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ABSTRACT: A macrocage molecule with a bridged
phenylene rotor has been reported as a molecular gyrotop,
because the rotor can rotate even in a crystalline state.
Although the most stable cage structure of the molecular
gyrotop in a crystal was folded and shrunken at low
temperature, expansion of the cage was observed at high
temperature due to rapid rotation of the phenylene in a
crystal. This phenomenon is analogous to the deflation
and inflation of a balloon. Moreover, the unusually large
thermal expansion coeflicient of the crystal was estimated
in the temperature range in which the expansion of the
cage was observed, indicating a new function of dynamic
states of the molecules.

Much attention is currently focused on the chemistry and
other properties of molecular machines, in which the
mechanical motions of parts of the molecules are observed.'
While there are many well-known molecular-scale materials
based on the static state, the application of molecular motion
has the potential to yield a large number of novel functional
materials. A macrocage molecule with a bridged rotor was first
proposed as a molecular gyroscope by Garcia-Garibay and co-
workers,” as the rotor can rotate even in a crystalline state. The
chemistry of molecular gyroscopes, molecular gyrotops, and
related molecules has been reported by Garcia-Garibay et al.,’
Gladysz et al,* our group,5 and other researchers.® In addition,
the kinetics of a related molecular gyroscope has been reported
as temperature dependence of the dielectric loss.”

Recently, we reported thermal modulation of birefringence in
a crystal of molecular gyrotop 1 that has a phenylene rotor
encased in three long alkyl-spokes.® The result was the first
application of an optical property change due to dynamic
equilibrium states of the phenylene rotor in the crystal. In this
report, we demonstrate a new function of the dynamic
equilibrium state in a molecular gyrotop: an expansion of the
cage due to rapid rotation of the rotor observed in a crystal of a
novel molecular gyrotop 2.

The molecular gyrotop 2 is a intermediate in the synthesis of
the molecular gyrotop 1.® Therefore, the molecular gyrotop 2
was synthesized by ring closing metathesis of p-bis(tri-7-
octenylsilyl)benzene (3) (Scheme 1).57'° The desired cage-like
E,E,E-isomer (2) was isolated from the reaction mixture, which
also included polymeric byproduct. Although several structural
isomers of 2 are possible products for this reaction, their
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Scheme 1. Synthesis of Molecular Gyrotops 1 and 2
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formation could not be detected by GPC or reversed-phase
HPLC analysis of the reaction mixture. In addition, hydro-
genation reaction of 2 at 3 atm hydrogen pressure with Pd/C as
a catalyst gave compound 1 in 95% yield.

Figure la shows the molecular structure of 2 in the single
crystal as determined by X-ray crystallography at 100 K.'* Two
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Figure 1. (a) Molecular structure of 2 in crystal form; 30% thermal
probability ellipsoid. (b) Crystal packing diagram of 2.

of the three alkenyl chains were extended upward and
downward against the bissilylbenzene moiety, causing the
cage to appear dented and shrunken. This structural feature was
different from that of 1, where a spherical cage is evident.® The
molecules were packed in crystals and arranged according to
their rotation axes (Figure 1b).

Solid-state “H NMR was employed to estimate the rate and
angular range of the phenylene flip in the crystal.*'> Figure 2a
shows temperature dependent quadrupolar echo *H NMR
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Figure 2. (a) Temperature dependence of solid-state *H NMR spectra
of 2-d, [Solid line: observed spectra; dotted line: simulated spectra.
Below 290 K, a two-site exchange mechanism was applied, whereas
above 300 K, a six-site exchange mechanism was applied assuming
different populations. Designated exchange rate constants k and ratio
of populations for each phenylene site (p;:p,:p;) are shown.]. (b)
Temperature dependence of the ’H spin—lattice relaxation times (T,)
in molecular gyrotop 2 in crystal form. The lines are predicted based
on the relaxation model (eq 1), whose parameters are listed as follows:
K = 5.8 X 10 Hz, E, = 11.2 kcal/mol, w,/27 = 76.7 MHz, 7o, = 1.00
X 1075 s.

