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The thermolysis of 1,2-di(adamantoyl)tetrakis(trimethylsilyl)disilate) (with diphenylacetylene at
140 °C for 24 h afforded 1-[f)-1,2-diadamantyl-2-(trimethylsiloxy)ethenyloxy]-2,3-diphenyl-1-[tris-
(trimethylsilyl)silyl]-1-silacycloprop-2-ene@g) and 3,4-diadamantyl-2,2-bis(trimethylsiloxy)-1,1-bis(tri-
methylsilyl)-1,2-disilacyclobut-3-en8§) in 43% and 41% yields, respectively. Similarly, the cothermolysis
of 1,2-di(pivaloyl)tetrakis(trimethylsilyl)disilanelp) with diphenylacetylene gave 1H)-1,2-ditert-butyl)-
2-(trimethylsiloxy)ethenyloxy]-2,3-diphenyl-1-[tris(trimethylsilyl)silyl]-1-silacycloprop-2-e@b)(in 52%
yield, along with a mixture of unidentified products. The reactioda@fvith bis(trimethylsilyl)acetylene
under the same conditions produced EX({,2-diadamantyl-2-(trimethylsiloxy)ethenyloxy]-2,3-bis-
(trimethylsilyl)-1-[tris(trimethylsilyl)silyl]-1-silacycloprop-2-ene an8a in 54% and 23% yield, while
1b with bis(trimethylsilyl)acetylene gave 1Hjf-1,2-di¢ert-butyl)-2-(trimethylsiloxy)ethenyloxy]-2,3-bis-
(trimethylsilyl)-1-[tris(trimethylsilyl)silyl]-1-silacycloprop-2-ene in 62% yield. The results of X-ray
crystallographic analysis for the 1-silacycloprop-2-&&are described. Computational analyses for
successive isomerization of a simplified model, 1,2-di(acetyl)tetra(silyl)disilane to a silylene intermediate,
[(E)-1,2-dimethyl-2-siloxyethenyloxy]tri(silyl)silylsilylene vigrans3,4-dimethyl-3,4-di(siloxy)-1,2-di-
(silyl)-1,2-disilacyclobut-1-ene, are described. The results of the calculations for the real models having
the same substituents &b are also reported.

Introduction the acylpolysilanes reported so far involve only one aSil

It is well-known that acylpolysilanes can be used as conve- bond in the molecules. Much less interest has been shown in

nient precursors for the synthesis of a wide variety of silénes. Lhoenglgemlstry of the compounds bearing two or more agy|
The photolysiéand thermolysisof the acylpolysilanes readily : ) Lo
produce various types of silenes in high yields. The Peterson- We have demonstrated that the reactions of acyltris(trimeth-

type reactions of the acylpolysilanes also afford silérldsny ylsilyl)silanes with silyllithium reagents proceed to give the
papers concerning the reactions of the silenes thus formed withcorresponding lithium silenolates by elimination of a trimeth-
organic compounds have been published to #ztéiowever, ylsilyl group, and the silenolates thus formed react with

palladium dichloride to afford 1,2-bis(acyl)tetrakis(trimethyl-
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Figure 1. ORTEP drawing of compounda Adamantyl groups

are represented by the respective quarter carbons, and protons are
omitted for clarity. The thermal ellipsoids are drawn at the 50%
probability level. A disorder model was applied to solve the
siloxyethene unit, using two sets of ethene carbons with occupancies
of 0.79 and 0.21, respectively, and only that with higher occupancy
is shown.

shifts of the silacyclopropenes with the electron-withdrawing

group on the ring silicon atom, such as 1-alkyl-1-trimethylsiloxy-

(trimethylsilyl)acetylene, which afford the respective 1-silacy- and 1,1-diamino-1-silacyclopropene derivatives, appe&aOdt
cloprop-2-ene derivatives, and computational analyses for theseto —97:% and —100 ppm!! respectively.

reactions. We also report the X-ray crystallographic analysis For 2a, despite the presence of the silyl group on the ring
of the 1-silacycloprop-2-ene derivative obtained by the reac- silicon atom, it$°Si chemical shift appears at88.0 ppm. Such
tion of 1,2-di(adamantoyl)tetrakis(trimethylsilyl)disilane with a large downfield shift may be ascribed to the existence of the
diphenylacetylene. ethenyloxy group on the ring silicon atom. TReconfiguration
for 2a was confirmed by X-ray crystallographic analysis, and
the ORTEP drawing is depicted in Figure 1.

Compound3a was identified as 3,4-diadamantyl-2,2-bis-

. " ; (trimethylsiloxy)-1,1-bis(trimethylsilyl)-1,2-disilacyclobut-3-
Diphenylacetylene.The starting compounds, 1,2-di(adaman- gne by mass antH, 13C, and?Si NMR spectrometric analysis.
toyl)- and 1,2-di(pivaloyl)tetrakis(trimethylsilyl)disiland ¢ and All spectral data obtained fdda were identical with those of
1b), were prepared according to the method reported previdusly, an authentic sample reported previou&ly.

