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Analysis of the kinetics of cyclopropyl-assisted
solvolysis in & 3-bicyclo[3.1.0]hexyl systems
using far-IR and microwave spectroscopic
information indicates that the reaction occurs
in a highly excited vibrational state in which
the molecule briefly has a chair-like conforma-
tion.

The cyclopropyl-assisted reaction may go
through a possible intermediate trishomocyclo-
propenyl cation. The spectroscopic data give
an estimated value for the relative rate of
reaction for the chair conformation (kcpair/Fons)-
The calculated %g,,ir agrees well with observed
rates of cyclopropyl-assisted solvolysis in rigid
3-bicyclo[3.1.0]hexyl systems.

Extensive NMR,112 UV, far-IR,1%% Raman,'?
and microwave **# gpectroscopic investiga-
tions have shown that in bicyclo[3.1.0]hexane
systems the most stable conformations are
boat-like forms. X-Ray crystallographic struc-
ture determinations of a few bicyclo[3.1.0]hex-
ane derivatives also show boat-like conforma-
tions ¥ and additional support is given by
dipole moment studies.?” A knowledge of the
conformations of bicyclo[3.1.0Thexane deriv-
atives is important for the interpretation of
kinetic data on rearrangement reactions %7
and of chiro-optical data provided by conju-
gated cyclopropyl chromophores in these
systems,¢

In this communication we wish to discuss
the significance of conformational changes
for the kinetics of cyclopropyl-assisted solvolysis
in 3-bicyclo[3.1.0Thexyl systems. This discus-
sion is based on spectroscopic results and es-
pecially on recent far-IR and microwave
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Fig. 1. (a) Boat-like conformation of bicyclo-
[3.1.0]hexane and (b) Newman-projection of
the C(1)-C(2) bond.

spectroscopic studies on bicyclo[3.1.0]hex-
ane ' and some related compounds.!®—2032,23

In bicyclo[3.1.0]Thexane systems, in contrast
to cyclohexane derivatives, the boat conforma-
tion leads to the preferred staggered arrange-
ment of C(1)—C(2) and C(4)—C(5) bonds (cf.
Fig. 1). In the chair conformation these bonds
possess an eclipsed arrangement.

The rate of the cyclopropyl-assisted solvolysis
of cis-3-bicyclo[3.1.0]hexyl tosylate $* (1, X
= p-toluenesulfonate, OTs) is very low com-
pared with the rates of other cyclopropyl-
assisted reactions, e.g. the solvolysis of the
tricyclic homologue (3, X=gp-nitrobenzo-
ate).’*3? In order to explain the low rate of
solvolysis of I Winstein et al.%"* suggested
that cis-3-bicyclo[3.1.0]Jhexyl tosylate exists
mainly in a boat-like conformation (Ia) while
the reaction takes place primarily from a
chair-like conformation (1b) by a cyclopropyl-
assisted ionization to form a trishomocyclo-
propenyl cation (2).
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Winstein et al.4? (¢f. also Refs. 34, 35, and
36) have assumed an equilibrium between the
boat and the chair conformations with a low
value of the equilibrium constant K=k,/k_,.
Furthermore, they assumed that the equilib-
rium between Ia and Ib is maintained during
the process. From these assumptions an ex-
pression for the over-all reaction rate was
derived in terms of the equilibrium constant
and kchniv

kops=K(1+ K)™? chair = Kk chate

The second assumption would by necessity
demand that kg, is small compared to k_,.
However, kg, should be relatively large
and should correspond to the rate constants of
cyclopropyl-assisted solvolysis in related rigid
systems.** The use of a steady-state approxi-
mation for the concentration of the chair
conformation (Ib) would give the more correct
result

Eops =K (1 + kcnair/k—1) Kepgir

The angle 180°— /(C,C,C,C,)—(CsCsC,) is
denoted by ¢. Positive values of ¢ correspond
to the boat conformation and negative values
to the chair conformation. In the systems
hitherto investigated, the angle ¢ at equilibrium
varies from approximately 20° 2 up to 40°.1&%
A bulky substituent at the cis-3-position
might possibly cause a smaller equilibrium
angle. It is also of interest to note that the
vibrational potential curves obtained from
far-IR %% and Raman !’ spectra of bi-
cyclo[3.1.0]Jhexane and some related com-
pounds give indications of a stable chair
conformation only in the case of 6-oxabicyclo-
[3.1.0]Jhexane. In this molecule a stable chair
conformation might possibly occur at approx-
imately 13 kJ mol™! above the ground-state
of the boat conformation.

The ring-bending motion usually has a large
amplitude even in the ground vibrational state.
Amplitudes of vibration in different states
of 3-bicyclo[3.1.0]Jhexanone have been estimated
in terms of the angle 4.2 In higher vibrational
states the large amplitude of the ring-bending
motion will cause the molecule to pass through
& chair-like conformation, with ¢ less than
approximately — 20°, for a short period in the
vibrational ecycle.

