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ABSTRACT 

Vinyl-substituted silylenes, 2,5-bis(methylene)-l -sila- 
cyclopentane-l ,l -diyl (1) and 2-methybne-1 -silacy- 
clopentane-1 ,I -diyl (2), generated photochemically 
from the corresponding trisilanes in 3-methylpentane 
(3-MP) at 77 K, showed broad bands at 505 and 475 
nm, respectively, which were assigned to the n(Si)- 
3p(Si) transition. The origin o f  the red shift in the 
n(Si)-3p(Si) transition is ascribed to the significant 
lowering of the 3p(Si) orbital level caused by the vinyl 
substitution on the silylene; the relatively high-lying 
3p(Si) orbital can interact more effectively with the 
antibonding m" orbital than with the bonding T or- 
bital of the vinyl group. The absorption spectra for 1 
and 2 in the presence of several bases in 3-MP glass 
matrix shifted significantly to blue due to the for- 
mation of the corresponding base complexes. Anal- 
ysis of the spectral change of the silylenes upon com- 
plexation with bases was very constructive for the 
understanding of the structural characteristics of 
substituted silylenes. 

INTROD UCTICIN 
Generation, structure, and reactions of divalent 
silicon species, silylenes, have been extensively 
studied as important reactive intermediates both 
experimentally and theoretically [2]. The elec- 
tronic structure of  silylenes has been discussed more 
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in-depth since the first matrix isolation of di- 
methylsilylene by Drahnak et al. in 1979 [3a]; they 
observed that dimethylsilylene produced by the ir- 
radiation of dodecamethylcyclohexasilane in an 
argon matrix at 10 K or in a 3-methylpentane (3- 
MP) glass matrix at 77 K showed a characteristic 
absorption maximum at ca. 450 nm [3a]. Although 
there was a controversy concerning the absorption 
spectra of dimethylsilylene [4], recent extensive 
spectroscopic studies by using matrix isolation [3,51, 
laser flash photolysis [6], and theoretical calcula- 
tions [7,8] have confirmed that the 450 nm ab- 
sorption is ascribed to the n(Si)-3p(Si) transition of 
singlet dimethylsilylene. Intriguing experimental 
targets in silylene chemistry involve (1)  generation 
and characterization of silylenes having a triplet 
ground state and (2) synthesis and isolation of sta- 
ble singlet silylenes as pure substances. System- 
atic studies of the electronic and steric effects of 
substituents on the structure and reactivity of si- 
lylene would be required in order to achieve these 
goals. There have been very limited studies of the 
substituent effects reported [9] because of diffi- 
culty in the generation and matrix isolation of de- 
sired silylenes. 

We report herein the isolation of vinyl-substi- 
tuted silylenes, 1 and 2, in 3-MP and 2-methyltet- 
rahydrofuran (2-MeTHF) matrices at 77 K [lo]. In 
disagreement with a recent theoretical prediction 
171, the n(Si)-3p(Si) absorption maxima for the vi- 
nylsilylenes in 3-MP is shifted to a significantly 
longer wavelength than that for dimethylsilylene. 
The origin of the red shift is discussed in terms of 
the substantial conjugation between the vacant vi- 
nyl n-" and 3p(Si) orbitals. 

A number of experimental [ 1 11 and theoretical 
[ 121 studies have anticipated formation of silylene- 
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FIGURE 1. UV spectra of trisilanes 3 (---), 4 (---), 
and 5 (-----) in hexane. 

base complexes during reactions of silylenes with 
oxygen-, sulfur-, nitrogen-, and phosphorus-con- 
taining compounds. Recent UV-vis spectroscopic 
studies [13,14] of the formation of acid-base com- 
plexes of silylenes showed that the absorption 
maximum of dimethylsilylene was shifted to 350 
nm by complexation with 2-MeTHF [ 13al. In this 
article, the absorption spectra for 1 and 2 in the 
presence of several bases in 3-MP glass matrices 
are reported and the structural features for the 
produced silylene-base complexes are discussed in 
detail. Analysis of the spectral change of the sily- 
lenes by complexation with bases was very con- 
structive for the understanding of the structural 
characteristics of substituted silylenes. 

