
ACCOUNTS OF CHEXICAL RESEARCH 
V O L U M E  1 4  N U M B E R  7 J U L Y ,  1 9 8 1  

Thermal Rearrangements of gem -Difluorocyclopropanes 

WILLIAM R. DOLBIER, JR. 

Department of Chemistry, University of Florida, Gainesville, Florida 32611 

Received December 19, 1980 

Physical organic chemists have long taken advantage 
of the strain of small-ring hydrocarbons to study the 
mechanisms of various thermal carbon-carbon bond- 
breaking processes. The advantage of such systems is 
that selectivity of reaction is possible. In acyclic sys- 
tems, however, much higher energies are required to 
induce C-C bond cleavage, with the result that lack of 
selectivity is generally the rule. Thus it has been within 
the context of thermal isomerization studies of small- 
ring systems that much of our insight into the nature 
of unimolecular homolytic processes has come. I would 
include reactions which are thought to involve sigma- 
tropic or electrocyclic mechanisms within the definition 
of unimolecular homolytic processes as well as those 
reactions which proceed through diradical mechanisms. 
A general identifying feature of such “homolytic” re- 
actions might be the lack of any polar characteristics. 
For example, the rates of such processes generally ex- 
hibit little, if any, solvent effects and proceed at about 
the same rate in the gas phase as in solution. 

It is within the realm of such reactions that activation 
parameters are especially useful in understanding the 
effects of substituents on the mechanistic pathways 
which are in~olved.l-~ For example, while the cleavage 
of a cyclopropane C-C bond requires an E, of about 65 
kcallmol,’ attachment of a vinyl group to the ring al- 
lows the cleavage to occur with an Ea of 50 k~al /mol .~  
This 15 kcal/mol incremental lowering of activation 
energy is entirely explainable in terms of transition- 
state allylic stabilization of the incipient diradical by 
the substituent. 

As this example implies, the effect of substituents on 
the activation parameters for thermal rearrangements 
of cyclopropane and cyclobutane systems have, for the 
most part, been explained either in terms of that sub- 
stituent’s ability to stabilize (or destabilize) the incipient 
diradical intermediate (or the transition state for the 
concerted sigmatropic or electrocyclic process) or in 
terms of a steric effect of the substituent. 
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Ground-state effects, that is, effects of the substituent 
on the thermodynamic or kinetic stability of the start ing 
material, have generally been considered to be relatively 
unimportant, and for the most part such interpretations 
of substituent effects have been entirely justified and 
have led to reasonable mechanistic conclusions. There 
have been attempts recently to predict and understand 
the thermodynamic effects of substituents on the 
ground state of cyclopropane, with the general conclu- 
sion being that most substituents should stabilize (i.e., 
diminish the strain) of a cyclopropane system.e These 
effects are qualitatively the same as those for a sub- 
stituent on ethylene but are generally less. Kinetic 
effects of these same substituents are much less well 
understood, with steric inhibition most often being in- 
voked to explain discrepancies between thermodynamic 
and kinetic effects. 

Fluorine as a Substituent 

The effect of fluorine as a substituent is of particular 
interest because of its small size,7 and hence ita lack of 
a significant steric effect, and because of its unique 
intrinsic character.8 The unusual properties of fluorine 
as a substituent derive largely from three factors. These 
factor are fluorine’s high electronegativity, its three 
nonbonded electron pairs, and the fact that, as a second 
period element, ita orbital dimensions are such that 
excellent overlap is possible, both in forming u bonds 
and in n-conjugative interactions with contiguous car- 
bon n systems. 

