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Scheme IV

HCl0,, THF:H,0, 1:1/48 h/0 °C) and thence to the corre-
sponding 9,10-bis(dinitrobenzoate) (11) which was recrystallized
to constant activity and isotope ratio °H/*C = 8.23 £ 0.12; atom
ratio 1.8:2), mp 220 °C dec. Rearrangement of a further portion
of the epoxide with lithium perchlorate in benzene?' (4 equiv/48
h/reflux) gave the 10-ketone (12) which epimerized to the more
stable equatorial isomer 13 and lost all tritium activity (>99%)
upon exchange with sodium deuteroxide in refluxing dioxane-D,0
for 30 h. The latter experiment thus located all the tritium isotope
at the expected site,” C-11, of trichodiene.?? In further confir-
mation of the above results, the corresponding 9-hydroxy-10-
phenylselenide (14), obtained by reaction of the remaining epoxide
with sodium phenylselenide (EtOH/20 h/reflux), lost one-half
the total tritium activity upon treatment with sodium periodate
(H,O/THF/MeOH/0 °C/3 h and then reflux/4 h) and elimi-
nation of the selenoxide to yield the allylic alcohol (15).%
The above described experiments (Scheme III) conclusively
demonstrate that the enzymatic cyclization of trans,trans-farnesyl
pyrophosphate to trichodiene takes place without loss of isotope
from C-1 of the precursor. This result, together with the previously
cited findings of both Croteau and Arigoni, as well as related
studies by Arigoni on the biosynthesis of a group of closely related
cadalane- and humulane-derived sesquiterpenes* clearly exclude
all redox mechanisms proposed to date and strongly favor an
alternative isomerization-cyclization mechanism involving the
tertiary allylic isomer nerolidyl pyrophosphate.?’ As illustrated
in Scheme IV, isomerization of trans,trans-farnesyl pyrophosphate
will give nerolidyl pyrophosphate, a conversion which we have
previously shown takes place with syn stereochemistry via the
allylic cation—pyrophosphate anion pair.!* Rotation about the 2,3
single bond and anti allylic displacement? via the cisoid ion pair
generates the bisabolyl cation en route to trichodiene. All op-
erations are assumed to take place at a single enzyme active site.
It is unnecessary to invoke cis,trans-farnesyl pyrophosphate as
an intermediate, since, as previously pointed out,'* further reaction
of this substrate would proceed by way of the same ion pair from
which it had been formed. Indeed, for bornyl pyrophosphate
synthetase, Croteau has already demonstrated that the V,,/Kp,
for geranyl pyrophosphate is more that 20 times that for the cis
isomer, neryl pyrophosphate.!!® A coherent picture of terpenoid
cyclization has therefore begun to emerge. Further investigations
of the stereochemistry of farnesyl pyrophosphate isomerization—
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cyclization are in progress and the results will be reported in due
course.?

Acknowledgment. 270-MHz 'H spectra were recorded at the
Southern New England High Field NMR Facility at Yale
University. We should like to thank Professor Rodney Croteau
for kindly sending us a preprint of ref 11a in advance of publi-
cation.

(26) This work was supported by NSF Grants PCM 74-07924 and PCM
78-13230.

Thermal Rearrangement of
2,2-Difluorovinylcyclopropane. A Concerted Pathway?

William R. Dolbier, Jr.,* B. H. Al-Sader, Simon F. Sellers,
and Henryk Koroniak

Department of Chemistry, University of Florida
Gainesville, Florida 32611

Received November 17, 1980

A reaction which has certainly been studied in great mechanistic
detail is the rearrangement of vinylcyclopropane to cyclopentene.
The bulk of the accumulated evidence is compatible with a di-
radical mechanism. Kinetic data (log 4 = 13.6, E, = 49.7
kcal/mol)! are consistent with the formation of the allylically
stabilized 1,3-diradical intermediate 2, as are numerous elegant
stereochemical investigations.? (That is not to say that
“completely equilibrated” diradicals are involved, since stereo-
selectivity certainly is observed in a number of substituted vi-

nylcyclopropane systems.)
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1

As expected, radical-stabilizing substituents in the 2 position
lower the activation energy for the rearrangement. For example,
trans-2-methyl-, -phenyl-, and -methoxyvinylcyclopropanes each
rearrange with cleavage of the C,-C, bond and with lowered
activation energies (48.6, 44.7, and 41.0 kcal/mol, respectively).**
In recent years we have probed the quantitative effect of fluorine
substituents, particularly gem-difluoro substituents, on thermal
isomerizations of cyclopropane systems. The 9 kcal/mol incre-
mental lowering of E, for homolytic cleavage of 1,1-difluoro-
2,3-dimethylcyclopropane® was consistent with the theoretical
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TableI. Ratesfor4 —6

