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form the adduct 4,57 mp 144-146 °C, 27%. Electrolysis® of 4
produced 5,8 mp 11-14 °C, 45%.

The rate of thermolysis of 5 is great enough, at 60 °C ky ~
2.5 X 1077 71,10 0 that thermolysis of a ~10~! M solution of
5 in styrene should result in formation of radicals at a rate
greater than the thermal rate of formation of radicals in sty-
rene, at 60 °C k; = 1.3 X 10~19mol L-1s~1 11 if hydrogen atom
transfer from 3 to styrene were efficient. However, after
heating styrene containing 0.1 M 5 at 80 °C for 2 h only 80%
as much of a less crystalline polymer was isolated by precipi-
tation with ethanol as was isolated from control runs. Evap-
oration of styrene under vacuum left <5% more residue, after
correction for remaining 5, than was left in control runs. Thus,
5 appears to act only as a chain transfer agent and not as an
initiator.

Injection of ether solutions of 5 into a gas chromatograph
(GC) produced 65% 3, 5% toluene, and a trace of benzene.!2
Pure (GC) 313 was trapped from the effluent of the GC. Re-
actions of 3 that were studied are shown in Scheme II1. It is
quite stable in the absence of oxygen or acid.

In degassed cyclohexane a 10~ M solution of 3 is indefi-
nitely stable at 20 °C and at 60 °C 3 is slowly isomerized to
toluene, t1/2 ~ 130 h. Rapid isomerization, ¢1/2 = 23 min, of 3
to toluene occurred in a cyclohexane solution containing 10—+
M3 and 5 X 10~4 M Cl3CCO2H at 20 °C. Atmospheric oxygen
slowly oxidizes 3 to benzyl hydroperoxide.l4 Photolysis (A >
2800 nm) of 3 in cyclohexane produced toluene as the major
product. Treatment of 3 with tetracyanoethylene (TCNE)
resulted in a rapid reaction to form the ene adduct 6515 as the
only detectable adduct. Thermolysis of 5 in the presence of
TCNE also formed 6.

At 80 °C there is a rapid reaction, t1/2 ~ 6 min, between 3
and styrene to form 7 and 8 in a 3:1 ratio in 90% total yield.
About 5-8% toluene is formed also. No extra polymer is
formed in styrene containing 2 X 10~3 M 3 after 12 min at 80
°C when 60-70% of 3 is consumed. Hydrogen atom transfer
from 3 to styrene followed by coupling of the resulting benzyl
and 1-phenylethyl radicals could be the route by which 7 is
formed, but such a simple radical route to 8 is not available.
Also, the lack of formation of extra polymer indicates that if
radicals are formed they must all be consumed by coupling
and disproportionation before addition to styrene can occur.
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It is unlikely that this would happen. Both 7 and 8 can be
formed by a concerted ene reaction.!® Reaction of unsym-
metrical enophiles with alkenes has been shown to produce
mixtures of products.!”

The experiments reported here provide no evidence that
3 can function as an initiator of styrene polymerization. In this
respect the behavior of 3 is quite different from that attributed
to 1 and found for the synthetic analogue 2.* Isolation of a
trimer corresponding to the coupling product of the radicals
shown in Scheme 118 indicates that 1 and 3 may have one re-
action with styrene in common.

A careful kinetic study also has shown that 3, prepared by
an independent route, does not initiate the polymerization of
styrene.!®
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Radical Production from the Interaction of
Closed-Shell Molecules. 5. The Chemistry
of Methylenecyclohexadiene!