1 2 

RESULTS AND DISCUSSION 
Generation of Sil lenes by Photolysis of Vinyl- 

Spectra 
As photochemical precursors for vinyl-substituted 
silylenes,2,5-bis(methylene)- 1 ,I-bis(trimethylsily1)- 
1-silacyclopentane (3), 2-methylene- 1 ,1-bis(tri- 
methylsily1)-1-silacyclopentane (4), 2,2-divinyi- 
heptamethyltrisilane (5 ) ,  1 ,I-dimethyl-4,4- 
bis(trimethylsily1)- 1,4-disila-2,5-cyclohexadiene (6), 
and 1,l -dimethyl-4,4-bis(phenyldimethylsilyl)- 1,4- 
disila-2,5-cyclohexadiene (7) were investigated. 
Figure 1 shows the UV spectra of 3-5 in hexane. 
The absorption maximum for 3 (253 nm) appeared 
at a significantly longer wavelength than that for 

Substituted Trisi Y anes and Their Absorption 

4 (240 nm), being indicative of the effective 4vi- 
nyl)-a(SiSi)-.rr(vinyl) through conjugation. On the 
other hand, a simple 2,2-divinyltrisilane 5 showed 
the absorption maximum at ca. 10 nm shorter 
wavelength than that for 3, suggestive of the re- 
strictive geometrical requirement 
r-u-7~ conjugation. 

for the through 
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A purple color was induced by irradiation of 3 
in a 3-MP matrix at 77 K with a 125 W low-pres- 
sure Hg arc lamp. The absorption spectrum showed 
a broad band at 505 nm and a relatively intense 
band at 290 nm (Table 1). The purple species is 
assigned as the corresponding cyclic divinylsily- 
lene 1 on the basis of the following observations. 
(1) Upon annealing of the matrix, the two bands 
disappeared simultaneously, whereas no band due 
to the disilene which was expected to be formed 
by dimerization of 1 was observed; 1 may react fa- 
vorably with the double bonds of the precursor 3. 
(2) Similar photolysis of 3 in a 3-MP/2-MeTHF 
(95:5) matrix at 77 K afforded two bands at 290 
and 505 nm; upon annealing of the matrix for sev- 
eral seconds, the two bands disappeared and a new 
band emerged at 375 nm. The 375 nm band was 
also observed when 3 was irradiated in a pure 2- 
MeTHF matrix, assignable to the complex of 1 with 
2-MeTHF (vide infra). (3) Repeated irradiation of 
3 in the presence of excess t-butyl alcohol in a 3- 
MP matrix at 77 K followed by warming to melt 
gave a t-butyl alcohol adduct to 1 (8), as shown by 
GC-MS analysis of the reaction mixture. (4) Irra- 
diation of a mixture of 3 and t-butyl alcohol in hex- 
ane at ambient temperature afforded 8 as a sole 
volatile product in the isolated yield of 51%. 

3 1 %,51 % 

Similar irradiation of 2-methylene-1,l- 
bis(trimethylsily1)- 1 -silacyclopentane (4) gave the 
corresponding cyclic vinylsilylene 2,  whose ab- 
sorption maximum appeared at 475 nm in a 3-MP 
matrix and shifted to 345 nm in a 2-MeTHF matrix 
at 77 K. 
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TABLE 1 Experimental and Theoretical Transition Energies of 1, 2, and Dimethylsilylene 

Experimenta? Calcd V,,,Jcm- - 
Compound A,,,/nd 6mm/cm-1 CNDO/S" CIS/ D95// D95 Assignment 

1 505(1) 19,800 19,800(3 x 23,900(0.0451) n(Si) -+ 3p(Si) 

21,000 19,700(4 x 23,200(0.0451) n(Si) -+ 3p(Si) 2 475 

Me,Si: 453e 22,000 18,000(5.0 x 21,700(0.0475) n(Si) -+ 3p(Si) 

29O( 7.4) 34,500 31,700(0.132) 44,300(0.515) 7 -+ 3p(Si) 

34,100(0.067) 47,900(0.283) 7r -+ 3p(Si) 

'In 3-methylpentane. 
bRelative absorption coefficients are shown in parentheses. 
"Oscillator strengths are shown in parentheses. 
dGeometry optimized with the 3-21G basis sets was used for the calculations. 
"Ref. [3a]. 