It is well-known that a vibration associated
with a heavy group (large reduced mass) will
result in a closer spacing of the vibrational
levels than in one with a lighter group. Far-IR
results %* are in agreement with this conclu-
sion. A heavy substituent on C(3), such as a
p-toluenesulfonate group, will accordingly re-
sult in very low-lying vibrational states.

In the light of the discussion above we prefer
to consider the ionization process of cis-3-
bicyclo[3.1.0]hexyl tosylate (I) as occurring
in a highly excited vibrational state in which
the molecule for a short moment has a chair-
like conformation. From these assumptions
we can make & qualitative estimate of the rate
of reaction, kg, in terms of Kgpqi-

The assisted solvolysis is possible only if
the molecule is in or above a vibrational state
n, which is the lowest state in which the mole-
cule for a short moment can go over to a chair
conformation. In order to simplify the calcula-
tion of the probability for a molecule to be in
a state j=n, the potential function is approxi-
mated as a harmonic one. The probability is
then

P(j=n) = exp[—nhy(RT)™]

in which » is the fundamental ring-bending
vibration frequency.

The product nhy (=E,—(1/2)hv) for several
bicyclohexanes,* calculated with » as the first
vibrational state above the inflection or the
second minimum point of the potential curve
(¢f. Fig. 2), is relatively constant and varies
only between 13 and 19 kJ mol~. This energy,
4E, can be considered as the energy above
ground state of the lowest vibrational state in
which a chair conformation occurs. The prob

* Bicyclo[3.1.0]Jhexane,® 3-oxabicyclo[3.1.0]-
hexane,’® 6-oxabicyclo[3.1.0]hexane,!®® 3,6-dioxa-
bicyclo[3.1.0]hexane,® and 3-bicyelo[3.1.0]hexa-
none.2
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Fig. 2. A typical ring-bending potential function
for a bicyclo[3.1.0]hexyl system.

ability for a molecule to be in a state j=n can
then be calculated to be somewhere between
4x10™* and 5x 107 at 25°C.

When the molecule is in an excited state,
j=n, the ring-bending vibration is of large
amplitude between boat and chair forms as
previously discussed. The probability of a
chair conformation, P(chair), will thus be
smaller than P(j>n). Since the vibrational
amplitude is not well established at higher
vibrational levels, P(chair) is difficult to deter-
mine. However, any reasonable assumption
will reduce the derived value of P(j=>n) by
at least a factor of 5 to 10. Accordingly, we
find the total probability of the molecule being
in a chair-like conformation to lie between
4x10~° and 1x 1072 These values can be re-
garded as limits for the ‘“‘equilibrium constant’
K.
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The ratio kge/kepair is' equal to [1b}/([Ia)
+[1b])=[1b]/[1a]. The chair conformation (1b)
will react faster than equilibrium can be at-
tained. As long as k_, is unknown it is, however,
reasonable to adopt the approximation of
Winstein et al.%? that the ratio [1b]/[1a] does
not differ very much from that at equilibrium.
From the known values * 4H¥ =101 kJ mol-?
and 4S¥= —21J K~! mol™* we may calculate
kops=1.1x10"% s at 25°C. Finally, from
the value of P(chair) calculated above, we
got Kopair=0.001 to 0.03 s~1.

The value 0.001 s~ of K.y, can probably be
regarded as a lower limit. A vibration of larger
amplitude in a state of higher energy than that
assumed, 7, might be required for successful
trapping of the molecule. In such a case the
calculations above would give & higher value
of kcnair

Some rigid systems with quite large negative
values of the angle ¢ (e.g. 3, 4 and §) show
high values for the rate of solvolysis,*—233,35,37,38
The solvolytic reactivities of these rigid sys-
tems can now be compared with the calculat-
ed rate of solvolysis from & chair conformation
of 1 (kepair)- The relative rate for the chair
conformation is of the same order of magnitude
as those of the rigid systems 3, 4 and § as
shown in Table 1. This interpretation is in
agreement with the higher rate of solvolysis
of the compound 3, which has a large negative
value of the angle ¢.

This discussion has been concerned with the
solvolysis of cis-3-bicyclo[3.1.0]hexyl tosylate.

Table 1. Relative solvolysis rates of some 3-bicyclo[3.1.0Jhexyl systems.*

O &

6 &

Temp. of kb, catel® ksfk kofke ky/k

solvolysis (°C) >1b10"c ' ><8 16“ >: 16—‘ x 16“
250 0.1-2.5 — 0.11 -

100¢ 0.03—-0.5 36 — 1.2

4 In this table k, refers to the observed rate constant of solvolysis for compound 1, &, is the observed
rate constant for compound 3, etc. kyp carc i8 ©qual to the calculated value of keygyr. ® In AcOH. ¢In

70 9% aqueous dioxane solvent.
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It has been based on potential functions for
the ring-bending of some bicyclo[3.1.0lhexane
derivatives. The potential curve of the tosylate
will, of course, be slightly different from those
here. However, the same effects, ring-strain
and H,H-interaction, will undoubtedly deter-
mine the vibrational potential of the tosylate
as well. The spectroscopic results have been
obtained from measurements in the gas-phase
while the kinetic studies have been performed
in the liquid phase. In spite of these short-
comings the agreement of the kinetic data
calculated on the basis of spectroscopic results
with data obtained from solvolysis experiments
is surprisingly good.

