Reactions of Alkanes: Radical Halogenations

‘ Sections 5.3, 5.8, 5.9, 10.3 in McMurry; Chapter 3 in Vollhardt ‘

homolytic cleavage or bond homolysis: heterolytic cleavage:

I

A—B —— A* +:B"
lons: cation anion

AYE —— A-+-B

radicals

Fish-hook (or single-headed) arrows indicate single-electron transfer;
double-headed arrows are for electron-pair transfer.

ﬁ-\_(]q —>» He* + *H
AHe° =435 kJ mol!

bond-dissociation energy or bond strength:

Relative stability radicals :

‘ vinylic < methyl < primary < secondary < tertiary < allylic < benzylic ‘

A A @-eﬂz P &

Allylic and benzylic radicals

Primary radical Alkyl
A H:+CH,CH,CHR,

N

400 kJ/mol (96 kcal/mol)

Classification and Stability of Radicals

Allylic

/ 360 kJ/mol (87 kcal/mol)

H
H

b

secondary radical

H
\ Vinylic

445 kJ/mol (106 kcal/mol)

10.5 kJ/mol
H -+ CH;CHCHR,
——————— tertiary radical
4 423 kJ/mol 1_8-4 kJ/mol H-+ CH;CH,CR,
7 412 kJ/mol
404 kJ/mol
CH,CH,CHR, CH;CH,CR,

Primary carbon

CH;%’HCHR;

Secondary carbon

H
Tertiary carbon

vinylic radical
y Allyl and benzyl groups 341 3.2
Structures of Alkyl Radicals and Hyperconjugation Energy Diagram of a Reaction
Cor—Hin g p
\\e \\ ; ‘ No hyperconjugation ‘ By tracking the energy changes along each step of a reaction pathway,
. ) - @ W - it is possible to determine:
s "5\ ~C¢’ —_— H—e ’\' * how much
/u“‘m C o H )/ O H * how fast
H 3 sz 1s product is formed. A reaction coordinate diagramdescribes the
Nearly planar energy changes that take place in each step of the mechanism.
"“.-"e - e g i};:\ ST q This diagram represents one
=g Q\” (el 3 9 L step in a reaction mechanism
H. N » 5 “\g (k./ m J O .
H U“‘u QJC/ AN ?/O V\“H A
H 9 i - Indicate:
. i 3 (a) Reactants
CHyCH, CH,— CH—CH, Sty g 5 (b) Transition state
CH; -5 (c) Products
Ethyl radical 1-Methylethyl radical 1, l-l)im:lh:vlc::h_\‘l radical (5) AG° free energy Change
eyt e > (e) AG* free energy of activation
- - - progress of the reaction
(1L Increasing hyperconjugation
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Chlorination of Methane: the Radical Chain Mechanism

hv or A

During the reaction, the first product formed is CH;ClI (and HCI).
CH, + Cl, ———> CH,CI + HCI

If sufficient chlorine is present, further substitution may occur,

Propagation Step 1: Potential Energy Diagram

H
H
i W \.‘
forming CH,Cl,, CHCl,, and finally CCl,. C[-(-{-/}—(C—H —> ClH + /( H AH® = DH®(CHsH)
{f | (,7 H' — DH(H-CI)
A mechanism is a detailed, step-by-step description of all of the changes in bonding that occur in a reaction. H = +8kJ mol !
105 103
o) (o hv or A Lo DH® (keal mol™") Methyl radical
Initiation: sCl—cCls —— > 2:Cl
" n M *
\ - " 'f“',',z" -1 \ .
Propagation: / o - ; /
H P K 3p H
These two reactions
. Growing back lobe
Efa\;)r;e:]e ;i‘;zitedly' Starting materials Transition state
e~ 00 .e L] » H :—I
Chain termination: $Gle T SCIR oC—Cls \_r\,‘ i
 Q - QP —
/H ! /, H\ | LA
. 2p s 3p
H—C{ Ve Cl8 —— H—C—cCl H—CdYVg—H ——= HsC—CH;, H
LY g N\ Methyl radical Hydrogen chloride
H H H 3-5 3-6
Propagation Step 1: Potential Energy Diagram Propagation Step 2
=
H
H H H
N e R s |
al ¥ m\e—n — s m+ -C—H AH® = DH°(CH5-H) H C‘Q Lo —s H—C—Cl + -l AH® = DH°(CL,) — DH°(CH;-Cl)
(?}|I (f H — DH°(H-Cl) [j | [} — —27 keal mol™!
= +8kJ mol™! H H
105 103 58 85 exothermic
DH® (keal mol™") Methyl radical DH® (keal mol™")
" CHs
transition state 4

[specie j: [HyOerHee- ClJ Activation energy )
E, =4 keal mol ' (17 kJ mol ™)

+CHy + HCI:

AH®= +2 keal mol ™' (8 kI mol™!)

- endothermic
CHy+:Cl-

Reaction coordinate ——> 47

* *Cl jntermediate
(+ HCI)

#
[H3C-—CI--Cl]  transition state

_____ E, <4 kJ/mol

AH° = -113 kJ mol-!