Photolysis of the related 2,2-divinyltrisilanes, 
5 ,  6 ,  and 7, in 3-MP at 77 K gave no absorption 
bands due to the corresponding silylenes. Instead, 
photolysis of 5 in hexane at room temperature gave 
mainly products via 1,3-silyl migration (see the 
Experimental Section). These results indicate that 
the photoreaction pathways of 2,2-divinyltrisil- 
anes vary severely, depending on the structures; the 
geometrical and electronic conditions for the se- 
lective generation of silylenes by the photolysis of 
2,2-divinyltrisilanes have not been fully under- 
stood until now [ 151. 

Vinyl-Substituen f Effects on the Absovption 
Spectra of Silylene 
The n(Si)-3p(Si) transition bands for 1 and 2, which 
were found at 505 and 475 nm, respectively, red- 
shifted significant ly relative to that for dimethyl- 
silylene, in disagreement with a recent ab initio 
theoretical prediction by Apeloig and Karni [7]; they 
have predicted that a vinyl group serves as a rr do- 
nor substituent on silylene to cause a substantial 
blue shift of the n(Si)-3p(Si) transition. Although 
the theory also predicted a red shift of the n(Si)- 
3p(Si) transition of silylenes when the apex angle 
increases, the apex angles for 1 and 2 estimated by 
the ab initio calculations were even smaller than 
the angle for dirnethylsilylene [ 161; geometrical 
parameters for 1, 2 ,  and dimethylsilylene fully op- 
timized with the D95, and 3-21G basis sets are 
shown in Figure i!. 

The transition, energies for 1, 2, and dimethyl- 
silylene, calculated by using the semiempirical 
CNDO/S [18] as well as ab initio CIS/D95//D95 
[19] calculations, are shown in Table 1 together with 
the experimental values. A fairly good agreement 
was observed between the calculated and experi- 
mental values for dimethylsilylene, suggesting that 
a weak band at the longest wavelength is assigned 
to the n(Si)-3p(Si) transition. The calculations al- 
low us also to assign the relatively intense band at 
290 nm for 1 to the ~-3p(Si) transition. Disappear- 

,, 

1 2 

FIGURE 2. Structural parameters for 1, 2, and dimethyl- 
silylene optimized by ab initio MO calculations with D95 and 
3-21 G (in parentheses) basis sets. 

ance of the 290 nm band in the silylene-2-MeTHF 
complex may be compatible with the assignment, 
because the lift of the vacant 3p(Si) orbital level 
by the partial bonding with the oxygen base should 
cause blue shifts of both the n(Si)-3p(Si) and ~-3p(Si) 
transitions (vide infra). Neither CNDO/S nor CIS/ 
D95 calculations reproduced the red shift of the 
n(Si)-3p(Si) transition by the introduction of vinyl 
substituents. A more sophisticated level of calcu- 
lations would be needed to reproduce the vinyl- 
substituent effects on the transition energy of si- 
lylene; very recently, it has been announced that 
the red shift of the absorption band of silylene by 
ethynyl- and vinyl-group substitution has been re- 
produced by using the UMP4STDQ/6-3 1 G" method 
with spin projection annihilation [20]. The origin 
of the red shift is ascribed to the significant low- 
ering of the 3p(Si) orbital level caused by the vinyl 
substitution on silylene; a relatively high-lying 
3p(Si) orbital can interact more effectively with the 
antibonding rr"' orbital than with the bonding rr 
orbital of vinyl groups. 

Lewis Base Adducts to Vinylsilylenes 
According to the procedure of Gillette et al. [ 13a1, 
the absorption spectra of various base complexes 
of 1 and 2 were observed in a 3-MP glass matrix 
at 77 K. Thus, silylene precursors 3 and 4 were dis- 
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FIGURE 3. UV spectra observed during photolysis of 3 in 
3-MP/Et20 (95:5) matrix: (a) after 15 minutes of irradiation 
at 77 K (---); (b) after annealing of the matrix (--- 1. 

solved in a mixture of 95 : 5 3-MP/base (base = 2- 
MeTHF, Et20, Et,N, and Bu2S), degassed, and fro- 
zen at 77 K. Irradiation of the resulting glass with 
254 nm light produced a colored matrix, the elec- 
tronic spectrum of which corresponded to that of 
the free silylene. As the matrix was warmed, the 
band for the silylene diminished and a new band 
grew in at a shorter wavelength, which we as- 
signed to the silylene-base complex. The new band 
disappeared upon further warming, whereas bands 
due to the disilene were never observed in our sys- 
tem. The UV spectra for the complex between 1 
and diethyl ether are shown in Figure 3, as a typ- 
ical example. 

