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Radical Reactions

* Radicals are formed from homolytic cleavage.
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* This breakage requires energy.

* Bond energy is an important consideration - weaker bonds require
less energy and will react easily, e.g. H-Cl easier to break than H-FE.

* Radicals are high in energy therefore reactive.

* Free radical mechanism involves three steps:
* Initiation (needs an initiator)
* Propagation
e Termination (needs a terminator or quencher)



Radical Reactions - Mechanism 1

e Initiation - homolytic formation of two reactive species with
unpaired electrons. Peroxides are also good initiators as the 0-O bond
is low in energy. .. Light 3

s = 230

* Peroxides:  swp1: R—OFO—R  ——> R—O + -O—R
A dialkyl peroxide Two alkoxy radicals
Step 2:  R— oﬂ +f\ﬁ —> R—O—H + Br!

* Propagation - reaction with molecule to generate radical. There has
to be a radical in the product. Example - reaction of chlorine atom
with methane to give HCl and CH;

(a) :Cl° + HiCHz —— H:Cl: + -CHj

(b)t(;&lj(_:.l: + *CH3 —— :Cl- + :CliCHg



Radical Reactions - Mechanism 2

* Termination - combination of two radicals to form a stable product.
* The key point is that there should no radical in the products.

* Example:
ClY + vl —— xClCls
:Cl+ + +CHz —— :CI:CH3 - Possible termination steps
/NN

H3C' + 'CH3 —> H3C:CH3




Radical Mechanism

Here is a summarized version of the mechanism.
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Reaction Energetics

* Atoms have higher energy (are less stable) than the molecules they
can form (The formation of covalent bonds is exothermic)

* Breaking covalent bonds requires energy (i.e. is endothermic)

H—H-——H- + H- AH° = +436 kJ mol™!
Cl—Cl—Cl- + Cl AH° = +243 kJ mol ™!

* A CI-Cl bond requires less energy than H-H bond; due to bond energy.
* It is easier to form a more stable radical e.g. isopropyl than a propyl
radical; this is due to stability of the radical.

CH,CH,CH,—H —> CH,CH,CH,* + H- AH® = +423 kJ mol™!

Propyl radical
(a 1° radical)

CH3C|HCH3 —> CH,CHCH, + H- AH° = +413 kJ mol ™!

H Isopropyl radical
(a 2° radical)



Bond Energies

* We can calculate the
energetics of a reaction
hence the products can be
predicted.

* It is useful information to
also chose the right
starting materials for a
reaction. E.g. a Br-Br bond
easier to break than a CI-Cl
bond so Br, is a better
halogenation initiator.
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298
222
402
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400
349
292
297
400
348
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547
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371
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371
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157
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“Data compiled from the National Institute of Standards (NIST) Standard Reference Database Number 69, July

2001 Release, accessed via NIST Chemistry WebBook (http://webbook.nist.gov/chemistry/) and the CRC Hand-
book of Chemistry and Physics, 3rd Electronic Edition (updated from content in the 81st print edition), accessed
via Knovel Engineering and Scientific Online References (http://www.knovel.com). DH® values were obtained di-
rectly or calculated from heat of formation (H;) data using the equation DH°[A—B] = H,[A ] + H;[B-] — H,[A—B].
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Comparison of
Halogenation

The order of reactivity is based on the

values of E

act

propagation

* Fluorination has a very low value for E,

for the first step of chain
propagation and AH° for the entire chain

in the first step and 4H° is extremely
exothermic therefore fluorination

reactions are explosive

e Chlorination and bromination have

increasingly higher values of E, ,

lower overall AH? values which makes

these halogenation reactions less
vigorous

 lodinination has a prohibitively high
of the first step and the

value for E,,

reaction does not occur

and

FLUORINATION

AH° (kJ mol ")
Chain Initiation
F,—2F: +159
Chain Propagation
F- + CH, — HF + CHj;- —130
CH; + F,—— CHyF + F- -302
Overall AH®° = —432
CHLORINATION
AH® (kJ mol™!)
Chain Initiation
C,—2Cl- +243
Chain Propagation
Cl- +CH,—— HCI + CH;* +8
CH;- + Cl,—> CH;Cl + CI- —109
Overall AH° = —101
BROMINATION
AH® (kJ mol™!)
Chain Initiation
Br,—>2Br- +193
Chain Propagation
Br- + CH;—— HBr + CHj: +74
CH;* + Br, — CH;Br + Br: —100
Overall AH® = —26
[ODINATION
AH° (kJ mol™!)
Chain Initiation
L—21I +151
Chain Propagation
I- + CH;— HI + CHj5- +142
CH;- + ,—> CH;l + I+ —89

Overall AH® = +53

E, (kJ mol ™)

+159

+5.0
Small

E o (kJ mol™")

+243

+16
Small

E o (kJ mol™")

