
Conformational Studies by Dynamic NMR.
67.1 Ring Inversion, in Solution and in the

Solid, of the Silane Analogue of
Permethylcyclohexane:

Dodecamethylcyclohexasilane

Daniele Casarini,* Lodovico Lunazzi,* and
Andrea Mazzanti

Department of Organic Chemistry “A.Mangini”, University
of Bologna, Risorgimento, 4, Bologna 40136, Italy

Received July 22, 1998

The six-membered cyclic polysilanes (i.e., the analogues
of cyclohexane having six silicon atoms replacing the six
carbon atoms) are expected to exhibit chair conformations
that are more flexible than the corresponding cyclohex-
ane derivatives, owing to the greater bond lengths and,
possibly, also to the lower angle bending force constants.
For instance, substitution of even a single ring carbon
with a silicon atom lowers the ring inversion barrier 3 of
cyclopentamethylenedimethylsilane Me2Si(CH2)5 signifi-
cantly from that of the corresponding 1,1-dimethylcyclo-
hexane, Me2C(CH2)5

4 (i.e., 5.4 vs 10.2 kcal mol-1).
Dodecamethylcyclohexasilane, (Me2Si)6, is the analogue

of dodecamethylcyclohexane, (Me2C)6: for the latter a
ring inversion barrier (∆Gq) as high as 17.3 kcal mol-1

has been measured.5 Although (Me2Si)6 was found to
adopt a “normal” chair conformation in the crystal,6
attempts of detecting separate 1H NMR signals for the
axial and equatorial methyl groups failed,7 thus making
impossible detection of the ring inversion process and,
consequently, measurement of the corresponding barrier.
Equally unsuccessful have been attempts at observing
different axial and equatorial aMe hyperfine splittings in
the corresponding radical anion, by means of low-tem-
perature ESR spectroscopy.7

We report here a successful outcome of this conforma-
tional problem, achieved by monitoring the high field 13C
spectra of (Me2Si)6 at temperatures much lower than
those previously attained. The 75.5 MHz signal of the
12 equivalent methyl carbons (a single, sharp peak at
-6.5 ppm) broadened steadily on cooling the sample,
much in the same way as did the lines of the solvents,
an effect which is the consequence of the increasing
viscosity of the solution.3b Accordingly, in the range
-100° to -150 °C the ratio between the line width of the
solute and of the solvent signals was found to be es-
sentially constant (1.6 ( 0.3). Below -155 °C, however,
this relationship suddenly broke down in that the width

of the methyl carbon signals increased dramatically: at
-160 °C, for instance, its value was about 100 Hz as
opposed to 12 Hz for the solvent lines. This suggests that
an exchange process has begun to take place, and indeed
at -165 °C the typical shape of two lines just below the
coalescence point8 was clearly observed (Figure 1).

Such an occurrence allows determination of the ring
inversion rate by computer simulation,9 provided the line
width in the absence of exchange is available. Although
at lower temperatures the solubility of (Me2Si)6 is insuf-
ficient for detecting its 13C spectrum,10 the intrinsic line
width nonetheless could be obtained by multiplying that
of the solvent signals (31 Hz, as in Figure 1) by the
mentioned 1.6 factor.11 The resulting value (50 ( 11 Hz)
allowed us simultaneously to compute the rate constant
(280 ( 30 s-1) at -165 °C and the separation (210 ( 25
Hz)12 of the axial and equatorial methyl lines. Shift
differences exceeding this interval yielded unacceptable
simulations in that the computed spectral shape became
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Figure 1. Temperature dependence of the 13C NMR solution
spectrum of (Me2Si)6 at 75.5 MHz (center). The computer
simulation, obtained with the rate constants (in s-1) indicated,
is shown on the right. On the left is reported, in the same scale,
a typical solvent signal (central peak of CHF2Cl), with the
corresponding line width (Hz) given in parentheses.
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either narrower or broader than the experimental trace,
whatever the rate constant employed. The free energy
of activation (∆Gq) for ring inversion is therefore 4.75 (
0.2 kcal mol-1,13 if a transmission coefficient of 1/2 is
considered, as suggested for the inversion process of
cyclohexane-like derivatives.3b,4,14,15

