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Alkanes and halogens do not react unless light {or heat) initiates the
radical chain reaction. Chick "Light” to mitiate the radical bromination
ot ethane,

Br—Br
H H
ey
Ill lli



Alkanes are very unreactive compounds because
they have only strong o bonds and atoms with no partial

charges
However, alkanes do react with Cl, and Br,
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CH4 T C12 p— CH3C1 + HCI

hv methyl chloride

CH3CH3 + BI'2
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or CH3CH2BI’ + HBr
hy ethyl bromide



Reaction of Alkane with Cl, or Br,

mechanism for the monochlorination of methane
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a methyl radical ;

propagation steps
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Factors that determine product distribution ...

Cl
h |
CH;CH,CH,CH; + Cl, —F} CH;CH,CH,CH,Cl + CH3CH,CHCH; + HCI
butane 1-chlorobutane 2-chlorobutane
expected = 60% expected = 40%
experimental =29% experimental = 71%

The rate-determining step of the overall reaction is
hydrogen abstraction



Consider the relative stabilities of alkyl radicals,

relative stabilities of alkyl radicals

! ! i j
R—(’lj- B R—('j- > R—(|?- > H—(lj-
R H H H

tertiary radical secondary radical primary radical methyl radical
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The stable alkyl radical is formed faster, therefore
2-chlorobutane is formed faster



Cl

Cl- . cl |
,—> CH;CH,CHCH; ~ —2> CH;CH,CHCH; + CI-

a secondary HCI 2-chlorobutane
CH;CH,CH,CH; alkyl radical
: . cl
e €2, CH;CH,CH,CH, —2» CH3;CH,CH,CH,Cl + CI-
i 1-chlorobutane
a primary
alkyl radical + HCI

relative rates of alkyl radical formation by a chlorine radical at room temperature

tertiary > secondary > primary
5.0 3.8 1.0

ﬁ rate of formation




Chiek on the carbon that will be brominated most rapidly m a radheal bromimation.

CH,CH,CH,



In determining the relative amounts of products obtained,
both probability and reactivity should be considered

probability: the number of hydrogens that can be
abstracted that will lead to the formation of the particular
product

reactivity: the relative rate at which a particular hydrogen
IS abstracted



relative amount of 1-chlorobutane relative amount of 2-chlorobutane

number of hydrogens X reactivity number of hydrogens X reactivity
6x1.0=6.0 4%38=15
percent yield = 60 _ 29% percent yield = L 719

21 21



(|3H3 CH;, (FHZCI CH; (les {|2H3
CH3(I3{L‘H2CH2CHCH3 £ OB —3 CH3l|3CH2CH2CHCH3 + CH?,C—(leCHZCHCH3 +

CH, CH, CH,Cl
2,2,5-trimethylhexane 0x1.0=9.0 2x38=7.6
29 _ 269 16 229
35 35
CHy  CHs CHy  CH; CH;  CHs
CHiCCH,CHCHCHy + CH{CCH,CH,CCHs + CHyCCH,CH,CHCH,CI + HCI
CH; Cl CH; Cl CH,
2x3.8=17.6 I xa30=510 6x1.0=6.0
16 _5oq, 3.0 _ 149, 6.0 _ 174

33 35 35



The Reactivity—Selectivity Principle

A bromine radical is less reactive and more selective than a
chlorine radical

relative rates of radical formation by a bromine radical at 125°C

tertiary > secondary > primary
1600 82 1

«’ng rate of formation

relative rates of alkyl radical formation by a chlorine radical at room temperature

tertiary > secondary > primary
5.0 3.8 1.0

of formation




Why are the relative rates of radical formation so different
between the bromine versus the chlorine radical?

a. b.
less than 1-kcal
difference
in E, about 1.5-kcal
A A difference
= & in E
2 alkane 2 a . o
7} @ A 1
c + Cl- = 2 kcal
= © A 2°
E ‘é 2 keal
= chlorination is 1o s =t 3
a exothermic; o
transition states ol il
resemble reactants 2 bromination is endothermic;
2 keal + Br- transition states resemble products

Progress of the reaction Progress of the reaction



The more reactive a species is, the less selective it will

be
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AH° (kcal/mol)

101 =103 = -2
99 - 103= -4
97 -103= -6

AH° (kcal/mol)

AH° (kJ/mol)

101 —87= 14
99 —87=12
97 -87=10

-8
-17
=25

AH° (kJ/mol)

59
50
42



What about fluorination and iodination?

