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pends on the fate of the excited octahedral complex. In
the earlier study,’® the excited complex was assumed to be
very rapidly (i.e., within the laser discharge time) con-
verted to the planar form in its ground state.® The ob-
served relaxation was then ascribed to the reestablish-
ment of equilibrium via reactions of the ground-state
octahedral and planar forms. In the absence of knowl-
edge of the rate of conversion of the excited octa-
hedral form to the ground-state planar complex or of
the genuine relaxation rate for the ground-state com-
plexes this interpretation is open to question. In an
effort to resolve this difficulty we independently studied
the relaxation of this system using the Raman laser
temperature-jump technique.

The same solutions that had been used in the 1.06 n
study were irradiated with 1.41 u photons, obtained by
using liquid nitrogen to Raman shift the 1.06 u neo-
dymium radiation.® The solutions were initially at 23°,
and, in the case of H,O solutions, temperature jumps of
2-3° were produced. The relaxation was again mon-
itored at 440 nm. A typical trace for the H,O solution
is shown in Figure 1(c). Here the direction of the ob-
served relaxation is opposite to that shown in Figure
1(a), but the relaxation time, 0.30 = 0.02 usec, is the
same as that produced with the 1.06 u radiation. The
direction of the signal change, indicating an increase in
the equilibrium concentration of the planar complex, is
consistent with the exothermicity of eq 1 (AH® =
—4.8 = 0.3 kcal mol—').> Using 1.41 u radiation for
the H,O solution favors temperature-jump over nickel
photochemistry because of the relative absorbances of
the complex and solvent at this wavelength (for H,O,
Ay = 10 cm~?; for the nickel solution, ¢ .4 <1 M™?
cm~!)., A relaxation of the kind found for 1.06 u (but
of smaller amplitude) is, however, seen when the D,O
solution is used at 1.41 u (Figure 1(d)). Here again
excitation of the octahedral nickel complex predom-
inates because of the low absorptivity (4 = 0.07 cm™?)
of D,O at 1.41 .2

It is apparent from Figure 1(a), (b), and (c) that the
signal changes obtained for photochemical and tem-
perature-jump perturbations are of similar magnitude.
For the photochemical perturbation at 1.06 u the frac-
tional increase in the concentration of planar molecule
is given by

AINIL>*] 2.3 X 10%I,K¢
[NiL2t] N

where € (the molar absorptivity of the octahedral form
at 1.06 w) is 2.0 M~ cm™?, [, (the intensity of the inci-
dent laser beam)is 1.5 X 10'® photons cm—2(3 J cm—32),
K (the equilibrium constant for reaction 1) is 6.25, N is
Avogadro’s number, and ¢ is the quantum efficiency for
conversion of the excited octahedral complex to the
planar form. Expression 2 reduces to 0.75¢. Since
the observed 440 nm absorbance change corresponds to
a 159 increase in the planar concentration, it follows
that ¢ ~ 0.2. In the case of temperature-jump per-
turbation for the H,O solution at 1.41 u, provided that
the concentration of the planar form is much less than

03]

(9) The absorbance changes in Figure 1(a) and (b) may also be ex-
plained by postulating that the decay of the excited octahedral nickel
complex yields a 440-nm absorbing, nonreactive species, This inter-
pretation seems less plausible than that advanced above,

(10) Equation 2 obtains provided that the 1,06 u absorbance of the
solute is smail (less than 0.05).

that of the octahedral, the fractional increase in the
concentration of the planar complex is given by ex-
pression 3. Here AT is the temperature increase pro-

_ AINIL™] _ ATAH®
[NiL**] = ~RT®

duced, 2.5° for 1 J cm~2 of 1.41 y radiation, and AH?® is
the enthalpy change for reaction 1, 4.8 kcal mol-1.
The concentration increase calculated for the planar
form is 7%, in satisfactory agreement with the ob-
served absorbance change of 99;. If the absorbance of
the solvent at the wavelength of irradiation is less than
0.05, then the temperature jump produced is AT =
2.31,4/C where C is the heat capacity of the solution
and A is the solvent absorbance per centimeter. Con-
sequently the ratio of the displacements by the two per-
turbations (subject to the above conditions)is

_ Aphotochem . 70 X 10—2 €K¢T2C)\
AH®A

(3

C))

Acemp jump

where the energy units for C and AH® are calories and
A, the wavelength of the incident laser beam, is ex-
pressed in microns. The above equation neglects any
temperature increase arising from absorption of the
laser radiation by the solute. Equation 4 predicts the
above ratio to be ~50 in H,O at 1.06 g, in good agree-
ment with the observed value once allowance is made
for the temperature increase resulting from the radiation
absorption by the nickel complex.

