
4.8   Radical Reac@ons (SR, AR)



Carbon-Centered Reac@ve Intermediates

282

• formal charges are determined by homoly@c bond cleavage and coun@ng electrons

carbanion 

5 electrons 
nega;ve formal charge 

teatrahedral 

sp3  

3 bonds, 1 electron pair 
octet rule fulfilled

radical 

4 electrons 
neutral 

in between 

sp3 or sp2 or mixed 

open shell

carbenium ca@on 

3 electrons 
posi;ve formal charge 

trigonal planar 

sp2 

3 bonds 
electron sextet (deficient)

CR R
R

CR R
R

R
R C

R
R RC



Radical Reac@on Mechanisms
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• simple radical reac@ons occur between two (same or different) radicals 
• forma;on of a new bonding electron pair by “combina;on” of the unpaired electrons (•)  
• bond forma;on hence requires electrons to have opposite spin (represented by half arrows)

• radical reac@on mechanisms involve molecules with unpaired electrons as reac@ve intermediates 
• radicals are obtained from stable molecular precursors by homoly;c bond cleavage of weak σ bonds 

(bonding electron pair is equally separated between the bonded atoms)

homoly;c 
bond cleavage

reac@on by 
combina@on

R1 + R2 R1 R2



Bond Energies
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• homoly@c bond cleavage can be achieved by thermal ac@va@on or light as an energy source 
• all bonds can undergo homoly;c cleavage at elevated temperatures (typically ≥ 200 °C) 
• just a maber of kine;cs because molecules show a Boltzmann distribu;on of thermal energies  
• light can serve as an energy source (e.g. blue of UV, ≤ 400 nm, ≥ 300 kJ/mol) 

ΔG / kJ mol–1

H–OH 498
H–CH3 435

H–Cl 431
H–Br 366
H–I 298

ΔG / kJ mol–1

H3C–OH 383
H3C–CH3 368

H3C–Cl 349
H3C–Br 293
H3C–I 234

ΔG / kJ mol–1

HO–OH 213
MeO–OMe 151

Cl–Cl 243
Br–Br 192

I–I 151



Genera@on of Radicals by Homoly@c Bond Cleavage
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• radicals are formed by homoly;c bond cleavage of weak covalent bonds by heat (Δ) or light (h𝜈) 

Cl Cl 2   Cl

Br Br 2   Br

I I 2   I

– N2

N NNC CN 2
CN

O O 2 O

• dihalogens

• peroxides

• azo compounds



Stability of Carbon Radical Centers
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• all radicals are reac@ve intermediates, have short life@mes, and cannot be isolated 
• free radical reac@ons are fast single-step reac@ons, but many side-reac@ons occur 
• free radicals are electron-deficient carbon centers, (almost) same rules for stability as carboca@ons 
• notably, however, stabiliza@on by both +M and –M substutents

• radicals are oíen pyramidal, unpaired electron in sp3 orbital carbon center 
• radicals with π-conjugated subs;tuents are planar, unpaired electron in p orbital 
• (values are covalent R–H bond energies in kJ/mol, energy required to generate the radical)

ter;arysecondaryprimary benzylethynyl

increasing stability

least stable delocaliza;on“hyperconjuga;on”

R
R C

R
R C

allyl

CR R
R

CR H
R

CR H
H

CH H
H

C CR
R R

CCR

methyl

397410423439547 464

phenyl

431 364 372

R
R CC O

R

vinyl

385

R
R CC N

360

H
R OC R

385

–M –M +M



Stabiliza@on by Hyperconjuga@on
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• three-center three-electron bond par@ally delocalizes the C–H bond towards electron center 
• hydrogens on the subs@tuent are rendered more labile for abstrac@on (by another radical)

• alkyl subs;tuents on the radical carbon center stabilize the radical by “hyperconjuga;on”

C C

H

C C

H

SOMO

new SOMO

σC–H

σ*C–Hσ*C–H

stabilized σC–H

E

C C
H R

RR
R

C C
H R

RR
R

…



Stabiliza@on by +M and –M Subs@tuents
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• stabiliza@on by –M subs@tuents facilitates radical genera=on, yields less reac@ve radical 
• stabiliza@on by +M subs@tuents facilitates radical genera=on, but yields more reac@ve radical

• stabiliza;on by –M subs;tuents works for radicals and carbanions, but not for carboca;ons 
• stabiliza;on by +M subs;tuents works for radicals and carboca;ons, but not for carbanions

π conjugated & –M subs;tuents +M subs;tuents

R
R C

R
R CC O

R R
R CC N

R
R C

π*

SOMO

new SOMO

ππ

E

H
R NC R H

R OC R H
R SC R

R

SOMO

new SOMO

n

stabilized n

E



Persistent Radicals
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• persistent radicals stabilized by electronic effects and steric hindrance shielding the radical center

• persistent radicals are stable molecular compounds with unpaired electrons, can be isolated 

N
O

C

O

N
N

NO2O2N

NO2

teramethylpiperdineoxide 
(TEMPO)

triphenylmethyl 
(trityl)

