
240 

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. 

References and Notes 

(1) The support of this work by the National Science Foundation (GP-
33909X) and the Hoffmann-LaRoche Fund is gratefully acknowledged. 

(2) For reviews, see (a) R. G. Bergman, "Free Radicals," Vol. I, J. Kochi, 
Ed., Wiley, New York, N.Y., Chapter 5, 1973; (b) M. R. Willcott, R. L. 
Cargill, and A. B. Sear, Progr. Phys. Org. Chem., 9, 25 (1972); (C) H. M. 
Frey, Advan. Phys. Org. Chem., 4, 147 (1966); (d) H. M. Frey and R. 
Walsh, Chem. Rev., 69, 103 (1969). 

(3) r. S. Chambers and G. B. Kistiakowsky, J. Amer. Chem. Soc, 56, 399 
(1934), and references cited therein. 

(4) (a) B. S. Rabinovitch, E. W. Schlag, and K. B. Wiberg, J. Chem. Phys., 
28, 504 (1958); (b) E. W. Schlag and B. S. Rabinovitch, J. Amer. Chem. 
Soc, 82, 5996 (1960); (c) D. W. Setser and B. S. Rabinovitch, ibid., 86, 
564 (1964); (d) E. W. Schlag, Ph.D. Dissertation, University of Washing­
ton, 1958. 

(5) (a) S. W. Benson, J. Chem. Phys., 34, 521 (1961); (b) H. E. O'Neal and 
S. W. Benson, J. Phys. Chem., 72, 1866 (1968); (c) S. W. Benson and 
H. E. O'Neal, "Kinetic Data on Gas Phase Unimolecular Reactions," 
U.S. Department of Commerce, National Bureau of Standards, 1970; (d) 
S. W. Benson, "Thermochemical Kinetics," Wiley, New York, N.Y., 
1971, p 83. 

(6) R. G. Bergman and W. L. Carter, J. Amer. Chem. Soc, 91, 7411 
(1969). 

(7) (a) F. T. Smith, J. Chem. Phys., 29, 235 (1958); (b) In the context of the 
present experiment, the "continuous diradical" hypothesis of Doering 
and Sachdev (ref 13) is the functional equivalent of the Smith single 
methylene rotation. 

(8) R. Hoffmann, J. Amer. Chem. Soc, 90, 1475 (1968). 
(9) H. Kollmar, J. Amer. Chem. Soc, 95, 966 (1973). 

(10) J. A. Berson and J. M. Balquist, J. Amer. Chem. Soc, 90, 7343 (1968). 
(11) R. J. Crawford and T. R. Lynch, Can. J. Chem., 46, 1457 (1968). 
(12) W. L. Carter and R. G. Bergman, J. Amer. Chem. Soc, 90, 7344 

(1968). 
(13) W. v. E. Doering and K. Sachdev, J. Amer. Chem. Soc, 96, 1168 

(1974). 
(14) M. R. Willcott, III, and V. H. Cargle, J. Amer. Chem. Soc, 89, 723 

(1967); 91, 4310(1969). 
(15) A. Chmurny and D. J. Cram, J. Amer. Chem. Soc, 95, 4237 (1973). 
(16) In most of these cases, interpretation of the experimental results as an­

tithetical to the Hoffmann theory requires the so far untested hypothesis 
that reaction occurs preferentially at the most heavily substituted C-C 
bond. In the case of tetramethylcyclopropane-o'6. steric destabilization 
of the 0,0 intermediate has been mentioned as a possible obstacle to 
the Hoffmann mechanism.10 

(17) J. A. Horsley, Y. Jean, C. Moser, L. Salem, R. M. Stevens, and J. S. 
Wright, J. Amer. Chem. Soc, 94, 279 (1972); L. Salem, Accounts 
Chem. Res., 4,322(1971). 

(18) P. J. Hay, W. J. Hunt, and W. A. Goddard, Jr., J. Amer. Chem. Soc, 94, 
638(1972). 

(19) A. K. Q. Siu, W. M. St. John, III, and E. F. Hayes, J. Amer. Chem. Soc, 
92, 7249(1970). 

(20) Cf. inter alia {a) S. Seltzer, J. Amer. Chem. Soc, 85, 1360 (1963); (b) S. 
H. Dai and W. R. Dolbier, Jr., ibid, 94, 3946, 3953 (1972); (c) R. J. 
Crawford and K. Takagi, ibid., 94, 7406 (1972); (d) S. E. Schepple, W. 
H. Rapp, D. W. Miller, D. Wright, and T. Marriott, ibid., 94, 539 (1972); 
(e) J. E. Baldwin and J. A. Kapecki, ibid., 92, 4874 (1970); (f) K. Humski, 
R. Malojcic, S. Borcic, and D. E, Sunko, ibid., 92, 6534 (1970); (g) W. R. 
Dolbier and J. H. Alonso, ibid., 95, 4421 (1973). 