as shown n Scheme 1. When a n_mxturelm‘and diphenyl- Treatment oflb with diphenylacetylene under the same
?cetylene in benzene was hgated in a sealed gllasg tube at 140, gitions again afforded the 1-silyl-1-silacycloprop-2-ene deriv-
C for 24 h, two prodgcts, a sﬂacyclopropene derlvat.lve,E[)'[( ative, analogous t@a, 1-[(E)-1,2-ditert-butyl)-2-(trimethylsi-
1,2-diadamantyl-2-(trimethylsiloxy)ethenyloxy]-2,3-diphenyl-1- |, »ethenyioxy]-2,3-diphenyl-1-[tris(trimethylsilyl)silyl]-1-si-
[tris(trimethylsilyD)silyl]-1-silacycloprop-2-ene 2g), and an lacycloprop-2-ene2b), in 52% isolated yield. The produ2b
isomer of the starting compourith, 3,4-diadamantyl-1,1-bis- 55 jsolated by silica gel column chromatography, and its
(trimethylsiloxy)-2,2-bis(trimethylsilyl)-1,2-disilacyclobut-3- g4\, re was verified by spectrometric analysis. As expected
ene @a), were obtained in 43% and 41% isolated yields, 1, 13C, and?9Si NMR spectra fo2b show signal patterns very '
respectively (Scheme 2). These two products could readily be sirﬁilar’to those oPa. For example, théH NMR spectrum for
isolated by silica gel column chromatography, and the product 5, displays two resonances at 0.b5 and 0.22 ppm, due to the

2awas obtained by recrystallization from hexane as colorless ety isiloxy and trimethylsilyl protons, and two resonances
crystals. NO geometrical ISomer, ]Z](1,2-_d|aQamanty!-2- at 1.11 and 1.15 ppm, attributed to the two different kinds of
(trimethylsiloxy)ethenyloxy]-2,3-diphenyl-1-[tris(trimethylsilyl)- tert-butyl protons, as well as the resonances due to the phenyl
silyl]-1-silacycloprop-2-ene, was detected in the reaction mixture fing protons. The chemical shift of the ring silicon atom in the
by spectrometric analysis, indicating that the reaction proceededzgsi NMR spectrum for the produ@b again appears at87.4

with high stereospecificity to givéa m, a very low magnetic field, as observed in thaRaf .

The structure oRa was verified by mass antH, 13C, and pprm, 4 0 '
29Si NMR spectrometric analysis, as well as by elemental (9) () Ando, W.; Shiba, T.; Hidaka, T.; Morihashi, K.: Kikuchi, @.
analysis. Its?°Si NMR spectrum shows four resonances at Am. Chem. Soc1997 119 3269. (b) Sekiguchi, A.; Ichinohe, M.;
—131.1,—88.0,—8.8, and 12.6 ppm, due to the tetra(silyl)- Yamaguchi, SJ. Am. Chem. Sod999 121, 10231. (c) Gaspar, P. P.;

; i ; ; T ; ; Beatty, A. M.; Chen, T.; Haile, T.; Lei, D.; Winchester, W. R.; Braddock-
substituted silicon, silacyclopropenyl ring silicon, trimethylsilyl Wilking, J.; Rath, N. P.: Klooster, W. T.. Koetzle, T. F.. Mason, S. A..

silicon, and trimethylsiloxy silicon, respectively, which are Alpinati, A. Organometallics1999 18, 3921. (d) Sekiguchi, A.; Tanaka,
consistent with the structure proposed f2a It has been T.; Ichinohe, M.; Akiyama, K.; Tero-Kubota, 8. Am. Chem. So2003

; ; ; i 125, 4962.
reported that thé®Si NMR chemical shifts of the silicon atoms (10) Naka, A Ishikawa, MOrganometallic200q 19, 4921.

in the silacyclopropenes bearing the silyl substituent on the ring  (11) sakamoto, K.; Tsutsui, S.; Sakurai, H.; Kira, Bull. Soc. Chem.
silicon atom appear at143 to—187 ppm? while the chemical Jpn. 1997, 70, 253.

Results and Discussion

Reactions of Bis(acyl)tetrakis(trimethylsilyl)disilanes with
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The fact that the produ@b also has are-configuration was
confirmed by NOE-FID difference experiments at 300 MHz.
Thus, saturation of the resonance at 0.05 ppm due to the
trimethylsiloxy protons resulted in a strong enhancement of the
signals at 1.11 and 1.15 ppm, attributable to the two kinds of
tert-butyl protons, indicating tha2b must have theé=-config-
uration. Again, n&-isomer was detected in the reaction mixture
by spectrometric analysis. Although the formation of small
amounts of other products was observed in this reaction, all
attempts to isolate the product analogous3gowere unsuc-
cessful. However, mass spectrometric analysis of this mixture
showed the presence of the molecular iom# 518, corre-
sponding to the calculated molecular weight fopis40,Sis.

In contrast t?2a, compoundb has been found to decompose
on storing over a period of a few months. However, the rate o
decomposition of this compound is very slow. In fact, when
the crystals o2b were allowed to stand in a small flask at room
temperature, no change was observed for one or two weeks
but a couple of months later, the crystals changed to oily
substances. Evaporation of the products under reduced pressur
gave diphenylacetylene as the sole volatile product, along with
nonvolatile substances.

Recently, we have reported that the thermolysi¢ain the
absence of a trapping agent produBass the major produét.

