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The UV, preresonance Raman, and IR spectra of the stable silenet-BuMe2Si(Me3Si)Sid2-Ad (1) have been
measured as well as itsJSidC NMR coupling constant. The normal modes involving theν(SidC) stretching
coordinate were identified for the first time for a stable silene. The experimental data and computations of
potential energy distribution and mode eigenvectors show that there is no single vibrational normal mode
which can be assigned asν(SidC). Raman intensity enhancement on approaching resonance strongly supports
the conclusion that there are five lines in the region 1000-1370 cm-1 which include significant contribution
from theν(SidC) stretching coordinate. Both the SidC force constant and theJSidC NMR coupling constant
(as well as the SidC bond length) indicate that the SidC bond order is smaller in1 than that in simpler
silenes of the type R2SidCH2 (R ) H, Me).

Introduction

Since the presentation of the first firm evidence for the
existence of compounds with a SidC double bond (silenes) in
1967,1 there is growing interest in the physical and chemical
properties of these compounds.2,3 Most known silenes are
transient species,2,3 and only three silenes have so far been
characterized by X-ray structure analysis.4-6 From those stable
silenes the silene (t-BuMe2Si)(Me3Si)Sid2-Ad (1)6 is the focus
of this paper.

Vibrational spectroscopy was the most popular method for
identifying simple transient silenes and this is why the identi-
fication of the SidC stretching modeν(SidC) is important. For
most known simple transient silenes, only matrix-isolated IR
spectra were obtained.2,3 These IR spectra were recently
comprehensively reviewed, discussed, and analyzed on the basis
of density functional theory (DFT) calculations.7 For simple
silenes of the type R2SidCH2 (R ) H, Me, Cl), it was shown
that theν(SidC) mode is well localized, 80-100% in potential
energy distribution (PED), exhibiting an IR band of variable
intensity (from weak to strong) with its frequency lying in the
region of 980-1020 cm-1. However, already for the trimethyl
substituted silene Me2SidCHMe (2), according to estimated
PED data, the SidC stretching mode appeared to be not

distinguishable. In2, theν(SidC) internal vibrational coordinate
gives small contributions (within 10-15%) to five calculated
normal modes with frequencies extending from 780 to 1350
cm-1.7 In this situation, it is of interest to investigate the Raman
spectra of silenes, because it is known that double bonds exhibit
intense Raman lines due to their high polarizability.8 Thus, one
could expect a high intensityν(SidC) line in the Raman spectra
of silenes.

To our best knowledge, the only previously reported Raman
spectrum of a silene is that of (Me3Si)2SidC(OSiMe3)(1-Ad)
(3) reported by Brook et al.4 Several very intense lines were
observed in this spectrum in the region of 1000-1300 cm-1.
However, by analogy with simple silenes of the type R2Sid
CH2, theν(SidC) stretching mode was tentatively assigned to
one of the three lines of medium intensity at either 935, or 975
or 1005 cm-1.4,9 In addition, Okazaki et al. have reported that
the most intense Raman line of 1-silanaphthalene4 appears at
1368 cm-1 (no other details were given).10 We note, however,
that the vibrational spectra of aromatic compounds strongly
differ from those of molecules containing a double bond.

In this paper we report the UV, preresonance Raman, and IR
spectra of the stable silene1, as well as itsJSidC NMR coupling
constant. The normal modes involving theν(SidC) stretching
coordinate were identified for the first time for a stable silene
with bulky substituents. This was done experimentally and by
computation of PED and mode eigenvectors. Both the SidC
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force constant and theJSidC NMR coupling constant (as well
as the SidC bond length) indicate that the SidC bond order in
1 is less than in simple silenes of the type R2SidCH2 (R ) H,
Me).