The high electronegativity and effective orbital 
overlap combine to give rise to a very polar, very short 
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C-F u bond (1.317 relative to 1.766 for a C-Cl bond). 
Moreover, the bond strength of the C-F bond seems 
strongly dependent upon carbon’s hybridization such 
that there is a significant thermodynamic advantage for 
fluorine to be bound to carbon orbitals with high p 
character (i.e., sp3 orbitals). A prime example of this 
advantage is the modification of the cyclobutane-bu- 
tadiene equilibrium, by substitution, F for H, so that 
the cyclobutene becomes the more stable c~mponent .~ 

!$ A - d  - 
AH” = -12 kcal/mol 

This thermodynamic effect of the fluorine substituent 
has been rationalized as being a consequence of fluo- 
rine’s high electronegativity (which should give rise to 
stronger bonds with leas electronegative carbon orbitals) 
and fluorine’s apparent ability to donate electrons to 
a conjugated 7~ system (which would give rise to a 
“repulsive” antibonding interaction of fluorine’s lone 
pairs with the ?r s y ~ t e m ) . ~ * ~  (In fact there is every in- 
dication that a single fluorine substituent actually 
stabilizes a 7~ systemlo but that geminal or vicinal di- 
fluor0 substitution, or higher fluorine substitution, leads 
to rather large increments of thermodynamic destabi- 
lization.) l1 

A particularly interesting consequence of fluorine’s 
unique character as a substituent is its effect on a cy- 
clopropane system. O’Neal and Benson were the first 
to comment on the unusual kinetic and thermodynamic 
consequences of fluorine substitution on cyclopropane.12 
While no heats of formation are available for fluorinated 
cyclopropanes, it was apparent from fragmentary early 
studied3 that increasing amounts of fluorine substitu- 
ents on a cyclopropane ring gave rise to increasing ease 
of cleavage. From examination of the available data, 
O’Neal and Benson estimated that there is an increase 
of strain of 4.5-5 kcal/mol per fluorine substituent on 
a cyclopropane ring. They reasoned that the greater 
thermal reactivity of these compounds was a ground- 
state effect since they found no evidence of radical 
stabilization by fluorine substituents. Indeed, we also 
have obtained results which indicate that fluorine 
substituents provide no stabilization to a carbon radi- 

Hoffmann discussed the general effect of electron 
donor (and acceptor) substituents on the bond strengths 
of cyclopropane and concluded that a potent donor such 
as fluorine should weaken the bond opposite to the 
carbon bearing the substituent(s) (the Cz-C3 bond), 
while the adjacent bonds should be ~trengthened.’~ 
Gunter predicted a general weakening of bonds in the 
cyclopropane system with fluorine substitution.16 A 
structure determination of 1’1-difluorocyclopropane and 
recent theoretical calculations are consistent with 
Hoffmann’s conclusion inasmuch as the C1-C2 bond is 
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seen to be shortened (1.464 A) and the C9-Cn bond 
lengthened (1.553 A) relative to cyclopropane itself 
(1.514 A).’7 
Cyclopropane Thermolyses 

At  the time we began our quantitative examination 
of the specific effects of geminal difluoro substitution 
on the thermal behavior of cyclopropane compounds, 
there had been only a small number of qualitative re- 
ports, all of which seemed to be consistent with a 
weakening of the Cz-C3 bond.la Perhaps the best ex- 
ample was the rapid thermal interconversion of exo and 
endo isomers 1 and 2 at 60 “C.lh 

The initial study in an effort to quantify such effects 
was that of the geometrical isomerization of cis-1,l- 
difluoro-2,3-dimethylcyclopropane (3).19 In order to 

examine the kinetics of this and other fluorinated cy- 
clopropane systems, it was necessary to overcome great 
surface effect problems. The gas-phase reactions were 
all carried out at  4-20 mm in well-conditioned Pyrex 
vessels immersed in a salt bath, the temperature of 
which was able to be controlled at f0.1 “C. In all cases 
the rate data at  five to eight temperatures was con- 
verted, via an Arrhenius plot and least-squares treat- 
ment of the data, to the activation parameters which 
are presented in this Account 

A plot of the equilibrium constants for 3 + 4 yielded 
a AH” of -0.72 f 0.05 kcal(-3.0 kJ)/mol, which is not 
inconsistent with the observed -1.1 kcal (-4.6 kJ)/mol 
for the hydrocarbon system. The predicted longer 
C2-C3 bond in 3 and 4 would certainly diminish the 
interaction between the methyls in 3 and hence reduce 
the enthalpic difference between 3 and 4. 

