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Several configurationally constrained cis- and trans-1,2-diaryl-1,2-dimethyl-1,2-disilacyclohexanes (3a–e) have
been synthesized in order to measure their photophysical properties, such as UV absorption, magnetic circular dichroism
(MCD), and photoluminescence. As has been well established, the UV absorption maximum (1La band) occurs at 230–
270 nm, due to the effective �–� conjugation between the aryl groups and the disilane moiety. The absorption maximum
wavelength of the trans isomer is slightly longer than that of the cis isomer for all the diaryldisilanes employed in the
present study. Although the MCD spectra of the cis- and trans-1,2-diphenyl-1,2-dimethyl-1,2-disilacyclohexanes (3a)
show only a slight configuration dependence, this method is helpful to detect a weak 1Lb band. The disilanes 3a and
5a show a charge-transfer (CT) emission band. The quantum yields are dependent on the disilane configuration and
the solvent polarity; the order of the quantum yield is cis-3a < 5a < trans-3a in 3-methylpentane, while the order is
5a < cis-3a < trans-3a in acetonitrile. These results demonstrate that the conformation constraint is effective for con-
trolling the photophysical properties of the diaryldisilanes.

It is well-known that the Si–Si �-electron system possesses
a high-lying HOMO and a low-lying LUMO. The energy level
of a Si–Si �-bonding orbital lies higher than that of a C=C �-
orbital (e.g., the first ionization potential of Si2Me6: 8.69 eV;1

benzene: 9.25 eV)2 due to the inherent electropositivity of the
silicon. Thus, the silicon �-bonding electrons are labile to de-
localize within the silicon framework similar to the �-conju-
gated system, and this �-electron delocalization is called �-
conjugation. The Si–Si �-conjugated system behaves as a
chromophore in itself and exhibits intriguing photophysical
properties, such as UV absorption and photoluminescence.3,4

At the same time, the strong interaction with the �-electron
system affords a further electron-delocalized �–� conjugation
system, which has been well studied2b,5,6 due to the consider-
able interest from the viewpoints of basic science as well as
material science.7 The most significant feature of the �–� con-
jugation system is its remarkable stereoelectronic effect (con-
formation dependence). Kira, Sakurai, and their co-workers re-
ported the UV absorption spectra of several conformation-con-
strained aryldisilanes and demonstrated that the torsion angle
between the Si–Si �-bond and the aromatic ring plane !1

(Fig. 1a) should be 90� for the maximum �–� conjugation.8

In addition, much attention has been paid to the excited states
of the �–� conjugation system for elucidating the photo-
physics and photochemistry of the aryl-substituted organo-
silicon compounds.9

We have been carrying out the conformation control by the
incorporation of a disilane moiety into a monocyclic10 or bicy-
clic11,12 system to clarify the relationship between the structure
and photophysical properties of the oligosilane �-conjugation
system. Obviously, this methodology can also be applied to a

diaryldisilane �–� conjugation system. The photophysical
properties of the diaryldisilanes are also postulated to depend
on the torsion angle !2, arising from the rotation around the
Si–Si bond (Fig. 1), in addition to !1 as mentioned above.
As shown in Fig. 2, these two angles can be constrained by
means of the incorporation of the disilane moiety into a mono-
cyclic structure to control the �–� conjugation and the �–�
interaction between the aromatic rings. In the present study,
we have examined some photophysical properties, such as
UV absorption, MCD (magnetic circular dichroism), and pho-
toluminescence of the cis- and trans-1,2-diaryl-1,2-dimethyl-
1,2-disilacyclohexanes.

Results and Discussion

Synthesis. The 1,2-diaryl-1,2-dimethyldisilacyclohexanes
(3a–e) were prepared as summarized in Scheme 1, while their
acyclic counterparts, the 1,2-diaryl-1,1,2,2-tetramethyldi-
silanes 5a–e, are all known compounds.13 The reaction of
the dichlorotetraphenyldisilane 1 with the di-Grignard reagent
generated from 1,4-dichlorobutane afforded 1,1,2,2-tetraphen-
yl-1,2-disilacyclohexane 2. One of the phenyl groups on each

Fig. 1. (a) !1: Torsion angle between the Si–Si �-bonding
axis and the aromatic ring plane; (b) !2: torsion angle of
C(ipso)–Si–Si–C(ipso).
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silicon of 2 was substituted with trifluoromethylsulfonyloxy
(TfO: triflate) groups,14 followed by the reaction with methyl-
magnesium iodide to give a mixture of the cis- and trans-1,2-
dimethyl-1,2-diphenyl-1,2-disilacyclohexanes 3a. The phenyl
groups of the mixture of cis- and trans-3a were thoroughly
substituted by chlorine atoms or triflate groups, followed by
treatment with the corresponding aryl Grignard reagent in
the presence of copper(I) cyanide15 to afford a mixture of
the cis- and trans-disilanes 3b–e. The two isomers of 3 were
separated by flash column chromatography, preparative HPLC,
or preparative GC.

The configuration of each isomer of 3a was assigned ac-
cording to the literature.16 In addition, the structure of trans-
3d was unambiguously confirmed by X-ray crystallography
(see below). These compounds 3a and 3d have characteristic
1HNMR spectral patterns in the region of 0.8–2.2 ppm corre-
sponding to the tetramethylene tethers. Thus, the eight protons

appear as three multiplets in the ratio of 2:2:4 from the low
fields for the trans isomers, but in the ratio of 4:2:2 for the
cis isomers. This difference was useful for the assignment of
the cis and trans isomers of other derivatives.

Geometry. X-ray Crystallography: An X-ray crystallo-
graphic analysis was performed on the trans isomer 3d (Fig. 3,
Table 1). The Si–Si bond length and the Si–Si–C bond angles
are within the normal range. The torsion angles, !1, which
primarily contribute to the degree of the �–� conjugation,
are 36.74(15)� and 69.19(15)�.

