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Series of alkynyltrimethyldivinylcyclotrisiloxanes and -trisilazanes, and of alkynyltetramethyltrivinyl-
cyclotetrasiloxanes have been synthesized by means of a new catalytic coupling of the appropriate tri-
and tetra-vinylcyclosiloxanes (1, 2) and trivinylcyclosilazane (3) with terminal alkynes R-CtC-H (where
R ) SiEt3, SiMe2Ph, GeEt3, or alkyl) in the presence of a ruthenium hydride complex [RuHCl(CO)(PCy3)2]
(I), as a catalyst. Twenty-one new functionalized monoalkynyl-substituted cyclosiloxanes and cyclosi-
lazanes were isolated in high to moderate (70-95%) yields and characterized by 1H, 13C, and 29Si NMR
spectroscopy. Selected alkynyldivinyl- and alkynyltrivinyl-cyclic products have been further functionalized
by silylative coupling of the remaining vinyl groups with styrene to give cyclosiloxanes and cyclosilazanes
containing one alkynyl and two or three styryl substituents at silicon in high yields and selectivity ((E)-
styryl products).

Introduction

Functionalized cyclosiloxanes and cyclosilazanes have been
used as the basic substrates for anionic and cationic ring opening
polymerization (copolymerization) to yield the respective large
class of modified silicon polymers (polysiloxanes, siloxane-
containing block polymers polysilazanes) that find wide use as
basic siloxane materials (coatings, resists liquid crystal mem-
branes, etc.).1 Various substituted cyclosiloxanes and cyclosi-
lazanes also have been applied as novel π-ligands in transition
metal complexes2 or as a key material for ladder oligosiloxanes,3

direct potential precursors of miscellaneous silsesquioxanes.
Simultaneously, alkenyl (vinyl, aryl)-cyclosiloxanes can be used
as a core for carbosilane (siloxane) dendrimers.4 Moreover, those
silicon compounds that possess π-conjugated systems have been
considered to be potential precursors of optoelectronic materials,
particularly candidates for electronic devices.5

The presently available methods for direct functionalization
of cyclosiloxanes and cyclosilazanes are limited. Apart from
the hydrosilylation process,6 the main procedure for modification
of these compounds, such functionalized organosilicon materials
have been synthesized via hydrolysis and amonolysis of

functionalized monomeric silanes.7 However, these methods
have some limitations, for example, difficulty in introducing
functional groups sensitive to moisture.8

However, alkynyl-silicon derivatives can be prepared by
various procedures involving classical stoichiometric routes
using organometallic reagents9 as well as by metal-catalyzed
silylation of terminal alkynes.10

The well-known transition-metal (TM)-catalyzed reactions
(developed by our group) of vinyl-substituted silicon compounds
with olefins, called silylative coupling (trans-silylation), are
based on the activation of the sp2-hybridized carbon-hydrogen
bond (dCVinyl-H) and sp2-hybridized carbon-silicon bond
(dCVinyl-Sit) (for a recent review, see ref 11). This process
seems to be complementary to olefin metathesis (for comparison
of these reactions, see ref 12) but proceeds according to the
following general scheme (Scheme 1) in the presence of metal
(Ru, Rh, Ir, Co, and Fe) complexes initially containing or
generating M-H and/or M-Si bonds. 11,12
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Silylative coupling of vinylsiloxanes and cyclosilazanes with
various olefins, that is, selective synthesis of functionalized
products,13 constitutes an alternative synthetic route to cross-
metathesis, which cannot be applied to methylvinyl-substituted
silicon compounds (MeViSiR1R2).11,12

We have also reported the activation of sp-hybridized
carbon-hydrogen bonds (tCH) in reaction with vinylsilicon
compounds.14 This process (see Scheme 2), the cross-coupling
of alkynes with vinylsilicon compounds, requires the presence
of ruthenium complexes containing [Ru]-H and/or [Ru]-Si
bonds. Only in some cases were the desired substituted
alkynylsilanes accompanied by product of homocoupling of the
vinylsilicon compounds when they were used in excess.

This new catalytic activation of sp-hybridized carbon-hydrogen
bonds by the vinylsilicon compounds proceeds via mechanistic
pathways, which are well documented for the silylation of
olefins,11,12 that is, the insertion of the alkyne into the Ru-Si
bond (via a route proposed earlier14,15), �-H elimination to give
the substituted alkynylsilanes and recovery of the [Ru]-H
complex, and a well-known insertion of the vinylsilicon
compound into the Ru-H bond followed by the �-Si elimination
of ethylene. Dissociation of the phosphine ligand is postulated
to generate the active ruthenium catalyst (Scheme 3).

In this article, we report examples of effective regio- and
chemoselective silylative coupling of methylvinyl-substituted
cyclosiloxanes D3

Vi (1) and D4
Vi (2) as well as trimethyltrivi-

nylcyclotrisilazane (3) with selected terminal alkynes. These
reactions are catalyzed by a ruthenium hydride complex,
[RuHCl(CO)(PCy3)2] (I), which has been found to be the most
active and selective catalyst.14 To the best of our knowledge,
there are no reported examples of alkynyl-substituted cyclosi-
loxanes or cyclosilazanes that have been prepared by any
previously known method. Results and Discussion

The functionalization of trimethyltrivinylcyclotrisiloxane D3
Vi

(1) and trimethyltrivinylcyclotrisilazane (3) with selected ter-
minal alkynes (Table 1) was effectively catalyzed by [RuH-
Cl(CO)(PCy3)2] (I) at 1-2 mol% loading and was highly regio-
and chemoselective to produce the monoalkynyl-substituted
cyclotrisiloxane and cyclotrisilazane. Only for D3

Vi was the
desired product accompanied by trace amounts of dialkynyl-
substituted cyclosiloxane. The conversion of the cyclotrisilazane
(3) was slightly lower than that for cyclotrisiloxane (1) because
of possible coordination of the nitrogen atom to the ruthenium
center that could be responsible for reduction of the catalytic
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Scheme 1. Silylative Coupling of Olefins with Vinyl-
Substituted Organosilicon Compounds

Scheme 2. Silylative Coupling of Terminal Alkynes with
Organosilicon Compounds

Scheme 3. Mechanism of Coupling of Alkynes with
Vinylsilicon Compounds

Table 1. Reaction of D3
Vi (1) and

1,3,5-Trimethyl-1,3,5-trivinylcyclotrisilazane (3) with Terminal
Alkynes (t ) 24 h)

a Toluene [0.25 M], T ) 110 °C accompanied by traces of
dialkynyl-substituted cyclotrisiloxane. b Toluene [0.5 M], T ) 120 °C.
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activity. In some examples, a larger excess (2 equiv) of
cyclotrisilazane (3) was required to achieve satisfying product
yields.

