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Welcome you all to principles of organic synthesis. So far, we had 27 lectures where we studied 

aliphatic C-C and C-N bonds formation, organometallic reagents, electrophilic and nucleophilic 

aromatic substitutions, reactions of aromatic diazonium salts, and phosphorus, sulfur, silicon, 

boron and tin containing reagents. 

Now we will start the free radical reactions. This is last module in this course. In this lecture, we 

will study the principles of free radical formation. Then, we will study the use of free radical 

reactions for the formation of carbon-halogen and carbon-carbon bonds.  
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All of you know free radical is a reactive species and only a few organic free radicals are 

relatively stable. For example, triphenylmethyl chloride with silver produces triphenylmethyl 

radical, which exists indefinitely as a dimer in benzene. The stability in part is due to the 

unpaired electron delocalization and in part by the steric force that inhibits its reaction.  



Free radicals can be formed by 3 ways.  

Thermal generation: Compound with a weak bond, like peroxide and bromine, can undergo 

homolysis to give free radical at moderate temperature. In addition, compound, like AIBN, can 

undergo homolytic cleavage at room temperature because the fragmentation gives a strongly 

bonded product (N2).  

Photochemical generation: Molecules such as halogen, alkyl nitrites and hypochlorite using light 

undergo fragmentation to produce radical. 

Redox generation: Some covalent bonds undergo hemolysis by the acceptance of an electron 

from species of one electron donor. For example, sodium is an electropositive element and can 

give an electron to ester to give a carbon centered radical, which dimerizes to give acyloin. 

On the other hand, substrate can also be broken by donating an electron to an electron acceptor. 

For example, see oxidation of certain phenols with iron(III) salt. 
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Now let us look at the stability of the radicals. Increasing order of the stability of the alkyl 

radical is: methyl < primary < secondary < tertiary radical.  

If we compare the stability of alkyl radical with vinyl, alkynyl, allyl and benzyl radicals, alkyl 

radical is more stable than vinyl and alkynyl radical, and less stable than allyl and benzyl radical. 



Further, the radical next to carbonyl, nitrile or ether functional group or centered on the carbonyl 

carbon, which is more stable than the tertiary alkyl radical.  
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Now, let us look at the carbon-halogen bond formation. Cyclohexane with chlorine using light 

produces cyclohexyl chloride.  

Chlorine gas in the presence of light undergoes hemolytic cleavage to chlorine radical, which is 

known as the initiation step. Once the chlorine radical is formed, which reacts with cyclohexane 

C-H bond to produce cyclohexyl radical. The cyclohexyl radical reacts with chlorine gas to 

produce cyclohexyl chloride and chlorine radical, which is known as the propagation step. The 

chlorine radical can react with another chlorine radical to give chlorine gas or with cyclohexyl 

radical to produce cyclohexyl chloride, which is known as the termination step.   
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Here is the reaction of cyclohexene with bromine under light. As we have seen above, bromine 

undergoes homolytic cleavage to give a bromine radical that reacts with allylic C-H bond of 

cyclohexene to give allyl radical, which reacts with bromine to give 3-bromocyclohexene.  
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Carboxylic acid can be converted to halo substrate via a radical decarboxylation. For example, 

sodium salt of 3,3-dimethylbutanoic acid with silver nitrate gives the silver carboxylate, which 

with bromine in CCl4 produces neopentyl bromide. The silver salt reacts with bromine to give 



acyl hypobromite. Which undergoes homolysis to give acyloxy radical that loses carbon dioxide 

to give alkyl radical. Reaction with acyl hypobromite yields neopentyl bromide.  

So far we have seen carbon-halogen bond formation via substitution reaction. Now let us focus 

on addition to carbon-carbon double bond for the carbon-halogen bond formation. These 

reactions are carried out in the presence of peroxide as the radical initiator. 
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Here is the addition reaction of butene with bromoform in the presence of benzoyl peroxide as 

the radical initiator. Peroxide undergoes cleavage to produce benzoyl radical that reacts with 

bromoform to yield benzoic acid and CBr3 radical. Addition reaction to butene gives the 

secondary radical, which can react with bromoform to yield the addition compound that is 

synthetically useful. 
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Here is an example for the transformation of isobutylneopentylmercury compound to isobutene 

and neopentyl chloride in CCl4 via a radical pathway. CCl4 undergoes homolytic cleavage to 

produce CCl3 and chlorine radicals. The CCl3 radical reacts with substrate to produce chloroform 

and isobutyl radical that converts to isobutene via the homolytic cleavage of C-Hg bond. 

Elimination of mercury give neopentyl radical that reacts with CCl4 to produce neopentyl 

chloride  
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Here we see the use of hypervalent iodine for the decarboxylative radical carbon-halogen bond 

formation. Carboxylic acid with PhI(OAc)2 produces iodozobenzene dicarboxylate, which reacts 

with iodine to yield acyl hypoiodite. Homolytic cleavage gives iodine and acyloxy radicals. 

