ORGANIC
LETTERS

2013
Vol. 15, No. 19
5092-5095

Cage Size Effects on the Rotation
of Molecular Gyrotops with
1,4-Naphthalenediyl Rotor in Solution

Wataru Setaka,*' Akiko Koyama,* and Kentaro Yamaguchi*

Division of Applied Chemistry, Faculty of Urban Environmental Sciences, Tokyo
Metropolitan University, 1-1 Minami-Osawa, Hachioji, Tokyo 192-0397, Japan, and
Faculty of Pharmaceutical Sciences at Kagawa Campus, Tokushima Bunri University,
1314-1 Shido, Sanuki, Kagawa 769-2193, Japan

wsetaka@tmu.ac.jp

Received August 26, 2013

ABSTRACT
Si/\N\
n-1 n-13
2:n=14
3n=16
4n=18 2 3 4

1,4-Naphthalenediyl-bridged macrocages (2, 3, and 4) were synthesized as novel molecular gyrotops. Compound 2 (C14 chains) does not show
rotation of the naphthalene ring about an axis in solution. The 1,4-naphthalenediyl moieties of compounds 3 (C16 chains) and 4 (C18 chains) show
restricted and rapid rotation inside the cage in solution, respectively. Therefore, steric protective effects on the rotation of the rotor in molecular

gyrotops can be controlled by changing the size of the cage.

Much attention is currently focused on the chemistry of
molecular machines exhibiting mechanical motions of the
molecular components." The analysis of their structure
and dynamics is important because molecular motion is
likely to affect physical and chemical properties. Macro-
cage molecules with a bridged rotor are of interest because
they are expected to act as molecular gyroscopes, which is a
class of molecular machines.”~>

We recently reported the synthesis and properties of
crystalline molecular gyrotops that have a phenylene ro-
tor encased by three long alkyl spokes.* In particular,
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molecular gyrotop 1 (Figure 1) allowed thermal modula-
tion of the birefringence of a single crystal, reported as the
first application of the variation of optical properties due
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to the dynamics of the phenylene rotor in a crystal.’® The
derivatives of 1 showed remarkable expansion of the cage
in the crystalline state due to the rapid rotation of the
phenylene rotor, and an exceptionally high thermal expan-
sion coefficient of the crystal was estimated, suggesting a
new function for the dynamic states of the molecules.™®

In solution, however, these molecular gyrotops (i.e., 1
and its derivatives) show rapid rotation of the phenylene
rotor because the 'H NMR signals of three tetradecyl
spokes of the compound are identical in CDCI;. Control-
ling the rotation, such as its direction and energy barriers,
may allow construction of novel functional materials
based on the dynamic states or kinetics of the rotor. In
this report, we designed and synthesized novel molecular
gyrotops (2, 3, and 4; Figure 1) with a bulky 1,4-naphtha-
lenediyl rotor and show the chain length dependence of the
crystal structures and the energy barrier in the rotation of
the rotor in solution.
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Figure 1. Structures of molecular gyrotops.

The synthesis of molecular gyrotops (2, 3, and 4) is
shown in Scheme 1, which is almost identical to the pre-
viously reported synthesis of 1.°> The molecular gyrotops
(2—4) were synthesized by ring-closing metathesis of
p-bis(tri-w-alkenyl)silylnaphthalenes (5—7) prepared by
the reaction of dilithionaphthalenes with corresponding
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tri-w-alkenylchlorosilanes and the hydrogenation by H,
gas (3 atm) in the presence of Pd/C catalyst.®

Scheme 1. Synthesis of Molecular Gyrotops 2—4
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The desired cage-like isomers were isolated by prepara-
tive GPC of the reaction mixture, which also contained
noncage isomers and polymeric byproducts. Compounds
2, 3, and 4 were identified by 'H, #Si, and '’C NMR
spectroscopy.6

Molecular gyrotops 2, 3, and 4 were crystallized to give
single crystals suitable for X-ray diffraction studies via
recrystallization from a tetrahydrofuran/methanol mix-
ture (4:1 v/v) solution. Figure 2 shows the molecular
structures of molecular gyrotops 2—4 in a single crystal,
determined by X-ray crystallography at 120 K.” In all
compounds, three alkyl chains effectively surrounded the
bis-silylnaphthalene moiety, and the molecules were pack-
ed in crystals and arranged according to their rotation axes.
In addition, molecular gyrotops 3 and 4 exist as s-stacked
aggregates of two molecules in a crystal, where the
naphthalene rings are arranged face-to-face.® In particular,
in the case of 3, two kinds of aggregates were observed: one
is a s-stacked aggregate (type A), and the other has two
tetrahydrofurans between the naphthalene rings (type B).
The distances between the two naphthalene rings in the
m-stacked aggregates are 3.56 A for 2 (type A) and 3.46 A
for 3. These values are close to the distance between the
layers in graphite (3.354 AS), indicating that a remarkable
m— interaction exists in the aggregates. On the other
hand, molecular gyrotops 2 with the shortest alkyl chains
(C14) did not form a s-stacking structure inside the crystal.
Because the naphthalene ring, which is fixed between tight
exterior spokes, is sterically protected by the cage, the
formation of the zz-stacked aggregate is prevented in 2.

