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The Mechanism of Anti-Markownikoff Addition
and the Mayo-Walling Hypothesis

The work of Kharasch and co-workers! and a re-
view by Hey and Waters? simultaneously elucidated
the “anti-Markownikoff” addition of hydrogen bro-
mide to unsymmetrical olefins in the presence of ul-
traviolet light or peroxides, but it was left to Mayo
and Walling in a brilliant review? to offer an explana-
tion of the orientation of radical addition. In 1940,
when their review was written, the electronic theory
of organic chemistry was still in its infancy. The nor-
mal Markownikoff addition was explained in terms of
“resonance stabilization” of the intermediate carbo-
nium ion:

.. +
«(l—CH=CH, + H" — Cl—CH—CH;

+
:C]==CH—CH,

(resonance stabilized)
n
Cl—CH—CH, + Br~ —> CHCIBrCH,

Kharasch and co-workers and Hey and Waters had
shown that anti-Markownikoff addition involved the
initial addition of a bromine atom. Mayo and Wall-
ing’s hypothesis was that the point of attack was de-
termined primarily by the relative stabilities of the
two possible bromoalkyl radicals formed.? By analogy
with the explanation for ionic addition, most authors
have attempted to assess this stability in terms of
resonance theory:
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((l—CH==CH, + Br — l—CH—CH,Br
Tz
:Cl—CH—CH,Br
(resonance stabilized?)

CICHCH,Br + HBr — CICH,CH,Br + Br

Mayo and Walling specifically defined radical sta-
bility in terms of heat of formation, but in practice
most authors have been less careful. If the olefin is
vinyl chloride, the second canonical form for the in-
termediate radical involves separation of charge and
is unlikely to make a major contribution to the
ground state of the adduct radical. Nonetheless the
delocalization of the odd electron in the adduct radi-
cal is usually regarded as the prime factor determin-
ing the orientation of radical addition.

The possible importance of polar effects was dis-
cussed by Waters? and by Barton,® and Price® was
able to show that the normal concepts of polarity fa-
miliar to the organic chemist could be used to explain
the relative reactivities of monomers in copolymer-
ization studies. These conclusions were considered in
a second important review by Mayo and Walling,’
and later Walling® discussed the importance of polar
and steric effects in determining the relative reactivi-
ties of radicals with olefins. However the studies of
Haszeldine? seemed to show that those polar effects
could not be used to explain the orientation of radical
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Scheme 1
R.
+
R + CHX==CHY (a)
CHX==CHY
\ X 4+ RCH==CHY (b)
RCHXCHY —
%}
RCHXCHYZ + R ()
CHX==CHY
R.
RCHXCHYCHXCHY @
RCHXCHYR or RH + RCX==CHY ()

addition to unsymmetric olefins; that view has come
to be generally accepted.

Extensions to the resonance hypothesis were put
forward notably by Haszeldine, who postulated that
radical stability decreases as the number of hydrogen
atoms attached to the carbon atom carrying the lone
electron is increased,?d and by Cadogan, who estimat-
ed adduct radical stability in terms of hyperconjuga-
tion,10

Much work remains to be done before a complete
understanding of the factors which control the rate
and orientation of free-radical addition to olefins is
reached, but we feel the work has reached a stage
where an account of current research is justified. Al-
though the work to be described shows the inadequa-
cy of the original Mayo—Walling hypothesis when it is
restricted to considering the stabilization of the odd
electron, we emphasize that at the time the hypothe-
sis was put forward this narrow interpretation was in
complete accord with the facts then available. More
importantly, the two reviews by Mayo and Walling
provided the first understanding of directive effects
in free-radical reactions.

Complete Reaction Mechanisms for Free-
Radical Addition to Olefins

The work of Kharasch showed that not only bro-
mine atoms but also a wide variety of other radicals
could attack an olefin to give a new adduct radical.ll
However, the final stable product depends on the
subsequent fate of the adduct radical, as indicated in
Scheme L

The addition step is usually exothermic so that re-
action a is only important at high temperatures for
alkyl radicals. However, with halogen atoms,!? thiyl
radicals,3@ and organometallic radicals!3P the reverse
reaction is important even at room temperature; e.g.

SFs + CHF=CF, = SFsCI‘IFCFnga
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(CHs)3Ge: + CHF=CH; = (CH3)3GeCH,CHF13b

Loss of halogen from an adduct radical (b) can be a
very facile process and render a study of orientation

to polychloro or -bromo olefins almost impossi-
ble.12.14 ‘

CClg- + CHCl=CHCI — (CCl;CHCICHC}) —
CClsCH=CHCI + Cl.