The absorption maxima of these complexes 
varied little over the series of the bases employed 
(Table 2). A similar trend was also observed for 
various base complexes of mesityl-substituted si- 
lylenes by Gillette et al. [13a]. However, the av- 
erage change in the transition energies upon com- 
plexation with bases from that in free silylene (A(fi)) 

TABLE 2 Absorption Maxima for Silylene Complexes with 
Several Bases in 3-MP 

&lax/nm Aca/cm- ' 
Base 1 2 Meai: 1 2 Me,Si: 

505 475 450b - - - 
Et3N 389 352 287b 5910 7360 12,620 
2-MeTHF 375 345 294' 6870 7940 11,790 
EtzO 381 347 299' 6450 7770 11,220 
n-Bu,S 353 342 309' 8530 8190 10,140 
Average' 6940 7820 11,600 
aA17 = I7 (complex) - I7 (free silylene). 
'Data were taken from Ref. [13b]. 
'Averaged A; for all the base complexes observed here. 

depended significantly on the structure of the si- 
lylene. Thus, the Afi value decreased with an in- 
crease in the number of vinyl substituents. It is in- 
teresting to note that the vinylsilylenes having 
longer wavelength absorption maxima showed a 
smaller blue shift in the observed absorption max- 
imum. 

A q l )  < Ai32) < AqMe2Si:) (2) 

In order to elucidate the origin of the blue shift 
of the n(Si) +. 3p(Si) transition of silylenes caused 
by complexation with bases, it may be useful first 
to discuss the structure of silylene-base complexes. 
Theoretical calculations for the insertion reaction 
of silylene to an 0-H bond have revealed the in- 
termediate formation of a silylene-water complex 
preceding the insertion reaction [ 121. Interest- 
ingly, the interaction complex between SiH2 and 
H20 has the C, structure as shown, with an oxygen 
lone-pair orbital directed along the empty 3p or- 
bital on silicon. The ab initio HF/6-31G* calcula- 
tions by our hands showed also that, even if start- 
ing from a more symmetric C, structure, the final 
geometry reached the same C, structure. The sili- 
con lone-pair orbital is nearly orthogonal to the 
second lone-pair orbital of oxygen at the optimized 
geometry. The H-0-H plane makes an angle of 
about 50" with the plane formed by Si-0 and the 
H-Si-H bisector. The calculated stabilization en- 
ergy by complexation was reported to be 13 kcal/ 
mol [12b]. The long Si-0 bond (212.9 pm) for the 
calculated structure of the intermediate complex, 
which may be caused by the lone-pair repulsion 
present in this geometry, suggests that the com- 
plex should not be described as a silaylide but as 
a weak donor-acceptor complex. 

H. 

H @ 
H 

C1 

cO2-J 
H 

Rotational Conformations of the Complex of H2Si: with H20 

Transition energies and oscillator strengths for 
silylene and its water complex calculated at the 
CIS/6-31G"//6-31G" level are shown in Table 3. 
Whereas the calculated maximum for silylene (485 
nm) is not quite in agreement with the experimen- 
tal value (480-650 nm) [21], the significant blue 
shift (485 + 295 nm) and increase of the oscillator 
strength (0.046 + 0.10) by complexation with water 
is reproduced well. By complexation, both the 
HOMO and the LUMO are shifted to higher ener- 
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TABLE 3 Transition Energies and Oscillator Strengths for 
Silylene and Its Water Complex Calculated with the CIS/6- 
31 G*//6-31 G* Method 

Compound A,,/nm i,,/crn-' f a  Assignment 

SiH2 485 20,600 0.046 n(Si) + 3p(Si) 
225 44,400 0.000 
159 62,900 0.480 

171 58,500 0.166 
163 61,300 0.283 

SiH2-H20 295 33,900 0.100 n(Si) + o'(Si0) 

'Oscillator strength. 

gies, while the extent was found to be much larger 
for the LUMO than for the HOMO. 