Experimental Section

The kinetically stable silene1 was synthesized as reported
previously.6 2,2′-biadamantylidene5 was obtained as a byprod-
uct in the thermolysis of 1,2-disilacyclobutane and was purified
by column chromatography.11 Adamantane was commercially
available and was purified by sublimation before use. All

experiments with1 were carried out under high vacuum or under
strictly inert atmosphere to prevent reaction with oxygen and
sample decomposition. We found that1 can be easily sublimed
in high vacuum (10-4 Torr) at 35-40 °C. Sublimed crystals,
sealed in a capillary, were used for the Raman measurements.
The UV spectrum was obtained for the mull of1 in Apiezon,
which was prepared under inert atmosphere, as well as for the
solution of 1 in pentane, dried over CaCl2, and degassed. To
obtain the IR spectrum, the substance was sublimed on a cooled
(by liquid nitrogen) CsI window in a vacuum cryostat. Anneal-
ing of this sample was performed before registration of the IR
spectrum.

The UV absorption spectra of solid1 and its solution in
pentane were recorded with a computerized Carl Zeiss M-40
and a HP 8452A diode-array spectrophotometers, respectively.
The Raman spectra of1 were registered with a U-1000 and a
T-64000 Jobin-Yvon laser Raman spectrometers, using excita-
tion by 514.5 and 457.9 nm lines of an Ar+ laser of type SP-
2020. The IR spectrum was measured on a computerized Carl
Zeiss M-82 spectrophotometer.

The NMR coupling constantJSidC was determined with a
Bruker AC-200 instrument from the13C NMR spectrum of
silene1 in C6D6 solution, using the POWGATE program.

Molecular orbital calculations were carried out using the
GAUSSIAN 9812 series of programs. The geometries of all
molecules of interest were optimized using the hybrid-density
functional13 B3LYP level of theory14 with the 6-31G(d) basis
set. Frequency calculations were performed at the same level
of theory for all molecules, to characterize the stationary points
as minima or saddle points. These calculations also involved
determination of harmonic vibrational frequencies and normal
mode eigenvectors. Transformation of the output obtained in
Cartesian coordinates into internal vibrational coordinates was
carried out using the NCA-99 program.15 The resulting force
constants were used for further model normal coordinate analysis
(NCA),16 which was accomplished with the program elaborated
by Gribov and Dement’ev and updated for IBM-PC compatible
computers.17 UV transitions were calculated with the time-
dependent-B3LYP (TD-B3LYP) method.18

Results and Discussion

UV Spectrum of 1.As Raman intensity is closely related to
the position of the electronic absorption bands, it was necessary
to study the UV spectrum of1. In pentane solution, silene1
exhibits a main band at 322 nm with anε ) 15000,19 and a
second, significantly less intense band at 258 nm (Figure 1a).
The UV spectrum of solid1 (as an Apiezon mull, Figure 1b),

shows a broad absorption band with smoothed structure which
include submaxima at 315 and 324 nm, in good accord with
the spectrum of1 in solution. Usually the lowest energy UV
transition of simple silenes, corresponding to theπ-π* transi-
tion, is located below 300 nm.3c However, the lowest energy
absorption band measured for1 (322 nm) is significantly red-
shifted compared to that for H2SidCH2 (258 nm),
MeHSidCH2 (260 nm), or Me2SidCH2 (244 nm). It should be
noted, however, that the band of1 at 322 nm is quite similar to
that of 3 (339 nm).3c,4,6 Ab initio calculations for model
compounds confirm that the lowest energy transition in all
silenes studied is indeed due to aπ-π* transition and suggest
that the batochromic shifts observed in the UV spectra of1
and3 are due to the bis-silyl substitution at the sp2 silicon atom
of these silenes. The calculations show that theπ orbital of1 is
localized on the CdSi bond,20a while the π* orbital is
significantly delocalized between the CdSi bond and the silyl
groups. TD-B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d) calcula-
tions for1 predict the lowest energy UV transition in1 to be at
323 nm in excellent agreement with the experimental value.20b

For comparison, predicted first UV transition in model
(H3Si)2SidCMe2 (6) is 304 nm at the same level. The contour
of the band at 322 nm is not symmetric with an asymmetry
from the short-wavelength side up to 270 nm (Figure 1a).
According to TD-B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d)
calculations, weak absorptions at 291, 284, and 282 nm could
be hidden in this wing.