The trisiloxane D3
Vi (1) and trimethyltrivinylcyclotrisilazane

(3) consist of two isomers (cis and trans), which are inseparable,
and consequently, the products of the silylative coupling of
vinylcyclotrisiloxane (cyclotrisilazane) with selected terminal
alkynes also are a mixture of diastereoisomers. Three diaste-
reoisomers were obtained in each of these reactions (Figure 1),
and this is consistent with the number of theoretically possible
isomers (Figure 2).

Similar to the silylative coupling reactions of trivinyl-
substituted silicon compounds with selected terminal alkynes
described above, catalyst (I) was the most effective also in the
case of tetramethyltetravinylcyclotetrasiloxane D4

Vi (2), and high
conversions of (2) were observed (Table 2). The reactions were
regio- and chemoselective to give monoalkynyl-substituted
trivinylcyclotetrasiloxanes.

Because the D4
Vi was a mixture of geometrical isomers

(impossible to isolate), the resulting product, monoalkynyl-
substituted cyclotetrasiloxane, also was a mixture of at least
four diastereoisomers (broad peak) (Figure 3). Albeit in this
case, the theoretical prediction gives five diastereoisomers
(Figure 4). (The broad peak of the GCMS chromatogram may
suggest that these are more likely not completely resolved five
singlets rather than four, as is presented below.)

trans-Silylation of D3
Vi, D4

Vi, and tetramethyltetravinylcy-
clotetrasilazane with styrene was reported previously to be an
effective and selective route to (E) tri- and tetrastyryl-substituted
cyclosiloxanes and cyclosilazanes.13 We tried to exploit this
technique to perform further functionalization of the remaining

vinyl groups at the silicon atoms of alkynyl-vinyl-substituted
cyclic products. Selected monoalkynyl-substituted divinylcy-
clotrisiloxanes, divinylcyclotrisilazanes, and trivinylcyclotet-
rasiloxanes were successfully used in the silylative coupling
reaction with styrene in the presence of ruthenium catalyst (I),
yielding alkynyl-(E)-styryl-functionalized cyclic derivatives
(Table 3). Since the substrates were a mixture of geometrical
isomers, the resulting products also are a mixture of isomers.

All of these isolated products were characterized by 1H, 13C
NMR spectroscopy, and the coupling constants of protons at
carbon double bond atoms (JH-H ) 19 Hz) give evidence of
the (E) geometry of the sp2-hybridized carbon-carbon bonds
(CdC).

Figure 1. GCMS chromatogram of the products of silylative
coupling of (1) and (3) with terminal alkynes.

Figure 2. Possible isomers of monoalkynyl-substituted divinylcy-
clotrisiloxane (divinylcyclotrisilazane).

Table 2. Reaction of D4
Vi with Terminal Alkynes (t ) 24 h; toluene

[0.25 M]; T ) 110 °C)

a T ) 120 °C.

Figure 3. GCMS chromatogram of the products of silylative
coupling of (2) with terminal alkynes.
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Conclusions

This article describes a new effective functionalization of
vinyl-substituted cyclosiloxanes and cyclosilazanes via their
regioselective silylative coupling reaction with terminal alkynes,
catalyzed by [RuHCl(CO)(PCy3)2] (I), to yield monoalkynyl-
substituted organosilicon compounds. Selected products of these
reactions were applied to further modification of the remaining
vinyl groups attached to the silicon atoms by trans-silylation
with styrene.

Experimental Section

General Procedures. 1H, 13C, and 29Si NMR spectra were
recorded on a Varian XL 300 MHz spectrometer in CDCl3 solution.
Chemical shifts are reported in δ (ppm) with reference to the
residual portion solvent (CH3Cl) peak for 1H, 13C, and Si(CH3)4

for 29Si. Gas chromatographic (GC) analyses were performed on a
Varian 3300 with a DB-5 fused silica capillary column (30 m ×
0.15 mm) and TCD. Mass spectra of the reagents and products
were obtained by GCMS analysis (Varian Saturn 2100T, equipped
with a CP-SIL 6CB column (30 m × 0.25 mm) and an ion trap
detector). Column chromatography was conducted with silica gel
60 (70-230 mesh, Fluka), deactivated by hexamethyldisilazane
prior to use, when needed. Toluene and pentane were dried by
distillation from sodium hydride, and similarly, hexane was distilled
from calcium hydride under argon. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone under argon. All of the
reactions were carried out under dry argon.

Materials. The chemicals were obtained from the following
sources: toluene, decane, pentane, and hexane (Fluka); 1,3,5-
trimethyl-1,3,5-trivinylcyclotrisiloxane (D3

Vi, Gelest); 1,3,5,7-tet-

ramethyl-1,3,5,7-tetravinylcyclotetrasiloxane (D4
Vi, Gelest); 1,3,5-

trimethyl-1,3,5-trivinylcyclotrisilazane (Fluka); triethyl(ethynyl)silane
(Gelest); ethynylcyclohexane (Sigma-Aldrich); 1-heptyn (Sigma-
Aldrich); 1-ethynylcyclohexanol (Sigma-Aldrich); 3-methyl-1-pen-
tyn-3-ol (Sigma-Aldrich); chlorodimethyl(phenyl)silane (Gelest);
bromotriethylgermane (Gelest); 0.5 M THF solution of ethynyl-
magnesium bromide (Sigma-Aldrich). The triethyl(ethynyl)germane
was prepared according to the literature procedure.16 The ruthenium
complex [RuHCl(CO)(PCy3)2] (I) was prepared according to the
literature procedure.17 All liquid substrates were also dried and
degassed by bulb-to-bulb distillation under argon prior to use. All
of the reactions were carried out under dry argon.

