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agreement with the present work. By combining the line-
shape data at 60° with the equilibrium data at —10° and
using the relationship AG? = AH* — TAS? with AH? and
AS? as temperature-independent quantities, we obtain
AHY =20.6 £0.2, AH'_| = 22.1 £ 0.2 keal/mol, AS?) =
44 £ 0.7, AS*_) = 4.5 £ 0.7 eu. These values are much
more accurate than those obtained from the NMR line-
shape data alone because of the limited temperature range
over which rate constants can be determined by line-shape
studies.*

The efficiency of the equilibrium trapping cannot be cal-
culated from the present data since the assumption of tem-
perature-independent AH® and AS° terms is probably not
valid over a large temperature range, and in any event,
AG°’s in the gas phase and in solution may well be differ-
ent. It is clear, however, that substantially perturbed popu-
lations over the equilibrium values can be obtained.

Methyleyclohexane was deposited at —175° from a tem-
perature of 500° and the '"H NMR spectrum was observed
at —160° in a 1:1 mixture of CHCIF, and CCI,F; (Figure
1). A doublet (6 1.00), ascribed to the axial methyl group, is
visible downfield from the resonance of the equatorial
methyl group.® The population of the axial form is at least
10% and could be as high as 25%. Overlap of the equatorial
methyl group doublet with ring proton bands prevents a
more accurate measurement of the axial-equatorial ratio.
From the known thermodynamic data on methylcyclohex-
ane, the population of the axial form at 500° should be
about 30%. The apparent trapping efficiency in this case
may be low owing to adventitious reequilibrium at various
stages prior to NMR measurements. Further experiments
involving '*C NMR and 'H NMR of undeuterated and
partially deuterated methylcyclohexane are in progress.

It appears that high-vacuum cryogenic deposition will be-
come a valuable tool in conformational analysis.” The meth-
od should be applicable to systems with barriers as low as
4-5 kcal/mol by deposition near liquid helium tempera-
tures and observation by infrared or other suitable spectro-
scopic techniques, and such experiments are underway.
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Spectroscopic Detection of the Twist-Boat
Conformation of Cyclohexane. A Direct Measurement
of the Free Energy Difference between the Chair

and the Twist-Boat

Sir:

Theoretical calculations on cyclohexane! and experimen-
tal data on some highly constrained cyclohexane deriva-
tives'2:2 indicate that the twist-boat conformation of cyclo-
hexane lies about 5-6 kcal/mol above the chair conforma-
tion. The equilibrium proportion of cyclohexane twist-boat
form at room temperature should be of the order of 0.1% or
less,® and thus it is not surprising that no direct observation
of this form has been reported. However, thermodynamic
considerations based on the expected values of AH° and
AS° between the chair and twist-boat forms indicate that
the concentration of the twist-boat becomes quite substan-
tial at high temperatures, e.g., 30% at 800°.# Detection of
boat forms at high temperatures by infrared or Raman
spectroscopy presents difficulties because of the possible
presence of “hot” bands arising from the chair form. We
have therefore chosen to trap the high-temperature equilib-
rium by a high-vacuum deposition technique® before carry-
ing out a spectroscopic investigation. The infrared spectrum
of the mixture of chair and twist-boat conformations can
then be observed at very low temperatures and can be com-
pared with that of the chair form in the pure state. The rate
at which the twist-boat returns to the chair can also be ob-
tained by raising the temperature to a suitable value. Since
the energy barrier for the isomerization of the twist-boat to
the chair is expected to be about 5 kcal/mol,' the twist-boat
should have a virtually infinite life at 20°K, but should be
fairly rapidly transformed to the chair at liquid nitrogen
temperature (77°K),

The considerations described above led us to carry out
the following experiments. Cyclohexane gas at about 0.2
Torr pressure was heated to ca. 800° (contact times =~ 10
msec) and allowed to deposit, either in the neat state or in
the presence of a large excess of argon (also at 800°) onto a
Csl plate cooled to 20°K. The same type of experiment was
also carried out with the cyclohexane (and the argon, if
used) initially at room temperature instead of at 800°. A
well-resolved infrared spectrum (measured at 10°K) of the
pure chair conformation is obtained by deposition at 20°K
of room-temperature cyclohexane vapor in the presence of
argon (mole ratio 1:500). The matrix-isolated chair cyclo-
hexane shows bands (between 600 and 2000 cm™') at the
following frequencies (relative intensities are given in pa-
rentheses): 861 (0.38), 865 (0.39), 906 (0.42), 1021 (0.10),
1034 (0.07), 1047 (0.10), 1262 (0.20), 1454 (0.60), and
1457 (1.0). This spectrum is similar to that reported for
crystalline (phase II) cyclohexane at liquid nitrogen tem-
perature® but is missing some bands’ because of the absence
of intermolecular crystal effects in the argon matrix.®

