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8.0 Objective
Objective of this unit is the study of addition reaction of carbon-carbon multiple bond.

8.1 Introduction
Carbon-carbon double bond consists of a strong sigma bond and a weaker pi-bond. The

pi-bond is represented by two rather diffuse lobes of electron density, one above and one
below the plane defined by six atoms. The kinds of reactions that we would expect to occur
with carbon-carbon double bond on the basis of thermodynamics are those in which the weak
pi-bond is broken and is replaced by two new stronger sigma bonds. A reaction of this type is
called addition reaction. The reaction may be represented as follows :
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> C = C < + A – B   > 
B|
C

A|
C   <

8.2 Electrophilic Addition to Carbon-Carbon Double Bond
The region above and below a double bond is electron rich because of the pi-bond,

consequently pi-bonds have tendency to act as lewis bases. Thus, the pi-bond is particularly
susceptible to electrophiles. Electrophile include positive electrophiles such as proton, neutral
electrophiles such as bromine and the lewis acids, BF3 and AlX3. Metal ion that contain vacant-
d-orbitals- Ag , Hg++ and Pt++ also act as electrophiles.

To introduce the mechanism of electrophilic addition, let us consider the following
general reaction :

> C = C < + E – Nu   NuC
E
C |

|
|
| 

Substrate Reagent Product (Adduct)
For E-Nu to react with substrate, there must be some attractive force that could cause

the two species to come together. The reagent, E-Nu can be thought of as being divisible into
electrophile E and nucleophile . Double bond have a tendency to act as lewis bases. The
electrophile E is attracted to cloud of pi-electrons and can be embedded in it. Now the reacting
species E has made contact and the reaction can commence. Since electrophile initiated this
contact, the reaction is termed as electrophilic addition. The mechanism can be represented
as follows :
First Step
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Second Step

8.3 Structural Orientation and Regioselectivity
If an alkene is unsymmetrical, there is the possibility of two different products from

the addition of unsymmetrical reagents.
CH3 – CH = CH2 + H – Nu   CH3CH2CH2 – Nu + CH3CH – CH3

|
Nu

This problem of structural orientation does not arise in the case of addition of
symmetrical reagents to both symmetrical and unsymmetrical alkenes and also the addition
of unsymmetrical reagents to the symmetrical alkenes. For example :

CH3 – CH = CH – CH3 + HBr  CH3 – CH – CH2CH3 
Symmetrical unsymmetrical      |

  Br
only one possible product

CH3 – CH = CH2 + Br2   
Br

CH
Br
CHCH

| 2|3 

unsymmetrical       symmetrical    only one possible product
An electrophilic addition leads to the formation of two products, one product usually

predominates over the other. This is known as structural orientation. Structural orientation in
electrophilic addition reactions means ascertaining which one of the doubly bonded carbons
ultimately forms bond with the electrophile and which one combines with the nucleophile.
In most of the cases problems may be solved by empirical rule given by Markovnikov and this
empirical rule is known as Markovnikov rule. This rule states that the positive part of the
unsymmetrical reagent attaches itself to that doubly bonded carbon atom which has more
number of hydrogen atoms. This means that negative part goes to that doubly bonded carbon
which bears loss of hydrogen atoms.
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For example :
Cl

|
CH3 – CH = CH2 + HCl CH3 – CH – CH3 Markovnikov

 addition product
Reactions that illustrate Markovnikov rule are said to be Markovnikov additions.

Anti-Markovnikov ionic addition :
Anti-Markovnikov addition is observed if the alkene bears a powerful electron-

withdrawing group attached directly to the doubly bonded carbon.

3322332 )CH(NCH
Br
CHHBr)CH(NCHCH |   

32232 CFCH
Br
CHHBrCFCHCH |  

These anti-Markovnikov additions do proceed through the most stable carbocations.
However, the electron-withdrawing group (–I group) of the double bond destabilise the higher
order cation relative to the lower order cation due to –I effect.

