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Abstract: The synthesis of the title compound 10 via a carbenoid route is reported. The thermal rearrangement of 10 in the gas 
phase has been studied and found to give three isomeric products, 11, 12, and 13, which were characterized by 1H and 13C 
NMR spectroscopy. A kinetic study indicated that 11 and 12 are primary products and are formed in parallel first-order reac
tions which are not subject to catalysis. The third product, 13, was found to be formed from 12, in a process which is surface 
catalyzed. Formation of 11 is proposed to occur by a ten-electron (irs

2 + <ra
2 + Ta

2 + ^s2 + ^s2) concerted mechanism to give 
a divinylcyclopropane 23 which then undergoes Cope rearrangement to 11. Formation of 12 is interpreted in terms of C-2-C-4 
cleavage of 10 to a substituted trimethylenemethane, 35, followed by addition of this diradical to the proximate double bond 
to give 12. The rate of rearrangement of the related methylenecyclopropane 8b was determined and compared with rates for 
other methylenecyclopropanes and alkenylidenecyclopropanes. The rates are interpreted in terms of initial formation of or
thogonal trimethylenemethane diradicals in the case of unconstrained systems. Formation of near planar diradicals from 10 
and 8b is only ca. 4 kcal/mol less favorable than for the orthogonal diradicals of comparable structure. 

The geometry of trimethylenemethane diradicals has been 
the subject of considerable experimental and theoretical con
cern in recent yea r s . ' 5 While calculations3 and ESR experi
ments' both indicate that the ground state is a planar triplet 
2, the geometry of the singlet diradical is less clear. Some 

O= 

calculations indicate that the singlet prefers an orthogonal (or 
bisected) geometry 1 by 20-30 kcal/mol,4 but more recent 
calculations indicate that the planar singlet may be only 3-6 
kcal/mol less stable than the orthogonal singlet diradical I.5 

Gajewski's experiments on the racemization of optically active 
/rani-2,3-dimethylmethylenecyclopropane indicate that the 
transition state leading to the planar singlet diradical is only 
2 kcal/mol higher in energy than that leading to the chiral 
orthogonal form.6a-7 Other rearrangements of methylenecy
clopropanes and alkenylidenecyclopropanes (3) have usually 
been interpreted in terms of orthogonal diradicals 1 and 4. 

> -

Cleavage of methylenecyclopropane or alkenylidenecyclo-
propane rings in the tricyclo[3.2.1.02,4]oct-6-ene system (5) 

8a, R = H 
b, R - CH3 

c, R = (CH2)5 

cannot readily give rise to orthogonal diradical intermediates 
because the geometric constraints at the developing radical 
centers force the initial diradical to be planar, as from 8. If the 
ring opening in a system such as 8 must proceed through a 
near-planar transition state,9 then the activation energy for the 
process should indicate the stability of such a planar diradical. 
These activation energies could then be correlated with those 
of geometrically unconstrained methylenecyclopropanes and 
alkenylidenecyclopropanes to indicate whether the orthogonal 
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diradicals in the unconstrained systems are more readily 
formed than in systems forced to give near-planar diradi
cals. 

It is known that the diradical formed by cleavage of the in
ternal cyclopropane bond in 5 is trapped efficiently by the 
proximate double bond to give 6.10 It has also recently been 
shown that singlet2 trimethylenediradicals from 8a1 lb and 
8b,c " a c can be intramolecularly trapped to give 9a,b,c. Such 
intramolecular trapping reactions probably occur with a rel
atively small barrier, so that the rate of conversion of 8 to 9 
should be a reasonable indication of the rate of formation of 
the trimethylenediradical from 8. We report here the rate for 
8b —• 9b, a synthesis of the alkylidenecyclopropane 10, and the 

rates and mechanisms of formation of its thermal rearrange
ment products. From an analysis of the rates of conversion of 
8b to 9b and the analogous rearrangement of 10, we then wish 
to suggest some limits on the energy difference between planar 
and orthogonal diradicals from methylenecyclopropanes and 
alkenylidenecyclopropanes. 

In addition, we were intrigued by the complex factors de
termining how cleavages of the C-2-C-4 bond (giving 6) in 
systems like 5 compete with cleavage of the C-2-C-3 bond 
(giving 7).10 The C-2-C-4 cleavage process is observed in most 
of the substituted tricyclooctenes studied thus far.12 

Derivatives of 5 with substituents in a position to promote 
C-2-C-3 diradical opening, however, give only C-2-C-3 
cleavage thermally.1314 Heterocyclic derivatives of 5 also 
rearrange via C-2-C-3 cleavage; but whether these reactions 
are concerted, diradical, or acid catalyzed has not been dem
onstrated.15 

The C-2-C-3 diradical cleavage of 10 could potentially be 

Br 

7 x. NaOH 

n-Bu,N+ 

favored by allylic stabilization of the radical center at C-3. The 
rearrangement products of 10 have thus been investigated to 
determine the effect of the alkenylidene function on the balance 
between C-2-C-4 and C-2-C-3 cleavage as compared with 
compounds 5 and 8. 

Results 
Synthesis. Compound 10 was synthesized by addition of 

isobutenylidene carbene to norbomadiene. The best yields (ca. 
20%) were obtained when the carbene was generated from 
l-bromo-3-methyl-l,2-butadiene16 and 50% aqueous sodium 
hydroxide at 50-60 0C in a two-phase system with a fourfold 
excess of norbomadiene using tetra-n-butylammonium iodide 
as a phase-transfer catalyst.17 

Other phase-transfer catalysts such as cetyltrimeth-
ylammonium bromide and benzyltriethylammonium chloride 
gave no better yields than tetra-n-butylammonium iodide and 
caused difficulty in extraction due to the emulsions these agents 
produce. The reaction yield was quite time and temperature 
dependent. Below ca. 35 0C almost no adduct could be detected 
even after 3 days. At 50-60 0C, the yield of the desired allene 
reaches a maximum after 5-6 days of 21%. The spectral 
properties of 10 are consistent with the assigned structure and 
are not consistent with a product derived from 1,4 addition of 

the carbene to norbomadiene as found with some other car-
benes.18 

Other conditions for the synthesis of 10 were tried but gave 
lower yields. With potassium ferf-butoxide and 3-chloro-3-
methyl-1-butyne at -30 to 0 0C or with sodium hydroxide, 
phase-transfer catalyst, and 3-chloro-3-methyl-l-butyne at 
25 to 60 0C, the yields were only 7-11%, and various uniden
tified side products were formed which were difficult to sepa
rate from 10. 

Pyrolysis of 10. Pyrolysis of 10 in the gas phase (static) at 
ca. 3 mm pressure at 140 0C gave three products, 11,12, and 
13, quantitatively in ratios which varied with the reaction time. 

10 

• & 

y 

The structures of the products were determined from the 
spectral data of VPC collected samples. Both tetracyclooctanes 
12 and 13 were ozonized to the known ketone 14. 