Radical transfer leading to a chain reaction in
which the initial radical is regenerated in the transfer
process ¢ is the ideal system for orientation stu-
dies.11b

CClsBr
CCls: + CHy=CH; — CClsCH,;CHy —>

CCI3CH2CH2BI‘ + CCI‘%

Addition of the adduct radical to a further mole-
cule of olefin forming a telomer radical (d) is an im-
portant process. The so-called “transfer constant” (C
= ka/ke) is highly relevant in copolymerization
studies.

kor
R(CF2CFy),+ + CFy=CFy —> R(CF5CFo)ry
k3r
R(CF>CFy), + RX —> R(CF,CF),X + R

In orientation studies these complications can be
very important. If radical R. adds to both ends of an
olefin YCH==CHo, the transfer constants of the two
adduct radicals RYCHCH; and RCH;CHY may be
very different. An estimate of the relative rates of at-

-tack at each end of the olefin which was based solely

on yields of the simple adducts RYCHCH X and
RCH;CHXY could be seriously in error. In the gas-
phase reactions of bromodifluoromethane and triflu-
oroiodomethane with tetrafluoroethylene, for exam-
ple, telomers containing up to five alkene units were
observed even at low pressures.!?

Termination processes (e) which include both radi-
cal combination

R- + RCHXCHY — RCHXCHYR

and disproportionation
R- + RCHXCHY — RH + RCX=CHY

are of consequence when the chains are short. For ex-
ample, in the reaction of CFsBry with trifluoroethy-
lene, short chains were observed and the cross-com-
bination reaction

CF3Br- + CF3BrCHFCFy. — CFy:BrCHFCFCFoBr

accounted for a significant proportion of the adduct
radicals even at low alkene concentrations. Cross-dis-
proportionation reactions such as

CF39Br. + CFsBrCHoCFoe —
CHF,;Br + CFoBrCH=CFy

were important in the reactions of CF2Bry with other
fluoroalkenes; the disproportionation/combination
rate constant ratios were large for these fluoroalkyl
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Vol. 9, 1976

radicals.’® Termination reactions can also be impor-
tant if the chain-carrying properties of the two possi-
ble adduct radicals (RCHXCHY and RCHYCHX)
are very different (e.g., where the olefin is
CHo=CFy).

Another problem can be the presence of more than
one radical transfer process. For example, in their pi-
oneering work Kharasch and co-workers studied the
homolytic addition of bromodichloromethane to ole-
fins (RCH=CH,) using acetyl peroxide as initia-
tor.lld The products were shown to include
RCHBrCHy;CHCI,, and it was assumed that dichloro-
methyl radicals were the chain carriers. Reinvestiga-
tion of the same reaction in the gas phase showed
that bromodichloromethyl radicals were more impor-
tant as chain carriers. This means that hydrogen ab-
straction from bromodichloromethane competes suc-
cessfully with bromine abstraction.l”

Previous Studies of the Orientation of Free-
Radical Addition

The early qualitative work of Kharasch and his co-
workers was critically compiled by Walling.82 Haszel-
dine and his co-workers made extensive qualitative
studies on the orientation of CFs. radicals to fluoro
olefins;® some of this work was reviewed by Cadogan
and Hey!® in 1954, and more recently Walling and
Huyser2® collated the reports of preparative reac-
tions. Huang has also made extensive qualitative
studies.2! Some aspects of the limited quantitative
data were reviewed in 1967 and 1974 by the present
authors,22:23 but the most important compilation is
that of Kerr and Parsonage who collected and criti-
cally assessed all the kinetic data available up to
197124

Experimental Methods and Kinetic Analysis

In our studies, haloalkyl radicals were produced by
photolysis of an excess of the appropriate haloalkyl
iodide or bromide, in the presence of the olefins to be
studied, at wavelengths at which the olefins do not
absorb light. The wavelength of light absorbed by the
starting bromide or iodide usually represents more
than sufficient energy to break a carbon-bromine or
carbon-iodine bond, so that the halogen atom is elec-
tronically excited. Moreover, the alkyl radical may be
thermally excited, e.g.,

CHsl + hv (254 nm) — CHg-* + I(2Py )25

A “hot” radical will be rather undiscriminating in its
reactions with olefins. If the subsequent chain pro-
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cess is long, the unselectivity of the thermally excited
alkyl radicals is unimportant; the “hot” radical (R.*)
will add rapidly to the olefin (E) (reaction 2*), but all
subsequent cycles of the chain will involve thermal
radicals (R-) (reaction 2). If the chains are short, re-
action 2* is important, and photolysis of an alkyl io-
dide or bromide cannot be used for kinetic or orienta-
tion studies.

RX + hy — R* + X. (1)
R* + E — RE-. (2%)

RE: + RX — REX + R- (3)
R.-+ E — RE- (2)

In order to avoid “hot” radicals, methyl has been
prepared by photolysis of azomethane using the 365-
nm mercury line,26

1
CH3—N=N-——CH3 + hv (365 nm) - 2CH3- + Ng

or by the thermal decomposition di-tert-butyl perox-
ide.?’

>100 °C
[(CH3)300]2 —» 2CHj;. + 2(CHj3),CO

In each case a large excess of methyl iodide was
present

2
CHj. + E — CH3E-

3
CH3E: + CHsl = CH3EI + CH3-
~3

This system is particularly prone to problems involv-
ing telomerization and radical-radical reactions. In
some cases, parallel studies using both initiators
could be used as a cross-check.

