reaction.

(ii) CH3OH ←2

N

HCOOH/H O

S 1
 CH3Br 

−
→2

N

H O,OH

S 2
 CH3OH

Although no generalisation can be made, following point should be noted, of course with reservations.

(a) In presence of good ionizing solvents which increases the rate of ionization of the alkyl halide, rate of SN2
reaction decreases while that of SN1 reaction increases.
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Dielectric constants and ionization rates of t-butyl chloride in common solvents.

Solvent Dielectric constant Relative rate of ionization
Water 78 8000

Methanol 33 1000
Ethanol 24 200
Acetone 21 1
Diethyl ether 4.3 0.001
Hexane 2.0 <0.0001

(b) Rate of SN
2 reactions is fastest in presence of polar aprotic solvents. Aprotic solvents are those polar

solvents which do not have —OH group, viz. dimethylsulphoxide (DMSO, Me 2S = O), N, N-
dimethylformamide (DMF, Me2NCHO), acetonitrile (CH3CN) etc.

Intermolecular versus intramolecular nucleophilic substitution
A molecule having two functional groups one of which acts as nucleophile and other leaving group can undergo

intermolecular or intramolecular nucleophilic substitution. If the two such groups are separated from each other by four or five
carbon atoms, intramolecular reaction occurs leading to the formation of five or six membered (stable) rings (intramolecular SN).

Br
O
. .
. . :–

O

+   Br
–

Br O
. .
. . :–

O

+   Br
–

Since three- and four-membered rings are strained (unstable) when the two groups are separated by one, two or
three carbon atoms, intermolecular nucleophilic substitution takes place.

Br Br Br
O O O

O

. . . .
. .. . . . . .
. .

: :
:

– – –
– +   Br–+

  4.6.6 Nucleophilic Substitution in Acyl Compounds

Acyl compounds (compounds containing acyl group, 

O

R — C — viz. carboxylic acids and their derivatives namely
acid chlorides, anhydrides, amides and esters) undergo nucleophilic substitution in which —OH, —Cl, —OCOR, —NH2
or —OR′ is replaced by some other basic group. Substitution at acyl carbon (unsaturated) takes place much more readily
than at alkyl carbon (saturated) atom. High reactivity of acyl carbon towards nucleophilic substitution is due to electronic
and steric factors.

(a) Tendency of oxygen to acquire electrons even at the expense of gaining negative charge.
(b) Relatively unhindered transition state is formed ; in acyl substitution a tetrahedral intermediate (a stable situation)

is formed from trigonal reactant, while in alkyl substitution a transition state having pentavalent carbon (an
unstable situation) is formed from tetrahedral reactant.
The nucleophilic acyl substitution involves two steps.

First step : C == O  →
R

LG

: Z

R—C R—C→

Z Z

LG LGOδ– O
–

Transition state
(Becoming tetrahedral)

Intermediate
(Tetrahedral)
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Second step : C == O     +     LG:
R

Z
R—C →

Z

LG O
–

Product Leaving group

(i) Generally, the overall rate is affected by the rate of both steps, but the first step is more important.

(ii) The first step is favoured by the presence of electron withdrawl group on R which stabilizes the developing
negative charge, and it is hindered by the presence of bulky groups which become crowded together in the
transition state.

(iii) The second step depends on the basicity of the leaving group (:LG) ; the weaker the base the better the leaving
group. For acid chlorides, acid anhydrides, esters and amides, :LG is respectively

Cl– –OCOR –OR –NH2

Basic character Very weak   Moderately weak                              Strong bases

Increasing basic character
Decreasing leaving property

 →

Thus acids chlorides undergo nucleophilic substitution most easily, while amides with most difficulty.

Relation between basicity and leaving capacity of the group also explains why aldehydes and ketones undergo
nucleophilic addition rather than nucleophilic substitution, although first step is similar to that in acyl
nucleophilic substitution.

R—C R—C + LG: (Substitution)R—C—Z
O O

LG Z
→ →

: Z

O
–

LG
Acyl compounds

R—C (Addition)R—C—Z R—C—Z
O

R′
→ →: Z

O
–

OH

R′ R′

H
+

Aldehydes (when R' = H) 
or ketones

Note that if aldehydes and ketones, undergo substitution, the leaving group would have been hydride ion (:H–) or
alkyde ion (: R' –) which, as we know, are the strongest bases of all, hence these are most difficult to be removed and
instead aldehydes and ketones undergo addition reactions easily.

(iv) Nucleophilic acyl substitution neither involves the formation of carbocations, as in SN1 reactions of alkyl halides
nor pentavalent transition state as in SN2 reactions of alkyl halides.

Acyl nucleophilic substitution takes place more easily in presence of acid, because here H+ becomes attached to
carbonyl oxygen making the carbonyl grup more electrophilic and thus more susceptible to the nucleophilic attack.

C = O C = O  +  H  LG:R—CC = OH
R RR

LG ZLG
→ → →H

+ +
: Z

LG OH

Z

Undergoes nucleophilic
attack more readily, even

by weak nucleophiles

Thus we can explain why acid derivatives are hydrolysed more readily in presence of acids than in neutral
medium; easy hydrolysis of acid derivatives in presence of alkali than in neutral medium is due to strong nucleophile (–

OH), and discussed in chapter on acid derivatives.
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   4.6.7 Electrophilic Substitution Reactions (SE)

These reactions are mainly found in aromatic compounds. For details, consult Ch. 7.

Example 7 :

Observe the following two reactions and answer the questions mentioned below :

(i) C H2 5 C H2 5OH OK

C H3 7 C H3 7

H H

K CHOTs3 Product

(ii) C H2 5 C H2 5OH OTs

C H3 7 C H3 7

H H

TsCl CHOK3 Product

(a) Pick up the nucleophile in both reactions.

(b) Write the structure of the product in the two reactions and assign their R, S configurations.

(c) Is there any relation between the two products, if yes then mention it.

Solution :

(a) The nucleophile in the two reactions are

C H2 5 O K
– +

C H3 7

H

   in (i);  and CH3O–K+  in (ii).

(b) In (i), the chiral carbon is in the nucleophile and none of its bonds are cleaved, leading to the same configuration
as reactant. However, in (ii) the CH3O– attacks the chiral carbon of the substrate from back side leading to inversion in
configuration.

(c) C H2 5 CH O3OCH3 C2H5

C H3 7 C H3 7

H H
Product from ( )ii

R
Product from ()i

S

3 11

2 2

The two products are enantiomers.

1. Among the following pairs, pick up the species that undergo nucleophilic substitution more easily

(i) CH3COCl and CH3Cl (ii) CH3CONH2 and CH3NH2 (iii) CH3COOC2H5 and CH3OC2H5
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2. For each of the following pairs, pick up the compound (I or II) which undergoes SN2 reaction more easily than the other.

            I             II

(a) CH3Cl + OH– CH3Br + OH–

(b) CH3CH2Cl + H2O CH3CH2Cl + OH–

(c) CH3CH2Br + CH3S– CH3CH2Br + CH3O–

(d) = −3
|

3

CH CH CHCH Br

CH

=3
|

3

CH CH CBr

CH

   4.7 Mechanism of Addition Reactions

Like substitution reactions, addition reactions may be initiated by electrophiles, nucleophiles or free radicals.
Hence addition reactions may also be of three types, viz. electrophilic addition reactions, nucleophilic addition reactions
and free radical addition reactions.

C = C C —C
+

C—C (Electrophilic)+  E
+ → →

E E

Y
–

Y

C = C C—C C—C (Nucleophilic)+  Nu
– → →

–

Nu Y

X
+

X

C = C C—C C—C (Free-radical)+  X +  X→ →

X X

X  Y:

Y

  4.7.1 Mechanism of Electrophilic Addition
Since a multiple bonded carbon atom can readily supply the comparatively loosely held π electrons to the

electrophile, electrophilic additions are characteristic reactions of alkenes and alkynes. Moreover, π electron cloud tends to shield
the molecule from attack by nucleophiles. The general mechanism given above for electrophilic addition is applicable for
addition of protic acids, viz. HCl, HBr, HI, H2SO4 and H3O+ (hydration in presence of acid). Let us examplify it by addition
of HCl on propene.

First step :                 CH —CH = CH  + H—Cl ———3 2

→

→

CH —CH—CH  + Cl3 3
–

CH —CH —CH  + Cl3 2 2
–

+

2° cation (more stable)

1° cation (less stable)

slow

+

Second step :             CH —CH—CH  + Cl  CH —CH—CH3 3 3 3
–

   →
+

Cl

Isopropyl chloride

Order of reactivity among HX is :                   HI > HBr > HCl > HF
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Such reactions (as that of addition of HX on propene) which can produce two or more isomers, but gives one of them in
greater amount than the other, are called regioselective , a reaction which is 100 percent regioselective is termed
regiospecific. For example,

CH CH = CH   +  HCl     CH CHCH     +    CH CH CH Cl3 2 3 3 3 2 2  →

Cl

Isopropyl chloride
(Major)

n-Propyl chloride
(Minor)

     

C = CH    +   HBr2   → C—CH    +3 CHCH Br2

CH3 CH3 CH3

CH3 CH3 Ch3

Br

2-Methylpropene 2-Bromo-2-methylpropane 
(Major)

(Minor)

In such cases, i.e. when an unsymmetrical reagent adds on an unsymmetrical alkene, major product is given by
Markownikov’s rule  according to which the negative part of the reagent adds on that carbon atom which has minimum number of
hydrogen atom(s). Alternatively, the compound corresponding to the more stable carbocation is the major product, viz.

− + + −+ +
← ← = → →

|Cl H H Cl
3 2 2 3 2 2 3 2 3 3 3 3

(minor) 1° carbocation 2° carbocation
(less stable) (more stable)

Cl

CH CH CH Cl CH CH CH CH CH CH CH CHCH CH CHCH
(major)

Since carbocations are formed as intermediate in the above electrophilic addition reactions, such reactions are
liable to form rearranged product, where possible, by the 1,2-hydride, 1,2-methyl or 1,2-phenyl shift. Such shifts are possible
only when a less stable carbocation is changed to more stable (3° > 2° > 1°). The preference of shifts follow the order

1,2-phenyl > 1,2-hydride > 1,2-methyl
For example,

(i) (CH ) CHCH = CH3 2 2 (CH ) C CHCH3 2 3 (CH ) CCH CH3 2 2 3

(CH ) CHCHCH3 2 3 (CH ) CCH CH3 2 2 3

H
+ + +

H

1,2-hydride
shift

2° carbocation
3° carbocation
(more stable)

(minor) ( )major

Br
–

Br
–

Br Br

(ii) H
+ +

+

1,2-phenyl
shift

2° carbocation 3° carbocation

(minor) ( )major

Br
–

Br
–

CH  – C – CH = CH3 2 CH  – C – CHCH3 3

CH  – C – CHBrCH3 3 CH – C – CHCH3 3

CH – C – CHCH3 3

CH3 CH3

CH3 CH3

CH3

C H6 5 C H6 5

C H6 5 Br C H6 5

C H6 5
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Example 8 :
Which compound of each pair is more reactive toward reaction given against each.

(a) and   (addition of HBr) (b) and   (addition of HCl)

(c) and C H6 5

C H6 5
  (addition of HCl) (d) and

CH3 C(CH3)3

  (nitration)

Solution :
The first three reactions are examples of electrophilic addition, so higher the stability of the carbocation greater will be its
reactivity towards given reagents.

(a) <
++ +

2° carbocation 2° allylic carbocation
(more stable)

(b) <
+ +

2° carbocation 3° carbocation
more stable

(c) < C H6 5

C H6 5

+ +

2° carbocation 2° benzyl carbocation
(more stable)

(d) Here the two effects (inductive and hyperconjugation) operate in opposite directions. Since hyperconjugation
dominate over inductive effect, so nitration (electrophilic substitution) will be governed by hyperconjugation,
hence toluene will undergo nitration faster than ter-butylbenzene.

H – C – H CH   – C – 3 CH3

H CH3

Three hyperconjugative H's Zero hyperconjugative H

Example 9 :
Give mechanism for the following reactions :
(i) (CH3)3 CCH = CH2 + HBr (ii) CH3CH = CHCH = CHCH3 + HBr

Solution :

(i)    CH  – C – CH = CH3 2 CH – C – CH – CH3 3 CH – C – CH  CH3 3–

CH3
H

+ +

CH3

2º carbocation 3º carbocation

1, 2-methyl
shift

CH3
CH3

CH3
CH3

+
CH – C – CH CH3 3

CH3

2-Bromo-2, 3-dimethylbutane

Br
–

Br CH3

(ii)    CH CH = CHCH = CH3 CH3
H

+

 CH CH = CH CH – CH3 2– CH3

2 º allylic carbocation 2 º allylic carbocation

CH CH – CH =CHCH3 2 CH3

+ +

   CH CH = CH – CH – CH CH +3 2 3  CH CH – CH = CHCH CH3 2 3

4-bromo-2-hexene 2-bromo-3-hexene

Br
–

Br Br
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Stereochemistry of Addition of HX on Alkenes

(i) When a chiral centre is created due to addition of HX on alkenes, having no chiral carbon, a racemic mixture of the
product is formed, because the intermediate is sp2 hybridised carbocation (or sp2 hybridised free radical) either of
which is liable to be attacked by the X– ion (or X•) either from above the plane or below the plane.

CH CH2 3
CHCH2 3 CH CH2 3

CH3 CH3

CH=CH2

+  HBr H BrBr H+

(ii) In case the alkene has a chirality centre and the addition reaction results in another chiral centre, a pair of
diastereomers will be formed.

CH3 CH3 CH3

C H2 5 C H2 5 C H2 5
H H H

Br HH BrCH=CH2

CH3 CH3

HBr +

diastereomeric pair

However, the two diastereomers will be formed in unequal amounts because one face of the intermediate carbocation
will be more sterically hindered and hence less available for the Br– ion than the other which is less sterically
hindered.