The infrared spectrum at 10°K of cyclohexane deposited
from 800° in the presence of argon shows all the bands de-
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Figure 1. Top: infrared spectrum between 700 and 1500 cm™!' at 10°K
of neat cyclohexane deposited from the vapor at 800°C. The arrows
show bands assigned to the twist-boat. Bottom: same sample as above,
but after warming to 74°K for several hours before measuring the
spectrum at 10°K.

scribed above for the chair, plus the following bands, which
are assigned to the twist-boat: 760 (0.15), 770 (0.33), 772
(0.30), 869 (0.38), 1000 (0.11), 1153 (0.26), 1469 (1.0),
1471 (0.98). It is significant that the two bands at 1469 and
1471 cm~!, which can be ascribed to CH; scissoring vibra-
tions in the twist-boat, occur at higher frequencies than the
corresponding bands (1454 and 1457 cm™') of the chair,’ in
agreement with data on cyclohexane derivatives that are
constrained to exist in twist-boat forms by substituents.2 On
the assumption that the scissoring vibrations in the chair
and the twist-boat conformations of cyclohexane have simi-
lar absorptivities, it appears that the twist-boat is present to
about 25% in the cyclohexane deposited from 800°. The
percentage of the twist-boat in the gas phase at 800° is
therefore at least 25% and possibly more, depending on the
efficiency of trapping of the twist-boat.!?

Because the twist-boat is too long-lived at temperatures
where argon (or even xenon) can be used as a matrix, we
have studied the change of the twist-boat to chair in a cryo-
genically deposited film of neat cyclohexane. Under these
conditions the infrared spectrum of pure chair cyclohexane
(obtained from room temperature cyclohexane) shows
bands that are broader than those of the matrix-isolated
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Figure 2, Energy diagram (units are kilocalories per mole) for ring in-
version in the cyclohexane chair (C), showing the twist-boat (TB) and
the half-chair (HC) (i.e., the transition state for the C to TB intercon-
version). Pseudorotation' in the TB and HC is not shown.

chair form or of the chair form in the phase II crystals. The
infrared spectrum of neat cyclohexane deposited from 800°
onto a Csl plate cooled to 40°K (Figure 1) shows all the
peaks observed in the chair as well as bands corresponding
to those previously assigned to the twist-boat in the matrix
isolation experiments. On warming above 70°K the bands
of the twist-boat gradually decrease in intensity, and the re-
maining spectrum corresponds to the chair form!' (Figure
1). Rates of decay were obtained at 72.5, 73.0, and 74.0°K
in separate experiments by measuring the absorbance at
770 cm™' giving the rate constants 2.1 X 1074, 2.8 X 1074,
and 3.3 X 107%sec™!, respectively. The free energy of acti-
vation (AG?) for each experiment was calculated using the
absolute rate equation from transition state theory.!> The
results from the three experiments agree very well and give
AGY = 5.27 + 0.05 kcal/mol for the twist-boat to chair
isomerization.

The isomerization of the twist-boat to the chair described
above takes place in the solid state and may not be compa-
rable to an isomerization occurring in the gas phase or in
solution. However, both conformations have zero dipole
moments and have similar shapes, and thus it is likely that
effects of the (distorted) lattice on the rate of isomerization
are small.'? If this is correct, the following deductions can
be made. The value of 5.3 kcal/mol for AG* (twist-boat to
chair) can be equated to AH? since the entropy difference
between the twist-boat and the transition state is likely to be
small'® and the temperature is low (TAS? is thus small).
For the chair to twist-boat process, AH?*is 10.8 kcal/mol.'
Thus AH® (chair to twist-boat) is 5.5 kcal/mol (Figure 2)
and from the estimated 25% population of the twist-boat at
high temperatures, a AG®°gqq of 1.3 kcal/mol and hence as
AS” of 4 eu can be calculated. All of these parameters are
in excellent agreement with expectations.! The agreement
suggests that trapping of the twist-boat cyclohexane at
20°K is quite efficient.