AHe = -105 kJ mol-* CH3.(.:| + HCI
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+ SQ.I-

Reaction coordinate
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Energetics of Methane Halogenations

CH, + Cle ==— CHge + HCl —== CH3Cl + Cle + HCI

slightly very favorable;
unfavorable “drives” the overall equilibrium

agation Steps in the Halogenation of Methane [kcal mol ' (kJ mol "} ‘

On the Energy of the TS?

In the TS#, bonds are _being made and bonds are being broken. How far
along is bond forming and bond breaking at the time the TS* is crossed?

The Hammond Postulate - The structure of the TS* will more

Pty # <l Lk u closely resemble the species it is more similar to in energy.
X CH, —> -CH, HX -31 (-130) +2(+8) +18(+75) +34(+142)
CH, % — C(H:X X -72( -301) -27(-113) -24( -100) -21(-88)
CH, X, —» CH,X HX -103 ( -431) -25(-105) -6(-25) +13 (+54) Tlhis 1I'S* morebl — - *@ This TS* more
closely resembles -
Early transition state Late transition state the y "~..i..' friosely resembles
| structure, s reactants products | ructure. Ttis
(G i FJ¥ [HAC v HoeJ$ said to be 0B said to be
.._ Q £
CHy+:F - - . E g
E v CHae + HI:
AH® = AH® =
=Blealmol”!] N, +34 keal mol ™! L.
CHy+HF: CHy +:1- reactants products _
P wi progress of the reaction
_ _
Reaction coordinate 3-9 3-10
Chlorination of Propane: Relative Reactivity Chlorination of Propane: Relative Reactivity
|
fiv
Cl Cl, + CH,CH,CH; — CH;CH,CH,Cl + CH;CHCH; + HCI
I : | 1-Chloropropane  2-Chloropropane
Cl; + CH:CH,CH; — CH.CH,CH:Cl + CH,CHCH, + HCI prop prop
o ) P 2-C ane
I-Chloropropane  2-Chloropropane | = Ea=4kJ mol
et ,
Statistical ratio: 3 : 1 —— — e i Ea=2kJmol
) . . . CH,CH,CH, +Cl«
Experimental ratio (25 °C): 43 : 57 producing a
primary radical
E CH;CH,CH,' + HCI
product % from 2 ° H abstraction / AHe = -8 kJ mol*
2°H number of 2 °Hs )
Relative reactivity: ‘ = producing a _
1°H product % from 1 °H abstraction / A = 19 k) ol secondary radical
o= . mol- .
number of 1°Hs oS- CH3CHCH; +HCl
= =?
Reaction coordinate ———>
The more stable the product, the lower the activation energy. 312
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Relative Reactivity Calculation

product % from 3 °H abstraction/
3°H

number of 3 °Hs

‘ Relative reactivity: ‘ =
1°H product % from 1 °H abstraction/

= =?
(|3|l. (|3H3 (|3H3
Cl, + CH\-—(|3—II RLEN C lCHz—(|:—H + CH3—(|: . + HCI
CH, CH, CH,
64% 36%

1-Chloro-2-methylpropane  2-Chloro-2-methylpropane

(Isobutyl chloride) (tert-Butyl chloride)
Statistical ratio: 9 : 1
Experimental ratio (25 °C): 64 : 36

number of 1 °Hs

Selectivity in Radical Halogenation

=
h
F, + (CH.);,CH —> (CH,):CF + ]CHZ—C|‘.—H +HF
CH,
14% 86%

2-Fluoro-2-methylpropane  1-Fluoro-2-methylpropane

Ve ry | OW selectivity in (fert-Butyl fMuoride) (Isobutyl fluoride)
1OW selectivity

the fluorination reaction

Very high selectivity in

Calculate the relative selectivity by yourself. the bromination reaction

Bromination of 2-Methylpropane

T
hv
Br, + (CH:):CH —> (CH,):CBr + BrCH,—C—H +HBr
CH,
>99% <1%
2-Bromo-2-methylpropane  1-Bromo-2-methylpropane
(tert-Butyl bromide) (Isobutyl bromide) 3-14

Selectivity in Radical Halogenation

Very high selectivity in

the bromination reaction

Very low selectivity in
the fluoronation reaction

CH,

CI\.C‘HCEI +F-

CHy

CHLCHCIL, +11F E
\
|

CHjy

CH,CCH; +HF C“f“c“ 'E':é}‘

CH CH;

CHCHCH.* + HBr

CH _('?C\ I+ + HBr

Reaction coordinate ————> Reaction coordinate ——
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Relative Reactivity of Various Carbon
Centers in Halogenations

: Relative Reactivities of the Four Types of Alkane COH
~ Bonds in Halogenations

F- ar Br-
C-H bond (25 C, gas) (25 C, gas) (150 C, gas)
CH:-H 0.5 0.004 0.002
RCH;-H* 1 1 1
R;CH-H 1.2 4 80
R;C-H 14 5 1700
*For zach halogen, reactivitiss with four types of alkans C-H bonds are normalized to the reactivity
of the primary C-H bond.

CH,+1, @ CH,l + HI

hv or A
CH,l + HI —°T2, CH, +1,
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