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6.0 Objective
Objective of this unit is to study the different types of free radical reactions and their

mechanism.
6.1 Introduction

A free radical (or radical) may be defined as a species that contains one or more unpaired
electrons.  Due to the presence of unpaired electron(s) free radicals are paramagnetic.
6.2 Types of Free Radical Reactions

Free radical reactions are of two types, i.e., propagation reactions and termination
reactions.  Involving these reaction, free radicals undergo most of the general types of
reactions such as substitution, addition, rearrangement, oxidation and reduction.
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Propagation reactions : These lead to otyher radicals, which themselves react further.
There are four main propagation reactions, of which the first two are most common.
1. Abstraction of another atom or group, usually a hydrogen atom:

'RRHH'RR 
2. Addition to multiple bonds:

|
|

|
||| CCRCCR  

3. Decomposition

2
|| CORcleavageO

O
CR    

22232223 CHCHHCCHcleavageHCCHCHCH    

4. Rearrangement

RCH
R
CRHC

R

R
CR 2|2
|
|  

Termination reactions : These gives stable products.  The most common termination
reactions are simple combinations of similar or different radicals

RRRR '  

Another termination process is disproportionation.

223323 CHCHCHCHHCCH2  

In disproportionation reaction an alkane and an alkene are produced from a pair of
radicals.  A hydrogen atom of one radical is abstracted by another radical.
6.3 Free Radical Substitution Mechanisms:
Halogenation at an alkyl carbon :

Alkenes can be chlorinated or brominated on reaction with chlorine or bromine in the
presence of visible or u.v. light or at high temperatures (250-400°C). For example :
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HClClRC400250or
hvClHR 2   

The reaction can also be applied to alkyl chains containing many functional groups.
The chlorination reaction is not useful for preparative purposes because every alkyl carbon in
the moleule is chlorinated as well as di and polychloro compounds are formed.

The bromination is much more selective than chlorination.  It is possible to brominate
tertiary and benzylic positions selectively.  It should be remembered that the greater the
reactivity of species, the less is the selectivity.

It should be noted that fluorine reacts too violently involving rupture of c-c bonds,
whereas iodine react too slowly and reversibly to be of any practical interest.

Mechanism : The halogenation at an alkyl carbon is a free radical chain reaction and
proceeds through the following mechanism.

Initiation step     X2C400250or
hvX2

Propagation steps HXRXHR  

  XXRXR 2

Termination steps XRXR  

2XXX  

RRRR  

The following is the decreasing order of reactivity of halogens F2 > Cl2 > Br2 > I2
The most important single factor causing the order of halogen reactivity is the decreasing

strength of the H-X bond which is in the order
H – F > H – Cl > H – Br > H – I

This is because with increasing H-X bond strength the propagation step :
HXRXHR  

Is favoured which is the rate determining step at least in the case of methane.
The following is the decreasing order of the case of abstraction of different bonds of

hydrogens: Tertiary H> secondary H> primary H > methane H.  This order is easily
understandable in view of the relative stabilities of the free radicals formed after the abstraction
of hydrogen.



95

FREE RADICAL REACTIONS

Stereochemistry of Radical Substitution :
The alkyl radical having planar structure is attacked from both the faces with equal

ease to form racemic modification. for Example :
HBrCHCHCHCHBrCHCHCHCH 3233223  

Radical carbon has planar structure

CH  – CH2 3

+  Br2

H CH3

 32
|

3
|

|

3
|23 CHCH

H

CH
CBrBr

H

CH
CCHCH 

50% 50%
Racemic Modification

Allylic Halogenation :
Alkenes can be halogenated in the allylic position by the number of reagents such as

N-bromosuccinimide (NBS), N-chlorosuccinimide (NCS), t-butyl hypochlorite, etc, of these,
NBS is the most common, when NBS is used, the reaction is known as wohl-Ziegler reaction.
Using NBS rather than bromine for allylic bromination solves the problem of formation of
the undesired addition product of alkene with bromine.