Qualitative studies on a number of radicals were
made by placing the appropriate alkyl halide and ole-
fin in a sealed tube and using di-tert-butyl peroxide
as initiator.28 Results from these experiments com-
pare favorably with gas-phase studies when both
methods are used on the same system.

The present work has at all times depended on
product analysis. The complications to which the in-
vestigator must be alert in using this approach are
emphasized above. The simplest kinetic studies were
those involving direct competition. If E and E’ repre-
sent different olefins and if reaction 3 represents the
only fate of the adduct radical, steady-state treat-
ment leads to the simple expression

[RE'X]; _ ky [E];
[REX]s ko [E];
for small conversions (subscript f = final; i = initial).
If the study is concerned with the rates of addition
to the two ends of an unsymmetric olefin, the prod-

uct ratio is the orientation ratio, symbolized Or, and
the concentration term disappears:

Or = sz/kg = [REX]f/[XER]f

(26) J. M. Tedder, J. C. Walton, and K. D. R. Winton, J. Chem. Soc., Far-
aday Trans. 1, 68,1 (1972).
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where REX and XER represent products of addition
in opposite senses. Competitive studies either be-
tween two different olefins or between attack at the
two ends of an unsymmetric olefin, when completed
over a range of temperatures, enable ratios of Ar-
rhenius A factors [A2/As] and differences in activa-
tion energies [Ey — Es] to be determined.

If the chains are long, but not too long, it is possi-
ble to relate the rate of the addition reaction to the
combination rate of the attacking radicals (eq 4).

R-+ R-— Ry 4)

Steady-state treatment leads to the following expres-
sion for small conversions, provided reaction 4 is the
only important chain termination process.2?

[REX]s _ _ kofEl;
[Rols  (elaka)?

¢l (¢ being the quantum yield, I, the absorbed light
intensity, and the rate of reaction 1 ¢[,) can be deter-
mined from the rate of formation of the dimer. Un-
fortunately it can be temperature dependent, so that
an independent study of the photolysis of RX may be
necessary.’081 This difficulty can be overcome by
using an alternative rate expression (Vygx = rate of
formation of REX; Vg, = rate of formation of Ry).

VrEx/(VRy)12 = ko[E|i/k41/2

If the addition reaction is reversible, steady-state
treatment leads to a somewhat more complex expres-
sion;12

[REX]; _ kofE] 1

[R2]f1/2 (k4)1/2 ko

k3[RX];

It is possible to separate the four rate constants into

two ratios, ko/(k4)1? and k_o/ks, by varying the con-
centration of RX.

1+

Observed Orientation Ratios

We shall see later that consideration of orientation
ratios without knowledge of the relative rates can be
misleading. However, inasmuch as there are a great
many orientation data unsupported by relative rates
for different olefins, it seems appropriate to look at
orientation ratios first. Table I (ref 16, 18, 26-28,
32-40) lists orientation ratios for the addition of a va-
riety of radicals to vinyl fluoride, 1,1-difluorcethy-
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aday Trans. 1, 68,160 (1972).
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Table I
Orientation Ratios («:(3) for the Addition of Alkyl Radicals
to Vinyl Fluoride, 1,1-Difluoroethylene,
and Trifluoroethylene at 150 °C

o § o 8 o 8
CH,=CHF CH,=CF, CHF=CF, Ref

Radical
CF, 1:0.09 1:0.03 1:0.50 32
CHF, 1:0.19 1:0.15 1:0.95 18
CH,F 1:0.30 1:0.44 1:2.04 33
CH, 1:0.20 1:2.10 26, 27
CCl, 1:0.07 1:0.01 1:0.29 34
CH,Cl 1:0.18 1:0.14 1:1.03 35
CBr, 1:0.04 1:0.24 28
CHBr, 1:0.06 1:0.31 28
CF, 1:0.09 1:0.03 1:0.50 32
CF,Br 1:0.09 1:0.03 1:0.47 16, 36
CFBr, 1:0.08 1:0.02 1:0.37 37
CBr, 1:0.06 1:0.31 28
CF, 1:0.09 1:0.03 1:0.50 32
CF,CF, 1:0.05 1:0.01 1:0.29 40
(CF,),CF 1:0.02 1:0.001 1:0.06 39, 40
CF,CF, 1:0.054 1:0.011 1:0.29 40
CF,(CF,), 1:0.050 1:0.009 1:0.25 38
CF,(CF,), 1:0.050 1:0.007 1:0.24 40
CF,(CF,), 1:0.049 1:0.007 1:0.23 40
CF,(CF,), 1:0.043 1:0.006 1:0.22 40

lene, and trifluoroethylene. All the radicals add pref-
erentially to the CHjy end of both vinyl fluoride and
1,1-diflucroethylene, although the orientation ratio
varies very considerably from radical to radical. The
orientation of addition to vinyl fluoride and 1,1-diflu-
oroethylene is thus in accord with a hypothesis which
is based on the extent of resonance (i.e., delocaliza-
tion of the odd electron) in the initial adduct radical.