We have proposed the transient formation of 1,4-diadamantyl-
1,4-bis(trimethylsiloxy)-2,3-bis(trimethylsilyl)-2,3-disila-1,3-
butadiene, which would undergo cyclization to give 3,4-
diadamantyl-3,4-bis(trimethylsiloxy)-1,2-bis(trimethylsilyl)-1,2-
disilacyclobut-1-ene, as a key intermediate for the formation
of 3a For the 2,3-disila-1,3-butadiene intermediate, three
isomers with different configurations=(E)-Aa, (E,2)-Aa, and derivativess
(Z2,2)-Aa, are thought to be produced in the thermolysid af erivative: . .

(Scheme 3). However, theoretical calculations shown below AS reported previousl§ the formation of3a can be under-
indicated that the E,E)-isomer was found to be the most stood by_ the successive migrations o_f two trlmethylsnoxy groups
important species among these isomers, in accord with the@nd @ trimethylsilyl group. A 1,3-shift of one of two trimeth-

tions, as shown in Scheme 4. Presumably, the oxygen atom of
a trimethylsiloxy group on the ring carbon in the 1,2-disilacy-
clobut-1-enesBa,b plays an important role for isomerization,
leading to the productgab. Namely, a sequence of isomer-
ization may be initiated by attack of the trimethylsiloxy oxygen
to the spB-hybridized silicon atom in the 1,2-disilacyclobut-1-
ene ring, and the trimethylsilyl group on this ring silicon
migrates to the adjacent Shybridized silicon atom. Subse-
quently, a shift of the trimethylsilyl group on the oxygen onto
the ring silicon and ring opening takes place to give tBg (
ethenyloxydisilene derivative€g,b). The disilenesCa,b thus
formed undergo isomerization to give silyl-substituted silylenes
f (Da,b), which can add readily to a triple bond in alkynes, giving

the final products2a and2b. The transformation of the silyl-
substituted silylenes into the disilenes has been observed to
date!? In the present reactions, no products arising from the
reaction of the disilene€ab with diphenylacetylene were
detected in the resulting mixture. It seems likely that the low
?eactivity of the disilene€a,b may be ascribed to the steric
hindrance owing to the bulky substituents around the silicon
silicon double bond. Furthermore, the theoretical calculations
indicate that the energy of the disile@b is less stable than
that of the silyl-substituted silylene intermediddé.

A similar role of the oxygen in the trimethylsiloxy group for
the skeletal rearrangement has been found in the thermolysis
of the trimethylsiloxy-substituted silacyclobutene derivatits.

For example, the thermolysis oft2t-butyl-3-(trimethylsilyl-
ethynyl)-2-trimethylsiloxy-1,1,4-tris(trimethylsilyl)-1-silacyclobut-
3-ene affords an oxygen insertion product, a dihydrooxasilole

experimental results. If this is true, the ring closure BfH)- ylsiloxy groups inBa onto the sg-hybridized silicon atom in
Aa with the conrotatory process would afford thans1,2- the 1,2-disilacyclobut-1-ene ring gives 3,4-diadamantyl-1,4-bis-
disilacyclobut-1-ene intermediatBg), which undergoes isomer-

ization to give2a and3a, respectively. (12) (a) Sakurai, H.; Sakaba, H.; NakadairaJYAm. Chem. So4982

- . . 104, 6156. (b) Sakurai, H.; Nakadaira, Y.; Sakaba(tganometallics1983
The formation of2a and2b may be best explained in terms 51484 (c) Nagase, S.; Kudo, Drganometallics1984 3, 1320. (d) Sanj,

of isomerization of the intermediat&a,b with trans configura- T.; Mori, T.; Sakurai, HJ. Organomet. Chen2006 691, 1169.
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(trimethylsiloxy)-1,2-bis(trimethylsilyl)-1,2-disilacyclobut- 2-ene
(E), as shown in Scheme 4. A 1,2-shift of a trimethylsiloxy
group on the ring carbon at the 4 position onto therggbridized
silicon atom in the intermediaté and simultaneously a 1,2-
trimethylsilyl shift from the resulting silicon to the adjacent-sp
hybridized silicon affords the produBg

Reactions of 1a and 1b with Bis(trimethylsilyl)acetylene.
When a benzene solution da and bis(trimethylsilyl)acetylene
was heated in a sealed glass tube at 1@0for 24 h, two
products,3a and a silacyclopropene derivative, EJ{1,2-
diadamantyl-2-(trimethylsiloxy)ethenyloxy]-2,3-bis(trimethyl-
silyl)-1-[tris(trimethylsilyl)silyl]-1-silacycloprop-2-ene4@), were
obtained in 23% and 54% yield, respectively. Similarly, treat-
ment of 1b with bis(trimethylsilyl)acetylene in benzene under
the same conditions produced EJ{1,2-ditert-butyl)-2-(tri-
methylsiloxy)ethenyloxy]-2,3-bis(trimethylsilyl)-1-[tris(tri-
methylsilyl)silyl]-1-silacycloprop-2-ene 4p) in 62% yield.
Although mass spectrometric analysis of the reaction mixture
indicated the presence of the molecular ion ratz 518,
corresponding to the calculated molecular weight for the isomer
of 1b, all attempts to isolate this product were unsuccessful.
Both4aand4b are stable at room temperature and can be stored
in atmospheric oxygen without decomposition.

