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The relative rates of the addition of trichloromethyl radicals to styrene, o,f,f-trifluorostyrene and phenylacetylene in
cyclohexane at 65 °C, measured by a direct competition procedure, are 1:0.23:0.40.

The n-bond dissociation energy of tetrafluoroethylene may
be ca. 30 kJ mol™' less than that of ethylene,' possibly
because of the p—n repulsion between the unshared p-elec-
tron pair of the a-positioned fluorine atoms and the = elec-
trons of the double bond in CF,—CF,.* Thus a relatively
‘neutral’ radical that is neither distinctly nucleophilic nor
electrophilic, such as the methyl radical, has been found to
add to CF,—=CF, ten times faster than to CH,=—CH,.* Also,
for the cyclodimerization reaction, the activation energy for
CF,=CF, is ca. 82 kJ mol ' less than that for CH,=—=CH,. On
the other hand, it has been well established that polar effects
play an important role in radical additions to olefins.* For
illustration, CF,—CEF, is less reactive than CH,—CH, for
additions by electrophilic radicals.* Therefore, it would be of
great interest to know the relative reactivity of styrene (1)
and o,f,f-trifluorostyrene (2). Furthermore, although the
carbon—carbon triple bond is generally known to be less reac-
tive than the carbon-carbon double bond toward electro-
philic radical addition, CF,—CF, was reported to be less
reactive than CH=CH.® Thus it would also be worthwhile to
measure the relative reactivity of o,f3,-trifluorostyrene (2)
and phenylacetylene (3). Various techniques involving
kinetic competition with a standard substrate have been

PhCR=CR,  PhCR=CH
1R=H 3
2R=F

extensively used.”” " Relative rates [k(2/1)] of two substrates
attacked by the same radical can also be evaluated by mea-
suring the relative conversions of the two competing sub-
strates, i.e., substrate 1 (with substituent Y,) and substrate 2
(with substituent Y,). As long as the products are derived
from the same irreversible elementary step, the relative rate
k. can be calculated by the well established eqn. (1),” in which
¢ is defined as the mole fraction of the unreacted substrate,
i.e. [1],/[1]o or [2]./[2],- Recently, we have developed a rigor-
ous experimental procedure for the application of eqn. (1),

log {[2]./[2],} _log )
log {[1]./[1],} log ¢,
i.e., we require the measurement of at least five independent
k. values over a wide range of the extent of the reaction, e.g.,
from 5-10% to 75-90% conversion. The reliability of the
measured relative rates and the cleanness of the reactions
can be assessed from the value of the correlation coefficients
(r values) of the regression analysis of the In ¢, vs. In ¢,
straight-line plot based on the ¢ values measured at different
time intervals. This method has been successfully applied to
measurement of the relative rates of radical reactions of
substrates with different substituents, with r values falling in
the range 0.990-0.999." The present work is the first attempt
to apply our rigorous methodology to the determination of
the relative reactivities of different types of substrates by

k(2/1) =
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their direct competition. With trichloromethyl radicals as the
addendum radicals,"“ the substrates are the phenyl-substi-
tuted ethylene, tetrafluoroethylene and acetylene, ie.,
styrene (1), o,f,p-trifluorostyrene (2) and phenylacetylene
3).
A cyclohexane (5 ml) solution of styrene (0.2 mmol),
o, B8, p-trifluorostyrene'® (0.2 mmol), CCL,SO,Br (1.2 mmol)
and internal GC standards [C,,H;, (10 ul); C,sHz, (16 ul)] was
stirred at 65+0.5°C for 2h. GC analyses at seven con-
secutive time intervals gave six values based on the indepen-
dently measured In ¢,/In ¢, ratios. The first tube taken at
time zero gave no k,/k, value, but it served as a standard for
¢, = 1and ¢, = 1. These six k,/k, values were the same within
experimental error (4+0.01). In a plot of In ¢, vs. In ¢,
regression analysis of the straight line (see Fig. 1) gave the
slope, i.e., a k,(2/1) value of 0.23+0.01 (Table 2). This is the
same as the k,,(2/1) value obtained by simply averaging the
six independently measured k,/k, values mentioned above.
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Fig. 1 Plot of (—In ¢,) vs. (—In ¢,)

Table 2 Relative rates of «,f,f-trifluorostyrene (2), styrene (1)
and phenylacetylene (3) towards attacks by CCl;- radicals in
cyclohexane at 65 °C

Substrates Ratio k,+ Ak~ r k., + Ak,

2/1 1:1 0.22+0.01,n=7 0.9984 0.22+0.01,n=6
5:1 0.23+0.01,n=7 0.9994 0.23+0.01,n=6

2/3 1:1 0.58+0.02,n=6 0.9950 0.58+0.02,n=5

3/1° 0.40+0.03 0.40+0.03

k. is the relative rate obtained from the regression line of
(—=In @, vs. —In ¢@,).