Preparation of Terminal Alkynes. Ethynyldimethyl-
phenylsilane. This compound was prepared in a manner similar to
that used for triethyl(ethynyl)silane, according to the literature
procedure;16 yield, 83%. Analytic data: 1H NMR CDCl3; δ (ppm):
0.46 (s, 6H, SiCH3); 2.53 (s, 1H, Si-CtCH); 7.39-7.67 (m, 5H,
C6H5). 13C NMR CDCl3; δ (ppm): -0.99 (SiCH3); 88.14 (Si-
CtCH); 94.74 (Si-CtCH); 127.85, 129. 49, 133.52 (C6H5);
136.07 (ci-C6H5).

1-Ethynyl-1-(trimethylsilyloxy)cyclohexane. A solution of 80
mL of dried and deoxidized tetrahydrofuran (THF), 5 g (40.26
mmol) of 1-ethynyl-1-cyclohexanol, and 10.08 mL (48.32 mmol)
of hexamethyldisilazane (HMDS) was placed into a flame-dried
two-necked, 250 mL round-bottomed flask equipped with a
magnetic stirring bar, rubber septum cap, a condenser, and an argon
bubbling tube. Then, 7.65 mL (60.39 mmol) of chlorotrimethylsilane
was added dropwise to the above solution. The mixture was heated
at reflux on stirring until the disappearance of the 1-ethynyl-1-
cyclohexanol (confirmed by GC). The crude product was purified
by distillation (bp 50 °C/0.5 mmHg) yielding 5.93 g (82%) of
1-ethynyl-1-(trimethylsilyloxy)cyclohexane. The compound was
synthesized according to the modified literature procedure.18

1H NMR (CDCl3) δ (ppm): 0.19 (s, 9H, OSi(CH3)3); 1.17-1.21
(m, 2H, C6H10); 1.46-1.67 (m, 4H, C6H10); 1.84-1.88 (m, 4H,
C6H10); 2.48 (s, 1H, CtCH). 13C NMR (CDCl3) δ (ppm): 2.19
(Si(CH3)3); 23.12 (C6H10); 25.28 (C6H10); 41.16 (C6H10); 69.82 (ci-
C6H10); 73.27(CtCH); 87.98 (CtCH). MS (70 eV) m/z (%): 181
(100) [M+ - CH3], 167 (11), 153 (29), 105 (3), 91 (4), 79 (15), 73
(24), 45 (11).

3-Methyl-3-(trimethylsilyloxy)pent-1-yne. This compound was
prepared as described above, yielding 86% of pure product. 1H
NMR (CDCl3) δ (ppm): 0.18 (s, (CH3)3SiO); 0.96-1.01 (tr, JH-H

) 7.4 Hz, CH3CH2C); 1.44 (s, CH3C); 1.60-1.67 (qu, JH-H ) 7.1
Hz, CH3CH2C); 2.42 (s, CtCH). 13C NMR (CDCl3) δ (ppm): 1.89
((CH3)3SiO); 8.89 (CH3CH2C); 30.60 (CH3C); 37.81 (CH3CH2);
69.79 (CH3C); 72.17 (CtCH); 87.93 (CtCH). MS (70 eV) m/z
(%):155 (45) [M+ - CH3], 141 (100) [M+ - CH2CH3], 129 (21),
83 (14), 73 (40), 45 (16).

(16) Marciniec, B.; Ławicka, H.; Dudziec, B. Organometallics 2007,
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Figure 4. Possible isomers of monoalkynyl-substituted trivinylcyclotetrasiloxane.

Table 3. Reaction of Monoalkynyl-Substituted
Divinylcyclotrisiloxanes, Divinylcyclotrisilazanes, and

Trivinylcyclotetrasiloxanes with Styrene (t ) 24 h; toluene [0.5 M];
T ) 90 °C)
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Representative Procedures for Catalytic Reactions. Synthesis
of 1-alkynyl-1,3,5-trimethyl-3,5-divinylcyclotrisiloxane, 1-alkynyl-
1,3,5-trimethyl-3,5-divinylcyclotrisilazane, and 1-alkynyl-1,3,5,7-
tetramethyl-3,5,7-trivinylcyclotetrasiloxane: In a typical experiment,
the ruthenium catalyst [RuHCl(CO)(PCy3)2] (I) (1-2 mol%) was
dissolved in toluene and placed in a glass ampule under argon.
The reagents and decane (as internal standard, 5% by volume of
all components), vinylcyclosiloxane, or vinylcyclosilazane and the
acetylene (usually used in the molar ratio [Ru]:[H2CdCHSi]:
[HCtCR] ) (0.01-0.02):(1.1-2):1) were added. Subsequently,
the ampule was heated to 110 °C or to 120 °C and maintained at
that temperature for 24 h. The progress of the reaction was
monitored by GC and GCMS. The final products were separated
from the residues of the catalyst and reactants by purification on
an SiO2 column (modified with 15% of Et3N when needed) with
hexane as eluent. All products of catalytic transformation of terminal
alkynes with vinylcyclosiloxanes and vinylcyclotrisilazane were
colorless or pale yellow oily liquids.

Silylative Coupling of 1-Alkynyl-vinyl-Substituted Cyclo-
siloxanes and Cyclosilazane with Styrene. In a typical experiment,
the ruthenium catalyst [RuHCl(CO)(PCy3)2] (I) (1 mol%) was
dissolved in toluene and placed in a glass ampule under argon.
Subsequently, the reagents were added (used in the molar ratio [Ru]:
[H2CdCHSi]:[H2CdCH(C6H5)] ) 0.01:1:3 (per each vinyl group
at silicon). Then, the ampule was heated to 90 °C and maintained
at that temperature for 24 h; the progress of the reaction was
monitored by GC and GCMS. The final product was separated from
the residues of the catalyst and the remains of styrene by purification
on an SiO2 column (modified with 15% of Et3N, when needed)
with hexane as eluent.

Analytic Data of Isolated Products. (1) The spectroscopic data
of 1-alkynyl-1,3,5-trimethyl-3,5-divinylcyclotrisiloxane, 1-alkynyl-
1,3,5-trimethyl-3,5-divinylcyclotrisilazane, and 1-alkynyl-1,3,5,7-
tetramethyl-3,5,7-trivinylcyclotetrasiloxane, obtained for the mixture
of isomers (the name of each compound excludes the presence of
diastereoisomers), are presented in three groups.