This result was cross-checked by recording the spec-
trum at an even higher frequency (125.7 MHz), whereby
a decoalescing signal, analogous to that of Figure 1 at
-165 °C, was observed, as theory predicts,14 at a higher
temperature (-160 °C). The computer simulation, car-
ried out as mentioned above, yielded a shift difference
(330 ( 15 Hz) greater than the previous one by a factor
equal to the ratio of the spectrometer frequencies (i.e.,
500:300), a result which proves the consistency of this
approach. From the same -160 °C spectrum16 a rate
constant of 450 ( 30 s-1 was simultaneously derived,
which corresponds to a ∆Gq value (4.85 ( 0.2 kcal mol-1)
essentially equal to that obtained at 75.5 MHz, therefore
confirming the reliability of these measurements.

As anticipated, the barrier for the ring inversion of
(Me2Si)6 has proved to be much lower (∆∆Gq ) 12.5 kcal
mol-1) than that of the corresponding cyclohexane de-
rivative (Me2C)6,5 a feature which parallels that computed
for the corresponding rotational processes.17

The greater flexibility of the cyclohexasilane ring is
further indicated by the 13C solid-state NMR (CP-MAS)
spectrum, in which a single line is observed for the 12
methyl carbons at ambient temperature, indicating that
rapid ring inversion occurs even in the crystal. At -50
°C, however, this process becomes sufficiently slow to
result in a six-line spectrum (Figure 2).

This is because the rigid chair conformation in the
crystal not only displays, as in solution, diastereotopic
axial and equatorial methyl groups but also exhibits
nonequivalence for the three pairs of silicon atoms (and
consequently for the methyl carbons bonded to them), as
made evident also by the 29Si solid-state spectrum (59.6
MHz), in which the single peak observed at ambient
temperature splits, at -60 °C, into two closely spaced
lines (∆ν ) 15 Hz) with a 1:2 intensity ratio (Figure 3).
Of the three expected 29Si lines, the two upfield are
almost coincident, as indicated by the major signal (at
-42.05 ppm) being broader than the minor one (at -41.8
ppm).18

X-ray diffraction6 had shown in fact that site symmetry
and molecular symmetry of (Me2Si)6 are not coincident
(the molecules lie at positions of site symmetry 1h in the
A2/a space group). Thus the three silicon atoms in
positions 1, 2, 3 are nonequivalent in the crystalline state.
In such a situation half the molecule, containing three
independent silicon and six independent carbon atoms,
is symmetry related to the other half, thus accounting
for the multiplicity of the low temperature 13C and 29Si
solid-state spectra.

Computer simulation of the exchange-broadened 13C
lines in the range -35° to -10 °C (Figure 2) yielded the
rate constants for the exchange process in the crystal,
corresponding to a ∆Gq value19 equal to 12.85 ( 0.2 kcal
mol-1: essentially the same value (12.75 ( 0.2 kcal mol-1)
resulted from the simulation of the 29Si spectra15 (Figure
3).

This ∆Gq value, much larger than that determined in
solution (∆∆Gq ) 8 kcal mol-1), reflects the hindrance
exerted by the crystal lattice upon the molecular motions,
as also observed for other types of exchange processes.20

Such a difference is apparently larger than that of the
only other case of ring inversion investigated in both
phases.26 In the much wider cyclododecane ring, in fact,
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Figure 2. CP-MAS solid state 13C NMR spectra (75.5 MHz)
of (Me2Si)6 as function of temperature (left). The computer
simulation, obtained with the rate constants (s-1) indicated,
is shown on the right.

Figure 3. CP-MAS solid state 29Si NMR spectra (59.6 MHz)
of (Me2Si)6 as function of temperature (left). The computer
simulation, obtained with the rate constants (in s-1) indicated,
is shown on the right.

9126 J. Org. Chem., Vol. 63, No. 24, 1998 Notes



this motion occurs in the same temperature range both
in solution and in the solid state.26 This seems to indicate
that the two barriers are not very different, although the
authors did not measure the actual ∆Gq value for ring
inversion of cyclododecane in the crystal.

