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Molecular Gyroscope Having a Halogen-substituted p-Phenylene Rotator
and Silaalkane Chain Stators
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2,3-Halophenylene-bridged polysilaalkane macrocages 1b
and 1c were synthesized as novel molecular gyroscopes. X-ray
crystallographic data showed that the structures of the macro-
cages were deformed to avoid contact between the halogens and
the silaalkane cage. The 2,3-dichlorophenylene derivative 1c
shows restricted rotation of the phenylene in solution as
observed by variable temperature 'HNMR spectroscopy.

Macrocyclic molecules having bridged 7-electron systems
have attracted much attention in terms of their unique structures,
dynamics, and functions.'= Especially phenylene-bridged mac-
rocages are expected to have functions of gyroscopes and
compasses as first proposed by Garcia-Garibay et al.> Recently,
such cage molecules were reported as molecular gyroscopes.>~

We have applied polysilaalkane chains of novel cyclo-
phanes.?®® These chains are easily constructed, chemically
stable, and exhibit good crystallinity. Recently we reported the
synthesis and structure of a molecular gyroscope having a
bridged phenylene encased in a large silaalkane cage.’ Cage
compound la was found by X-ray crystallography to show
remarkable disorder at 30 °C. The phenylene ring was observed
at three positions around the threefold molecular axis, suggest-
ing the phenylene rotates around the axis even in crystals. We
report herein the synthesis and structure of 2,3-halophenylene-
bridged polysilaalkane macrocages 1b and 1c¢ and reveal steric
effects on the structure and dynamics of the corresponding
macrocages.

The 2,3-halophenylene-bridged molecular gyroscopes were
synthesized by hydrolysis reactions of hydrosilanes 2a-2d
(Scheme 1).%7 Statistically, the ratio of the formation of a cage
structure to its isomer is calculated to be 1:3; therefore, the yield
of the cage structure is lower than that of the isomer. In this
reaction, a remarkable dependence of the yields on the bulkiness
of the internal rotator was observed. The yields of the cage
compounds decreased with increasing atomic size of the
halogens on the rotator. Indeed, there was no observation of a
1,2-dibromophenylene-bridged molecular gyroscope 1d due to
the steric hindrance in the reaction. Compounds 1b and 1c¢ were
identified by 'H, 2°Si, and '*CNMR spectroscopy, and mass
spectrometry.

The molecular structures of the molecular gyroscopes 1b
and 1c were confirmed by X-ray crystallography (Figure 1).% In
the 2,3-difluorophenylene-bridged molecular gyroscope 1b, the
shape of the frame was slightly deformed from that of the
phenylene-bridged derivative, and the molecule 1b has C,
symmetry. This deformation was most likely due to steric
hindrance of the fluorines on the phenylene ring. The phenylene
ring was observed at two positions around the molecular axis.
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Scheme 1.

Figure 1. Molecular structure of (a) compound 1b at 0 °C and (b)
compound 1c¢ at —120°C. Left: equatorial view with 30% thermal
probability ellipsoid; Right: axial view. Hydrogen atoms and
structural disorder on the side chains are omitted for clarity.
Structural disorder of phenylene ring in 1b is shown, and ratio of
occupancy factor is 0.5:0.5.
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Figure 2. Temperature dependence of 'HNMR spectra of lc
(methyl region). Left: observed spectra. Right: spectra simulated
with designated exchange rate constants (kex).

The frame structure of the 2,3-dichlorophenylene-bridged
derivative 1c¢ was significantly deformed and has no symmetry.
The silaalkane chains of the frame were separated from each
other to avoid steric contact between the chains and chlorines on
the phenylene. The phenylene ring was observed at only one
position around the molecular axis.