Of even greater significance was the modification of 
activation paramenters induced by the presence of the 
geminal fluorine substituents. While Flowers and Frey 
had reported activation parameters [log A = 15.25, E,  
= 59.4 kcal (248.3 kJ) mol for the analogous hydro- 

a significant diminution of activation energy [log A = 
14.7 f 0.2 and E,  = 49.7 f 0.6 kcal (207.7 kJ)/mol]. 
This amounts to a AAGS of -8.2 kcal/mol, with 3 isom- 
erizing 1073 times faster than its hydrocarbon count- 
erpart at  320 “C. This result, of course, is consistent 
with ONeal and Benson’s approximation of the increase 
in strain which would be expected for two fluorine 
substituents. However, it wil l  be apparent as we discuss 
more and more systems that the incremental lowering 
of E,  for the rearrangement of 3 cannot be thought of 
as due to a “general” increase of strain, but rather seems 
to be indicative of a specific weakening of the opposite 
Cz-C3 bond as predicted by Hoffmann and as foresha- 

carbon rearrangement, I ]  the conversion of 3 - 4 showed 
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dowed by the earlier qualitative studies and the struc- 
ture determination. 

Observed to compete with the geometrical isomeri- 
zation was a process which has proved to be a chronic 
parallel reaction in most thermal studies of fluorine- 
substituted cyclopropanes, that of CF2: extrusion. 
While few kinetic studies have been reported, the ex- 
trusion of CF2: from polyfluorocyclopropanes is a 
well-known reaction. It has been demonstrated that 
increasing the number of fluorine substituents on a 
cyclopropane will give rise to dramatic increases in rate 
for CF2: extrusion. Table I summarizes the kinetic data 
that are available for this process.20*21p22 

In view of the reactivity of 5,  it is not surprising that 
CF2: extrusion from 3 was not a major competing 
pathway, with kkm/kee  = 21.3 at 297.3 "C and 15.6 at 
344.9 "C. 3, however, did extrude CF2: significantly 
faster than 5 at 320 "C, with k3/k5 -55. The presence 
of the two methyl groups must therefore facilitate loss 

Methylenecyclopropane Rearrangements 
In order to probe unambiguously the effect of a CF2 

group on the ability to cleave an adjacent C-C bond 
the thermal rearrangement of 2,2-difluoromethylenei 
cyclopropane (7) was inve~t igated.~~ Activation pa- 

of CF2:. 

'p- + 211. p = C S  

7 8 

rameters were determined (log A = 13.25 and E,, = 38.3 
kcal (160 kJ)/mol), with the result being that the 
cleavage of the adjacent (C2-C3) bond is enhanced only 
slightly by the presence of the CF2 groups. At 210 "C, 
7 rearranges at  a rate only 3.8 times faster than the 
hydrocarbon and at  about the same rate as 2-methyl- 
methylenecycl~propane,~~~~~ Assuming that tri- 
methylenemethane species 9 is an intermediate in this 
rearrangement, a lower limit for adjacent bond weak- 
ening (AAG* = -1.2 kcal/mol) can be assigned. 

Thus it would appear that the incremental "strain" 
of the system due to the geminal fluorine substituents 
and as evidenced by kinetic data on the cleavage of the 
cyclopropane ring cannot be described as simple ther- 
modynamic strain in the usual sense. It is apparent 
that the kinetic effect of the CF2 group is much greater 
on the opposite bond than it is on the adjacent bond. 
It should be mentioned that in view of the fact that the 
Cz-C3 bond of 7 should be shorter than that of the 
hydrocarbon, it is interesting that the shorter bond of 
7 is nevertheless slightly weaker. 

