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Figure 1. Possible reaction sequence for hydrogen transfer from cobalt 
to arene in the 7j3-C3HsCo[P(OCH3)3]3 catalyzed hydrogenation of ar
omatic hydrocarbons. Note the pervasive homofacial character of hy
drogen addition to the ring. Sixteen-electron intermediates such as F 
will be in equilibrium with 18-electron intermediates through reaction 
with free trimethylphosphite. 

present. The allylcobalt complex was recovered in near 
quantitative yield from the hydrogenation system and pro
pylene (or propane) was not detected, at least in a 24-hr 
reaction period. In the absence of an arene, the dihydride 
does slowly evolve propylene (a small amount of which is 
hydrogenated to propane). This clearly indicates a signifi
cant interaction of arene with the dihydride (a), or an inter
mediate derived from the dihydride (vide infra), thereby 
inhibiting cis elimination. Also, we have shown that the hy
dride, HCo[P(OCH3)3]3, derived from cis elimination is 
not the active arene hydrogenation catalyst. Closely related 
to the allylcobalt complex is 773-C6H5CH2Co[P(OCH3)3]3.9 

This ir-benzyl complex catalyzes arene hydrogenation but 
cis elimination of toluene is so rapid even in an arene solu
tion that hydrogenation ceases very quickly with the for
mation of HCo[P(OCH3)3]3. This monohydride which pos
sesses a low stability, with decomposition to an intractable 
solid, appears to be a very active catalyst for HD exchange 
in H2-D2 mixtures10 but it does not significantly catalyze 
arene hydrogenation. 

The above studies clearly indicate a significant interac
tion of arene with the dihydride but we have not succeeded 
in gaining spectroscopic evidence of the interaction. We 
suggest that the dihydride (a) interacts with the arene in 
the manner outlined in eq 4-6. We further suggest that an 
important intermediate state is r) ' -C3H5CoH2P-
(OCH3)3-r;4-C6H6 since the reactivities of cyclohexadiene 

7/ - C3H5CoH2[P(OCH3)3]3 ===== 

T? - C3H5CoH2[P (OC H3)3]2 + P(OCHj)3 (4) 

T7
3 - C3H5CoH2[P (OCH3)J]2 =̂== 

Vs - C3H5CoH2P(OCH3)3 + P(OCH3)3 (5) 

T]3 - C3H5CoH2P(OCH3)3 + C6H6 =*=*= 

Tj1 - C3H5CoH2P (OCH3)3 - rt - C6H6 (6) 

and benzene are so similar (vide supra); there is precedent 
for such ??4-arene metal complexes." The compelling evi
dence for nondissociation of ring after initial reduction 
suggests the sequence in Figure 1. Note that the last step is 
irreversible; cyclohexane does not interact with the cobalt 
complex even in the presence of hydrogen (D2). The se
quence in Figure 1 also neatly accounts for the pervasive all 
cis stereochemistry' of the cyclohexanes derived from xy
lenes and mesitylene since the sequence requires addition of 
hydrogen atoms to one face of the arene. 

Final and conclusive demonstration of this reaction se
quence rests on synthesis of the unknown 
T;3-C3H5CO-?76-C6H6 and conversion of this complex to the 
proposed intermediates in Figure 1 through reaction with 
P(OCH 3) 3 and subsequent hydrogen titration. We are also 
attempting electronic and steric modification of 
?73-C3H5Co[P(OCH3)3]3 to achieve a very high selectivity 
for arenes.'2 
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Thermal Stereomutation of Optically Active 
frans-Cyclopropane- 1,2-d-^ 

Sir: 

Pyrolysis of cyclopropane or its substituted derivatives 
causes two major reactions:2 hydrogen shift to an olefin 
(e.g., cyclopropane —»• propylene)3 and stereomutation 
(e.g., trans- —• m-cyclopropane-7,2-^2).4 The trimethy-
lene biradical, first proposed3 as an intermediate in the ole-
fin-forming reaction, more recently has also been invoked5 

to explain the stereomutation. In the case of cyclopropane 
itself, thermochemical estimates suggest that rotations 
about the C-C bonds of trimethylene would be fast relative 
to cyclization, a relationship that would result in a stereo-
random intermediate .5b~d-6 
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Table I. Predicted Ratios of Rate Constants for 
Stereomutation of 1 

( + ) ( I S : 2 S ) 1 (T) ( - ) (1R-.2E) 1 (T) 

C1 + C3 or 
C, + C3 

A 
D D 
2 (C) 

A widely discussed alternative by-passes trimethylene 
and consists of the stereochemical equivalent of a 180° 
rotation of one of the methylene groups of cyclopropane.7 

