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systems at liquid air temperatures.”'® Produc-
tion of H; at such low temperatures!® suggests that

H+H-—>H: (7)

H atoms may find each other with high probability
even at liquid air temperature.

In order to understand the decrease in Hj
yield at intermediate temperatures, we assume
that the probability of some reaction of low acti-
vation energy, e.g., addition of H atom to a double
bond (¢f. the drops in isobutylene yield and cor-
responding rise in isobutane at such temperature),
increases with temperature. Were there no com-
pensatory process, the effect of increased tempera-
ture would be to reduce G(H;) to a value approxi-
mating the yield in the presence of iodine scaven-
ger.!1

As the temperature rises, a new source of Ho,
the reaction

H + CgHis —> Hz + CHu (8)
which has an activation energy of ca. 9.2 kcal.,'®

(15) R, Livingston, H. Zelder and E. H, Taylor, Discussions Faraeday
Soc., 19, 166 (1955); N. J. Cherniak, e al., Doklady Akad. Naouk
S.S.S.R., 120, 346 (1958); cf., however, F, S, Dainton, Discussions
Faraday Soc., 19, 183 (1955).

(16) R. L. Livingston, Radiation Research Supplement, 1, 463
(1959}, and forthcoming publication, notes a correspondence between
sensitivities to solute of G(H), as established by paramagnetic reso-
nance studies on irradiated ice and of G(Hi) obtained after melting,
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becomes increasingly important so that H, yield
tends to increase, as found.

Critique of Suggested Mechanism.—The mecha-
nism outlined in the preceding section is consistent
with, or accounts for, the results and the findings
outlined in the section entitled Requirements of a
Mechanism with the notable exception that we
have offered no detailed suggestions as to mech-
anism of formation of intermediate hydrocarbons.
Furthermore, possible contribution of ionic re-
actions, e.g., of the interesting type possible in
liquids?

M+M + e — products (9)
is completely ignored. Reactions of type 9 may be
particularly important at low temperatures and
might account both for increased G(H;) and for in-
creased G(Cs), G(Cy) and G(Cy) under such condi-
tions. It is interesting to note in connection with
such a proposed process 9 that iodine has no effect
on G(ZC,), i.e., G of total C, products, or on G (neo-
hexane) and that G(ZC,) is approximately the same
as G (neohexane) at all temperatures.
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Methyl affinities of 1,2-dimethylenecyclobutane, 1,2-dimethylene-3-methylcyclopentane and 1,2-dimethylenecyclohexane
were determined. The first two dienes were shown to be 2.3 and 3.2 times as reactive as butadiene or isoprene, whereas
the last compound is only one-half as reactive as butadiene. The relatively low reactivity of the latter compound is explained
by the lack of coplanarity of its vinyl groups. On the other hand, the unusually high reactivity of the first two compounds
calls for a new hypothesis. It is suggested tentatively that the co-planar ¢is-conformation of the vinyl groups introduces
considerable steric strain which is released in the transition stateasaresult of the change from the sp2tosp; configurations.
This may lower the activation energy of the process and increase the respective methyl affinity. Moreover, such an ex-
planation accounts for the higher reactivity of the cyclopentane derivative than that of the cyclobutane derivative since the

reactive CH; centers are more closely placed in the former compound than in the latter.

Kinetic studies of the addition of methyl radicals
to butadiene-1,3, isoprene and 2,3-dimethylbuta-
diene demonstrated a very close similarity in the
reactivities of these hydrocarbons!? (see Table I).
The observed methyl affinities, <.e., the relative
rate constants of methyl radical addition, can be
actually accounted for quantitatively by consider-
ing the localization energy of butadiene and the
effects of hyperconjugation.%4

Conjugated dienes may exist in two conforma-
tions, namely a ¢is conformation in which both vinyl
groups are located on the same side of the C-C
bond, and the truns one with the vinyl groups lo-

(1) A. Rajbenbach and M. Szwarc, THiS JouRrNaL, T9, 6323 (1957).