The structures ofta and 4b were confirmed by mass and
1H, 13C, and?°*Si NMR spectrometric analysis, as well as by
elemental analysis (see Experimental Section). Ete®nfig-
uration for these compounds was verified by NOE-FID differ-
ence experiments at 300 MHz. For example, irradiation of a
signal at 0.27 ppm attributed to the trimethylsiloxy protons on
the terminal sphybridized carbon irdb led to enhancement
of the signals at 1.35 and 1.38 ppm due to the two kinds of
tert-butyl protons. This result clearly indicates tHatmust have
the E-configuration. The formation o#la and 4b may be
explained in terms of addition of the silylsilylene intermediates
Da,b into a triple bond in bis(trimethylsilyl)acetylene, in analogy
with those observed in the reactions @& and 1b with
diphenylacetylene.

To learn more about thermal behavior of the 2,3-bis(tri-
methylsilyl)-1-silacycloprop-2-ene derivatives, we investigated
the thermolysis oftain the absence of a trapping agent. Thus,
when4awas heated in a sealed glass tube at 25Gor 5 h,
bis(trimethylsilyl)acetylene was obtained as the sole volatile
product. No ring-opened product arising from a 1,2-trimethyl-
silyl shift from the sB-hybridized carbon to the ring silicon atom
was detected, which is well-known in the thermolysis of the
2,3-bis(silyl)-1-silacycloprop-2-en€.Presumably, the thermal
decomposition of the 1-silacycloprop-2-enes bearing bulky
substituents on the ring silicon atom, such4as proceeds to
give the corresponding acetylenes and silyledag

X-ray Crystallographic Analysis for 2a. Compounda is
the first silacyclopropene derivative with an alkoxy substituent
on the ring silicon atom, whose structure is solved by a single-
crystal X-ray diffraction study. Cell dimensions, data collections,

Ohshita et al.

Table 1. Crystal Data, Experimental Conditions, and
Summary of Structural Refinement for Compound 2a

mol formula CigH760-Sis
mol wt 853.64
space group P2i/a (#14)
cell dimens
a A 18.2410(4)
b, A 13.0428(3)
c, A 21.3729(6)
f, deg 92.7966(8)
v, A3 5078.9(2)
z 4
Dcacla Mg/m?3 1.116
Fooo 1856.00
cryst size, mrh 0.40x 0.20x 0.20
cryst color colorless
u, et 1.99
radiation Mo Ko (1 = 0.71069 A)
temp, K 100
26 max. 55.0
no. of unique reflns 11 596
no. of obsd reflnsi(= 3a(1)) 6457
reflns/param 10.74
corrections Lorentz-polarization absorption
abs range 0.90671.0730
R 0.056
Ru? 0.073

aWeighting scheme iso{Fo)? + 0.0004F|?) L.

Table 2. Selected Bond Distances (A) and Angles (deg) for
Compound 2a with Their esd’s in Parentheses

si1 si2 2.323(2) si1 o1 1.652(4)

Si1 c1 1.823(5) Si1 c2 1.804(5)

o1 c15 1.411(8) 02 C16 1.410(9)

c1 c2 1.349(7) c1 c3 1.463(7)

c2 c9 1.468(7) c15 C16 1.32(1)

c15 c29 1.563(9) C16 C39 1.58(1)
01 Si1  Si2  1102(1) C1  Si1 Si2  119.9(2)
C2 Si1 Si2 1248(2) C2 Si1 C1 43.7(2)
Cl1 Si1 01 12382 C2 Si1 01  120.0(2)
Sii 01 Cl5 1276(4) Si1 Cl  C2 67.4(3)
Sii Cl1 C3 1548(4) C3 Cl1 C2  136.5(4)
sii c2 cC1 68.9(3) Sil C2 C9  154.0(4)
c1 C2 C9 13704) Ol Ci5 Cl6 117.0(7)
01 C15 C29 1194(5) 02 Ci6 Cl15 116.6(7)
02 Cl6 C39 115.9(6)

ylsilacyclopropene reported previousft The Si-C (1.823(5)
and 1.804(5) A) and €C (1.349(7) A) bond lengths in the
three-membered ring are typical of silacyclopropenes, indicating
that the alkoxy substituent little affects the crystal structiré®
This is in marked contrast to the structure of 1,1-diaminosila-
cyclopropene reported by Kira et al., in which elongation of
the C=C bond (1.371(2) A) is observed, presumably arising
from the enhanced*—x interaction by the electronegative
amino substituents on the ring silicéhln the present case,
the existence of a highly electron-donating tris(trimethylsilyl)-
silyl group may compensate the effect of the alkoxy substituent.
An alternative explanation is based on the fact that the
Si(ring)—0O and Si(ring)-Si bonds are not exactly parallel to
the G=C x-orbital, as indicated by an interplane angle of

refinement parameters, and selected bond lengths and angle§3_982 between the silacyclopropene and—8i(ring)—Si

for 2a are summarized in Tablesl and 2. As can be seen in
Figure 1, compoun@a has a highly crowded silacyclopropene
ring. Two phenyl groups are a little twisted with respect to the
silacyclopropene ring, like the crystal structure of 2,3-diphen-

(13) (a) Ishikawa, M.; Nishimura, K.; Sugisawa, H.; Kumada, M.
Organomet. Chenil98Q 194, 147. (b) Kabe, Y.; Ohkubo, K.; Ishikawa,
H.; Ando, W.J. Am. Chem. So200Q 122, 3775.