(21) (a) Y. lnouye, T. Sugita, and H. M. Walborsky, Tetrahedron, 20, 1695 
(1964). (b) The key steps are the highly stereospecific Haller-Bauer 
cleavages, which have precedent in the work of F. J. Impastato and H. 
M. Walborsky, J. Amer. Chem. Soc, 84, 4838 (1962). 

(22) (a) A modification of the one described by G. K. Helmkamp and B. F. 
Rickborn, J. Org. Chem., 22, 479 (1957). (b) By Mr. Ralph Stevens, 
glassblower to the Department of Chemistry. 

(23) The value for k; is within experimental error of that extrapolated from 
data of Rabinovitch and Schlag.4b'd A separate determination on a small 
sample of (+)-1 gives k, = (6.70 ± 0.17) X 10~5 sec -1. 

Jerome A. Berson,* Larry D. Pedersen 
Department of Chemistry, Yale University-

New Haven, Connecticut 06520 
Received September 17,1974 

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 
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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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Figure 1. Loss of optical activity in the pyrolysis of (-)-trcms-l-phen-
ylcycloproparte-2-d. Only the later kinetic points are shown, • experi­
mental points. Both curves are calculated using & H / £ D = 1.10. The 
dashed curve is for kx = 0.395 X 10~5 sec -1; the solid one is for k i = 
0. 

optical purity (96.3%). Column chromatographic separa­
tion and treatment of the trans ketone with NaND2 in ben­
zene give a sample (M') of l-phenylcyclopropane-2-d 
which is 98.9% trans and 1.1% cis by infrared analysis, a165 
+ 1.212° (neat). Similar treatment of the cis ketone gives a 
sample (P') of l-phenylcyclopropane-2-rf which is 40% 
trans and 60% cis. Appropriate portions of samples M' and 
P' are combined to produce a mixture containing 50% each 
of trans- and m-l-phenylcyclopropane-2-^, each of which 
is at identical optical purity. This mixture (MP) is at chem­
ical equilibrium but not at enantiomeric equilibrium. 

Gas phase pyrolysis of a sample of M' or its enantiomer 
(two separate runs) at 309.5 ± 0.5° and 710 Torr causes 
loss of optical activity and isomerization to a trans-cis equi­
librium mixture.16 The polarimetric reaction is not first 
order, because the trans and cis isomers have different opti­
cal rotatory powers. The isomerization, however, is cleanly 
first order with rate constant 

kt = -(1/t) In [(T -C)/(T, - C0)] = 

2.48 x 10-5 sec'1 

It can be shown that 

ki = 2(k2 + k23 + kx + kn) 

Gas phase pyrolysis of the synthetic chemical equilibrium 
mixture MP under the same conditions produces no change 
in trans-cis isomer composition but results merely in first-
order decline of optical activity with rate constant 

ka = (1/t) In (a0/a) = 4.06 x 10"5 sec'1 = 
2(kn + kv + ku) 

These data fix the relationships of eq 1-3. 

ka - kL = 2(kl2 - k2 - kn) •= 1.58 x 10-5 s e c ' (1) 

kl2 5 0.79 x 10-5 sec"1 (2) 

ka/2 = ki2 + Ie1 + kn = 2.03 x 10-5 sec"1 (3) 

Substituting for Ar13 its symmetry-equivalent An2ArH/ 
k D, we rewrite eq 3 as 

A1 = 2.03 X 10 -5 sec-' - Ar12 (1 + kH/kD) 

From the lower limit Ar12 >0.79 X 1O-5SeC-1 and the range 
of isotope effects 1.00 < ArH/ArD < 1.10, it follows that the 
upper limit for Zr1 lies between 0.37 X 10 -5 and 0.45 X 10 -5 

sec-1. Thus, k\, which measures the rate of unaccompanied 
single rotation of C,, represents not more than 18-22% of 
the total reaction in which C, rotates (Ai + k]2 + Ar13). At 
least 78-82% of the process occurs by the synchronous dou­
ble rotation measured by Ar12 + Ar13. 