Geometry Optimization: The most probable geometries
of 3a and 5a were obtained by MP2/6-311G(d) calculations,
as shown in Fig. 4. The total energy of trans-3a is higher
by only 0.94 kcal/mol than that of cis-3a at this level. The
C(ipso)–Si–Si–C(ipso) torsion angles !2 of the cis and trans
isomers are 34.6� and 167.1�, respectively. In the cis-isomer,
the intramolecular distance between the two ipso-carbon atoms
of the two phenyl groups (3.19 �A) is favorable for the intramo-
lecular �–� interaction. The torsion angles !1 in the cis iso-
mer are 63.1� and 70.0�, and those in the C2 symmetrical trans
isomer are 56.6�, suggesting that the �–� conjugation in the
ground state is slightly more effective in the cis isomer. Ac-
tually, the HOMO energy level of cis-3a is slightly higher
by 0.05 eV than that of trans-3a at the present level.

A conformation search by molecular mechanics calculations
of the acyclic 5a afforded the gauche and anti conformers as
local minima. Further optimization with MP2/6-311G(d)
calculations proved that the gauche conformer (!1 ¼ 83:2�,
!2 ¼ 50:2�) is more stable17 than the anti conformer (!1 ¼
87:8�, !2 ¼ 180�) by 1.8 kcal/mol. The torsion angles !1

are almost 90� in both conformers, suggesting the effective
�–� conjugation. The intramolecular distance between the
two ipso-carbon atoms of the benzene rings in the gauche con-
former is 3.51 �A, but the orbital overlap is not as large as that
in cis-3a.

UV Absorption Spectra. The UV absorption spectra of
3 and 5 measured in 3-methylpentane at room temperature are
plotted in Fig. 5 and the data are summarized in Table 2. The

Fig. 2. (a) Schematic description of conformation change
of acyclic 1,2-diphenyldisilane due to free rotation about
Si–Si and Si–Ph bonds, and (b) conformationally con-
strained cyclic 1,2-diphenyldisilanes employed in this
study.

Scheme 1.

Fig. 3. X-ray structure of trans-3d. (ORTEP plot, 30%
probability for thermal ellipsoids). Hydrogen atoms are
omitted for clarity. Selected bond length, bond angles,
and torsion angles: Si1–Si2: 2.3394(8) �A, C1–Si1–Si2:
115.90(6)�, C1–Si1–C8: 108.35(9)�, C13–Si2–Si1:
113.51(5)�, C13–Si2–C20: 109.64(9)�, C1–Si1–Si2–C13:
�94:33ð8Þ�, C8–Si1–Si2–C20: 154.52(12)�, Si2–Si1–
C1–C2: 36.74(15)�, Si1–Si2–C13–C14: �69:19ð15Þ�.
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notable features of these spectra are as follows. (1) Substituent
effects: The 1La band of the parent compound 3a is observed to
red-shift in all the para-substituted derivatives 3b–3e. The in-

tensity of the 1La band is increased by the electron-donating
para-substituents such as methyl, methoxy, and dimethylamino
groups, while it is decreased by the electron-withdrawing tri-
fluoromethyl substituent. (2) Conformation effect: The absorp-
tion maximum wavelength �max of the 1La band red-shifts in
the order of cis-3a < 5a < trans-3a. Although the difference
between the cis and trans isomers is only 4 nm (740 cm�1,
0.09 eV), this tendency is always the case with the disilanes
3 employed in the present study. On the basis of the structural
analysis (Fig. 4), a more efficient �–� conjugation is expected
in the cis isomer since the torsion angle !1 of cis-3a is larger
than that of trans-3a. Therefore, the order of the UV absorp-
tion maximum wavelength would be trans-3a < cis-3a. How-
ever, the observed spectra disagree with this assumption. This
discrepancy will be accounted for by the molecular orbital cal-
culations and configuration interaction of the excited states on
the basis of the time-dependent DFT calculations (see below).

(3) In addition to the intense 1La band, weak absorption
bands with a vibrational structure, assignable to the 1Lb band
of the aromatic rings, are observed at 250–315 nm for some
compounds, especially ones with strong electron-donating or
accepting groups such as the methoxy, N,N-dimethylamino,
or trifluoromethyl groups. These bands were barely observable
for the parent compounds 3a and 5a but their existence was
unambiguously detected using MCD spectroscopy, as will be
discussed later.

Molecular Orbital Calculations. To understand the elec-
tronic transitions of these disilanes, we carried out molecular
orbital and excited state calculations.

Orbital Interaction: Figure 6a illustrates the molecular
orbitals of the cis- and trans-3a drawn on the basis of the

Table 1. Crystal Data and Structure Refinement for trans-3d

Empirical formula C20H28O2Si2
Formula weight 356.60
Temperature 173(2) K
Wavelength 0.71070 �A

Crystal system orthorhombic
Space group Pbca (#61)
Unit cell dimensions a ¼ 8:0518ð19Þ �A � ¼ 90�.

b ¼ 17:507ð4Þ �A � ¼ 90�.
c ¼ 28:671ð7Þ �A � ¼ 90�.

Volume 4041.4(16) �A3

Z 8
Density (calculated) 1.172 g/cm3

Absorption coefficient 0.185 mm�1

Fð000Þ 1536
Crystal size 0:50� 0:30� 0:10 mm3

Theta range for data collection 3.16 to 27.48�.
Index ranges �10 5 h 5 9, �18 5 k 5 22, �37 5 l 5 37

Reflections collected 29947
Independent reflections 4629 [RðintÞ ¼ 0:0361]
Completeness to theta = 27.48� 99.7%
Max. and min. transmission 0.9818 and 0.9134
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 4629/0/329
Goodness-of-fit on F2 1.211
Final R indices [I > 2�ðIÞ] R1 ¼ 0:0493, wR2 ¼ 0:1091
R indices (all data) R1 ¼ 0:0521, wR2 ¼ 0:1107
Largest diff. peak and hole 0.297 and �0:184 e� �A�3

Fig. 4. Optimized geometries of (a) cis-3a, (b) trans-3a,
and (c) 5a at MP2/6-311G(d) level. Ph���Ph means the
distance between the ipso carbon atoms on the phenyl
rings.