(iii) For the stereochemistry of the addition reactions on the alkene having no chiral centre but gives two chiral centres,
consult Chemical Properties of Alkenes.

Addition of halogens (e.g. Br2) on alkenes is somewhat different from the above general mechanism of electrophilic
addition. Here, again the first step involves the formation of a cation, a cyclic bromonium ion*, but not a carbocation. Note
that here also bromine is transferred as positive bromine (electrophile), i.e. without a pair of electrons which are left behind
on the second bromine atom released as bromide ion. In the second step, the cyclic bromonium ion is attacked by the
available nucleophile which may be Br– or any other species added from outside to form the final product(s).

First step :                                       Br—–Br  + Br  +
–

C = C C—–C→

+
Br

A bromonium ion*

Second step :                                         +   Br– C—–CC—–C →

Br

Br

Br
+

Or

+   H O2 C—–C C—–CC—–C → →

OH2 OH

Br Br

Br
+ +

– H
+

(if aq. Br is used)2 

* In cyclic bromonium ion, all of its atoms have octet of electrons, while carbon has only six electrons in the carbocation, BrCH —CH2 2
+

.

Br Br
2 2 2 2BrCH CH CH CH

+ ++
− ← = →  HC—–CH22

Br
+
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This is the same reaction which involves the formation of halohydrins (addition of OH– and Br+ parts of HOBr
− +δ δ

 used as
(H2O + Br2).

Addition of halogens on alkenes follows the order : F2 > Cl2 > Br2 > I2. However, fluorine is so reactive that it not
only adds to the double bond but also replaces all the hydrogens with fluorine. On the other hand, iodine adds slowly to
alkenes at low temperature and further the di-iodides, being unstable due to large size of iodine present on adjacent carbon
atoms, decompose back to give alkene and iodine at room temperature. Inert solvents like CCl4 and CH2Cl2 are used for
halogen addition because these solvents dissolve both halogens as well as alkenes.

Special features of halogen addition

Addition of two bromine (in case of Br2) or Br and OH (in case of Br2 + H2O) takes place in anti-manner proving the
formation of cyclic bromonium ion. Thus addition of bromine on cis-2-butene gives only racemic-2, 3-dibromobutane, while
trans-2-butene gives only meso-2, 3-dibromobutane. Thus addition of bromine to alkenes is both stereospecific as well as
stereoselective.

CH3

CH3 CH3

H

H

H

H

Br
Br

Br
II

CH3

CH3

CH3

CH3

CH3

H

H b

b

a

a

Br–

Br

CH3

cis-2-Butene I
-Bromonium ioncis

III
II and III are enantiomers
( -2, 3-Dibromobutane)rac

CH3

CH3

CH3

HH

H

Br—Br

Br

Br

H

Br

H

H

Br

⊕

Addition of bromine to cis-2-butene via a cyclic bromonium ion. Opposite-side attacks [(a) and (b)] are equally likely, and give
enantiomers in equal amounts.

H

CH3

CH3

H

Br—Br H

Br⊕

CH3

H

Br–

CH3

d

c

Br

H CH3

HCH3

Br

c

d H CH3

Br
Br

HCH3

trans-2-Butene

trans-Bromonium ion
IV

V

VI
V  VI 

( -2, 3-Dibromobutane)
and are same

meso

CH3

CH3

CH3

CH3

H

Br

H

Br

Br

H

Br

H

Addition of bromine to trans-2- butene via a cyclic bromonium ion.  Opposite-side attacks [(c) and (d)] give the same product.
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A reaction in which stereoisomeric starting molecules gives stereoisomeric products is called stereospecific
reaction. Terms like syn addition, anti elimination and inversion of configuration describe stereospecific reactions. On the
other hand, a reaction in which a single starting material can form two or more stereoisomeric products but one of them
predominates is called a stereoselective reaction. Terms such as addition to the less hindered side describe stereoselectivity.

Example 10 :

Write the major product in each of the following reactions :

(a) +  Cl2
CHOH3 (b) +  Cl2

H O2

(c) +  ICl (d) +  Br2
H O2

(e) +  Cl2
H O2 (f) +  HBr

(g) +  HBr

C H2 5
CH3

Solution :

(a)

OCH3

Cl

(b)
CHCl2

OH (c) I

Cl

(d)
Br

OH
(e)

Cl

OH

(f)

Br

(Benzylic carbocation as intermediate)

(g)

C H2 5 C H2 5

CH3 CH3
Br

Br+

Example 11 :

Give the stereochemistry of the product(s) formed in each of the following reaction :

(a) +  DBr (b) +  D O3
+

(c) +  Cl2

(d) +  HBr (e) +  HBr
ether, peroxide
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Solution :

(a)

D

H

H
Br

+ enantiomer (b)

D

H

H

OH

+ enantiomer

(c) + enantiomer
Cl

Cl
(d)

D

H
Br

+ enantiomer (e)

Br

Example 12 :

Propose mechanism for the following reactions :

(a)

O

O

+  HBr

OH

OH
Br

(b)

O

+  HCN

OH OH
CN

CN
+

(c)

O O
18

CH – C – CH3 3 CH  – C – CH3 3

H O2
18

Solution :

(a)

O OH OH

O O

⊕

O OH

H
+

Br
–

enolisation

H
Br Br

OH

(b)

O O
–

HCN HCN

OH OHCN

CN
1,2-addition 1,4-addition

O
–
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(c)

O OH OH

CH  – C – CH3 3 CH  – C – CH3 3 CH – C – CH3 3
H O3

+
H O2

1818

( – H O )2
18 +

O – H
+

H

18

H O2

OH
+
OH2

CH  – C – CH3 3 CH  – C – CH3 3 CH  – C – CH3 3

H O3
+

–H
+

– H O2

O – H O – H O18
18 18

Example 13 :

Give the addition product for each of the following reactions with the stereochemistry of the product.

(a) cis-3-Heptene + Br2  → (b) 3-Methyl-3-hexene + HBr  →

(c) +  HBr

CH3

Solution :

(a)
| *

3 2 2 2 3 2 3 2 2 2 3
|

Br

CH CH CH CHCH CH CH Br CH CH CHCHCH CH CH

Br

= + →

Here although two chiral centres are created, only two isomers (one enantiomeric pair) will be formed because the
cyclic bromonium ion is liable to be attacked by the Br– only from the opposite side, i.e. only anti addition (not syn
addition) is possible.

CH CH2 3 CH CH2 3

CH CH2 2CH3 CH CH2 2CH3

Br H

H Br

H

HBr

Br

(b)

CH CH3 2 CH CH2 3

HCH3

C = C +  HBr CH CH CHCHCH CH3 2 2 3

Br

CH3

Two chirality centres have been created in the product, the number of stereoisomers formed will be four, which are
two enantiomeric pairs.

CH CH2 3 CH CH2 3CH CH2 3 CH CH2 3

CH2CH3 CH2CH3CH2CH3 CH2CH3

CH3 HH CH3

Br BrH HH HBr Br

H CH3H C3 H

(c) (achiral molecule)

CH3
Br
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  4.7.2 Mechanism of Nucleophilic Addition
Presence of electron-withdrawing group in an alkene deactivates a carbon-carbon double bond towards

electrophilic addition reactions, but at the same time it makes alkene more susceptible to attack by a nucleophile. If the
electron-withdrawing group is in conjugation with the carbon-carbon double bond, the intermediate carbanion, formed
by the attack of nucleophile stabilizes due to resonance. Hence such alkenes undergo nucleophilic addition reactions.
Examples are addition reactions of α, β-unsaturated nitriles, aldehydes, ketones and esters. Addition of ethanol to
acrylonitrile in presence of strong base is a typical example. The base converts the weaker nucleophile (C2H5OH) to a
stronger nucleophile (OC2H5

–).

C H O  +  CH  = CH—C N2 5 2     ≡ → C H OCH —CH—C  N2 5 2  ≡

C H OCH—CH = C = N2 5 2
–

– –

←


→

C H OCH CH C N 2 5 2 2 ≡ ←  
C H O H2 5

Similarly, (CH3)2 N
. .

H + CH2 = CHCN   → (CH3)2NCH2CH2CN
Important example is Michael reaction.
However, nucleophilic additions are typical reactions of aldehydes and ketones. The real cause of reactivity of

the carbonyl group towards nucleophiles is the tendency of oxygen to acquire electrons and its ability to carry a negative
charge. This makes carbonyl carbon electron-deficient and liable to be attacked by a nucleophile. Further, carbonyl group,
being flat, is open to relatively unhindered attack from above or below. The reaction takes place in the following two steps.

C == O R—C R—C→ →
R

R′

: Z

R′ R′O–
OH

Z Z
H O2

Reactant
(Trigonal) Transition state

(tetrahedral)

Nucleophilic addition to carbonyl group takes place easily in presence of acids because the latter protonates the
carbonyl oxygen which thus causes carbonyl carbon more electron deficient.

R R R R Z

R' R' R' R' OH
C = O C = O – H C – O – H C

H
+

+ + Z :

note that carbonyl 
carbon is more 

electron-deficient

slow

Since alkyl groups are electron-releasing, their presence makes the carbonyl carbon less electron-deficient, and
less reactive towards nucleophilic substitution hence nucleophilic substitution on carbonyl group follows the order :

H R R

H H R
C = O C = O C = O> >

Ar

H
C = O>

Ar

Ar
C = O>

Since the nucleophile attacks only on the carbonyl carbon rather than on oxygen, the addition to carbonyl group
is regioselective. In case, the carbonyl compound has two different alkyl groups i.e. R R'≠ , the product will be a mixture of
the two enantiomers.

  4.7.3 Mechanism of Free Radical Addition
Free radical addition reactions are encountered during addition of HBr (not HCl or HI) on alkenes in presence of

peroxides* (recall that in absence of peroxides, additon is electrophilic), hence the reaction is commonly known as peroxide
effect. The salient features of the mechanism are

(i) peroxides initiate the free-radical reactions.
(ii) hydrogen and bromine add to the double bond homolytically rather than hetero-lytically.

(iii) the intermediate is a free radical rather than a carbocation.
(iv) addition occurs against Markownikov rule.

* Free-radical additon also takes place in presence of light of a wavelength liable to dissociate H—Br into H. and Br..
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The essential steps of the reaction are as follows.

RO — OR
Peroxide

   →  2 O R
.

} Chain-initiatingsteps

R O
.

 + HBr    →  ROH + Br.

CH3CH = CH2 + Br.    →  CH — CH — CH Br3 2
.

2 free radical (more stable)° 



Chain-propagatingsteps

CH3—C
.
H—CH2Br + H—Br   →  CH3—CH2—CH2Br + Br.

Peroxide effect is neither shown by H—Cl (because bond energy of the H—Cl bond is too high to break on
approach of free radicals) nor by H—I because I. radicals are very unstable and hence combine to form I2 moleccule.

Polymerisation of ethylene to polyethylene and vinyl monomers to polyvinyl monomers are also free radical
addition reactions.

nCH2 = CH2 Catalyst  –[–CH2—CH2–]n–

1. Give structural formula for the carbocation intermediate that leads to the major product in the following reactions :

(i) 2-Methyl-1-butene + HCl (ii) cis-2-Butene + HBr      (iii) +  HBr

2. Give mechanism for the additon of HCl on   .

3. Identify compounds A to E in the following reactions :

(i)  

O

+  HCN    A  +  B→ (ii) CH3CH = CH2 + CCl4 peroxide  C

(iii) CH3CH = CH2 + CBrCl3 peroxide  D (iv) CH3CH = CH2 + CHCl3 peroxide  E

   4.8 Mechanism of Elimination Reactions

Elimination reactions involve the loss of atoms(s) or group(s) from a molecule to form an unsaturated species
(generally double or triple bonds), thus these reactions may said to be reverse of addition reactions. These reactions may
proceed in the following two ways.

1. α -Elimination or 1, 1-elimination. Here the two atoms or groups are eliminated from the same carbon atom
leading to the formation of carbenes, e.g.

CHCl3   → :CCl2 + HCl
This type of reactions is very rare.

2. β -Elimination or 1, 2-elimination. Here two atoms or groups are removed from two adjacent carbon atoms
leading to the formation of a double bond. These are the common elimination reactions and can take place by
either of the two mechanisms, namely E2 and E1.

(a) H3C—CH2Cl + :B    →  H2C = CH2 + H:B + Cl–

(b) +
→ = +H

2 2 2 2RCH CH OH RCH CH H O

(c) heat
2 2 3 2 3 2RCH CH N R OH RCH CH R N H O

+ − → = + + (Hofmann degradation)
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  4.8.1 E2 Mechanism
The reaction following this mechanism exhibits second-order kinetics.

Rate = k[Alkyl halide] [Base]
Thus doubling the concentration of either the alkyl alhalide or the base doubles the reaction rate, while doubling

the concentration of both reactants increases the rate by a factor of 4. Such reactions involve a single step ; base pulls a
proton away from carbon and simultaneously a halide leaving group departs from the molecule forming the double bond.

C—–C C—–C→ →

→

H H

H HB

H H

B : H H
H H

X X

δ–

δ–

B – H   + +  X : –C = C
H H

H H

Transition state

Among different halide leaving groups, reactivity of alkyl halides increases with decreasing strength of the
carbon-halogen bond, i.e.

R—I > R—Br > R—Cl > R—F
Weakest C—halogen bond, Strongest C—halogen bond,

I– the best leaving group F– the poorest leaving group

Hence iodides are most reactive towards elimination reaction, while fluorides the least which explains why
fluorides are not used as starting materials in the preparation of alkenes.

In case, dehydrohalogenation of alkyl halide yields more than one alkene, the alkene having greater number of alkyl
groups to the doubly bonded carbons will be preferred product (Saytzeff rule, which can also be defined as ‘in dehydrohalogenation
the more stable the alkene, the faster it is formed’). The more stable alkene is thus known as Saytzeff product, while the less
stable alkene is known as Hoffmann product.

