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The purpose of this work is the theoretical elucidation of the origin of the unusually long UV-vis absorption maximum,
Amax =398 nm, of 3,3’ ,4,4"-tetraphenyl-2,2’-bisilole, which we have observed recently. Several semiempirical and ab initio
calculations have been performed for some model compounds, silole and 2,2’-bisilole, in comparison with their carbon
analogs, cyclopentadiene and 1,1’-bi-1,3-cyclopentadiene, respectively. The PM3 calculations indicate that the silole
ring has a considerably low-lying LUMO, arising from o™—m* conjugation between a m-symmetry o™ orbital of the
exocyclic o bonds on silicon and a t* orbital of the butadiene skeleton. Ab initio calculations at the CIS/6-31G™ level
of theory suggest that the experimental large differences in the absorption maximum in the UV-vis spectra between the
bisilole and the bicyclopentadiene derivatives are ascribed also to the low-lying LUMO level of the bisilole compared with
the bicyclopentadiene. It is further demonstrated that the 0™ —m™* conjugation is enhanced by the molecular distortions,
twisting and folding, of the bisilole skeleton present in the X-ray structure, resulting in the lowering of the LUMO level.
The calculated data are supported by the redox potentials of some representative compounds, as determined by cyclic
voltammetry measurements. The o™~ conjugation and the low-lying LUMO would thus be the origin of the unusual
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optical properties of bisilole derivatives.

Polysiloles 1, silole (sila-2,4-cyclopentadiene) 2,5-linked
n-conjugated polymers, are still veiled, but promising targets
for development of novel s-electronic organic materials.>—
Some theoretical calculations on the polysiloles have sug-
gested their low bandgaps (ca. 1.4 eV),” nonlinear optical
properties,” and thermochromism.” Recently we have suc-
ceeded in preparing oligosiloles, from dimer 2 to tetramer
3, as model compounds of polysiloles (Chart 1).” Of special
note, 3,3',4,4’-tetraphenyl-2,2’-bisilole 2a, a silole dimer, has
a considerably long absorption maximum (An. 398 nm) in
the UV-vis spectra among some conjugated dimers of five-
membered cyclic dienes.® In order to compare the properties
of the bisilole with its carbon analog, we have quite recently
also prepared 1,1'-bi-1,3-cyclopentadiene (hereafter, abbre-
viated to bicyclopentadiene) derivatives 4 having almost the
same substituents as 2.” The difference in A,,, between 2a
and 4a (Ayax 340 nm) has been found to reach 58 nm. We
have thus carried out theoretical calculations to elucidate the
electronic structure of bisilole in detail in comparison with
that of bicyclopentadiene. This report describes the cal-
culation results on the parent silole and bisilole as well as
cyclopentadiene and bicyclopentadiene.

Results and Discussion

Structural Comparison between Bisilole 2a and Bicy-
clopentadiene 4b.  Crystal structures of bisilole 2a” and 4,
4'-diiodobicyclopentadiene 4b” and their structural param-

eters have been reported previously. The stereoviews of the
two five-membered rings are shown for both compounds in
Fig. 1, because the structural aspects of these skeletons are
important for the present discussion. In the crystal structures
of 4b, a 1 : 1 mixture of anti and syn forms is observed.
There are two kinds of distortion, as illustrated in Fig. 2.
One is the twisting about the connecting C2—C2’ bond, de-
fined by the torsion angle 8. The other is the folding of two
rings from the C2—C2’ bond in the same direction, defined
by the folding angle w between the mean plane of a ring and
the connecting bond. The characteristic features are as fol-
lows: Bisilole 2a is highly twisted with torsion angle 8 =62°
and is folded with an averaged folding angle @ =15°. Both
conformers of bicyclopentadiene 4b are also highly twisted,
but have smaller folding angles than 2a; the anti form has
6 =70° and @ =2° and the syn form 8 =118° and w=10°.
UV-vis Spectral Data for Bisilole 2a and Bicyclo-
pentadiene 4a. UV-vis absorption data for bisilole 2a
and bicyclopentadiene 4a are summarized in Table 1, which
also contains the data for the parent silole 5'? and cyclo-
pentadiene 6 (Chart 2).'’ Two comparisons will be made.
(1) Silicon vs. carbon: Silole 5, recently isolated and char-
acterized by Michl and his co-workers, has a longer absorp-
tion maximum by 21 nm than carbon analog 6.!” Similarly,
the Amax of bisilole 2a is 58 nm longer than that of bicyclo-
pentadiene 4a.” This difference corresponds to 0.53 eV.
(2) Mono-ring vs. two-ring: There is a considerably large
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Fig. 1. Crystal Structures of bisilole 2a and diiodobicyclo-
pentadiene 4b: Stereoviews of 2a (a), anti conformer of 4b
(b), and syn conformer of 4b (c). Phenyl groups and alkyl
groups are omitted for clarity. All of the drawings are 50%
thermal probability.
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(E = SiH, or CHp)