1336 Bull. Chem. Soc. Jpn., 78, No. 7 (2005) Photophysical Properties of Diaryldisilanes



population analysis using the 6-311G(d) basis set. The HOMO
is formed by the interaction between �(SiSi) and �s(Ph) and
its energy level is significantly elevated compared with their
levels. This interaction is consistent with the traditional de-
scription of the HOMO of an aryldisilane �–� conjugated sys-
tem.8 The LUMO is composed of the �s

�(Ph) orbital and one
of the originally degenerate �-symmetry orbitals with respect
to the Si–Si bond (��(SiSi))18 rather than the Si–Si antibond-
ing ��(SiSi), as illustrated in Fig. 6a and schematically drawn
in Fig. 7. This is because the ��(SiSi) orbital lies lower in en-
ergy than the ��(SiSi) orbital, as discussed in our previous re-
port,1d and the former is comparable in energy level to and thus
interacts strongly with the ��(Ph) orbitals. It is additionally

noted that the LUMO and LUMO+2 of cis-3a involve the in-
teraction of two ��(Ph) orbitals on the phenyl groups.

Orbital Energy: A key point in Fig. 6a is the comparison
of the orbital energy levels. The HOMO energy level of cis
is higher by 0.12 eV than that of the trans. This is consistent
with the results from the geometry optimization calculations
(Fig. 4), which claim that the �–� interaction of the
HOMO of cis-3a would be stronger than that of the trans
due to the larger torsion angle !1. However, the calculated
HOMO–LUMO gaps of both isomers are essentially the same
(5.64 eV for cis and 5.65 eV for trans). Since these analyses
of the molecular orbitals did not provide useful information
to elucidate the conformation dependence of the observed

Fig. 5. UV absorption spectra of cis-3 (blue), trans-3 (red), and 5 (black) in 3-methylpentane at room temperature.

Table 2. Summary of UV Absorption Spectra of 1,2-Diaryldisilanes 3 and 5aÞ

�max/nm (")

Y cis-3a–e acyclic (5a–e) trans-3a–e

H (a) 233.4 (13700) 236.4 (18400) 237.5 (15200)
[234.6 (13300)]bÞ [236.4 (13300)]bÞ [238.0 (14200)]bÞ

CF3 (b) 241.1 (15000) 243.3 (17200) 246.7 (13600)
268 (sh)cÞ (4300) 268 (sh)cÞ (4500) 268 (sh)cÞ (5600)
275 (sh)cÞ (2400) 275 (sh)cÞ (2200) 276 (sh)cÞ (2500)

Me (c) 232.0 (19300) 237.9 (24500) 238.6 (20700)
MeO (d) 237.4 (33900)

238.6 (26200)
240.0 (31500)

275.2 (3100) 275.3 (3200)
281.9 (2500) 282.1 (2300)

Me2N (e) 266.1 (48300) 272.5 (58300) 271.4 (45600)
305 (sh)cÞ (4200) 305 (sh)cÞ (5500) 305 (sh)cÞ (4200)
315 (sh)cÞ (1900) 315 (sh)cÞ (2400) 315 (sh)cÞ (1800)

a) All measurements were performed in 3-methylpentane at room temperature unless otherwise noted. b) In
acetonitrile at room temperature. c) Shoulder.
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UV absorption spectra, time-dependent DFT calculations were
performed.

Excited State Calculations by the Time-Dependent DFT
Method. The results of the calculations (TD B3LYP/6-
311G(d)//MP2/6-311G(d)) of the cis- and trans-3a as well
as 5a are summarized in Table 3, in which some major transi-
tions and excited configurations are highlighted with bold-face
characters. The primary electronic transitions and the estimat-
ed UV spectra are visualized in Fig. 6b. Although the calculat-
ed excitation energies are somewhat underestimated, the ob-
served spectra are reasonably reproduced. (1) For trans-3a,
the observed 1La band is composed of only one transition
(S0 ! S1) in which the excited configuration of HOMO !
LUMO is predominant. (2) In contrast, for cis-3a, the 1La band
comprises four transitions with comparable excitation energies
due to the congested molecular orbitals around the HOMO and
LUMO. The most intense transition (S0 ! S3) is chiefly com-
posed of the excited configuration of HOMO ! LUMO, but
the higher-energy excited configurations also significantly par-
ticipate in the transition, as shown in Table 3. As a result, the
S0 ! S3 transition energy of the cis isomer becomes higher
than that of the S0 ! S1 transition of the trans, and the UV

Fig. 6. Molecular orbitals of cis- and trans-3a drawn using 6-311G(d) basis set together with a simulation of the UV absorption
spectra estimated by TD B3LYP/6-311G(d) calculations. The bars in the spectra represent the calculated transitions (shifted
by 9.6 nm toward the short wavelength from the calculated values).

Fig. 7. Schematic drawing of some occupied and unoccu-
pied molecular orbitals in a phenyl-substituted disilane.
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Table 3. Summary of the Time-Dependent DFT Calculations (TD B3LYP/6-311G(d)) for cis- and trans-3a and 5a

cis-3a (C1 symmetry) trans-3a (C2 symmetry) gauche-5a (C2 symmetry) anti-5a (Ci symmetry)

S1 (A)aÞ: 249.05 nm (f ¼ 0:0162)bÞ S1 (B): 247.09 nm (f ¼ 0.2681) S1 (A): 248.22 nm (f ¼ 0:0592) S1 (Au): 252.31 nm (f ¼ 0.5161)
HOMO� 3 ! LUMOcÞ 0.16179cÞ HOMO� 4 ! LUMO 0.12121 HOMO� 3 ! LUMO �0:13624 HOMO ! LUMO 0.67392
HOMO� 2 ! LUMOþ 1 �0:13612 HOMO ! LUMO 0.66877 HOMO� 2 ! LUMOþ 1 0.18144

S2 (Au): 245.90 nm (f ¼ 0:0000)
HOMO� 1 ! LUMO �0:10132

S2 (B): 241.44 nm (f ¼ 0:0074)
HOMO� 1 ! LUMOþ 1 �0:14863

HOMO� 1 ! LUMOþ 1 �0:22694 HOMO ! LUMO 0.57255 HOMO� 3 ! LUMOþ 3 0.16398
HOMO ! LUMO �0:24900 HOMO� 3 ! LUMOþ 1 �0:25749 HOMO ! LUMOþ 2 �0:28264 HOMO� 2 ! LUMO 0.33369
HOMO ! LUMOþ 1 0.28969 HOMO� 2 ! LUMO 0.33289