(14) (a) Ohshita, J.; Honda, N.; Nada, K.; lida, T.; Mihara, T.; Matsuo,
Y.; Kunai, A.; Naka, A.; Ishikawa, MOrganometallics2003 22, 2436.
(b) Kunai, A.; Mihara, T.; Matsuo, Y.; Ohshita, J.; Naka, A.; Ishikawa, M.
J. Organomet. Chenl997 545-546, 611.

planes, although the twisting is small.
Theoretical Calculations. To clarify the mechanism for a
series of isomerizations dfa,b leading to the [E)-ethenyloxy]-

(15) (a) Hirotsu, K.; Higuchi, T.; Ishikawa, M.; Sugisawa, H.; Kumada,
M. J. Chem. SocChem. Commurl982 726. (b) Hojo, F.; Sekigawa, S.;
Nakayana, N.; Shimizu, T.; Ando, WDrganometallics1993 12, 803. (c)
Kunai, A.; Matsuo, Y.; Ohshita, J.; Ishikawa, M.; Aso, Y.; Otsubo, T.;
Ogura, FOrganometallicsl995 14, 1204. (d) Ando, W.; Shiba, T.; Hidaka,
T.; Morihashi, K.; Kikuchi, 0.J. Am. Chem. S0d.997, 119, 3629.

(16) Tsutsui, S.; Sakamoto, K.; Kabuto, C.; Kira, @rganometallics
199§ 17, 3819.
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silylsilylene intermediate®a,b via the 1,2-disilacyclobut-1-
ene derivative8a,b, we carried out density functional theory
(DFT) calculations. The Becke-three-parametege-Yang-Parr
hybrid functional” available in the Gaussian03 program pack-
ag€® was employed. Two types of models, the simplified
models, in which all methyl groups ihb are replaced by the

hydrogen atoms, and the real models bearing the same substit

uents as compountlb used in the experiments, are adopted.

The 6-31G and 6-31G(d,p) basis sets were used for the

simplified models. For the real models, the 6-31G (d,p) basis

set was employed only for the silicon atom, and the 6-31G basis

set for other atoms.
Calculations are carried out as follows: (1) The transition

states (TSs) on the potential energy surface are characterizec

by using the simplified models with the 6-31G basis set; (2)
the intrinsic reaction coordinate (IRC) analysis for each TS is
evaluated for both sides. To save calculation time, the IRC
analysis is restricted to the neighbor of the TS, and full
optimization is carried out at the end point of the IRC. Thus,
two local minima (LMs) are located in the reactant and product

sides. The energies of all the LMs and TSs are evaluated again

with the 6-31G(d,p) basis set optimization. The calculations for
the simplified models witt- andZ-configurations indicate that

both models afford almost the same energies. In such a case
the optimization is repeated by using the real models and the

6-31G/6-31G(d,p) mixed basis set.

The reaction path for the isomerization of the 1,2-diacyl-
disilanelb leading to the silylsilylene intermediaib via the
1,2-disilacyclobut-1-ene derivatiiBb was divided into three
parts, i.e., fromlb to Bb (path a), fromBb to Cb (path b), and
from Cb to Db (path c). The simplified compounds &b and
Bb are named as LM-1 and LM-4.0, respectively, and two
simplified compounds which are found between LM-1 and
LM-4.0 are E)-LM-2 and E,E)-LM-3. Compounds E)-LM-2
and €,E)-LM-3 correspond tok)-1-acetyldi(silyl)silyl-2-meth-
yl-2-siloxy-1-silyl-1-silene and the simplified model sfcis-

Ab with E,E-configuration, respectively. Four LMs are sep-
arated by three TSsH}-TS-1, €,B-TS-2, and TS-3]. Thus,
the reaction proceeds in the order of LMthj, (E)-TS-1,
(E)-LM-2, (E,B)-TS-2, E,B-LM-3(Ab), TS-3, and LM-4.0Bb).
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E= 2050.6380 au
AE=30.9 kcal/mol

E=2050.6873 au
AE= 0 keal/mol

(BEETS2 | o
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.519)

E=2050.6207 au
AE= 41.8 kcal/mol

E=2050.6699 au
AE= 10.9 kcal/mol

(E.E)-LM-3

i ]
E=2050.6296 au
AE= 36.2 kcal/mol

E= 2050.6530 au
AE=21.5 keal/mol

LM-4,%

8.

E=2050.6561 au
AE= 19.6 kcal/mol

Figure 2. Optimized geometries of the simplified models, LM-1,
(E)-TS-1, E)-LM-2, and EE)-TS-2, EE)-LM-3, TS-3, and

The geometries of these compounds are shown in Figure 2. The_M-4.0 at the level of the 6-31G(d,p) basis set. Total energy and
TS structures were confirmed by a single negative eigenvaluethe relative energy in which LM-1 is taken as the reference are
of the energy second derivative and the leading componentsshown. For TSs, the leading components among the internal
among the internal coordinates characterizing the reaction coordinates characterizing the reaction coordinate are shown in

coordinate. E)-TS-1 represents a 1,3-Slshift from the Si atom
to the adjacent carbonyl oxygen in LM-1, ari€lF)-TS-2 shows
a 1,3-silyl shift similar to the carbonyl oxygen iB)fLM-2 thus
formed. TS-3 indicates the conrotatory ring closure BfHj-
LM-3, and thus LM-4.0 is formed.

(17) Gill, P. M. W.; Johnson, B. G.; Pople, J. lt. J. Quantum Chem.
Symp.1992 26, 319.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Revision B.03; Gaussian, Inc.: Pittsburgh, PA, 2003.

parentheses together with bond lengths.