Raman Spectrum of Solid 1.The Raman spectrum of solid
1 excited by the 514.5 nm line of an Ar+ laser is presented in
Figure 2a along with the Raman spectra of 2,2′-biadamantyl-
idene5 (Figure 2b) and of adamantane (Figure 2c) recorded
under the same conditions. The lines in the region below 700
cm-1 are surprisingly weak compared to those in the region
1000-1400 cm-1. The most salient features in the spectrum of

Figure 1. (a) UV spectrum of1 in pentane solution (4.9× 10-5M),
(b) UV spectrum of solid1.
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1 are five lines at 1011, 1087, 1109, 1304 and 1371 cm-1. A
similar Raman pattern was reported for3.4,9 It is evident from
comparison of the three spectra in Figure 2 that the five intense
lines mentioned above cannot belong to internal vibrations of
the substituting adamantane moiety alone.21,22

Excitation of the Raman spectrum of1, with its lowest energy
absorption band at ca. 320 nm (νe), by the green laser line at
514.5 nm (ν) brings about the so-called “preresonance” condi-
tions: (νe - ν ≈ 11800 cm-1).23 This should result in Raman
intensity enhancement, primarily of the lines corresponding to
normal modes involving the fragment where the lowest energy
π-π* electronic transition is localized, that is, the SidC bond.
The Raman patterns observed by us for1 (Figure 2a) and also
those reported for34 allows us to suggest that the SidC stretch
is not localized, but is heavily mixed with adamantane vibra-
tions, the internalν(SidC) stretching coordinate participating
in several normal modes. This result is in agreement with the
calculated data for2.7 Significant contribution from theν(Sid
C) stretch into eigenvectors of the five normal modes indicated
above leads to an intensity enhancement of the latter due to
preresonance. To confirm this conclusion, it was reasonable to
change the exiting line for a blue one, 457.9 nm, thus
approaching resonance (in this caseνe - ν ≈ 9400 cm-1). The
excitation dependence obtained for the Raman region 700-1500
cm-1 is presented in Figure 3. To exclude the intensity increase
due to theν4 scattering law, the spectra in Figure 3 are
normalized so as to equalize approximately the intensities of

the lines in the region 1400-1460 cm-1 belonging to defor-
mationalδCH modes localized in CH2 and CH3 groups. The latter
Raman lines should not be affected by a change in the excitation
line from green to blue, because the electronic transitions which
determine the intensity of these lines are situated in the far UV
region. Indeed, in the Raman spectrum, excited by the blue line
(Figure 3b), the five lines mentioned above grew in intensity,
in contrast to, e.g., the line at 773 cm-1 belonging to the normal
mode known as a breathing vibration of the adamantane
moiety.22

Two lines at 360 and 495 cm-1 are very weak with green
excitation, but grow significantly in intensity with blue excita-
tion. Evidently, they could be assigned to theν(Si-Si) stretching
modes in the trisilane fragment of1 (by analogy with similar
values for Si4Me10, which are at 365 and 474 cm-1).24 For those
Raman lines, theσ-σ* electronic transition localized in trisilane
fragment is effective. Their observed intensity enhancement
seems to be due to preresonance conditions reached.