CH3CH2 CH

Br


CH3  (CH ) COK3 3   CH CH CHCH3 3
(Saytzeff product)

=  + CH CH CH CH3 2 2
(Hoffmann product)

=

Thus the ease of formation and stability of various alkenes is
R2C = CR2 > R2C = CHR > R2C = CH2, RCH = CHR > RCH = CH2

Most E2 reactions give Saytzeff product, however, Hofmann product is preferred under one of the following
conditions :

(i) The base used is large, e.g. Me3CO–.

CH – CH – CHCH2 2 3

H Br
Base

Me CO3
–

CH  = CHCH CH2 2 3
Hofmann product

CH  – CH – CHCH3 3

Br H
Base

OH
–

CH CH CHCH3 3= 
Saytzeff product

(ii) The alkyl halide is an alkyl fluoride.
(iii) The alkyl halide contains one or more double bonds. Remember that a conjugated alkene is always preferred to

non-conjugated alkene.
(iv) Eliminations involving charged substances, e.g. when a quaternary hydroxide is heated strongly (to 125°C or

higher), it decomposes to form an alkene and a tertiary amine.

CH CHCH CH

N (CH OH

3 2 3

+
3


–)3

heat
CH CHCH CH2 2 3

1-Butene(95% )
=  + (CH3)3N + H2O



193

This reaction, known as Hofmann elimination, is an E2 reaction in which hydroxide ion functions as a base. A
novel aspect of the Hofmann elimination is its regioselectivity . Elimination in alkyltrimethylammonium hydroxides proceeds
in the direction that gives the less substituted alkene (opposite to Saytzeff rule) ; this is known as Hofmann rule  or
Hofmann orientation.

CH —CH—CH CH2 2 3 CH = CH—CH CH + CH CH = CHCH2  2 3 3 3

H N (CH )3 3
+

β βα

OH
–

heat

Butene-1 (95%) Butene-2 (5%)— ( C H ) N3 3

—HO,2

The base (OH–) attacks the most acidic hydrogen ; a primary hydrogen atom is more acidic because its carbon
atom bears only one electron-releasing group. Alternatively, it is the less sterically hindered β hydrogen that is attacked by
the base (OH– or any other base). Methyl groups are deprotonated in preference to methylene groups which in turn are
deprotonated in preference to methines. In case the 4° ammonium hydroxide does not have any β-hydrogen, alkene
formation is impossible, rather alcohol is formed by SN2 reaction.

HO    +    C H  — N ( C H )
– +

33 3
heat

CH OH + (CH ) N3 3 3 :

As we have observed, E2 mechanism resembles SN2 mechanism, however the two differ in their relative order.
Reactivity of RX toward E2 is 3° > 2° > 1° (opposite to that of SN2 reactions) which is evident from the following relative rates.

Alkyl halide Product Relative rate Relative rate per H

(1°) CH3CH2Br   → CH2 = CH2 1.0 1.0

(1°) CH3CH2CH2Br   → CH3CH = CH2 3.3 5.0

(2°) CH3CHBrCH3   → CH3CH = CH2 9.4 4.7

(3°) (CH3)3CBr   → (CH3)2C = CH2 120 40

This relative order, 3° > 2° > 1°, is due to following two factors.

(a) Increased branching (from 1° alkyl halide to 3° halide) successively provides greater number of β-hydrogens for
attack by base (probability factor).

(b) Increased branching leads to a more highly branched, i.e. more stable alkene.

  4.8.2 Stereochemistry of E2 Reactions
The two groups or atoms are eliminated from anti (opposite) positions (anti elimination) because anti elimination

requires the molecule to be in a staggered conformation (a more stable conformer), while syn elimination requires eclipsed
conformation.

In other words, for anti elimination, the two leaving groups must be as far apart as possible. Thus E-2-bromo-
butene forms dimethylacetylene more rapidly than the Z-isomer.

CH3 CH3Br CH3

H HCH3 Br
C = C C = C

base
fast

base
slow

CH  –  C C – CH3   ≡ 3

E-2-Bromobutene Dimethylacetylene Z-2-Bromobutene

This example indicates that E2 reaction is stereospecific, i.e. different stereoisomer of the starting material gives
different stereoisomer of the product.  This is also reflected from compounds having chiral carbon atoms ; meso-isomer gives
cis-isomer while d- or l-gives trans-isomer on E2 elimination.
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Following examples also indicate stereospecificity of E2 reactions.

CH3

CH3

H

HBr

H alc. KOH C

C

CH3

CH3

H

H

cis2-Bromobutane

                     

H

Br

CH3

HCH3

H alcoholic
KOH

C

C

H

CH3

H C3

H

trans2-Bromobutane

Other interesting example of E2 reaction is dehydrohalogenation of alkyl halides leading to two products.

3 2

3 2

| CH CH O
3 2 3 3 3 3 2 2

CH CH OH Butene 2 Butene 1
( ) (Minor)

Br

CH CH CHCH CH CH CHCH CH CH CH CH
−

− −
→ = + =

Major

Further, of the two isomeric butene-2 (E and Z), E-butene-2 (having bulkier groups on opposite sides) is major because it has
less steric strain and thus more stable, while Z-butene-2 is minor. Thus it can be said that E2 reactions are regioselective
(dominance of butene-2 over butene-1) as well as stereoselective (dominance of E-butene-2 over Z-butene-2).

  4.8.3 E1 Mechanism
E1 reaction proceeds by first-order kinetics. The mechanism is similar to that of SN1 reactions except that here the

carbocation loses a proton to form alkene (cf. in SN1 reactions, carbocation takes up nucleophile). Since here carbocations
are formed as intermediates, the relative order of reactivity of alkyl halides towards E1 should be 3° > 2° > 1°.

First step : CH —C—CH3 3 C +   Br

CH3

CH3H C3

→

CH3

Br:

: ::
:

::

slow + –

Second step :

CH CH OH  + H—H C—C3 2 2

:
:

+
CH3

CH3

→fast CH CH OH    +   H C = C3 2 2 2:

+
CH3

CH3
Base Ethyloxonium ion Isobutene

  4.8.4 Characteristics of E1 Reactions
(i) Since in the rate-determining step of E1 reaction, the leaving group is removed, and a carbocation is formed as an

intermediate, the rate of E1 reaction depends on both of these factors and follows the order.

3° benzylic ≈  3° allylic > 2° benzylic ≈  2° allylic ≈  3° > 1° benzylic ≈  1° allylic ≈  2° > 1° > vinyl

(ii) E1 reactions occur in presence of either a weak base or a base in low concentration.

(iii) Further, formation of carbocation may result rearranged product, in case when less stable carbocation may change
to the more stable by 1, 2-shift. For example,

C H  – C – CH 6 5 C H2 5 C H  – C – CH 6 5 C H2 5

CH3 CH3
CHOH3 –H

+

CH3 CH3Cl

CH – C – CH 6 5 C H2 5

+
CH3

CH3

C H  – C = C 6 5 C H2 5
+

CH3

CH3

2º carbocation

1, 2-methyl
shift
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(iv) In case the removal of proton (second step), can form two products, the major product is formed according to
Saytzeff rule. For example,

CH C3CH CH2 3 CH CH = C – CH  + 3 3 CH CH C = CH3 2 2

( )Major (Minor)

CH3 CH3

Cl

CH C – 3CH CH2 3

CH3
+

CH3

(v) Stereochemistry of E1 reactions : Since the carbocation is planar, the electrons from the departing hydrogen can
move towards the positively charged carbon from either side and thus both syn- as well as anti-elimination can
occur. However, here also E-isomer having bulkier groups on the opposite sides will be major product because of
its higher stability than the Z-isomer.

  4.8.5 E1cB Mechanism

This is a two step reaction. The first step involves the rapid formation of carbanion by an alkyl halide under the
influence of a base. The second step is slow and involves the lose of leaving group (halide ion).

R CHCH Br2 R CH = CH + Br2
–

–
O C H2 5

carbanion (conjugate base)

fast
R CH – CH2

Br

slow

H

Since the rate determining step (slow step) is dependent on the concentration of the conjugate base of the substrate
(carbanions) and thus unimolecular, the reaction is known as E1cB (elimination, unimolecular from conjugate base).
Reactions proceeding by E1cB pathway are exceedingly rare.

Acid-catalysed dehydration of alcohols :

+ +
2

+ +HOisabet terH –H
2 2 2 2 2 2 2 2leavinggroup

RCH CH –OH RCH CH –OH RCH CH RCH=CH→ → →

However, since 1º carbocations are not quite stable, the above mechanism (E1) is applicable to 2º and 3º alcohols
and 1º alcohols follow E2 mechanism, where loss of water and proton take place simultaneously.

  4.8.6 E2 vs E1

We have already observed that both mechanisms follow the same order (1° < 2° < 3°), although reactivity by both
mechanisms increases for different reasons. Reactivity by E2 increases mainly because of greater stability of the more
highly branched alkenes being formed ; reactivity by E1 increases because of greater stability of the carbocation being
formed in the rate-determining step. Thus it becomes somewhat difficult to know whether an alkyl halide undergoes
elimination by E2 or E1. However, this problem can be somewhat solved on the basis of the role by the other reagent, i.e., the
base.

We know that E2 is a second-order reaction, i.e. here base takes part in the rate determining step; while in E1 base
does not take part in rate determining step. Thus the rate of E2 depends upon the nature as well as concentration of the
base. On the other hand, the rate of E1 is independent of the nature and concentration of the base. Thus for a given
substrate, the more concentrated the base or the stronger the base the more E2 mechanism is favoured  over E1. Thus
E1 mechanism is encountered only with tertiary or secondary substrates and that too in presence of either a weak base or a base in low
concentration.
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Example 14 :
Mention the type of elimination mechanism in each of the following :

(a)
CH CH3 2

CH3

CHBr    +   CH OH3
(b)

CH CH3 2

CH3

CHBr    +   CH ONa3
DMSO

(c) DMF
3Me C Br OH−+ → (d) 3 2Me C Br H O+ →

(e) 3Me CO
2 2 3Me C CH CH
|
Br

−
→ (f) OH

3 2 3CH CH(F)CH CH
−

→

(g)
Cl

O C H2 5
–CH3 (h)

Cl

O C H2 5
–CH3

(i)
CH OH2

– H O2
O

Solution :
(a) E1 (CH3OH is a weak base) (b) E2 (CH3O– is a strong base)
(c) E2 (OH– is a strong base) (d) E1 (H2O is a weak base)

(e) 2 2 3
|

3

CH C CH CH

CH

= −  (E2, base is strong) (f) CH2 = CHCH2CH3 (E2, halide is fluoride)

(g)
CH3

(E2, anti elimination gives only Hofmann product)

(h)
CH3

(E2, anti elimination gives more preferred Saytzeff product)

(i)

O

+

O

 (E1)

Example 15 :
Which of the alkyl halide (I or II) will be more reactive toward E2 reaction?

               I               II

(a) CH CH CHCH CH3 2 2 3

Br

CH CH CH CH3 2 3

Br

(b) C H CH  CH CH CH5 2 36 2

Br

C H CH  CH CH5 36 2

Br

Solution :
(a) II (C bearing Br is less sterically hindered).
(b) I (newly developed double bond is conjugated to benzene ring).
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Example 16 :
Predict the product formed in each of the following reaction and give mechanism :

(a) (CH )  – CH 3 3 3C CH

OH
H

+

(b)

CH
|
CHOH

3

H
+

(c)

CH3

C H  –  – CH – CH6 5 CH CH2 3
MeCO3

–

OH

Solution :

(a) (CH ) C – 3 3 CH CH3 (CH)C –  3 2 CH CH3 (CH ) C = C(3 2 CH )3 2
H

+

2º carbocation 3º carbocation

+ +1, 2-methyl
shift

CH3

(b)

CH
|
CH

3

+

2º carbocation

ring
expansion

CH CH3

2º carbocation 2º carbocation

≡

+

CH3

H
+

1,2-hydride
shift

3º carbocation

CH3
+ –H

+

CH3

(c) C H  – CH – CH – 6 5 CHCH3 C H CH = CH CH (CH )6 5 3 2

H

C H CH CH  CH(CH )6 5 2 3 2

+

Benzal carbocation Hofmann product2º carbocation

–H
++

CH3

  4.8.7 Elimination vs substitution
We have observed that the most common substrate for 1, 2-elimination as well as for substitution are alkyl

halides and alkyl sulphonates. Furthermore, the reagent required for the two reactions (bases and nucleophiles) are
similar. Both reagents (bases and nucleophiles) are electron-rich, bases are nucleophilic and nucleophiles are basic. Thus,
it is expected that there will nearly always be a competition between substitution and elimination.

Let us consider first the SN2 and E2 reactions both of which involve attack of the reagent :Z on the substrate.
While acting as a nucleophile, the reagent :Z attacks the substrate on carbon and causes substitution, while acting as a
base it attacks the substrate on hydrogen and brings about elimination.

Now we know that the relative order of reactivity for the two kinds of reactions is
3° > 2 ° > 1° For E2 reactions
1° > 2 ° > 3° For SN2 reactions

—–C—–C—–

Z:
H

E2

SN2

X

(Z as nucleophile) (Z as a base)

E2 S 2versus N
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So it can be concluded that primary substrates undergo elimination slowest and substitution fastest, while
tertiary substrates undergo elimination fastest and substitution slowest. From the above relative order, it can further be
concluded that in bimolecular reactions, the proportion of elimination increases as the structure of the substrate changes
from primary to secondary to tertiary.

CH3CH2Br  →
–OC H2 5  CH CH OC H3 2 2 5

91%
 + 

9%
CH CH2 2=

(CH3)2CHBr  →
–OC H2 5  

87%
CH CH CH3 2=  + (CH ) CHOC H3 2 2 5

13%

Like the nature of substrate, the nature of the reagent :Z also influences the ratio of the two products.
(a) A bulky nucleophile or bulky alkyl halide (even primary) will favour E2 reactions, because of steric factor (cf.

mechanism of SN2 reactions) e.g.