(a). 1-Alkynyl-1,3,5-trimethyl-3,5-divinylcyclotrisiloxanes.
1-[(Triethylsilyl)ethynyl]-1,3,5-trimethyl-3,5-divinylcyclo-
trisiloxane. 1H NMR (CDCl3) δ (ppm): 0.25, 0.27, 0.29, 0.30, 0.34,
0.36 (s, CH3Si); 0.56-0.66 (m, CH3CH2); 0.90-1.03 (m, CH3CH2);
5.91-6.06 (m, H2CdCHSi). 13C NMR (CDCl3) δ (ppm): -0.96
(CH3Si); 4.22 (CH3CH2); 7.43 (CH3CH2); 109.98, 110.78 (CtC);
134.32-135.22 (H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -37.35;
-37.56; -37.68; -19.10. MS (70 eV) m/z (%): 341 (76) [M+-
CH2CH3], 314 (78), 285 (100), 259 (9), 93 (23), 59 (14), 45 (11).
Anal. Calcd. for C15H30O3Si4: C, 48.59; H, 8.16. Found: C, 48.64;
H, 8.23.

1-[(Dimethylphenylsilyl)ethyny]l-1,3,5-trimethyl-3,5-divin-
ylcyclotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.25, 0.26, 0.28,
0.30, 0.34, 0.36, 0.38, 0.40, 0.41, 0.43, 0.44 0.46 (s, CH3Si,
Si(CH3)2Ph); 5.89-6.08 (m, H2CdCHSi); 7.35-7.65 (C6H5Si).
13C NMR (CDCl3) δ (ppm): (-1.01)-1.13 (CH3Si, Si(CH3)2Ph);
110.04, 111.24 (CtC); 127.60-139.69 (H2CdCHSi, C6H5Si).
29Si NMR (CDCl3) δ (ppm): -37.28; -37.65; -37.77; -19.46.
MS (70 eV) m/z (%): 390 (10) [M+-CH3], 375 (100), 347 (43),
297 (10), 247 (11), 193 (14), 135 (7), 73 (7), 45 (10). Anal.
Calcd. for C17H26O3Si4: C, 52.26; H, 6.71. Found: C, 52.35; H,
6.84.

1-[(Triethylgermyl)ethynyl]-1,3,5-trimethyl-3,5-divinylcy-
clotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.24, 0.26, 0.28, 0.30,
0.32, 0.34, 0.36, 0.37 (s, CH3Si); 0.82-0.91 (m, CH3CH2Ge);
1.03-1.12 (m, CH3CH2Ge); 5.87-6.07 (m, H2CdCHSi). 13C
NMR (CDCl3) δ (ppm): (-0.94)-1.45 (CH3Si); 5.66-5.99
(CH3CH2Ge); 8.99-9.07 (CH3CH2Ge); 109.67, 110.74 (CtC);
133.21-136.24 (H2CdCHSi). 29Si NMR (CDCl3) δ (ppm):
-37.28; -37.65; -37.77. MS (70 eV) m/z (%): 387 (31)

[(M++H)-CH2CH3], 359 (100), 329 (25), 301 (7), 203 (8), 192
(6), 177 (6). Anal. Calcd. for C15H30GeO3Si3: C, 43.38; H, 7.28.
Found: C, 43.42, H, 7.32.

1-(1-Heptynyl)-1,3,5-trimethyl-3,5-divinylcyclotrisilox-
ane. 1H NMR (CDCl3) δ (ppm): 0.22, 0.24, 0.26, 0.27, 0.28, 0.30,
0.32 (s, CH3Si); 0.32-2.25 (m, CH3CH2CH2CH2CH2); 5.83-6.12
(m, H2CdCHSi). 13C NMR (CDCl3) δ (ppm): -0.84-1.59
(CH3Si); 13.81-31.01 (C5H11); 81.36, 106.27 (CtC); 134.23-135.32
(H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -37.22; -37.63;
-37.70; -37.80. MS (70 eV) m/z (%): 298 (8) [M+-CH2CH3], 270
(56), 255 (58), 242 (21), 232 (20), 217 (85), 205 (100), 189 (43),
179 (38), 163 (32), 119 (10), 93 (10). Anal. Calcd. for C14H26O3Si3:
C, 51.48; H, 8.02. Found: C, 51.52; H, 8.08.

1-(Cyclohexylethyny)l-1,3,5-trimethyl-3,5-divinylcyclotrisi-
loxane. 1H NMR (CDCl3) δ (ppm): 0.22, 0.23, 0.25, 0.28, 0.30,
0.33, 0.32 (s, CH3Si); 1.25-2.45 (m, C6H11); 5.87-6.12 (m,
H2CdCHSi). 13C NMR (CDCl3) δ (ppm): -0.97-1.42
(CH3SiOSiCH3); 24.60-32.75 (C6H11); 80.98, 110.13 (CtC);
134.37-135.41 (H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -37.33;
-37.68; -37.73. MS (70 eV) m/z (%): 338 (73) [M+], 323 (69),
295 (100), 283 (24), 267 (73), 257 (70), 253 (25), 241 (14), 230
(58), 217 (94), 205 (55), 189 (52), 178 (37), 163 (37), 147 (13),
133 (12), 103 (11), 91 (11), 55 (10). Anal. Calcd. for C15H26O3Si3:
C, 53.20; H, 7.74. Found: C, 53.27; H, 7.78.