Theoretical objection53 to this single methylene rotation 
mechanism gradually has become less severe,8'9 and the 
process is at least formally consistent with (but not required 
by) the experimental results in the case of tetramethylcyclo-
propane-^6-10 

A third alternative, proposed by Hoffmann,8 and based 
upon extended Huckel calculations, suggests that reaction 
might occur via a trimethylene in which the three ring car
bons and four of the hydrogens occupy a common plane. 
The calculations indicate that this "0,0" species should have 
an antisymmetric highest occupied molecular orbital and 
hence should be formed and recyclized by synchronous con-
rotations of the two terminal methylene groups8 (Scheme 
I). Experimental at tempts6 1 0 - 1 5 to detect this double meth
ylene rotation process in substituted cyclopropanes have 
failed consistently.16 It is disturbing that, nevertheless, a va
riety of later theoretical calculations17-19 persist (although 
with now diminished force) in the prediction that the 0,0 
form of unsubstituted trimethylene should lie on the fa
vored stereomutation pathway. 

A fourth conceivable mechanism, triple methylene rota
tion, at present has no theoretical support but is considered 
here for the sake of completeness. 

The present paper describes the pyrolysis of optically ac
tive J/WK-cyclopropane-/,2-^2 (1). an experiment that 
provides the closest possible approach to an unperturbed 
test for the double methylene rotation and permits a deci
sion among the mechanisms proposed. 

As in the tetramethylcyclopropane-a^ case,10 the test de
pends upon a comparison of the measured rate constant for 
approach to the cis-trans (C/T) equilibrium mixture, k\ = 
- ( 1 / 0 In [(T — Qf(T0 — C0)], with that for the loss of 
optical activity (a), ka = / _ 1 In (a0/a). In each mechanism, 
reaction at any site would be equiprobable by symmetry, if 
the secondary kinetic isotope effect of deuterium were neg
ligible. However, such isotope effects usually cause a de
crease of about 10% per deuterium in the rate of a thermal 
bond cleavage reaction,40-20 and Table I shows the k{/kn 

values predicted for each mechanism assuming either possi
bility, i.e., isotope effects (^H A D ) of 1.00 or 1.10. 

The synthesis of optically active 1 from (+)-trans-2-
phenylcyclopropanecarboxylic acid21 (3, absolute configu
ration shown) is achieved by the indicated steps (Scheme 
II), approximately 1.5 g of 1 being obtained from 2 kg of 
racemic 3. 

The synthetic sample of 1 consists of 62.6% di, 32.7% 
d\, 3.7% do, and 1% di (mass spectrometric analysis). 
The d2 component contains 2.3% cis- cyclopropane-/,2-dj 
(2) and 97% trans (infrared spectrophotometric analysis4 M 

on a gaseous sample measured at 35 Torr with a Perkin-
Elmer Model 421 instrument, using the 846 c m - 1 absorp-

Mechanism 
Kinetic form 

of kilka 

-kilka-
if^H/^D itk-H/kn 
= 1.00 = 1.10 

Single CH2 rot 2.00 2.00 2.00" 
Randomint (2k' + k")/(k' + k"f 1.50 1.53 
Double CH2 rot 2/(1 + (k2/k1))'> 1.00 1.05 
Triple C H 2 ro t 0/ka 0.00 0.00 

° No significant isotope effect would be expected, since the only 
observable reaction involves a CHD group. b kL and k' measure 
reactions at monodeuterated C-C bonds, ki and k" &X dideuterated 
(see Scheme I). 

Scheme II 
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tion). The analytical infrared absorption band obeys the 
Beer-Lambert law in the pressure range 15-70 Torr, and 
the estimated accuracy of 1% in the analysis for isomer 
composition is further validated by empirical calibration 
using known mixtures. 

The optical rotations are measured to 0.001° with a Ru
dolf Model 80 polarimeter on the neat liquid at 3°. Since 
cyclopropane has bp - 3 3 ° , we use a special 1-dm cell of 
design223 and construction2213 sufficient to maintain about 2 
atm pressure above the liquid phase. 

Pyrolysis of a sample of (+) - l at 422.5 ± 0.5° and 631 
Torr is monitored on material separated by gas chromatog
raphy from small amounts of propylene. The first-order rate 
constants (± standard deviations) obtained from six points 
during two half-lives are23 ki = (6.75 ± 0.14) X 10 - 5 sec - 1 

and ka = (6.33 ± 0.14) X 1 0 - 5 sec - 1 , so that ki/ka = 
1.07. A set of comparisons of the k\jka values calculated 
for each data point is more significant, since the history of 
the sample used for both infrared and polarimetric analysis 
is necessarily identical. Measurements at times of 103 sec X 
4, 8, 12, 16, 20, and 24 give k{/ka values of 1.07, 1.03, 
1.01, 1.12, 1.08, and 1.08, respectively, for an average of 
1.07 ±0 .04 . 