The MO study suggests that the electronic 
structure of a free silylene is only weakly per- 
turbed by complexation with a base. In this situ- 
ation, energy levels of n(Si) (En) and 3p(Si) (E,) or- 
bitals for a silylene and the energy level (Eb) of the 
orbital occupied by lone-pair electrons of the base 
(n(base)) will be modified, as shown in Figure 4. 
Thus, a bonding interaction between the 3p(Si) or- 
bital (LUMO) and the n(base) orbital causes the lift 
of the LUMO whose extent (AE,) would be repre- 
sented by Equation 3 according to the perturba- 
tion theory; HA, is the perturbation term repre- 
sented by Equation 4, where q b  and ?Pp are the wave 
functions for the pertinent orbitals. Furthermore, 

-1 '.. - - 
FIGURE 4. Schematic MO diagram for the interaction be- 
tween a silylene and a base. 

the anionic character of the n(Si) orbital may in- 
crease to cause the lift of the energy level. 

(3) 

If we assume here that raising the 3p(Si) level 
is of primary importance for the blue shift due to 
complexation, as suggested by the ab initio MO 
study, A€, is expected to be parallel with the blue 
shift (Av). The following effects on the electronic 
transition of the base complexes will be brought 
about on the basis of the second-order perturba- 
tion theory. Thus, a base having a lower ionization 
potential will give a larger AE,, and therefore a 
larger blue shift, because of the smaller (E, - Eb) 
value. Therefore, the blue shift caused by com- 
plexation with triethylamine (IPI = 7.50 eV) [191 
should be larger than that with diethyl ether (IP1 
= 9.53 eV) [19]. However, the AS values for trieth- 
ylamine complexes were similar or even smaller 
than those for ether complexes. This tendency may 
be derived from the delicate balance between the 
(E, - Eb) term and the IH;,l' term in Equation 3, 
since the latter may be smaller for the amine com- 
plexes due to the larger steric hindrance. 

On the basis of the perturbation theory, vinyl- 
substituent effects on the absorption maximum for 
silylene-base complexes may be explained as fol- 
lows: The n(Si) + 3p(Si) transition energies of a 
silylene are decreased by vinyl-substitution be- 
cause of lowering the 3p(Si) level by the interac- 
tion with the T"' (vinyl) orbital, as discussed in the 
previous section. Thus, the energy difference (E, - 
Eb) should increase according to Equation 5 .  It 
should be noted, however, that the maximum dif- 
ference of the transition energies among 1, 2, and 
Me2Si: amounts merely to 2300 cm-', which is far 
smaller than the transition energy of 22,300 cm-I 
for Me'Si:. Since the (E, - Eb) values are expected 
to be much larger than the transition energies, the 
(€, - Eb) values may be taken to have no signifi- 
cant differences among 1, 2, and Me2Si: 

EP( 1) < €,(2) < E,(Me2Si:) (5) 
On the other hand, the contribution of the 3p(Si) 

atomic orbital in the LUMO of silylene should de- 
crease by delocalization to the vinyl-carbon p7r or- 
bitals due to 3p(Si)-~" (vinyl) interaction. There- 
fore, the value of the IH&l' term should increase in 
the following order (Equation 6 ) .  

(H&(1)12 < lHhp(2)12 < IHLp(MezSi:)12 (6)  
The observed order of AS (Equation 2) is in ac- 

cord with the idea that the HL, term is a predom- 
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inant factor to determine the relative order of the 
AE,. 

There are many factors influencing the elec- 
tronic structures of silylene-base complexes. The 
following are important among them: (1) nucleo- 
philicity of the bases; (2) steric hindrance on the 
complexes (a distance between Si and the central 
atom of base); (3) conformational changes between 
free silylenes and complexed silylenes; (4) intra- 
molecular stabilization of the silylene by T- and n- 
donor substituents, which should cause the lift of 
the silylene LUMO to render the electrophilicity 
smaller; and ( 5 )  conjugative interactions between 
the silylene LUMO and n- and/or 7iQ orbitals of the 
substituents, which reduce the coefficient of the 
3p(Si) atomic orbital in the delocalized LUMO and 
therefore the electrophilicity of the central silicon. 
Since factors (2) and (3) can be leveled in a series 
of 1, 2, and Me2Si:, the electrophilicity of silylene 
serves as the primary factor to influence the elec- 
tronic structure of the silylene-base complexes. 
Gillette et al. [13b] have previously observed the 
significant substituent effects on the electronic 
structure of various mesityl-substituted silylene- 
base complexes; the smallest blue shift upon com- 
plexation has been found €or mesityl(2,6-diisopro- 
pylphenoxy)silylene, which is stabilized intramo- 
lecularly by the lone-pair electrons of the oxy 
substituents, reducing the electrophilicity of the 
silylene. However, steric factors should play im- 
portant roles in the series of silylene-base com- 
plexes to make it difficult to abstract the essential 
factors in the substituent effects. 