The reaction of NBS is highly regioselective and takes place at the allylic position
NBS is also a highly regioselective brominating agent at positions  to an aromatic ring
(benzylic position), to a C   C triple bond, to a carbonyl group.  When both double and triple
bonds are in the same molecule, the preferred position is  to the triple bond. For Example.

CH3 – CH = CH2  
NBS

CCl/hv 4
   Br – CH2 – CH = CH2

The reaction of NBS is carried out in nonpolar solvent, most often CCl4 is used NBS is
only slightly soluble in CCl4, this ensures the low concentration of bromine necessary for
the success of this reaction.  The reaction is catalysed by peroxides, heat or light
Mechanism :

Step 1.

O

O

hv or 
CCl4

O

O

N  +  Br

NBS

N – Br


·
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Step 2. HBrCHCHHCBrCHCHCH 2223  

Step 3.

O

O

N  –  Br + H – Br
O

O

N  –  H + Br2

Step 4.   BrCHCHCHCHBrBrCHCHHC 22222

Free radical mechanism at an aromatic Substrate :
Hey (1934) reported that the thermal decomposition of diazonium salts in aromatic

solvents results in the arylation of the aromatic rings.  He explained these results by the
following mechanism involving the direct displacement of a hydrogen atom in the aromatic
solvent molecule by the aryl radical, i.e., the abstraction of an entire aryl group of the solvent
molecule by the aryl radical.

  XNArNXNAr 2

  HPhArHPhAr
[X = Cl,  OAc,  OH]
Similar results are obtained from the aryl radicals generated from other sources such

as the decomposition of benzoyl peroxide in aromatic solvents.

2
|||||| CO2Ph2O

O
CPh2Ph

O
COO

O
CPh  

  HPhPhHPhPh
The above direct displacement mechanism was discarded because;
1. It involves the formation of a c-c bond at the expense of a relatively stronger

C-H bond (i.e., abstraction of an entire aryl group) which requires a very high
activation energy, thus, actually this is not the case.

2. It does not explain the formation of products I and II. The following two step
mechanism which is exothermic and also explains the formation of products I
and II was proposed.  This similar to the mechanism of aromatic electrophilic
and nucleophilic substitutions.
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2
|||||| CO2Ar2O

O
CAr2Ar

O
COO

O
CAr  

H Ar H ArH Ar H Ar

Ar  +

The intermediate free radical is establised by resonance.  The reaction can terminate
in three ways :

(i) By simple coupling
H Ar H Ar H Ar

H H

(1)
2

A partially hydrogenated quaterphenyl
The coupling need not be ortho-ortho, other isomer can also be formed.
(ii) Disproportionation :

H Ar Ar HAr

(II)

2 +
H HA biphenyl

Under the reaction conditions dihydrobiphenyls like II are oxidised to the corresponding
biphenyls.

(iii) By abstraction of hydrogen, if a radical R  is present in the system.
H Ar Ar

+  RHR
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6.4 Neighbouring Group Assistance In Free Radical Reactions
In certain cases it has been shown that free radical reactions are accelerated by the

presence of neighbouring group. For example, bromination of alkyl bromides gave 84 to 94%
substitution at the carbon adjacent to the bromine already present in the molecule.  This is
surprising because positions close to a-I group such as bromine should actually be deactivated
by its electron with drawing effect.  This unusual regioselectivity is explained by the following
mechanism in which the abstraction of hydrogen is assisted by a neighbouring group and the
reaction proceeds through a bridged free radical.