The energies of thecis- ands-trans-2,3-disila-1,3-butadienes
with E,E-, E,Z-, andZ,Z-configurations were compared by using
the simplified models at the level of the 6-31G(d,p) basis set.
The energy differences between the most stable species and the
most unstable one in these systems are calculated to be 1.0 and
1.3 kcal/mol, respectively. Furthermore, similar calculations for
the real models having thecis structure withg,E-, E,Z-, and
Z,Z-configurations indicate that the energy increases in the
order of Z,Z-, E,Z-, and E,E-isomers, but the difference be-
tweenE,E- andZ,Z-isomers is found to be only 1.3 kcal/mol.
These results clearly indicate that the stabilization energy
difference among th&,E-, E,Z-, andZ,Z-isomers is too small
to control the product distribution. Therefore, we carried out
calculations for the TS-1 structure, using the simplified models
with the 6-31G(d,p) basis set and the real models with the
6-31G/6-31G(d,p) mixed basis set. In the former case, tth (
and @)-TS-1 structures can be optimized, and the stabilization
energy of £)-TS-1 is found to be slightly higher thak)-TS-1
by 0.2 kcal/mol. In the real modelE}f-TS-1 can readily be
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Figure 3. Optimized geometries of the simplified models,
LM-4.0, TS-4.0, LM-4.1, and TS-4.1, at the level of the .
6-31G(d,p) basis set. The geometry of LM-4.0 is the same as that ¢
shown in Figure 2. b

obtained, but the correspondin@){TS-1 cannot, although

(2)-TS-1 with the simplified structure is used as the initial
geometry. The absence &){TS-1 in the real models may be
ascribed to steric hindrance due to the presence of the bulky

t-Bu and MQS' groups. Consequently, the formation O.f Figure 4. Optimized geometries of the simplified models,
(B)-TS-1 as a single species seems to control the stereochemistry 1.4 5 Ts.4.2 LM-4.3. TS-4.3. and LM-5. at the level of the

in the present reactions. 6-31G(d,p) basis set.
The latter half of the DFT calculations cover the reaction

pathway fromBb to Db, which corresponds to path b and path of the silyl group on the ring silicon seems to be important in
c in this paper. Path b is divided into four steps as follows: (1) a series of reactions leading to the product LNGBY.
a 1,2-shift of a silyl group on the ring silicon in LM-4.8) Finally, in path c, a 1,2-Sigl shift to the terminal sp
onto the adjacent ring silicon to give LM-4.1 via TS-4.0; (2) hybridized silicon in the disilene LM-5 leads to the formation
attack of the oxygen atom in the siloxy group on the ring carbon of LM-6.0 slightly exothermically AH = —1.6 kcal/mol),
to the adjacent ring silicon in LM-4.1 (in this attack, however, through TS-5, as shown in Figures 5 and 6 for their energies.
the SiC bond in the four-membered ring is still retained and Silylsilylene LM-6.0 exhibits a rather congested geometry
the three-membered ring consisting of the oxygen, silicon, and between one of the silyl groups and the ethenyloxy unit located
carbon atoms is formed, leading to TS-4.1, and then LM-4.2); closeby. Therefore, silylene LM-6.0 may further isomerize to
(3) migration of the silyl group on the oxygen in the three- more stable conformational isomers LM-6.1 and LM-6.2,
membered ring onto the ring silicon atom in LM-4.2, leading although no TSs for the interconversion between these isomers
to TS-4.2 and LM-4.3; and (4) elongation of the-®t bond in are provided (the difference between LM-6.0 and LM-6.1 or
the four-membered ring of LM-4.3 and skeletal rearrangement LM-6.2 is due to the conformation, and the bonding topology
involving the cleavage of this bond and the-&i bond in the is exactly the same). Calculations for the real model were also
three-membered ring to produce TS-4.3 and LNG), The carried out to give the optimized geometries@b and Db,
optimized geometries for LMs and TSs are shown in Figures3 having frameworks similar to LM-5 and LM-6.1, respectively.
and 4. Relative energies for all LMs and TSs are shown in The results of the real model calculations again suggest that
Figure 6, where the energy of LM-1 is taken as the reference. silylsilylene Db is slightly more stable than disilerieb by 1.7

We have examined the alternative reaction sequence to thekcal/mol. One might consider the possibility of silylene LM-7,
four-step reactions shown in path b. Thus, in the first step, an which would be formed by a 1,2-shift of a silyl group on the
attack of the siloxy group on the ring carbon atom to the adjacent terminal sB-hybridized silicon atom in LM-5 onto the internal
ring silicon in LM-4.0 occurs to produce the three-membered sp?-silicon atom. However, LM-7 is less stable than LM-6.0
ring consisting of O, C, and Si atoms, and then, the silyl group LM-6.2 by 16—19 kcal/mol, indicating that this process is much
on this ring silicon migrates to the adjacent ring silicon. The less favorable even if it is present (Figure 5). In LM-6.0
TS in the latter reaction was obtained by calculations with the LM-6.2, it seems reasonable to assume that the lone pair orbital
6-31G basis set. However, all attempts to optimize this TS of the adjacent oxygen interacts with the vacant 3p orbital of
structure using the 6-31G (d,p) basis set were unsuccessful. Thehe silylene center, and this may stabilize the silylene species.
opening of the three-membered ring always occurred to regener- The relative stability between LM-1 and LM-5 (and also
ate the starting LM-4.0. Thus, the results of calculations suggestLM-6.0 to LM-6.2) seems to be strange. In the simplified
that migration of both silyl and siloxy groups could occur at models, LM-5 is more stable than LM-1 by 3.1 kcal/mol (Figure
the beginning of the reaction in path b, but at first the migration 6); however, in the real models for LM-1 and LM-5, the reverse