EXPERIMENTAL 
General Methods 
'H (300 MHz), 13C (75.4 MHz), and 29Si (59.6 MHz) 
NMR spectra were measured on a Bruker AC300P 
NMR spectrometer. Mass spectra were recorded on 
a JEOL JMS D-300 mass spectrometer. Absorption 
spectra were obtained on a Shimadzu UV-2000 
spectrometer. GLC analysis was conducted by us- 
ing Shimadzu 8A and 15A gas chromatographs. 

Materials 
2,2-Dichloro- 1 ,l ,1,3,3,3-hexamethyltrisilane [22a] 
was prepared by dephenyl-chlorination of 2,2-di- 
phenylhexamethyltrisilane [22b] with HC1 and a 
catalytic amount of AlC13 in benzene. 2,5-Dibro- 
mohexadiene was prepared according to the re- 
ported method [23]. Tetrahydrofuran and diethyl 
ether were dried over sodium benzophenone ketyl 
and distilled prior to use. 3-Methylpentane and 2- 
methyltetrahydrofuran were dried over LiAlH, and 
distilled prior to use. 

2,5-Dimethylene-l,1 -bis(trirnethylsilyl)-I- 
silacyclopentane (3) 
To an ether (40 mL) suspension of lithium powder 
(0.361 g, 52.0 mmol) was added 2,5-dibromo-1,5- 
hexadiene (2.69 g, 11.2 mmol), and then the mix- 
ture was stirred for 5 hours at 0°C. After filtration, 
the filtrate was added to an ether (100 mL) solu- 
tion of 2,2-dichlorohexamethyltrisilane (2.80 g, 1 1.4 
mmol). Stirring overnight at room temperature and 
then usual workup gave the title compound in 63% 
yield. 

White crystals: 'H NMR (CDC13) 6 0.13 (s, 18H), 
2.36 (s, 4H), 5.19 (d, J = 2.7 Hz, 2H), 5.71 (d, J = 
2.7 Hz, 2H); 13C NMR (CDC13) 6 153.9, 121.0, 40.7, 
-1.3; 29Si NMR (CDC13) 6 -15.5, -52.2; MS m/z 
(re1 intensity) 254 (M+, 13), 239 (44), 73 (100); UV 
(hexane) A,,/nm ( E )  249 (4230); HRMS m/z: found, 
254.1346; calcd for C12H26Si3, 254.1344. 

2-Meth lene-1 ,I -bis(trirnethylsilyl)-I- 

To an ether (40 mL) suspension of lithium powder 
(127 mg, 18.3 mmol) was added 2-bromo-5-chloro- 
1-pentene [24] (657 mg, 3.58 mmol) at 0°C. After 
the mixture had been stirred for 2 hours at  room 
temperature, 2,2-dichlorohexamethyltrisilane (885 
mg, 3.61 mmol) was added to this solution. Stir- 
ring for 2 hours and then usual workup gave the 
title compound in 44% yield. 

A colorless oil: bp 1 15OC/lS mmHg; 'H NMR 

(tt, J = 6.7 and 7.0 Hz, 2), 2.21 (tt, J = 6.7 and 2.0 
Hz, 2), 5.17 (q, J = 2.0 Hz, 1), 5.70 ( q , J  = 2.0 Hz, 
1); 13C NMR (CDC13) 6 -1.0, 9.5, 28.1, 41.2, 120.1, 
153.9; 29Si NMR (CDC13) 6 -15.9, -44.2; MS m/z 
(re1 intensity) 242 (M+, 23), 227 (16), 141 (62), 73 
(100); HRMS m/z: found, 242.1341; calcd for 

silacyc 2" opentane (4) 

(CDC13) 6 0.11 ( s ,  18), 0.95 (t, J = 7.0 Hz, 2), 1.68 

c11H26Si3, 242.1 342. 

