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The UV, preresonance Raman, and IR spectra of the stable siBulde,Si(Me;Si)S—2-Ad (1) have been
measured as well as ilsi—c NMR coupling constant. The normal modes involving #{&i=C) 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 aéSi=C). Raman intensity enhancement on approaching resonance strongly supports
the conclusion that there are five lines in the region 00870 cm* which include significant contribution

from thev(Si=C) stretching coordinate. Both the=8C force constant and thii—c NMR coupling constant

(as well as the S¥C bond length) indicate that the=SC bond order is smaller id than that in simpler
silenes of the type &i=CH, (R = H, Me).

Introduction distinguishable. I, thev(Si—=C) internal vibrational coordinate
) ) ) ) ) gives small contributions (within 1015%) to five calculated
Since the presentation of the first firm evidence for the normal modes with frequencies extending from 780 to 1350
existence of compounds with a=8C double bond (silenes) in cy=1.7 |n this sjtuation, it is of interest to investigate the Raman
1967; there is growing interest in the physical and chemical gpectra of silenes, because it is known that double bonds exhibit
properties of these compountfé.Most known silenes are  jntense Raman lines due to their high polarizabffiihus, one

transient specie%? and only three silenes have so far been coy|d expect a high intensitySi=C) line in the Raman spectra
characterized by X-ray structure analysi§ From those stable o silenes.

silenes the silend-BuMe,Si)(Me;Si)SF2-Ad (1)° is the focus To our best knowledge, the only previously reported Raman
of this paper. spectrum of a silene is that of (M®i),Si—=C(OSiMe;)(1-Ad)
(3) reported by Brook et dl.Several very intense lines were
t-BuMe;Si, observed in this spectrum in the region of 16AB00 cnt.
./Si=‘<g > However, by analogy with simple silenes of the typgSR=
Me;Si CH,, thev(Si=C) stretching mode was tentatively assigned to
1 one of the three lines of medium intensity at either 935, or 975

or 1005 cnt1.49 In addition, Okazaki et al. have reported that

Vibrational spectroscopy was the most popular method for the most intense Raman line of 1-silanaphthalémg@pears at
identifying simple transient silenes and this is why the identi- 1368 cnT? (no other details were giveA).We note, however,
fication of the Si=C stretching mode(Si=C) is important. For that the vibrational spectra of aromatic compounds strongly
most known simple transient silenes, only matrix-isolated IR differ from those of molecules containing a double bond.
spectra were obtainéd. These IR spectra were recently
comprehensively reviewed, discussed, and analyzed on the basis MesSi, OSiMe; _Tht
of density functional theory (DFT) calculatioAgzor simple A ~Si
silenes of the type $Bi=CH, (R = H, Me, CI), it was shown Me;Si @
that thev(Si=C) mode is well localized, 86100% in potential
energy distribution (PED), exhibiting an IR band of variable
intensity (from weak to strong) with its frequency lying in the 3 4
region of 986-1020 cntl. However, already for the trimethyl .
substituted silene M&—=CHMe (2), according to estimated In this paper we report the UV, preresonance Raman, and IR

PED data, the S¥C stretching mode appeared to be not SPectra of the stable siledeas well as itslsic NMR coupling
constant. The normal modes involving thsi=C) stretching

coordinate were identified for the first time for a stable silene
* To whom correspondence should be addressed. . . . .
t E-mail: chrapel@techunix.technion.ac.il. with bulky substituents. This was done experimentally and by
*E-mail: buklei@ineos.ac.ru. computation of PED and mode eigenvectors. Both threCSi

10.1021/jp014158x CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/24/2002



Stable Silenet{BuMe,Si)(Me;Si)Si=2-Ad J. Phys. Chem. A, Vol. 106, No. 19, 2002381

force constant and th&i—c NMR coupling constant (as well € 322 .
as the S+C bond length) indicate that the=SC bond order in E
1is less than in simple silenes of the typgSR=CH, (R = H, 12300
Me). ;
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Experimental Section

The kinetically stable silen& was synthesized as reported 4
previously® 2,2-biadamantyliden& was obtained as a byprod- ] 258
uct in the thermolysis of 1,2-disilacyclobutane and was purified .
by column chromatography. Adamantane was commercially 200 250 300 350 400 am
available and was purified by sublimation before use. All

G0 e

experiments withl were carried out under high vacuum or under
strictly inert atmosphere to prevent reaction with oxygen and
sample decomposition. We found tHatan be easily sublimed

in high vacuum (10 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 bin Apiezon,
which was prepared under inert atmosphere, as well as for the
solution of 1 in pentane, dried over Cagland degassed. To A
obtain the IR spectrum, the substance was sublimed on a cooled 40000 30000 om’
(by liquid nitrogen) Csl window in a vacuum cryostat. Anneal- Figure 1. (a) UV spectrum ofl in pentane solution (4.% 10-°M),

ing of this sample was performed before registration of the IR () UV spectrum of solidL.

spectrum.