spectra of 2-d,, in which the phenylene moiety was labeled with
four deuterium atoms.'> At 280 K the phenylene ring slowly
undergoes a 180° flip between two equilibrium sites which were
determined by X-ray structural analysis. The rates of flipping in
the temperature range of 280—300 K were estimated by
simulation of spectral line shapes (Pake pattern)."* The energy
barrier (E,) for the phenylene flip in 2 was estimated to be 11.4
kcal/mol by Arrhenius plot (see Supporting Information).
Compared to the energy barrier for the flip of 1 (10.3 kcal/
mol),® the value of 2 is large (11.4 kcal/mol). The higher
energy barrier of 2 is probably due to the dented cage
constructed by rigid alkenyl-chains. Therefore the cage
structure could affect the energy barrier for the phenylene flip
in molecular gyrotops. Upon heating above 300 K, the line
widths of the observed spectra became narrower and the shapes
of the spectra were altered slightly. These spectral changes
indicate continuous rotation of the phenylene in 2-d, with an
exchange frequency over the fast limit (>2 MHz). The
observed spectra were simulated by assuming a six-site

exchange mechanism and applying different populations of
benzene rings that can exist at three positions every 120°
around an axis of rotation. The simulated spectra accurately
reproduced the observed spectra, as shown in Figure 2a. These
results indicate that there are disorders in the phenylene
positions above 310 K. This dynamic behavior in the
temperature dependent *H NMR spectra is completely
reversible in the temperature range of 280—350 K.

To confirm the mechanism of the phenylene dynamics of 2-
d,, the temperature dependence of the spin—lattice relaxation
time (T,) of solid-state *H NMR spectroscopy was
investigated.” The T for the molecular gyrotops was measured
using the inversion—recovery quadrupole echo pulse se-
quence."® The rate of relaxation was known to be fit to eq 1,
when the reorientational motion can be described by an
exponential correlation function and the temperature degpend-
ence of the correlation time follows Arrhenius behavior.”"®

1 T 4t
?_Kl > Tt 2 2
1 + w7 1+ 4wyt

E,/RT
where 7 =17 e /

(1)

Here K is an effective coupling constant, @,/27 is the Larmor
frequency of deuterium, and 7 is a single correlation time.
Figure 2b compares the experimental results of the *H NMR
spin—lattice relaxation measurements of molecular gyrotop 2-d,
to the calculated spin—lattice relaxation times. According to the
model for the rate of relaxation (eq 1), the observed T, agreed
with the calculated T in the temperature range of 240—310 K.
The fitted parameters calculated by eq 1 are shown in the
caption of Figure 2b. The activation energy of 11.2 kcal/mol is
consistent with those derived from the analysis of the Pake
pattern of the *H NMR spectra. On the other hand, above 310
K, the observed T, values were different from the calculated
ones, indicating that different activation energies for the
phenylene dynamics should be employed.

To elucidate the reason behind the change in the phenylene
dynamics above 310 K, X-ray crystallographic studies were
performed above this temperature. Figure 3b shows the

Figure 3. Temperature dependence of the molecular structure of 2 in
crystal form determined by single crystal X-ray crystallography: (a)
300 K, (b) 340 K. The disordered phenylene ring is observed at three
positions A, B, and C with occupancy factors of 0.239(15), 0.463(15),
and 0.292(13), respectively. (Directions of unit-cell axes are shown.)

molecular structure in a crystal at 340 K. As expected, a
disordered benzene ring was observed at three positions around
an axis of rotation. Moreover, a remarkable change in the shape
of the cage was observed: the cage assumed a sphere-like
structure, different from that observed at 100 K (Figure 1) and
300 K (Figure 3a). It is plausible that the cage assumed a
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sphere-like shape in order to avoid steric contact between itself
and the phenylene rotor rotating rapidly inside the cage at high
temperatures. These structural changes caused the change in
the energy barrier for the phenylene dynamics above 310 K, as
described in the T; study in the *H NMR experiment.