2,2-Divinylhexamethyltrisilane (5) 
To vinylmagnesium bromide in THF (60 mL), pre- 
pared by the reaction of magnesium turnings (2.51 
g, 0.103 mol) with excess vinyl bromide, was added 
2,2-dichlorohexamethyltrisilane (0.0425 mol). Af- 
ter the mixture had been stirred overnight, usual 
workup gave the title compound in the yield of 89%. 

A colorless oil: 'H NMR (CDClJ 6 0.14 ( s ,  18), 
5.70 (dd, J = 19.5 and 4.1 Hz, 2), 5.99 (dd, J = 14.3 
and 4.1 Hz, 2), 6.16 (dd, J = 19.5 and 14.3 Hz, 2); 
13C NMR (CDC13) 6 133.9, 132.6, -0.9; 29Si NMR 
(CDC13) 6 - 16.2, -50.8; MS m / z  (re1 intensity) 228 
(M+, 4.3), 213 (31), 155 (37), 73 (100); UV (hexane) 
A,/nm ( E )  235 (9000); HRMS m/z: found, 228.1 166; 
calcd for C10H2$i3, 228.1 186. 

I ,I -Dirnethyl-4,4-bis(trimethylsilyl)-I ,4-disila- 
2,5-cyclohexadiene (6)  
To an ether (6 mL) solution of 4,4-dibutyl-l,l-di- 
methyl- l-sila-4-stanna-2,5-cyclohexadiene [25] (1.97 
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g, 5.72 mmol), n-butyllithium in hexane (1.58 N, 
7.23 mL, 11.4 mmol) was added at  -78°C and then 
warmed to 0°C to allow the formation of the pre- 
cipitates of the corresponding dilithio compound. 
After the mixture had been cooled to -78"C, 2,2- 
dichlorohexamethyltrisilane (1.45 g, 5.91 mmol) in 
THF (30 mL) was added. Warming to room tem- 
perature and usual workup gave a mixture of 6 and 
tetrabutylstannane. Pure 6 was obtained by pre- 
parative GLC. 

A colorless oil: 'H NMR (CDC13) 6 0.08 (s, 6), 
0.11 ( s ,  IS), 6.86 ( s ,  4); I3C NMR (CDClJ 6 -1.05, 
-0.66, 145.72, 148.50; 29Si NMR (CDC13) 6 -62.05, 
-28.33, -16.31; MS m/z (re1 intensity) 284 (M+, 
35), 269 (70), 211 (51), 73 (100); UV (hexane) A,,, 
( E )  248.5 (13,400); HRMS m/z: found, 284.1268; 
calcd for C12H2&i4, 284.1268. 

1 ,I -Dirnethyl-4,4-bis(dirnethylphenylsilyl)-l,4- 
disila-2,5-cyclohexadiene (7) 

The title compound was prepared in 37% yield by 
using 4,4-dibutyl-l,1 -dimethyl-l-sila-4-stanna-2,5- 
cyclohexadiene (1.02 g, 2.97 mmol), n-butyllithium 
in hexane (1.55 N,  3.84 mL, 5.95 mmol), and di- 
chlorobis[dimethyl(phenyl)silyl]silane (1.05 g, 2.86 
mmol) with almost the same procedure as de- 
scribed above. 

A colorless oil: bp 100-120"C/0.07 mmHg; 'H 

7.25-7.31 (m, 6), 7.35-7.40 (m, 4), 13C NMR (CDC13) 

145.04, 149.32; 29Si NMR (CDC1,) 6 -63.26, -27.97, 
-19.22; MS m/z (re1 intensity) 408 (M+, 19), 394 
(17), 273 (39), 135 (100); UV (hexane) A,,, ( E )  253.8 
(20,500); HRMS m/z: found, 408.1584; calcd for 
C22H32Si4, 408.1581. 

NMR (CDC13) 6 0.03 ( s ,  6), 0.29 ( s ,  12), 6.89 ( s ,  4) 

6 -2.92, -1.78, -0.87, 127.64, 128.52, 133.90, 139.00, 

Photolysis at 77 K in 3-MP 
A similar method to that described in an article by 
Gillette et al. [13a] was applied. 