CH (CH ) CH CH Br3 2 15 2 2
1 Alkylhalide°

C H OH2 5
 →OCMe3

–
C H (CH ) CH CH3 2 15 2

(87%)
= CH (CH ) CH3 2 15 2 2 2 5

(13%)
+ CH OC H        

−+ → = +3CH OH
3 2 2 3 3 2 2 3 2 2 3

(40%)(60%)
(CH ) CHCH Br CH O (CH ) C CH (CH ) CHCH OCH

(b) Nucleophiles which are also strong bases like –OH favour elimination while good nucleophiles, which are
weak bases (e.g. CN–, azide N3

–, –SH etc.) favour substitution.
2-Chloropropane when treated separately with acetate ion or ethoxide ion undergoes different reactions.

OCOCH3 Cl

CH CHCH3 3 CH CHCH3 3 CH CH = CH3 2

2-Chloropropane Propene
(75%)

Isopropyl acetate
(100%)

CH COO

CHCOOH
3

3

–

(S )N 2 (E2)

C H O

C H O H
2 5

2 5

–

This is because CH3COO– is a weaker base than C2H5O– (recall that CH3COOH is a stronger acid than C2H5OH).
Further, a less polar solvent and high temperature tend to favour elimination, while more polar solvent and a

low temperature favour substitution. This explains why hot alc. KOH is used for dehydrohalogenation, while aqueous
KOH is used for substitution. So favourable conditions for E2 are bulkiness at either of the two reagents (alkyl halide and
nucleophile), strongly basic nucleophiles like OH– and OC2H5

–, less polar solvent and relatively high temperature.
(c) A tertiary alkyl halide is the least reactive toward SN2 reaction but most reactive toward E2 reaction, thus when a

tert-alkyl halide is treated with a nucleophile under SN2/E2 conditions, only the elimination product is formed.

− −+ → = + +3 2CH CH OH
3 3 3 2 3 2 2 3 2

Methylpropene
(CH ) CBr CH CH O (CH ) C CH CH CH OH Br

Now let us take SN1 and E1 reactions, both of which involve the formation of carbocation in the rate-determining
step. Hence the least stable carbocation (1°) will react immediately with the anion to form substitution product. On the
other hand, the 3° cation, having sufficient stability will lose proton to form the more stable (more branched) alkene.

In short, for a particular alkyl halide substitution reactions are favoured by nucleophiles which are weak bases,
viz. H2O, C2H5OH, CN–, N3

–, RS–, HS– etc., and using low temperature (room temperature) ; while elimination reactions are
favoured by strong bases like OH–, –OC2H5 etc. and using high temperature.

Example 17 :
Propose a mechanism for the following reaction :

Br

Solution :

Br

H

+
1, 2-hydride

shift
H

+
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Example 18 :

3,3-Dimethylbutanol-2 loses a molecule of water, when treated with concentrated sulphuric acid to give
tetramethylethylene. Suggest a mechanism.     (IIT 1996)

Solution :

Ch – CH – C – CH3 3 CH – CH – C – CH3 3

CH3 CH3

CH3 CH3

OH
+
OH2

H
+

CH  – CH – C – CH3 3

CH3

CH3

– H O2
+

2° carbocation

CH  – C  =  C – CH3 3

CH3CH3

3° carbocation
(more stable)

1,2-methyl

shift

HSO4CH – C  –  C – CH3 3

CH3CH3

H

+

–

Tetramethylethylene

+  H SO2 4

Summary of SN1, SN2, E1, E2 and E1cB Reactions

− − − −2
3

N N N

Weakbasic Stronglybasic Stronglybasic
Poor nucleophileTypeof

nucleophile unhinderednucleophile hindered nucleophile
(e.g.H O,ROH)alkylhalide

(e.g. I , R S ) (e.g. RO ) (e.g. Me CO )
Methylhalide Noreaction S 2 S 2 S 2

1º unh

1

N N

N

NN

N N

3 2 3

inderedRX Noreaction S 2 S 2 E2
1ºhinderedRX Noreaction S 2 E2 E2
2ºalkylhalide S ,E1(slow) S 2 E2 E2

3ºalkylhalide E1orS 1 S 1,E1 E2 E2
XO

|| | E1 BE1cB E1cB c E1cB
CH CCH CHCH

1. Predict the major product of each of the following reactions :

(i) Cyclohexyl bromide and potassium ethoxide

(ii) sec-Butyl bromide solvolysis in methanol

(iii) sec-Butyl bromide solvolysis in methanol containing 2M sodium ethoxide.

2. Give various steps involved in the acid-catalysed dehydration of 2, 2-dimethylcyclohexanol to form the major product.

3. Give various steps involved in the acid-catalysed dehydration of the following alcohols to different alkenes

(a) 1-Methylcyclohexanol (b) 9-Decanol.
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1. Which of the following is not an electrophile ?
(a) Ag+ (b) H2C:
(c) SiF4 (d) None

2. Consider the following sequence of steps
(i) A  → B (ii) B + C  →  D + E
(iii) E + A  → 2F
Product of the reaction is/are
(a) B, D, E and F (b) D, E and F
(c) D and F (d) F.

3. Addition of bromine on ethylene is generally represented as
CH2 = CH2 + Br2   → CH2BrCH2Br
The nucleophilic species present or formed as intermediate in
the above reaction are

(a) CH2Br 2CH  and Br– (b) CH2 = CH2 and Br–

(c) only CH2 = CH2 (d) only Br–.
4. Cyclohexene has three types of hydrogen atoms, marked as 1, 2

and 3. Which hydrogen atom can be removed most easily and
which with most difficulty as H. ?
(a) 1 and 2 respectively (b) 2 and 3 respectively
(c) 2 and 1 respectively (d) All with same ease.

5. Insertion of methylene in isobutane, (CH3)2CHCH3 can form
how many compounds ?
(a) 1 (b) 2
(c) 3 (d) 4

6. Extra stability of tert-carbocation can be explained due to
(a) inductive effect (b) hyperconjugation(c)
steric relief (d) all the three

7. In methyl anion (:CH3
–), carbon is sp3 hybridised. The angle

between bonding pairs should be
(a) 109.5° (b) < 109.5°
(c) > 109.5° (d) any of the three.

8. Which of the following three intermediates have nearly similar
geometry ?

(I) (II)
CHCH2 3

⊕
:CHCH2 3

–

(III)

:CHCOCH2 3

–

(IV)
C  = CHCH2 2H 

– :

(a) I and III (b) II and IV
(c) II, III and IV (d) I, III and IV.

9. Which of the following compound can form carbanion easily ?

3 3 3 3 2
I II III

CH CH CH CHO CH CH Cl
IV

(a) II only (b) II and III
(c) I, II and III (d) II and IV

10. (+)-C2H5CH(CH3)COC6H5 2

(i)Base

(ii) Br
→  C2H5CBr(CH3)COC6H5

Here the product is
(a) (+) – (b) (–)
(c) (±) – (d) Not definite.

11. Consider the following species
H+ OH– H3O+ AlCl3
 I  II III   IV
Which of the following is/are cationoid ?
(a) I and III (b) I and IV
(c) II (d) I, III and IV.

12. Chlorobenzene having chlorine on heavy carbon is treated with
sodamide, the product is
(a) aniline having —NH2 group on heavy C atom
(b) aniline having —NH2 group on C-12
(c) both (a) and (b)
(d) reduction takes place to from benzene.

13. The transition state of the rate determining step of a multi-step
reaction has
(a) lowest enthalpy (b) highest enthalpy
(c) medium enthalpy (d) unpredictable.

14. Enthalpy diagram of a multi-step reaction is drawn below. Can
you predict the rate determining step in the reaction ?

(a) No (b) Yes, first step
(c) Yes, second step (d) Yes, third step.

15. The decreasing order of nucleophilicity of HS–, RCOO–, RCOOH
and ROH is
(a) RCOO– > HS– > RCOOH > ROH
(b) HS– > RCOO– > RCOOH > ROH
(c) HS– > RCOO–  > ROH > RCOOH
(d) RCOO– > HS– > ROH > RCOOH.

16. During dehydration of tert-butanol with an acid, which of the
following carbocation is more likely to be formed as an
intermediate ?

(a) CH3CH2CH2 C
+

H2 (b) CH3CH2 C
+

HCH3
(c) Both (d) None.

17. Polarisation of electrons in acrolein may be written as

(a) 2CH CH—CH O
δ− δ+

= = (b)
+

2CH CH—CH O
δ− δ

= =

(c)
+

2CH CH—CH O
δ− δ

= = (d)
–

2CH CH—CH O
δ+ δ

= = .

18. In CH3CH2OH, the bond that undergoes heterolytic cleavage
most readily is
(a) C—C (b) C—O
(c) C—H (d) O—H.

19. The bond dissociation energy needed to form the benzyl radical
from toluene is ...... the formation of methyl radical from
methane.
(a) equal to (b) less than
(c) greater than (d) not certain.

20. Which of the following reaction leads to complete racemization?
(a) Free radical substitution
(b) SN1
(c) SN2
(d) All the three.

EXERCISE  4.1 (MCQ - ONE option correct)
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21. Which of the following process involves inversion of
configuration ?
(a) SN1 (b) SN2
(c) Both (a) and (b) (d) None.

22. An optically active alkyl halide of specific rotation – 34.9°
undergoes SN1 reaction, the specific rotation of the product will
be
(a) + 34.9° (b) less than + 34.9°
(c) zero (d) – 34.9°.

23. The correct order for nucleophilic substitution in the following
compounds is
ROH RF RO+H2 ROSO2CF3 ROTs
   I  II    III IV V
(a) III > I > II > IV > V (b) IV > V > III > II > I
(c) IV > V > III > I > II (d) V > IV > III ≈ I > II.

24. Which of the factor increases the rate of following SN1 reaction;
RX + OH–   → R—OH + X–

(a) Doubling the concentration of OH–

(b) Doubling the concentration of RX
(c) Both of the two
(d) None of the two.

25. Consider the following reaction
1-Bromobutene-2 + NaOH   →
Which of the following statement is true ?
(a) It undergoes SN2 reaction
(b) It undergoes SN1 reaction and forms one product
(c) It undergoes SN1 reaction and forms two products
(d) It can undergo SN2 as well as SN1 reaction.

26. The decreasing order of reactivity of the following alkyl bromides
towards SN2 displacement is n-Propylmethyl bromide (I),
iso-propylmethylbromide (II), sec-butylmethyl bromide (III),
tert-butylmethyl bromide (IV)
(a) I > II > III > IV (b) IV > III > II > I
(c) III > IV > II > I (d) IV > III > I > II.

27. Which of the following does not involve carbocation as
intermediate ?

(a) C6H6 + Br2 3AlBr→  C6H5Br
(b) CH2 = CH2 + Br2   → BrCH2 – CH2Br

(c) (CH3)3COH + HBr 
+H→  (CH3)3CBr + H2O

(d) None of the above.
28. Although aldehydes and ketones also contain a carbonyl group,

like acid halides they do not undergo

R—

O

C


—H              R—

O

C


—R′              R—

O

C


—Cl
nucleophilic substitution reactions because
(a) they do not have electronegative chlorine atom
(b) carbon atom of carbonyl group in aldehydes and ketones

is less electron deficient
(c) hydride ion and methylide ion are strong bases and hence

are poor leaving groups
(d) none of the above is true.

29. Nucleophilic additions on aldehydes and ketones are catalysed
by acids because
(a) acids dissolve easily both the reactants
(b) acids make carbonyl carbon more electron rich
(c) acids make carbonyl carbon more electron deficient
(d) acids increase the nucleophilicity of the nucleophiles.

30. During dehydrohalogenation of an alkyl halide, hydrogen of
alkyl halide is removed as
(a) hydrogen atom (b) H+

(c) H– (d) free radical.
31. Two reactions of tert-butyl chloride are given below to give

products indicated against them

(CH3)3CCl + NaF 2H O→  [A]

(CH3)3CCl + NaF 3 2(CH ) SO→  [B]
[A] and [B] are
(a) tert-Butyl alcohol
(b) iso-Butene
(c) A is tert-butyl alcohol, B is tert-butyl fluoride
(d) A is tert-butyl alcohol, B is isobutene.

32. During dehydration of tert-butanol, which of the following
carbocation is more likely to be formed as an intermediate ?

(a) CH3CH2CH2
+
C H2 (b) CH3CH2

+
C HCH3

(c) Both (d) None.
33. A solution of (+)-2-chloro-2-phenylethane in toluene racemises

slowly in presence of small amount of SbCl5 due to formation of
(a) carbanion (b) carbene
(c) carbocation (d) free radical.

34. Which of the following is least stable ?

(a) C6H5
+
C H2 (b) p-OCH3 . C6H4 . 

+
C H2

(c) p-NO2 . C6H4 . 
+
C H2 (d) p-OH . C6H4 . 

+
C H2.

35. Which of the following is fast debrominated ?

(a)

Br
(b)

Br

(c)

Br

(d)

Br

36. Heterolysis of propane gives :
(a) methylium ion and ethyl anion
(b) methyl anion and ethylium ion
(c) either (a) or (b)
(d) methylium and ethylium ions

37. The correct order of decreasing stability of the four carbanions I
to IV should be :

CH2

OCH3

CH2CH3

CH2

< < <

NO2

CH2

I II III IV

(a) IV > III > II < I (b) IV > III > I > II
(c) I > II > III > IV (d) II > I > IV > III

38. Predict the nature of A and B :

3 3 2 2 5(CH ) C CH Br OC H A−+ →

3 3 2 3(CH ) C CH Br CH OH B+ →
(a) (CH3)3CCH2O C2H5 and (CH3)3CCH2O CH3
(b) (CH3)2C(OC2H5)CH2 CH3 and (CH3)2C (OCH3)CH2 CH3

(c)

2 5
|

3 2 2 3

OC H

(CH ) CCH CH  and (CH3)3C CH2O CH3

(d) (CH3)2C = CHCH3 and (CH3)2C = CH CH3
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39. The structure drawn below has four nucleophilic sites, arrange
them in order of decreasing nucloeophilicity.