2,4,6-tri(tert.-butyl)phenoxyl 2,2-diphenyl-1-picrylhydrazyl 
(DPPH)



Radical-Radical Dimeriza@on Reac@ons
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• electrosta@c repulsion of ketyl radical anions requires complexa@on with earth alkaline ca@on

• alkaline or earth alkaline metals transfer electrons, reduce ketones to alcohols in pro;c solvents

R R’

O

R R’

ONa
(e    )

–Na

R R’

O

H

EtOH Na
(e    )

–Na

R R’

O

H

EtOH
R R’

OH

H–EtO –EtOR R’

O

R R’

O Mg
(2e    )

2 2

Mg

R
R’

O Mg O

R’
RR R’

O

R R’

O

– Mg(OH)2

2 H2O OHHO
R R’ RR’

• earth alkaline metals in apro@c solvents result in radical combina@on, yielding a diol (pinacol reac@on)

ketyl radical anion

ketyl radical anion pinacol, 40–50%

alcohol



Alkyl Halogena@on by Radical Subs@tu@on (SR)
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• radical subs@tu@on reac@ons are chain reac@ons 
• condi@ons chosen to achieve “steady state” of equal ini@a@on and termina@on reac@on rates

Br Br 2   Br

Br Br2   Br

ini@a@on

propaga@on (up to 106 @mes)

termina@on reac@ons

main product

side product

bond homolysis

halogen abstrac;on, main product

hydrogen abstrac;on

not produc;ve

net reac@on alkyl halogena@on

CH3
+   Br

CH2
H Br+

CH2
Br Br+ Br +   Br

+   Br BrCH2

2
CH2

CH3
Br Br+ Br H Br+



Regioselec@vity of Radical Subs@tu@ons
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• reac@vity chlorine > bromine > iodine (H–Hal bond is weaker) 
• C–H bond abstrac@on becomes less favorable (or even endergonic) 
• selec@vity chlorine < bromine < iodine radicals (“later” transi@on states differen@ate beNer)

• regioselec;vity of radical subs;tuion reac;ons is decided in the hydrogen abstrac;on step 
• radicals are highly reac;ve, all hydrogens compete, product mixtures are always obtained 
• outcome is superposi;on of sta;s;cs and stabiliza;on of new radical (C–H bond strength)

CH3

CH3C CH3

H
Cl + +

CH3

CH3C CH3
ClH +

CH3

CH3C CH2

H

+397 kJ/mol
+423 kJ/mol

–431 kJ/mol 37% 63%1 H
9 H reac;vity ra;o = 37/63 · 9/1 ≈ 5/1 

CH3

CH3C CH3

H
Br + +

CH3

CH3C CH3
BrH +

CH3

CH3C CH2

H

+397 kJ/mol
+423 kJ/mol

–366 kJ/mol 99% 1%1 H
9 H reac;vity ra;o = 99/1 · 9/1 ≈ 891/1 

E

Rxn

R· + HBr

R· + HBr

R· + HCl

R· + HCl



Electrophilic Subs@tu@on versus Radical Subs@tu@on with Dihalogens
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• halogena@on of the arene (core) requires a Lewis acid catalyst, polar solvent, cooling 
• halogena@on of the side chain requires heat or light, an initator, apolar solvent

• on alkylarenes, dihalogens can be used to affect electrophilic or radical subs;tu;on reac;ons

H

R
R’ Br2

FeBr3Br

H

R
R’ Br2

Δ or hν
initiator

Br

R
R’

SE SR

“cold, catalyst, core” “sun, side chain”



Dihalogena@on of Double Bonds by Radical Addi@on (AR)
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• radical addi@on reac@ons are chain reac@ons, strongly preferred over radical subs@tu@ons 
• condi@ons chosen to achieve “steady state” of equal ini@a@on and termina@on reac@on rates

Br Br+

Br
Br

Δ or hν
initiator

+   Br

H
C Br

H
C Br

Br Br+ +   Br

Br
Br

Br Br2   Br

H
C Br

+   Br

Br
Br

H
C Br

2

Br Br

propaga@on (up to 106 @mes)

termina@on reac@ons

main product

side product

halogen abstrac;on, main product

radical addi;on to double bond

not produc;ve

net reac@on double bond dihalogena@on

Br Br 2   Brini@a@on bond homolysis



Hydrohalogena@on of Double Bonds by Radical Addi@on (AR)
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• an@-Markovnikov product is formed because ini@al radical addi@on prefers more stable radical

+   Br

H
C Br

Br Br2   Br

H
C Br

2

Br Br

propaga@on (up to 106 @mes)

termina@on reac@ons

side product

side product

hydrogen abstrac;on, main product

radical addi;on to double bond

not produc;ve

net reac@on double bond hydrohalogena@on 
an@-Markovnikov

ini@a@on bond homolysis (peroxide)RO OR 2   RO

RO H Br+ +   BrRO H

H
C Br

H Br+ +   Br

H
Br

H
C Br

+   Br

Br
Br

H Br+

H
Br

Δ or hν
peroxide initiator

hydrogen abstrac;on (peroxyl)
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