S2 (B): 247.82 nm (f ¼ 0:0107)
HOMO� 1 ! LUMOþ 2 �0:20743

HOMO ! LUMOþ 2 0.47301 HOMO� 1 ! LUMOþ 3 �0:20810 HOMO ! LUMOþ 1 0.56986

S2 (A): 247.12 nm (f ¼ 0:0610)
HOMO ! LUMOþ 2 0.51847 HOMO� 3 ! LUMOþ 1 0.14224

S3 (Ag): 244.51 nm (f ¼ 0:0000)
HOMO� 2 ! LUMOþ 2 �0:22261

HOMO� 1 ! LUMO �0:14587 S3 (A): 241.11 nm (f ¼ 0:0000) HOMO� 1 ! LUMO 0.51460 HOMO� 3 ! LUMOþ 1 0.18052
HOMO� 1 ! LUMOþ 1 0.17637 HOMO� 3 ! LUMO �0:32833 HOMO ! LUMOþ 1 0.33540 HOMO� 2 ! LUMOþ 2 �0:21803
HOMO ! LUMO �0:19650 HOMO� 2 ! LUMOþ 1 0.26162 HOMO ! LUMOþ 3 0.21974 HOMO� 1 ! LUMO 0.36046
HOMO ! LUMOþ 1 0.49539 HOMO� 1 ! LUMOþ 2 �0:21259

S3 (A): 242.69 nm (f ¼ 0:0586)
HOMO ! LUMOþ 3 0.54492

HOMO ! LUMOþ 2 �0:34295 HOMO ! LUMOþ 1 �0:22900

S3 (A): 244.21 nm (f ¼ 0.1135)
HOMO ! LUMOþ 3 0.46422 HOMO� 3 ! LUMO 0.16869

HOMO� 1 ! LUMOþ 1 0.28323
HOMO� 2 ! LUMOþ 2 �0:10065 HOMO� 1 ! LUMOþ 3 �0:16951
HOMO� 1 ! LUMO �0:17283 HOMO ! LUMO 0.34948
HOMO ! LUMO 0.57987 HOMO ! LUMOþ 2 0.46481
HOMO ! LUMOþ 1 0.22301
HOMO ! LUMOþ 3 0.10387 S4 (B): 238.75 nm (f ¼ 0:0961)

S4 (A): 241.67 nm (f ¼ 0:0395)
HOMO� 2 ! LUMO 0.12752
HOMO� 2 ! LUMOþ 2 0.14954

HOMO� 3 ! LUMOþ 1 �0:19704 HOMO� 1 ! LUMO �0:24041
HOMO� 2 ! LUMO 0.12741 HOMO ! LUMOþ 1 0.59041
HOMO� 2 ! LUMOþ 2 0.26460 HOMO ! LUMOþ 3 �0:16119
HOMO� 1 ! LUMO 0.41781
HOMO ! LUMO 0.11529
HOMO ! LUMOþ 1 0.29091
HOMO ! LUMOþ 3 �0:28667

a) Irreducible representation to which each excited state belongs. b) Oscillator strength. c) Excited electron configurations. d) Coefficients of the wavefunction for each excitation.
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absorption maximum of cis-3a blue-shifts as compared to that
of trans-3a. (3) The above mentioned conformation depen-
dence of the UV absorption is the case for each conformer
of the free-chain diphenyldisilane 5a. Thus, as shown in
Table 3, the gauche conformer has four transitions in the cor-
responding region, including the most intense transition at
238.75 nm, which is shorter than that of cis-3a, while the anti
conformer has only one transition at 252.31 nm, which is long-
er than that of trans-3a, with a much larger oscillator strength.
The real spectrum of 5a is represented as a summation of these
transitions, and the apparent peak happens to appear between
those of the cis- and trans-3a.

MCD Spectroscopy. The magnetic circular dichroism
(MCD) spectra of the cis- and trans-3a as well as 5a were ob-
served in 3-methylpentane at room temperature. The spectra
are plotted in Fig. 8 and the data are summarized in Table 4.
The wavelength of the negative MCD peak (positive B term)
at 234–237 nm coincides with that of the UV absorption max-
imum (1La band) of each compound. In addition, another band
with a positive MCD signal (negative B term) was detected in
the range of 260–273 nm with the vibrational fine structure of
ca. 960 cm�1 and was assigned to the 1Lb band corresponding
to the �–�� (1A1g ! 1B2u) transition in a benzene ring. Since
the effect of the disilane moiety is slight on this transition, the
shapes of the 1Lb band are essentially the same among these
three spectra. These MCD signal patterns (i.e., positive for
1Lb and negative for 1La) observed in the present study are
the same as those of phenylpentamethyldisilane19 and other
silyl-substituted benzenes.20

Photoluminescence. The emission spectra of the cis- and
trans-3a and 5a excited at 250 nm were recorded at room tem-
perature in 3-methylpentane and acetonitrile, as plotted in
Fig. 9, and the data are summarized in Table 4. Several char-
acteristic aspects are noted as follows. (1) Only one broad
structureless emission band with a large Stokes shift was ob-

served in both solvents. (2) The emission maximum wave-
length, �EM, and the intensity depend on the polarity of the
solvent. In acetonitrile, the �EM red-shifts by ca. 20 nm with
an increase in intensity compared with that in 3-methylpen-
tane. These facts demonstrate that the observed emission is
that from the intramolecular charge-transfer (ICT) state, as
has been developed by Shizuka, Ishikawa, Kumada et al.21

Fig. 8. (a) MCD spectra of cis-3a (blue), trans-3a (red),
and 5a (black) measured in 3-methylpentane at room tem-
perature, together with (b) the corresponding UV absorp-
tion spectra.

Fig. 9. Emission spectra of cis-3a (blue), trans-3a (red),
and 5a (black) at room temperature: (a) in 3-methylpen-
tane; (b) in acetonitrile.

