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Abstract

Bis(dichlorosilyl)methanes 1 undergo the two kind reactions of a double hydrosilylation and a dehydrogenative double silylation with
alkynes 2 such as acetylene and activated phenyl-substituted acetylenes in the presence of Speier’s catalyst to give 1,1,3,3-tetrachloro-1,3-
disilacyclopentanes 3 and 1,1,3,3-tetrachloro-1,3-disilacyclopent-4-enes 4 as cyclic products, respectively, depending upon the molecular
structures of both bis(dichlorosilyl)methanes (1) and alkynes (2). Simple bis(dichlorosilyl)methane (1a) reacted with alkynes [R'-C=C-
R% R'=H, R*=H (2a), Ph (2b); R'=R?>=Ph (2¢)] at 80 °C to afford 1,1,3,3-tetrachloro-1,3-disilacyclopentanes 3 as the double
hydrosilylation products in fair to good yields (33-84%). Among these reactions, the reaction with 2¢ gave a trans-4,5-diphenyl-
1,1,3,3-tetrachloro-1,3-disilacyclopentane 3ac in the highest yield (84%). When a variety of bis(dichlorosilyl)(silyl)methanes [(Me,-
Cl; _,Si)CH(SiHCl,),: n =0 (1b), 1 (1c), 2 (1d), 3 (1e)] were applied in the reaction with alkyne (2¢) under the same reaction conditions.
The double hydrosilylation products, 2-silyl-1,1,3,3-tetrachloro-1,3-disilacyclopentanes (3), were obtained in fair to excellent yields (38—
98%). The yields of compound 3 deceased as follows: n =1 > 2 > 3 > (. The reaction of alkynes (2a—c) with 1¢ under the same conditions
gave one of two type products of 1,1,3,3-tetrachloro-1,3-disilacyclopentanes 3 and 1,1,3,3-tetrachloro-1,3-disilacyclopent-4-enes (4): sim-
ple alkyne 2a and terminal 2b gave the latter products 4ca and 4c¢b in 91% and 57% yields, respectively, while internal alkyne 2¢ afforded
the former cyclic products 3cc with frans form between two phenyl groups at the 3- and 4-carbon atoms in 98% yield, respectively.
Among platinum compounds such as Speier’s catalyst, PtCl,(PEt;3),, Pt(PPhs)>(C,Hy), Pt(PPhs),, Pt{ViMeSiOl,, and Pt/C, Speier’s cat-
alyst was the best catalyst for such silylation reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the organosilicon and related compounds, since it was dis-

covered by J.L. Speier in 1957 [11] that a hexachloroplatinic

Si—C bond forming reactions such as the direct reaction
[1-4] and general organometallic reactions [5—7] are impor-
tant methods for the preparation of various organosilicon
compounds. Another established Si—C bond forming reac-
tion is the addition of silanes containing Si—H bond(s) to
unsaturated organic compounds, commonly known as the
hydrosilylation reaction [8-10]. This reaction became one
of the most effective and elegant method for synthesizing
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acid in i-propyl alcohol (Speier’s catalyst) was a very effec-
tive catalyst for hydrosilylation [12].

Recently, we have developed the direct synthesis of
organochlorosilanes having Si—C-Si linkages [13] by the
reaction of elemental silicon with the mixture of excess
hydrogen chloride and (dichloromethyl)silanes [14], methy-
lene chloride [15], and chloroform [16]. From these reac-
tions, novel bis(dichlorosilyl)methane derivatives were
successfully prepared and applied in the hydrosilylation of
unsaturated hydrocarbons in the presence of palladium cat-
alyst [17]. When the bis(dichlorosilyl)methane derivatives
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was reacted with alkynes in the presence of palladium cata-
lyst, 1,3-disilacyclopent-4-enes were surprisingly obtained
in good yields through the dehydrogenative double silyla-
tion reaction [18]. In a series, the same reactions were car-
ried out in the presence of other group 10 metal
compounds. When Speier’s catalyst was used, two kind
reactions of the double hydrosilylation and dehydrogena-
tive double silylation occurred to give 1,1,3,3-tetrachloro-
1,3-disilacyclopentanes and 1,1,3,3-tetrachloro-1,3-disilacy-
clopent-4-enes, respectively, depending upon the molecular
structures of both alkynes and silanes. Herein, we wish to
report the two type silylation reactions of alkynes 2 with
bis(dichlorosilyl)methanes 1 in the presence of Speier’s cat-
alyst in details.