It is worth reemphasizing that, in the present study,
replacing H,O by D,O (with 1.41 p radiation) converts a
situation in which a /ess than equilibrium concentration
of the planar complex is present immediately after the
perturbation into one in which a /larger than equilib-
rium concentration of the planar form is produced
initially. A similar reversal in the direction of the per-
turbation is produced in H.O by changing from 1.41 to
1.06 u. Further, the agreement of relaxation times ob-
tained by two independent methods is especially signif-
icant in that it adds credibility to the interpretation of
the photochemically obtained results in terms of the
reactions of ground-state species.
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Photoisomerizations of 2-Methylphenylcyclopropanes
to 4-Phenylbutenes. Stereochemistry at the
Benzylic Carbon

Sir:

The nature of the transition states in organic reac-
tions is the object of continued investigation. Stereo-
chemical criteria have been of great value in elucidating
the nature of organic transition states, and the photo-
chemical isomerization of 2-alkylphenylcyclopropanes
to 4-phenylbutenes is amenable to such an experimental
test.

Our working hypothesis was based on two reason-
able mechanistic possibilities: (1) a ¢% 4+ o3 con-
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Table 1
Optical purity
6 (initial)* ® 6 (recovered)e 6 (av)e 74.¢ (obsd) 7 (predicted)
Expt/ 1 0.75 = 0.03 0.45 = 0.04 0.60 = 0.04 0.59 = 0.29 0.60
Expts 2 0.75 = 0.03 0.32 = 0.04 0.54 = 0.04 0.5 +£0.3 0.54

¢ Reading taken at 334 nm. ?® Reading taken before irradiation.

numbers represent an average of the optical purities calculated for each experiment at 280 and 302 nm.
7 48 % conversion of 6, 24 %7 77 obtained.

for incomplete deuteration (91.8 %, &4).

certed cycloaddition! or its operational equivalent;
(2) a process taking place through a w-cyclopropane
intermediate,? 2, arrived at via a mixture of disrotatory
and conrotatory openings?® of 1. The results of these

H
CH, NcH,
CH CeHs
g’
1 2

two processes differ significantly with respect to stereo-
chemistry at Cl. Whereas the former case predicts
net retention of stereochemistry at Cl, the m-cyclo-
propane intermediate possesses a plane of symmetry
which would result in equivalent amounts of retention
and inversion processes. In a suitably substituted (at
C1) phenylcyclopropane these alternatives can be
evaluated by virtue of the product asymmetry at the
migration terminus, 7.e., optically active 3 will afford
active 4 via the ¢% 4+ ¢? route whereas, owing to its

H

CH, y/ \CH2 N

X kH/CHz
3

C.H; CH, CH;
N

CH,
4

symmetry properties, the w-cyclopropane route should
result in racemic product.

We chose to conduct our investigation on the deu-
terated phenylcyclopropane 6 in spite of the fact that
product chirality solely* due to the presence of deu-
terium at the asymmetric center was expected to result
in low product rotations and attendant experimental
difficulties. The system has distinct advantages in
that our previous results® are directly applicable to
these experiments since the presence of deuterium is ex-
pected to be a minor mechanistic perturbation,® and
sufficient literature data are available on related com-
pounds to allow a complete stereochemical correlation.

Preparation of active 6 was accomplished from the
resolved acid 5°¢ by the route outlined (Chart I). Ir-

(1) R.B. Woodward and R. Hoffmann, *“The Conservation of Orbital
Symmetry,” Academic Press, New York, N, Y., 1970.

(2) R. Hoffmann, J. Amer, Chem, Soc, 90, 1475 (1968).

(3) P. H. Mazzocchi and R, S. Lustig, J. Org. Chem., in press. In
a series of deuterium labeling experiments we have shown that hydrogen
migration in 1 takes place preferentially from the methyl group trans to
the benzenering, The trans:cis migration ratio determined was 63:37.
Subsequent mechanistic analysis has been conducted with these results
in mind.