Table 4. Summary of MCD and Photoluminescence of the
1,2-Diphenyldisilanes cis-3a, trans-3a, and 5aaÞ

�MCD
bÞ/nm(½��McÞ)

�EM
dÞ/nm (�eÞ/10�3)

3-MPfÞ CH3CN

cis-3a 235 (�0:37) 366 (0.63) 387 (7.8)
261 (0.05)
266 (0.10)
273 (0.08)

trans-3a 234 (�0:37) 366 (3.9) 387 (9.5)
261 (0.08)
267 (0.14)
273 (0.11)

5a 237 (�0:44) 364 (1.4) 375 (3.7)
261 (0.14)
266 (0.08)
273 (0.11)

a) All spectra were recorded at room temperature. b) Maxi-
mum/minimum wavlength of MCD signal in 3-methylpen-
tane. c) Magnetic molar ellipticity in a unit of degM�1 m�1

G�1. d) Emission maximum wavelength excited at 250 nm.
e) Emission quantum yield. Naphthalene was used as a refer-
ence (� ¼ 0:23). f) 3-Methylpentane.
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and Sakurai, Kira et al.22 (3) The 20 nm red-shift of �EM of 3a
and 5a by changing the solvent from 3-methylpentane to ace-
tonitrile is smaller than that (ca. 33 nm from isooctane to ace-
tonitrile)22a of pentamethylphenyldisilane. This can be under-
stood by the less polar ICT states of the 1,2-diphenyldisilanes
3a and 5a due to the larger charge delocalization as compared
to the monophenyldisilane. (4) The emission intensity is also
dependent on the conformation. The orders of the emission
quantum yield are cis-3a < 5a < trans-3a in 3-methylpentane
and 5a < cis-3a < trans-3a in acetonitrile. The emission
quantum yield of trans-3a is higher than those of the others
in both solvents although the absolute values are low, while
that of cis-3a is quite low in 3-methylpentane.

The conformation dependence of the emission intensity is
explained in terms of the schematic diagram shown in
Fig. 10. (i) The formation of the ICT state from the non-re-
laxed excited states Sn (path a)21g followed by the radiative de-
cay (path d) is more preferred in trans-3a, mainly due to steric
reasons. (ii) The weak emission of the cis-3a in a non-polar
solvent should be ascribed to another radiationless decay path.
One possibility is the excimer formation (path b or b0) or en-
ergy transfer on the basis of the intramolecular �–� interac-
tion of the two phenyl groups in a non-polar solvent as seen
in the calculated orbitals (Fig. 6a). However, the excimer in
the cis isomer, even if really formed, would end up as a radi-
ationless decay (e.g., path e) under the present conditions, be-
cause the band shape of cis-3a is the same as that of trans-3a,
therefore, there is no significant distortion in the observed
spectrum arising from the overlap with the excimer emission.
There is another possibility that the intersystem crossing to the
triplet state (path c)21c would be more favored in the cis iso-
mer. In any case, the formation of the polar ICT state is more
preferred in acetonitrile to afford the CT emission with the
larger quantum yield than that in 3-methylpentane. (iii) The
emission quantum yield of the acyclic disilane 5a is lower than
those of the cyclic disilanes 3a even in acetonitrile. Even con-
sidering the conformation change by varying the solvent, the
relative quantum yield 5a is too small. Therefore, this phenom-
enon can be attributable to another radiationless decay path,
most probably due to the free rotation about the Si–Si bond.
This result provides a nice example that demonstrates that
the conformation constraint by the cyclic structure is effective
for controlling the photophysical properties, especially the
emission of the �–� conjugation system.

Conclusion

A series of conformationally constrained cis- and trans-1,2-
diaryl-1,2-disilacyclohexanes 3, as well as their acyclic ana-
logues 5, have been prepared in order to investigate the effect
of the conformation on their photophysical properties. (1) The
UV absorption maximum wavelength of the trans isomer is al-
ways slightly longer (3–6 nm) than that of the cis isomer. (2)
The 1La band in the MCD spectra is also conformation-de-
pendent, while the first transition (1Lb band) is not. (3) The
emission quantum yields, but not �EM, are significantly de-
pendent on the conformation and solvent. The orders of the
emission quantum yield are cis-3a < 5a < trans-3a in 3-
methylpentane and 5a < cis-3a < trans-3a in acetonitrile.
The conformation control by introduction of a cyclic structure
is effective for controlling the photophysical properties in the
�–� conjugation system.

Experimental

General. Melting points (mp) were determined with a Yanaco
MP-S3 instrument and are uncorrected. 1HNMR spectra were
measured with Varian Mercury (300 MHz for 1H) in C6D6.

13C,
19F, and 29Si NMR spectra were measured with JEOL EX-270
(67.94 MHz for 13C, 254.2 MHz for 19F, and 53.67 MHz for
29Si) spectrometer in C6D6. Chemical shifts are reported in �
ppm with reference to internal solvent peak for 1H (C6HD5:
7.20 ppm) and 13C (C6D6: 128.0 ppm), to external CFCl3 (0.0
ppm) for 19F, and to external TMS (0.0 ppm) for 29Si, respective-
ly. Mass spectra were measured with SHIMADZU GCMS-
QP5050 mass spectrometer. Recycle preparative gel permeation
chromatography (GPC) was performed using polystyrene gel col-
umns (JAIGEL 1H and 2H, LC-918, Japan Analytical Industry)
with chloroform or toluene as an eluent. Recycle preparative
high-performance liquid chromatography (HPLC) was performed
using a silica-gel column (JAIGEL-SIL S-043-15, Japan Analyti-
cal Industry) or an ODS column (JAIGEL-ODS S-343-15 or
JAIGEL-ODS-AP, Japan Analytical Industry). Preparative gas
chromatography (GC) was performed using a silicone column
(Silicone DC-550, 3 m � 5 mm; column, injector, and detector
temperature was 250 �C; flow rate = 1.2 mL/s, hydrogen as a car-
rier gas; GC-4B, SHIMADZU). Thin-layer chromatography (TLC)
was performed on plates coated with 0.25 mm thickness of silica
gel 60F-254 (Merck). Column chromatography was performed by
using Kieselgel 60 (70–230 mesh; Merck). All reactions were car-
ried out under a nitrogen atmosphere, unless otherwise stated. All
dry solvents were freshly distilled under N2 before use. Et2O and
THF were distilled from sodium/benzophenone. Benzene was dis-
tilled from lithium aluminum hydride or sodium. Hexane was dis-
tilled from sodium/benzophenone/triglym. Toluene was distilled
from sodium. CH2Cl2 was distilled from calcium hydride. Ace-
tone was distilled from anhydrous K2CO3.