Br2
hv Br  +  Br

 BrCH
R

H
CRBr 2
|
|  R – C – CH2

H
Br

R Br –HBr

 BrCH
R

Br
CR 2
|
|  

R – C – CH2

R Br

Br2

The above mechanism is supported by the fact that as expected it proceeds with retention
of configuration.  Thus photolytic bromination of optically active 1- bromo-2-methyl butane
gives 1,2-dibromo-2-methyl butane with retention of configuration.
6.5 Reactivity
Reactivity for Aliphatic Substrates :

It is the abstraction step that determines which product will be formed in a chain
reaction.  A free radical almost always abstracts a univalent (hydrogen or halogen) and never a
tetra or teracovalent atom, and seldom a divalent one. For example, a reaction between a
chlorine free radical and ethane gives an ethyl radical, not a hydrogen free radical:

CH  – CH  + Cl3 3
H – Cl + CH CH                H = – 3 Kcal/mol3 2

CH CH  – Cl + H              3 2 H = + 18 Kcal/mol
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The main reaction for this is steric.  A  univalent atom is much more exposed to attack
by the incoming radical than an atom with a higher valency.  Another reason is that in many
cases abstraction of a univalent atom is energetically more favoured.

In the case of alkanes, the following is the decreasing order of the ease of abstraction
of different bonds of hydrogens.

tertiary H > Secondary H > Primary H > Methane H
This is according to the relative stabilities of the free radicals formed after the

abstraction of hydrogen.
In the case of alkenes vinylic hydrogens are never abstracted, and the abstraction of

allylic hydrogens is greatly preferred to other positions of the molecule.  This is because of
the resonance stabilisation of the allylic radical.

  CCCCCCHCCC |
|
||

|
||

Allylic rearrangements are common in these case.
In the case of alkyl chains of aromatic rings the preferential position of attack on a

side chain is usually the position  to the ring.  Aromatic hydrogens are seldom abstracted if
there are aliphatic hydrogens present.

In the case of compound containing electron withdrawing substituents, e.g., Z- CH2CH3(Z = COOH,COCl, COOR, SO2Cl or CX3) the  position is attached predominantly or
exclusively in free radical halogenations.  This is because electron withdrawing groups highly
deactivate () positions.  Compound like acetic acid and acetyl chloride are not attacked at
all. This is because halogen  atoms are electrophilic radicals and look for positions  of high
electron density. Hydrogens on carbon atoms next to the electron with drawing groups have
low electron densities, therefore, the attack is avoided at this position. The radicals that are
not electrophilic do not show this behaviour, e.g., the methyl radical does not avoid the attack
at the  position. Some radicals, eg. t-butyl, benzyl, cyclopropyl and phenyl are nucleophilic
and tend to abstract electron-poor hydrogens.
Reactivity In Aromatic Substrates :

Free radical substitution at an aromatic carbon seldom takes place by a mechanism in
which a ring hydrogen is abstracted to give an aryl radical. Usually the mechanism is similar
to that of aromatic electrophilic and nuleophilic substitutions.

+  YZ

H Y

Z
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The following generalisations have been made regarding the reactivity in aromatic
substrates.
1. All substituents increase reactivity at ortho and para positions as compared to that of

benzene. There is no great difference between electron-donating and electron-
with drawing groups. This is because radicals are neutral species and are not influenced
by the polar properties of the substrate to any significant extent. Further-more, it has
been shown that both electron donating and electron-with drawing groups stabilise a
free radical.

2. Reactivity at meta positions is almost equal to that of benzene. This fact, coupled with
preceding one, means that all substituents are activating and ortho-para directing, none
are deactivatiang or mainly meta directing.

3. Reactivity at Ortho positions is greater than at para positions, except where a large
group decreases ortho reactivity due to steric reasons.

4. Electron-with drawing groups exert a greater ortho-para directing and activating effect
than electron-donating groups

5. Substituents have a much smaller effect than in electrophilic or nucleophilic
substitution.

6. Although hydrogen is the leaving group in most free radical aromatic substitutions,
ipso attack and ipso substitution (e.g, with Br, NO2 or CH3CO) have been found in
certain cases.

6.6 Hunsdiecker Reaction
AgBrCOBrRBrRCOOAg 22 

Reaction of a silver salf of a carboxylic acid with bromine leading to an alkyl or aryl
halide is called the Hunsdiecker reaction .It is a way of degrading a carbon chain by one unit.
Although bromine is the most often used halogen, chlorine and iodine have also been used.