E=-2050.6922 au
AE=-3.1 keal/mol
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E=-2050.6947 au

E=2050.6654 au AE=-4.6 kcal/mol

AE=13.7 keal/mol

E=-2050.6968 au

AE=-6.0 keal/mol E=-2050.6998 au

AE= -7.8 keal/mol

LM-7

E=-2050.6694 au

AE= 11.2 kecal/mol
Figure 5. Optimized geometries of the simplified models, TS-5, LM-6.0, LM-6.1, LM-6.2, and LM-7, at the level of the 6-31G(d,p) basis
set.

&

product. The results of the theoretical calculations for the

'E . stereochemical formation oftfj-ethenyloxy]silylsilylenes, using
F » the simplified models ofib and also real models bearing the
Ezs = same substituents &b, were consistent with experimental
g . ' N observations.
o _
N = Experimental Section
WS e General ProceduresAll reactions were carried out in a degassed

reaction coordinate sealed tube (1.0 crp x 15 cm). Yields of the products were
Figure 6. Energy change along the whole reaction path from LM-1 calculated on the basis of the isolated products. NMR spectra were
to LM-6.0. Labels E) and E,E) are omitted for clarity. recorded on a JNM-LA300 spectrometer and JNM-LA500 spec-

trometer. Infrared spectra were recorded on a JEOL Model JIR-

result is obtained. In fact, the total energies are calculated to beDIAMOND 20 infrared spectrophotometer. Mass spectra were
—2758.0433 au for the real model of LM-1 are2758.0394 measured on a JEOL Model JMS-700 instrument. Melting points
au for that of LM-5, respectively. Thus, in contrast with the Were measured with a Yanaco-MP-S3 apparatus. Column chroma-
simplified models, the real model for LM-1 is more stable than tography was performed by using Wakogel C-300 (WAKO). 1,2-
that of LM-5 by 2.4 kcal/mol. Presumably, the presence of the Bis(acyltetrakis(trimethylsilyl)disilane$a and 1b were prepared
bulky tert-butyl and trimethylsilyl groups is responsible for this Y the method reported previously. _
inversion. Consequently, the theoretical calculations successfully ~Thermolysis of 1awith DiphenylacetyleneA mixture of 113.3
reproduce the complicated processes for a series of isomerizaM9 (0-17 mmol) ofla and 105.4 mg (0.59 mmol) of diphenyl-
tions of Lab to the silylsilylene intermediate®a,b. acetylene in 0.5 mL of dry benzene was heated in a sealed glass

. . . . tube at 140°C for 24 h. The mixture was chromatographed on a

In conclusion, the cothermolysis @& and1b with diphen-

. 3 silica gel column, with hexane as eluent, to gRae(61.4 mg, 43%
ylacetylene at 140C gave the respective 1-silacycloprop-2- yield) and3a (46.2 mg, 41% yield). The produga was recrystal-

enes2a and 2b, arising from the reaction of the silylene jized from hexane. Anal. Calcd for,@4760,Sis: C, 67.54; H, 8.97.
intermediates with diphenylacetylene. In the former reaction, Found: c, 67.20; H, 8.00. Mp 195:01.95.5°C; MS m/z 852 (M");

the isomer of the starting compound, the 1,2-disilacyclobut-3- |R 2904, 1444, 1242, 1149, 1115, 1097, 1047, 985, 945, 920, 837,
ene derivative3a, was also obtained. Similar thermolysislaf 692 cntl; 1H NMR 6 (CDCly) 0.13 (s, 9H, MeSi), 0.23 (s, 27H,
and 1b with bis(trimethylsilyl)acetylene also afforded the Me;Si), 1.61-1.88 (m, 30H, Ad), 7.227.36 (m, 10H, phenyl ring
respective 1-silacycloprop-2-enda and4b. The thermolysis protons);33C NMR 6 (CDCl,) 2.69, 2.80 (MeSi), 28.77, 29.05,

of 4a gave bis(trimethylsilyl)acetylene as the sole volatile 36.74, 36.77, 38.38, 39.18, 40.20, 40.29 (adamantyl carbons),
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127.58, 128.02, 129.02 (two carbons) (phenyl ring carbons), 135.09, Found: C, 51.90; H, 10.54. Mp 114:015.0°C; MSm/z 688 (M");

143.48, 145.46 (olefinic carbong¥Si NMR 6 (CDClg) —131.1, IR 2983, 2910, 1429, 1292, 1191, 1112, 1105, 973, 842, 674;cm
—88.0, —8.8, 12.6. For3a, all spectral data were identical with  *H NMR ¢ (CDClg) 0.27 (s, 9H, MgSi), 0.37 (s, 27H, MsSi),
those of an authentic sample reported previogsly. 0.43 (s, 18H, MgSi), 1.35 (s, 9Ht-Bu), 1.38 (s, 9Ht-Bu); 1°C