1-[3-Methyl-3-(trimethylsilyloxy)pent-1-ynyl]-1,3,5-trimeth-
yl-3,5-divinylcyclotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.17,
0.19, 0.20, 0.23, 0.26, 0.28, 0.30, 0.32, 0.34, 0.35 (s, CH3Si,
(CH3)3SiO); 0.93-1.01 (m, CH3CH2C); 1.41-1.44 (m, CH3C);
1.58-1.72 (m, CH3CH2C); 5.82-6.10 (m, H2CdCHSi). 13C
NMR (CDCl3) δ (ppm): -1.02-1.14 (CH3SiOSiCH3); 1.90
(CH3SiO); 8.89 (CH3CH2C); 30.38 (CH3C); 37.69 (CH3CH2C);
69.96 (CH3C); 85.29, 107.81-107.86 (CtC); 133.48, 135.34
(CH2dCHSi). 29Si NMR (CDCl3) δ (ppm): -37.22; -37.66;
-37.77; 16.53. MS (70 eV) m/z (%): 385 (14) [M+-CH3], 371
(100), 278 (16), 265 (18), 251 (8), 231 (6), 145 (13), 73 (28),
45 (16). Anal. Calcd. for C16H32O4Si4: C, 47.95; H, 8.05. Found:
C, 48.03; H, 8.16.

1-[(1-Trimethylsiloxy-1-ethynyl)cyclohexyl]-1,3,5-trimethyl-
3,5-divinylcyclotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.18,
0.20, 0.22, 0.24, 0.25, 0.28, 0.30, 0.31, 0.33, 0.34, 0.36 (s, CH3Si,
(CH3)3SiO); 1.22-1.87 (m, (C6H10)Ct); 5.83-6.10 (m,
H2CdCHSi). 13C NMR (CDCl3) δ (ppm): 0.92-1.22
(CH3SiOSiCH3); 2.07 (CH3SiO); 23.04-69.99 ((C6H10)Ct); 86.54,
107.92-108.25 (CtC); 134.43, 135.32 (CH2dCHSi). 29Si NMR
(CDCl3) δ (ppm): -37.66; -37.17; -37.78; 16.26. MS (70 eV)
m/z (%): 411 (32) [M+-CH3], 397 (47) [M+-CH2CH3], 306 (26),
294 (25), 278 (31), 252 (46), 203 (30), 192 (20), 179 (18), 92 (6),
73 (100), 45 (48). Anal. Calcd. for C18H34O4Si4: C, 50.65; H, 8.03.
Found: C, 50.77; H, 8.15.

(b). 1-Alkynyl-1,3,5-trimethyl-3,5-divinylcyclotrisilazanes.
1-[(Triethylsilyl)ethynyl]-1,3,5-trimethyl-3,5-divinylcyclotri-
silazane. 1H NMR (CDCl3) δ (ppm): 0.17, 0.19, 0.20, (s, CH3Si);
0.82-0.87 (m, CH3CH2Si, SiNHSi); 1.06-1.12 (m, CH3CH2Si);
5.85-6.05 (m, H2CdCHSi). 13C NMR (CDCl3) δ (ppm): 2.03-2.41
(CH3Si); 4.41 (CH3CH2Si); 7.47-7.54 (CH3CH2Si); 109.52, 110.75
(CtC); 130.99-141.14 (H2CdCHSi). 29Si NMR (CDCl3) δ (ppm):
-27.55; -27.18; -19.52; -20.09. MS (70 eV) m/z (%): 352 (100)
[M+-CH3], 338 (12), 324 (16), 295 (11), 262 (10), 193 (5), 70 (5),
45 (4). Anal. Calcd. for C15H33N3Si4: C, 48.99; H, 9.04; N, 11.43.
Found: C, 49.02; H, 9.12; N, 11.38.

1-[(Triethylgermyl)ethynyl]-1,3,5-trimethyl-3,5-divinylcyclo-
trisilazane. 1H NMR (CDCl3) δ (ppm): 0.17, 0.20, 0.22, 0.25, 0.26,
0.27, 0.30 (s, CH3Si); 0.82-0.93 (m, CH3CH2Ge, SiNHSi);
0.95-1.12 (m, CH3CH2Ge); 5.78-6.15 (m, H2CdCHSi). 13C NMR
(CDCl3) δ (ppm): 0.71-2.29 (CH3Si); 4.97-5.98 (CH3CH2Ge);
9.00-9.15 (CH3CH2Ge); 94.97, 105.83 (CtC); 132.18-141.12
(H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -27.45; -27.28;
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-18.88. MS (70 eV) m/z (%): 396 (100) [M+ -CH3], 382 (12),
[M+ -CH2CH3], 370 (22), 356 (19), 266 (29), 252 (17), 101 (6).
Anal. Calcd. for C15H33GeN3Si3: C, 43.69; H, 8.07; N, 10.19. Found:
C, 43.73; H, 8.12; N, 10.06.

1-(1-Heptynyl)-1,3,5-trimethyl-3,5-divinylcyclotrisila-
zane. 1H NMR (CDCl3) δ (ppm): 0.17, 0.18, 0.20, 0.22, 0.24, 0.27,
0.29 (s, CH3Si); 0.69-2.57 (m, SiNHSi, CH3CH2CH2CH2CH2);
5.77-6.17(m,H2CdCHSi).13CNMR(CDCl3)δ(ppm):(-0.42)-2.29
(CH3Si); 14.07-31.75 (C5H11); 83.12, 106.15 (CtC); 131.06-141.34
(H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -27.51; -27.17;
-19.51. MS (70 eV) m/z (%): 308 (100) [M+-CH3], 214 (12), 197
(4), 185 (4), 156 (3). Anal. Calcd. for C14H29N3Si3: C, 51.95; H,
9.03; N, 12.98. Found: C, 51.99; H, 9.09; N, 12.91.

1-(Cyclohexylethynyl)-1,3,5-trimethyl-3,5-divinylcyclotrisila-
zane. 1H NMR (CDCl3) δ (ppm): 0.16, 0.17, 0.18 (s, CH3Si); 0.63
(m, SiNHSi); 1.28-2.38 (m, C6H11); 5.71-6.22 (m, H2CdCHSi).
13C NMR (CDCl3) δ (ppm): 2.02-2.12 (CH3Si); 24.87-32.83
(C6H11); 85.09, 109.17 (CtC); 131.00 - 141.32 (CH2dCHSi). 29Si
NMR (CDCl3) δ (ppm): -27.41; -27.07; -19.61. MS (70 eV)
m/z (%): 320 (100) [M+-CH3], 275 (3), 199 (5), 186 (5), 101 (2).
Anal. Calcd. for C15H29N3Si3: C, 53.67; H, 8.71; N, 12.52. Found:
C, 53.74; H, 8.77; N, 12.48.