When iodine is used, the ratio between the reactants is very important because it
determines the product A 1:1 ratio of salt to iodine gives the alkyl or aryl halide as above. A
2:1 ratio gives the ester RCOOR, and this is called the simonini reaction.

The following is the mechanism of the Hunsdiecker reaction.

Step 1. AgXXO
O
CRXRCOOAg ||

2 

Step 2. )stepinitiation(XRCOOXO
O
CR ||  
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Step 3. )stepnpropagatio4and3(CORRCOO 2 

Step 4. .etc,RCOOXRRCOOXR  
6.7 Free Radical Rearrangements

Allylic rearrangements are very common in free radical reactions on allylic substrates,
for examples

2HX22 CHCHHCRXCHCHCHR  


    2HCCHCHR 
2X
XCHCHCHRCHCHH

X
CR 22
| 

A primary radical may sometimes produce a tertiary radical by the migration of a
substituent from the neighbouring carbon.

However, such radical rearrangements are less common than carbocation
rearrangements because the stability difference between a primary and a tertiary radical is
not as much as that between a primary and a tertiary carbocation. Most of the reported
rearrangements involve the shift of an aryl group from one atom to the adjacent atom. For
example, the rearrangement of  - phenyl isovaleraldehyde I accompanying decarbonylation.

The reaction is initiated by t-butyl peroxide and yields a mixture of almost equal amounts
of isobutyl benzene III.

   
COO

CCH
CH

CH
CPhinitiatorH

O
CCH

CH

CH
CPh ||

2
| 3

3
|

||
2

| 3

3
|

(I)

  tarrangemenRePhCH
CH

CH
C 2
| 3

3
| Ph – C – CH2

CH3

CH3

 ||
2

| 3

3
|2

| 3

3
|

O
CCH

CH

CH
CPhPhCH

CH

CH
CH (IV)

(II)

·
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 ||
2

| 3

3
|3

| 3

3
|

O
CCH

CH

CH
CPhCH

CH

CH
CPhIIV

(III)
The yield of the rearranged product II increases with the dilution of the reaction mixture.

This supports the above mechanism because a decrease in the concentration of a hydrogen donor
I would increase rearrangement at the expense of the hydrogen abstraction by the radical IV. Further,
the rate of the rearrangement is inhibited by the addition of an effective hydrogen donor such as
thiophenol. The above rearrangement proceeds through the intermediate bridged radical.

H C – C – CH3 2
CH3

C       CH2
CH3

H C3
CH2

C
H C3

H C3

etc.

The intermediacy of a bridged radical also explains why a methyl migration does not
take place as readily as in carbocation rearrangements. For a methyl migration via abridged
radical there will be three electrons spread over three carbons.

– C – CH2

CH3

– C – CH2

CH3

– C – CH2

CH3

Molecular orbital calculations have shown that such a bridge system is very unstable as
compared to a two electron bridged system of a carbocation.
6.8 Solved Examples
Q.1. How will you bring about the following conversion ?

COOH
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Solution :

COOH AgOH COOAg Br2
Hunsdiecker reaction
Na

dry ether Br
Q.2. Outline the mechanism of the following addition reaction.

+  CHCl3
(PhCO )22


Solution :

2
|||||| CO2Ph2O

O
CPh2Ph

O
COO

O
CPh  

33 ClCHPhCHClPh  

+  C Cl3

C Cl3
CH Cl3

C Cl3
+  C Cl3

6.9 Model Questions
1. Complete the following reaction and outline its mechanism..

hv 4)OAC(PbOHCHCHCHCH 2223  
2. Outline the mechanism of the following free radical addition reaction :

+  CCl4
(PhCO )2 2

3. Discuss the mechanism and stereochemistry of free radical bromination of (R)-1-
bromo-2-methylbutane.

4. Outline the mechanism of the following transformation
3233 CHClBrCHPhhvClBrCPhCH 
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