The dependence of the steric effects on the chain length
of molecular gyrotops with a 1,4-naphthalenediyl rotor are
also observed in solution. Figure 3 shows the '>°C NMR
spectra of the molecular gyrotops observed at 300 K in
CDCls. The spectrum of 4 with the largest cage shows
nine methylene signals. The cage of 4 possesses quasi-D3
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Figure 2. Molecular structures of compounds (a) 2, (b) 3, and (c) 4. Top: equatorial view with 30% thermal probability ellipsoid.
Bottom: packing diagram. Hydrogen atoms, THF molecules in the packing diagram of 2, and disordered atoms on the side chains are

omitted for clarity.

symmetry, indicating that three alkyl chains are identical in
the time scale of the NMR measurement because the
naphthalene ring rotates rapidly inside the cage. Therefore,
the methylene groups adjacent to silicon atoms give iden-
tical chemical shifts at 13.8 ppm. On the other hand, the
NMR spectrum of 2 shows 14 methylene signals, and half
of them have two times higher intensities. Therefore, the
cage of 2 possesses quasi-C,, symmetry, indicating that
two of the three alkyl chains are identical in the time scale
of the NMR measurement because the rotation of the
naphthalene ring is almost stopped inside the cage. There-
fore, methylene signals adjacent to silicon atoms were
divided by two signals at 13.1 and 15.2 ppm. In the case
of the NMR spectrum of 3, some methylene signals were
observed as broad signals, indicating that rotation of
the naphthalene ring in the cage is slower than the NMR
time scale.

The temperature dependence of the '>°C NMR spectra
of 3 in toluene-ds is shown in Figure 4. The spectra were
obtained by using an inverse gated decoupling pulse se-
quence to suppress NOE effects. The spectrum at 220 K
shows the two kinds of signals of methylenes adjacent to
silicon atoms at 11.4 and 14.5 ppm. These signals become
broader with increasing temperature and coalesce at
around 290 K. The dynamic '*C NMR behavior of 3 is
explained by assuming an equilibrium between three equiv-
alent conformations 3, 3’, and 3” shown in Figure 5. The
exchange rate constants (k.;) were determined by line

(9) gNMR software was used for the calculations (gNMR: v.4.1.0 for
Windows, IvorySoft, 1999).
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Figure 3. °C NMR spectra of compounds (a) 2, (b) 3, and (c)
4 in CDCl; at 300 K (methylene region). The symbols o and o
indicate signals assignable to methylene carbons adjacent to
silicon atoms.

shape analysis assuming a three-site exchange model, and
the simulation was carried out at 320 K for three repre-
sentative methylene signals labeled as a, 5, and y in
Figure 4 (the assignments of these signals are shown in
Figure 5).

The Eyring parameters for the exchange determined from
the linear plots of In(ke/T) versus 1/7 are AH® = 9.42 +
0.08 kcal mol ' and AS* = —12.0 + 0.3 cal mol ™' K!
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Figure 4. Temperature dependence of inverse gated decoupling
13C NMR spectra of 3 in toluene-ds (methylene region). Left:
observed spectra. Right: simulated spectra for the representative
signals o, 3, and y with designated exchange rate constants (kex)-

for 3.° The large negative AS™ value for the rotation of the
naphthalene ring inside the cage of 3 indicates a tight
dynamic transition state. In addition, the '>*C NMR spec-
tra of 2 and 4 in toluene-dy showed no temperature
dependence in the temperature range from 220 to 340 K
because the molecular motions of these compounds are
outside the time scale of the NMR measurement.® There-
fore, the activation enthalpies for the rotation of the
naphthalene ring inside the cage are estimated to be above
and below 10 kcal/mol for 2 and 4, respectively.

In summary, 1,4-naphthalenediyl-bridged macrocages
(2, 3, and 4) were synthesized as novel molecular gyrotops,
and they showed chain length dependence of the crystal
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Figure 5. Schematic representation of naphthalene ring rotation
about the axis in 3.

structure and energy barrier for the rotation of the
naphthalene ring in solution. Therefore, steric protective
effects of the molecular gyrotops can be controlled by
changing the size of the cage.
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