O O

SO3
–

–OOC

. .
. .
2

3

4

1

(a) 3 > 4 > 1 > 2 (b) 4 > 3 > 2 > 1
(c) 4 > 3 > 1 > 2 (d) 3 > 4 > 2 > 1

40. In the following hypothetical structure, which carbon is sp
hybridised?

1 2 3 4x x x x

C C C C
| |

− +
− − − − −

. . .
.

(a) x2 (b) x3
(c) x2 and x3 (d) None

41. In the above structure, which carbon is sp2 hybridised?
(a) x1 (b) x2
(c) x3 (d) x4

42. The weakest C – H bond is present in
(a) CH4 (b) RCH3
(c) R2CH2 (d) R3CH

43. Heterolysis of propane gives
(a) methylium ions and ethyl anion
(b) methyl anion and ethylium ion
(c) methylium and ethylium ions
(d) both (a) and (b)

44. Which of the following order is (are) correct regarding stability?

(a) 3 2 2Ph C Ph CH PhCH
+ + +

> >

(b) 3 2 2Ph C Ph CH PhCH
− −−

> >
. . .. . .

(c) 2 6 4 2NO C H CH
−

− −
. .

p   >  6 5 2C H CH
−

−
..

>  3 6 4 2CH O C H CH
−

− − −
..

p

(d) p- 2 6 4 2NO C H CH
+

− −   >  6 5 2C H CH
+

−

>   p 3 6 4 2CH O C H CH
+

− −

45. Which of the following species have a trigonal planar shape?

(a) –
3:CH (b) +

3CH

(c) –
4BF (d) SiH4

46. A nucleophile must necessarily have
(a) an overall positive charge
(b) an overall negative charge
(c) an unpaired electron
(d) a lone pair of electrons

47. Carbanion is
(a) an electrophile (b) a nucleophile
(c) a Zwitter ion (d) a free radical

48. The major product of the following reaction is –

Me Br

F

NO2

   
PhSNa

dimethylformamide

Θ ⊕

→

(a)

Me SPh

F

NO2

(b)

Me SPh

F

NO2

(c)  

Me Br

SPh

NO2

(d) 

Me Br

SPh

NO2

49. The correct stability order for the following species is

(III)(I)

O
⊕

(II)

⊕

O

⊕

(IV)
⊕

(a) (II) > (IV) > (I) > (III) (b) (I) > (II) > (III) > (IV)
(c) (II) > (I) > (IV) > (III) (d) (I) > (III) > (II) > (IV)

DIRECTIONS for Q. 1 to Q. 6 : Multiple choice questions with one
or more than one correct option(s).

1. Which of the following statement is true regarding E2 reactions of
alkyl halides which follow the following order :

3º > 2º > 1º Alkyl halides

(a) 3º alkyl halides form most stable carbocations

(b) Increased branching (from 1º alkyl halide to 3º halide)
successively provides greater number of hydrogens to be
eliminated as H+.

(c) Increased branching leads to the more stable alkene.

(d) Increased branching facilitates the formation of transition
state.

EXERCISE  4.2
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2. Which of the following statement is true?
(a) NH3 is more basic than PH3 because N lies in a lower

period of the periodic table than P.
(b) NH3 is more basic because its bond angle is 90º while the

bond angle, H – P – H in PH3 is 107º.
(c) NH3 and PH3 are equally basic
(d) NH3 is less basic than PH3

3. Pick up the correct statement(s) regarding the hybridisation state
of the carbon bearing positive charge.
(a) All carbocations are sp2 hybridised
(b) Vinyl carbocation is sp hybridised
(c) Phenyl carbocation is sp hybridised
(d) Carbocations may be sp3, sp2 as well as sp

4. A primary carbanion is
(a) more reactive than a secondary carbanion
(b) more stable than a secondary carbanion
(c) less stable than a secondary carbanion
(d) more stable than a tertiary carbanion

5. Which is/are true statement(s)?
(a) Protonation increases electrophilic nature of carbonyl group
(b) CF3SO3

– is better leaving group than CH3SO3
–

(c) Benzyl carbonium ion is stabilised by resonance

(d) CCl CH3
OH

OH
  is stable

6. The relative order of reactivity of F–, Cl–, Br– and I– is :
(a) F– > Cl– >  B r– >  I– in non-polar solvents like DMSO

(dimethyl sulphoxide)
(b) F– < Cl– < Br– < I– in polar solvents like H2O, alcohol
(c) F– < Cl– < Br– < I– in DMSO
(d) F– > Cl– > Br– > I– in H2O

INSTRUCTION for Q. 7 to 15 : Read the passages given below and
answer the questions that follow.

PASSAGE 1

: OH : OHBr–Br

. .
. .

Br+

Br
–

CH Br2
CH Br2

OO – H+
. .

+  HBr

7. The intermediate in the above reaction is
(a) carbocation (b) carbanion
(c) free radical (d) none of these

8. Step 2 involves
(a) elimination of Br –

(b) rearrangement (c) cyclization
(d) cyclization as well as rearrangement

9. Step 3 is
(a) reaction with the nucleophile Br–

(b) an acid–base reaction
(c) Both (d) none

PASSAGE 2

HBr

+

Br
–

Br+ +

3° carbocation
with 6-membered ring

10. Step I involves the formation of

(a) 1° carbocation (b) 2° carbocation

(c) 3° carbocation (d) a free radical

11. Step 2 involves

(a) ring expansion

(b) conversion of a less stable carbocation to more stable

(c) Both

(d) None

12. Step 3 involves

(a) the addition of a nucleophile

(b) an acid-base reaction

(c) both

(d) elimination of a proton

PASSAGE 3

O :
H

+

OH
OH

+ +

. .

OH OH

+

Cyclization –H
+

13. Step 1 involves protonation of oxygen because

(a) oxygen is most basic

(b) oxygen is most electronegative

(c) oxygen can easily accommodate + charge

(d) resulting protonated epoxide is highly stable

14. Step 2 is due to

(a) Instability of the epoxide ion

(b) Formation of more stable 3° carbocation

(c) Formation of 2° carbocation

(d) None

15. The final product having a C = C is

(a) Hofmann product (b) Saytzeff product

(c) Cope product (d) None of these
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Instructions for Q. 16 to 21 : Following questions are Multiple
Matching type Questions :

16. Column I Column II
(A) Carbocations (a) E1
(B) Tetrahedral (b) Nucleophilic-addition

transition state

(C) Pentavalent (c) NS 2
transition state

(D) Carbonyl compounds (d) C = C + HX
17. Column I Column II

(A) (CH3)2C = CH2 + HBr (a) 1° carbocation

(B) +CHBr + ( C H ) C O K3 3 3 (b) 2° carbocation

(C)

CHOH2

+ H
+

(c) 3° carbocation

(D)

OH

(d) Carbene

18. Column I Column II
(A) Carbocation (a) Reaction with

ethylene
(B) Carbanions (b) Reaction with

opposite species
(C) Carbenes (c) Rearrangement
(D) Free radicals (d) Disproportionation

19. Column I Column II

(A) NS 1 (a) 3o > 2o (stability of

intermediate)

(B) NS 2 (b) Rearrangement

possible
(C) E1 (c) A less polar solvent

favours
(D) E2 (d) Stereospecific

20. Column I Column II
(Reaction) (Intermediate)

(A) Reaction of bromobenzene (a) Carbocation
with  sodamide

(B) Reaction of 1, 3-butadiene (b) A carbanion
with  bromine

(C) Alkaline hydrolysis of (c) Benzyne
chloroform

(D) Partial reduction of alkynes (d) Carbene
by Na in  liq. NH3

21. Match the following :
Column I Column II

(A) C6H5CH2CD2Br on (a) E1
reaction with C2H5O–

gives C6H5 – CH = CD2
(B) PhCHBrCH2 and (b) E2

PhCHBrCD3, both react
with the same rate

(C) C6H5CH2CH2Br on (c) E1CB
treatment with C2H5O–

and C2H5OD gives
C6H5CD=CH2

(D) C6H5CH2CH2Br reacts (d) First order reaction
faster than
C6H5CD2CH2Br
on reaction with C2H5O–

in ethanol

Instructions for Q. 22 to 26 : Following questions are Assertion and
Reasoning Type Questions :
Note : Each question contains STATEMENT-1 (Assertion) and
STATEMENT-2 (Reason). Each question has 5 choices (a), (b), (c),
(d) and  (e) out of which ONLY ONE is correct.
(a) Statement-1 is True, Statement-2 is True; Statement-2 is a correct

explanation for Statement-1.
(b) Statement-1 is True, Statement-2 is True; Statement-2 is NOT a

correct explanation for Statement-1.
(c) Statement -1 is True, Statement-2 is False.
(d) Statement -1 is False, Statement-2 is True.
(e) Statement -1 is False, Statement-2 is False.

22. Statement I : Addition of singlet carbene to alkene is a
stereospecific where as addition of triplet carbene is non-stereo
specific.
Statement II :Addition of singlet carbene is proceeds in
concerted fashion, where as addition of triplet carbene is a two
step process.

23. Statement I : 2,4,6 trinitro N, N-diemethylaniline is 40,000
times more basic than 2,4,6-trinitroaniline.
Statement II : In the former steric inhibition or resonance causes

the availability of pl  on N whereas in the later due to H-

bonding of NH2 with NO2 groups make NH2 planar with
benzene ring, so easy delocalisation of electron pair of N in
benzene ring.

24. Statement I : Trichloroacetic acid is stronger than acetic acid.
Statement II : Electron withdrawing substituents decrease the
activity.

25. Statement I : Styrene on reaction with HBr gives 1-bromo-1-
phenylethane.
Statement II : Benzyl radical is more stable than alkyl radical.

26. Statement I:  Rate of hydrolysis of methyl chloride to methanol
is higher in DmF than in water.
Statement II : Hydrolysis of methyl chloride follows second
order kinetic.

Instructions for Q. 27 to 29 : The following questions are True/False
Type Questions :

27. Trimethylmethyl and triphenylmethyl radicals, both  being 3°
free radical, equally exist in solution.

28. Stability order of carbanions always follows reverse order to that
of corresponding carbocations.

29. Among the simple alkyl carbocations, the most stable one

is 3CH
+

because here the positive charge is dispersed only to
small extent.
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1. Pick up the stronger nucleophile and stronger base in the following
pairs of compounds ?

(i) 2NH Θ  and NH3 (ii) OH– and SH–

(iii) H2O and H3O+ (iv) CH3CH2O– and CH3COO–

(v) Br– and Cl– (vi) OH– and F–.
2. Which of the following behaves as (a) a nucleophile, (b) an

electrophile, (c) both or (d) neither ?
Cl–, NO+, H2O, CH3OH, CH4, CH2O, CH3CN, CH3CH = CH2,
AlCl3, BeCl2, Cr3+, H2 and SnCl4.

3. What are ambident nucleophiles ; give two examples.
4. Compare the (rate of SN2 reactivity) nucleophilicity of

(a) H2O, OH–, CH3O– and CH3COO–

(b) NH3 and PH3.
5. Compare the effectiveness of the following anions as leaving

groups
CH3COO–, C6H5O– and C6H5SO3

–, pKa value of their conjugate
acids are 4.5, 10.0 and 2.6 respectively.

6. Account for the decreasing stability of the following
carbocations :

Me3C+ > Me2
+
C H > Me

+
C H2 >

+
C H3 .

7. Comment on the role played by the adjacent atom or group on
the stability/destability of the following carbocations :

(a)
+

3—C—CF


(b)
+
C F3

(c)
+

2—C—NH


(d)
+

3—C—NH
+


.

8. Give the organic product(s) in the following reactions :

(i) CH3CHBrCH3 + HS– 3CH O H

assolvent
→

(ii) (CH3)3CBr + I– 
HCOOH
assolvent

→

(iii) CH3CH2Br + AgCN   →
(iv) CH3CH2Br + S2O3

2–   →
(v) CHCl3 + Me3COK + CH2 = CH2   →

(vi)

Cl

+ aq. KOH   →  .

9. List the following alkyl bromides in order of decreasing (a) SN2
reactivity, and (b) reaction with alcoholic AgNO3

.

(CH3)2C(Br)C2H5,         CH3(CH2)3CH2Br,         (C2H5)2CHBr
10. Explain the following :

(i) Ethanol does not react with NaBr, but reacts in presence
of sulphuric acid.

(ii) Although neopentyl chloride, Me3CCH2Cl is a primary
alkyl halide it does not undergo S

N2  reaction.

(iii) tert-Butyl chloride undergoes solvolysis slowly than allyl
chloride.

(iv) Rate of solvolysis of (CH3)2CHBr in presence of 80% water
and 20% alcohol is very less than CH3CH2Br as well as
(CH3)3CBr.

(v) In aqueous solution, an alkyl halide (RCl) undergoes slow
hydrolysis to form alcohol, but the hydrolysis becomes
fast on the addition of catalytic amount of potassium
iodide.

(vi) On treatment with a strong base, CH3CH2I forms ethylene
readily than CD3CH2I.

(vii) Although primary alkyl halides are the least reactive
towards S

N1  solvolysis, CH3CH2OCH2Cl undergoes S
N1

solvolysis easily in ethanol.
11. Which of the following reactions is primarily displacement or

elimination ?
(a) CH3CH2CH2Cl + I–   →
(b) (CH3)3CBr + CN– (ethanol)   →
(c) CH3CHBrCH3 + OH–(H2O)   →
(d) CH3CHBrCH3 + OH– (ethanol)   →
(e) (CH3)3CBr + H2O   →.

12. Complete the following reactions and point out the mechanism
as SN1, SN2, E1 or E2

(a) (CH3)3CBr + C2H5OH °→60 C

(b) CH3CH = CHCl + NaNH2   →
(c) (CH3)3CI + H2O   →
(d) (CH3)3CI + OH–   →.