12 
O3 13 

14 
1H and 13C NMR Spectra. Comparison of the 1H NMR 

spectrum of 11 with that of the known ketone 15 helped to 

11 
J3 4 = 9.2 Hz 
Jt\ = 6.5 Hz 
J1 „ = 3.0 Hz 
J6 , = 6.0 Hz 
J1 7 = 2.8 Hz 

15 
J3 t = 10.0 Hz 
J1 s = 6.0 Hz 
Js 6 = 3.0 Hz 
J, , = 7.0 Hz 
J1 , = 3.0 Hz 

confirm its structural assignment.20 In addition, we have ob
tained 13C NMR spectra for 8b, 10,11,12, and 13. The 13C 
chemical shifts which were assignable are indicated in Figure 
1 and in Table I.21 The chemical shifts of the allene carbons 
in 10,11, and 12 correlate well with model compounds taking 
into account the usual a, /3, and y effects.223 Model compounds 
include methylenecyclopropane (16), vinylidenecyclopropane 
(17), and trimethyl-2'-methylprop-l'-enylidenecyclopropane 

| \ e d IN^e d c 

\ [ > 

16a 17 18 

(18). The terminal sp2 carbon (Cc) shows an a effect of + 10 
ppm per methyl group in comparing 1,1-dimethylallene and 
17 with tetramethylallene and 10,11,12, and l£. There is an 
upfield shift in Ce induced by three-membered ring formation 
of 7 ppm from 12 to 10,18 ppm from 1,1-dimethylallene to 17, 
and 10 ppm from isobutylene to methylenecyclopropane. This 
effect is analogous to that seen in the 13C spectrum of cyclo
propane.223 The sp hybridized allene carbon (Cd) in these 
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•»2.0 
(135 Hi) J1 4 3 . I 

' (148Hz) . ^ b,2l.2 

(',I8S9HZ, «W""H.) 

0,20.9 

42.3 0,21.3 

d, 119.6 , 4 3 . 8 / r C97.4 

(149Hz) ^ . ^ b,2l .2 

"i, (86.3 

92.7 

136.7 29,3(17IHz) 
(170 H:) 

10 

(142.2) 

122.3 

Figure 1. 13C chemical shifts (ppm downfield from Me4Si). Some./i3c.H 
values are shown for 8b and 10. 

systems also shows this effect. While /3 methyl substitution 
from 1,1-dimethylallene to tetramethylallene causes a small 
upfield shift of Cd by ca. 3.5 ppm per methyl group, closing a 
three-membered ring causes large upfield shifts. Comparison 
of the chemical shifts of Cd in 12 and 10 reveals a 10.5 ppm 
upfield shift in 10 as a result of ring closure, and a 13 ppm 
upfield shift is seen for Cd from 1,1-dimethylallene to 17. A 
similar effect is noted between methylenecyclopropane and 
isobutylene; the chemical shift of the terminal sp 2carbon (Cd) 
is 7 ppm further upfield in methylenecyclopropane. 

The 13C-H coupling constants for 8b and 10 indicated on 
the structures in Figure 1 are quite similar to analogous cou
pling constants in norbornene22b and norbornadiene.22a Fur
ther /I.'C-H and chemical shift data for these compounds are 
reported in the Experimental Section. 

Kinetics. The rate of rearrangement of 10 to 11,12, and 13 
at 140 0C and 2-10 mm pressure was measured by VPC 
analysis. The first-order rate constant for disappearance of 10 
was found to be (1.37 ± 0.03) X 10-5 s -1 at 140.0 0C. The rate 
constant for appearance of 11 is then (8.1 ±0.3) X 1O-6 s_l 

and that for 12 is (5.6 ± 0.3) X 1O-6 s_I. The rate of conversion 
of 12 to 13 was measured independently, and it varied from 0.7 
to 6.4 X 10~6 S - ' , apparently because of surface effects. In 
control runs, thermolysis of 12 at 140 0C gave only 13, with 
less than 0.5% of 10 or 11. Both 11 and 13 were found to be 
stable at 140 0C for long periods; however, heating for ca. 5 
days at 200 0C caused rearrangement of 13 to three uniden
tified products with shorter retention times. Similarly, com
pound 11 slowly gave two unidentified products at 200 0C, but 
with much longer retention times. These products appear to 
be the same as those obtained when 10 is heated at 300 0C.23 

The rate of conversion of 10 to 11 and 12 was measured over 
the temperature range 140-190 0C (see Experimental Sec
tion), giving £ a = 34.8 ± 0.5 kcal/mol, log A = 13.6 ± 0.3 for 
10 ^ 11 + 12. 

C^K 
19 

To test the possibility that the alkenylidenecyclopropene 19 
might form reversibly under these conditions, the pyrolysis was 
done at ca. 190 0C in the presence of ca. 1 equiv of perdeu-
teriocyclopentadiene. Analysis of the pyrolysis mixture after 
30 min by mass spectrometry indicated that no deuterium had 
been incorporated into 11, 12, or 13, thus eliminating the in-
termediacy of 19. 

To check for surface effects, pyrolyses of 10 were done in 
a glass-packed reaction flask with a 12-fold surface area in-

Table I. Chemical Shifts o 
Chemical Shifts in 

10<* 

11<* 
12<* 
Vinylidenecyclo-

propane ( 1 7 ) d 

18<* 

Tetramethyl-
allene* 

1,1-Dimethyl-
allenefe 

Methylenecyclo
propane (16)^ 

Isobutylenec 

8b<* 

" Carbons in 10 and Corresponding 
11 and 12 and Related Compounds0 

ca 
(21.3) 
(20.9) 
(21.7) 

(21.2) 

20.7 

21.5 

Cb 

(21.2) 
(20.5) 
(21.4) 

(21.0) 

20.7 

21.5 

Cc 

97.4 
94.8 
96.9 
76.3 

96.4 

92.6 

72.1 

Cd 

186.3 
192.1 
196.8 
194.1 

184.7 

200.2 

207.3 

103.0 

109.8 
119.6 

Ce 

92.7 
99.5 

100.4 
75.3 

92.0 

92.6 

93.4 

130.9 

141.2 
132.8 

Cf 

29.3 

7.7 
(CH1) 

25.9 
(CHMe) 

23.5 
(CMe2) 

20.7 
(CH3) 

19.5 
(CH3) 

2.6 
(CH2) 

26.4 
a All chemical shifts are in ppm downfield from tetramethylsilane. 

Chemical shifts in parentheses were not unambiguously assignable. 
b R. Steur, J. Van Dongen, M. DeBie, and W. Drenth, Tetrahedron 
Lett., 3307 (1971). c Reference 22a, p 71. dThis work. 

crease. Under these conditions, 12 rearranges nearly com
pletely to 13 and is not isolable. The rate of decomposition of 
10, however, was not affected, nor was the ratio of (12 + 13) 
to 11 affected by more than ca. 3%. Thus, formation of 11 and 
12 are both clearly first order and not subject to surface ca
talysis. Interestingly, there is an apparent metal catalysis of 
the conversion of 10 to 12, even at temperatures below 100 0C 
on copper VPC columns. Copper powder caused increased 
rates for formation of 12 at 140 0C. Compound 12 also rear
ranges to 13 on VPC analysis in copper above ca. 120 0C. 
Stainless steel columns and fittings prevent these rearrange
ments. We have also observed a rearrangement of 12 to 13 on 
standing in carbon tetrachloride solution at room temperature. 
The analogous allene-butadiene rearrangement also occurs 
for 11, but much more slowly than for 12. In carbon tetra
chloride solution, as well as during preparative VPC on copper 
columns above ca. 150 0C, 11 rearranges to 20. This reaction 

£3 
y 

11 

occurs irreproducibly and does not normally occur under the 
gas-phase reaction conditions. The rearrangements of 12 to 
13 and 11 to 20 are forbidden 1,3-hydrogen shifts and are ap
parently catalyzed by glass surfaces, by surfaces in copper VPC 
columns, and in carbon tetrachloride solution. 