T,K 194,91 203.38 208.32 213.38 218.55 224.25
k(x 10%) 0.751 1.62 2.46 4.01 6.24 9.45

predictions,® structural determinations,” and earlier qualitative
studies® which indicated that the bond opposite to the CF, group
is weakened substantially. On the other hand, there is much
evidence which indicates that the bond adjacent to the CF, group
is not weakened substantially.’

Thus, it was reasonable to expect that 2,2-difluorovinylcyclo-
propane (4) would rearrange to 3,3-difluorocyclopentene (5) via
cleavage of the weaker C,-C; bond. However, when the isom-

4H A F’Q 5
6

erization of 4 was carried out in the gas phase, in a well-conditiond
Pyrex vessel, the only product was 4,4-difluorocyclopentene (6),
obtained in >90% yield.! Compound 6 could only have resulted
from preferential ring expansion using the stronger C,-C, bond.
Rate constants were obtained for six temperatures (see Table I),
and an Arrhenius plot of this data gave a good straight line, with
the frequency factor and energy of activation being calculated
by the method of least squares:

log A =137%02
E, = 40.3 £ 0.5 kcal/mol

It should be noticed that there is a substantial lowering of E, for
4 relative to 1. In no other cases where adjacent bond cleavage
is involved have we ever detected a significant bond weakening.
This includes our earlier mentioned studies of difluoro-
methylenecyclopropane and difluorospiropentane.’

To one unfamiliar with the effects of fluorine, C,-C, cleavage
in 4 might not appear at all unusual. After all, 2,2-dichloro-
vinylcyclopropane rearranges exclusively via C,—C, cleavage and
with a significant rate enhancement.!! Unlike most other sub-
stituents, however, fluorine does not seem to provide stabilization
to a carbon radical site.!?

In order to test further the effect of a CF, group in a cyclo-
propane ring on homolytic cleavage, we have generated the 2,2-
difluorocyclopropylcarbinyl radical (8) and examined its rear-
rangement to an allyl carbinyl system. The only product observed
from this reaction, using neat #7-Bu;SnH at 25 °C, was 3,3-di-
fluoro-1-butene (9) which results from cleavage of the opposite
C,—C, bond.!*> No 10 could be detected.
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This result demonstrates clearly the preference for C,-C;
cleavage in a homolytic process,'* and the question thus remains
as to why 4 does rearrange via C,-C, migration. Since C-C,
homolytic cleavage of 4 to a diradical would seem to be an unlikely
competitive process, we would like to propose the possibility of
a concerted pathway for the rearrangement from 4 to 6. It,
however, is not yet clear as to why a concerted mechanism should
involve the stronger C,—C, bond exclusively in the rearrangement.

As a test of this hypothesis, the synthesis and thermal rear-
rangement of 1,1-difluoro-4-methylenespirohexane (11) was
carried out.!® In the case of 11, the vinylcyclopropane system
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has a geometry which should diminish the probability of a con-
certed mechanism.!” The results show a partitioning between
products 13 and 15,!® and when compared to the results from 4,
they are best interpreted as deriving from a competition between
concerted and nonconcerted processes, the concerted process being
inhibitgd relative to 4 because of the structural constraints inherent
to 11.

Out suggestion of a possible concerted mechanism for the
rearrangement from 4 to 6 has certainly not been unambigously
demonstrated. It is, however, a reasonable explanation for a very
puzzling result. Moreover, it is possible that other substituents,
such as methoxy, may well induce similar mechanistic deviation
in vinylcyclopropane and related rearrangements. While the
2-methoxy-1-vinylcyclopropane rearrangement* was discussed
entirely in terms of a diradical process, other thermal studies, on
5-methoxybicyclo[2.1.0]pentane systems,?® indicate that the
concerted mechanism should be considered here also. The in-
triguing possibility that concerted pericyclic reactions of a di-
fluorocyclopropyl group may prefer to utilize the adjacent bond,
while reactions involving diradicals prefer opposite bond homolysis
is being tested further.
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