“k,, is the arithmetically averaged relative rate ratios (k,/k, at
time t).

°k, (or k.,) (3/1) = k.(2/1)/k.(2/3), Ak, (or Ak,,)

(3/1) = Ak.(2/1)/k(2/3) + Ak.(2/3)-k.(2/1) [k *(2/3).



Furthermore, the k,(2/1) values were found to be indepen-
dent of the molar ratios of 1 and 2 (1:1 and 5:1).

Direct composition of styrene (1) with phenylacetylene (3)
could not be carried out because the retention times of these
substrates under our GC conditions are almost the same.
However, the relative rate of o,f,-trifluorostyrene (2) and
phenylacetylene (3) could be measured at a 2:3: CCL,SO,Br
molar ratio of 1:1: 6. The solution was stirred at 65 °C for 8 h,
six samples were withdrawn and analysed, and the k, values
are listed in Table 2. These show that the regression slope
[£.(2/3) = 0.58 +0.02] is also the same as the averaged value
of five independently measured k,/k; values, whereupon the
relative reactivity of styrene (1) and phenylacetylene (3)
can be calculated [k,(3/1) = k,(2/1)/k,(2/3) = (0.214+0.01)/
(0.58+0.02) = 0.40+0.03, see Table 2]. All these results
demonstrate that our methodology for the determination of
the relative reactivity of two substrates by direct competition
for a common attacking radical is reliable and trustworthy.

The above-mentioned experiments are first attempts to
measure the relative reactivities of styrene (1), o,f,-tri-
fluorostyrene (2) and phenylacetylene (3) by direct competi-
tion between the substrates. The relative reactivities of 1, 2
and 3 toward CCl;- radicals are found to be 1:0.23:0.40. The
reactions of styrene and phenylacetylene with CCL,SO,Br
have previously been proved to be very clean radical-chain
reactions with truly free CCl;- radicals as chain carries,"**“
and the reaction of o,fp-trifluorostyrene with CCl;SO,Br is
expected to follow the same mechanistic path. This expecta-
tion is supported by the following facts: (1) although cyclo-
dimerization of 2 could be a possible side-reaction, no
cyclodimerization products, i.e., cis- and trans-1,2-diphenyl-
hexafluorocyclobutane,'™ could be detected by GC under our
experimental conditions; (2) the constancy (within experi-
mental uncertainty) of our six k,/k, values measured at six
time intervals (Fig. 1). In short, our measurements truly
reflect the relative reactivities of 1, 2 and 3 towards CCl,-
radicals. The relative reactivity of 1 and 3 towards CF;- radi-
cals at 65 °C can be assessed to be roughly 1:0.30,*'° which is
comparable with the relative reactivity of 1 and 3 towards
CCl;- radicals (1:0.40) found in this work.

The D, of «,p,B-trifluorostyrene is expected to be lower
than the D, of styrene because (1) the D, of CF,—CeF, is
lower than the D, of CH,—~CH,, and (2) cyclodimerization of
o, B, p-trifluorostyrene occurs readily at temperatures above
110 °C,"™ whereas cyclodimerization of styrene does not take
place. Therefore, for the attacks by radicals which are neither
electrophilic nor nucleophilic, the reactivity of trifluoro-
styrene should be greater than that of styrene. However, for
electrophilc radicals such as CCl,-, the reactions are affected
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by the polar effects as well as by the D, values of the sub-
strates. Consequently, styrene is more reactive towards elec-
trophilic CCl;- than is o,f,-trifluorostyrene because of the
operation of sizeable polar effects. Furthermore, although
the reactivity of styrene is expected and found to be greater
than that of phenylacetylene, the fact that o, 5, f-trifluorostyr-
ene is found to be less reactive than phenylacetylene further
demonstrates that polar effects play an important role in
radical addition reactions.
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