The rate of rearrangement of 8b to 9b at 140 0C and at ca. 
5 mm pressure (static) was measured by VPC analysis. The 
first-order rate constant for disappearance of 8b was found to 
be 6.08 X 10~5 s_1 at 140 0C. The yield of 9b was quantitative 
by VPC analysis.1 la'c 

Of particular interest is the rate of formation of the unsub-
stituted trimethylenemethane diradical. We have measured 
the rate of isomerization of 2,2,3,3-tetradeuteriomethylene-
cyclopropane (16b) and found the rate constant for the for
mation of the trimethylenemethane diradical to be 2.6 X 10~5 

s_1 at 210 0C.24 We have also measured the rate of rear
rangement of vinylidenecyclopropane 17 to 1,2-dimethylene-
cyclopropane at 210 0C and found the rate constant for this 
rearrangement to be 3.1 X 1O-6 s-1.24 
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Table II. Kinetic Parameters for Rearrangements of Various 
Cyclopropanes, Methylenecyclopropanes, and 
Alkenylidenecyclopropanes at 150 °C 

Scheme I 

Reaction £ ( 1 5 0 0C), s-1 kcal/mol 

36a 

D 

36b 

31a 31b 

32«. 

D. 

32b 

3.4 x 10"1S* 58.9 

1.2 X 10-l6b 55.9 

6.6 X 10-'«* 54.5 

y/—\.V -8.0XlO-8C 39c 

16b 

38 

37 

1.3 X 10-7fc 38.4 

3.7 X 10"s6 38.7 

2.0 X 10"Se 34.2« 

7.1 X 10-"* 

-7 X 10-7/ 

41<* 

-37/ 

a Rate constants were extrapolated to 150 0C using the Arrhenius 
parameters from footnote b or by using estimated parameters from 
analogous reactions. b "Kinetic Data on Gas Phase Unimolecular Re
actions", S. W. Benson and H. E. O'Neal, NSRDS-NBS21, U.S. 
Government Printing Office, Washington, D.C., 1970. ^ Calculated 
from the rate constant at 209.5 0C assuming log A = 13 (ref 24). 
d J . M. Conia, R. Bloch.and P. LePerchec^ngew. Chem., Int. Ed. 
Engl., 9, 798 (1970). We have measured the rate of this reaction at 
2100C and extrapolated the rate to 150 °C assuming log A = 13 
(ref 24). e Reference 6a./Reference 8a. 

Discussion 

C-2-C-3 Cleavage. The two primary reactions of 10 to give 
11 and 12 are the result of competitive cleavage of the C-2-C-3 
and C-2-C-4 bonds in 10, analogous to the rearrangements 
observed in the parent hydrocarbon 5. The C-2-C-3 cleavage 
product, 11, can arise either (a) by a diradical mechanism in
volving homolytic C-2-C-3 cleavage to diradical 22, or (b) by 
concerted rearrangement of 10 to the cumulene 23, followed 
by a Cope rearrangement of 23 to 11 (Scheme I). The rear
rangement of 5 to 7 offers an analogous choice of mechanistic 
alternatives (Scheme II). Freeman has concluded from the 
stereospecificity of the rearrangement of the deuterium labeled 
compounds (Scheme II) that this reaction occurs by way of 
path b. Path a might be expected to lead to loss of stereospec
ificity because C-C rotation is possible in diradical 26. Such 
rotation could, however, be slower than the subsequent ring 
cleavage,25 so that this evidence is not unambiguous. More 

/ -^—<-/£} 

^ 
22 

Scheme II 

,-Ou-
H 

\ X 

26 

CH=CDH 
29 

convincing evidence that diradicals are not involved in the 
conversion of 5 to 7 comes from a comparison of the thermal 
products from 5 with the known products of diradical 27b 
generated independently from pyrolysis of the pyrazoline 30.26 

The exo-pyrazoline 30 gives both 7 and 29 on pyrolysis, but 
thermolysis of 5 gives none of the exo-vinylcyclopropane 29 

-N 

CCl -<X O^ 
CH 

30 CH=CH2 

27b 

29 

I 

28 
i 

that would be expected from a diradical 27.27-28 This evidence, 
then, strongly suggests that diradicals are not involved in the 
rearrangement of 5 to 7. As with the deuterium labeling ex
periments, it is conceivable that the "endo" diradical 27a from 
26 might undergo C-C rotation to the "exo" diradical more 
slowly than bond closure to 28.28 Since the "exo" conformer 
27b must undergo such a C-C rotation, however, to give the 
"endo" diradical precursor to the ew/o-vinylcyclopropane 28 
faster than simple closure to 29, we expect that the C-C 
rotation of 27a to 27b should also be faster than ring closure 
to 28. This argument then excludes diradical 27 as an inter
mediate in conversion of 5 to 7. 

This conclusion is supported by thermochemical estimates 
of the activation energy required to form the diradical 26 from 
5. Using the free energy of activation at 150 0 C of 56 kcal/mol 
for cis-trans isomerization of dideuteriomethylcyclopropane 
31 (Table H) as a model for A(J* for the opening of 5 to 26, we 
can conclude that 26 is not likely to be an intermediate in the 
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Table III. Kinetic Parameters and Estimated Heats of Reaction for VariousTricyclo[3.2.1.0]oct-6-ene Rearrangements 

Reaction ^(15O0C)1S-' kcal/mol 
AGT 150o _ e s t 

kcal/mol 

227 

Ai/ est.c 

kcal/mol 

1 X 10"'2^ 48 49e -9 / 

Sb 9b 

1.6 X 1 0 ^ 31.7 3 4 >> -21/ 

Z 
12 

Y 

23 
H H 

H H 
36 partially racemiaed 

1.6 X 10" 

7 X 10"'2^ 

2.5 X 10"5^ 

1.3 X 10"5" 

34.3 

47 

34.0 

34.6" 

36' 

56/ 

36' 

34' 

-21/ 

+2^ 

- 5 * 

"Free energies of activation were calculated from rate constants at 150 0C. ^Estimates for AG t were derived from the cleavage steps for 
diradical mechanisms from model compounds in Table II. cEstimated AH° for the overall reaction. ^References 10. The rate constant at 150 
0C was obtained by the extrapolation of the literature rate at 290 0C assuming log A - 14.5, based on structural effects on logo's in 32, 37, 
and 10. eEstimated from AGt for 32 (Table II) assuming a 5 kcal/mol strain difference in the norbornene and the bicyclo[ 3.2.1 ] octene 
diradical 33 (ref 37)./Estimated from strain energies for norbornene, bicyclo[3.2.1] octane, cyclopropane, and methylenecyclopropanes and 
from a bond energy difference of 22 kcal/mol between C-C n and cr bonds (ref 32, 37). £This work. The rate constant for 8b was extrapo
lated from 140 °C using log X = 13. ''Estimated from AGt for 37 (Table II) assuming 5 kcal/mol norbornane strain relief from 8b to diradical 
34 (ref 37). 'Estimated from AGt for 17 (Table II) assuming 5 kcal/mol norbornane strain energy relief from 10 to diradical 35 (ref 37). 
/Estimated from AG t for 31 (Table II). fcEstimated for 5 — 28 and 10 -*• 23 from strain energies of norbornene, cyclopentene, and a 22 kcal/ 
mol difference in C-C ir and a bond strengths (ref 32). The energy difference between the allene and cumulene strain and resonance energies 
in 10 and 23 was taken as 7 kcal/mol (ref 37). 'Estimated from a AG t of 54.5 kcal/mol for 32, minus 12 kcal/mol allyl resonance energy (ref 
33) minus 12 kcal/mol sp2 strain relief (ref 32) plus 6 kcal/mol for extra strength of an sp3-sp2 bond (ref 34). "!Estimated from AGt for 37 
(Table II) assuming 5 kcal/mol cyclopentane strain relief from 36 to the diradical. "Reference 6b. 