A more accurate estimate may be obtained by an analy­
sis of the polarimetric kinetics in the pyrolysis of sample 
M'. From the relative rotations of the trans and cis isomers 
at equal enantiomeric purity, one can calculate the optical 
rotation corresponding to any mixture of trans and cis. Ex­
periment fixes the already described relationships among 
kx, Ar2. kxl, A-13, and Ac23 (eq 1-3). The kinetics of 
Scheme I then may be fitted17 by using k\ and the isotope 
effect as adjustable parameters. For each value of ATH/AD. 
there is a corresponding best fit value for k \ (rms error of 
0.00074° in a). Values of AH/ArD = 1.00, 1.10, and 1.20 
give best fit A, values of 0.098 X 10-5, 0, and -0.095 X 
10 -5 sec-1, respectively. This brackets the permissible 
values of k \ into a small range near zero. Figure 1 shows 
that when k i is chosen outside this range but near the pre­
viously defined upper limit, the fit is clearly worse. On the 
assumption that ArH/ArD > 1.00, no more than about 4% of 
Ci stereomutation can occur by single rotation. Thus, the 
major pathway is a reaction in which every rotation of 
CHPh is accompanied by a synchronous rotation of CH2 or 
CHD. 
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Photochemistry of Carbonyl Compounds through the 
Enol Form. Involvement of a Cyciopropanone 
Intermediate in the Photorearrangement of 
4-Carbomethoxy-3-chromanone1 

Sir: 

Although the photochemical behavior of the carbonyl 
group has received much scrutiny in the past decade,23 rel­
atively little is known about the photochemistry of the small 
amount of enol tautomer which exists in equilibrium with 
the keto form.4 In an earlier report5 dealing with the photo-
rearrangement of 4-phenyl-3-chromanone (1) to 4-phenyl-
dihydrocoumarin (2),6 evidence was presented which dem­
onstrated that the enol content can be an overriding factor 
in determining the quantum efficiency of a photoreaction. 
As part of our continuing studies dealing with enol photo­
chemistry,7'8 we have undertaken an investigation of the ex­
cited state behavior of the 4-carbomethoxy-3-chromanone 
(3) system. We now report that in extending our studies to 
this system, we have discovered an unusual solvent effect 
which controls the product distribution. In addition, we 
have uncovered an unprecedented photodecarbonylation 
reaction which can best be explained by invoking the inter-
mediacy of a transient cyciopropanone. 

Using procedures similar to those descried for the prepa-

Scheme I 

ration of other chromanones,9 4-carbomethoxy-3-chroma-
none (3), mp 35-36°, was prepared in high yield. The rnnr 
spectrum of 3 indicates that this /3-ketoester exists predomi­
nantly (>98%) in the enol form (r 5.98 {s, 3 H), 5.24 {s, 2 
H), 2.0-3.1 (m, 4 H), and - 3 . 0 (s, 1 H, exchanged with 
D2O)). When a thoroughly deaerated methanolic solution of 
3 was treated with sodium methoxide and then irradiated 
with light of wavelength >300 nm,10 an extremely rapid 
and clean conversion to methyl 3-(o-hydroxyphenyl)-3-car-
bomethoxypropanoate (4), mp 101-102°, was observed. 
The identity of 4 was determined by its straightforward 
spectral characteristics (nmr (100 MHz), T 7.26 (dd, 1 H, / 
= 16.0 and 7.0 Hz), 6.68 (dd, 1 H, / = 16 and 9.0 Hz), 
6.32 (s, 3 H), 6.28 (s, 3 H), 5.70 (dd, I H , / = 9.0 and 7.0 
Hz), 2.6-3.3 (m, 4 H)) as well as its facile conversion to 4-
carbomethoxydihyrocoumarin (5), mp 79-80°, on heating 
in the presence of a trace of acid. The structure of dihydro-
coumarin 5 (nmr (100 MHz), r 7.18 (dd, 1 H, / = 17.0 
and 6.0 Hz), 6.84 (dd, I H , / = 17.0 and 3.0 Hz), 6.28 (s, 3 
H), 6.05 (dd, I H , / = 6.0 and 3.0 Hz), 3.0-3.6 (m, 4 H)) 
was established by comparison with an independently syn­
thesized sample. 

Irradiation of 3 in acetonitrile at 25° for 14 hr under a 
nitrogen atmosphere with Pyrex-filtered light gave a 3:1 
mixture of 4-carbomethoxydihydrocoumarin (5) and 0-
hydroxy-a-carbomethoxystyrene (6) (Scheme I). The two 
components could be easily separated by thick-layer chro­
matography. Elemental analysis, the ultraviolet spectrum 
(methanol, 295, 263, 252, and 243 nm (e 4700, 4700, 6300, 
and 6500)), and the nmr spectrum (100 MHz, 7 6.12 (s, 3 
H) 4.05 (d, I H , / = 1.2 Hz), 3.55 (d, I H , / = 1.2 Hz), 
2.70-3.20 (m, 4 H), and 2.50 (s, 1 H, exchanged with 
D2O)) suggested o-hydroxy-a-carbomethoxystyrene (6), 
mp 76-77°, as the structure of the minor photoproduct. 
Chemical confirmation was obtained by (a) catalytic reduc­
tion to methyl 2-(o-hydroxyphenyl)propanoate (7) and (b) 
conversion to 0- methoxy-a-carbomethoxystyrene (8), 
which was, in turn, independently synthesized. It is inter­
esting to note that when the irradiation of 3 was carried out 
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