Regarding the thermodynamic effect of the CF2 
group, the magnitude of the equilibrium constant for 
7 + 8 is of some significance. It is generally accepted, 
though on rather skimpy evidence, that a vinylic CF2 
group gives rise to inherent destabilization of the ole- 
finic system.lo We have accumulated much thermo- 

(20) Herbert, F. P.; Kerr, J. A.; Trotman-Dickenson, A. F. J. Chem. 
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Table I 
CF. :Extrusion Reaction 

E,, kcal 
cyclopropane 1ogA (kJ)/mol ref 

1,l-difluoro- 14 .1  56.4 (236)  20 

l,l, 2-trifluoro- 14.4 5 0 . 5 ( 2 1 1 )  20 

1,1,2,2-tetrafluoro- 15.3 4 8 . 5 ( 2 0 3 )  20 

perfluorocyclopropane 13 .25  38.6 ( 1 6 1 )  21 
2-trifluoromethyl-l,1,2- 15 .2  50.6 (212)  22 

dynamic data on the effect of increasing numbers of 
fluorine substituents on the relative stability of an 
olefinic system, and there appears to be a destabiliza- 
tion of - 5  kcal (-21 kJ)/mol for a 1,l-difluorovinyl 
system.'l Generally, in practice as well as theoretically, 
substituent effects are similar but greater for vinyl in 
comparison to cyclopropyl systems.6 Thus one would 
have expected 7 to be more stable than 8. However, 
although 7 is preferred statistically 2:l over 8, the 
equilibrium lies significantly in favor of 8 with K -N 6.0 
at 193.4 "C and 5.1 at 235.5 "C. This amounts to a AHo 
of -1.9 kcal (-7.9 kJ)/mol. Thus geminal fluorine 
substituents give rise to a substantial thermodynamic 
destabilization of cyclopropane which is totally unpre- 
dictable in terms of what has been published regarding 
substituent effects in vinyl and cyclopropyl systems. It 
however was predictable on the basis of O'Neal and 
Benson's estimate of -5 kcal/mol incremental strain 
per F substituent. In fact, assuming 8 to be destabilized 
by - 5  kcal/mol, one can estimate (by using the AH" 
value) that 7 is -7 kcal/mol more strained than its 
hydrocarbon counterpart. 

Since it is assumed that the interconversion of 7 to 
8 proceeds via the difluorotrimethylenemethane di- 
radical (9), it was of interest to compare the ratio of 7/8 

cyclopropane ( 5 )  

cyclopropane 

cyclopropane (6) 

trifluorocyclopropane 

obtained when independently generated 9 was allowed 
to cyclize under completely kinetically controlled con- 
ditions. When pyrazoline 10 was induced, either 
thermally or photochemically in solution, to extrude N2, 
7 and 8 were obtained in almost exactly a statistical 
ratio of 2:1, in contrast to the thermodynamic prefer- 
ence of Thus it is safe to conclude that the cy- 
clization transition state for 9 - 7 + 8 must not have 
enough product character to be influenced by the dif- 
ferences in stability of 7 and 8. 

S piropen tane Rearrangements 

Another system ideally suited to probe the effect of 
a CF2 group on the cleavage of the adjacent C-C bond 
is the 1,l-difluorospiropentane system. The parent 
hydrocarbon has been shown to rearrange to methyle- 
necyclobutane via initial peripheral C& bond cleav- 
age.27 Therefore, 1,l-difluorospiropentane (1 1) might 

(26) Dolbier, W. R. Jr.; Burkholder, C. R., unpublished results. 
(27) (a) Gajewski, J. J. J. Am. Chem. SOC. 1972,92,3688. (b) Gilbert, 

J. C. Tetrahedron 1969, 25, 1459. 
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be expected to rearrange via cleavage of its C1-C2 bond. 
mechanism a 

i 4  

U 
14 

Indeed 11 did rearrange regioselectively to 2,Z-di- 
fluoromethylenecyclobutane (13) and 1-(difluoro- 
methy1ene)cyclobutane (14) (in a 9:l ratio) in >85% 
yield.28 The minor product 14 was found to itself re- 
arrange rapidly under the reaction conditions to the 
major product 13. Conversion of 11 occurred with ac- 
tivation parameters (log A = 16.1, E ,  = 58.0 kcal (242 
kJ)/mol) very similar to those observed for the rear- 
rangement of spiropentane itself (log A = 15.9, E,  = 
57.6 kcal (241 kJ)/mo1).29 