13. Arrange the following in increasing order of reactivity towards
aqueous HBr
Benzyl alcohol, p-chlorobenzyl alcohol, p-hydroxybenzyl alcohol,
and p-nitrobenzyl alcohol

14. Arrange different primary isomeric pentyl alcohols in order of
increasing reactivity towards aqueous HBr.

15. Arrange the following in increasing order of their reactivity
towards S

N1  reaction

Br
Br

Br, , ,

Br

Br ,

16. Among following pairs of alkenes, pick up the alkene which is
expected to add HCl readily, assuming that addition is an ionic
reaction
(i)  and
(ii) and

(iii)
and

C H6 5 C H6 5

(iv) and
17. Predict the preferred regiochemistry for the addition of HCl to

each of the following :

(i) (ii)

(iii) (iv)

18. Arrange the following in increasing order of reactivity towards
the addition of  HBr.
Styrene, p-methylstyrene, p-chlorostyrene, p-nitrostyrene.

EXERCISE  4.3 (Subjective Problems)
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19. Give the mechanism involved in free radical addition of CBrCl3
to 1, 3-butadiene.

20. Explain briefly the formation of products giving structures of
the intermediates.

(i) OH Cl
→H lC

(ii) OH Cl
(only)→H lC

(iii)  →
NaNH2

NH3

OCH3

Br

OCH3

NH2

21. Arrange the following in decreasing stability order :

(a)

I II III IV

. .

. .

V VI VII

2CH
. .

.

(b)

I II III

56 HC

56HC
. . .

(c) 2 6 5 3 6 5 2
I II III IV

CH , C H CH,CH C H , ( C H ) C
. . . . . .

:

(d) Is there any relation betwen the bond energy and stability
of a free radical? Cyclohexene has three types of C – H
bonds, (marked a, b and c), which C – H bond is strongest
and which one is weakest?

HH
HH

H

a
b

c

22. Complete the following by giving structure of the product :

(a) heat
3 2CH N N N ........− ≡ → +

(b) 6 5 3 2C H N N ........ν→ +h

(c) 3 3 2CH CON N ........ν→ +h

(d) 3 2HN N ........ν→ +h

(e) 3CH NCO CO ........ν→ +h

23. Write the structure of the missing reactant/product

(a) 3 2 3 3 2 2 3CH CH CH .......... CH CH CH CH ...........+ → +

(b) CHCH = CHCH  +............3 3

CH – CH – CHCH3 3 +............

N
COCH3

(c)
MgBr

F
heat NH

liq.
3...........

NH2
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1. (a) Electrophiles. H+, Cl+,  Cr3+, NO2
+ (all have positive

charge), 
* *

2 4BeCl ,SnCl  (electron deficient atom, marked
by * is present), SiF4 (although every atom has octet, Si
can have 10 electrons in its d-orbitals).

(b) Nucleophiles. Cl– (negative charge), CH3CH = CH2

(presence of π electrons), 2H O :
..

 (presence of lone pair of

electrons)

(c) Both (Ambiphile). 2CH = O :
..

, CH3C ≡ N :  (In these, C is
electrophilic ; while O/N is nucleophilic).

(d) None. H2, CH4 (absence of charge, π electrons, lone pair of
electrons or δ+ and δ– charges).

2. The part bearing δ+ will act as an electrophile

Cl—Cl
δ+ δ−

HO—H
δ− δ+

       H—Br
δ+ δ−

HO—Cl
δ− δ+

CHC—O—H3

O

δ+δ–
CH—C—Cl3

O

δ+ δ–
C H S—O—H6 5

O

O

     δ+δ–

3. Due to high electronegativity of O and Cl in CH3COCl and Cl in
ICl, two compounds behave as electrophiles.

CH —C—Cl3

O

δ+ δ–
I—Cl

δ+ δ–

4. (i) Addition.
(ii) Addition and redox.
(iii) Rearrangement ; nothing is eliminated or added ;

cycloalkane is converted into alkene.
(iv) Elimination (two chlorine atoms are removed from

adjacent C atoms ; β-elimination) and redox (oxidation
number of C as well as Zn changes). Organic compound is
reduced, while Zn is oxidised.

(v) Addition and redox. The two bromine atoms add on two
carbon atoms of the ring. Simultaneously note that carbon
atoms of the organic compound are oxidised while the
bromine atoms are reduced.

(vi) Rearrangement ; cyanate (—CNO) functional group is
converted into amide group (—CONH2).

(vii) Elimination. Note that here both atoms (i.e. H as well as
Cl) are removed from the same carbon atom, elimination
is α.

(viii) Substitution and redox ; CH3CH2Br is reduced.

(ix) +  H2 Addition→ .

5. Try to solve the problem by balancing the charge on the reactant(s)
and product(s). Remember that free radicals and carbenes are
neutral, the former has one free electron while the latter 2.
(i) (CH3)3C+ (ii) :CH2
(iii) (CH3)3C+ (iv) .CH3

(v) :CH2 (vi) CH2D 2CH
+

(vii) .CH3 (viii) HC ≡ C:–.

6. Products are Me3COOCCH3 + AgBr
Mechanism

(i) MeCBr      +      Ag3
+

Me C   +  AgBr3
+

Nucleophile Electrophile

δ+ δ–
→

slow

(ii)
M e C       +       C H C O O3 3

+ –
Me COOCCH3 3

Electrophile Nucleophile
→

fast

7. (i) >
. .

.

>

III II V
. .

> >

I IV

III is most stable because it is an allylic free radical having
two conjugated π bonds, II is also allylic radical but with
one conjugated π bond. Relative stability of V, I and IV
can better be understood by considering their parent
compounds.

H

Va
sp3 (weak)

H

Ia
sp2 (strong)

H

IVa
sp2 (stronger due to resonance)

Parent compound
Nature of C—H bond

Thus it is easiest to remove .H inVa leading to the most
stable free radical and most difficult in IVa leading to the
least stable free radical.

(ii)

CH3 CH2

> >>CH = CH—CH2 2 CH = CH2

IV II III I

.
. .

.

Note that IV and II are both allylic free radicals, their
relative stability can be predicted by considering their
parent compounds.

CH3
H

CH = CH—CH2 3

IVa
IIa (more stable due to hyperconjugations, 

and thus H is removed with difficulty). 

Stability of III and I can again be considered by taking
their parent compounds.

CH3

CH = CH2 2

IIIa
Ia (It is difficult to remove

H  from  hybridised C atom). sp2

1. (i) Negative. Two molecules are changing into one molecule
and there is more order (less randomness) in the product,
i.e. SP < SR.
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(ii) Positive. The rigid ring is converted into an acyclic
compound which due to free rotation about C—C single
bond will have more randomness (less order). Thus here
SP > SR.

(iii) Positive. The ions (present in reactants) are solvated by
more H2O molecules than the CH3COOH (present in
product) ; hence when ions form molecules, several water
molecules are set free and hence they will have more
randomness, i.e. SP > SR.

2. (i) Both values increase rate of reaction.
(ii) Both values decrease rate of reaction.
(iii) Increase in ∆H==|  will tend to decrease the rate while increase

in ∆S==|  will tend to increase the rate. Hence the net effect is
unpredictable.

(iv) The trends will be opposite to those in part (iii) ; hence
here also the net effect will be unpredictable.

3. ∆H==|  can be decreased by (a) raising HR, (b) lowering HTS or (c)
both of these.

4. (i) A + B   → C + D ; rate = k[A][B].
Here both reactants are involved in the rate expression, so
the reaction must be biomolecular. Further, the balanced
given reaction involves one molecule of A and one molecule
of B, the reaction must have a single (concerted) step.

(ii) r = k[A]. The rate-determining step is unimolecular and
involves only one molecule of A. There can be no prior fast
step. Molecule B reacts in the second step, which is fast. A
possible two-step mechanism is

A slow→  C + I (Intermediate)

       B + I fast→  D
(iii) r = k[B]. On the basis of similar explanation, reaction occurs

in the following way :

B slow→  C + I

A + I fast→  D
5. The rate expression indicates that one molecule of B and two

molecules of A are needed to give the species for the slow step.
Since no step is termoloecular, there must be some number of
prior fast steps to give at least intermediate needed for the slow
step. The second B molecule (given in the reaction equation)
must be consumed in a fast step following the slow step to give
final products. Two different mechanisms are possible.
Mechanism IMechanism II

 A + B fast→  AB A + A   → A2
(Intermediate) (Intermediate)

AB + A slow→  ABA A2 + B   → A2B

ABA + B fast→  C + D A2B + B   → C + D
6. The slow unimolecular step should involve decomposition of

the intermediate AB2 or B2A. Further all the given number of
molecules of the reaction are accounted for in the rate
determining step, this should be the final step. Two possible
mechanisms can be given.
Mechanism IMechanism II

B + B fast→  B2 A + B fast→  AB

B2 + A fast→  B2A AB + B fast→  AB2

B2A slow→  C + D AB2 slow→  C + D

1. According to given statement + 39.6° is the specific rotation for
100% optically pure (+)-2-bromooctane.

∴ [α] + 24.9° corresponds to = 24.9
39.6

 × 100 = 63% optical purity

Since SN2  reactions proceed with 100% inversion, the product,
(–)-2-octanol, will also be 63% optically pure.
Thus, 100% optically pure (–)-2-octanol has [α] – 10.3°.

∴ 63% optically pure (–)-2-octanol will have = 10.3 63
100

− ×

      = – 6.5°
∴ Specific rotation of (–)-2-octanol = – 6.5°.

C H6 1 3 C H6 13

CH3 CH3

Br HH OH→
aq. NaOH

S 2N

(+)-2-Bromooctane
 = + 24.9°

optical purity 63%
[ ]α

(–)-2-Octanol
optical purity 63%

     = – 6.5°∴ α[ ]

1. (a) SN1 reactions involve formation of carbocation, hence alkyl
halide capable of forming carbocation easily (3° > 2° > 1°)
will react faster toward SN1.

(i)

I I
CH3

1-Methylcyclopentyl
iodide (3° halide)

Cyclopentyl
iodide (2°)

will react faster than

(ii)

Br

Cyclopentyl bromide (2°)

> BrCHCCH2 3

CH3

CH3
1-Bromo-2,

2-dimethylpropane (1°)

(iii) tert-Butyl iodide > tert-Butyl chloride, C—I bond
is weaker than the C—Cl bond.

(b) SN2 Reactions involve back-side attack of the nucleophile
on the alkyl halide, hence alkyl halide more crowded at
the site of substitution will react slowly than the other by
SN2 mechanism.

(i) CHCHCHBr3 2 2 CHCHCH3 3>

Br

1-Bromopropane, 1°
(less crowded)

2-Bromopropane, 2°
(more crowded)

(ii) CH (CH ) CH Cl3 2 4 2 >
1-Chlorohexane
(1°, less crowded)

Cl

Cyclohexyl chloride
(2°, more crowded)

(iii) CHCH(CH)CH3 2 2 3 CHCH(CH)CH3 2 2 3>

FCl

2-Chloropentane 2-Fluoropentane

Among halogens, fluorine has the strongest bond to
carbon, and fluoride is the poorest leaving group,
hence it is least reactive toward SN2 as well as SN1
reactions.
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(iv) CH(CH)CHBr3 2 8 2 CHCHCH3 3<

Br

1-Bromodecane (1°)
(although 1°, it is more
crowded due to bulky

C H — group)9 19

2-Bromopropane (2°)
(although 2°, it is having
smaller —CH groups)3

(v)    CH CCHCHCHCH3 2 2 2 3 CHCHCHCHCHCH3 2 2 2 3

Br Br CH3

CH3

<

2-Bromo-2-methylethane
(3°, more crowded)

2-Bromo-5-methylhexane
(2°, less crowded)

2. A hydride shift produces tertiary, a more stable carbocation ;
while a methyl shift produces a secondary carbocation.

CH—C—CHCH3 3 CH —C—CHCH3 3

H H

⊕
CH3 CH3

← →
methyl

shift
+ hydride

shift

2° Carbocation 1° Carbocation

CH—C—CHCH3 2 3

CH3

+

3° Carbocation
3. (a) According to statement, specific rotations of optically pure

(100%) chloride and alcohol are

C H6 5

CH3

H Cl

(R)-(–)--Phenylethyl chloride, [ ] = – 109°α α

C H6 5

CH3

H OH

(R)-(–)- -Phenylethyl alcohol, [ ] = – 42.3°α α

However, according to the reaction the actual specific
rotations of the reactant and products are – 34° and + 1.7°
respectively, different value of specific rotation and
opposite sign of [α] of the product indicates that during
reaction inversion as well as retention in configuration
occurs and the amount of inverted configuration is more
than that of retained configuration.

C H6 5

CH3

H Cl

C H6 5

CH3

HO H

[ ] = – 34° (  = 31%)α optical purity [ ] = + 1.7° (  = 4%)α optical purity

→NaOH

% of optical purity of the reactant with [α] – 34°

= 34 100
109

×  = 31%

Similarly, % of optical purity of the product with [α]+ 1.7°

= 1.7 100
42.3

×  = 4.0%

(b) Determination of net (after subtracting amount utilised
in racemic modification) inverted configuration in the

product  = 4 100
31

×  = 13%

∴% of racemic modification  = 100 – 13 = 87%

Hence % of total inverted configuration = 13 + 87
2

        = 56.5%

and % of retained configuration =  87
2

 = 43.5

4. Remember wherever rearranged products are formed,
carbocations must be formed as intermediates which indicate
SN1 reaction. Carbocation formation in alkyl halides is favoured
by bulky alkyl groups and by weak electrophiles like ROH. SN2
reaction is favoured by alkyl halides having primary alkyl halides
and/or by strong nucleophiles like RO–.
In (i) ,  (ii) and (iv), rearranged products are formed, thus the
mechanism will be SN1. In (iii) usual product is formed, reaction
is SN2. However, remember that neopentyl bromide is having Br
on primary carbon atom, so its corresponding cation, being primary,
is not formed easily. Hence it undergoes SN1 reaction as in (iv)
very slowly and in presence of weak nucleophile, in presence of
strong nucleophile it undergoes SN2 reaction as in (iii).