Attempts to observe the NMR spectra of the twist-boat
conformation of cyclohexane are in progress.
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Exciplex Quenching. Geometric and
Electronic Requirements
Sir:

Much indirect evidence has accumulated for the inter-
mediacy of excited state complexes (exciplexes) in photo-
chemical reactions.! We have recently established the role
of singlet exciplexes in some photocycloaddition reactions of
phenanthrenes and olefins using an exciplex fluorescence
quenching method.?*> We now report on the generality of
exciplex quenching and an apparent geometrical require-
ment for this “termolecular” process.

The fluorescent exciplex (Aemission 444 nm) formed? be-
tween the excited singlet state of 9-cyanophenanthrene (9-
CNP) and p-(isobutenyl)anisole (p-BA) was quenched by
the addition of fumaronitrile (Figure 1). A value of kqrex®/r
= 90 was obtained by the usual Stern-Volmer analysis.*
Other electron acceptors also quench the exciplex fluores-
cence; kQrex®" values from linear Stern-Volmer plots are
given in Table I. The effect of air saturation on the exciplex
fluorescence?® intensity allows us to estimate a lifetime
(7ex®") of 16 nsec. Thus fumaronitrile, dimethyl fumarate,
and dimethyl acetylene dicarboxylate quench the exciplex
at essentially diffusion-controlled rates (Table I). Exciplex
quenching experiments run at varying olefin concentrations
but at constant 9-CNP concentration led, within experi-
mental error, to identical kqrex values indicating that
ground-state complexation between p-BA and the quench-
ers is not important to the quenching process.

Figure 1. Quenching of 9CNP-p-BA exciplex by fumaronitrile:
kQ‘rexa’r =90 M,

Table I. Rate Constants for Exciplex Fluorescence Quenching?
9CNP-trans 9CNP- P-FN
Anethole p-BA  Anth-DEA¢ 235
Quenchers 11.3(8.002 39 (16)2 120(22)2 (12.5)P
Ph,N 1.9X10® 1.5x10° — —
Et,N 1.5x10® 2.0x10°® 14x107 7.0x10°
@ <6X10° <2x10° <2x10° 22x10°
=\og <6 %10 <2¥x10 — 1.6 X 10°
L
p <6 x10* <2x10® <2x10° 1.6%x10°
NN 1.0x 10* 82x107 1.6Xx 10°
CO,Me 9 9 9 . s
Me0,07 8.1x10° 7.6x10° 3.3x10° 14x10
NSNS 7.2x10° 6.9%x10° 34x10° 13X 10®
MeO,CC=CCOMe 7.7 X 10° 7.6 x 10° <4 % 107

2 Air-saturated benzene at room temperature. Rate constants
(=kQTex?if/Tex2iN). PExciplex lifetimes given as 7o, d€0xygenated
(rex?iM), in nanoseeonds, estimated from the effect of aeration on
exciplex emission intensity. € Anthracene -diethylaniline.

The results of quenching of several other exciplexes are
given in Table I. Results for the phenanthrene-fumaroni-
trile (P-FN) exciplex® parallel those we have previously re-
ported for the phenanthrene-dimethyl fumarate exciplex.?
Where necessary, corrections were made for the simulta-
neous quenching’ of monomer and exciplex and for the ab-
sorption of incident light by ground state charge-transfer
(CT) complexes. The possibility that the latter leads to ex-
ciplex quenching can be ignored since the fraction of com-
plexed quencher molecules is in all cases very small® (<1%).
Exciplex lifetimes were obtained by the air saturation tech-
nique and were consistent (£10%) with those obtained'? by
nanosecond flash spectroscopy.

Inspection of Table I leads to several generalizations. (1)
Each exciplex can be quenched to some extent by both pow-
erful ground-state CT donors and CT acceptors. Since a CT
term dominates exciplex binding, e.g., a > b, ¢, or d for the
(D,A)* exciplex in the equation below,!! it is not surprising
that further CT interaction dominates exciplex quenching.

YDA = ayp+ra- + bYp-a+ + c¥pea + dypas

(2) Neither weak donors (ethyl vinyl ether) nor weak ac-
ceptors (cinnamonitrile) are particularly effective exciplex
quenchers.

(3) Each exciplex shows a marked preference for quench-
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