Spectral Measurements. UV absorption spectra were record-
ed with a SHIMADZU UV-3101 spectrometer or a Perkin-Elmer
Lambda 900 with a data interval of 0.1 nm. MCD spectra were re-
corded with a JASCO J-820 spectrometer in the presence of 1.5 T
of magnetic field parallel to the propagation direction of the light
(100 scans taken at 5 nm/min with 4 s response time were aver-
aged). These spectra were taken with about 10�5 M solutions in a
quartz cell with the path-length of 1 cm. Fluorescence spectra
were recorded with a Perkin-Elmer LS50B spectrometer with a
data interval of 0.5 nm. These spectra were taken with about

Fig. 10. Schematic energy levels of the ground and the ex-
cited states and relaxation paths for diaryldisilanes.
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10�5 M solutions in a quartz cell with path-length of 1 cm. The
fluorescence quantum yields were determined by comparison with
a naphthalene as a standard (� ¼ 0:23 in cyclohexane).23 3-Meth-
ylpentane (3-MP) was purified by passage over a silver nitrate–
alumina column and was degassed before the fluorescence
measurement. Spectral grade acetonitrile was purchased (Nakalai
Tesque) and degassed before use.

1,2-Dimethyl-1,2-diphenyl-1,2-disilacyclohexane (3a). To a
solution of 1,1,2,2-tetraphenyl-1,2-disilacyclohexane (23.8 g, 56.7
mmol) in CH2Cl2 (100 mL) was added TfOH (10 mL, 110 mmol)
dropwise at 0 �C over 10 minutes. Upon completion of the addi-
tion, the addition funnel was rinsed with CH2Cl2 (2� 2 mL). Af-
ter being stirred at 0 �C for 1.5 h, the solvent was evaporated. The
residue was dissolved in Et2O (100 mL) and cooled to 0 �C. To
the resulting solution was added 180 mL (170 mmol) of a 0.94
M solution of MeMgI in Et2O dropwise at 0 �C over 1.5 h. Upon
completion of the addition, the addition funnel was rinsed with
Et2O (10 mL), then the reaction mixture was allowed to warm
to room temperature. After being stirred for 1.5 h, the reaction
mixture was hydrolyzed with 10% NH4Cl (100 mL). Then the bi-
phasic mixture was separated and the aqueous layer was extracted
with Et2O (3� 100 mL). The combined organic layer was washed
with brine (100 mL) and dried over MgSO4. After filtration and
evaporation, the residue was subjected to silica-gel column chro-
matography (hexane, Rf ¼ 0:29). The collected fraction was con-
centrated to give 12.9 g (43.6 mmol, 77% yield, cis/trans = 1/
2.5) of 1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane 3a as a
colorless oil.16

Isomers were separated by preparative HPLC (ODS, CH3CN as
eluent). trans-3a: 1HNMR � 0.38 (s, 6H), 1.08 (m, 4H), 1.59 (m,
2H), 1.96 (m, 2H), 7.2–7.3 (m, 6H), 7.55 (dd, J ¼ 7:4, 2.0 Hz,
4H). 13CNMR � �4:55, 15.79, 26.54, 128.23, 128.94, 134.47,
138.48. 29SiNMR � �23:42. UV (�max ð"Þ in 3-MP) 237.5
(15200). UV (�max ð"Þ in acetonitrile) 238.0 nm (14200). cis-
3a: 1HNMR � 0.42 (s, 6H), 0.9–1.0 (m, 2H), 1.15–1.25 (m,
2H), 1.7–1.85 (m, 4H), 7.15–7.2 (m, 6H), 7.4–7.5 (m, 4H).
13CNMR � �4:14, 15.89, 26.57, 128.05, 128.92, 134.80,
138.02. 29SiNMR � �23:37. UV (�max ð"Þ in 3-MP) 233.4 nm
(13700). UV (�max ð"Þ in acetonitrile) 234.6 nm (13300).

Conversion from 3a to 3b–e. A Typical Procedure, 1,2-Di-
methyl-1,2-bis(p-methylphenyl)-1,2-disilacyclohexane (3c):
To a solution of 1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane
3a (1.04 g, 3.50 mmol) in CH2Cl2 (7 mL) was added TfOH
(0.62 mL, 7.0 mmol) dropwise at 0 �C to afford a mixture of
cis- and trans-4-OTf. After being stirred for 1.5 h at 0 �C, the sol-
vent was evaporated. The crude 4-OTf was dissolved in Et2O (7
mL) and cooled to 0 �C. To the resulting solution were added
CuCN (31.7 mg, 0.354 mmol, 10.1 mol%) in one portion and
14.5 mL (14 mmol) of a 0.96 M solution of p-methylphenylmag-
nesium bromide in Et2O dropwise over 10 min at 0 �C. Upon
completion of the addition, the addition funnel was rinsed with
Et2O (2 mL); then the reaction mixture was allowed to warm to
room temperature. After being stirred for 1.5 h, the reaction mix-
ture was hydrolyzed with 10% NH4Cl (9 mL). The resulting bi-
phasic mixture was separated and the aqueous layer was extracted
with Et2O (3� 30 mL). The combined organic layer was washed
with brine (50 mL) and dried over MgSO4. After filtration and
evaporation, the residue was subjected to column chromatography
on silica gel (hexane/AcOEt = 10/1, Rf ¼ 0:58) followed by
preparative HPLC (hexane/AcOEt = 20/1) to give 687 mg
(2.12 mmol, 61% yield, cis/trans = 1/2.2) of 1,2-bis(p-methyl-
phenyl)-1,2-dimethyl-1,2-disilacyclohexane 3c as a colorless oil.

Isomers were separated by preparative GC. trans-3c: colorless
crystals. mp 71–72 �C. 1HNMR � 0.44 (s, 6H), 1.10–1.16 (m,
4H), 1.58–1.68 (m, 2H), 1.95–2.05 (m, 2H), 2.18 (s, 6H), 7.12
(d, J ¼ 7:8 Hz, 4H), 7.53 (d, J ¼ 7:8 Hz, 4H). 13CNMR �
�4:37, 16.01, 21.58, 26.65, 129.10, 134.58, 134.86, 138.47.
29SiNMR � �23:67. MS (EI) m=z (relative intensity) 324 (Mþ,
11), 225 (100). UV (�max ð"Þ in 3-MP) 238.6 nm (20700). Found:
C, 73.78; H, 8.75%. Calcd for C20H28Si2: C, 74.00; H, 8.69%. cis-
3c: a colorless oil. 1HNMR � 0.46 (s, 6H), 0.95–1.05 (m, 4H),
1.20–1.30 (m, 2H), 1.70–1.90 (m, 2H), 2.12 (s, 6H), 7.04 (d,
J ¼ 7:7 Hz, 4H), 7.46 (d, J ¼ 7:7 Hz, 4H). 13CNMR � �3:92,
16.14, 21.55, 26.64, 128.95, 134.47, 134.93, 138.43. 29SiNMR
� �23:67. MS (EI) m=z (relative intensity) 324 (Mþ, 13), 225
(100). UV (�max ð"Þ in 3-MP) 232.0 nm (19300). Found: C,
74.11; H, 8.89%. Calcd for C20H28Si2: C, 74.00; H, 8.69%.