1-[3-Methyl-3-(trimethylsiloxy)-1-pentynyl]-1,3,5-trimethyl-
3,5-divinylcyclotrisilazane. 1H NMR (CDCl3) δ (ppm): 0.07, 0.10,
0.13, 0.16, 0.18, 0.21, 0.23, 0.24, 0.27, 0.28 (s, CH3Si, (CH3)3SiNH);
0.94-1.00 (m, CH3CH2C, SiNHSi); 1.40-1.44 (m, CH3C);
1.59-1.65 (m, CH3CH2C); 5.71-6.07 (m, H2CdCHSi). 13C NMR
(CDCl3) δ (ppm): 1.02-1.99 (NHSiCH3, CH3SiO); 9.03
(CH3CH2C); 30.61 (CH3C); 37.81 (CH3CH2C); 70.09 (CH3C);
89.23, 107.25 (CtC); 131.36, 141.11 (CH2dCHSi). 29Si NMR
(CDCl3) δ (ppm): -27.55; -27.30; -19.11; 15.96. MS (70 eV)
m/z (%): 382 (61) [M+-CH3], 368 (100) [M+-CH2CH3], 351 (13),
311 (11), 291 (15), 274 (67), 259 (27), 247 (16), 228 (59), 211
(16), 200 (24), 189 (12), 173 (12), 73 (75), 45 (42). Anal. Calcd.
for C16H35N3OSi4: C, 48.31; H, 8.87; N, 10.56. Found: C, 48.30;
H, 8.89; N, 10.50.

1-[(1-Trimethylsiloxy-1-ethynyl)cyclohexyl]-1,3,5-trimethyl-
3,5-divinylcyclotrisilazane. 1H NMR (CDCl3) δ (ppm): 0.01, 0.03,
0.10, 0.13, 0.16, 0.20, 0.23, 0.27, 0.30, 0.33 (s, CH3SiNH,
(CH3)3SiO); 0.64-1.83 (m, (C6H10)Ct, SiNHSi); 5.71-6.23 (m,
H2CdCHSi). 13C NMR (CDCl3) δ (ppm): 1.00-5.35 (CH3SiNH;
(CH3)3SiO); 23.12-70.09 ((C6H10)Ct); 90.89, 107.23 (CtC);
131.10-141.21 (CH2dCHSi). 29Si NMR (CDCl3) δ (ppm): -27.61;
-27.37; -19.11; 15.69. MS (70 eV) m/z (%): 408 (54) [M+-
CH2CH3], 391 (34), 380 (24), 363 (12), 302 (42), 290 (51), 274
(79), 259 (26), 248 (15), 228 (86), 216 (15), 200 (28), 189 (10),
173 (11), 73 (100), 45 (46). Anal. Cal. for C18H37N3OSi4: C, 51.01;
H, 8.80; N, 9.91 Found: C, 51.13; H, 8.82; N, 9.88.

1-[(Dimethylphenylsilyl)ethynyl]-1,3,5-trimethyl-3,5-divinyl-
cyclotrisilazane. 1H NMR (CDCl3) δ (ppm): 0.16, 0.18, 0.21, 0.24,
0.29, 0.38, 0.45, 0.57, 0.78, 1.03, 1.27 (s, CH3SiNH, Si(CH3)2Ph);
0.89-1.00 (s, SiNHSi); 5.76-6.07 (m, H2CdCHSi); 7.26-7.60
(C6H5Si). 13C NMR (CDCl3) δ (ppm): (-1.10)-1.15 (CH3SiNH,
Si(CH3)2Ph); 106.35, 110.24 (CtC); 127.55-138.55 (H2CdCHSi,
C6H5Si).29SiNMR(CDCl3)δ(ppm):-37.24;-37.55;-37.69;-19.48;
-20.02. MS (70 eV) m/z (%): 390 (1), 372 (100), 355 (25), 344
(6), 294 (3), 100 (2), 70 (2), 45 (2). Anal. Calcd. for C17H29N3Si4:
C, 52.65; H, 7.54; N, 10.84. Found: C, 52.70; H, 7.64; N, 10.76.

(c). 1-Alkynyl-1,3,5,7-tetramethyl-3,5,7-trivinylcyclotetra-
siloxanes. 1-[(Triethylsilyl)ethynyl]-1,3,5,7-tetramethyl-3,5,7-
trivinylcyclotetrasiloxane. 1H NMR (CDCl3) δ (ppm): 0.16, 0.17,
0.18, 0.21, 0.23, 0.24, 0.26, 0.27 (s, CH3Si); 0.57-0.67 (m,
CH3CH2Si); 0.93-1.02 (m, CH3CH2Si); 5.85-6.05 (m,
H2CdCHSi). 13C NMR (CDCl3) δ (ppm): (-0.99)-1.15 (CH3Si);
4.25-4.42 (CH3CH2Si); 7.44-7.55 (CH3CH2Si); 108.98, 111.59
(CtC); 133.37-136.16 (H2CdCHSi). 29Si NMR (CDCl3) δ (ppm):
-47.86; -47.76; -47.67; -47.46; -20.12. MS (70 eV) m/z (%):

456 (4) [M+], 441 (30) [M+-CH3], 427 (100) [M+-CH2CH3], 413
(20), 400 (36), 371 (19), 341 (7), 290 (8), 272 (8), 73 (12), 59
(36), 45 (19). Anal. Calcd. for C18H36O4Si5: C, 47.32; H, 7.94.
Found: C, 47.38; H, 8.02.

1-[(Dimethylphenylsilyl)ethynyl]-1,3,5,7-tetramethyl-3,5,7-
trivinylcyclotetrasiloxane. 1H NMR (CDCl3) δ (ppm): 0.16, 0.20,
0.25, 0.28, 0.30, 0.34, 0.36, 0.40, 0.41, 0.43, 0.48 (s, CH3Si,
Si(CH3)2Ph); 5.79-6.07 (m, H2CdCHSi); 7.34-7.66 (C6H5Si). 13C
NMR (CDCl3) δ (ppm): (-1.16)-1.03 (CH3Si, Si(CH3)2Ph); 19.04,
112.33 (CtC); 127.70-139.81 (H2CdCHSi, C6H5Si). 29Si NMR
(CDCl3) δ (ppm): -47.88; -47.79; -47.69; -47.44; -19.38. MS
(70 eV) m/z (%): 476 (53) [M+], 461 (100) [M+-CH3], 449 (34),
433 (71), 421 (20), 407 (13), 383 (22), 356 (13), 320 (15), 308
(16), 274 (17), 264 (14), 248 (18), 192 (22), 181 (12), 134 (28),
121 (13), 73 (22), 59 (24), 45 (21). Anal. Cal. for C20H32O4Si5: C,
50.37; H, 6.76 Found: C, 50.44; H, 6.79.