However, with trifluoroethylene the most halogen-
ated radicals add preferentially to the CHF end of
the molecule, while methyl and the monohalogeno
radicals add preferentially to the CFs end. This ob-
servation shows that delocalization of the odd elec-
tron in the adduct radical either by resonance or by
hyperconjugation is not the prime factor governing
the orientation of addition to this olefin. Although
there is no reversal of orientation, a similar trend is
to be noted for the other two olefins: the proportion
of attack at the more substituted end of the olefin de-
creases as the radical carries more halogen atoms.
This effect is all the more striking if we remember
that trifluoromethyl radicals are the most reactive
(see below), and would therefore be expected to be
the least selective of the fluoromethyl radicals. The
series CXg:, CXoH., CXH,., CHg., where X represents
a halogen, delineates a range of decreasing electro-
negativity, and the orientation ratios suggest that
polar forces play a significant role in determining the
orientation of radical addition.

In the series CF3., CF3Br., CFBrs., and CBrs-, the
change in electronegativity is small. By analogy with
the fluoromethyl series we would expect a small in-
crease of the orientation ratio for trifluoroethylene
along the series, but in fact they decrease. This result
suggests that classical steric repulsion due to the bulk
of bromine atoms is important. Stronger evidence for
classical steric hindrance comes from the series CFs.,
CF3CFy., and (CF3)oCF-, which shows a large increase
in orientation ratio along the series of radicals for all
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Table 11
Orientation Ratios for the Addition of Trifluoromethyl
Radicals (Liquid Phase) and Trichloromethyl Radicals
(Gas Phase) to Chloroethylenes and Fluoropropenes

Olefin CF,.4 cc,b
o0 o a:
CHCIl==CH, 1:>5005b, 41 1:>50¢ 14

CHCI=CF, 1:11.5%8 1:25%
CHCI=CCI, 1:0.08'*
CH,=CHCH, 1:0.12 (1:0.08)% 1:0.074
CH,=CFCH, 1:0.00742
CH,=CHCF, 1:<0.014v2 1:<0.019#?
CHF=CHCF, 1:0.38%

CF,=CHCH, 1:>506°d

CF,=CHCF, 1:1.49%¢

CF,=CFCF, 1:0.25%C {1:0.27)%* 1:<0.19:42

@ Data of Haszeldine and coworkers,’ except as otherwise
noted. ? Data from our laboratory. ¢ Only the adduct from
addition to the § end of the olefin was detected. ¢ Only
the adduct from addition to the « end of the olefin was de-
tected.

three olefins. In contrast, the orientation ratios for
the straight-chain radicals C,Fo,4+1- show almost
negligible change fromn =2ton = 8.

Haszeldine and his co-workers made extensive
studies of the addition of trifluoromethyl radicals to
olefins in sealed tubes in which the reaction occurs in
both the liquid and the gas phases.? Where data are
available from both homogeneous gas-phase experi-
ments and from heterogeneous gas-liquid experi-
ments, comparison shows excellent agreement. Table
IT lists orientation ratios reported by Haszeldine and
co-workers for addition of trifluoromethyl radicals in
the liquid phase (ref 9, 14, 41-43) and ours for addi-
tion of trichloromethyl radicals in the gas phase to
chloroethylenes and fluoro-substituted propenes.

The preference for attack at the CHs end of vinyl
chloride exhibited by both radicals can be accommo-
dated by the “resonance-stabilization” hypothesis.
However, this almost exclusive attack at the 8 posi-
tion would require a single chlorine atom to be more
effective in resonance stabilization than two fluorine
atoms. The results could equally well be attributed to
classical steric hindrance, the large chlorine atom
being held to inhibit attack on the carbon atom to
which it is attached. The preferential attack at the
CH; end of propene would require resonance stabili-
zation by hyperconjugation of the methyl group to he
more effective than simple conjugation by a fluorine
atom (cf. the Or data for vinyl fluoride in Table I).

These are further results which cannot be accom-
modated solely by the ‘“resonance-stabilization”
argument. The orientation of free-radical addition to
unsymmetric olefins depends on the nature of the at-
tacking radical. The earlier ideas of Price,® of Wa-
ters,? and of Mayo and Walling” are confirmed. Polar
influences of a type familiar to the organic chemist
are important in radical addition. They influence not
only the rate but also the orientation of addition.
There is also evidence that steric hindrance of a clas-
sical type may be involved.

(41) R. N. Haszeldine, D. W. Keen, and A. E. Tipping, J. Chem. Soc. C,
414 (1970).

(42) J. M. Tedder and J. C. Walton, unpublished work.

(43) J. M. Tedder and J. C. Walton, Trans. Faraday Scc., 65, 2103
(1969).