The UV absorption spectra of solil and its solution in shows a broad absorption band with smoothed structure which
pentane were recorded with a computerized Carl Zeiss M-40 include submaxima at 315 and 324 nm, in good accord with
and a HP 8452A diode-array spectrophotometers, respectively.the spectrum ofl in solution. Usually the lowest energy UV
The Raman spectra df were registered with a U-1000 and a transition of simple silenes, corresponding to ther* transi-
T-64000 Jobin-Yvon laser Raman spectrometers, using excita-tion, is located below 300 nif.However, the lowest energy
tion by 514.5 and 457.9 nm lines of anAlaser of type SP- absorption band measured (322 nm) is significantly red-
2020. The IR spectrum was measured on a computerized Carlshifted compared to that for #8i=CH, (258 nm),
Zeiss M-82 spectrophotometer. MeHS=CH, (260 nm), or MeSi=CH; (244 nm). It should be

The NMR coupling constanis—c was determined with a  noted, however, that the band bt 322 nm is quite similar to
Bruker AC-200 instrument from thé*C NMR spectrum of  that of 3 (339 nm)346 Ab initio calculations for model
silenel in CeDs solution, using the POWGATE program. compounds confirm that the lowest energy transition in all

Molecular orbital calculations were carried out using the gjjenes studied is indeed due tora=* transition and suggest

GAUSSIAN 982 series of programs. The geometries of all 5t the bhatochromic shifts observed in the UV spectrd of
molecules of interest were optimized using the hybdensity 5143 are due to the bis-silyl substitution at thé sjlicon atom

functionat® BLYP IeveI_ of theory* with the 6-31G(d) basis of these silenes. The calculations show thattlubital of 1 is
set. Frequency calculations were performed at the same Ievellocalized on the &Si bond2% while the 7* orbital is

gg”,ﬁﬂ%;ogflls? do(;?;ms;’ttso (.:I.T]aersgtggé ir:tieo?]t:tgggr% 5&'\?; significantly delocalized between the=Si bond and the silyl
P : groups. TD-B3LYP/6-311G(2df,p)//B3LYP/6-31G(d) calcula-

determination of harmonic vibrational frequencies and normal i for 1 predict the | ¢ UV t ition 1o be at
mode eigenvectors. Transformation of the output obtained in lons for  predict the lowest energy ransition o be a
323 nm in excellent agreement with the experimental vaibie.

Cartesian coordinates into internal vibrational coordinates was X ) ) " )

carried out using the NCA-99 prograthThe resulting force For comparison, predlcted first UV transition in model

constants were used for further model normal coordinate analysis(H3S2SI=CMe; (6) is 304 nm at the same level. The contour

(NCA),*6 which was accomplished with the program elaborated of the band at 322 nm is not symmetric with an asymmetry
by Gribov and Dement'ev and updated for IBM-PC compatible from the short-wavelength side up to 270 nm (Figure 1la).
computers? UV transitions were calculated with the time- According to TD-B3LYP/6-31%G(2df,p)//B3LYP/6-31G(d)

Absorbance, a.u.

dependent-B3LYP (TD-B3LYP) methdd. calculations, weak absorptions at 291, 284, and 282 nm could
be hidden in this wing.
Results and Discussion Raman Spectrum of Solid 1.The Raman spectrum of solid

UV Spectrum of 1. As Raman intensity is closely related to 1 excited by the 514.5 nm line of an Alaser is presented in
the position of the electronic absorption bands, it was necessaryFigure 2a along with the Raman spectra of hadamantyl-
to study the UV spectrum of. In pentane solution, silenk idene5 (Figure 2b) and of adamantane (Figure 2c) recorded
exhibits a main band at 322 nm with an= 15000%° and a under the same conditions. The lines in the region below 700
second, significantly less intense band at 258 nm (Figure 1a).cm* are surprisingly weak compared to those in the region
The UV spectrum of solid (as an Apiezon mull, Figure 1b), 1000-1400 cnt!. The most salient features in the spectrum of
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Figure 2. The Raman spectra of (a) soligd(b) 5, and (c) adamantane,

excited by the 514.5 nm line of an Aflaser and recorded under the

same conditions.
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Figure 3. The Raman spectra df obtained with different excitation
lines. (a)A = 514.5 nm; (b)A = 457.9 nm.