Decarboxylation gives alkyl radical that react with iodine radical to produce alkyl iodide.    
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The above strategy has been extended to the addition reaction of activated carbon-carbon double 

bond. Homolysis of iodozobenzene dicarboxylate gives the adamantyl radical, which undergoes 

addition reaction with vinyl sulfone to give the secondary carbon radical that abstracts hydrogen 

from cyclohexadiene.   
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The hypervalent iodine chemistry has been further utilized for the coupling of quinoline with 

THF. In this reaction, iodozobenzene diacetate reacts with NaN3 to give N3 radical, which 

abstracts electron rich hydrogen atom from THF to yield THF radical, which adds to quinoline at 

2-position to yield the C-C coupled product.  

So far we have seen the use of hypervalent reagent for the radical C-C bond formation. Now, let 

us see the use of tin chemistry for the radical C-C bond formation, which has been well explored. 
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Homolysis of AIBN produces isobutyronitrle radical. It reacts with tributyltin hydride to produce 

tributyltin radical that reacts with hexyl iodide to produce tributyltin iodide and hexyl radical. 

The hexyl radical adds to acrylonitrile to give a secondary carbon centered radical that reacts 

with tributyltin hydride to give alkyl nitrile. AIBN is the radical initiator and the fragmentation 

occurs due to the formation of strongly bonded nitrogen molecule.  

(Refer Slide Time: 36:25) 

 

Here two examples illustrate the power of tributyltin hydride chemistry. First example shows the 

formation of bridgehead radical and subsequent intramolecular addition to the activated double 

bond to give the tricyclic compound. This is an important transformation as radical reaction is 

normally difficult due to the bridgehead radical can not achieve the planar geometry. The second 

example involves the formation of a tertiary radical and subsequent addition to a double bond to 

give a secondary radical that further reacts with tripled bond to give the tricyclic compound.  
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Now let us look at CO trapping and carbon-carbon bond formation. At high pressure, alkyl 

radical adds to CO compared to alkene. Here octyl iodide adds to CO to give the acyl radical that 

undergoes reaction with allyl tin to give a ketone.  
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Here octyl iodide converts to octyl radical, which reacts with CO to yield the acyl radical. 

Addition of an electron deficient acrylonitrile followed by allyl tin gives the four component 

coupling functionalized ketone.  
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Here is an another example for the four component coupling reaction. As the previous example, 

octyl iodide converts to octyl radical that adds to CO. The resultant acyl radical further adds to 

the activated propargyl ester and allyl tin to give the functionalized carbonyl compound.  
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In this example, silyl hydride is converted to silyl radical that adds to the double bond to give a 

secondary radical that reacts with CO to give the acyl radical. Intramolecular cyclization with 

double bond produces a tertiary radical that reacts with silyl hydride to give a cyclic ketone.  
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Let us look at here the synthesis of five membered lactone using the CO trapping chemistry. -

Ketoester converts to methylene radical in the presence of Mn(III), which adds to an alkene to 

give the secondary radical. Reaction with CO produces the acyl radical that converts to acid. 

Mn(III) catalyzed radical cyclization gives the lactone. This chemistry has been well explored. 

It is noteworthy to mention that electron rich radical reacts with CO compared to addition to 

electron deficient double bond. On the other hand, electron deficient radical reacts with electron 

rich alkene compared to CO. The reactivity can thus be controlled by the reaction conditions. 
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Here is an example for the CO trapping and carbon-carbon bond formation using hypervalent 

iodine. Octanol with iodozobenzene diacetate produces octyloxy radical that abstracts the 

hydrogen to give the secondary radical. Addition to CO followed cyclization gives the lactone. 

This method is found to be successful with primary and secondary alcohols that bear  hydrogen.  
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Here the use of Fenton’s reagent is demonstrated for the oxidation of cyclohexanone to suberic 

acid by trapping CO. Addition of hydrogen peroxide radical to cyclohexanone followed by 

homolysis and -scission provides the alkyl radical that adds to CO. The acyl radical is 

converted to acylium ion and subsequently carboxylic acid.  
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In summary, we have seen the methods for the radical formation.  

We have then seen the utilities of the radical chemistry for the carbon-halogen bond formation. 

We have seen examples for the substitution reaction with C-H bond. We have also seen 

examples for the addition reaction with double and triple bonds. 

We have seen the utilities of the radical chemistry for the carbon-carbon bond formation. The 

radicals are formed by the radical initiator and add to the double and triple bonds. We have seen 

the use of tributyltin hydride, which affords powerful synthetic tool for the coupling of alkyl 

halides with double and triple bonds. This reaction finds greater applications in tandem 

cyclization, which will be difficult to accomplish by other methods. 

We have seen several examples for the CO trapping to form acyl radical. Using this strategy, the 

synthesis of ketone, lactone and carboxylic acid can be accomplished. As you can see, the radical 

chemistry plays an important role in synthetic chemistry for the construction carbon-halogen and 

carbon-carbon bonds. With this we conclude this lecture, Thank you very much., 

 