Fig. 2. Definitions of the torsion angle 0, from anti arrange-
ment of the two rings, and the folding angle w (average
value), that is an angle between the mean plane of a five-
membered ring and the connecting bond C2-C2’, as defined
by sinw =d/ r(C2—C2"), where d stands for the displace-
ment of one connecting carbon atom from the mean plane
of the other ring and H(C2-C2’) is the bond length of the
connecting bond.

Table 1. UV-vis Absorption Data of Silole and Cyclo-
pentadiene Derivatives

Compound Amax/nm loge
Silole? 5 278 —
Cyclopentadiene™ 6 257 —
Bisilole®? 2a 2429 4.51
398 371
Bicyclopentadiene®™” 4a 249°) 4.53
340 343

a) Ref. 10. b) Ref. 11. ¢) Inchloroform. d) Ref.7. e) Ab-
sorptions around 240 nm can be assigned to 7—t™* transitions of
phenyl groups. f) Ref. 9.

0 B
Si C
Hl ",H HI —H
5 6

Chart 2.

bathochromic shift, more than 120 nm, upon changing from
monosilole 5 to bisilole 2a, while in the carbon analogs there
is a bathochromic shift of only about 80 nm from 6 to 4a.
All the data strongly suggest development of a unique m-
electronic structure by the combination of two silole rings.
In addition, it has previously been observed that bisiloles
2a and 2b and bicyclopentadienes 4a and 4b have twisted
structures not only in the solid state but also in solution,
as confirmed by NMR studies, and, in consonant with this,
bisilole 2b has almost the same absorption maximum both in
the solid state (Amax 416 nm) and in solution (Amax 417 nm).”
Theoretical Study of the Electronic Structure of Bisilole
in Comparison with Bicyclopentadiene. (a) Compar-
ison of the Electronic Structures between Silole and Cy-
clopentadiene. Some research groups have already re-
ported theoretical analyses for the electronic structure of the
parent silole 5.''2 Michl et al. have recently characterized
the spectral data for 5 in detail by ab initio calculations and
pointed out that the longer A5 of silole in comparison with
cyclopentadiene is probably due to an increased cyclic hy-
perconjugation in 5.'” To clarify the role of the silicon atom
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in the electronic structure of the silole ring, we have now
compared the electronic structure of silole with that of cy-
clopentadiene based on HF/6-31G* calculations, the results
being shown in Fig. 3. The silole has a lower-lying HOMO
(highest occupied molecular orbital) by about 0.4 eV and
a much lower-lying LUMO (lowest unoccupied molecular

Ae (LUMO ) =-1.289 eV

3.929eV -,

Tl 2640V

Ag (HOMO ) = ~0.440 eV
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orbital) by about 1.3 eV than cyclopentadiene has. More
significantly, silole has a lobe on silicon in-phase with lobes
on the adjacent ring carbons in the LUMO, while cyclo-
pentadiene has no such a lobe on carbon but a butadiene-like
LUMO only. This aspect has already been reported,>'**'%
but the origin of the “in-phase lobe on silicon” has not been
clarified.