Formally, the experimental ratio might be interpreted 
with a blend of mechanisms. This would require admixture 
of the random intermediate and/or single methylene rota
tion processes with a large fraction of triple methylene rota
tion (see Table I). It is certainly simpler and, in our opinion, 
sounder, to say that the double methylene rotation mecha
nism operates to the virtual exclusion of any other pathway. 

In the double methylene rotation (Scheme I), isomeriza-
tion of trans to cis (1 *=* 2) occurs only by rotations of the 
C1-C3 and C2-C3 pairs of methylenes. Rotations of the 
C1-C2 pair interconvert (+) - l and (—)-l but have no effect 
on 2. 

The present experiment does not distinguish conrotation 
from disrotation and therefore is incapable of a full defini
tion of the reaction pathway. Nevertheless, the observed be
havior adheres to the requirement for synchronous pairwise 
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motion in the opening and reclosure of a 0,0 trimethylene. 
In the absence of an alternative rationale, the results may 
be viewed as confirmation of a remarkable theoretical pre
diction. 
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Synchronous Double Rotation in the Stereomutation 
of Optically Active l-Phenylcyclopropane-2-t/' 

Sir: 
A recent study2 of the minimally perturbed case of trans-

cyclopropane-/,2-d2 has confirmed the prediction3 that 

Scheme I 

X <. J'y X Y 

+ YXXT + 
X X Y 

*/ + *»' Q 
Y 

N 

stereomutation of cyclopropane should occur by synchro
nous rotation of two methylene groups. However, previous 
studies with a variety of cyclopropanes bearing true rather 
than isotopic substituents have failed to detect this pro
cess.4^10 Although the theoretical calculations3,11 have 
dealt only with cyclopropane itself, one might have hoped 
for a broader range of applicability of the results. Unless 
the predicted effect is substantial enough to survive minor 
structural changes in the substrate, there is reason to ques
tion whether the underlying theoretical basis has been iden
tified properly. The present paper reports that a synchro
nous double rotation also is prominent in the stereomutation 
of l-phenylcyclopropane-2-c?. 

Scheme I outlines a generalized version of an experimen
tal system common to several of the previous studies, where 
X or Y are alkyl, alkenyl, phenyl, CO2Me, CN etc.6 '7 '9-'0 It 
involves an unsymmetrically 1,2-disubstituted cyclopro
pane, in which both the trans and cis isomers are chiral. Six 
independent phenomenological rate constants characterize 
the network of epimerizations and enantiomerizations. 

The most general analysis of Scheme I would permit any 
of the three ring carbons and their attached substituents to 
be involved in both unaccompanied single rotations (with 
single index mechanistic rate constants) and synchronous 
double rotations (with double index rate constants).12 Note 
that single rotation of the unlabeled carbon C3 results in no 
reaction. 

For the special case of chiral l-phenylcyclopropane-2-d 
(M, X = Ph; Y = D), the molecular symmetry would re
quire that, to a very close approximation, all of the primed 
rate constants of Scheme I become equal to their unprimed 
counterparts, since the relevant kinetic isotope effects would 
be negligibly different from 1.00. Moreover, there is a 
unique benefit conferred by the symmetry in that the rate 
constant k]3 for double rotation of C) -C 3 is necessarily 
equal to the rate constant k\i for double rotation of C1-C1, 
modified by the isotope effect. The latter now might not be 
negligible and should lie in the range 1.00-1.10.2 Thus, k 13 
= k]2kH/kD. 

If k\ has a finite value, the pyrolysis would include a 
contribution from single rotation of Ci, either in a Smith 
mechanism13 or in a trimethylene biradical.14 On the other 
hand, if Ar 1 = 0 , the interconversions M ^ Q and N ^ P 
would be entirely characterized by the double rotation rate 
constant k \ 3. The problem thus reduces to devising an ex
perimental estimate of the magnitude of A: 1. 

Conversion of (—)-r/-a«5-2-phenylcyclopropanecarboxyl-
ic acid (M, X = Ph; Y = CO2H; configuration as shown15) 
to the nitrile and epimerization of the latter with KO-7-
Bu-DMSO give a mixture of nitriles M and P (X = Ph, Y 
= CN), which after separation and treatment with PhMgBr 
gives ketones M and P (X = Ph, Y = COPh) of identical 
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