5. In neopentyl halides, (CH3)3CCH2X, SN1 reaction is slow because

neopentyl cation is primary (CH 3) 3CC
+

H2 , and hence its
formation is slow. The SN2 reaction is slow because of steric
factor, i.e. a very large, (CH3)3C— group, is present on —CH2X.

1. CH (CH ) CH—OH + ClOS—3 2 16 2 2 —CH3 →
pyridine

Octadecyl alcohol
p-Toluenesulphonyl chloride

CH(CH) CH—O—S—3 2 1 6 2 —Ch3 or  CH(CH) CHOTs3 2 1 6 2

O

O

Octadecyl--toluenesulphonatep

Note that in the preparation of tosylates, C—O bond of alcohol
is not cleaved, hence the configuration of the alcohol and tosylate
will be same (difference from alkyl halides : R—OH + HCl

+H→  R—Cl, where configuration of product will not be similar
to that of alcohol). Since p-toluenesulphonate is a very good
leaving group, it will be displaced by nucleophiles very easily.

(a) C H ( C H ) CH—OTs + CHCOOK  3 2 1 6 2 3 →
Octadecyl tosylate

O

Octadecyl acetate
  CH (CH) CH—O—CCH3 2 16 2 3

(b) CH3(CH2)16CH2—OTs + C3H7CH2SNa   →
CH3(CH2)16CH2SCH2C3H7

1. (i) CH3COCl, (ii) CH3CONH2, (iii) CH3COOC2H5
Oxygen atom of the carbonyl group makes carbon more
electrophilic in nature and hence compounds having

R—

O

C


— group are more susceptible to attack by a
nucleophilic than the carbon atom of the alkyl group
(—CH3).
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1. (i) H C — C — C H C H3 2 3

CH3

+
(3°)

(ii) CH3CH2 C
+

HCH3

(iii) +

2. +     H
+

    →

→
rearranges to

+

Cl

2° carbocation

3° carbocation→


→

Cl
–

Cl
–

2-Chloro-3, 3-dimethylbutane 2-Chloro-2, 3-dimethylbutane

⊕

Cl

3. (i)

O O OH

+ HCN → +electrophilic
addition

CN CN
1, 2-addition

(A)
1, 4-addition

(B)

(ii) CH3CH = CH2 + CCl4 peroxide→  CH3—

Cl

CH


CH2CCl3
  (C)

(iii) CH3CH = CH2 + CBrCl3 
peroxide→CH3CH(Br)CH2CCl3
  (D)

(iv) CH3CH = CH2 + CHCl3 peroxide→  CH3CH2CH2CCl3
    (E)

1. (i)
Br

+   C H O K2 5  →elimination

2° Halide
Strong base

(ii) CH CHCH CH  + CHOH3 2 3 3 CH CHCH CH3 2 3

Br

→Substitution

OCH3

2° Halide Weak base

(iii)   CHCHCHCH + CHONa3 2 3 52

Br

→
elimination

2° Halide Strong base

CHCH = CHCH3 3
cis- trans- ( and Major)

2.

HH

OH → →H
+

(– HO)2

+

2, 2-Dimethylcyclo-
hexanol

2° Carbocation

H

→
+ – H

+

3° Carbocation 1, 2-Dimethyl-
cyclohexene

3. (a) (i) 

OH OH2

:
:

→ →H
+

+

(– HO)2

αCH3
+

α

Carbocation

Carbocation can undergo elimination to form
1-methylcyclohexene and methylenecyclohexane.

(ii)

H
OH2

H

:

:

→ +   OH3:
+

(Major)

+

(iii)

OH2:
:

→ +   OH3:
+

(Minor)

+

CH —H2 CH2

(b) (i)

OH:

:

→H
+ +

α

α
+   H O2

Carbocation

(ii) →H
+

+    OH3

+

HH O2 :

:

(Minor)

: +

(iii) → +    OH3

+

H H
H O2 :

:

(Minor)

: +
0

EXERCISE  4.1

1 (d) 6 (d) 11 (d) 16 (d) 21 (c) 26 (a) 31 (d) 36 (b) 41 (b) 46 (d)
2 (c) 7 (b) 12 (c) 17 (d) 22 (b) 27 (b) 32 (d) 37 (b) 42 (d) 47 (b)
3 (b) 8 (d) 13 (b) 18 (d) 23 (b) 28 (c) 33 (c) 38 (c) 43 (b) 48 (a)
4 (c) 9 (d) 14 (b) 19 (c) 24 (b) 29 (c) 34 (c) 39 (c) 44 (c) 49 (d)
5 (b) 10 (c) 15 (c) 20 (a) 25 (c) 30 (b) 35 (d) 40 (b) 45 (b)
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1. Ag+ has positive charge, hence electron deficient, in H2C:, C has
only 6 electrons ; in SiF4, Si can acquire more than 8 electrons by
utilizing its d-orbitals.

2. In the reaction, A and C are reactants, B and E are intermediates;
and D and F are products. This can be observed by addition of
the three steps to get the following net reaction

2A + C   → D + 2F
3. The reaction occurs in two steps, in the first step CH2 = CH2 is

nucleophile, while in the second step Br– is nucleophile

(i) 2 2H C CH
δ+ δ−

=   +    
–

Br—Br
δ+ δ

  →  2 2CH CH Br
+

   +     Br–

    Nucleophile1           Electrophile2                   Electrophile1            Nucleophile2

(ii) 2 2CH CH Br
+

    +      Br–        →     CH2BrCH2Br
Electrophile1          Nucleophile2

4. Let us study the free radical formed by the removal of three H.’s

Least stable because H is to
be removed from  C

.
sp2

.

Most stable due
to allylic nature

.

More stable because H is to

be removed from C

.

sp3

.

5. Isobutane has two types of carbon atoms (1° and 3°) ; hence it
will form two products

CHCHCH   +  C3 3 2: H CH CHCHCH   +   CH—C—CH3 2 3 3 3

CH3 C 3H C 3H

C 3H

→

Isobutane Insertion on 1°C

Insertion on 3°C

6. In the formation of carbocation (as well as free radical) sp 3

hybridised carbon atom changes to sp2 . This is of special
importance in formation of tert-carbocation (or free radical) where
steric relief is observed. In the parent compound the three bulkyl
groups are pushed together due to tetrahedral nature of the
carbon atom having bond angle of 109.5° (steric strain) which is
greatly relieved in formation of carbocation (or free radical) due
to planar structure (120°) of the product, where the three bulky
groups are separated from each other by an angle of 120° (steric
relief).

7. In carbanion, sp3 hybridised carbon atom has three pairs of
bonding electrons and one pair of non-bonding electrons. Thus
here two types of repulsions are observed : lp-bp  and bp-bp  ;
since lp-bp  > bp-bp  repulsions, angle between two bonding pairs
is slightly reduced than the normal tetrahedral value of 109.5°.
Thus the geometry of simple carbanions is not exactly tetrahedral,
but pyramidal.

8. Carbocations are sp 2  hybridised, simple (unconjugated)
carbanions are sp3 hybridised but conjugated carbanions are sp2

hybridised because here delocalization of electrons results in the
formation of a double bond which requires all involved atoms to
lie in the same plane (coplanar), i.e. the molecule becomes flat.

HC—C = O2 HC = C—O2

CH3 CH3

: :– –
←→

HC = CH—CH2 2 HC—CH = CH2 2 H C CH C2           H2

: :– –
←→ or

–δ –δ

9. Carbanion from CH3CHO and cyclopentadiene is stabilised due
to resonance and aromatic sextet respectively.

10. Carbanion is formed as an intermediate which being flat can be
attacked by Br2 on either face forming racemic mixture.

11. Cationoid (cation-like) are those species which are either cations
or behave as cations i.e. electron deficient.

Cl NH2

NH2

+→ →
14 14 1414:NH2

–

Benzyne

13. Rate of a multi-step reaction is determined by the slowest step.
Thus transition state of such step will require more energy of
activation, and thus the corresponding transition state will have
highest enthalpy.

14. In multistep reactions, the step with the highest enthalpy
transition state (i.e. with highest ∆H≠ ) is the slowest (rate
determining) step.

15. The nucleophilicity of species whose nucleophilic atoms neither
lie in the same period nor in the same group of the periodic table
should be compared by considering their basic strength or the
relative acidic character of their conjugate acids. The decreasing
basic character of the species is

HS– > RCOO– > ROH > RCOOH
Conjugate acids H2S < RCOOH  < ROH2

+ < RCOOH2
+

16. →CH—C—OH3

CH3

CH3

CH—C3
⊕

CH3

CH3

H
+

tert-Butanol tert-Butyl carbocation

tert-Butyl carbocation is formed as an intermediate, which being
stable, does not rearrange to the less stable 2° or 1° carbocation.

17. Oxygen, being an electronegative element, can best accommodate
negative charge.

18. More the difference between the electronegativies of two concerned
atoms, higher will be the chance for dissociation into ions.

19. More the stability of a species greater is the ease of its formation
and hence lesser will be the dissociation energy of the bond to be
cleaved. Benzyl radical is highly stable due to delocalisation of
its odd electron while methyl radical is quite unstable.

20. Free radical substitution leads to complete racemization because
the intermediate free radical is coplanar and can be attacked on
either of the face equally forming two enantiomers in equal
amounts (complete racemization). SN2 reaction involves the
formation of transition state in which attack of nucleophile and
removal of the leaving group take place simultaneously, hence
the nucleophile can attack back-side from that the leaving group.
Consequently, compound having inverted configuration is
formed (100% inversion of configuration). In S

N1  reaction, the

nucleophile attacks the ion pair (R+X–), hence back-side attack
of the nucleophile predominates although attack from the side
of the leaving group (front-side attack) also takes place. Thus
the product will be having both enantiomers, and the enantiomer
with the inverted configuration predominates. In short, SN1
reaction leads to partial racemization along with some amount
of inverted configuration.

21. Discussed in the above answer.
22. Since SN1 reaction yields racemic modification along with some

amount of the enantiomer of inverted configuration ; as far as
specific rotation is concerned, the product will be having opposite
specific rotation. Further, its value will be less because optical
purity of the product will be less than that of reactant.

23. The weaker the base, better will be the leaving group. Further,
basic character of the groups can be easily judged by acidic
character of its conjugate acid (recall that weak bases have
stronger conjugate acids). Thus
Base –OH F– OH2

– OTs –OSO2CF3
Conjugate acid H2O HF H3O+ HOTs HOSO2CF3
The acidic order of the various conjugate acids is

CF3SO2OH     >    TsOH   >   H3O+    >   HF   >   H2O
24. SN1 reactions follow first-order kinetics ; rate = k[RX], hence

concentration of the nucleophile does not effect its rate.
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EXERCISE  4.3

25. CHCH = CHCH Br  [CHCH = CHCH  CH CH—CH = CH ]3 2 3 2 3 2→ ←→    →  CH CH = CHCHOH   +   CHCHCH = C3 2 3 2H
1-Bromobutene-2 Allylic cation

OH
–

Normal product (S 1)N Rearranged 
product (S 1’)N

OH

+ +

Since allylic cation stabilise easily due to resonance, its formation is easy and hence, the compound undergoes SN1 reaction ; the product
formed by rearranged carbocation is known as SN1, product (unimolecular nucleophilic substitution with rearrangement). It is an
example of allylic rearrangement.

26. All are primary alkyl bromides and undergo SN2 reactions in which nucleophile attacks on the carbon from back side. Thus more the
branching on the alkyl group attached to C having Br, lesser will be its reactivity towards SN2 reactions. Thus

n-CH—CHBr   >   (CH)CH—CHBr   >3 7 2 3 2 2 CH—CHBr   >   (CH)C—CHBr2 3 3 2

CH3

C H2 5(I) (II) (III) (IV)

27. Addition of halogens to alkenes, involve formation of cyclic halogenonium ion, and not a carbonium ion.
28. Stronger a base, poor will be the leaving group.
29. In nucleophilic additions on carbonyl groups, nucleophile adds on the electron deficient carbon. Thus any factor which can increase

electron deficiency of carbonyl carbon will increase rate of nucleophilic addition on carbonyl compounds. Acids perform this function by
protonating carbonyl oxygen which thus becomes more electronegative.

C = O   +   H
+

C = OH:

:

:

R R

R′ R′
→→

+

30. Reaction takes place in presence of a base (:B) which removes hydrogen as proton.
31. F– is a strong base and causes elimination reaction with tert-alkyl halides ; hence the expected product in both should be isobutene.  However,

in presence of H2O, F– ion is solvated via hydrogen bonding and thus can’t exert its influence, the weak base H2O causes substitution
reaction. On the other hand, F– is not solvated in presence of (CH3)2SO (DMSO) causing elimination reaction to form isobutene.

32. (CH3)3COH   → (CH3)3 C
+

.
33. Acid (SbCl5)–catalysed reactions generally involve carbocation as intermediates which here is further confirmed by racemization, since

carbocations are flat and can be attacked on either side of the face forming both enantiomers.
34. Electron-withdrawing group like —NO2 enhances positive charge on the carbon, thus destabilises the carbonium ion, while electron-

pushing group like —OH, —OCH3 disperses positive charge, hence stabilises the carbonium ion.
35. More the stability of the product, faster is debromination of the parent compound.

EXERCISE  4.2

1. (i) NH2
– and NH3. Here nucleophilic site is same (N), hence nucleophilicity and basicity should be of same order. Since the conjugate

acid NH4
+ is stronger than NH3, therefore NH3 should be weaker base and weaker nucleophile than NH2

–.
(ii) OH– is a stronger base than SH– because the O—H bond is stronger than the S—H bond ; while SH– is a stronger nucleophile than

OH– because S is less electronegative than O.
(iii) H2O is better nucleophile and stronger base than H3O+ (Explanation as that of (i)).
(iv) On the same line as that of (i), CH3CH2O– is a stronger base and better nucleophile than CH3COO–.
(v) Since the bond dissociation energy of the H—Br is less than that of H—Cl, Br– will be a weaker base than Cl–. However,

electronegativity of Cl is more than Br, Cl– will be weaker nucleophile than Br–.
(vi) In OH– and F–, the two nucleophilic atoms belong to same period, hence the basicity and nucleophilicity both decrease with the

increase in electronegativity. Thus F– should be weaker base and weaker nucleophile than OH– .