conversion of 5 to 7, since the experimental AG* of 47 kcal/ 
mol (Table III) for this conversion is 9 kcal/mol too low to give 
26. Thus, 5 appears to rearrange to 7 by path b in Scheme II. 
The intermediate 28 could be formed from 5 in a concerted 7rs

2 

+ as
2 + (Ts

2 mechanism (Figure 2), although the overlap be
tween the a bonds is not good, perhaps accounting for the 
rather high activation energy for this reaction. The subsequent 
Cope rearrangement of 28 to 7 in Scheme II should be very 
rapid by analogy to the known rapid rearrangement of cis-
divinylcyclopropane to 1,4-cycloheptadiene at room temper
ature.30'31 

The rearrangement of 10 to 11 takes place with a free energy 
of activation 13 kcal/mol lower than for the analogous con
version of 5 to 7, suggesting significant electronic involvement 
of the alkenylidene functional group in the rearrangement 
mechanism. For the concerted mechanism (pathway a, Scheme 
I), a novel ten-electron (irs

2 + tra
2 + 7ra

2 + TTS
2 + <rs

2) mecha
nism (Figure 2), with better orbital overlap than the six-elec
tron pathway available for 5 -* 7, could explain the large rate 
difference. A thermochemical analysis of pathway a in Scheme 
I, however, suggests that the diradical 22 may be accessible 
under the reaction conditions. Thus, beginning with a AG* l50 

of 54 kcal/mol for the cis-trans rearrangement of l,2-di-
methylcyclopropane 32, a free energy of activation for C-2-C-3 
cleavage of 10 to 22 can be estimated by subtracting 12 kcal/ 
mol for the relief of the extra strain of the sp2 cyclopropyl 
center in 10,32 by subtracting 12 kcal/mol for the allylic sta-

7T/ + CTJ- + (TJ •"s2 + °a 2 + 77Q2 + ^s 2 + ^s 2 

Figure 2. Orbital overlap configuration for rearrangement of 5 to 28 and 
10 to 23. 

bilization in 2233 and by adding ca. 6 kcal/mol for an antici
pated increase in the CSp3-Csp2 bond strength in 10.34 This leads 
to a rough estimate of 36 kcal/mol for AG*I50, close to the 
experimental value of 34 kcal/mol.35 Arguments analogous 
to those used to exclude such a pathway for 5 —• 7 suggest, 
however, that a diradical pathway for 10 — 11 is unlikely. 
Should a diradical intermediate such as 24 participate in the 
rearrangement of 10 to 11, we would anticipate the formation 
of 25 by analogy with the experiments on the pyrolysis of the 
pyrazoline 30. Since we do not see any significant amount of 
25 among the thermal rearrangement products of 10, we 
conclude that the rearrangement of 10 to 11 is unlikely to have 
involved diradical intermediates. This then leaves pathway b 

Aue, Meshishnek / 3-(2'-Methylprop-l'-enylidene}tricyclo[3.2.1.02A]oct-6-ene 



228 

in Scheme I as the likely mechanism for rearrangement of 10 
to 11. This mechanism apparently involves in unusually in
tricate 7rs

2 + C3
2 + ira

2 + irs
2 + (7S

2 concerted ten-electron re
arrangement of 10 to 23 in the first step (Figure 2), followed 
by a rapid Cope rearrangement30 of 23 to 11. 

Such a concerted ten-electron mechanism involving all of 
the Tr electrons of the allene moiety can be compared with the 
rearrangement of cyclopropylallene.36 In that case, the in
creased reactivity of the allene over vinylcyclopropane (by 8 
kcal/mol) is attributed to a 13 kcal/mol increase in exother-
micity,36 but estimates of the A//°'s for 5 — 7 and 10 — 23 
(Table III) give a difference of ca. 7 kcal/mol,37 which cannot 
account for the 13 kcal/mol higher reactivity of 10. This then 
suggests some involvement of both sets of allene -K electrons 
in the rearrangement of 10 and perhaps even cyclopropylallene. 
The cyclopropylallene energy surface, however, appears from 
MINDO/3 calculations to involve a biradicaloid transition 
state. A biradicaloid intermediate or transition state for 10 —• 
11 may also be possible, if it is sufficiently tight that rotation 
and closure to 25 is prohibited. In any event, the allene ir 
electrons appear to facilitate the C-2-C-3 cleavage reaction 
in 1038 such that it competes with the rapid C-2-C-4 cleavage 
to a stabilized trimethylenemethane-type diradical. The 
methylenecyclopropane derivatives 8 do not give any C-2-C-3 
cleavage in competition with C-2-C-4 cleavage, though, pre
sumably because they lack the allene moiety. 

C-2-C-4 Cleavage. The C-2-C-4 cleavage reactions of 10 
and 8 are very much accelerated by the alkenylidene or 
methylene functional groups compared with 5. The free 
energies of activation for these reactions have been found to 
be 31.7 kcal/mol for 8b — 9b and 34.3 kcal/mol for 10—12 
at 150 0C. The rearrangement of 10 to 12 has a AG* 14 kcal/ 
mol lower than for 5 —» 6, while the rearrangement of 8b to 9b 
has a AG* 16 kcal/mol lower than for conversion of 5 —• 6. All 
three of these reactions are geometrically constrained to occur 
by a <js

2 + 7TS
2 mechanism, which is a symmetry forbidden re

action. They have therefore been generally interpreted to occur 
by cleavage to a diradical followed by rapid intramolecular 
trapping of the diradical by the ir bond.IOJ ' 

33 2 

R R 
34 5 

12 
35 

The 20-22 kcal/mol decrease in AG* for the C-2-C-4 
cleavage of 8b and 10 relative to C-C cleavage of dimethyl-
cyclopropane 32a can be attributed to a stabilization of these 
diradicals by resonance interaction in the near-planar tri
methylenemethane-type transition states and by a relief of the 
extra strain energy from the sp2 center in the three-membered 
rings in 8 and 10 relative to 5. The total maximum magnitude 
of these effects should be ca. 12 kcal/mol for the allylic reso
nance energy expected of an orthogonal trimethylenemethane 
diradical33 and ca. 12 kcal/mol for the extra strain energy 
relief in methylenecyclopropanes.32 Some strain energy relief 
in opening the norbornene ring could also be expected for 

compounds 5,8, and 10. The difference in the strain energy of 
norbornane and bicyclo[3.2.1]octane of 5 kcal/mol gives an 
estimate of this effect.39 This agrees well with the observed 
difference of 6 kcal/mol in the values of AG*i 50 for cleavage 
of 1 to 33 (Table III) and for cis-trans isomerization of cis-
1,2-dimethylcyclopropane (32a) (Table H). Work by Roth and 
Wegener on the thermal interconversion and racemization of 
syn- and a/tr!-3-methyl-6-ethylidenebicyclo[3.1.0]hexane (36) 
(Table III) indicates that the AG* for cleavage of this bicyclic 
methylenecyclopropane to a diradical is 34.6 kcal/mol (syn 
—*• anti).7 This value is nearly identical with our measured 
values for AG* for the rearrangement of 8b to 9b and 10 to 12. 
This is not unexpected, since the relief of strain in these two 
systems should be the same.32 The fact that 36 rearranges with 
a barrier very similar to that of 8b and 10 further shows that 
any possible participation by the proximate double bond in 8b 
or 10 in a TTS

2 + as
2 fashion has little effect on the rate-deter

mining transition state for rearrangement of 8b to 9b, 
suggesting that this reaction occurs in two steps via a diradical 
intermediate as assumed. 