+193

+78
Small

Eacl (kJ mOl* I)

+151

+140
Small



Radical Reactions - Properties

 Alkane + Cl; or Bry, heat or light replaces C-H with C-X but gives
mixtures

 Hard to control
* Via free radical mechanism

* [tis usually not a good idea to plan a synthesis that uses this method

hy
CHy + Cl, —— CHsCl + HCl

Cl
L CH,Cl, + HCI
cl
|k CHCl; + HCI
Clp
cCly + HCl



Reactivity of Radicals

* Based on quantitative analysis of reaction products, relative reactivity
of radical intermediates are estimated

H H H H R H H ‘\ H ﬁ R ﬁ
\/ \/ \/ \ \ \ '

Primary <  Secondary <  Tertiary Primary < Secondary <  Tertiary
1.0 35 5.0

L OO [

* Allylic radical is stabilized by resonance, hence even more stable than
tertiary radical.

/\Co ﬁ 3 ) ﬁ/éc/\?

Vinylic < Methyl < Primary < Secondary < Tertiary < Allylic

B
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Regioselectivity

 Reaction is more selective with bromine than chlorine

Br
|
CHsCH,CH; *+ Br, %‘3&» CHsCHCH; + CH3CH,CH,Br + HBr
Propane 2-Bromopropane 1-Bromopropane
(92%) (8%0)
(IZI
CHyCH,CH; + Cl, %a;r CH;CHCH; + CH3CH,CH,Cl  + HCI
Propane : 2-Chloropropane 1-Chloropropane
(57%) (43%)

= Regioselectivity is 3° > 2° > 1°.
= for bromination, approximately 1600:80:1
= for chlorination, approximately 5:4:1



Stereochemistry

* The carbon radical is sp2 hybridized therefore trigonal planar.

* The reagent radical (Br or Cl) can approach from above or below the
plane thus the product is a racemic mixture.

CH,CH. H
g-Ha | ) C

The unhybridized
2p orbital i (R)-2-Bromobutane

\.’ _—7

CH:;.CHQ—C i H

\\(]H?, Br
T

Br

C. + Br-

.
l ——> CHcHY \H
CHj

Radical intermediate

s HHH
CH,CH,” g,
2 CH, ($)-2-Bromobutane



Allylic Radical

* Three electrons are delocalized over three carbons
H H e - £ B — e

| | !!H
HOOLC{: H «— H_._C H Ho @ 4 A
\C ¥ C/ \C/ %C/ ¥ —L— ¥ _-H

7 nd
(] [ ] %9
* Allylic bromination with NBS creates an allylic bromide

* Reaction of an allylic bromide with base produces a conjugated diene,
useful in the synthesis of complex molecules

A||y||c NBS I<OH
posmons hy CCI4

Cyclohexene 3-Bromocyclohexene 1,3-Cyclohexadiene

NN _NBS \/\/\3(2\1 + \/\/\3/2\1/Br
* Another example: CH,Cl, Br

1-Octene 3-Bromo-1-octene 1-Bromo-2-octene
(racemic, 17%) (83%)



Chain Reaction

* Chain reactions are also another name for propagation steps
* Once the radicals are formed it is hard to control their reactions

 Chain reactions can be stopped only by terminators or quenchers (or
removing the energy source)



Radical Addition on Alkenes

» Addition of HBr to alkenes gives either Markovnikov addition or anti-
Markovnikov addition depending on reaction conditions.

 Markovnikov addition occurs when radicals are absent.

* non-Markovnikov addition occurs when peroxides or other

sources of radicals are present.
no

Markovnikov >: + HBr peromdes» %Br
addition
2-Methyl- 2-Bromo-2-
propene methylpropane

addition
2-Methyl- 1-Bromo-2-
propene methylpropane

Non-Markovnikov >= . nygr _Peroxides : Br

» Addition of HCI and HI is only Markovnikov’s addition.



Mechanism of Alkene Radical Reaction

* The key difference in the mechanism is in the chain propagation.

* Adding Br radical on the less substituted carbon gives a more stable
radical.

Step 1: R—:O‘:\J—/NQ—R —> R—O' + -O—R
A dialkyl peroxide Two alkoxy radicals
Step 2: R— O C -I-‘/\[\l —> R—O—H + Br:

P Bromine radi
Br: 0o e radical

Step 3: >"‘:/\‘+ Bri ——> >—/

A 3° radical

‘Br: ‘Br
Step 4: B;\—/H—\ +r>—/ — H%—/

1-Bromo-2-

methylpropane



Key Concepts

* Synthesis of alkyl halides from
 Alkenes
« Alkynes
» Alkanes

* Free radical reactions
* Homolytic cleavage
* Initiation
* Propagation
* Termination

e Stability of radicals

* Energetics of reactions

* Regioselectivity of bromine (NBS)
* Allyl radical and resonance

e Chain reaction