2. (a) Nucleophiles (electron-rich species) Cl–, H2O. .
. .

, CH3 O. .
. .

H, CH3CH = CH2,
(b) Electrophiles (electron-deficient species) : NO+, AlCl3, BeCl2, Cr+3, SnCl4
(c) Both : CH2 = O. .

. .
 (electron-rich site O, electron-deficient site C), CH3C ≡ N

. .
 (electron-rich site N, electron-deficient site C).

(d) None (neither nucleophilic nor electrophilic) : CH4, H2.

>1 CORRECT 
OPTION

1 (b,c) 2 (a, b) 3 (b,c) 4 (b, d) 5 (a, b, c, d) 6 (a, b)

PASSAGE 1 7 (d) 8 (c) 9 (b)
PASSAGE 2 10 (b) 11 (c) 12 (a)
PASSAGE 3 13 (b) 14 (b) 15 (b)

16 19
17 20
18 21

A/R 22 (a) 23 (a) 24 (c) 25 (a) 26 (a)
TRUE / FALSE 27 False; 28 False; 29 False;

(A) – b; (B) – a, d; (C) – c, d; (D) – b

MATCHING 
TYPE 

QUESTIONS

(A) - a, d ; (B) - b ; (C) - c, (D) - b
(A)-a, c ; (B)-d ; (C)-a, c ; (D)-b, c
(A) – b,c; (B) – b; (C) – a; (D) – d

(A)-a, b ; (B)-c, d ; (C)-a, b ; (D)-a, d
(A) – c; (B) – a; (C) – d; (D) – b
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3. Species having two different nucleophilic sites are known as ambident nucleophiles, e.g. NO2
– and CN–

N:
O

O

:

:

:
:

: –

C  N≡: :–

(N and O are nucleophilic) (C and N are nucleophilic)

R—NO2 R—C  N≡R—O—N = O R—N  C==
Nitro compounds Nitrites Nitriles Isonitriles

4. (a) When the nucleophilic site is the same atom (here O), nucleophilicity parallels basicity. Therefore,
CH3O– > OH– > CH3COO– > H2O

(b) When the attacking (reacting) atoms are different but in the same periodic family, the one with the largest atomic weight is the
most reactive. Therefore, PH3 > NH3. This order is the reverse of basicity.

5. We know that weaker a base better will be the leaving group. Further we know that weaker a base, stronger will be its conjugate acid and
hence lower will be its pKa value. Thus acid strength of the three conjugate acids is

C6H5OH < CH3COOH < C6H5SO3 H
pKa value    10.0     4.5      2.6

Hence, C6H5SO3
–, CH3COO–, C6H5O–

Basiccharacterincreases

Leavingpropertydecreases
→

Thus best leaving group is the weakest base (C6H5SO3
–) ; and the poorest leaving group is the strongest base (C6H5O–).

6. Greater the dispersal of the positive charge, higher will be the stability of the carbocation. Electron-releasing inductive effect and
hyperconjugation is maximum in (CH3)3C+ and minimum in CH3

+.
Further stability of these carbocations can be explained on the basis of steric acceleration. Bulkier the group on the carbon bearing
positive charge (sp2 hybridised), more will be steric acceleration (steric relief) in their formation due to conversion of bond angle from
109° present in parent compound (sp3 hybridised) to 120° in carbocation (steric relief). In short,

Me3C—Br > Me2CH—Br > MeCH2—Br > CH3—Br
Steric strain and Maximum                        Minimum
hence unstability

Me3C+ > Me2 C
+

H > Me C
+

H2 > C
+

H3
Steric relief and Maximum  Minimum
hence formation

7. (a) Due to strong electron-withdrawing fluorines, a δ+ develops on the atom adjacent to C+. Due to positive charges on adjacent
atoms, the species is destabilised.

(b) Unshared electron pair on fluorine can be shifted to vacant p-orbital of C
+

 (p-p-overlap). Hence positive charge is dispersed leading
to stability of the carbocation.

(c) Same explanation as in (b).
(d) Positive charge is present on the two adjacent atoms, leading to destability of the carbocation.

8. Remember a weak base favours substitution, while a strong base favours elimination.
(i) HS– is a powerful nucleophile which reacts rapidly with the alkyl halide to form mercaptan

CH3CHBrCH3 + HS– 3CH OH→  CH3CHSHCH3
(ii) I– is a powerful nucleophile but weaker base and reacts by S

N1  mechanism to form Me3CI, but again iodide is a better leaving
group than Br–, it reacts with the nucleophilic solvent HCOOH to form formate

(CH3)3CBr + I– –(– Br )
→  (CH3)3CI HCOOH→  (CH3)3C—O—

O

C


—H

(iii) AgCN is an ambident nucleophile and hence, it will form two products.
CH3CH2Br + AgCN   → CH3CH2CN + CH3CH2NC

(iv) Since S provides a more powerful nucleophilic site than O, alkyl group will be linked to S.

CH CH Br   +     S—S—O      CH CH—S—S—O3 2 3 2→  
–— —

— —

O O

O O

2–

(v) CHCl3 [ C l ] C 3
–

C lC 2 H C—–CH2 2→→ →
MeCO3

– CH = CH2 2: :– Cl
–

C
Cl Clan -eliminationα

(vi) No reaction. Although this is a 3° RCl, it does not undergo an SN1  reaction because the bridgehead C bonded to Cl is part of a rigid
structure and therefore cannot form a planar R+. The bicyclic ring structure does not permit a backside nucleophilic attack on C,
ruling out the S

N2  mechanism.
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9. (a) S
N2  Reactivity follows the order

CH3(CH2)3CH2Br > (C2H5)2CHBr > (CH3)2C(Br)C2H5
            1°                                 2°                      3°

(b) Ag+ catalyzes SN1  reactivity and thus the order is
(CH3)2C(Br)C2H5  >    (C2H5)2CHBr   >  CH3(CH2)3CH2Br
              3°                              2°                              1°

10. (i) Br– is an extremely weak Bronsted base, hence it can’t displace the strong base OH–. However, in presence of acid, RO
+

H2 is first

formed. Now Br– displaces H2O which is a very weak base and a good leaving group.
(ii) The bulky (CH3)3C group sterically hinders backside attack by a nucleophile.
(iii) Solvolysis goes by an SN1 mechanism. Thus relative rates of different reactants in S

N1  reactions depend on the stabilities of the

intermediate carbonium ions. CH2 = CH2CH2Cl is more reactive because CH2 = CH—C
+

H2 is more stable than (CH3)3 C
+

.
(iv) CH3CH2Br and (CH3)2CHBr react by SN2 pathway in which reactivity of the latter halide is very less because of steric hindrance.

However, (CH3)3CBr reacts by SN1 pathway which involves formation of carbocation, (CH3)3 C
+

 formation is very rapid because of
steric acceleration as well as inductive effect.

(v) ROH + Cl– 
KI,fast

←  RCl + H2O slow→  ROH + Cl–

I– is a powerful nucleophile which reacts rapidly with RCl to form RI. Further, I– is also a better leaving group than Cl–, and RI is
therefore hydrolysed rapidly to form ROH and regenerate I–, which recycles in the reaction

RCl   +   HO2 ROH→Slow

I
–

– I
–

HO, fast2

fast
RI

(vi) This is an E2 reaction which involves the cleavage of C—H (or C—D) bond in the rate determining step. Since C—H bond is broken
at a higher rate than the stronger C—D bond, formation of ethylene is easy in CH3CH2I than in CD3CH2I. This ratio of the rate
constants, KH / KD is called isotope effect.

(vii) Since SN1 reactions involve the formation of carbocations and primary carbocations (from primary alkyl halides) are least stable,
1° RCl are least reactive towards SN1 solvolysis. However, in case of CH3CH2OCH2Cl, the carbocation formed has a lone pair of
electrons on an atom (O) adjacent to C+, hence delocalisation (by p-p overlap) of the positive charge stabilises the carbocation.
Therefore, the compound shows SN1 reactivity

CHCHOCHCl3 2 2 CHCH—O—CHOCH3 2 2 2 5→ →
( –  C l )

– CHCH—O—CH3 2 2

:
:

+ C H O H2 5

Delocalisation of positive
charge possible

11. (a) SN2 displacement, I– is a good nucleophile and a poor base.
(b) E2 elimination, a 3° halide and a fairly strong base.
(c) Mainly SN2 displacement.
(d) Mainly E2. A less polar solvent than H2O (in c) favours E2.
(e) SN1 displacement ; H2O is not basic enough to remove a proton to cause elimination.

12. (a) (CH3)3CBr   → (CH3)3
+
C  2 5C H OH→  

N
3 3 2 5

Major(S 1)
(CH ) COC H  + 3 2 2

Veryminor(E1)in
absenceofastrongbase

(CH ) C CH=

(b) CH3CH = CHCl 2NaNH→  3
E2

CH C CH≡

Vinyl halides are quite inert toward SN2 reactions.
(c) (CH3)3CI + H2O   → (CH3)3COH + HI

                                             (SN2)
In presence of a nucleophilic solvent and in absence of a strong base, 3° RX undergoes S

N1  solvolysis.

 (d) (CH3)3CI + OH–   → (CH3)2C = CH2 + H2O + I–

                                            (E2)
In presence of a strong base (OH–), 3° RX undergoes mainly E2 reaction.

13.

CH OH2 CH OH2 CH OH2CH OH2

OH Cl NO2

> > >

This is an example of SN1 reaction because benzyl cation is quite stable. Further, presence of electron-pushing group (e.g. —OH) increases
stability of the carbocation by dispersing positive charge, while electron-withdrawing groups (—Cl and —NO2) destabilise the carbocation
by intensifying the positive charge.
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14. There are seven isomeric pentyl alcohols, C5H11OH, of which four are primary, two secondary and one tertiary. Primary alcohols follow
SN2 pathway and hence isomer having bulky alkyl group will be less reactive. Thus

CHCHCHCH—CHOH  >  (CH)CHCH—CHOH  >3 2 2 2 2 3 2 2 2 CH—CH OH  >  (CH)C—CHOH2 3 3 2

CH3

C H2 5
15. More the stability of the carbocation, higher will be SN1 reactivity of the parent compound.

Br

Br Br
Br

Br

Corresponding cations are

CH2

+
+ +

CH2

+
CH
+

Benzyl carbocation 3° 2° 1° Vinyl

16. Stability of carbocation (Intermediate) determines the reactivity of alkene towards addition of HCl ; more stable the carbocation more
will be the reactivity of alkene. Here carbocations of both alkenes are given along with their stability.

(i) and
(1° Carbocation) (2° Carbocation) More stable

CH—CH3 2

⊕ ⊕

(ii)   and
3° Carbocation (More stable)2° Carbocation

⊕⊕

(iii) and

2° Carbocation, with conjugation (More stable)
(2° Carbocation)

⊕ ⊕

(iv) and
2° Carbocation, having

conjugated double bond
(More stable)

(2° Carbocation)

⊕ ⊕

17. (i) →H
+

Cl
–

Cl
+

(ii) → →H
+

Cl
–⊕

Cl3° Carbocation

(iii) → →H
+

Cl
–

Cl
3° Carbocation

+

(iv)

C H6 5 C H6 5

→ →H
+

Cl
–

C H6 5

+ Cl

Benzylic carbocation

18. This is an example of electrophilic addition and involves the formation of carbocation, so more is the stability of the carbocation
intermediate higher will be the reactivity of the parent compound. Carbocation stability order, and hence reactivity towards HCl of the
parent compound follows the order.

+
CHCH3

+
CHCH3

+
CHCH3

+
CHCH3

CH3 Cl NO2

> > >

19. CH = CH—CH = CH2 2

ClC—CH—CHBr—CH = CH3 2 2 ClC—CH—CH = CH—CHBr3 2 2

Cl C—CH—CH—CH = CH3 2 2→
C lC 3. .

2° free radical
Br

.

1, 2-addition
+

1, 4-addition

ClC—CH—CH = CH—CH3 2 2

.
←→



216

20. (i) Primary alcohols mainly undergo SN2  reactions via the formation of a transition state which can form two products.

OH OH2

ClCH2ClCH2

OH2

→

→

→
H

+
Cl

–

Cl
–

—Cl
–

— H O2 —H O2

+ +
CH2

Cl–

+

(ii) Secondary alcohols undergo SN1 mechanism.

OH OH2 Cl
→ →→H

+
Cl

–
–  H O2+

+

2° Carbocation

(iii)

OCH3 OCH3 OCH3

NH2

OCH3

Br

NH2

→ →
NaNH2 NH2

–

NH3
+

                                                                                                  Benzyne

21. (a)  
conjugated allylic 3º 2º 1º

allylic

IV > II > III > VI > VII  
vinylic

> I > V

(b)
3ºallylic,highly 2ºallylic,highly 2ºallyli c

conjugated conjugated

III > II > I

(c)      6 5 2 6 5 3 2(C H ) C > C H C H > C H C H > CH
. . . . . .

:

(d) Yes, more is the stability of a free radical, weaker will be the parent bond. Thus write down the structures of the corresponding free
radical formed and observe the relative stability of the free radical.

Radical formed by
a  type C–H bond

(I)

Radical formed by
b  type C–H bond

(II)

H

Radical formed by
c type C–H bond

(III)

HH
H. . .

Relative stability of the free radical :

allylic 2º vinylic
II > III > I

Thus bond energy of the a, b and c C – H bonds :
I > III > II

22. (a) +
3CH (b) 6 5C H N

. .
: (c)   3CH CON

. .
: (d)     H N

. .
: (e)  3CH N

. .
:

23. (a)
3

|
2 3 3

CH

CH , CH CH CH− −:

(b) 3CH CON
. .

: (c)    