(44) R. Gregory, R. N. Haszeldine, and A. E. Tipping, J. Chem. Soc. C,
1750 (1970).
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Linear Free Energy Relationships

The observation that familiar polar effects influ-
ence the orientation ratios for radical addition to ole-
fins prompts the application of well-established free-
energy relationships. The orientation data can be ac-
commodated in a Hammett plot by assigning a polar
constant, o, to each radical.4® This can be defined as
the sum of the Hammett ¢ constants for the groups
attached to the radical center. In practice, Taft o
values have been used.*¢

Three good correlations (not shown) were observed
between the logarithms of the orientation ratios and
the ¢ values of the radicals for the data of Table 1.
This encouraged us to apply to our results the “pat-
terns of reactivity” approach utilized by Bamford
and Jenkins for interpreting polymer radical reactivi-
ties.*” In the patterns treatment, which was devel-
oped from the earlier work of Price and Alfrey®® and
of Mayo and Walling,” the specific velocity constant
k¢ for a radical reaction is given by

log ks = log kg1 + ac -+ 8

where k37 is the rate constant of the abstraction re-
action of the radical with toluene, ¢ is the Hammett ¢
value of the radical, and « and 8 are constants for a
given olefin. A simple extension of this equation gives
an expression for the orientation ratio in reaction of a
radical with an unsymmetrical alkene. The rate con-
stant for addition of the radical to one end of the al-
kene k3 is given by:

log kg =log kst + ac +

and that for addition to the other end of the alkene
by:

logky =logkgr + o+ §

where «, § and o/, 8’ now characterize the respective
ends of the alkene. Hence:

log Or =log ko'/ke = oo/ — ) + 8/ — 8

In the present work the values of  — « and 8/ — 8
have been determined for vinyl fluoride, 1,1-difluo-
roethylene, and trifluoroethylene from the gradients
and intercepts of the plots of log Or against ¢. Calcu-
lated orientation ratios are plotted against the exper-
imental orientation ratios in Figure 1. The resulting
correlation is a reasonable straight line with a corre-
lation coefficient of 0.98, and compares well with the
line of unit slope (shown dotted in Figure 1).

The success of this modified “patterns of reactivi-
ty” treatment shows that the orientation of free-radi-
cal addition to unsymmetrical olefins is governed to a
major extent by familiar polar forces which are given
quantitative expression in the Hammett equation.
The correlations indicate that both the polarity of
the olefin and the polar character of the radical are
important. These conclusions are consistent with the
pictures of relative reactivity that Mayo and Walling
developed from copolymerization data.”

Unfortunately, Taft steric substituent constants E,

(45) L. P. Hammett, “Physical Organic Chemistry”, 2nd ed, McGraw-
Hill, New York, N.Y., 1970.

(46) R. W. Taft, J. Phys. Chem,, 64, 1808 (1960).

(47) C. H. Bamford and A. D. Jenkins, Trans. Faraday Soc., 59, 530
(1963); A. D. Jenkins, Adv. Free-Radical Chem., 2, 139 (1967).
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Table 111
Relative Rates of Addition of Radicals to Specific Sites in Fluoroethylenes?
CF,-

Alkened CF,** CHF,'® CH,F-** CH,*” Br'®* CF,I'® CFBr,”>” CCl,-* C,F,*® CH,Cl.¢? CBr,-%?®
A*CH2=CH2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
*#CH,=CHF 0.48 0.32 0.28 0.57 0.39 0.38 0.29 0.56 0.32 0.40 0.27
*CH,=CF, 0.15 0.10 0.14 0.11 0.14 0.25 0.07 0.10 0.19
*CHF=CH, 0.056 0.06 0.11 0.037 0.08 0.027 0.06 0.03 0.06 0.01
*CHF=CF, 0.031 0.15 1.00 0.079 0.10 0.10 0.22 0.04 0.18 0.05
*CF,=CH, 0.006 0.016 0.02 0.004 0.02 0.003 0.004 0.001 0.014
*CF,=CHF 0.016 0.14 1.90 0.046 0.06 0.040 0.07 0.01 0.18 0.012
*CF,=CF, 0.12 1.10 3.4 9.51 0.13 0.79 0.23 0.89 0.18 0.60 0.15

a Measurements from gas-phase reactions at 164 °C unless otherwise stated. » The asterisk indicates site of addition.

¢ Relative rates from sealed-tube experiments at 150 °C.,
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Figure 1. Correlation of orientation ratio with Hammett value for
the radical (cf. patterns of reactivity treatment in text). Dotted
line has unit slope. Open circles, trifluoroethylene; half-filled cir-
cles, vinyl fluoride; filled circles, 1,1-diflucroethylene.

are available for only a few radicals,8 but for these
few log Or correlates well with E,. The diameters of
the radicals D, were calculated from the covalent
atomic radii, and significant correlations were found
between radical diameters so calculated and log Or
for each set of results.?® The correlation coefficients
were 0.95 for vinyl fluoride and 1,1-difluoroethylene,
and 0.94 for trifluoroethylene. So, besides polar ef-
fects, radical orientation is also to some extent gov-
erned by classical steric hindrance. Again a semi-
quantitative treatment gives good correlation with
experiment.