IR Spectrum. The IR spectrum of solid1 is given in Figure
4. This spectrum is similar to that of3.4 The IR counterparts of
the most intense Raman lines involving theν(SidC) stretch are
very weak, or not observed at all. Thus, the IR spectrum is much
less informative for identification of the SidC bond than the
Raman spectrum. The most intense lines in the IR spectrum
are the bands in the region of 800 cm-1 (rocking vibrations in
the R3Si groups) and those at 1250 and 1450 cm-1 (CH
deformations).8b,21a

Quantum Chemical Calculations and Normal Coordinate
Analysis (NCA). To confirm the conclusion gained from the
Raman spectrum and to obtain quantitative characteristics of
the vibrational coupling of theν(SidC) with other internal
coordinates, we have carried out quantum mechanical DFT
calculations13 at the B3LYP/6-31G(d) level of theory.14 The
calculations were carried out for (Me3Si)2SidAd (7) which
serves as a simpler and more symmetric model to1. Substitution
of a (t-Bu)Me2Si group in1 for a Me3Si group in7 should not
affect significantly the spectral characteristics of the SidC bond.

The force constant of the SidC bond,FSidC, calculated for7
as 4.55 mdyn/Å is significantly lower than that in simple silenes
of the type R2SidCH2, where R) H, Me (5.52-5.54 mdyn/
Å)7 or in 2 (5.36 mdyn/Å),7 calculated analogously, but it is
significantly higher than the force constant of the Si-C single
bond (2.96 mdyn/Å for Me4Si,21a 2.75 mdyn/Å for Si6Me12

25).
The calculated SidC bond length in7 is 1.754 Å, close to the
experimental value of 1.741 Å for16 or to the calculated value
of 1.755 Å for1 (1.734 Å at HF/6-31G(d)6). The smallerFSidC

value in7 as well as the longer SidC bond lengths in1 (and

Figure 2. The Raman spectra of (a) solid1, (b) 5, and (c) adamantane,
excited by the 514.5 nm line of an Ar+ laser and recorded under the
same conditions.

Figure 3. The Raman spectra of1 obtained with different excitation
lines. (a)λ ) 514.5 nm; (b)λ ) 457.9 nm.

Figure 4. IR spectrum of solid1 sublimed on a cooled target in a
vacuum cryostat.
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7), compared to simple silenes R2SidCH2 (1.689-1.707 Å),7

or to the parent H2SidCH2 (1.704 Å)26 may be attributed to
the special substitution in1 and 7, namely, to the bissilyl
substitution at the doubly bonded silicon atom.6,27

Classical normal coordinate analysis (NCA)16 was carried out
for a simplified model fragment Si2Sid2-Ad (8) of C2V
symmetry. The normal-mode frequencies and eigenvectors as
well as PED were calculated for this fragment using the
experimental geometry of1.6 The initial force field for the
adamantane moiety was transferred from the NCA calculations
reported in ref 22. TheFSi-Si value was taken as 1.70 mdyn/Å
from the NCA calculations for Si2Me6.28 The FSidC value was
varied within reasonable limits starting from 5.36 mdyn/Å
reported for27 to 4.55 mdyn/Å, obtained in this work for7.
The calculated frequencies of some fundamentals and the
corresponding PED data obtained using these procedures are
summarized in Table 1. Comparison of the experimental Raman
frequencies with the calculated values is given in Table 2.

We did not expect strict coincidence between the observed
and the calculated frequencies either those obtained from the
DFT calculations with its harmonic force field, or, the more
so, from the approximate model NCA calculations. Our aim
was to elucidate mode eigenvectors and to analyze the effect
of variation of some important parameters on the frequencies
values and on the degree of vibrational coupling. As can be
seen from Table 2, the DFT calculations reproduce the position
of the Raman lines of interest rather well, with a maximal
absolute error of less than 1.2% (using a scaling factor 0.9729).

The main conclusion from the calculations is that the
ν(SidC) vibration is not localized and that the corresponding
internal coordinate participates inmanynormal modes. This is
clearly seen in Table 1, where the calculated frequencies and
PED, obtained by DFT and by NCA calculations (the latter with
two different values ofFSidC), are presented for the modes in
which the contribution from theν(SidC) coordinate is notable.
Comparison of the last two columns in Table 1 demonstrates
the dependence of the PED values on theFSidC value used.