1 are five lines at 1011, 1087, 1109, 1304 and 137ftm
similar Raman pattern was reported ®#%° It is evident from
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Figure 4. IR spectrum of solidl sublimed on a cooled target in a
vacuum cryostat.
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the lines in the region 14061460 cnt! belonging to defor-
mationaldcy modes localized in CiHand CH 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.qg., the line at 773 chbelonging to the normal
mode known as a breathing vibration of the adamantane
moiety??

Two lines at 360 and 495 cm are very weak with green
excitation, but grow significantly in intensity with blue excita-
tion. Evidently, they could be assigned to #{8i—Si) stretching
modes in the trisilane fragment &f(by analogy with similar
values for SjMeso, which are at 365 and 474 c).24 For those
Raman lines, the—o* 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 solid is given in Figure
4. This spectrum is similar to that 8f* The IR counterparts of
the most intense Raman lines involving t{&i=C) stretch are
very weak, or not observed at all. Thus, the IR spectrum is much

comparison of the three spectra in Figure 2 that the five intense|ess informative for identification of the SiC bond than the
lines mentioned above cannot belong to internal vibrations of Raman spectrum. The most intense lines in the IR spectrum

the substituting adamantane moiety aléh&

Excitation of the Raman spectrum hfwith its lowest energy
absorption band at ca. 320 nm), by the green laser line at
514.5 nm ¢) brings about the so-called “preresonance” condi-
tions: e — v ~ 11800 cnt1).2% This should result in Raman

are the bands in the region of 800 ch{rocking vibrations in
the RSi groups) and those at 1250 and 1450~ &n(CH
deformationsyp.21a

Quantum Chemical Calculations and Normal Coordinate
Analysis (NCA). To confirm the conclusion gained from the

intensity enhancement, primarily of the lines corresponding to Raman spectrum and to obtain quantitative characteristics of
normal modes involving the fragment where the lowest energy the vibrational coupling of the/(Si=C) with other internal

n—a* electronic transition is localized, that is, the=8T bond.
The Raman patterns observed by usfIdFigure 2a) and also
those reported foB* allows us to suggest that the=ST stretch

is not localized, but is heavily mixed with adamantane vibra-
tions, the internab(Si=C) stretching coordinate participating

coordinates, we have carried out quantum mechanical DFT
calculation$® at the B3LYP/6-31G(d) level of theodf. The
calculations were carried out for (M®i),Si=Ad (7) which
serves as a simpler and more symmetric mod#! 8ubstitution
of a (t-Bu)MeSi group inl for a Me;Si group in7 should not

in several normal modes. This result is in agreement with the affect significantly the spectral characteristics of tireGibond.

calculated data foR.” Significant contribution from the(Si=

The force constant of theSiC bond,Fsi—c, calculated foi7

C) stretch into eigenvectors of the five normal modes indicated as 4.55 mdyn/A is significantly lower than that in simple silenes
above leads to an intensity enhancement of the latter due toof the type RSi=CH,, where R= H, Me (5.52-5.54 mdyn/
preresonance. To confirm this conclusion, it was reasonable toA)7 or in 2 (5.36 mdyn/A)! calculated analogously, but it is
change the exiting line for a blue one, 457.9 nm, thus significantly higher than the force constant of the-Sisingle

approaching resonance (in this cage- v ~ 9400 cnt?). The
excitation dependence obtained for the Raman regior-7600

bond (2.96 mdyn/A for MgSi;2a2.75 mdyn/A for SiMe1,25).
The calculated $#C bond length iri7 is 1.754 A, close to the

cmLis presented in Figure 3. To exclude the intensity increase experimental value of 1.741 A fdf or to the calculated value

due to thev* scattering law, the spectra in Figure 3 are

of 1.755 A for1 (1.734 A at HF/6-31G(d). The smalleiFsi—c

normalized so as to equalize approximately the intensities of value in7 as well as the longer SiC bond lengths irl (and
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TABLE 1: Calculated Frequencies and Potential Energy Distribution (PED) for Silene 7 and the Model Fragment 8