1,2-Dimethyl-1,2-bis(p-trifluoromethylphenyl)-1,2-disilacy-
clohexane (3b): Yield (67%, cis/trans = 1/2.6). Isomers were
separated by preparative HPLC (ODS, CH3CN as eluent). trans-
3b: a colorless oil. 1HNMR � 0.20 (s, 6H), 0.90–0.96 (m, 4H),
1.44–1.58 (m, 2H), 1.80–1.94 (m, 2H), 7.32 (d, J ¼ 7:8 Hz,
4H), 7.46 (d, J ¼ 7:8 Hz, 4H). 13CNMR � �5:17, 15.13, 26.18,
124.71 (q, J ¼ 3:7 Hz), 125.00 (q, J ¼ 271:7 Hz), 131.03 (q,
J ¼ 32:0 Hz), 134.60, 143.12. 29Si NMR � �23:07. 19FNMR �
�62:38. MS (EI) m=z (relative intensity) 432 (Mþ, 8), 314
(100). UV (�max ð"Þ in 3-MP) 246.7 nm (13600). Found: C,
55.37; H, 5.23%. Calcd for C20H22F6Si2: C, 55.53; H, 5.13%.
cis-3b: a colorless oil. 1HNMR � 0.30 (s, 6H), 0.78–0.87 (m,
2H), 0.96–1.07 (m, 2H), 1.6–1.7 (m, 4H), 7.16 (d, J ¼ 8:3 Hz,
4H), 7.32 (d, J ¼ 8:3 Hz, 4H). 13CNMR � �4:71, 15.17, 26.24,
124.52 (q, J ¼ 3:7 Hz), 124.90 (q, J ¼ 271:7 Hz), 131.02 (q,
J ¼ 32:0 Hz), 134.80, 142.68. 29SiNMR � �22:82. 19FNMR
� �62:42. MS (EI) m=z (relative intensity) 432 (Mþ, 9), 314
(100). UV (�max ð"Þ in 3-MP) 241.1 nm (15000). Found: C,
55.62; H, 5.20%. Calcd for C20H22F6Si2: C, 55.53; H, 5.13%.

1,2-Bis(p-methoxyphenyl)-1,2-dimethyl-1,2-disilacyclohex-
ane (3d): Isomers were separated by preparative HPLC (hexane/
AcOEt = 10/1) to give 466 mg (1.31 mmol, 44% yield) of trans-
3d as colorless solids and 179 mg (0.501 mmol, 17% yield) of
cis-3d as a colorless oil.

trans-3d: mp 72–73 �C. 1HNMR � 0.46 (s, 6H), 1.10–1.20 (m,
4H), 1.58–1.72 (m, 2H), 1.96–2.10 (m, 2H), 3.36 (s, 6H), 6.92 (d,
J ¼ 8:3 Hz, 4H), 7.53 (d, J ¼ 8:3 Hz, 4H). 13CNMR � �4:17,
16.24, 26.70, 54.64, 114.28, 129.04, 135.85, 160.85. 29SiNMR
� �23:80. MS (EI) m=z (relative intensity) 356 (Mþ, 15), 257
(100). UV (�max ð"Þ in 3-MP) 240.0 nm (31500). Found: C,
67.50; H, 7.90%. Calcd for C20H28O2Si2: C, 67.36; H, 7.91%.
cis-3d: 1HNMR � 0.48 (s, 6H), 0.98–1.07 (m, 4H), 1.22–1.31
(m, 2H), 1.76–1.91 (m, 2H), 3.30 (s, 6H), 6.84 (d, J ¼ 8:4 Hz,
4H), 7.46 (d, J ¼ 8:4 Hz, 4H). 13CNMR � �3:74, 16.37, 26.70,
54.56, 114.13, 128.66, 136.21, 160.81. 29SiNMR � �23:90. MS
(EI) m=z (relative intensity) 356 (Mþ, 16), 257 (100). UV (�max

ð"Þ in 3-MP) 237.4 nm (33900). Found: C, 67.46; H, 7.97%. Calcd
for C20H28O2Si2: C, 67.36; H, 7.91%.

1,2-Dichloro-1,2-dimethyl-1,2-disilacyclohexane (4-Cl): To
a solution of 1,2-dimethyl-1,2-diphenyl-1,2-disilacyclohexane
(2.41 g, 8.13 mmol) in benzene (10 mL) was added AlCl3 (12.1
mg, 0.0906 mmol), and then HCl gas was introduced into this
mixture for 1.3 h at room temperature. Additional AlCl3 (16.9
mg, 0.127 mmol) was added. After being stirred for 2.3 h, hexane
(10 mL) and acetone (2 mL) were added to quench the reaction,
and the resulting acetone/AlCl3 complex was removed by filtra-
tion. Evaporation followed by distillation gave 1.37 g (6.40 mmol,
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79% yield) of 1,2-dichloro-1,2-dimethyl-1,2-disilacyclohexane 4-
Cl as colorless oil: bp 98–107 �C/26 mmHg (lit.16a bp 102–108
�C/35 mmHg). 1HNMR � 0.44 (s, 6H), 0.7–0.8 (m, 2H), 1.0–
1.1 (m, 2H), 1.4–1.5 (m, 2H), 1.65–1.75 (m, 2H).