According to all calculations, the highest participation of the
ν(SidC) coordinate is in two normal modes with frequencies
in the region of 1100 cm-1. This result is in good agreement
with the Raman experiment. Interestingly, not all the frequencies
of the modes whose calculated contributions from theν(SidC)
coordinate are the highest, correspond to the most enhanced
Raman lines. For instance, all calculations point to a mode in
the region ca. 550 cm-1 as involving from 11 to 22% of the
ν(SidC) stretch in PED, whereas1 shows no intense Raman
line in this region, and vice versa, the calculated contribution
from theν(SidC) into the modes in the region of 1300-1400
cm-1 is only 3-4% in PED, while experimentally these lines
are strongly enhanced. This fact can be partly rationalized in
terms of the mode eigenvectors.8c,16

Let us consider, e.g., the eigenvector of the normal mode at
about 550 cm-1, which strongly involves theν(SidC) (Table
1). The eigenvector element for theν(SidC) stretch participation
in this mixed mode is 0.06 whereas that for theν(Si-Si) stretch
is -0.10. These two elements have opposite signs and therefore
the corresponding contributions to the intensity are subtracted,
and the resulting intensity could be small. Some other modes
with frequencies below 900 cm-1 could be treated analogously.
It should be also remembered that all the PED values given in
Table 1 are approximate due to the complexity of the molecule
studied, and uncertainty in eigenvector determination. Thus, the
PED data of Table 1 seem to be of only qualitative importance.

The Character of the SidC Bond in 1. (a) JSidC Coupling
Constant. The measuredJSidC coupling in the NMR of1 is 73
Hz. This value is in the same range as other reportedJSidC values
for SidC double bonds; i.e., 84 Hz for3,4 76 and 92 Hz for the
single and double bonds of4,10 respectively, and 83 Hz for9.30

TABLE 1: Calculated Frequencies and Potential Energy Distribution (PED) for Silene 7 and the Model Fragment 8a

B3LYP/6-31G(d) results for silene7 NCA for the model8 FSidC ) 4.55mdyn/Å NCA for the model8 FSidC ) 5.36 mdyn/Å

ν, cm-1 PED (%) ν, cm-1 PED (%) ν, cm-1 PED (%)

292 CCC (25), Si-Si (20),
SiSiC (16),SidC (4)

262 Si-Si (30), C-C (9),
SiSiC (9),SidC (7)

265 Si-Si (32), C-C (8),
SiSiC (6),SidC (5)

549 SidC (22), Si-Si (12),
C-C (10), CCC (9)

554 CCC (40), CC (24),
SidC (13), Si-Si (12)

560 CCC (41), CC (25),
SidC (11), Si-Si (11)

703 C-C (22), CCH (9),
SidC (8), CCC (5)

707 C-C (41), CCC (31),
CCH (26),SidC (6)

710 C-C (44), CCC (29),
CCH (19),SidC (5)

866 C-C (66),SidC (6) 863 C-C (70), CCH (15),
CCC (9),SidC (2)

865 C-C (70), CCH (15),
CCC (9),SidC (1.5)

957 C-C (34), CCH (12),
CCC (10),SidC (4)

935 C-C (45), CCH (37),
CCC (14),SidC (2)

936 C-C (44), CCH (37),
CCC (14),SidC (1.5)

1030 CCC (23), C-C (16),
SidC (15), CCH (8)

992 CCC (60), CCH (25),
C-C (8),SidC (3)

992 CCC (61), CCH (25),
C-C (7),SidC (1.5)

1112 CCC (40),SidC (18),
CCH (16), C-C (10)

1103 CCC (30),SidC (27),
CCH (25), C-C (7)

1122 CCH (70),SidC (14),
C-C (6)

1137 SidC (32) 1144 CCH (60), CCC (19),
C-C (8),SidC (7.5)

1155 CCH (51), CCC (18),
SidC (16), C-C (8)

1255 1211 CCH (88),SidC (4.5),
C-C (3)

1217 CCH (80),SidC (8),
C-C (5)

1349 CCH (24), CCC (16),
C-C (8),SidC (3)

1333 CCH (71), C-C (16),
SidC (2.5)

1337 CCH (72), C-C (15),
SidC (3.5)

1426 CCH (57), C-C (8),
SidC (4)

1385 CCH (51), C-C (30),
SidC (8)

1399 CCH (42), C-C (30),
SidC (14)

a Only modes, in which the contribution from theν(SidC) coordinate in PED is more than 2%, are presented.