The Relative Rates of Addition of Free Radicals
to Olefins

The relative rates of addition of a whole range of

(48) R. W. Taft, “Steric Effects in Organic Chemistry”, M. S. Newman,
Ed., Wiley, New York, N.Y., 1956, p 633.

alkyl radicals to ethylene and to fluorcethylenes are
listed in Table III. The table shows an important fea-
ture of radical addition which was not apparent from
the orientation data. For all the radicals studied, ad-
dition to the CHjy end of vinyl fluoride is slightly
slower than addition to one end of ethylene. Radicals
add preferentially to the unsubstituted end, not be-
cause attack at this end is favored by resonance sta-
bilization of the resulting adduct radical, but because
the substituent fluorine atom inhibits addition to the
CHF end.

In addition to ethylene and to the substituted ends
of vinyl fluoride and 1,1-difluoroethylene, the un-
paired electron of the adduct radical is sited on a car-
bon atom bonded to two hydrogen atoms (RCHyCHy;
RCHFCH; and RCFyCHjy). Opportunities for reso-
nance stabilization (as distinct from hyperconjuga-
tion) are similar in the three cases, and yet there is a
decrease in relative reactivity of about two orders of
magnitude for most radicals. In these examples a flu-
orine atom attached to an olefinic carbon atom pri-
marily affects radical attack at the carbon atom to
which it is attached and only has a secondary effect
on attack at the other olefinic carbon atom. This ob-
servation is also true for propene where attack at C-2
is much retarded, although attack at C-1 is slightly
accelerated for some radicals.

It is not surprising that a substituent should have a
greater effect on the reactivity of the carbon to which
it is bonded than on a more remote atom. Neverthe-
less, substituents do affect the rates of attack at the
other end of the double bond, and in some cases this
effect can be substantial. (Compare the relative rates
of addition to the CFs end of tetrafluorocethylene, tri-
fluoroethylene, and 1,1-difluoroethylene). In dis-
cussing the orientation data, we found the ‘“reso-
nance-stabilization” hypothesis unable to explain the
differences between different radicals; in some cases
it incorrectly predicted the orientation. We now find
that when it does predict the orientation correctly it
often implies a relative rate of attack which is con-
trary to experiment,

Table III also shows that as the total number of
fluorine substituents increases the overall rate of ad-
dition (i.e., the sum of the rates of addition at the two
ends) passes through a minimum at difluorcethylene;
see Figure 2. It is also noteworthy that the electrophi-
lic radicals, such as the trihalomethyl radicals, add
faster to ethylene than to tetrafluoroethylene, but
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CHFy

Relative Rate

CHyCte

CFBry
CF3*

4

No. of F-atoms in alkene

Figure 2. Plot of the overall rate of addition of radicals against
number of fluorine atoms in the olefins (rate to ethylene taken as
unity).

methyl radicals and some others add faster to tetra-
fluoroethylene.

Activation Parameters for Radical Addition to
Olefins

Table IV lists rate constants and Arrhenius param-
eters for the addition of alkyl and haloalkyl radicals
to ethylene. Although the rate constants vary by
more than three orders of magnitude, the preexpo-
nential factors vary by less than a power of ten; in
other words the marked difference in reactivity of the
various radicals is almost entirely attributable to
changes in activation energy. Kerr has pointed out
that it is possible to set a lower limit for the A factor
for addition by considering the A factor for the re-
verse reaction.?* ‘

The difficulty in measuring absolute rates has lim-
ited the number of radicals for which activation pa-
rameters are available. However, if we are primarily
concerned with orientation and relative rates for one
radical with different olefins, then ratios of A factors

and differences in activation energies can be deter- .

mined comparatively easily. Table V lists the relative
Arrhenius parameters for the addition of CHj.,2427

CH.F.,33 CF.H.,'8 and CF3-32 to ethylene and tetra- -

fluorcethylene. The steep increase in the activation
energy difference (from —2.5 to +1.7) puts a quanti-
tative measure on the polar effects discussed earlier.
Table VI lists Arrhenius parameters for addition of
the halomethyl radicals in the gas phase to diverse
olefins, all relative to ethylene. The majority of the A
factor ratios are close to one and although, as we shall
see below, some variation is to be expected, the few
ratios greater than 10 (or less than 0.1) probably arise
from sets of experiments in which an erroneously
high A factor is compensated by an overestimated ac-
tivation energy. The activation energy differences
show similar trends for each radical. The different
values for each end of the unsymmetric olefins estab-
lish that the activated complex for alkyl radical addi-
tion to olefins is of a ““o complex” type and not, as
some authors have suggested, a “m complex”.
Probably the most consistent set of results is that
for trifluoromethyl radicals. The fundamental vibra-
tion frequencies of the trifluoromethyl radical have
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Table IV-
The Rates and Arrhenius Parameters for the Addition of
Alkyl Radicals and Halogenoalkyl Radicals to Ethylene®*

Radical log A E Bte4 °C

CH,. 8.5 7.7 4.7 X 104
C,H;- 8.2 7.3 3.5 x 10¢
CH,F. 7.6 4.3 2.6 x 10°
ccl, 7.8 6.3 45 x 10°
CF B 8.0 3.1 4.4 % 10
CF. 8.3 2.0 5.4 X 107

Table V

The Relative Activation Parameters for Addition of
CH,,?**” CH,F-,** CHF,",’* and CF, *? to Ethylene and

Tetrafluoroethylene?