(4) D. Arigoni and E. L. Eliel, Top. Stereochem., 4, 127 (1969).

(5) The alternutive methyl label at the benzylic carbon might actually
change the reaction mechanism. For one example see J. A, Berson and
G. L. Nelson, J. Amer. Chem. Soc., 92, 1096 (1970).

(6) The acid was resolved via its ephedrine salt. Details of the syn.
hesis and resolution of 6 will be presented elsewhere.,

¢ Reading taken on material recovered after irradiation.

2 These
¢ Measured rotations were corrected
7 62 % conversion of 6, 32% 7 obtained.

Chart 1
CH. cH L LiAl,
o 2 TsClL Py
———
3. LiAlH,
D CO.H
(H)-(R)-5
CsH, - CH, H,C N C:H.,
RN hv ' RN /
\ - S < = %—b\
D CH, H,C D
(+)-(Sr6 X (=-(R)6
CeH, CgH;
’ X/CHYO (CH;),P=CH, ’ XzCHYcHz
D H CH, D H C(H,
(+)-(8)-8 (+)-(8)-7

radiation (254 nm) of 6 in isooctane followed by glpc
isolation afforded material with a measurable positive
rotation at 302 nm indicating that complete racemiza-
tion had not occurred.” More definitive mechanistic
conclusions require a knowledge of the optical purities
of 6 and 7. Compound 8° ([a]D = 0.35 = 0.09°)
was converted via a Wittig reaction to 7 ([a)se = 2.0
= 0.2°, [also = 4.3 = 0.7°). Since the conversion of
8 ([alp = 0.44°) to l-phenylbutane-I-d (9, [a]D =
0.78°) has been accomplished® and the maximum rota-
tion of 9 is predicted to be [a]D = 2.1°,* the maximum
rotations of 7 may be calculated to be [a]:s = 6.9 =
2.3° and [a]sse = 14.8 = 5.2°.

Data on the optical purity of starting 6 must reflect
the iact that photochemical racemization'® of starting
material competes with product formation. In our
calculations we use an average of the optical purities
of the starting material before and after reaction.
Measurements on the optical purity of 6 showed that
it changes in a linear fashion with respect to photolysis
time indicating that this approximation is valid. Our
results, summarized in Table I,'! are quite striking and
indicate that the reaction takes place with essentially
complete retention of optical activity. In addition,

(7) The low rotations observed for 7 presented a problem in that they
could have been due to a minor contamination of 6 which has a much
higher rotation. To guard against this active 7 was isolated by pre-
parative glpc, diluted with a large excess of racemic 6, and reisolated by
preparative gipc. The specific rotations of both samples of 7 were
within experimental error of each other.

(8) A. Streitwieser, Jr., J. R. Wolfe, and W. D. Schaeffer, Tetra-
hedron, 6, 338 (1959).

(9) C. H. DePuy, F. W. Breitbeil, and K. R, DeBruin, J. Amer.
Chem, Soc., 88, 3347 (1966).

(10) Racemization is essentially cis-trans isomerization® involving
rotation of the benzylic carbon (C1). Rotation at C2is a nonobservable
process in this system.

(11) Rotations were measured on a Perkin-Eimer 141 polarimeter
with automatic digital readout. Readings reflect the inherent instru-
mental error of ==0.002°. For compound 7 (experiment 1) the readings
were asee = 0.012 and axo = 0.018, respectively, in ethanol.
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knowledge of the absolute stereochemistry of €213
and 7'4 shows that the reaction takes place with reten-
tion of stereochemistry at the benzylic carbon.