The regioselectivity is entirely consistent with either 
the mechanism depicted above (a) or that below (b). In 
mechanism a one would expect diradical 12 to cyclize 
preferentially to the product 13 with the more stable 
sp3-hybridized CF2 g r o u ~ , ~  while in mechanism b one 
mechanism b 

would expect the weaker C&3 bond opposite mecha- 
nism b to the CF2 group to migrate preferentially. With 
the thermolysis of 11 proceeding only 1.2 times as fast 
as that of spiropentane (at 340 "C), one sees that the 
fluorine substituents exert little kinetic influence on the 
rearrangement. Hence mechanisms a and b should be 
competitive. 

It was possible to evaluate the relative importance of 
the two mechanism by examination of the thermal 
isomerization of the labeled species 15. Product 16 was 

A - qco .>q 
17 16 rxl:* ' 

l5 LDq 10 

found to have equilibrated with 17 under the reaction 
conditions, and the ratio of products (16 + 17)/18 = 3:l 
indicated that mechanisms a and b were indeed com- 
petitive.28 

Additional insight into the spiropentanemethyle- 
necyclobutane conversion mechanism was provided by 
our investigation of tetrafluorospiropentane ( 1 9 p  

1,1,4,4-Tetrafluorospiropentane (19) has two identical 
cyclopropane rings. Hence there is no ambiguity as to 
which ring will cleave (as there is for 11). The reaction 

(28) Dolbier, W. R., Jr.; Al-Sader, B. H.; Sellers, S. F.; Elsheimer, S. 

(29) Flowers, M. C.; Frey, H. M. J. Chem. SOC. 1961,5550. 
(30) Dolbier, W. R., Jr.; Piedrahita, C. A.; Houk, K. N.: Strosier, R. 

(31) Dolbier, W. R., Jr.; Sellers, S. F.; Al-Sader, B. H.; Fielder, T. H., 

J .  Am. Chem. SOC. 1981,103, 715. 

W.; Gandour, R. W. Tetrahedron Lett. 1978, 2231. 

Jr. J. Am. Chem. SOC. 1981,103,717. 

again proceeds regiospecifically to a single methylene- 
cyclobutane product, 21. In this case there is a sig- 
nificant rate enhancement derived from the presence 
of the second CF2 group. 19, with activation parameters 
log A = 14.8, E, = 51.7 kcal (216 kJ)/mol, rearranges 
at a rate -10 times as fast as that of 13. This modest, 
but significant, rate enhancement is entirely consistent 
with our proposed mechanism for conversion of 19 to 
21 with a preequilibrium formation of the diradical20 
followed by the kinetically significant ring expansion 
to 21. It is the rate of the ring-expansion step which 
is, of course, enhanced by the presence of the second 
CF2 group at  the 4-position. Again the regiospecificity 
of the reaction merely requires initial C1-C2 cleavage 
followed by ring expansion of the weaker C3-C5 bond 
to the CF2- terminus. 

Vinylcyclopropane Rearrangement 
The thermal isomerizations of 2,2-difluorovinyl- 

cyclopropane (22)32a and 2,2-difluoro-(trans-l- 
propeny1)cyclopropane (23)32b both show substantial 

24 25 
22  

1 0 :  0 0 4  

\ 23 \ 

26 27 

1 0 : 0 0 3  

rate enhancement (log A = 13.7 and E, = 40.3 kcal(l68 
kJ)/mol for 22 and ( l t 2 3 / k 2 2 ) 2 0 0 . 6 0 ~  = 2.5), and the 
product distributions in each case are entirely consistent 
with a diradical mechanism involving preferential 
cleavage of the C1-C3 bond. The magnitude of the rate 
enhancement for rearrangement of 22 (AAG* = 9.6 
kcal/mol) is consistent with- the earlier determinati~n'~ 
of the effect of gem-difluoro substitution on opposite 
bond cleavage of cyclopropane. 

The results presented above for the pyrolysis of 22 
constitute a correction of the original report which, 
because of a product isolation problem whereby 24 
completely polymerized prior to spectroscopic analysis, 
claimed 25 to be the exclusive product. 