TABLE 2: Comparison of Experimental Raman Bands (in
cm-1) with Calculated Values for 1 and 7a

7 1

exptl band band deviation (%) band deviation (%)

1011 999 -1.2 1002 -0.8
1087 1079 -0.8 1084 -0.2
1109 1103 -0.5 1107 -0.2
1304 1309 0.3 1312 0.6
1371 1383 0.9 1386 1.1

a B3LYP/6-31G(d), scaled by a factor of 0.9729
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The closest reference compounds for a related Si-C single bond
is probably (Me3Si)2SiMe2, whereJSi-C is 37 Hz, but the range
of JSi-C values for Si-C single bonds is very large, from 37
Hz to more than 100 Hz with ordinary values being around 50
Hz.31 Thus, theJSidC value measured for1 is smaller than
expected for a true double bond and it is even less than the
valueJSidC in silaaromatic compounds, where the SidC bond
order is expected to be less than 2. Yet theJSidC value of1 is
clearly much larger than that of typical Si-C single bonds.

(b) SidC Bond Order.According to Wiberg bond index,32a

the SidC bond order in the model compound (H3Si)2SidCMe2

is 1.46. According to NRT analysis,32b the bond order is 1.83,
being composed of a covalent contribution of 1.30 and an ionic
contribution of 0.52. All values are at MP2/6-31G(d)//B3LYP/
6-31G(d).32c

The relatively smallJSidC NMR coupling constant, the
relatively low calculated value of the force constantFSidC (4.55
mdyn/Å, compared to 5.52 mdyn/Å for simpler silenes7), the
relatively long SidC bond length (1.741 Å,6 compared to 1.704
Å26 for the parent H2SidCH2) and the calculated bond orders,
all point to the fact that SidC double bond in1 is weaker than
the corresponding bond in the parent H2SidCH2.

Conclusions

The results of the calculations confirm the experimental
conclusion that there is no single vibrational normal mode which
can be assigned asν(SidC). This coordinate is heavily mixed
with internal vibrations of the adamantane part of the molecule
and with the stretching motions in the silyl substituents; it makes
modest contributions to several normal modes. Raman intensity
enhancement on approaching resonance strongly supports the
conclusion that there are five lines in the region 1000-1370
cm-1 which include significant contribution from theν(SidC)
stretching coordinate. The close similarity of the Raman and
IR spectra of1 and34 suggests that the same conclusion holds
also for silene3. Taking into account the vibrational coupling
of ν(SidC) in 2,7 it seems reasonable to infer that theν(SidC)
stretching mode is well-localized only for simple silenes of the
type R2SidCH2 (R ) H, Me). For more highly substituted
silenes, theν(SidC) coordinate “crawls’ over several normal
modes. In contrast, in alkenes theν(CdC) stretching mode is
more localized.8,21a Our results parallel those for disilenes.33

Thus, also in the vibrational spectra of Mes2SidSiMes2 and
Mes(t-Bu)SidSi(t-Bu)Mes there is no normal mode which is
well localized in the SidSi bond.33

Several criteria, experimental and theoretical, point to the
conclusion that the SidC double bond in1 is significantly
weaker than in the parent H2SidCH2 or in other simple silenes.
This is attributed mainly to the silyl substituents at the silicon
end of the double bond which reduce substantially the inherent
polarity of the SidC double bond.27
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