Summary: 5-Methylene-1,3-cyclohexadiene (MCH) has been
studied as a model for the Diels—Alder dimer of styrene (AH),
which is postulated to be involved in radical production in the
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Table I. A Comparison of Data for AH and MCH in 8.35 M Styrene at 60 °C
kdi51 —
Compd M-lg-la Rp X 108 P, x 10~% cd % MAH®
AH 0.9 x 105/ 2.0¢ 1.0¢ 1k 1
MCH 53X 105" 2.0/ 0.2% 9! <0.01

a Pseudo-unimolecular rate constant for disappearance of the compound in styrene, determined using UV absorption. ® Rate of
polymerization of styrene, M s~1. ¢ Number-average degree of polymerization. ¢ Transfer constant; i.e., the ratio of rate constants
for chain transfer and propagation, ref 2b. ¢ Percent of the compound that disappears in reactions that produce radicals (other than
by transfer) capable of initiating styrene’s polymerization. / Calculated from the rate of formation of AH assuming a steady-state
concentration of 6.5 X 1075 M, ref 16. & For thermal polymerization, ref 15 and 17.  Reference 22. { From disappearance of MCH
followed at 360 nm. / Determined by precipitation at 0.0004-0.012 M MCH. * At 1 X 10~¢ M MCH. ! Approximate value, see text.

spontaneous polymerization of styrene. Attempts to ration-
alize the different rates of radical production from MCH and
AH are presented.

Sir: The acceleration of the homolytic scission of bonds in one
molecule by interaction with another molecule is of consid-
erable theoreticall2 and practical? significance. Of these re-
actions, the molecule-assisted homolysis (MAH) of a C-H
bond in the presence of olefins is the most intriguing to organic
chemists, and several such processes have now been identi-
fied.}* With the aim of studying a particularly simple example
of such a process, we have examined the reactions of 5-
methylene-1,3-cyclohexadiene (MCH) with styrene.

The synthesis of MCH (4) has been reported by Bailey and
Baylouny,? but isolation of MCH from the dilute pentane
solution obtained in their method requires repetitive GLC.
We sought a route involving a less tedious isolation and pu-
rification procedure; our synthesis is outlined in eq 1. Com-
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)7 /
Cl Cl
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pound 187 when treated with sodium and tert- butyl alcohol
in tetrahydrofuran gives a 31% yield of 2.8 The ketal 2 can be
hydrolyzed to 3 with 3 M HoSO, at room temperature in 60%
yield.? Ketone 3 decarbonylates under a variety of conditions
to give MCH.10 The most convenient method consists of a
bulb-to-bulb transfer of neat ketone at 0.5 mmHg through a
tube heated to 250 °C. The product was isolated by GLC.11

There is a considerable body of evidence that has been in-
terpreted as demonstrating that the mechanism of initiation
of the thermal polymerization of styrene is the MAH reaction

of the styrene Diels-Alder dimer, AH, with another styrene
molecule, eq 2.312 It appeared likely that MCH would also

MAH

+ PhCH=CH, —» + PhCHCH,

(2)
Ph Ph
AH M A HM

undergo an MAH reaction with styrene and initiate poly-
merization, as shown in Scheme L.

Surprisingly, however, MCH does not initiate the poly-
merization of styrene. Concentrations of MCH from 0.004 to
0.012 M produce rates of polymerization equal to the thermal
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rate, within experimental error. Furthermore, methyl acrylate,
which does not undergo spontaneous polymerization, is not
initiated by concentrations of MCH as high as 0.01 M. How-
ever, MCH does disappear rapidly in both styrene and methyl
acrylate (as monitored by UV).

Scheme I outlines possible reactions of MCH (or AH).
Kopecky and Lau,!3 who independently have found that MCH
does not initiate the polymerization of styrene, have reported
that MCH undergoes an ene reaction! with styrene to give
both 8 and 9. Product 8 can best be rationalized by reactions
b and f of Scheme I. Product 9 could arise from analogous
processes, eq b’ and g; however, since the parallel reactions of
AH and related species? lead to scavengable free radicals,
product 9 might result from reactions a and c, or b’-d-c as
well.