1-[(Triethylgermyl)ethynyl]-1,3,5,7-tetramethyl-3,5,7-trivin-
ylcyclotetrasiloxane. 1H NMR (CDCl3) δ (ppm): 0.16, 0.18, 0.19,
0.20 (s, CH3Si); 0.82-0.87 (m, CH3CH2Ge); 1.06-1.12 (m,
CH3CH2Ge); 5.85-6.05 (m, H2CdCHSi). 13C NMR (CDCl3) δ
(ppm): (-0.97)-1.27 (CH3Si); 5.70-5.99 (CH3CH2Ge); 8.99-9.08
(CH3CH2Ge); 109.82, 110.85 (CtC); 134.27-135.30
(H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -47.82; -47.74;
-47.69; -47.42. MS (70 eV) m/z (%): 471 (29) [M+ -CH2CH3],
445 (100), 416 (35), 384 (7), 293 (8), 280 (8), 254 (9), 131 (10),
115 (8), 101 (14). Anal. Calcd. for C18H36GeO4Si4: C, 43.11; H,
7.24. Found: C, 43.24; H, 7.29.

1-(1-Heptynyl)-1,3,5,7-tetramethyl-3,5,7-trivinylcyclotetrasi-
loxane. 1H NMR (CDCl3) δ (ppm): 0.17, 0.19, 0.20, 0.22, 0.24,
0.25, 0.26 (s, CH3Si); 0.87-2.24 (m, CH3CH2CH2CH2CH2);
5.77-6.10(m,H2CdCHSi).13CNMR(CDCl3)δ(ppm):(-0.92)-1.36
(CH3Si); 14.81-31.04 (C5H11); 82.18, 105.25 (CtC); 133.06-136.23
(H2CdCHSi). 29Si NMR (CDCl3) δ (ppm): -47.43; -47.48;
-47.64; -47.72. MS (70 eV) m/z (%): 397 (25) [M+-CH3], 369
(21), 289 (36), 278 (40), 216 (12), 355 (30), 342 (22), 328 (36),
314 (43), 275 (100), 264 (30), 250 (660, 235 (45), 203 (19), 191
(18), 93 (23), 67 (10), 55 (10), 45 (10). Anal. Cal. for C17H32O4Si4:
C, 49.47; H, 7.81 Found: C, 49.52; H, 7.84.

1-(Cyclohexaethynyl)-1,3,5,7-tetramethyl-3,5,7-trivinylcy-
clotetrasiloxane. 1H NMR (CDCl3) δ (ppm): 0.18, 0.19, 0.20, 0.21,
0.23 (s, CH3Si); 1.30-2.40 (m, C6H11); 5.85-6.09 (m, H2CdCHSi).
13C NMR (CDCl3) δ (ppm): (-0.72)-(-0.68) (CH3Si); 24.80-32.29
(C6H11); 81.77, 109.04 (CtC); 133.24-136.26 (H2CdCHSi). 29Si
NMR (CDCl3) δ (ppm): -47.85; -47.75; -47.71; -47.41. MS
(70 eV) m/z (%): 409 (21) [M+-CH3], 381 (22), 353 (20), 339 (15),
327 (21), 313 (19), 301 (25), 291 (59), 275 (93), 265 (84), 251
(100), 235 (47), 193 (16), 91 (18), 67 (24), 45 (17). Anal. Calcd.
for C18H32O4Si4: C, 50.89; H, 7.59. Found: C, 50.92; H, 7.63.

1-[3-Methyl-3-(trimethylsiloxy)-1-pentynyl]-1,3,5,7-tetra-
methyl-3,5,7-trivinylcyclotetrasiloxane. 1H NMR (CDCl3) δ
(ppm): 0.12, 0.14, 0.15, 0.17, 0.19, 0.20, 0.23, 0.24, 0.26, 0.27 (s,
CH3Si, (CH3)3SiO); 0.95-1.01 (m, CH3CH2C); 1.41-1.43 (m,
CH3C); 1.59-1.66 (m, CH3CH2C); 5.97-6.02 (m, H2CdCHSi).
13C NMR (CDCl3) δ (ppm): -1.04-1.14 (CH3SiOSiCH3); 1.90
((CH3)3SiO); 8.92 (CH3CH2C); 30.40 (CH3C); 37.67 (CH3CH2C);
69.95 (CH3C); 85.97, 107.34 (CtC); 133.44, 136.17 (CH2dCHSi).
29Si NMR (CDCl3) δ (ppm): -47.88; -47.79; -47.69; -47.44;
16.38. MS (70 eV) m/z (%): 471 (10) [M+-CH3], 457 (100) [M+-
CH2CH3], 289 (15), 251 (20), 177 (11), 145 (25), 97 (11), 85 (13),
73 (62), 59 (17), 45 (19). Anal. Cal. for C19H38O5Si5: C, 46.87; H,
7.87 Found: C, 46.89; H, 7.92.

1-[(1-Trimethylsiloxy-1-ethynyl)cyclohexyl]-1,3,5,7-tetra-
methyl-3,5,7-trivinylcyclotetrasiloxane. 1H NMR (CDCl3) δ
(ppm): 0.19, 0.23, 0.25, 0.26, 0.28, 0.29, 0.30, 0.31 (s, CH3Si,
(CH3)3SiO); 1.26-1.86 (m, (C6H10)Ct); 5.79-6.14 (m,
H2CdCHSi). 13C NMR (CDCl3) δ (ppm): 1.15-1.23
(CH3SiOSiCH3); 2.21 ((CH3)3SiO); 23.08-70.00 ((C6H10)Ct);
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87.07, 107.11 (CtC); 133.39, 136.06 (CH2dCHSi). 29Si NMR
(CDCl3) δ (ppm): -47.33; -47.39; -47.67; -47.79; 16.32. MS
(70 eV) m/z (%): 498 (14) [M+-CH3], 470 (30), 456 (18), 428 (11),
338 (10), 290 (21), 279 (21), 275 (15), 267 (13), 252 (20), 203
(14), 171 (31), 159 (13), 147 (10), 97 (17), 85 (25), 73 (100), 59
(28), 45 (39). Anal. Calcd. for C21H40O5Si5: C, 49.17; H, 7.86.
Found: C, 49.25; H, 7.94.