The 16 and 14 kcal/mol differences in AG* 150 between the 
model reaction 5 — 33 and the two C-2-C-4 cleavage reactions 
of 8b and 10 then give an indication of the conjugative stabi
lization and sp2 strain relief felt in the transition states leading 
to the near-planar diradicals 34 and 35. These values can be 
compared with the corresponding differences in AG* between 
unconstrained cyclopropanes and methylenecyclopropanes or 
alkenylidenecyclopropanes for a direct estimate of the differ
ence in the conjugative stabilization felt in transition states 
leading to near-planar and orthogonal trimethylene
methane-type diradicals. 

The AG* 150 for cis-trans isomerization of 1,2-dideuterio-
cyclopropane 36 is 58.9 kcal/mol and may be used as a model 
for cleavage of a cyclopropane ring to an unstabilized tri-
methylene diradical. We have found the AG* 150 for isomer
ization of the deuteriomethylenecyclopropane 16b to be ca. 39 
kcal/mol, which indicates that formation of the orthogonal 
trimethylene diradical is favored over the unstabilized tri-
methylene diradical by 20 kcal/mol. This value is only 4 
kcal/mol larger than the corresponding 16 kcal/mol difference 
between AG*i50 for 8b — 34 and AG* 150 for 5 — 33. From 
this observation, we can conclude that the conjugative stabi
lization of the formation of these near-planar trimethyl
enemethane diradicals is only slightly larger (~4 kcal/mol) 
than would be expected for a corresponding trimethylene
methane diradical capable of adopting an orthogonal geome
try.9 

The AG* 150 for rearrangement of methylenecyclopropane 
16b (39 kcal/mol) can be compared with that for rearrange
ment of ethylidenecyclopropane 37 (38.7 kcal/mol, Table II) 
to show the two methyl groups in 34a would not be expected 
to affect the AG* for 8b — 34. Comparison of AG* values for 
alkylcyclopropanes and alkylmethylenecyclopropanes (Table 
II) indicates that, for corresponding alkyl substitution, the 
difference in AG* produced by the methylene group is 18 
kcal/mol for one methyl and 20 kcal/mol for cis-1,2-dimethyl 
substitution.38'40 The spread in these values suggests a ±2 
kcal/mol ambiguity in our quantitative model comparisons 
could be expected. 

An 18 kcal/mol effect of alkenylidene substitution on cy
clopropane ring opening can be seen by comparing the AG* 150 
value for isomerization of 1,2-dideuteriocyclopropane 36 (58.9 
kcal/mol) with the AG*i50 we have found for vinylidenecy-
clopropane 17 (41 kcal/mol). A similar effect appears in 
comparing the approximate AG*iso of 37 kcal/mol for 
2,2,3,3-tetramethyl-2'-Biethylprop-1 '-enylidenecyclopropane 
(39) rearrangement41 with that for rearrangement of cis-
1,2-dimethylcyclopropane (32).42 

A comparison of the AAG* i50 of 14 kcal/mol for 10 — 35 
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and 5 — 33 with the AAG*,50 of 18 kcal/mol for the effect of 
the alkenylidene group in alkenylidenecyclopropanes capable 
of forming orthogonal diradicals (cf. 36a and 17, Table II) 
indicates again that formation of the near-planar diradical 35 
is only ca. 4 kcal/mol less favorable than would be expected 
for an orthogonal diradical. Both this result and the 4 kcal/mol 
effect observed in the methylenecyclopropane system 8b agree 
well with Gajewski's conclusion that the transition state for 
formation of the planar diradical from 7ra/u-2,3-dimethyl-
methylenecyclopropane is only 2 kcal/mol higher than that 
for formation of an orthogonal diradical.6a The most reliable 
recent ab initio molecular orbital calculations5 on the energy 
difference between the planar and orthogonal singlet tri-
methylenemethane diradicals now indicate that the Jahn-
Teller distorted Civ planar diradical lies only 3-6 kcal/mol 
higher in energy than the orthogonal form in good agreement 
with the experimental results. 

A similar number was derived by Roth and Wegener for this 
energy difference using a kinetic scheme in which the planar 
and orthogonal radicals are formed independently from the 
ethylidenecyclopropane 36 (Table III).7 Like the ring fused 
methylenecyclopropane 8b,9 36 might, however, have difficulty 
opening to an orthogonal diradical. Such a rotation about the 
external double bond in 36 or 8b is likely to be severely hin
dered by the double bond character there, at least until the ring 
opening has progressed very far toward a planar diradical form 
so that loss of overlap in the rotating group can be effectively 
compensated by the developing allylic radical conjugation 
within the ring (see structure i, ref 9). In this case, even if the 
orthogonal diradical were formed directly, the transition state 
for its formation should closely resemble a planar diradical. 
We think it more likely, however, in view of the small energy 
difference between the planar and orthogonal forms,63 that the 
planar diradical is formed first from 36 and 8b, since there may 
not be enough benefit energetically from rotation to the or
thogonal form to compensate for the rotation required about 
the partial double bond in the transition state. In this event, an 
initially formed planar diradical could rotate rapidly to an 
orthogonal form, causing nearly complete racemization of 36 
in its rearrangement.44 The observation of only partial race
mization of 36, however, nicely shows that a planar diradical 
or transition state must play some role in the rearrangement 
of 36 (and presumably 8b and 10) independent of the orthog
onal diradical. 

The question of whether these diradicals are at energy 
minima or are transition states is an interesting one theoreti
cally.45 The heat of formation (78 kcal/mol) of the nonin-
teracting orthogonal trimethylenemethane diradical can be 
estimated from the heat of formation of isobutylene,46 the bond 
dissociation energy (88 kcal/mol) of its allylic hydrogen,33 and 
a bond dissociation energy of 98'kcal/mol at the noninteracting 
orthogonal radical site.34 This value is 30 kcal/mol higher than 
AH(° for methylenecyclopropane, whose activation energy is 
39 kcal/mol (log A assumed to be 13.0, Table II). The barrier 
to reclosure of the orthogonal trimethylenemethane diradical 
is thus indicated to be about 9 kcal/mol. If the theoretical 
calculations are correct with regard to the energy of the planar 
diradical,5 then it too could have a comparable barrier to clo
sure. The barrier to closure of the orthogonal diradical has also 
been found to be 9 kcal/mol from MO calculations, reflecting 
a loss of allylic stabilization in the transition state.8b Further 
calculations on the barrier to closure of the orthogonal and 
planar singlet diradicals would be of interest in this connec
tion. 

