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The progress achieved in the instrumentation of high-
resolution solid-state NMR spectrometers has allowed
one to obtain detailed information about the dynamic
processes occurring within organic molecules in the
crystalline state. In particular, it has been shown that
the rotational barriers are significantly higher (by a few
kcal mol-1) in the solid state than in solution,2 due to
the hindrance exerted by the crystal lattice upon the
molecular motion. An analogous enhancement could be
reasonably expected also for ring inversion. This is
suggested by the observation that the related dynamic
processes were observed at temperatures much higher
than in solution, even though the corresponding free
energies of activation (∆Gq) were not measured in the
crystalline state.3

We have recently obtained an example where the
barrier for the inversion process of a six-membered ring
had greatly increased in the solid state.4 For the ∆Gq

value measured in crystalline dodecamethylcyclohexa-
silane, (Me2Si)6 is about 8 kcal mol-1 higher than in
solution (12.75 vs 4.85 kcal mol-1). On the other hand,
the free energies of activation measured for a number of
ring inversions in inclusion compounds did not display

substantial differences (less than 1 kcal mol-1) with
respect to those observed in solution.5

Recently, Pawar and Noe6 have measured the barrier
(∆Gq ) 4.2 kcal mol-1) for the ring inversion of cyclo-
hexene oxide [i.e., (CH2CH2CH)2O] in solution (a 5:1:1
mixture of CHClF2, CHCl2F, and CHF3 was used as
solvent) by performing a line shape analysis of one of the
three 13C lines, which splits into a doublet (∆δ ) 2.2 ppm)
below -180 °C. The analogous splitting, expected to occur
also for the other two lines, could not be revealed since
the corresponding shift separations were too small. We
found this molecule to be most appropriate for providing
a second, additional case where enhancement of a ring
inversion barrier in the solid state could possibly be
observed.
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Figure 1. 13C spectrum (100.56 MHz) of cyclohexene oxide
as a neat liquid (top) and CP-MAS spectrum of the same
compound below the melting point (bottom).
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Although cyclohexene oxide is a liquid at ambient
temperature, it freezes at -81 °C, so that a solid-state
spectrum can be obtained below this temperature. A
differential scanning calorimetric determination did show
that the only observed phase change occurs at the melting
point. The CP-MAS spectrum of crystalline (CH2CH2-
CH)2O is reported in Figure 1 (bottom trace). The three
sharp lines, due to the three pairs of dynamically
equivalent (homotopic) carbons in the liquid phase (Fig-
ure 1, upper trace), split into equally intense doublets
separated by 1.54, 1.12, and 1.57 ppm for the carbons in
positions 1 and 2, 3 and 6, and 4 and 5, respectively.
These values are similar to that of the separation
detected in solution.6 The doublets observed at low
temperature in the solid state NMR spectrum are a
consequence of the fact that the ring inversion process,
which reversibly exchanges the half-chair conformer6

with its enantiomeric form (Scheme 1), has been made
slow in the NMR timescale. In each enantiomer, the six
carbon atoms are diastereotopic, thus accounting for the
six lines CP-MAS spectrum.

It is important to stress that, contrary to the case of
dodecamethylcyclohexasilane,4 the three lines split into
six as soon as the compound becomes solid, and in a
reversible manner become three as soon as the compound
melts. In other words, the expected coalescence of each
pair of lines cannot be experimentally detected in the
solid state since it occurs at a temperature higher than
the melting point. As a consequence, only the lower limit
for the ∆Gq value in the crystalline phase can be obtained
in the present case.

For this purpose, we performed a computer line shape
analysis of the six signals and observed that the theoreti-
cal coalescence point is reached when using a rate
constant of 95 ( 5 s-1. This corresponds to a free energy

of activation of 9.1 kcal mol-1 at -81 °C, if a transmission
coefficient of 1/2 is used in the Eyring equation,7 as is
customary for ring-inversion processes.6,8 Since such a
coalescence could not be observed in the temperature
range where the compound is still solid, the exchange of
the two enantiomers (Scheme 1) in the crystalline phase
requires a barrier certainly higher than 9.1 kcal mol-1.
From this result, it can therefore be concluded that the
barrier has been enhanced by more than 5 kcal mol-1

with respect to the value measured in solution.
This experiment convincingly confirms that the inver-

sion processes of six-membered rings display barriers
much greater in the solid than in solution, the effect being
even larger than that observed for the rotation processes.

Experimental Section

The commercially available cyclohexene oxide was purified
by distillation before the use. The liquid sample was tightly
sealed in 5 mm zirconia rotor, spun at the magic angle with a
speed of about 4 kHz in a spectrometer (Varian, Inova 400)
operating at 100.56 MHz for 13C. The cooling was achieved by
means of a flow of dry nitrogen, precooled in a heat exchanger
immersed in liquid nitrogen and the temperature calibrated by
observing the melting point of the compound (measured as -81
( 1 °C in the DSC experiment) within the spectrometer. The
mixing time was 1 ms, the recycling time 10 s, the pulse width
5 µs, and the number of transients 16. The chemical shifts were
measured, by replacement, with respect to the methyl signal of
hexamethylbenzene (17.3 ppm). The line shape simulation was
performed by making use of a PC version of the DNMR 6
program.9 The DSC determination was obtained with a scanning
rate of 5 degrees per minute, heating from -135° to -40 °C.
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