C ycloprop y lcarbin y 1- Ally lcarbin y 1 
Rearrangement 

Also related to the problem of the relative ease of 
opposite vs. adjacent bond cleavage was our study of 
the cyclopropylcarbinyl-allylcarbinyl radical rear- 
rangement of the 2,2-difluorocyclopropylcarbinyl radical 
(29).32 Only process b, involving opposite bond 

cleavage and leading exclusively to product 33, was 
observed. This regiospecificity of cleavage of radical 

(32) (a) Dolbier, W. R., Jr.; AI-Sader, B. H.; Sellers, S. F.; Koroniak, 
H. J. Am. Chem. SOC. 1981, 103, 2138. (b) Dolbier, W. R., Jr.; Sellers, 
S. F. J. Am. Chem. SOC. 1981, submitted for publication. 
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29 provides further clear and unambiguous corrobora- 
tion of the fact that the CF2 group perferentially en- 
hanced homolytic cleavage of the opposite bond. 

Tetrafluorocyclopropane Systems 

Related to the rearrangements of the difluorocyclo- 
propanes, methylenecyclopropanes and spiropentanes 
are rearrangements of these same systems with two CF2 
groups in a single ring (6). A structure calculation for 

."D 
6 

6 indicated that the C1-C2 bond length should be 
shortened to 1.47 A (compared to 1.514 A for cyclo- 
propane),33 and there is some evidence that contiguous 
CF2 groups in cyclobutanes or in nonstrained systems 
give rise to an especially strong C-C bond. There is, 
however, no way to predict the kinetic effect of two CF2 
groups in a cyclopropane ring. One can estimate, using 
O'Neal and Benson's criteria, that there should be an 
increment in strain of 18-20 kcal (75-84 kJ)/mol for 
6. 

In fact 6 extrudes CF2: with activation parameters 
(log A = 15.3, E,  = 48.5 kcal (203 kJ)/moUm which are 
consistent with O'Neal and Benson's predictions. 6 
extrudes CF2: at a rate 1.7 X 104 times faster than that 
of 1,l-difluorocyclopropane (5) at 260 "C; this converts 
to a AAG* of -11.1 kcal/mol. The CF2: extrusion re- 
action seems to be the only unimolecular process of 6. 
Since the extrusion process is likely a concerted process, 
the thermolysis of 6 gives us no real information about 
the homolytic cleavage of the CF2-CF2 bond. 

A system which does give such information is the 
thermal rearrangement of 1,1,2,2-tetrafluorospiro- 
pentane (34).31 While CF2: extrusion is a major de- 

F2b a 11 wl k2 T F E  

P 

composition pathway for 34, a substantial fraction 
(40% of the reaction proceeds via rearrangement. The 
single rearrangement product, 36, is consistent with 
expectation if diradical 35 is the initially formed in- 
termediate. Of even greater interest, however, is the 
greatly enhanced rate of rearrangement of 34 in com- 
parison to that of difluorospiropentane (11) (kM/kll = 
140 at 340 "C). A determination of activation param- 
eters (log A = 13.75, E, = 45.4 kcal (190 kJ)/mol) in- 
dicates that this rate enhancement amounts to a AAG' 
= 6.0 kcal/mol. There is no doubt, therefore, that the 
presence of two CF2 groups in a cyclopropane ring gives 
rise to a very substantial weakening of that adjacent 
bond between them. In view of the probable bond 
shortening effect of these CF2 groups, it would certainly 
appear that for fluorinated cyclopropanes bond length 
and bond strength are not correlatable in the sense that 
one has generally assumed them to be. 

(33) Deakyne, C. A.; Allen, L. C.: Craig, N. C. J. Am. Chem. Soc. 1977, 
99, 3895. 