1,2-Bis[p-(dimethylamino)phenyl]-1,2-dimethyl-1,2-disila-
cyclohexane (3e): To a mixture of 1,2-dichloro-1,2-dimethyl-
1,2-disilacyclohexane 4-Cl (652 mg, 3.06 mmol) and CuCN
(29.1 mg, 0.325 mmol) in THF (6 mL) was added p-(dimethyl-
amino)phenylmagnesium bromide (12.0 mmol) in THF (18 mL)
dropwise for 10 min at room temperature. Upon completion of
the addition, the addition funnel was rinsed with THF (2� 2

mL). After being stirred for 36 h, the solvent was evaporated.
The residue was hydrolyzed with 10% NH4Cl (20 mL), and Et2O
(20 mL) was added. The biphasic mixture was filtered and sepa-
rated. The aqueous layer was extracted with Et2O (4� 20 mL).
The combined organic layer was washed with brine (40 mL)
and dried over MgSO4. After filtration and evaporation, the resi-
due was subjected to column chromatography on silica gel (hex-
ane/AcOEt/Et3N = 20/1/0.6, R f ¼ 0:35). The collected fraction
was subjected to preparative GPC (toluene as eluent) to give 1.13
g (2.51 mmol, 82% yield, cis/trans = 1/4) of 3e as colorless
solids.

Isomers were separated by silica gel column chromatography.
trans-3e: colorless crystals. mp 85–86 �C. 1HNMR � 0.59 (s,
6H), 1.22–1.28 (m, 4H), 1.7–1.8 (m, 2H), 2.05–2.15 (m, 2H),
2.56 (s, 12H), 6.72 (d, J ¼ 8:7 Hz, 4H), 7.64 (d, J ¼ 8:7 Hz,
4H). 13CNMR � �3:82, 16.63, 26.93, 40.06, 112.83, 123.79,
135.59, 151.17. 29SiNMR � �24:12. MS (EI) m=z (relative inten-
sity) 383 (Mþ, 36), 283 (100). UV (�max ð"Þ in 3-MP) 271.4 nm
(45600). Found: C, 68.79; H, 8.94; N, 7.33%. Calcd for
C22H34N2Si2: C, 69.05; H, 8.96; N, 7.32%. cis-3e: a colorless
oil. 1HNMR (300 MHz) � 0.57 (s, 6H), 1.11–1.17 (m, 2H),
1.34–1.43 (m, 2H), 1.84–2.00 (m, 4H), 2.51 (s, 12H), 6.65 (d, J ¼
8:4 Hz, 4H), 7.60 (d, J ¼ 8:4 Hz, 4H). 13CNMR (67.94 MHz) �
�3:38, 16.86, 26.90, 39.98, 112.70, 123.44, 135.98, 151.12.
29SiNMR (53.67 MHz) � �24:30. MS (EI) m=z (relative intensity)
383 (Mþ, 32), 283 (100). UV (�max ð"Þ in 3-MP) 266.1 nm
(48300). Found: C, 68.85; H, 9.03; N, 7.28%. Calcd for
C22H34N2Si2: C, 69.05; H, 8.96; N, 7.32%.

Preparation of 1,1,2,2-Tetramethyl-1,2-bis(p-trifluorometh-
ylphenyl)disilane (5b). A Typical Procedure via Silyltriflate:
To a solution of 1,1,2,2-tetramethyl-1,2-diphenyldisilane 5a (1.82
mmol) in CH2Cl2 (4 mL) was added TfOH (0.35 mL, 4.0 mmol)
dropwise at 0 �C. After being stirred at 0 �C for 2.5 h, the solvent
was evaporated. The residue was dissolved in Et2O (4 mL) and
cooled to 0 �C. To the resulting solution was added 13.0 mL
(8.1 mmol) of a 0.62 M solution of p-(trifluoromethyl)phenylmag-
nesium bromide in Et2O dropwise at 0 �C over 10 min. Upon
completion of the addition, the addition funnel was rinsed with
Et2O (3 mL); then the reaction mixture was allowed to warm to
room temperature. After being stirred for 14 h, the resulting mix-
ture was hydrolyzed with 10% NH4Cl (10 mL) and separated. The
aqueous layer was extracted with Et2O (3� 15 mL). The com-
bined organic layer was washed with brine (20 mL) and dried over
MgSO4. After filtration and evaporation, the residue was distilled
under reduced pressure (210 �C/33 mmHg). The fraction was sub-
jected to short path column chromatography on silica gel (hexane,
Rf ¼ 0:55) to give 501 mg (1.23 mmol, 62% yield) of 5b as col-
orless solids: mp 51.5–52.5 �C. 1HNMR (300 MHz) � 0.18 (s,
12H), 7.2 (m, 4H), 7.40 (d, J ¼ 8:4 Hz, 4H). 13CNMR (67.94
MHz) � �4:20, 124.54 (q, J ¼ 3:7 Hz), 125.00 (q, J ¼ 271:7
Hz), 130.89 (q, J ¼ 32:0 Hz), 134.24, 143.70. 29SiNMR (53.67

MHz) � �20:89. MS (EI) m=z (relative intensity) 407 (Mþ,
0.7), 203 (M/2, 100). UV (�max ð"Þ in 3-MP) 243.3 nm
(17200). Found: C, 53.39; H, 5.02%. Calcd for C18H20F6Si2: C,
53.18; H, 4.96%.

Calculations. The initial geometry for the optimization proce-
dure was based on the structures built on Spartan� and performed
a conformation search by MMFF. Starting with the most stable
conformer, geometry optimization calculations were performed
with the Gaussian 98 program with an HPC-PA264U computer
at the HF/3-21G(d) level, and frequency analyses were performed
at the same level, followed by MP2/6-31G(d) and then MP2/6-
311G(d) level. Based on the finally optimized geometry, time-de-
pendent (TD) density functional theory (DFT) excitation energies
were calculated at the B3LYP/6-311G(d) level.

X-ray Crystallographic Analyses. Crystals of trans-3d suit-
able for the structural analysis were obtained by recrystallization
from hexane–ethanol. A colorless crystal (0:5� 0:3� 0:1 mm3)
was mounted on a cryoloop. Intensity data were collected at
�100 �C on a Rigaku Saturn CCD diffractometer with graphite
monochromated MoK� radiation (� ¼ 0:71070 �A). The crystal
structure was solved by a direct method (SIR97) and refined by
a full-matrix least-square method on F2 for all reflections
(SHELX-97). All non-hydrogen atoms were refined anisotopical-
ly. All hydrogen atoms were placed using AFIX instructions and
refined isotopically. The crystal data and analytical conditions are
summarized in Table 1.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition number CCDC-
266593 for trans-3d. Copies of the data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk).
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