M kcw,=CF,

ﬂ ECF2=CF2~ kCH2=CH2
Radical ACH2=CH2 ECH2=CH2 (164 °C)
CH,: 0.34 —2.5 6.0
CH,F- 0.76 —1.3 3.4
CHF - 0.83 —0.2 1.1
CF,’ 0.87 +1.7 0.1

%E in keal mol~t.

been observed in the infrared, and the radical’s en-
tropy has been established with reasonable certainty.
The fundamental vibrations and entropies of ethyl-
ene, vinyl fluoride, trifluoroethylene, and tetrafluoro-
ethylene have also been determined. With this exper-
imental information at hand, as well as the vibration
frequencies of a number of fluoropropanes, we con-
sidered two possible models for the activated com-
plex. One was based on the structure and vibrational
frequencies of the adduct radical CF3E. (a tight tran-
sition state), and the other on the structures and vi-
brational frequencies of the appropriate ethylene and
the trifluoromethyl radical with minimum mutual in-
teraction (a loose transition state).32

The “tight transition state” model predicts A fac-
tors between 10 and 100 lower than the experimental
values, while the “loose” model gives values of about
the right magnitude. However the “tight” transition
state predicts a relative order of the Ag factors near-
er to experiment. The main reason for this is the
loosening of the alkene double bond in the “tight”
model which converts the double bond twisting vi-
bration into an internal rotation. It would seem that,

-although the transition state is “loose”, there must be

appreciable bonding between the radical and the ole-
fin with concomitant loosening of the double bond
and loss of planarity in the alkene. This would be
consistent with the observations of Safarik and
Strausz concerning the secondary deuterium isotope
effect in the addition of trifluoromethyl radicals to
ethylene.5!

The results for most of the radicals in Table VI are
insufficiently accurate to detect the small variations
in the A factors predicted by transition-state theory.
An important feature of the calculations is that the
predicted variation in A factors is small and never
greater than a factor of 12.5, whereas rates of addi-
tion at 164 °C vary by nearly three orders of magni-
tude for most radicals (see Table IV). This wide vari-

(49) J. A. Kerr and M. J. Parsonage, Int. J. Chem. Kinet., 4, 245 (1972).

(50) H. W, Sidebottom, J. M. Tedder, and J. C. Walton, Int. J. Chem.

Kinet., 4, 249 (1972).
(51) 1. Safarik and O. P. Strausz, J. Phys. Chem., 76, 3613 (1972).
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Table VI
Relative Arrhenius Parameters for Radical Addition to Olefins

, CF,—CFCF,

bCHF=CH, bCHF=CF, bCF,=CH, bCF,=CHF bCF,=CF, bCH,=CHCH,
log A

bCH,=CF,

bCH,=CHF

log A E log A E log A E log A E
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E
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Table VII
The Activation Energies for the Addition of
Trichloromethyl and Trlfluoromethyl Radicals to Fluoro
Olefins Compared with Hiickel Parameters?

Local- Activa- Activa-
Free Charge ization tion tion
Atom u valence, density, energy, energy}?’ energy,’*
asterisked F, qu L, CF,- CCl;-
*CH,=CH, 0.73 1.00 2.00 2.0 6.3
*CH,=CHF 0.77 1.13 1.96 2.5 6.4
*CH,=CF, 0.81 1.25 1.95 3.2 7.7
*CHF==CH, 0.51 0.93 2.23 3.9 8.4
*CHF=CF, 0.62 1.17 2.11 3.9 9.2
*CF,=CH, 0.29 0.87 2.486 5.2 11.4
*CF,=CHF 0.35 0.98 2.36 4.7 10.2
*CF,=CF, 0.42 1.09 2.29 3.7 9.2

a The Hickel parameters used were a¢ = 2.590, ap =
5.315, fcc = 1.000, Bpc = 0.908. The locahzatlon energies
are in units of Scc and the activation energies are in kcal
mol™.

ation in rate is, as Table VI shows, principally due to
changes in the activation energy.

The simplest parameters which can be compared
with the experimental activation energies are those
derived from Hiickel theory. The parameters we shall
consider are the =-electron charge density at atom u
(qu = 2210ecCr2)), Coulson’s free valence index (F, =
Nmax — My, Where n, is the sum of the mobile bond or-
ders emitting from atom p and npax is the maximum
possible value, usually taken at 31/2), and localization
energy L, (i.e., the total loss in m-electron energy in
localizing an electron on atom u).34 Table VII lists
the parameters and compares them with the activa-
tion energies for the addition of trichloromethyl and
trifluoromethyl radicals.