B3LYP/6-31G(d) results for silerig NCA for the modeB Fsi—c = 4.55mdyn/A NCA for the moded Fsi—c = 5.36 mdyn/A
v, cnrt PED (%) v, cmt PED (%) v, cnrt PED (%)
292 CCC (25), StSi (20), 262 Si-Si (30), G-C (9), 265 SiSi (32), G-C (8),
SiSiC (16),Si=C (4) SiSiC (9),Si=C (7) SiSiC (6),Si=C (5)
549 Si=C (22), Si-Si (12), 554 CCC (40), CC (24), 560 CCC (41), CC (25),
C—C (10), CCC (9) Si=C (13), Si-Si (12) Si=C (11), Si—Si (11)
703 C-C (22), CCH (9), 707 C-C (41), CCC (31), 710 C-C (44), CCC (29),
Si=C (8), CCC (5) CCH (26),Si=C (6) CCH (19),Si=C (5)
866 C-C (66),Si=C (6) 863 C-C (70), CCH (15), 865 C-C (70), CCH (15),
CCC (9),Si=C (2) CCC (9),Si=C (1.5)
957 C-C (34), CCH (12), 935 C-C (45), CCH (37), 936 C-C (44), CCH (37),
CCC (10),Si=C (4) CCC (14),Si=C (2) CCC (14),Si=C (1.5)
1030 CCC (23), &C (16), 992 CCC (60), CCH (25), 992 CCC (61), CCH (25),
Si=C (15), CCH (8) C—C (8),Si=C (3) C—C (7),Si=C (1.5)
1112 CCC (40)Si=C (18), 1103 CCC (30)Si=C (27), 1122 CCH (70)Si=C (14),
CCH (16), G-C (10) CCH (25), G-C (7) C—C (6)
1137 S#=C (32) 1144 CCH (60), CCC (19), 1155 CCH (51), CCC (18),
C—C (8),Si=C (7.5) Si=C (16), C—C (8)
1255 1211 CCH (88)Si=C (4.5), 1217 CCH (80)Si=C (8),
C-C(3) C—C (5)
1349 CCH (24), CCC (16), 1333 CCH (71), G-C (16), 1337 CCH (72), &-C (15),
C—C (8)Si=C (3) Si=C (2.5) Si=C (3.5)
1426 CCH (57), G-C (8), 1385 CCH (51), G-C (30), 1399 CCH (42), &-C (30),
Si=C (4) Si=C (8) Si=C (14)
a0Only modes, in which the contribution from th€Si=C) coordinate in PED is more than 2%, are presented.
TABLE 2: Comparison of Experimental Raman Bands (in The main conclusion from the calculations is that the
cm™?) with Calculated Values for 1 and 7 »(Si=C) vibration is not localized and that the corresponding
7 1 internal coordinate participates manynormal modes. This is

clearly seen in Table 1, where the calculated frequencies and

exptl band band deviation (%) band deviation (%) - . .
PED, obtained by DFT and by NCA calculations (the latter with

igé% 1%33 :3:5 iggi :8:2 two different va_llue_s ofsi—c), are _presented _for th_e modes in
1109 1103 —05 1107 —0.2 which the contribution from the(Si=C) coordinate is notable.
1304 1309 0.3 1312 0.6 Comparison of the last two columns in Table 1 demonstrates
1371 1383 0.9 1386 1.1 the dependence of the PED values on g value used.
aB3LYP/6-31G(d), scaled by a factor of 0297 According to all calculations, the highest participation of the
v»(Si=C) coordinate is in two normal modes with frequencies
7), compared to simple silenes&=CH, (1.689-1.707 A)7 in the region of 1100 cm. This result is in good agreement

or to the parent bBi=CH, (1.704 AP may be attributed to ~ With the Raman experiment. Interestingly, not all the frequencies
the special substitution il and 7, namely, to the bissilyl of the modes whose calculated contributions fromtfg&—C)
substitution at the doubly bonded silicon até#q. coordinate are the highest, correspond to the most enhanced