Experimental Section 

All boiling points and melting points are uncorrected. VPC analyses 
were performed with a Varian Aerograph A-90-P3 gas chromatograph 

equipped with a thermal conductivity detector. Columns used were 
stainless steel V8 in. X 12 ft of 12% SE-30 on 30/60 Chromosorb 
W/NAW (column A), copper V4 in. X 12 ft of 15% Carbowax 20M 
on 60/80 Chromosorb w/NAW (column B), and stainless steel '/4 
in. X 12 ft of 11% Carbowax 2OM on 80/100 Chromosorb W/AW 
(column C). Proton NMR spectra were taken on a Varian T-60 
spectrometer. Where indicated, 100 MHz spectra were taken on a 
Varian HA-100 spectrometer. Carbon NMR spectra were taken on 
a Varian CFT-20 spectrometer and are referenced to Me4Si. 

IR spectra were recorded on a Perkin-Elmer 337 grating infrared 
spectrophotometer as solutions with a matched reference cell. UV 
spectra were recorded on a Cary-15 spectrophotometer. Mass spectra 
were obtained on an AEI MS-902 spectrometer. 

3-(2'-Methylprop-1 '-enylidene)tricyclo[3.2.1.024]oct-6-ene (10). 
To a 500-ml three-neck flask was added under nitrogen 100 ml (1.04 
mol) of freshly distilled norbornadiene, 7.5 g of tetra-fl-butylammo-
nium iodide (0.02 mol), and 40.0 g (0.27 mol) of freshly distilled 1 -
bromo-3-methyl-l,2-butadiene.16 While heating at 50 0C, with vig
orous stirring, 100 ml of 50% sodium hydroxide solution was added 
over 10 min. The contents were vigorously stirred under nitrogen at 
60 0C for 1 week. After cooling in ice, the mixture was diluted with 
ether and water and then neutralized with 20% sulfuric acid. The ether 
solution was washed successively with water, saturated sodium bi
carbonate, and saturated sodium chloride. The ether solution was dried 
over potassium carbonate and the solvent removed. The crude product 
was distilled through a short Vigreux column giving 9.0 g (21%) 
(>97% pure by VPC): bp 50-60 0C (0.3 mm); 1H NMR (100 MHz) 
(CCl4) S 0.97 and 1.31 (AB, J = 8.0 Hz, 2 H, H8), 1.72 (s, 3 H, CH3), 
1.74 (s, 3 H, CH3), 1.77 (d, J = 1.0 Hz, 2 H, H2, H4), 2.97 (m, 2 H, 
H1, H5), 6.23 (t, J = 2.5 Hz, 2 H, H6, H7);

 13C NMR (CDCl3) 6Me4si 
21.2 (q, Jc-H = 128 Hz, CH3), 21.3 (q, Jc-H = 128 Hz, CH3), 29.3 
(d, Zc2-H2 = 173 Hz, C2, C4), 42.3 (t, t, Zc8-H8 = 136 Hz, Jc8-H15 = 
4 Hz, C8), 43.8 (d, q, Jc1-H, = 149 Hz, JC I-H = 7.0 Hz, C1, C5), 92.7 
(s, C3), 97.4 (sept, JC.H = 6.5 Hz, =CMe2), 138.7 (d, m, Jc6-H6 = 
170 Hz, Jc6-H = 3 Hz, C6, C7), 186.3 (sept, JC-H = 5 Hz, = € = ) ; IR 
(CCl4) 3100, 3050, 3010, 2975, 2945, 2010, 2000, 1450, 1425, 1375, 
1360, 1320, 1285-, 1245, 1100, 695, 650 cm"1; mass spectrum (7OeV) 
m/e 158.1099 (calcd for C12H14: 158.1095), m/e (rel intensity) 159 
(M+ 1,1), 158(M+, 7), 143 (11), 128(16), 115 (9), 91 (8), 80 (7), 
79 (8), 77 (7), 72 (7), 71 (7), 57 (20), 56 (8), 55 (6), 51 (6), 43 (100), 
42 (56), 41 (41), 39 (21), 29 (21), 28(8), 27(27). 

When 56.5 g of commercial potassium /e/7-butoxide and 250 ml 
of freshly distilled norborandiene at -10 0C was treated with 50.5 g 
of 3-chloro-3-methyl-l-butyne over 1 h and left to stir for 1 h at 0 0C, 
workup gave 5.75 g (7%) of impure 10, bp 40-62 °C (0.3 mm), which 
was ca. 80% pure by VPC. 

Pyrolysis of 10. To a 2200-ml flask filled with nitrogen was added 
200 mg of freshly distilled 10. The flask was evacuated and sealed after 
freeze-pump-thaw degassing cycles. The flask was placed in an oven 
maintained at 140.0 ± 0.2 0C for 600 min. After cooling in liquid 
nitrogen to condense the products, the flask was warmed to room 
temperature and opened under a nitrogen flow. Analysis of the 
products by VPC on column A showed three compounds in addition 
to recovered starting material: 7V25° 26.5 min (11), 39.5 min (6), 
44 min (12), 49 min (13). The structures were determined on the basis 
of the NMR, IR, UV, and mass spectral data for VPC collected 
samples shown below. 

2-(2'-Methylprop-l'-enylidene)bicyclo[3.2.1]octa-3,6-diene (11). 
1H NMR (100 MHz) (CCl4) S 1.72 (s, 3 H, CH3), 1.74 (s, 3 H, CH3), 
1.99 (m, 2 H, H8), 2.80 (broad m, 1 H, H,), 5.50)m, J3 4 = 9.2 Hz, 
1 H, H3), 5.72 (dd, J5 6 = 3.0 Hz, J6 7 = 6.0 Hz, 1 H, H6), 5.90 (dd, 
J3 4 = 9.2 Hz, J4 5 = 6.5 Hz, 1 H, H4), 6.09 (dd, J6,7 = 6.0 Hz, J, 7 
= 2.8 Hz, 1 H, H7); 13C NMR (CDCl3)5Me4si 20.5 (q, Jc-H = 128 
Hz, CH3), 20.9 (q, JC.H = 128 Hz, CH3), 39.4 (d, JC,.H, = 148 Hz, 
C5), 42.4 (t, Jc8-H8= 133, C8), 45.0 (d, Jc1-H1 = 143 Hz, C1), 94.8 
(sept, JC-H = 7 Hz, =CMe2), 99.5 (m, JC-H = 6 Hz, C2), 122.5 (d, 
Jc-H = 163 Hz, vinyl C), 129.0 (d, JC-H = 167 Hz, vinyl C), 130.8 
(d, JC-H = 167.5 Hz, vinyl C), 137.2 (d, JC-H = 168 Hz, vinyl C), 
192.l)m, Jc-H = 5 Hz, = C = ) ; IR (CCl4) 3050, 3025, 2940, 2890, 
2800, 1935, 1435, 1390, 1365, 1355, 1315, 1100, 1050,940,920,905, 
875, 855 cm-'; UV (95% ethanol) Xmax 252 nm, « 10 400; mass 
spectrum (70 eV) m/e 158.1095 (calcd for C12Hi4: 158.1095), m/e 
(rel intensity) 159 (M + 1, 14), 158 (M+, 73), 157 (5), 147 (7), 144 
(68), 143 (64), 142 (23), 141 (21), 129 (27), 128 (100), 127 (16), 117 
(14), 116 (23), 115 (50), 91 (36), 80 (18), 79 (27), 78 (14), 77 (32), 
66 (9), 65 (23), 64 (7), 63 (16), 58 (12), 53 (14), 52 (9), 51 (27), 50 
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(7), 43 (18), 41 (18), 40 (7), 39 (41), 38 (5), 28 (64), 27 (21). 
3-(2'-Methylprop-1 '-enylidene)tetracyclo[3.3.0.0.4°02!f]octane (12). 