3332232 CFCHCHCFCHHCHCFCHCH  

1°–carbocation 2°–carbocation
(more stable due (less stable due
to –I Power of to –I power of
CF3) CF3)

–Br –Br

322 CFCH
Br
CH|  33 CF

Br
CHCH | 

Major product Minor product
Thus, while they violate the empirical Markovnikov rule, they follow the modern

Markovnikov rule.
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8.4 Stereochemistry of Addition Reactions
Stereochemistry of the addition reactions depends on two factors :

(i) Whether both the electrophile and the nucleophile will join themselves to the two
double bonded carbons from the same side (syn addition) of the double bond or from
the opposite sides (anti-addition).

(ii) The geometrical orientation of the two parts of the addendum E  and Nu –  to each other
and the rest of the product molecule, i.e., the configuration of the addition product.
If E  and Nu –  enter from the same side of the double bond (or triple bond), the addition

will be syn (cis) and stereospecific, whereas if they enter from the opposite sides the addition
will be stereospecific but anti (trans). Sometimes the addition is found to be non-
stereospecific.

If the electrophile forms a cyclic cation as an intermediate in an electrophilic addition,
the nucleophile has no other alternative but to attack the intermediate from the opposite side
and naturally the addition is anti.

On the other hand, if the intermediate is a classical carbocation, it is difficult to predict
the stereochemistry of the addition. When the carbocation has relatively long life, this may
undergo rotation about carbon-carbon sigma bond and as a consequence the reaction will be
non-stereospecific. Relatively short-lived carbocations undergo stereospecific reaction. For
example, when the reagent is a dipole, after the addition of the electrophilic part the nucleophile
may form an intermediate ion-pair with the carbocation and in this case the addition will be
syn.

To ascertain the nature of addition, syn or anti of a particular reagent (E–Nu), it is very
of ten al l ow ed to add to a substrate of  the type abc =  cab (w here E  a  b and Nu  a  b but E
may or may not be identical to Nu).
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Note : Reagents which form four membered cyclic intermediate (or TS) also give syn addition
reaction. The main examples are addition of BH3 and addition of H2 in the presence of catalyst.

Since both the double bonded carbons are identical and since each of them has 50%
probability of being attacked by E, the following results are obtained from cis and trans isomers:
Case I : When E  Nu and addition is syn.
(i) Syn addition to cis-compound gives (dl) erythro-form.

(ii) Syn-addition to trans-compound gives (dl) threo form.

Case II : When E  Nu and addition is anti.
(i) Anti-addition to a cis-compound forms (dl) threo form.
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(ii) Anti-addition to a trans compound forms (dl) erythro-form.

Note : When E = Nu, the (dl) erythro form becomes a meso but the (dl) threo-form
remains the same.

Thus, if the configuration of the substrate and that of the product are known, the mode
of the addition and the probable mechanism may be guessed. For example, addition of bromine
to fumaric acid forms the meso-product; it is therefore, expected that the addition is anti
which in turns indicates that the reaction may involve cyclic bromonium ion.
8.5 Nucleophilic Addition

It has already been stated that there is a pi-electron cloud above and below the plane of
the molecule of alkenes. Thus, the nucleophile can not attack them easily. Alkene itself behaves
as a necleophile and nucleophile cannot react with nucleophile. Secondly carbon carbon double
bonds are unreactive towards nucleophile.

In particular, addition is not observed, because it would require formation of an
unstabilised anion, the conjugate base of an alkene. Alkanes are extra ordinarily weak acids.
Their pka values are as high as 70. In answering problems, an unstabilised carbanion is the
functional equivalent of a methyl or primary carbanion. However, favourable structural changes
on the carbon-carbon double bond moiety can make it undergo nucleophilic addition reactions.
Thus, if  electron withdrawing substituents are present on the multiple-bonded
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carbon, they will decrease electron density on the involved carbons and thereby nucleophilic
addition will be facilitated. The role of electron-withdrawing substituent is to stabilise the
intermediate carbanion by dispersing the negative charge. Thus, a carbon-carbon double bond
conjugated with an electron-withdrawing group readily undergoes nucleophilic addition.
Common example are the addition reactions of -unsaturated carbonyl compound and
nitriles. Nucleophilic addition reaction is the reverse of Elcb elimination. Both these reactions
are interacted by the principle of microscopic reversibility.
8.6 Michael Addition

Conjugate addition of enolate ion to -unsaturated carbonyl compounds is called
Michael-addition. This reaction takes place in the presence of base. Some chemist refer to
all nucleophilic conjugate additions as Michael addition.