It is worthwhile to carry out a mechanistic evaluation
which reflects the minimum retention of stereochem-
istry value allowed by the error in our data on the
optical purity of 7.'* Using the extremes of the values
for experiment 1 given in Table I for 6 (av) and 7 (obsd)
(i.e., 0.64 and 0.30, respectively), it can be calculated
that k&1 = 2.8k, i.e., at a minimum retention is faster

k k2
(F)-(S)T <——— (+)(S}6 ————> (=R}
retention inversion

than inversion at the benzylic carbon by a factor of 2.8.
In addition to symmetrical intermediates such as 2,8
these data also exclude a process where hydrogen mi-
gration occurs on ring opening en route to 2. A pair
of disrotatory and conrotatory processes (d and ¢ in
Scheme 1, respectively) must occur with preferential

Scheme I
H— CHo
~ N
D CH;,
(+H)-(5-7

C:H;

CH3 - ('—)" (R)"7

D
“~H—CH,

migration from methyl group trans to the benzene ring.
The necessary 63:37% trans:cis ratio would result in
net inversion of stereochemistry, i.e., ki/ks = 0.6. A
related situation where conrotatory opening (c) results
in retention whereas disrotatory opening (d) results in
racemization predicts a k,/k, ratio of 2.2, a value ex-
cluded by our experimental results. "

Although any mechanism or combination of mech-
anistic pathways which would result in 47 % retention
of stereochemistry at Cl and 539 racemization will
fit the extremes of our experimental data, we consider
the following as the most reasonable possibilities. Our
data suggest that the probable mechanisms for this re-

(12) The absolute stereochemistry of (4)-6 is inferred from knowl-
edge of the absolute stereochemistry of (4)-2,2-dimethylphenylcyclo-
propane!s and that of its precursor, E-2-phenyl-1-methylcyclopropane-~
carboxylic acid.®-13 We have assumed that § and 6 will have the same
sign and magnitude of rotation as their perhydro analogs. Although
this assumption is not strictly correct, the error introduced by it is
minor.

(13) 1. Tomoskozi, Tetrahedron, 22, 179 (1966),

(14) Inferred from its method of synthesis from (S5)-8.8:°

(15) Errors were calculated as D, P, Shoemaker and G. W. Garland
outlined in ““Experiments in Physical Chemistry,”’ 2nd ed, McGraw-Hill,
New York, N. Y., 1967, p 34, and represent our estimates of the 95 % con-
fidence limits. The errors in the optical purity of 7 result from low rota-
tions and small sample sizes for 7 and from rather large errors associated
with the optical correlation sequence. Data obtained for experiment 1
were clearly superior to those in experiment 2, since more sample was
available, and this is reflected in the larger error and fewer significant
figures reported in the latter case. Data from experiment 1 were there-
fore used in the succeeding arguments.

(16) A 90° diradical, where rotation of Cl1 (fast) has occurred while
rotation of C2 has not occurred, also has a plane of symmetry and is
ruled out by these results. In this and all other cases we assume that
rotation of the phenyl group away from the cyclopropane ring occurs.
Examination of models indicates that the alternative rotation, toward
the ring, results in severe steric crowding.

(17) In fact the data from experiment 2 are barely within experimen-
tal error of this prediction.

action be limited to two: a .25 + .25 concerted cyclo-
addition reaction subject to a slight steric effect (and
thus the preference for trans migration); a reaction
which proceeds through a “diradical” formed essentially
by expansion of the C—C;—C; bond angle (Scheme II).

Scheme 11
C6H5 H - CH2 CGH5 3 CH3

1 2

CH; D CH;

(+)=(8)-7

CeH, CH;
—  (+)-(8)-7

i
D H—CH,

In this process rotation around the C,—C; bond must be
much slower than rotation around the CsC; bond, a
proposal consistent with the relative masses of the ro-
tating groups.' The net effect is a cleavage of the
C,—C; bond followed by a rocking motion at C,, subject
to a slight steric effect, followed by hydrogen migration.

Both of these mechanisms fit the experimental data
(i.e., migration from cis and trans methyl groups and
generation of optically active product with retention
of stereochemistry) and at present we are not able to
distinguish between them.
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(18) Variation of the rates of rotation in trimethylene diradicals has
been demonstrated in thermal systems,!? Stereospecific product forma-
tion due to hindered rotation has also been suggested.2

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

(20) J. S. Swenton and A, Wexler, ibid., 93, 3066 (1971).
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A MINDO/3 Study of the Factors Controlling
Configurational Stability in Vinyl and
Cyclopropyl Radicals!

Sir:
The bent geometry of the vinyl radical 1a? and the
nonplanar geometry of the cyclopropyl radical 2a? are

now well recognized. Recent reports*? indicate that
the barriers to inversion are greater in I-chloro- (1b)
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