1H NMR (CHCl3) <5 1.85 (s, 6 H, CH3), 1.35-2.30 (m, 8 H); 1H 
NMR (C6H6) 5 1.33-1.77 (m, 2 H), 1.93 (s, 6 H, CH3), 1.95-2.30 
(m, 6 H); 13C NMR (CDCl3) 5Me4Si 21.4 (CH3), 21.7 (CH3), 24.8 
(C8), 25.8, 27.9, 29.4, 96.9 (=CMe2), 100.4 (C3"), 196.8 (=C=) ; IR 
(CCl4) 3050, 3020, 2975, 2900, 2850, 2700, 2040, 2000, 1450, 1365, 
1290, 1275, 1180, 1050, 1035, 975, 960, 900, 870 cm"1; mass spec
trum (7OeV) m/e 158.1096 (calcd for C15Hi4: 158.1095), m/e (rel 
intensity) 159 (M + 1,4), 158 (M+, 31), 157 (3), 143 (32), 142 (15), 
141 (12), 129(15), 128(60), 127(10), 116(7), 115 (13), 114 (29), 
92 (5), 91 (28), 81 (6), 80 (100), 79 (60), 78 (13), 77 (29), 65 (16), 
64 (5), 63 (11), 53 (9), 52 (8), 51 (19), 50 (7), 43 (5), 41 (11), 39 (25), 
28(5), 27(14). 

3-(2'-Methylprop-2'-enylidene)tetracyclo[3.3.0.0'»o02>ctane (13). 
1H NMR (CCl4) 1.93 (d, J = 1.0 Hz, 3 H, CH3), 1.10-2.40 (m, 8 H), 
4.70 (m, 2 H, vinyl), 5.76 (s, 1 H, vinyl); NMR (100 MHz) (C6H6) 
h 1.50 (m, 2 H), 1.82 (m, 2 H), 1.97 (m, 2 H), 2.06 (broad s, 3 H, 
CH3), 2.27 (m, 2 H), 5.00 (m, 1 H, vinyl), 5.10 (m, 1 H vinyl), 6.15 
(broad s, 1 H, vinyl); 13C NMR (CDCl3) <5Mc4si 22.9 (CH3), 23.8, 26.0 
(C8), 27.1,28.7, 29.0, 33.4, 113.0 (=CH2), 122.3 (=CH-), 142.2 
(=C-), 142.5 (=C-); IR (CCl4) 3075, 3050, 3025, 2960, 2915, 2850, 
1650, 1620, 1600, 1455, 1380, 1300, 1280, 1100, 970, 900, 885 cm"1; 
UV (95% ethanol) \max 254 nm (t 13 100); mass spectrum (7OeV) 
m/e 158.1090 (calcd for Ci2H14: 158.1095), m/e (rel intensity) 159 
(M+ 1,4) 148(M+, 34), 157(11), 144(8), 143(79), 142(12), 141 
(13), 131 (12), 130(12), 129 (34), 128 (61), 127 (13), 117 (16), 116 
(13), 115 (42), 103 (7), 93 (8), 92 (11), 91 (34), 89 (5), 80 (42), 79 
(100), 78 (16), 77 (42), 66 (11), 65 (16), 64 (5), 63 (13), 53 (9), 52 
(8), 51 (24), 50 (8), 41 (12), 39 (34), 28 (26), 27 (18). 

Ozonolysis of 12. To a 25-ml flask equipped with a Claisen adaptor 
was added under nitrogen 25 mg of VPC collected 12 in 5 ml of ethyl 
acetate. While sweeping with nitrogen the flask was cooled to —78 
0C and ca. 2% ozone bubbled through the solution at a rate of 25 
ml/min. After 30 min, a faint blue-gray color was visible and the 
bubbling was stopped. Excess dimethyl sulfide was added (ca. 1.5 ml) 
and the reaction left at -78 0C for 2 h. The flask was allowed to warm 
to room temperature while the excess dimethyl sulfide evaporated. 
After 8 h the solvent was removed on a rotory evaporator giving 47 
mg of a crude oil which was shown to contain the ketone 14, in addition 
to dimethylsulfoxide. The yield, as determined by NMR, was quan
titative. NMR (CCl4) b 1.2-2.5 (m); IR (CCl4) 1725 cm-'.19 

A 2,4-dinitrophenylhydrazone prepared in the usual way gave mp 
226-227 0C dec [lit. 225-226 0C dec19] after two recrystallizations 
from ethanol-ethyl acetate. 

Ozonolysis of 13. In a procedure similar to that above, 72 mg of 
VPC collected 13 in 15 ml of 2:1; 1 ethylacetate:dichlorometh-
ane:methanol was converted to 14 in ca. 100% yield by NMR analy
sis. 

Kinetic Procedure. All glassware was washed with methanolic so
dium hydroxide, or a basic solution of ethylenediaminetetraacetic acid, 
and rinsed well with water and oven dried. Pyrolyses were carried out 
in a Blue M Electric Power-o-matic 60 saturable reactor proportioning 
control oven. Temperature control was ±0.2 0C. Temperatures were 
obtained from a Leeds and Northrup temperature potentiometer and 
a calibrated total immersion thermometer. Vessels used for kinetic 
runs were 500 ml and filled with ca. 10-25 mg of hydrocarbon 
(pressure: 3-8 mm). No polymerization occurred in this pressure 
range. Above ca. 25 mm polymerization occurred in pyrolyses after 
ca. 1 half-life. Samples were analyzed by VPC at 120-130 0C on a 
stainless steel column with stainless steel fittings. Copper and brass 
apparently catalyze the rearrangements of 10 to 12 and 12 to 13. All 
samples were stored neat or as benzene solutions in a nitrogen atmo
sphere. 

Rate of Rearrangement of 10. Dry 500-ml bulbs, each containing 
10-15 mg of 10, were evacuated, degassed, and sealed. Each was 
heated in an oven regulated to ±0.2 0C for intervals ranging from 2 
to 72 h (>5 half-lives). The bulbs were withdrawn from the oven and 
cooled in liquid nitrogen to condense the material. The bulbs were 
opened in a nitrogen atmosphere and analyzed by VPC. Concentra
tions were determined as percentages of the total area for all material. 
Various runs throughout the entire reaction time were checked for 
complete material balance using mesitylene (corrected for measured 
response factors) as a VPC standard. All checks indicated that the 
material balance was 98 ± 2%. The rate constant for disappearance 
of 10 at 140.0 0C was determined to be 1.37 ± 0.03 X 10-5S"1 (17 

points, correlation coefficient = 0.9995). Product ratios were mea
sured by VPC and checked by NMR integration. The ratio of products 
11:12+13 was found after 1 half-life to be 59 to 41 ± 1% at 140.00C. 
Rate constants at other temperatures were measured with one kinetic 
point at each temperature as follows, k (temp, ratio of 11:12 + 13): 
4.1 ±0.3 X 10"5S-1 (150 0C, 60:40); 9.7 ±0.5 X 10"5S-1 (16O0C, 
61:39); 2.6 ±0.2 X 10-4S"1 (170 0C, 62:28); 5.9 ± 0.3 X 10-4S"1 

(180 0C, 63:37); 1.4 ±0.1 X 10"3S-1 (190 0C, 60:40). An Arrhenius 
plot gives £a = 34.8 ± 0.5 kcal/mol, log A = 13.6 ± 0.3 for 11 — 12 
+ 13, correlation coefficient = 0.9998. 