The substrates of the reaction, are the compounds containing activated carbon-carbon
double bond, i.e., -unsaturated carbonyl compounds, esters, cyanides, quinones, -
unsaturated nitro compounds. Reagents of the reaction are those compounds which have at
least one acidic hydrogen and convert into nucleophile in the presence of base. Such
compounds are compounds having active methylene group, nitroalkanes, sulphones, indene,
fluoenes, alcohol, this alcohols and terminal alkynes.
Michael addition in which Nucleophile is enolate ion :

Step I : Base removes a proton to form an anion (carbanion) of the compound having
acidic hydrogen.

CH2

COOC H2 5

COOC H2 5

C H O/C H OH2 5 2 5
–

CH
COOC H2 5

COOC H2 5

–

Nucleophile
Step II : Conjugate addition of the anion to the -unsaturated carbonyl compound

leads to a new enolate ion.
C H OOC2 5

C H OOC2 5

CH + CH  =  CH – C – R2

O
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C H OOC2 5

C H OOC2 5

CH – CH  – CH = C – R2

O

C H OOC2 5

C H OOC2 5

CH – CH  – CH = C – R2

O

Step III : The enolate anion is protonated by an acid to give the product.

C H OOC2 5

C H OOC2 5

CH – CH  – CH = C – R2

O
H C H OOC2 5

C H OOC2 5

CH – CH  – CH = C2

OH

R
Tautomerisation addition product

C H OOC2 5

C H OOC2 5

CH – CH  – C – R2 – CH2  

O

1, 2–addition product
Thus the net reaction can be written as follows :

Nu – H + CH  – C – R2   = CH1 2
3

O4
Base Nu – CH – CH  – C – R2

1 2 O

Addition ofNu oncarbon-1
Addition ofH oncarbon-2

Michael addition is conjugate addition, i.e., 1, 4-addition reaction but overall product
of the reaction is 1, 2-addition product which takes place on the carbon -carbon double bond
due to the tautomerisation.
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8.7 Free Radical Addition
Radicals like cations are electron deficient species. Thus radicals will attack the pi-

system of a double bond of an alkene because pi-electron of an alkene provide the electron
needed to complete the outer shell of a radical. The net result of this usually is the addition of
some species across the double bond. These reactions involve radical intermediate. Free
radical addition reactions occur either in the gas phase or in inert non-polar solvents the
presence of U.V. light or sunlight, heat or catalytic amount of radical initiators such as organic
peroxides, labile azo compounds like azoisobutyronitrile (AIBN), etc. The mode of the addition
reaction involves the general steps for the radical reactions. i.e., initiation, chain propagation
and termination. The most important reaction of this category is hydroboration.

Hydroboration : The radical addition of HBr to a carbon-carbon double bond occurs
in the presence of UV light or a small amount of initiators such as dibenzoyl peroxide. HF,
HCl and HI do not give this addition.

When propene reacts with HBr in the presence of dibenzoyl peroxide, the product is
1-bromopropane.

BrCHCHCHperoxide
dibenzoylCHCHCH 22323  

In this addition of hydrogen that is being added ends upon the carbon bearing the smaller
numbers of hydrogens. Therefore, this is an anti-Markovnikov addition. In general,
unsymmetrical alkenes add, HBr in the presence of a radical initiator, in an anti-Markovnikov
manner.

BrCHCHRsource
radicalHBrCHCHR 222  

Mechanism : The free radical mechanism starts with an initiation step that results in
oxidation of HBr to bromine atom.