REFERENCES

1. Bergqvist, M. 8. and Norin, T. Ark. Kemz 22
(1964) 137.

. Tori, K. Chem. Pharm. Bull. 12 (1964) 1439.

. Freeman, P. K., Raymond, F. A. and Gros-
tic, M. F. J. Org. Chem. 30 (1965) 771.

. Winstein, 8., Friedrich, E. C., Baker, R.
and Lin, Y. Tetrahedron Suppl. 8 (1966)
Part II, 621.

. Smith, H. E., Brand, J. C. D., Massey, E.
H. and Durham, L. J. J. Org. Chem. 31
(1966) 690.

6. Dieffenbacher, A. and von Philipsborn, W.
Helv. Chim. Acta 49 (1966) 897.

7. Lin, Y. Thests, University of California
1967.

8. Dauben, W. G. and Wipke, W. T. J. Org.

9

- W

ot

Chem. 32 (1967) 2977,
. Acharya, S. P., Brown, H. C., Suzuki, A.,
Nozawa, S. and Itoh, M. J. Org. Chem. 34
(1969) 3015.
Doering, W. von E. and Smith, E. K. G.
Tetrahedron 27 (1971) 2005.
Norin, T., Stromberg, S. and Weber, M.
Acta Chem. Scand. 27 (1973) 1579.
Cooper, M. A., Holden, C. M., Loftus, P.
and Whittaker, D. J. Chem. Soc. Perkin
Trans. 2 (1973) 665.
Abraham, R. J., Holden, C. M., Loftus, P.
and Whittaker, D. Org. Magn. Resonance 6
(1974) 184.
Gray, R. T. and Smith, H. E. Tetrahedron
23 (1967) 4229.
Carreira, L. A. and Lord, R. C. J. Chem.
Phys. 51 (1969) 2735.
Lord, R. C. and Malloy, T. B., Jr. J. Mol.
Spectrosc. 46 (1973) 358.
Lewis, J. D., Laane, J. and Malloy, T. B.,
Jr. J. Chem. Phys. 61 (1974) 2343,
Lafferty, W. J. J. Mol. Spectrosc. 36 (1970)
84,
Creswell, R. A. and Lafferty, W. J. J. Mol.
Spectrosc. 46 (1973) 371.

10.
11.
12.

13.

14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24,

25.

26.
27.

28.
29.

30.

31.

32.
33.
34,
35,

.

36.

37,
38.

Malloy, T. B., Jr. J. Mol. Spectrosc. 49
(1974) 432.

Cook, R. L. and Malloy, T. B., Jr. J. Amer.
Chem. Soc. 96 (1974) 1703.

Bevan, J. W., Legon, A. C., Ljunggren,
8. 0., Millen, D. J. and Mjéberg, P. J.
Unpublished results.

Mjoberg, P. J., Ralowski, V. M., Ljunggren,
S. 0. and Bickvall, J. E. J. Mol. Spectrosc.
In press.

Cameron, A. F., Ferguson, G. and Robert-
son, J. M. J. Chem. Soc. B (1969) 692.
Grostic, M. F., Duchamp, D. J. and Chi-
dester, C. G. J. Org. Chem. 36 (1971) 2929.
Herbstein, F. H. and Regev, H. J. Chem.
Soc. B (1971) 1696.

McCullough, J. J., Henbest, H. B., Bishop,
R. J., Glover, G. M. and Sutton, L. E. J.
Chem. Soc. (1965) 5496.

Norin, T. Tetrahedron Lett. (1964) 37.
Winstein, S. and Sonnenberg, J. J. Amer.
Chem. Soc. 83 (1961) 3235.

Tanida, H., Tsuji, T. and Irie, T. J. Amer.
Chem. Soc. 89 (1967) 1953.

Battiste, M. A., Deyrup, C. L., Pincock,
R. E. and Haywood-Farmer, J. J. Amer.
Chem. Soc. 89 (1967) 1954.
Haywood-Farmer, J. 8. and Pincock, R. E.
J. Amer. Chem. Soc. 91 (1969) 3020.
Winstein, S. Quart. Rev. Chem. Soc. 23
(1969) 141.

Ellen, G. and Klumpp, G. W. Tetrahedron
Lett. (1974) 2995.

Ellen, G. and Klumpp, G. W. Tetrahedron
Lett. (1974) 3637.

Story, P. R. and Clark, B. C., Jr. In Olah,
G. A. and Schleyer, P. von R., Eds.,
Carbonium Ions, Wiley-Interscience, New
York 1972, Vol. I1II, p. 1007.

Winstein, S. and Shatavsky, M. J. Amer.
Chem. Soc. 78 (1956) 592.

Coates, R. M. and Kirkpatrick, J. L. J.
Amer. Chem. Soc. 92 (1970) 4883.

Received April 18, 1975.

Acta Chem. Scand. B 29 (1975) No. 10