The origin has now been clearly disclosed by an orbital
correlation diagram based on semiempirical PM3 calcula-
tions on 1,1-dimethylsilole 7, as shown in Fig. 4."” Thus,
silole 7 is tentatively divided into a butadiene moiety (1,3-
butadiene) and a dimethylsilylene moiety (dimethysilane).
The correlation between four 5t orbitals of the butadiene moi-
ety and two o orbitals of the dimethylsilylene moiety brings
about six 7 orbitals for silole. Most importantly, the low-

— lying LUMO in silole arises from mixture of the ¢* (2b;)
-8.320 eV . .760.eV orbital of the dimethylsilylene moiety with the t™* (3b;) or-
' bital of the butadiene moiety, that is, 6*~t™ conjugation.'*'>

Thus, the origin of the “in-phase lobe on silicon” turns out

@ ﬂ to be the w-symmetry o orbital of the exocyclic two Si-C o
)es 2 bonds. The 6*—t* conjugation may arise from the fixed per-

H H H H pendicular arrangement of the plane of the dimethylsilylene

6 5 moiety to the plane of the butadiene moiety and the energet-

Fig. 3. Relative energy levels of the HOMO and LUMO for
silole 5 and cyclopentadiene 6, based on the HF/6-31G™
calculations.
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ically comparable 6* and 7* orbitals. Indeed, in the case
of the carbon analog, 5,5-dimethyl-1,3-cyclopentadiene, the
o*-m* conjugation in the LUMO is almost negligible be-
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Fig. 4. Orbital correlation diagram for 1,1-dimethylsilole 7, based on the PM3 calculations.
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cause of the higher energy level of the corresponding exo-
cyclic C-C ¢* orbital.'® The shape of the LUMO of silole
is visualized in Fig. 5, together with that of cyclopentadiene
for comparison.

(b) Comparison of the Relative HOMO and LUMO
Energy Levels between Bisilole and Bicyclopentadiene.
To elucidate the large difference in Ay, between bisilole
2a and bicyclopentadiene 4a, we have carried out ab initio
calculations on the model compounds, i.e., parent bisilole
8 and its carbon analog 9 using the CIS procedure imple-
mented in the Gaussian 92 programt with the 6-31G™ basis
set. The results are summarized in Table 2. In view of the
twisted structures of 2 and 4 both in solution and in the solid
state, we first performed calculations for 8 and 9 employing
geometries derived from the X-ray crystal structures of 2a
and 4b (anti and syn conformers), respectively. The calcu-
lated A4 ax (8 —9) reaches 49—60 nm, which corresponds to
AAE (8—9)=0.90—1.15 eV (compare Entries 1 with 8 or 9),
where AE denotes an excitation energy. The relative HOMO

a)

Fig. 5. MO drawings of the LUMO for (a) cyclopentadiene
6 and (b) silole 5, the threshold level being 0.050.
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and LUMO energy levels for 8 and 9 (anti conformer) are
shown in Fig. 6. Bisilole 8 has a slightly lower-lying HOMO
by about 0.06 eV and a much lower-lying LUMO by about
1.5 eV than the anti conformer of the bicyclopentadiene 9.
We could thus deduce that the longer Ay, of 2a than that
of 4a is mainly due to the considerably lower level of the
LUMO of the bisilole.

When the coplanar conformations were employed for 8
and 9, only 0.39 eV of the AAE (8 —9) was observed (Entries
2 and 10). These results imply that the distortions present in
the crystal structure of bisilole 2a may be responsible for the
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Fig. 6. Relative energy levels of the HOMO and LUMO for
bisilole 8 and bicyclopentadiene 9, calculated employing
the geometries derived from the X-ray structures.

Table 2. CIS Calculations on Bisilole and Bicyclopentadiene®

Entry Compound 6 and o Jmax (caled)  AEY g (HOMO)? & (LUMO)? Ag®

’ deg nm eV eV eV eV
1 " X-ray 287 4.320 —7.838 1.969 9.797
2 /) s? 0=0, 0=0 294 4216 —7.591 1.825 9.416
3 2= ) 6=0, w=15 299 4.150 —7.542 1.825 9.367
4 ﬁ'z 6=60, w=0 270 4.589 —7.967 2.170 10.137
5 8 0=60, w=5 269 4.606 —7.956 2.209 10.165
6 =60, »=10 269 4.606 —7.935 2.243 10.178
7 0=60, w=15 280 4.434 —7.935 2.020 9.955
8 H X-ray (anti) 227 5.466 —7.773 3.505 11.278
9 R c: X-ray (syn) 238 5.216 —7.571 3.381 10.952
10 c \ 6=0,w=0 269 4.610 —7.086 2.743 ~9.829
11 = =70, w=0 226 5.482 —7.731 3515 11.246
12 9 0=120, w=0 242 5.125 —7.426 3.209 10.635
13 =120, 0=10 235 5.278 —7.618 3.306 10.924
14 6=60, w=0 234 5.298 —7.560 3.351 10.911
15 0=60, =5 234 5.290 —7.535 3.364 10.899
16 =60, w=10 236 5.262 —~7.501 3.368 10.869
17 =60, w=15 238 5215 —7.459 3.363 10.822