 O
O
CHC2HC

O
COO

O
CHC ||

5656
||||

56

benzoylperoxy
radical

  BrOH
O
CHCHBrO

O
CHC ||

56
||

56

Propagation step I : The bromine radical lacks an octet of electrons in its valence
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shell, making it electron deficient and electrophile. It adds to a double bond, forming a new
free radical with the odd electron on the carbon atom.

BrCHCHRBrCHCHR 22  

Alkyl free radical
(Addition step)

Propagation step II : The alkyl free radical of the propagation step I reacts with an
HBr molecule to generate another bromine radical.

  BrBrCHCHRHBrBrCHCHR 222

(chain transfer step)
Termination : Termination occurs by any (or all) of the reactions which use up species

involved in the propagation steps (I and II).
(i) 2BrBrBr  

(ii) R
Br2CH

CH
Br2CH

CHRBrCHCHRBrCHCHR ||22  

(iii) BrCH
Br
CHRBrBrCHCHR 2|2  

Since the first species that adds to the alkene is radical, the addition of HBr in the
presence of peroxides is called a radical addition reaction.

According to the mechanism, anti-Markovnikov addition of HBr arises because :

(a) Br  (and not H ) is the first to react with the -system and
(b) The most stable radical is formed most rapidly.
Since the addition of HBr in the presence of peroxide involves the formation of a

radical intermediate rather than a carbocation intermediate, rearrangement of the intermediate
does not occur. Radical do not rearrange as readily as carbocations.

BrCHCH
CH
CHCHPeroxideHBrCHCH

CH
CHCH 22|32|3

33
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Stereochemistry :
At room temperature the radical addition of HBr to an a cyclic alkene is stereo-selective

and not stereospecific because cis or trans alkenes give 80% of trans addition product and
20% cis addition product.

R
H

C = C
H

R
+  Br

R
H

C – C
Br

R
H

H
R

C – C
Br

R
H

Perhaps after the formation of bromoalkyl radical there is time for the radical to assume
a different conformation owing to the rotation about C–C sigma bond.

On the other hand, when liquid H–Br is added to an acyclic alkene at –80°C, the rotation
is found to be almost stereospecific, in this case stereoselectively trans addition occurs
whereby trans alkenes gives 92% meso-product but cis-alkanes give almost 100% (dl) pair.
The stereospecificity on the radical addition can be explained in terms of a bridged structure
in analogy to the bridged bromonium ion in the ionic addition of HBr to alkenes.
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Trans diaxial addition is the preferred stereochemical mode for addition to cyclohexene
and its derivatives. This stereochemistry can be explained in terms of a bromine-bridge
intermediate.

Why is the peroxide effect is observed for the addition of HBr but not for the addition
of HCl or HI ? This question can be answered by calculating the H° for the two propagation
steps in the radical chain reaction (using the bond dissociation energies).













mole/Kcal7HBrBrCHCHRHBrBrCHCHR
mole/Kcal9HBrCHCHRBrCHCHR

o
222

o
22













mole/Kcal8HClClCHCHRHClClCHCHR
mole/Kcal22HClCHCHRClCHCHR

o
222

o
22
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mole/Kcal24HICHCHRHIICHCHR
mole/Kcal5HICHCHRICHCHR

o
222

o
22

For the radical addition of HCl, the first propagation step is exothermic and the second
one is endothermic. For the radical addition of HI, the first propagation step in endothermic
and the second one is exothermic. Only for the radical addition of HBr, the both propagation
steps are exothermic.

Thus free radical chain reactions work best when both propagation steps are
exothermic.
8.8 Solved Examples
1. Propose a mechanism for the following reaction.

Solution :



133

ADDITION TO CARBON : CARBON MULTIPLE BONDS

2. Write a reasonable and detailed mechanism for the following transformation :

Solution :

8.9 Model Questions
1. Propose a mechanism for the following reaction.
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2. Complete the following reaction and give its mechanism.

3. Explain : Addition of HBr on vinylbromide under polar conditions give CH3–CHBr2rather than Br–CH2–CH2–Br
4. Addition of HX on alkenes is regioselective. Why ?
5. Write note on stereochemistry of addition-reactions.
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