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Experimental Study of the Stereomutation of predicts that disrotatory ring opening should be followed,
1,1-Difluoro-2-ethyl-3-methylcyclopropane Confirms preferentially, by conrotatory ring closure, because the conrotatory
the Predicted Preference for Disrotatory Ring transition state is the lower energy of the two transition states
Opening and Closure for ring closure. Since disrotatory ring opening, followed by

conrotatory ring closure, has the same net effect as passage across
the transition state for rotation of a single methylene group,
transition-state theory predicts nearly equal rate constants for
double rotation and net single rotatién.
Departments of Chemistry In contrast to t_ransition state theory_, very recent reaction
University of Washington, Box 351700 dynamics calculations on _S|m|Iar p_otentlal energy surfaces for
Seattle, Washington 98195-1700 Cyclopropane stereomutation predict a 3- to 5-fold preference
University of Florida, P.O. Box 117200  for double rotatiori®** In the dynamical calculations, conserva-
Gainesille, Florida 32611-7200 tion of angular momentum tends to result in disrotatory ring
opening being followed by disrotatory, rather than conrotatory,
Receied March 23, 1998 ring closuret! Thus, the dynamical calculations predict that
disrotation makes a significant contribution to the coupled rota-

Numerous experiments with substituted cyclopropaiese tion that appears to dominate the stereomutation of cyclopropane-
failed to confirm Hoffmann’s 1968 predictidrthat cyclopropane 1,2-dl,.34

should preferentially undergo stereomutation by coupled rotation
of two methylene groups in a conrotatory fashion. Elegant
experiments on cyclopropanes, containing deuterium as the only
substituent, have led to conflicting resuits.

Berson and co-workers found a strong preference for coupled
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Unfortunately, with deuterium as the only substituent, there is
no way to distinguish experimentally between the contributions
of con- and disrotation to the double rotation found in cyclo-
propanet,2-d,.3#4 The results of the reaction dynamics calcula-

. - . tions caution against assuming that the observation of coupled
rotation of two methylene groups in their study of the stereo- rotation in this cyclopropane implies that the mode of coupling

i 9 3,4 i _ . ) . i
T oot B 1l NECeSSarly he conoaton it was predicte by Hoffann.
P Y ed g Ab initio calculations find that the geminal fluorine substituents

X . S s
methylene rotations in cyclopropaf¥-12,3-ds> Recent ab f in 1,1-difluorocyclopropane should make its stereomutation very

initio calculations of the potential surface for stereomutation o ifferent from that of cvel &b 1 1-Difl |
cyclopropane and vibrational analyses, performed at the stationar difrerent irom that of cyclopropan€:-= 1, L-Liliuorocyciopropane

; : : dicted to show #arge preference for stereomutation by
points on this surface, found that the computed isotope effects IS predi ) - .
are incapable of reconciling the results of these two experiniénts. disrotationof C(_2)_ a_nd C(3). This prefe_rence IS pr_edlcted_ to be
On the potential energy surfaces that were computed there isenhancednot diminished;, by alkyl substltuents. Finally, since
only ca. 1 kcal/mol difference between the energies of the thes-transs-trans(0,0) conformation of 3,3-difluoropentane-2,4-

transition state for conrotation and the transition states for both d|y] IS tcompt(x)t%d io k;e 34 tl.(cr?zlg?tohl Iomge; in entergyfthan :hg
single methylene rotation and disrotatiod. Moreover, the s-Cisstrans(0,0) conformatiort, € refative rates of coupie

calculations found that alkyl substituents significantly reduce the rc_)tatt;]on mt\?\lls— and_ttr)'Tm?l,l-'(glfluortoiz,3-d|alkylgyctlo(§)rtop€nes ful
already small preference predicted for conrotatory ring opening via these two possibie transition states are predicled lo be usetu
and ring closuré. These computational findings explain the for differentiating experimentally between con- and disrotation.

failure of the experiments on substituted cyclopropanes to detect _ More specifically, an optically activeis-1,1-difluoro-2,3-
any significant preference for coupled conrotation. dialkylcyclopropane is predicted to racemize much more rapidly