Two possible explanations should be considered to
account for the six 13C lines (and the three 29Si lines) that
become a single signal on raising the temperature of
crystalline (Me2Si)6.

(i) With respect to a rigid chair (molecular symmetry
D3d), rapid ring inversion would generate additional
elements of symmetry, leading to an effective D6h dy-
namic symmetry, which might then yield a molecular
symmetry coincident with the site symmetry. This
process would thus render equivalent not only the axial
and equatorial methyl groups but also the silicon atoms
in positions 1, 2, 3 and, consequently, the pairs of Si-
bonded carbons. In the framework of this hypothesis only
a ring inversion process would be responsible for the
NMR observations in the solid state, and the correspond-
ing greater value of the barrier would represent the
resistance encountered in the crystal lattice for achieving
such an equilibrium.

(ii) In addition to the ring inversion process, the
molecule might undergo, in the crystal, a rotational
motion about the 3-fold symmetry axis, which would
make equivalent the three Si atoms and the Si-bonded
pairs of carbons: such a rotation might thus contribute,
in principle, to the ∆Gq value. These types of higher level
reorganizations in the solids are usually accompanied by
a phase change which, on the contrary, is not expected
to occur in the case of a simple ring inversion process.

A differential scanning calorimetry (DSC) determina-
tion did not show any phase change in the range -80 °C
to +65 °C, whereas a sharp phase transition was ob-
served at +68.5 °C (lit.,27 +74.5 °C). Thus the high level
reorganization does not occur when the exchange process
is observed by NMR (i.e. between -35° and +10 °C), but
at a temperature at least 50 °C higher. A similar
behavior was reported, for instance, when the tert-butyl
rotation of a trialkylmethanol was investigated in the
solid state.23a,b In that case the authors concluded that

the large difference with respect to the solution barrier
did not involve contributions related to the phase transi-
tion.

Accordingly it does not seem unreasonable, on this
ground, to consider the exchange process observed in
crystalline dodecamethylcyclohexasilane as due essen-
tially to ring inversion.

Experimental Section

Dodecamethylcyclohexasilane was prepared according to the
procedure described in the literature.28 The sample for the
solution spectra was prepared by connecting the NMR tube,
containing the title compound dissolved in CD2Cl2 (for locking
purpose) to a vacuum line and condensing the gaseous solvents
(CHFCl2 and CHF2Cl) with liquid nitrogen, in such a way as to
have a 1:1:3 proportion of the three solvents. The tube was then
sealed in vacuo and introduced in the precooled probe of the
spectrometers, the same sample having been used for both the
75.5 and 125.7 MHz determinations. The temperatures of the
probes were calibrated by means of a Ni/Cu thermocouple
inserted into a dummy tube before or after the spectral mea-
surements. The high resolution 13C and 29Si NMR solid-state
CP-MAS spectra were obtained at 75.5 and 59.6 MHz, respec-
tively. The sample, a white crystalline powder, was packed in
a 7 mm zirconia rotor spun at the magic angle with a speed of
3300 Hz. The number of transients (8-32) varied in order to
achieve good signal-to-noise ratios in the VT experiments. The
chemical shifts were measured, by replacement, with respect to
the lower frequency signal of adamantane (29.4 ppm) for 13C
and with respect to TMS (0 ppm) for 29Si. Cooling was achieved
by means of a flow of dry nitrogen, precooled in a heat exchanger
immersed in liquid nitrogen. The temperatures of the solid-state
spectra were calibrated by using the shift dependence of the 13C
lines of 2-chlorobutane absorbed upon solid decalite,29 assuming
a dependence equal to that observed in neat liquid, which had
been previously calibrated by the same Ni/Cu thermocouple.

The DSC trace was obtained with a scanning rate of 10°/min,
heating the sample from -80 °C to the melting point (+249 °C).
Near the phase transition temperature (+68.5 °C) the scanning
rate was reduced to 0.1°/min: the process was found to be
reversible, with an enthalpy change of about 3.7 kcal mol-1.
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