Table I shows a comparison of data for AH and MCH in
styrene at 60 °C. Based on the known rate of polymerization
of styrenel® and our measured rate of the pseudo-unimolecular
disappearance of AH in styrene, kq4is[AH],!6 only a small

2k,R 2

Ri=
kp2 [M]2

= deisf[AH] (3)

fraction, f =~ 0.011, of the AH reacts in styrene to give sca-
vengable radicals (cf. eq 317). Most of the AH gives ene prod-
ucts viareactions b, b’, or ¢ in Scheme 1. A small amount of AH
is consumed by chain transfer.

The rate constant for disappearance of MCH in styrene is
six times larger than that of AH (Table I). However, a more
rapid ene reaction alone cannot account for the lack of de-
tectable free-radical production from MCH. If it is assumed
that MCH undergoes an assisted homolysis with the same rate
constant as does AH, then 1072 M MCH is sufficiently con-
centrated so that an increased rate of polymerization should
be observed. This is true even if a rapid ene reaction (and/or
chain transfer) of MCH consumes 99.9% of the MCH and only
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0.1% undergoes an MAH reaction. In order to explain the
observed lack of initiation, MCH must have a rate constant
for MAH reaction that is at least 20 times smaller than that
of AH.18

Two types of transition states for the MAH reaction of
MCH (or AH) could be envisioned: (1) a cyclic, ene-like
transition state (7) could give scavengable radicals via eq d;1°
or (2) the MAH transition state might involve an open, ex-
tended conformation (5} in which the radical centers are
formed far apart. Radicals formed in this process may combine
to form ene-type products (eq c) or diffuse apart (eq e) and
initiate polymerization.

This formulation of ene and MAH processes suggests a
possible rationale for the larger yield of radicals from AH-
styrene than from MCH-styrene. The ene reaction is known
to be sensitive to steric effects,2 and models indicate that the
repulsive interactions in transition states like 6 or 7 would be
greater for AH than for MCH. This may force a larger fraction
of the AH-styrene interactions to adopt the extended tran-
sition state 5, or to have more radical character in transition
state 7, giving a greater yield of radicals via reaction d. In ad-
dition, it should be noted that the potential MAH steps in-
volve donation of a more labile tertiary hydrogen from AH
to give a secondary benzylic radical, whereas MCH would be
required to donate a secondary hydrogen to give a primary
benzylic radical.

As might be expected, MCH is an excellent transfer agent.
The transfer constant of MCH is approximately 9 at 60 °C.21
This is by far the largest transfer constant ever reported for
a hydrocarbon. Since the value is so large, it is difficult to
measure precisely;2t® however, there is no doubt that MCH
is an excellent transfer agent, as good or better than AH (C
=1)22or BH (C = 5), another model of AH that we reported
on previously.4

Finally, some comments should be made about the impli-
cations of the present work on the mechanism of the thermal
polymerization of styrene.'® Our a priori expectation was that
MCH would initiate polymerizations. The fact that it does not
can be rationalized in one of two ways. (1) It can be assumed
that MCH is a poor model for AH, because ene reactions in-
volve variable transition states with differing amounts of
radical character, or because AH donates a tertiary hydrogen
and yields a tertiary radical whereas MCH donates a secon-
dary hydrogen to yield a primary radical, or for some other
reason. (2) Or the MAH mechanism for the initiation of po-
lymerization of styrene by AH can be rejected. A critical re-
view!P:3 of the evidence supporting the AH mechanism indi-
cates overwhelming support for the presence of AH in thermal
polymerizations of styrene and transfer by AH, but an ab-
sence of unambiguous evidence that AH undergoes an assisted
homolysis step (eq 2). However, if the AH mechanism for
styrene is rejected, it is difficult to suggest an alternative.!b
(One alternative possibility is the diradical transfer mecha-
nism that we have recently suggested for pentafluo-
rostyrene.23)

It seems most reasonable and economical at present to
continue to accept the Diels-Alder mechanism for styrene,
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but with the realization that the critical MAH step, eq 2, has
not been explicitly established. Clearly, the critical experi-
ment is the synthesis and testing of AH itself, and we are now
attempting this.1?
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