a) In entries 1, 8, and 9, one point CIS/6-31G™ calculations were conducted with employing the geometries derived from X-
ray crystal structure data of 2a and 4b for 8 and 9, respectively, hydrogen atoms being fully optimized at the HF/6-31G* level
of theory. In Entries 2 and 10, calculations were performed at the CIS/6-31G™*//HF/6-31G™ level of theory, in which geometries
were optimized under C,;, symmetry constraints. In other cases, one point CIS/6-31G* calculations were conducted using the

optimized geometries in Entries 2 or 10 with changing only the 8 and @ values.
e) HOMO-LUMO energy gap: £(LUMO) — &(HOMO).

d) Energy levels of HOMO or LUMO.

b) Defined in Fig. 2. c¢) Excitation energy.
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large difference in Apg, between 2a and 4a.

(c) Effect of Twisting and Folding on the LUMO Level
of Bisilole.  Several calculations on 8 and 9 were further
performed at the CIS/6-31G* level of theory in order to
elucidate the effect of the distortions, twisting and folding,
on the LUMO of bisilole. The two angles, 6 and w, were
changed in light of the experimental data. The results listed
in Table 2 are summarized as follows.

(1) As mentioned above, calculations on coplanar con-
formers, 8 = w =0°, afford a small AAE (8 —9)=0.39 eV
(Entries 2 and 10). When the folding w =15° is further ap-
plied to the coplanar conformation for 8, little change in Apax
is observed (Entry 3). (2) Only the twisting is applied, i.e.,
0 =60° for 8 and 70° or 120° for 9 keeping w =0° for both,
resulting in a larger AAE (8 —9)=0.54—0.89 eV (Entries
4, 11, and 12). (3) Folding angles similar to those observed
experimentally are further applied to these twisted conform-
ers, i.e., =60°, w=15° for 8 (Entry 7) and § =70°, w=0°
or 8 =120°, w=10° for 9 (Entries 11 and 13), affording
AAE (8—9)=0.84—1.05 eV. These theoretical results are
visualized in Figs. 7 and 8, which show the angle-dependent
variations of the HOMO and LUMO levels in the bisilole
and the bicyclopentadiene and the deformation of the shape
of the LUMO, respectively. The exceptional behavior of the
LUMO level of bisilole is noted.

All these results are reasonably explained as follows. First,
for the coplanar conformation (Fig. 7a), the 6*~m* conju-
gation in the LUMO of bisilole becomes less efficient in
comparison with that in monosilole, because, in the coplanar
bisilole, a larger energy gap between the 6™ and the n* levels
results from considerable lowering of the &t™* level owing to
the extended st-conjugation in the bis-butadiene moiety. -
Conjugation in bisilole and bicyclopentadiene may thus be
comparable, resulting in only a small AAE (8 —9). The less
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Fig. 7. Change of the HOMO and LUMO energy levels
of bisilole ([J) and bicyclopentadiene (M) by twisting and
folding. Energy levels of the corresponding monomers are
also shown for comparison.
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efficient 6™ —mt™ conjugation in the coplanar bisilole is repre-
sented as the slimmed lobes on silicon in Fig. 8b. Second,
when twisting is applied, the AAE (8 —9) becomes larger,
because the level-up of the LUMO in bisilole is smaller than
in bicyclopentadiene (Fig. 7b). The smaller level-up is prob-
ably due to the greater contribution of the 0*~n* conjugation
in the LUMO of the twisted bisilole than that in the coplanar
one. In other words, the twisting makes the ;t-conjugation
over the bis-butadiene moiety much less efficient to bring the
7* orbital level up closer to the 6™ orbital level, resulting in
larger interaction between both orbitals, i.e., more efficient
0*—m* conjugation. This is visualized in Fig. 8c as the re-