Thermolysis of 1b with Diphenylacetylene A mixture of 100.5 NMR ¢ (CDCl;) 1.55, 2.77, 3.24 (MsSi), 30.12, 31.63 (ML),
mg (0.19 mmol) oflb and 108.2 mg (0.61 mmol) of diphenyl-  36.10, 37.33 (CMg, 143.05, 144.60, 202.67 (2C) (olefinic
acetylene in 0.5 mL of benzene was heated in a sealed glass tubearbons)?°Si NMR 6 (CDCls) —128.4,—99.6,—13.0,—9.0, 11.3.
at 140°C for 24 h. The resulting mixture was chromatographed on  Thermolysis of 4a at 250°C. Compound4a (105.0 mg, 0.124
a silica gel column with hexane as eluent to give the pro@bct  mmol) was heated in a sealed tube at 260for 5 h. The reaction
(70.7 mg, 52% vyield). The produ@b was recrystallized from  mixture was analyzed by GC-MS and NMR spectrum as being bis-
hexane. Anal. Calcd for Hs40,Sis: C, 62.00; H, 9.25. Found:  (trimethylsilyl)acetylene, along with nonvolatile products.
C, 62.00; H, 9.00. Mp 123:6123.5°C; MS m/z 696 (M"); IR X-ray Crystallographic Analysis of 2a. Data collection was
2954, 1479, 1360, 1255, 1159, 1136, 939, 837, 760, 690;ctH performed on a Rigaku RAXIS-RAPID imaging plate system. The
NMR 0 (CDCL) 0.05 (s, 9k MesSi), 0.22 (s, 27H, MgSi), 1.11  girycture was solved by direct methdtisnd expanded using
(s, 9H, t-Bu), 1.15 (s, 9H, t-Bu), 7.247.31 (m, 8H, phenyl ring  Fqyrier technique® The non-hydrogen atoms were refined aniso-
protons), 7.52.7.54 (m, 2H, phenyl ring protons}’C NMR 6 tropically. Hydrogen atoms were included but not refined. All
(CDCly) 2.25, 2.72 (MgSi), 29.53 (MeC), 30.76 (MeC), 35.92  c5jcylations were performed using the Crystal Structure crystal-
(CMey), 37.06 (CMe), 127.46, 128.08, 128.67, 135.28 (phenyl ring  |ographic software packag&??A disorder model was applied for
carbons), 142.79, 144.61, 163.99 (olefinic carbo#i NMR 6 the olefin unit of the alkoxy substituent on the ring silicon, by

(CDCls) _13.1-0'_87-4’_3-9' .12-7- ) ) locating two sets of olefin carbons with occupancies of 0.79 and
Thermolysis of 1a with Bis(trimethylsilyl)acetylene.A mixture 0.21, respectively.

of 90.9 mg (0.13 mmol) ofla and 105.8 mg (0.62 mmol) of bis-

(trimethylsilyl)acetylene in 1.0 mL of benzene was heated in a . .
sealed tube at 140C for 24 h. The reaction mixture was ~Acknowledgment. This work was supported by a Grant-in
chromatographed on a silica gel column with hexane as eluent, tOAId for Scientific Research (Nos. 14750687 and 15550038) from

give 4a (64.1 mg, 54% yield) an@a (21.7 mg, 23% yield). The the Mi_nistry of Education, Science, Sports, and Culture of Japan,
product 4a was recrystallized from hexane. Anal. Calcd for to which our thanks are dge. We thank Sumitomo Qhemllcal
CaHgiO:Sis: C, 59.64; H, 10.01. Found: C, 59.42; H, 9.84. Mp Co., Ltd. and Hokko Chemical Industry Co., Ltd. for financial

173.0-174 °C; MS miz 844 (M*); IR 2952, 2904, 2850, 1452, ~ SUPport.
1299, 1243, 1186, 1153, 1114, 1103, 978, 917, 836, 752;ciH
NMR ¢ (CDCls) 0.235 (s, 9H, MgSi), 0.237 (s, 27H, MsSi), 0.27 Supporting Information Available: A full ORTEP drawing
(s, 9H, MeSi), 0.28 (s, 9H, MgSi), 1.61-2.05 (m, 30H, Ad);13C of compound2a and an X-ray crystallographic file in CIF format.
NMR 6 (CDCl) 1.56, 2.95, 3.02 (MsSi), 28.79, 28.99, 36.74, This material is available free of charge via the Internet at
36.77, 38.63, 39.36, 40.27, 40.48 (adamantyl carbons), 143.93,http://pubs.acs.org.
145.22, 200.99, 204.43 (olefinic carbon3}Si NMR 6 (CDCly)
—128.0,—99.4,—13.2,—13.0,—9.0, 12.0. FoBa, all spectral data OM060458V
were identical with those of an authentic sample reported previ-

(19) Sheldrick, G. MSHELX97 1997.

ously? /
. . e . . (20) Beurskens, P. T.; Admiraal, G.; Bosman, W. P.; de Gelder, R.; Israel,
Thermolysis of 1b with Bis(trimethylsilyl)acetylene. A mixture R.; Smits, J. M. M.The DIRDIF-99 program systerifechnical Report of

of 104.7 mg (0.20 mmol) otb and 121.3 mg (0.71 mmol) of bis-  the Crystallography Laboratory; University of Nijmegen: The Netherlands,
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