Transition-state theory, when applied to the potential surfaces than its trans stereoisomer. As shown in Scheme 1.cthe
computed for stereomutation of unsubstituted cyclopropane, CYclopropane can undergo disrotatory ring opening to the preferred
s-transs-trans transition state for racemization, whereas disro-

#University of Washington. tatory ring opening of theérans-cyclopropane gives the higher

T University of Florida. y fing op 9 1S cyclopropane g 9
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Scheme 1 The rate constant for racemization tons-cyclopropane %)
F. F was measured at 274%: K, = (1.66 + 0.02) x 105 s%,

- /\rﬁ. <-<-‘f'-°-”-~--é When combined with the value fé. obtained above, one obtains
N . the ratio kfagkm = 6.6. Thus, even though disrotatory ring
H H opening oftrans-cyclopropane2 must pass over the disfavored
s-frans,s-trans k s-cis,s-trans transition state, coupled rotation Zat 274.5°C is
a factor of ca. 7 faster than the sum of all the processes that result
in net single rotatioR’

The ratio of the rate constants of racemization and epimerization
is 16.2 times larger fot than for2, indicating that the transition
state for racemization df is substantially lower in energy than
that for racemization a2. The free energies of activationG*)
2“.._‘;0“__4» dis for racemization ofl and2 at 274.5°C can be calculated from

H\/\r R their rate constants to be 40.7 and 44.8 kcal/mol, respectively,
el . whereasAG® (1 — 2) can be calculated from th€.q (0.41) to be

—1.0 kcal/mol. Thus the difference between the free energies of
o ] ' ) ] formation of the transition states for racemizationladnd 2 is

The kinetic studies of optically active and2'* were carried 3 1 kcal/mol. This free energy difference is about the same size
out in toluene solutio’? Analyses were performed by GLC on g the calculated energy difference between the transition states
a chiral polysiloxane cyclodextrin capillary colurtfrhich gave for coupled disrotation itis- andtrans-1,1-difluoro-2,3-dimeth-

1,R=CHy, R' = C,H

s-cis, s-trans

four well-resolved peaks for racemic mixtureslond2. Rate ylcyclopropanés

constants for racemization of optically actices-cyclopropane In summary, racemization of bothand2 has been found to
(1) were obtained at five temperatures in the range 2624D.7 be much faster than any process that leads to epimeriZ&tién.
°C. An Arrhenius plot of the racemization data provided the coupled rotation is preferred to single rotation by a factor of 107
following activation parameters: lof = 13.3+ 0.9 andE, = for 1 and 6.6 for2 at 274.3. The finding that the ratio of

41.3+ 2.0 keal/mol.  The energy of activation for racemization  yacemization to epimerization is more than sixteen times larger

of 1 is 84 + 2.1 kcal/mol lower than that reported for for 1 than for2 indicates that the transition state for racemization

epimerization ofcis-1,1-difluoro-2,3-dimethylcycloproparié.'® of the cis isomer is ca. 3 kcal/mol lower in energy than that for
The epimerization of was examined at 274%: (kg + ki) racemization of théransisomer, thus demonstrating that the mode

=(8.73£0.17) x 1057 Keq = k/key = 0.41. Theresulting  of coupled rotation that is preferred inand2 is disrotation, not
values ofky = (6.20 0.12)x 107® s~ and k. = (2.53 0.05)x conrotation.

107%stin toluene are in good agreement with the rate constants 1 s the first cyclopropane in which aery large preference
for epimerization oftis- andtrans 1,1-difluoro-2,3-dimethylcy- o coupled rotation has been found and for which the mode of
clopropanes in the gas phase at the same tempefatdre. coupling has been identified. The experimental results reported
The activation parameters for the racemizatiof oén be used  here amply confirm the theoretical predictié#s® that disrotation
to extrapolatéc,. = 7.03x 104s at 274.5°C. The factor by is strongly favored over both conrotation and monorotation in
which coupled rotation il is favored over the sum of all the  the stereomutation of 1,1-difluorocyclopropane and that this
processes that result in net single rotatfds, thereforekflaclkct preference survives the presence of alkyl groups at C-2 anéfC-3.
= 107 at 274.5C.