Classical normal coordinate analysis (NCyas carried out Raman lines. For instance, all calculations point to a mode in
S, . h i . n as involving f 11 to 22% of th
for a simplified model fragment gBi=2-Ad (8) of C,, the region ca. 550 ¢ as involving from o o of the

v, Th I-mode f . d ei " v(Si=C) stretch in PED, whereak shows no intense Raman
symmetry. The normal-mode ITequencies and €igenvectors as;,q j, g region, and vice versa, the calculated contribution

well as PED were calculated fo_r_t_his fragment using the from the»(Si=C) into the modes in the region of 1360400
experimental ge.ometry of.® The initial force field for the' cm-Lis only 3-4% in PED, while experimentally these lines
adamantane moiety was transferred from the NCA calculations are strongly enhanced. This fact can be partly rationalized in

reported in ref 22. Th&si_s; value was taken as 1.70 mdyn/A terms of the mode eigenvectdse
from the NCA calculations for 8ies.*® The Fsi—c value was Let us consider, e.g., the eigenvector of the normal mode at
varied within reasonable limits starting from 5.36 mdyn/A about 550 cmZ, which strongly involves the(Si=C) (Table
reported for2’ to 4.55 mdyn/A, obtained in this work fof. 1). The eigenvector element for théSi=C) stretch participation
The calculated frequencies of some fundamentals and thej, ihis mixed mode is 0.06 whereas that for 1H8i—Si) stretch
corresponding PED data obtained using these procedures args g 10. These two elements have opposite signs and therefore
summarized in Table 1. Comparison of the experimental Ramanhe corresponding contributions to the intensity are subtracted,
frequencies with the calculated values is given in Table 2. g the resulting intensity could be small. Some other modes
We did not expect strict coincidence between the observed with frequencies below 900 crhcould be treated analogously.
and the calculated frequencies either those obtained from thelt should be also remembered that all the PED values given in
DFT calculations with its harmonic force field, or, the more Table 1 are approximate due to the complexity of the molecule
so, from the approximate model NCA calculations. Our aim studied, and uncertainty in eigenvector determination. Thus, the
was to elucidate mode eigenvectors and to analyze the effectPED data of Table 1 seem to be of only qualitative importance.
of variation of some important parameters on the frequencies The Character of the S=C Bond in 1. (a) Js=c Coupling
values and on the degree of vibrational coupling. As can be Constant The measuredsi—c coupling in the NMR ofl is 73
seen from Table 2, the DFT calculations reproduce the position Hz. This value is in the same range as other repalded values
of the Raman lines of interest rather well, with a maximal for Si=C double bonds; i.e., 84 Hz f&* 76 and 92 Hz for the
absolute error of less than 1.2% (using a scaling factor?®).97  single and double bonds d&fl° respectively, and 83 Hz f@.3°



4884 J. Phys. Chem. A, Vol. 106, No. 19, 2002

The closest reference compounds for a relatedCSsingle bond

is probably (M@Si),SiMe,, whereJs;c is 37 Hz, but the range
of Jsi—c values for St-C single bonds is very large, from 37
Hz to more than 100 Hz with ordinary values being around 50
Hz 3! Thus, theJsi—c value measured fol is smaller than

expected for a true double bond and it is even less than the

value Jsi—c in silaaromatic compounds, where the=8&l bond
order is expected to be less than 2. Yet dbec value ofl is
clearly much larger than that of typical-SC single bonds.

@

9

(b) SE=C Bond Order.According to Wiberg bond inde¥2
the S=C bond order in the model compounds&),Si=CMe,
is 1.46. According to NRT analys#° 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)32¢

The relatively smallJs—c NMR coupling constant, the
relatively low calculated value of the force constigtc (4.55
mdyn/A, compared to 5.52 mdyn/A for simpler silefleshe
relatively long Si=C bond length (1.741 Acompared to 1.704
A6 for the parent HSi=CH,) and the calculated bond orders,
all point to the fact that S+C double bond irl is weaker than
the corresponding bond in the pareniSi+=CHy.

Conclusions

The results of the calculations confirm the experimental
conclusion that there is no single vibrational normal mode which
can be assigned agSi=C). 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

Bendikov et al.
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conclusion that the SiC double bond inl is significantly
weaker than in the parentBi=CH, 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 S=C double bond?
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