Internal rotation of the phenylenes in solution is one of the
most important properties of molecular gyroscopes. The dy-
namic behavior of '"HNMR spectra of 1b and 1¢ in solution
were investigated. NMR spectra of 1b and 1¢ in solution at room
temperature (298 K) show only two methyl signals with a highly
symmetric (D;) pattern. This indicates that the phenylene group
of 1b and 1c rotates rapidly in solution. The two methyl signals
of the 2,3-difluorophenylene-bridged derivative 1b do not
change even at low temperature.” However the two methyl
singlets in the 2,3-dichlorophenylene-bridged derivative 1c are
broadened with decreasing temperatures, coalesce at around
220K, and then separate into six singlets at 193 K (Figure 2),
indicating the internal phenylene rotation is much slower than
the NMR time scale. The dynamic '"HNMR behavior of 1¢ is
explained by assuming a three-site exchange model as shown in
Figure 3. The exchange rate constants (k) were determined by
line-shape analysis. The Eyring parameters for the exchange
determined using linear plots of In(ke/T) vs. 1/T are AH” =
12.8 £ 0.47kcalmol~' and AS* = —4.61 £ 2.02 calmol ' K~!
for 1c.”

In summary, 2,3-halophenylene-bridged polysilaalkane
macrocages 1b and 1c were synthesized as novel molecular
gyroscopes. Deformation of the frame structures in the crystal
and rate of the phenylene rotation in solution were dependent on
steric hindrance of the phenylene rotator with halogens.
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Figure 3. Schematic representation of phenylene rotation in 1c.
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6 1b: colorless crystals; mp 99-100°C; 'HNMR (400 MHz, CDCl;): §
—0.08 (s, 36H), 0.00 (s, 36H), 0.32-0.34 (m, 24H), 0.36-0.41 (m, 12H),
0.68-0.73 (m, 12H), 7.06 (s, 2H, aromatic protons); I3CNMR (100 MHz,
CDCl3): § —4.3, —0.6, 4.8, 5.8, 6.9, 10.1, 127.0 (dd, %Jor = 16.3 Hz,
3Jcr = 10.6 Hz, aromatic C-H), 130.2 (dd, *Jcr = “J_r = 6.6 Hz, Cipso),
154.1 (dd, "Jep = 245.6Hz, %Jc¢ = 18.1 Hz, C-F); ’SiNMR (79 MHz,
CDCls): § 5.4 (br), 5.7, 8.1; HRMS (ESI) calcd for Cs4H 2,Si1405F1,
1375.5182 (IM + I]7); found, 1375.5173 ([M + I]7). 1e: colorless crystals;
mp 86-87°C; 'THNMR (400 MHz, CDCl3, 298 K): § —0.08 (s, 36H), 0.00
(s, 36H), 0.29-0.37 (m, 36H), 0.74-0.82 (m, 12H), 7.25 (s, 2H); 3*C NMR
(100 MHz, CDCl3, 298 K): § —4.3, —0.5, 4.8, 6.0, 7.1, 10.2, 134.2, 138.7,
139.1; 2SiNMR (79 MHz, CDCl3, 298K): § 5.6, 7.9, 8.1; HRMS (ESI)
m/z; caled for Cs4H;2Si1403CI;Na, 1303.5433 ([M + Na]™); found,
1303.5439 ([M + Na]%); Anal. Calcd for Cs4H;24Si;,05Cly: C, 50.53; H,
9.58%. Found: C, 50.23; H. 9.50%.

7  See the Supporting Information for the details of the synthesis of 1b and 1¢c,
temperature-dependent NMR data. Supporting Information is available
electronically on the CSJ-Journal Web site, http://www.csj.jp/journals/
chem-lett/index.html.

8  Crystal data for 1b (273 K): orthorhombic, space group Pbcn, R1 = 0.128
(I > 20(l)), wR2 =0.343 for all data, 9803 unique reflections. CCDC-
716908; Crystal data for 1c¢ (150K): monoclinic, space group P2,
R1 =0.0556 (I > 20(l)), wR2 =0.1510 for all data, 9671 unique reflec-
tions. CCDC-716909.
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