
Chapter 21Chapter 21 
The Radical Chemistry

Until now: Reactions of electrophiles with 
nucleophilesp

This chapter: a new reactive intermediate

radical
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21.1 Radicals21.1 Radicals
A radical is a species with an odd number of electrons, 
which is generated by homolytic bond cleavageg y y g

R di l ll t lRadicals are normally neutral

Examples
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21.2 Stability of Radicals

Radicals have an odd number of electrons
→ Octect rule cannot be satisfied

→ Unstable and exists as an transient intermediate, same as the ,
carbocation

Still the radical is more stable than the carbocation, because the radical 
has 7 electrons while the carbocation has  6 electrons

⇒ Methylene radical in methanol at 77K has 10min life time

The order of radical stabilities parallels the order of carbocation 
stability because the stabilities are due to the same reasonsstability because the stabilities are due to the same reasons
See next page

OrgChem-
Chap21

3



Radical stability

The differences in stabilities between the radicals are smaller than the 
differences in stabilities between the corresponding cations, therefore 

di l h b iradicals are not as prone to rearrange as the carbocations are.

The lower the bond dissociation energy, the higher the stability of 
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the resulting radical. See table 21.1



Cation  stability

R t bili tiHyperconjugation Resonance stabilization

OrgChem-
Chap21

5



21.3 Geometry of Radicals 
⇒ not clear yet

Two possibilities
2 A radical carbon is sp3

1. A radical carbon is sp2 hybrized 
with trigonal geometry

2. A radical carbon is sp3

hybrized with 
tetrahedral geometry

⇒the odd electron is in p 
orbital

⇒ the odd electron is 
in sp3 orbital
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21.4 Generation of Radicals
When an weak bond is heated not clear yet

th k b d i l d t t di l⇒ the weak bond is cleaved to generate radicals
Examples

1 P id1. Peroxide

O—O bond dissociation E = 30 Kcal/mol  (ex) C — C, 80 Kcal/mol)

bond homolysis at 80 – 100 oC 
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2. Azo compound

C — N bond is not weak (70Kcal/mol), but the N2 product which 
evaporate enable the reaction to occur at lower temperture

3 Ph h i ll i d d h l i b d l3. Photochemically induced homolytic bond cleavage
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21.5 General Radical Reactions

1. Coupling and Disproportionation

two radicals produce stable productstwo radicals produce stable products
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Therefore the following reactions are common

Abstraction and addition is not 
energetically favored, while can 
be very common when the 

t ti f th lconcentration of the normal 
molecules are high.  

Radicals from carboxylic acids y
can eliminate CO2 very rapidly.
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The rate of the radical reactions are affected by the same factor that 
affects the rate of other reactionsaffects the rate of other reactions
⇒Stability of the product

⇒Steric effect⇒Steric effect…….
Very stable radical

No couplingp g
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21.6 Halogenation
Bond dissociation E of very common bonds

C —C : 80 kcal/mol      Cl — Cl : 58 kcal/mol 

C —H : 80 kcal/mol      Br — Br : 46 kcal/mol 

C —N: 70 kcal/mol

Thi ti i i d d b li htThis reaction is induced by light

Three 
steps
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Selectivity

Statistical ratio:              9           :           1
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However, bromination is very selective

Why?Why?
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In chlorination, the transition state resembles the reactant (small radical character), 
therefore the tertiary radical is slightly more stable than the primary one

In bromination the transition state resembles the product (mostly radical character)
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In bromination, the transition state resembles the product (mostly radical character), 
therefore the tertiary radical is much more stable than the primary one



Radical bromination is very selective, as long as the 
compound to be brominated has one hydrogen that iscompound to be brominated has one hydrogen that is 
considerably more reactive than others

NBS (N-bromosuccinimide)

 ⇒ useful in substituting bromine for hydrogen at allylic and benzylic position ⇒ useful in substituting bromine for hydrogen at allylic and benzylic position
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The possible mechanism
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The actual brominating agent is probably the Br2



Single product if only a single type of allylic hydrogen is available
Two products if the resonance stabilized allylic radical provide twoTwo products if the resonance stabilized allylic radical provide two 
radical sites

+
Br Br
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21.7 Dehalogenation
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MechanismMechanism
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21.8 Autooxidation
The slow oxidation of organic materials that are exposed to 
oxygen in the atmosphere is termed autooxidation autooxidation yg p

⇒ Chemicals are normally stored in brown bottle or 
l ti b ttl
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MechanismMechanism
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Antioxidant: added to organic materials to prevent 
autooxidationautooxidation

2,6-di-tert-butyl-4-methylphenol

b t l t d h d t l
2-tert-butyl-4-methylphenol
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butylated hydroxytoluene butylated hydroxyanisole



21.9 Radical Additions to Alkene

Electrophilic addition of HBr to alkene

CH3CH2CH2CH CH2 H Br CH3CH2CH2CH CH3 + Br

CH3CH2CH2CH CH3Markonnikov's rule
Br

Markonnikov s rule

Radical addition occurs in anti Markonikov’s mannerRadical addition occurs in anti-Markonikov’s manner
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Radical Chain Mechanism
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HCl and HI cannot be used in the Radical Additions to 
AlkeneAlkene

HCl: strong H – Cl bond (bond dissociation E = 103 
kcal/mol), then abstraction step is slow

HI: week H – I bond (bond dissociation E = 52 kcal/mol), ( )
then addition step is slow
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Other useful radical addition reactions
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Summary of reductions in this semester
1. addition of hydride: 
reduction of aldehyde 

d kand ketones
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2. Using sodium cyanoborohydride: does not react with aldehyde 
and ketones do react with imine or enamineand ketones, do react with imine or enamine
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3. reduction of carboxylic acid derivatives
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4. Reduction to aldehyde
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5. Reduction of carbonyl group (aldehyde or ketone) to a methylene 
group

1. Clemmenson reduction

2.  Wolff-Kishner reduction

3.  Catalytic hydrogenation

H2/Pt reduction vs Wolff-Kishner and Clemmenson reduction

-H2/Pt works for the carbonyl attached to the aromatic ring
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H2/Pt works for the carbonyl attached to the aromatic ring

-Wolff-Kishner and Clemmenson reduction do not have this restriction



21.10 Reductions of Radical Anions
Birch reduction:
•Sodium or lithium: electron source

•A small amount of alcohol: proton source

•Liquid ammonia: solvent
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Mechanism
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Mechanism
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Examples

Application
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Advantage of using Li/NH2 system over LDAAdvantage of using Li/NH2 system over LDA
LDA: lithium diiospropylamide, basic but not nucleophilic
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Reduction of carbon-carbon triple bond

MechanismMechanism

This reaction is very useful because it produces the E-isomer of 
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the alkene product. (Z-isomers are produced by catalytic 
hydrogenation of the alkyne. See Ch. 11.12)
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