Control Experiments. The vessel used for these pyrolyses was a 
500-ml flask filled with short lengths of uniform bore Pyrex glass 
tubing to give a 12-fold increase in surface area and a 19-fold sur
face-to-volume increase. Pyrolysis of 10 in three runs at less than 2 
half-lives gave no increase in the rate of decomposition of 10. Less than 
1% of 12 was formed in these pyrolyses, but the percentage of 13 was 
equal to the sum of 12 and 13 for runs in unpacked vessels. The per
centage of 11 was unaffected. 

Pyrolysis of 10 with copper powder at 140 0C gave a fourfold in
crease in the rate of formation of 12 after 100 min. 

Pyrolysis of 12 at 140 0C gave 13 with rate constants in the range 
of 0.6 to 7.0 X 10~7 s~' in five runs of 10-94 h in identical vessels. 
When 12 was heated for ca. 5 days at 200 0C it was converted to 13 
(55%) and three other unidentified compounds (45%) with shorter 
retention times than 13. 

Pyrolysis of 11 at 140 0C for 144 h gave only 11 andca. 10% poly
mer. 

Pyrolysis of 13 at 140 0C for 188 h or 200 0C for 15.5 h gave only 
recovered 13. After 5 days at 200 0C 13 gave two unidentified products 
with shorter retention times in ca. 30% conversion. 

Pyrolysis of 10 with Perdeuteriocyclopentadiene. To a 500-ml bulb 
was vacuum transferred 56 mg of cyclopentadiene-rf6 (96% D).42 The 
diene was purified by VPC at room temperature before use, and a 
220-mg sample of VPC collected 10 was then transferred to the bulb 
and sealed. The bulb was placed in an oven for ca. 30 min at ca. 190 
0C. VPC collection and mass spectral analysis showed no deuterium 
incorporation in any of the three products, 11, 12, and 13. 

3-Isopropylidenetricyclo[3.2.1.024]oct-6-ene (8b). To a dry 500-ml, 
three-neck flask was added under nitrogen 44 g (0.39 mol) of com
mercial potassium terr-butoxide, 50 ml (0.52 mol) of norbornadiene, 
and 50 ml of pentane. While stirring under nitrogen, the flask was 
cooled to 0 0C and 25 ml (0.25 mol) of l-chloro-2-methylpropene was 
added dropwise over 1 h. After 3 h at 0 0C the pot was allowed to come 
to room temperature and left to stir for 3 days. Water was added to 
dissolve all precipitates, and the mixture was transferred to a separ-
atory funnel and diluted with ether. The organic layer was separated, 
washed once with water, and dried over MgSO4. After solvent re
moval, the residue was distilled to give, after a large forerun of un
identified material, 3.8 g (10%); bp 70-78 0C (35 mm);lla 1H NMR 
(CDCl3) 0.93 and 1.10 (AB, J = 9 Hz, 2 H, H8), 1.43 (broad s, 2 H, 
H2, H4), 1.68 (t, J = 2.0 Hz, 6 H, CH3), 2.87 (broad s, 2 H, H,, H5), 
6.23 (t, J = 2.5 Hz, 2 H, H6, H7);

 13C NMR (CDCl3) 5Me4si 21.5 (q, 
q,7C-H = 126Hz,yC-H,4 = 4Hz, CH3), 26.4 (d,yC2-H,= 173Hz, 
C2, C4), 42.0 (t, Jc8-H8 = 135Hz, C8), 43.6 (d, q, Jc1-H1 = 148 Hz, 
Jc1.H = 8 Hz, C1, C5), 119.6 (sept, Jc9-H10 M = 6 Hz1=CMe2), 132.8 
(m, Jc1-H24 = 6 Hz, C3), 138.9 (d, d, Jc6-H6 = 169 Hz, Jc6-H5 = 3 Hz, 
C61C7). 

Rate of Rearrangement of 8b. Dry 100-ml bulbs, each containing 
ca. 3 mg of 8b were evacuated and sealed. Each was heated in the oven 
at 140 0C for intervals ranging from 15 min to 15 h (ca. 5 half-lives). 
The bulbs were cooled in liquid nitrogen to condense the contents, 
opened under a nitrogen flow, and diluted with benzene. Analysis was 
performed on a stainless steel V8 X 10 ft column of 10% Carbowax 4 
M on 60/80 Chromosorb P, 7"R

7°° 6 min (8b), 41 min (9b). The rate 
constant was determined to be 6.08 X 10-5 s~' (5 half-lives, 6 points, 
correction coefficient = 0.9994) at 140 0C. The NMR spectrum of 
the product in benzene displayed a singlet at 5 1.8 and multiplets at 
S 1.0-1.5 and 5 1.7-2.0 in accord with the literature data.''a'c 

Rate of Rearrangement of 17. To a dry 500-ml bulb was added 25 
mg of VPC collected 17 via vacuum transfer. The bulb was sealed 
under vacuum after freeze-degassing. The bulb was heated in the oven 
for an interval estimated to give ca. 50% reaction at each temperature. 
The bulbs were cooled in liquid nitrogen to condense the material and 
opened under a nitrogen atmosphere. The material was analyzed by 
VPC at room temperature on column A and analyzed by NMR. Both 
analyses indicated dimethylenecyclopropane was the sole product. 
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The rate constants determined were as follows: k (temp): 3.1 ± 0.4 
X 10-5 s"1 (210 0C), 6.1 ± 0.6 X 10-5 s-' (246 0C). 

Rate of Isomerization of 2,2,3,3-Polydeuteriomethylenecyclopro-
pane (16b). The rate of deuterium scrambling of 16b was measured 
by heating samples containing 65% deuterium (1.5% do, \0%d\, 30.5 
d2, 38% d}, 20% d4) in a 200-ml flask sealed with a threaded Teflon 
stopcock in a regulated brass oven at 209.5 ± 0.5 0C. The olefin was 
vacuum transferred into the heated vessel at a pressure of 400-500 
mm. At intervals, aliquots ('/20 of sample volume) were withdrawn by 
vacuum transfer to an NMR tube and analyzed by NMR. A plot of 
In [Ci - Ceq] vs. time gave the rate of equilibration as 5.1 X 10_5s_ l 

(two runs, 8 points and 10 points, correlation coefficients: 0.988 and 
0.998). In both runs points were taken at equilibrium and the equi
librium constant found to be 1.0 for the isomerization. From this 
equilibrium constant, the individual rate constants for isomerization 
are one-half the rate of equilibration or 2.6 X 10-5 s -1. 
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