Acknowledgment. We thank the National Science Foundation for
(13) Our experimental results on the stereomutations of fluorocarbons  support of this research at the Universities of Washington and Florida.
and 2 contrast with the nearly equal rates of one- and two-center rotations Thjs paper is dedicated to the memory of Professor Wolfgang Roth. His

found in the pyrolyses of the corresponding optically active hydrocarbons. - :
Carter, W. L.; Bergman, R. GL. Am. Chem. S0d968 90, 7344. Bergman, many contributions to the understanding of thermal rearrangements and

R. G.. Carter, W. LJ. Am. Chem. Sod969 91, 7411. his single-minded dedication to science through many years of serious
(14) Experimental procedures for the synthesekafid2 are available as illness will long be remembered by those of us who were fortunate enough
Supporting Information. to know him and his work.

(15) The enantiomeric excesses of the optically active cycloprofioaes
2 which were used in the racemization studies were 30.2 and 66.1%,  Supporting Information Available: Experimental procedures for the

respectively, with the reactions being followed for approximately one half- : ; ;
life. The racemization rates were obtained by a plot of the experimental data syntheses of optically activé and 2, spectral and analytical data for

according to the following kinetic expression: Ingee)= 2k.d, the derivation these cyclopropanes and for the intermed_iadefsl@) in the preparation

of which can be found in the Supporting Information. of 1 and2 from 3, and procedures for and kinetic data from the pyrolyses
(16) Review: Schurig, V.; Nowotny, H.-RAngew. Chem., Int. Ed. Engl. of 1 and2 (30 pages, print/PDF). See any current masthead page for

199Q 29, 939. We are indebted to Professor Schurig for providing us with - ordering information and Web access instructions.

the column that was used in this study.

(17) Dolbier, W. R., Jr.; Enoch, H. Q. Am. Chem. Sod.977, 99, 4532. JA980969B
(18) Calculations which include dynamic electron correlation predict that
the transition state for disrotatory ring opening and closurgset, 1-difluoro- (21) It has recently been found [Roth, W. R.; Wasser, T.; Boenke, M.

2,3-dimethylcyclopropane is 6.6 kcal/mol lower in energy than the transition Liebigs Ann./Recueil997 1323] that the energies of activation for racem-
state for monorotation, 6.3 kcal/mol lower than the transition states for ization and epimerization of optically activens-1,1-difluoro-2,3-diphenyl-
conrotation in both the cis and trans isomers, and 4.3 kcal/mol lower in energy cyclopropane are identical within experimental error and that a diradical

than the transition state for disrotation in the trans isottfer. intermediate can be trapped by oxygen. It was also claimed that disrotatory
(19) The gas-phase rate constants for epimerization of cistrand-1,1- closure of the diradical is preferred.

difluoro-2,3-dimethylcyclopropane at 274, calculated from the 1977 (22) Another theoretical predictiéh-that geminal fluorines at C-2 stabilize

Arrhenius data, are the followingt, = 7.4 x 106 st andk, = 3.8 x 106 the lowest singlet state of both trimethylene and cyclopentane-1,3-diyl

st electronically, relative to the triplet state, and thermodynamically, toward ring

(20) These processes are (a) monorotation of C-2 or C-3 upon breaking of closure-has also received strong support from the results of recent experiments
the bond between these two carbons, (b) ring opening by one mode of coupled[Adam, W.; Borden, W. T.; Burda, C.; Foster, H.; Heidenfelder, T.; Heubes,
rotation and ring closure by the opposite médend (c) rotation of C-2 or M.; Hrovat, D. A.; F. Kita, F.; Lewis, S. B.; Scheutzow, D.; Wirz,1.Am.

C-3 upon cleavage of the bond between C-1 and either of these carbons. Chem. Soc1998 120, 593].