(2) A. Rajbenbach and M. Szwarc, Pror, Roy. Soc. (London), A281,
1266 (1959).

(3) M. Szwarc and J. H. Binks, *Theoretical Organic Chemistry,
Kekule Symposium, 1958,” Butterworth, 1959.

(4) J. H. Binks and M. Szware, J. Chem, Phys., 30, 149+ (1959),

cated on the opposite sides of this bond. Spectro-
scopic studies of butadiene’ showed that the frans
conformation is preferred for this hydrocarbon and
the difference in energy levels of the cis- and trans-
conformations was estimated to be 2.3 kcal./mole.
Hence, in the equilibrium established at 65° more
than 979, of that compound is present in the trans
rotational form. On the other hand, recent spec-
troscopic studies of Nikitin and Yakovleva® lead
them to conclude that the preferred conformation
of isoprene is ¢is, which means that the latter rota-
tional isomer forms at 65° the bulk of this hydro-
carbon.

If the assignments of these conformations are
correct, then the kinetic results, mentioned at the

(5 J. G. Aston, G. Szasz, II. W. Wooley and F. G. Brickwedde,
ibid., 18, 67 (1946).

(6) V. N. Nikitin and T. V. Yakovleva, Zhur. Fiz. Khem., 28, 697
(1954).
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beginning of this paper, would indicate that the
addition of methyl radicals proceeds equally rapidly
with the c¢is- and the trans-rotational isomer of the
conjugated diene. This problem was now examined
further by investigating the rates of methyl radical
addition to 1,2-dimethylenecyclobutane, 1,2-di-
methylene-3-methylcyclopentane  and 1,2-di-
methylenecyclohexane. The Experimental Re-
sults, summarized in Table I, show clearly that the
reactivities of the first two compounds are consider-

TABLE 1
MeTHVL AFFINITIES (RELATIVE RATE CONSTANTS OF
MeTHYL RapicaLs ADDITION) OF CONJUGATED DIENES
Solvent-iso-octane; T = 65°
Conjugated diene ka/k1 = methyl affinitys
‘Butadiene-1,3 2015 £ 30 (ref. 1,2)
Isoprene 2090 =+ 50 (ref. 1,2)
2,3-Dimethyl butadiene 2230 == 70 (ref. 1,2)

CH,
EE 4750 % 35
CH.
qH.x
Cic'"“ 6575 = 110
CH,
CcH,
1015 =+ 55
CH,

@ by — rate constant of CH; 4 iso-octane — CH, + iso-
octyl radical. %; — rate constant of CH; + diene — CHj-
diene.

ably greater than the reactivity of butadiene or iso-
prene (the respective values are larger by factors of
about 2.3 and 3.3 than those of the linear dienes)
while the reactivity of 1,2-dimethylenecyclohexane
is only one-half of that of butadiene. These results
led us to reconsider the relation between the reac-
tivities of conjugated dienes and theirconformations.

Experimental

1,2-Dimethylenecyclobutane was kindly provided by Dr.
V. A. Engelhardt of Du Pont Co. The sample was a mixture
of 859, of pure 1,2 isomer and 159, of pure 1,3 isomer. Its
reactivity was determined without separating the isomers
and the results were then recalculated to give the proper
value for the pure 1,2 isomer. The necessary correction
factor was obtained from the independently determined
methyl affinity of pure 1,3-dimethylenecyclobutane, a sam-
ple of which was also provided by Du Pont Co. The latter
compound was found to be about 35 times less reactive than
the 1,2, isomer.

1,2-Dimethylene-3-methylcyclopentane was prepared by
the method of Blomquist.” The purity of the final, care-
fully distilled product was tested by gas-chromatography and
only one peak was observed.

A sample of 1,2-dimethylenecyclohexane was obtained
from Dr. W. A. Henderson of Yale University, and a gas-
chromatographic analysis suggests that it was a pure com-
pound.