Fig. 8. Deformation of the LUMO of bisilole 8 and bicyclo-
pentadiene 9, accompanied by the change of the § and w
values; a) two silole rings, b) 8 = w =0° for 8, c) 8 =60°,
w=0° for 8, d) 8=60°, w=15° for 8, and e) 8 =60°,
@ =15° for 9. The threshold levels are 0.055 for silole and
0.035 for 8 and 9, respectively.
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gained lobes both on the silicon and the hydrogen atoms of
the SiH, moiety. Third, when folding is further applied to
the twisted bisilole, the AAE (8 —9) becomes larger to be
close to that obtained by employing the geometries derived
from the crystal structures, mainly due to the lowering of the
LUMO level of the bisilole (Fig. 7c). It should be noted that
when only folding is applied to the coplanar bisilole, essen-
tially no change is observed in its HOMO and LUMO energy
levels. Thus, both twisting and folding are responsible for
the unique electronic structure of the bisilole.

Therefore, the effect of the folding angles in the twisted
conformer was next examined. Thus, fixing the torsion angle
6 =60°, only the folding angle @ was varied from 0° to 15°
at 5° intervals (Table 2, Entries 4—7 for 8 and 14—17 for
9). The energy changes in the HOMO and LUMO levels
accompanied by the folding are visualized in Fig. 9. In bi-
cyclopentadiene 9, the folding from 0° to 15° induces a very
slight but steady elevation of the HOMO level about 0.1
eV and almost no change in the LUMO level; in total, the
HOMO-LUMO energy gap A&(9) is reduced by 0.09 eV. In
bisilole 8, folding up to 10° merely causes a slight elevation
of the LUMO level and almost no change in the HOMO
level. However, 15° folding suddenly causes the lowering of
the LUMO level by 0.22 eV, while the HOMO level remains
unchanged. As a whole, folding with @ =15° reduced the
HOMO-LUMO energy gap Ae(8) by 0.18 eV.!"

The decrease in the LUMO level of the twisted bisilole
by folding may be ascribed to an enhanced o*-r*
conjugation, as schematically represented in Fig. 10. The
folding corresponds to the pyramidarization of the planar
connecting carbon atom C2 (and C2’), which causes rehy-
bridization from sp?- to sp>-like orbital and thus deformation
of the m-orbital from pure p into sp>-like, resulting in en-

35-
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Fig. 9. Energy change of the HOMO and LUMO levels by
applying folding to the twisted (€ =60°) bisilole 8 and bi-
cyclopentadiene 9 skeleton.
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folding

0=15°

twisted 0 = 60° enlarged

Fig. 10.  Schematic drawings for the change of the LUMO
of bisilole with folding of skeleton.

largement of a lobe of the * orbital in the convex side.
This orbital deformation should occur also in the bicyclo-
pentadiene; this is seen from the shape depicted in Fig. 8e.
However, in the bisildle, there is the o™ orbital on the ad-
jacent silicon which can interact with the enlarged lobe of
the t* orbital on carbon to enhance the o™ ~* conjugation
on the convex side. As the folding angle is increased, this
o*-m* conjugation is enhanced more intensively to lower
the LUMO level; this is characteristic of the bisilole. The
enhanced o™ —m* conjugation is schematically pointed out by
arrows in Fig. 10, and the shape of the resulting LUMO of
the distorted bisilole is visualized in Fig. 8d, which should
be compared with that of the bicyclopentadiene (Fig. 8e). It
is clearly indicated that there is a through-conjugation in-
volving silicons in the convex side of the twisted and folded
bisilole and this through-conjugation is characteristic to the
bisilole. This may be the origin of the low-lying LUMO of
the bisilole.