Alkanes undergo chlorination and bromination, but not

lodination

Fluorination is too violent of a reaction to be useful

F‘ + CH4
‘CH3 + FQ

Cl- + CH,
'CH3 7 C12

Br- + CH4
'CH3 + BI'z

l' + CH4
'CH3 + Iz

-CH; + HF
CH;F + F-

-CH; + HCI

CH;Cl + CI-

'CH3 + HBr

CH;Br + Br:

CH; + HI
CHyl + I-

105 — 136 = =31
38 — 108 = -70
AH® = —101 kcal/mol (or —423 kJ/mol)

105 -103= 2
58 — 84=-26
AH® = —24 kcal/mol (or —100 kJ/mol)

105 — 87= 18
46 — 70= 24
AH® = —6 kcal/mol  (or —25 kJ/mol)

105 - 71= 34
36 — 57=-21
AH° = 13 kcal/mol  (or 54 kJ/mol)




Consider the relative stabilities of radicals

relative stabilities of radicals

) T i i

QEHZ ~ CH,=CHCH, > R—{J:- > R—(l} > R—th- > CH,=CH =~ H—(II-
H H H

benzyl allyl tertiary secondary primary vinyl methyl
radical radical radical radical radical radical radical
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@ Touch a label on the lett to see the corresponding atoms, groups. or
molecules,

allvlic radical
benzvlic radical
tertiary racdical

tertiary hydrogen

delocalized electrons M"

localized unpaired electrons



Radical Substitution of Benzylic
Hydrogens

The more stable radicals form faster

benzylic substituted

product )|<
CH,CH, CHCH,
B X =3 + HX (X=ClorBr)
X

A
CH;CHZCHQ + Xg — CHQCHZCHZ + HX

allylic substituted
product




Because of the reactivity of allylic hydrogens,

a milder brominating reagent can be used

O Br O
hvor A _ )
O O

N-bromosuccinimide succinimide
NBS

A very important and useful reaction



Stereochemistry of Radical Substitution
Reactions

an asymmetric carbon

CH;CH,CH,CH; + Br, LN CH3CH2(|3HCH3 + HBr

Br
configuration of the products
i i
C. .C
/1 "Br B
\ { CH,CH
CHgCHQ CHg CH3 2 3

a pair of enantiomers
perspective formulas

H Br
CH,CH,—|-CH; + CH;CH,——CH;
Br H

a pair of enantiomers
Fischer projections



Why are both enantiomers formed?
Consider the first propagation step

.‘\
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a radical intermediate



What happens if the reactant already has an asymmetric
carbon and the radical substitution reaction creates a
second asymmetric carbon?

stereochemistry of the product

CH; CH;
H——Cl + H——Cl
H——Br Br—T——H

CHj; CH;

a pair of diastereomers
Fischer projections

H:C H HiC H

\ & \ &
C—C=Cl 4+ C—C=Cl]
Br 4 i H™/ ™

a pair of diastereomers
perspective formulas



Radical Reactions in Biological

Systems
Liver enzymes & cytochrome P,

ATAT 6 A A | |
FEVI—/O\ +}I ('I: 4 Few'é?"c_ — Felll + HO_(|:_
an alkane a radical an alcohol

intermediate
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HO OH
a ribonucleotide

Nt

RO

HO OH
a radical intermediate

several steps
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a deoxyribonucleotide



Radical Inhibitors/ Antioxidants

& Gann

CHQOH CH3
H OH H
O. 0O 2
Hy— H3C O
HO OH CHj;
vitamin C vitamin E
ascorbic acid a-tocopherol

BHA & BHT: are synthetic chemicals “bad™?