Methyl affinities of all the investigated hydrocarbons were
determined at 65° in iso-octane solution. The details of the
experimental technique are given in reference 2. The results
and conditions of individual experiments are summarized in
Table II.

Discussion

Before proceeding with the discussion of our re-
sults let us consider first of all the geometry of the

(7) A. T. Blomquist, J. Wolinsky, ¥. C. Meinwald and D. T.
Longone, THis JoURNAL, 78, 6057 (1956),
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investigated compounds. Assuming that the length
of single C~C and double C=C bonds in 1,2-di-
methylenecyclobutane and 1,2-dimethylene-3-
methylcyclopentane are the same as in butadiene-
1,3, 7., 1.46 and 1.35 A. respectively,® and that the
length of the C~H bonds is 1.06 A., we calculated
the distances between the hydrogen atoms on the
methylene carbons of the respective vinyl groups.
The resultsare given in Table II1, and in the calcula-
tions it was assumed that all these molecules are
planar and that the angle between the vinyl groups
1s 90°in the cyclobutane derivative, 72°in the cyclo-
pentame derivative and 60° in the ¢is-conformation
of butadiene-1,3.

TABLE 11

‘METHYL AFFINITIES DETERMINED IN 180-OCTANE SOLUTION
AT 65° CONCENTRATION OF ACETYL PEROXIDE 1-3 X 103 M

Conec,,

Investigated diene mole % ka/k1
1,2-Dimethylenecyclobutane (85% + 15% 1,2-) 0.0352 4070
1,2-Dimethylenecyclobutane (85% + 15% 1,2-) .0470 4060
1,2-Dimethylenecyclobutane (85% -+ 15% 1,2-) .0940 4250
1,2-Dimethylenecyclobutane (85% + 15% 1,2.) .141 4020
1,2-Dimethylenecyclobutane (85% + 15%1,2.) .164 3905

Av, 4060 £ 25
Corr. av, 4750 = 35
1,2. Dimethylene-3.methylcyclopentane 0.0253 6960
1,2-Dimethylene-3-methylcyclopentane .0506 6690
1,2-Dimethylene-3-methylicyclopentane .0674 6250
1,2-Dimethylene-3-methylcyclopentane .0843 6700
1,2.Dimethylene-3-methylcyclopentane .118 6280
Av, 6575 = 110
1,2-Dimethylenecyclohexane 0.10 1000
1,2-Dimethylenecyclohexane .12 1072
1,2-Dimethylenecyciohexane .15 1071
1,2-Dimethylenecyclohexane .15 1060
1,2-Dimethylenecyclohexane .20 986
1,2-Dimethylenecyclohexane .25 1012
1,2-Dimethylenecyclohexane .30 907

Av. 1015 £ 55

Inspection of Table IIT shows that the distance
between the vinyl groups of the cyclopentane de-
rivativeis smaller than thatin the cyclobutanederiv-
ative. Indeed, in the latter compound the hydro-
gen atoms are comfortably distant, in the former de-
rivative they repel each other to some degree,
whereas a considerable strain is developed in the cis-
conformation of butadiene.

TABLE II1
Distance Distance
Angle between between
between CHo:'s of vinyl H's of vinyl
Derivative of vinyl groups  groups, A. CHyv's, A.
Cyclobutane 90 3.3 2.75
Cyclopentane 72 3.0 2.05
cis-Conformation of
butadiene-1,3 60 2.75 1.70

Examination of the model of 1,2-dimethylene-
cyclohexane indicates that in this compound the
vinyl groups are not co-planar. This conclusion is
supported further by the ultraviolet absorption
studies. The compound absorbs at 2200 A.. accord-
ing to Bailey® or at 2220 A. according to Blomquist®
with an extinction coefficient ¢ = 3.6-3.82,
whereas the absorption of dimethylenecyclopen-

(8) “Tables of Interatomic Distances,’* Edited by L. E. Sutton,
Spec, Public. Chem. Soc, No. 11 (1958).