(2) The spectroscopic data of the products of silylative coupling
of 1-alkynyl-vinyl-substituted cyclosiloxanes and cyclosilazane with
styrene, obtained for the mixture of isomers, are described below.

1-[3-Methyl-3-(trimethylsiloxy)pent-1-ynyl]-1,3,5-trimethyl-
3,5-di[(E)-styryl]cyclotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.08,
0.12, 0.16, 0.20, 0.23, 0.27, 0.29, 0.33, 0.35, 0.37, 0.40, 0.43 (s,
CH3Si, (CH3)3SiO); 0.86-1.03 (m, CH3CH2C); 1.34-1.47 (m,
CH3C); 1.56-1.68 (m, CH3CH2C); 6.30-7.27 (m,
(C6H5)HCdCHSi); 7.28-7.48 (m, C6H5). 13C NMR (CDCl3) δ
(ppm): (-0.56)-1.94 (CH3SiOSiCH3, CH3SiO); 8.89-8.92
(CH3CH2C); 29.70-30.44 (CH3C); 37.64-37.66 (CH3CH2C); 69.95
(CH3C); 85.05-85.44, 107.88-108.10 (CtC); 123.72
((C6H5)CHdCHSi); 123.83 (o-C6H5); 126.78 (m-C6H5); 128.49 (p-
C6H5); 137.50 (ci-C6H5); 146.97 ((C6H5)CHdCHSi).

1-[(Triethylgermyl)ethynyl]-1,3,5-trimethyl-3,5-di[(E)-sty-
ryl]cyclotrisiloxane. 1H NMR (CDCl3) δ (ppm): 0.29, 0.31, 0.33,
0.37, 0.39, 0.40, 0.42, 0.44, (s, CH3Si,); 0.79-0.95 (m, CH3CH2Ge);
0.97-1.14 (m, CH3CH2Ge); 6.30-7.30 (m, (C6H5)HCdCHSi);
7.31-7.49 (m, C6H5). 13C NMR (CDCl3) δ (ppm): (-0.89)-1.32
(CH3Si); 5.55 (CH3CH2Ge); 8.85-8.96 (CH3CH2Ge); 109.89,
111.08 (CtC); 123.84 ((C6H5)CHdCHSi); 123.99 (o-C6H5); 126.78
(m-C6H5);128.56(p-C6H5);137.60(ci-C6H5);146.91((C6H5)CHdCHSi).

1-[(1-Trimethylsiloxy-1-ethynyl)cyclohexyl]-1,3,5,7-tetra-
methyl-3,5,7-tri[(E)-styryl]cyclotetrasiloxane. 1H NMR (CDCl3)
δ (ppm): 0.18, 0.19, 0.22, 0.24, 0.27, 0.29, 0.32, 0.35, 0.37, 0.39,

0.40, 0.41 (s, CH3Si, (CH3)3SiO); 1.28-1.61 (m, (C6H10)Ct);
6.32-6.45, 7.09-7.20 (m, (C6H5)HCdCHSi); 7.22-7.52 (m,
C6H5). 13C NMR (CDCl3) δ (ppm): (-0.23)-2.23 (CH3SiOSiCH3,
CH3SiO); 23.09-70.01 ((C6H10)Ct); 87.27, 107.44 (CtC);
124.69-124.95 ((C6H5)CHdCHSi); 125.00-125.08 (o-C6H5); 126.62
(m-C6H5); 128.25-128.47 (p-C6H5); 137.69-137.74 (ci-C6H5);
145.93-146.06 ((C6H5)CHdCHSi).

1-[(Triethylsilyl)ethynyl]-1,3,5,7-tetramethyl-3,5,7-tri[(E)-
styryl]cyclotetrasiloxane. 1H NMR (CDCl3) δ (ppm): 0.12, 0.14,
0.15, 0.17, 0.19, 0.21, 0.22, 0.23, 0.24 (s, CH3Si); 0.48-0.67 (m,
CH3CH2Si); 0.84-1.04 (m, CH3CH2Si); 6.28-7.15 (m,
(C6H5)HCdCHSi); 7.24-7.47 (m, C6H5). 13C NMR (CDCl3) δ
(ppm): (-0.55)-(-0.19) (CH3Si); 4.08-4.35 (CH3CH2Si); 7.24-7.45
(CH3CH2Si); 109.22, 111.72 (CtC); 124.76-124.94
((C6H5)CHdCHSi);125.15(o-C6H5);126.70(m-C6H5);128.34-128.50
(p-C6H5);137.78-137.84(ci-C6H5);145.96-146.15((C6H5)CHdCHSi)

1-[(1-Trimethylsiloxy-1-ethynyl)cyclohexyl]-1,3,5-trimethyl-
3,5-di[(E)-styryl]cyclotrisilazane. 1H NMR (CDCl3) δ (ppm): 0.09,
0.11, 0.14, 0.17, 0.19, 0.22, 0.26, 0.29, 0.31, 0.32, 0.33 (s, CH3Si,
(CH3)3SiO); 0.74-2.17 (m, (C6H10)Ct, SiNHSi); 6.39-7.24 (m,
(C6H5)HCdCHSi); 7.26-7.47 (m, C6H5). 13C NMR (CDCl3) δ
(ppm): 1.15-4.77 (CH3SiNHSiCH3; CH3SiO); 23.23-70.14
((C6H10)Ct); 90.83, 107.13 (CtC); 126.48 (o-C6H5); 127.93 (m-
C6H5); 128.12 ((C6H5)CHdCHSi); 128.40 (p-C6H5); 138.24 (ci-
C6H5); 144.10 ((C6H5)CHdCHSi).
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