The rate of CF2: extrusion (log A = 15.2, E ,  = 48.6 
kcal (203 kJ)/mol) is close to that which one would 
expect for a tetrafluorocyclopropyl system. 34 does, in 
fact, extrude CF2: at  a rate nearly identical (a factor 
of 0.80) to that of 6 at 260 "C. The remarkable incre- 
mental kinetic destabilization exerted by the second 
CF2: group can perhaps be best understood by invoking 
the same kind of destabilizing effect of multiple fluorine 
substituents on cyclopropane as they have on olefins. 
It is well-known that for olefins, the addition of fluorine 
substituents to ethylene leads to nonadditive destabi- 
lization effects. (Vinylidene fluoride and tetrafluoro- 
ethylene are estimated to be more strained than 
ethylene by 4 and 16 kcal/mol, respectivelyJ3 Thus 
6 and 34 might well be thought of as tetrafluoro- 
ethylene-type species. 

Consistent with these conclusions as to the effect of 
a second CF2 group were the results of the thermolysis 
of 2,2,3,3-tetrafluoromethylenecyclopropane (37).35 

5p= a k c 4  

38 
4 5 

37 

Again the activation paramenters (log A = 12.6, E,  = 
29.6 kcal (124 kJ)/mol) 29.6 kcal(l24 kJ)/mol) showed 
a great rate enhancement due to the second CF2 group 
(IZ3,/k7 = 7850 at 150 "C). The AAG* of -7.4 kcal/mol 
is not inconsistent with the 6 kcal/mol increment for 
the rearrangement of 34. 

Because of the expected equilibrium between 37 and 
38, one also was able to impute the thermodynamic 
effect of two CF2 groups on the stability of 37. The fact 
that no 37 could be detected in equilibrium with 38 
while 7 was present to the extent of 16% in equilibrium 
with 8 pointed to a sizable incremental thermodynamic 
destabilization due to the second CF2 group. By making 
the reasonable assumption that the cyclopropane ring 
strains of 38 and 7 should be approximately the same, 
one can then estimate their rates of rearrangement to 
be the same. Thus one can estimate an equilibrium 
constant of 7850 for 37 - 38 and a AGO = -7.5 kcal/ 
mol. 

It again is instructive to relate these results to the 
ethylene-vinylidene fluoride-TFE analogy. 37 is a 
TFE-type molecule expected to have - 18-20 kcal/mol 
of "O'Neal-Benson" strain, while 38 should have 9-10 
kcal/mol of such strain plus 4 kcal/mol of vinylidene 
fluoride strain, a total of 13-14 kcal of strain. Such an 
analysis predicts a AH" of -6-7 kcal/mol, a value nicely 
consistent with the facts. The very low E,  of this re- 
arrangement, of course, precludes CF2: extrusion from 
being a competitive process in the thermolysis of 37. 

Conclusion 
At this point in our research many general conclu- 

sions, which can be substantiated by multiple experi- 
ments, are beginning to take shape. First of all a pair 
of geminal fluorine substituents on cyclopropane give 
rise to an apparent Substantial thermodynamic increase 
in strain in the system. The kinetic effects of the 9-10 
kcal of incremental strain seem to derive largely from 

(34) (a) Lacher, J. R.; Cadi ,  L.; Park, J. D. J. Phys. Chem. 1956,60, 
608. (b) Butler, J. N. J. Am. Chem. SOC. 1962,84, 1393. (c) Lacher, J. 
R.; Skinner, H. A. J. Chem. SOC. A 1968, 1034. 

(35) Dolbier, W. R. Jr.; Sellers, S. F.; Al-Sader, B. H.; Smart, B. E. J. 
Am. Chem. SOC. 1980,102, 5398. 
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a weakening of that C-C bond which is opposite to the 
CF2 group, while the strengths of the bonds adjacent 
to the CF2 group are affected only minimally. The 
incorporation of a second pair of geminal fluorine 
substituents into the cyclopropane ring gives rise to a 
dramatic weakening of the bond between the two CF2 
groups. 

The specific effects of geminal fluorine substituents 
on the thermodynamic stability and the kinetic re- 
activity of cyclopropane compounds as described in this 

review are dramatic and completely unprecedented. A 
complete understanding of these effects must await 
further experimentation as well as careful theoretical 
examination. 
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