In Table VII there is little correlation with the free
valence index, and likewise the correlation with
charge density is poor. However a reasonable but by
no means perfect correlation can be found between
the experimental activation energies and the localiza-
tion energies for both radicals. Better correlation
with localization energy is to be expected since it rep-
resents an attempt to model the transition state, un-
like F, and ¢, which simply refer to the ground state
of the alkene. In order to allow for the manifest polar
character of the reaction we tried including a term,
66) ., which represents the calculated net atom charge.

Eobsd = A(Lu. + B(SQM)

When B is put equal to 0.5 for the addition of trichlo-
romethy! and trifluoromethyl radicals the correlation
is a marked improvement on plots involving simple
localization energies. Similar plots can be obtained
for C3F7 and CFsBr- radicals; the correlation is less
good, but this may be due to poor experimental
points. However this type of expression can never ac-
count for the reversal in orientation observed for the
less electrophilic radicals. Even if the constant B
changes sign, the proposed expression will still not
give a good correlation with methyl radicals.

In terms of frontier electron theory we can distin-
guish between the electrophilic radicals in which a
charge-transfer structure involving a loss of electron
from the olefin may be considered to contribute:

CF3 >C=C< <> CF3~ >C+—(<
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and the nucleophilic radicals for which any charge-
transfer state would involve the transfer from the
radical to the olefin:

CHjs >C=C< < CH3* >(—C<

The important feature of this picture is that it in-
volves both the radical and the olefin. Charge-trans-
fer structures were postulated as intermediates in
radical copolymerization by Mayo, Walling, and co-
workers in 194852 to explain relative reactivity, but
their significance in determining orientation of addi-
tion was not appreciated. The charge-transfer struc-
ture is most likely between hydrocarbon olefins and
the electrophilic radicals, or between the fluorinated
olefins and the nucleophilic radicals. In the charge-
transfer structures the lone electron is in the 7 orbit-
al (the HOMO) for the electrophilic model and in the
«* orbital (the LUMO) for the nucleophilic model, so
that reversal of orientation is to be expected. If the
uncertain orientation data for methyl radicals are
correct, the electron affinity of trifluoroethylene
must be sufficiently great to promote the charge
transfer whereas with 1,1-difluoroethylene it is not.

More sophisticated molecular orbital calculations
are difficult because of the number of electrons in-
volved and the open-shell configurations. Clark and
Scanlan53 have investigated the potential-energy sur-
faces for several radical additions, using INDO
SCF-MO calculations, and obtained independent ev-
idence for the model suggested above.

Conclusions

Our studies of the kinetics and orientation of free-
radical addition to olefins show that the almost uni-
versally accepted resonance theory of reactivity in
these reactions is frequently inconsistent with experi-
ment. The results do not offer a simple qualitative
picture to replace the resonance theory, but instead
show that the rate and orientation of free-radical ad-
dition depend on the complex interplay of polar, ste-
ric, and bond-strength terms. Similar conclusions
were originally drawn from copolymerization stud-
ies,” but they were subsequently neglected in favor of
the simpler resonance picture.

(52) C. Walling, E. R. Briggs, K. B. Walfstirn, and F. R. Mayo, J. Am.
Chem. Soc., 70, 1537 (1948).
(53) D. T. Clark, personal communication.
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If an experimentalist requires a simple qualitative
theory, he should seek to estimate the strength of the
new bond formed during the initial addition step
rather than the delocalization of the unpaired elec-
tron.34 The important feature of such an approach is
that the characteristics of the radical as well as those
of the olefin are brought into consideration.

The polar influences which we have found to be
important can be expressed in terms of the electro-
negativity difference between the radical and the at-
tacked site in the olefin. Similarly the classical steric
effects we have observed have a bearing on the
strength of the new bond. Experimental measure-
ment of the strength of the new bond in the adduct
radical is possible if the Arrhenius parameters for
both the forward and backward reaction are known.
Efforts are now being made to study the kinetics of
the backward reaction.

Mechanistic organic chemistry is rapidly moving
out of the realm of qualitative resonance pictures
into that of approximate molecular orbital calcula-
tions. It will be some time before all-electron calcula-
tions can be completed for the addition of trichloro-
methyl radicals to trifluoroethylene and complete po-
tential energy surfaces become available, but SCF
programs are already available for the simpler radi-
cals, and the present results look promising. Some
chemists will undoubtedly be disappointed that a
simple pictorial theory has to be abandoned to be re-
placed either by a complex picture involving inter-
play of a number of factors or alternatively by quan-
tum mechanical calculations completed by the com-
puter. However, there is no reason to suppose that
nature can be correctly understood in terms of simple
pictures. The deeper we wish to understand, the
more sophisticated the theories we have to employ. It
would be fatal to retain a qualitative theory known to
be wrong simply because it fits in with our other
qualitative ideas. Rather we should look again at
some of our other resonance-based theories to see if
they are really as soundly based as we like to think.
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