Preparative Photoreaction of 3 i n  the Presence 

A mixture of 3 (66.5 mg, 0.759 mmol), t-butyl al- 
cohol (433 mg, -5.86 mmol), and hexane (2.5 mL) 
in a quartz tube (7 mm$) was irradiated under ar- 
gon with a spiral low-pressure Hg arc lamp (125 
W) for 1 hour. An insertion product of the corre- 
sponding silylene to the alcohol (8) was obtained 
in 51% yield, determined by GLC. Preparative GLC 
gave 8 in a yield of 9.2 mg (0.051 mmol). 8: a col- 
orless oil; 'H NMR (CDC13) 6 1.30 (s, 9), 2.31-2.53 
(m, 4), 4.95 (s, l), 5.58 (s, 2), 5.80 (s, 2); 13C NMR 
(CDC13) 6 151.2, 125.2, 73.7, 36.8, 31.6; 29Si NMR 
(CDC1,) 6 -29.6; MS m/z (re1 intensity) 182 (M+, 
3.1), 167 (13), 126 (loo), 98 (71); HRMS m/z: found, 
182.1 124; calcd for CloH180Si, 182.1 127. 

of t-BuOH 

Preparative Photoreaction of 5 in  the Presence 

A mixture of 5 (173.0 mg, 0.759 mmol), t-butyl al- 
cohol (1.83 g, 24.8 mmol), and hexane (1 mL) in a 
quartz tube (7 mm4) was irradiated under argon 
with a spiral low-pressure Hg arc lamp (125 W) 
overnight. No silylene insertion product to t-butyl 
alcohol was detected by GLC. From the reaction 
mixture, the following products, formed via 1,3-si- 
lyl migration, were isolated by preparative GLC. 

1 - t-Butoxy - 1-(2-trimethylsilylethyl) - I-vinyl- 
trimethyldisilane (14.6 mg, 0.0483 mmol, 6.4%): a 
colorless oil; 'H NMR (CDC13) 6 -0.04 (s, 9), 0.08 
(s, 9), 0.39-0.46 (m, 2), 0.61-0.67 (m, 2), 5.70 (dd, 
J = 20 and 4.1 Hz, l), 5.95 (dd,J  = 15 and 4.1 Hz, 
I), 6.22 (dd, J = 20 and 15 Hz, 1); 13C NMR (CDC13) 
6 139.5, 131.5, 72.1, 32.1, 9.2, 8.5, -1.3, -2.2; 29Si 
NMR (CDC13) 6 3.1, -5.4, -22.3; MS m/z (re1 in- 
tensity) 287 (M' -15, 0.9), 145 (loo), 73 (66), 57 
(68); HRMS m/z: found, 287.1693; calcd for 
Cl3H31 0Si3, 287.1683. 

Di-t-butoxy-bis(2-tnmethylsilylethyl)silane (7.9 
mg, 0.0210 mmol, 2.8%): a colorless oil; 'H NMR 
(CDC13) 6 -0.05 ( s ,  IS), 0.42 ( s ,  8), 1.26 ( s ,  18); 13C 
NMR 6 71.8,32.0,8.38,8.36, -2.2; 29Si NMR (CDClJ 
6 3.0, -18.4; MS m/z (re1 intensity) 376 (M+, 0.61, 
361 (1.8), 163 (loo), 73 (16), 57 (96); HRMS m/z: 
found, 376.2621; calcd for CI8H4O2Si3, 376.2649. 

CNDOIS Calculations 
CNDO/S calculations were performed by an ACOS 
2000 System a t  the Computer Center of Tohoku 
University [18]. Parameters for H and C for the 
calculations were taken from an article by Bene and 
Jaffe [26]. Following parameters for Si, which were 
determined so as to reproduce the experimental 7-r 
+ T" transition energies of trimethylphenylsilane, 
were used; -pi = 8.50, ( I s  + As)/2 = 12.12, ( I p  + 
Ap)/2 = 6.00. 

Ab Initio MO Calculations 
Structures of silylenes, 1, 2, and dimethylsilylene, 
have been optimized by using restricted Hartree- 
Fock (RHF) self-consistent field (SCF) analytical 
gradient techniques. The basis sets used were of 
standard double-5 quality (including 3-2 1 G, 6-3 1 G", 
and D95). For CIS [19] calculations of the transi- 
tion energies, all single excitations from the SCF 
reference configuration were included. These ab 
initio MO calculations were performed with the 
GAMESS [271 program at the Computer Center of 
Tohoku University and with the Gaussian 90 [28] 
program at RIKEN Photodynamics Research Cen- 
ter. 

of t-BtrOH 
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