The change in the cage structure, due to dynamics of the
phenylene rotor, can also cause a remarkable deformation of
the unit cell of the crystal. Powder synchrotron X-ray diffraction
(XRD) studies of molecular gyrotop 2 were carried out to
determine the temperature dependence of the crystal
parameters of the unit cell.'® The results are summarized in
Figure 4a. Although the cell parameters were almost constant
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Figure 4. (a) Plots of the relative variations in the cell axes and volume
vs temperature for compound 2: (@) a axis, (W) b axis, (A) ¢ axis, and
(O) volume. The values are normalized to the data at 277 K (100%).
(b) Reciprocal plot of the density of the unit cell determined by
powder XRD as a function of the temperature for compound 2.

below 310 K, they were gradually altered above this
temperature. Therefore, the structural change was discontin-
uous, with the phase transition at 310 K, and above this, it was
altered continuously by acceleration of the dynamics of the
phenylene rotor. In this high temperature region, the size of the
a-axis became shorter and the c-axis became larger. Because the
direction of the change is identical to the structural change of
the cage (cf. Figure 3), the deformation of the unit cell is likely
caused by the structural change of the cage as a result of rapid

rotation of the phenylene rotor inside the crystal. When the
powder sample was left at 355 K for a long time (over S min),
an irreversible phase transition occurred. After the phase
transition the cell parameters were different from the present
data, unfortunately the parameters have not been specified.

As the variation in cage structure was due to expansion,
remarkable volume expansion of the crystal should be observed.
The reciprocal plot of the density of the unit cell determined by
XRD as a function of the temperature is shown in Figure 4b.
The data of molecular gyrotop 1, whose cage structure only
slightly expanded with increasing temperature, are shown in
Figure S8 (Supporting Information). The slope of the plot
corresponds to the volume expansion coefficient of the crystal.
In the case of molecule 1, the expansion coefficient in the
temperature range of 220—360 K is estimated to be 466 + 17 X
107° K' (see Supporting Information). This is the normal
value for common organic crystals, such as benzene (350 X
1078 K™' [~183 to —79 °C]), naphthalene (280 x 107® K
[—20 to 70 °C]), and anthracene (190 X 107 K~! [—195 to 22
°C])."” In the case of molecule 2, the volume expansion
coefficient of 389 + 67 X 107° K™! below 310 K is almost
identical to that of molecule 1. The unusually large expansion
coefficient of 2 is estimated to be 1540 + 92 X 107° K™" in the
temperature range of 310—350 K, indicating expansion of the
cage inside the crystal. This expansion coeflicient is comparable
to thermal expansion coefficients in the liquid phase (for
example, benzene 1229 x 107 K™' [0 to 30 °C] or
naphthalene 853 x 107 K™! [82 to 115 °C]").

In summary, because the phenylene rotor occupied an
equilibrium position for a sufficient time, the most stable cage
structure of molecular gyrotop 2 was folded and shrunken at
low temperatures. Expansion of the cage due to rapid rotation
of the phenylene of the molecular gyrotop took place to
prevent steric contact between the cage and rotor, and the
molecule converted thermal energy into internal energy by the
rotation of the phenylene rotor. As a result, the most stable
cage structure of the molecule at high temperature was a
expanded, sphere-like shape. This phenomenon is analogous to
the deflation and inflation of a balloon. Therefore, molecular
gyrotop 2 was classified as a functional molecular balloon.
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Details for solid-state “H NMR study of 2, X-ray diffraction
studies (single crystal and powder) of 2 and analysis of the
thermodynamic expansion coefficient of 1 by XRD. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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