{8) W.J. Bailey and H. R. Golden, THis JourNar, 75, 4780 (1953),

(10) T, A. Blomquist and D. T. Longone, ibid., T9, 3916 (1957),



tane takes place at 2480 A. with an extinction
coefficient ¢ = 4.02.1% It is probable that the vinyl
groups are inclined by about 60° to each other, and
if the change in localization energy with the angle of
inclination is given approximately by a cosine func-
tion, one expects the reactivity of 1,2-dimethylene-
cyclohexane to be about one half of that of buta-
diene. This indeed is the case.

The experimental data suggest, therefore, that
the high reactivities of 1,2-dimethylenecyclobutane
and 1,2-dimethylene-3-methylcyclopentane are as-
sociated with their coplanar ¢is-conformation.
At the same time, it appears that the deformation
of the sp? valence angles, which occurs in these com-
pounds, does not affect their methyl affinities.
Although this deformation is relatively small in the
cyclopentane derivative, its methyl affinity is Asgher
than that of the cyclobutane derivative in which
the sp? angle deformation is substantially larger.
Moreover, the methyl affinity of methylenecyclo-
butane was measured,!! and its was found to be only
42.5, i.e., insignificantly higher than the methyl
affinity of isobutene (a value of 36 for the latter
compound was reported by Buckley and Szwarc!?).

To explain all these results, we propose tenta-
tively that the high values of methyl affinities arise
from the release of the steric strain in the transition
state which exists in the initial state as a result of
the too close proximity of the non-ring CH, groups.
The change of the configuration around the reac-
tive carbon atom from sp; to a configuration ap-
proaching that of sp; lowers the activation energy
of the process. Moreover, if the proposed transi-
tion state correctly describes the course of the addi-
tion, then a higher methyl affinity is expected for
that compound in which the reactive CH, centers
are closer together. This again is the case, since
the reactivity of the cyclopentane derivative (the
CH, groups placed at a distance of 3.0 A.) is sub-

(11) Unpublished resuits from our Laboratory.

(12) R. P. Buckley and M. Szwarc, Proc, Roy. Soc. (London), A240,
396 (1957).
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stantially greater than the reactivity of cyclo-
butzi&ne derivative where the respective distance is
3.3 A.

In view of this discussion we have to dispute the
conformation of isoprene proposed by Nikitin and
Yakovleva.® Examination of the models reveals
enormous repulsion between the non-bonded hydro-
gen atoms of the vinyl groups if placed in a cus-
conformation (see Table III). Actually, using
Kreevoy’'s!® potential energy function for the inter-
action between non-bonded hydrogen atom, we cal-
culate the strain energy in the cis-conformation of
isoprene, with the methyl group eclipsed in respect
to the other vinyl group, to be substantially more
than 12 kcal./mole, while the strain energy of the
trans-conformation is only 9 keal. /mole (the methyl
group eclipsed again in respect to the other vinyl
group!?). These calculations provide a powerful
argument against the conformation proposed by
Nikitin and Yakovleva. Moreover, the close values
for methyl affinities of butadiene, isoprene and 2,3-
dimethylbutadiene suggest the same {rans-con-
formation for all these hydrocarbons.

The skewed conformation of isoprene and 2,3-
dimethylbutadiene should diminish substantially
the strain energy resulting from the interaction be-
tween the non-bonded atoms. However, values for
their methyl affinities leave no doubt that these
hydrocarbons are co-planar. This shows the im-
portance of conjugation in establishing the con-
formation of the molecule.

In conclusion, we would like to thank Dr. V. A.
Engelhardt and Dr. W. A. Henderson for their help
in acquiring the investigated compounds. We
gratefully acknowledge the financial support of this
investigation by The National Science Foundation.
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(14) The strain energy is by about 1 kcal./mole greater if the methyl
group is eclipsed in respect to the adjacent H atom of the same vinyl
group.