Redox Potentials of Bisilole and Bicyclopentadiene.
The electrochemical data of some silole derivatives and their
carbon analogs have been determined for comparison with
the calculation results. The experimental data are summa-
rized in Table 3. In the one-ring systems, the reduction
potential (Ep.) of the 2,5-disilylsilole 107 is about 0.5 V
lower than that of carbon analog 11,” while the oxidation
potential (Ep,) of 10 is about 0.1 V higher than that of 11
(Chart 3). In the case of two-ring systems, bisilole 2a has the

Table 3.  Electrochemical Data for Silole and Cyclo-
pentadiene Derivatives”

Compound Epa, Epidf/ V' Eper, EpeafV
Disilylsilole 10 1.32 —2.45
Disilylcyclopentadiene 11 1.22 —2.99
Bisilole 2a 0.90 —2.31, -2.49
Bicyclopentadiene 4a 0.88,1.06 —2.73

a) Cyclic voltammetry measurements were performed under the
following condition: sample, | mM; solvent system, BusNCIO4
(0.1 M) in acetonitrile; Ag/Ag* reference electrode and glassy
carbon working electrode; scan rate; 100 mV s—1.  All redox
processes were irreversible.

Ph Ph Ph Ph
I AW
Me;Si si”  SiMe; Me;Si C SiMe;
Me/ -’Me Me/ T\ﬂe
10 11
Chart 3.
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first reduction potential (E ) at about a 0.4 V lower position
than that of bicyclopentadiene 4a, whereas the first oxida-
tion potentials (Eya;) are comparable in both compounds.
These data are consistent with the calculation data that silole
derivatives have much lower LUMO levels and comparable
HOMO levels in comparison with the carbon analogs.'®

Conclusion

Theoretical studies have revealed that the silole ring has
an unusually low-lying LUMO level arising from ¢*—m*
conjugation. This feature is recognized also in the extended
m-conjugated system, bisilole. Worthy of note is that the
o*~m* conjugation is enhanced by molecular distortions of
the bisilole skeleton, to cause a decrease in the LUMO en-
ergy level. This could be the origin of the unusual optical
properties of the tetraphenyl-bisilole.

The o*—m™* conjugation gives siloles and their derivatives
unique m-electron systems, especially in contrast to the -
electron excessive heteroaromatics such as furan, thiophene,
and pyrrole. Their polymer, polysilole, would thus have quite
different electronic structures and properties from those of
the conventional polythiophenes, polypyrroles, and so on.
Of particular interest is that the polysilole can be regarded as
an all-trans-s-cis-polyacetylene extended with the additional
o*~n* conjugation.” The development of these fascinating

polysiloles as well as other silole-containing m-conjugated -

polymers'? is now in progress in our laboratory.

Experimental

Calculations. Ground-state ab initio calculations on com-
pounds 5, 6, 8, and 9 were performed by use of the Hartree—Fock
(HF) approximation with the Gaussian 92 program.”® Geometries
of 5 and 6 were optimized using the 6-31G™ basis set within the
constraints of Cy, symmetry. The excitation energies for 8 and 9
were calculated by the CIS (Configuration Interaction with Singlet
Excitations) procedure®” implemented in the Gaussian 92 program
using the 6-31G™ basis set. Three types of geometries were used
for 8 and 9; one optimized at the HF/6-31G™ level within the Cy,
symmetry constraints (Entries 2 and 10 in Table 2), one based on the
optimized geometries changing only the 6 and w values (Entries
3—6 and 11—17 in Table 2), and one derived from the X-ray
crystal structural data of 2a and 4b for 8 and 9, respectively, hydro-
gen atoms being fully optimized at the HF/6-31G™ level of theory
(Entries 1, 8, and 9 in Table 2).

Semiempirical PM3 calculations using the MOPAC ver 6.0
program®? were performed on 1,1-dimethylsilole 7, 1,3-butadi-
ene, and dimethylsilane Me,SiH, as a silole, a butadiene moiety,
and a silylene moiety, respectively, to depict an orbital correlation
diagram for silole. The choice of methyl groups as the substituents
on the ring-silicon atom enabled us to extract the pertinent o-char-
acter orbital for the silylene moiety, which was impossible in the
case of the parent silole as silole because of the high symmetry of
silane SiH4 as the corresponding silylene moiety.

Cyclic Voltammetry Measurements. Cyclic voltammograms
were obtained by the use of a BSA CV-50W and a three-electrode
cell composed of a glassy-carbon working electrode, a platinum
wire counter electrode, and a Ag/0.01 M AgNOs; (acetonitrile)
(M =mol dm™3) reference electrode. The observed potential was
corrected with reference to ferrocene (E;/; +0.083 V) added as an

Bull. Chem. Soc. Jpn., 69, No. 8 (1996) 2333
internal standard after each measurement.
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