2. Results and discussion

2.1. Hydrosilylation reaction of bis(dichlorosilyl)methane
with alkynes

Simple bis(dichlorosilyl)methane (1a) reacted with alky-
nes 2 [R'-C=C-R* R'=H, R?=H (a), Ph (b); R' =
R?=Ph (c)] in the presence of Speier’s catalyst to give
1,1,3,3-tetrachloro-1,3-disilacyclopentanes 3a—¢ as major
cyclic products (Eq. (1)). The results are summarized in
Table 1.

ClLHSI” “SiHCI, + R'—=——R?
1a 2
bt CLSi” SiCl, ClLSi” SiCl, (1)
» A + — + others
Rf R2 = R2
3 4

As shown in Table 1, the reaction of alkynes 2a—c with
la gave the double hydrosilylation compounds 3 as the
major cyclic products in fair to good yields (33-84%).
The reactivity of alkynes increases as the number of alkyl
substituent(s) on carbon-carbon with a triple bond
increase. When a simple acetylene (2a) was bubbled into
a stirring solution of 1a and Speier’s catalyst in toluene
at 80°C for 3h, two cyclic compounds, 1,1,3,3-tetra-
chloro-1,3-disilacyclopentane (3aa) and 1,1,3,3-tetra-

Table 1
Silylation reaction of alkynes with 1a in the presence of Speier’s catalyst®

Reactants Reaction time (h) Product cyclic
yields (%)°
12° 2
R' R? 3 4
4 2a H H 3 3aa, 45 4aa, 4
6 2b Ph H 2 3ab, 33 Trace

- 2c Ph Ph 1 3ac, 84° -

@ 1:1 Reactions of 1a with alkynes 2 using 0.5 mol% Pt compound (based
on la used) were carried out at 80 °C in toluene solvent.

® Unreacted 1a (%) and yields (based on la used) were determined by
GLC using n-dodecane as an internal standard.

¢ Isolated yields.

chloro-1,3-disilacyclopent-4-ene (4aa) [17], were obtained
in 45% and 4% yields, respectively, from a 96% consump-
tion of 1a. Compounds 3aa and 4aa were produced by dou-
ble hydrosilylation and dehydrogenative double silylation
reactions, respectively. In the cases of phenyl-substituted
acetylenes, a 94% of a phenyl-substituted acetylene 2b for
2 h at 80 °C was consumed to give only 4-phenyl-1,1,3,3-
tetrachloro-1,3-disilacyclopentane (3ab, 33%) [17] as the
double hydrosilylation cyclic product, while the reaction
of diphenyl-substituted acetylene 2¢ was completed within
1 h at 80 °C to give trans-4,5-diphenyl-1,1,3,3-tetrachloro-
1,3-disilacyclopentane (3ac) in the highest 84% yields.
The results suggest that the reaction of inner alkynes is fas-
ter than that of terminal alkyne or simple acetylene for the
formation of the double hydrosilylation product 3 and the
yield of compound 3 is the best from the reaction of alkyne
(2c) among alkynes 2a—c. In contrast to this Pt-catalyzed
reaction with 1a, palladium-catalyzed reaction afford the
dehydrogenative double silylation products, 1,1,3,3-tetra-
chloro-1,3-disilacyclopent-4-enes (4) previously reported
[17]. It is at this time difficult to explain the difference of
catalysis patterns between platinum and palladium com-
pounds in the reaction of alkynes with bis(dichlorosi-
lyl)methane. In the reaction of 3-hexyne (2d) as aliphatic
inner alkene was completed within 30 min to give the dou-
ble hydrosilylation cyclic product, 4-(n-propyl)-1,1,3,3-
tetrachloro-1,3-disilacyclohexane (3ad’), as the major
product in 63% yield, but no 1,3-disilacyclopentane 3ad.
The six-membered ring compound 3ad’ could be produced
by the terminal-migration and hydrosilyation of carbon—
carbon double bond on silylated hexane formed from a
hydrosilylation of alkyne 2d. This may be regarded as
analogous to the formation of terminal adducts in the
chloroplatinic acid catalyzed hydrosilylation of internal ali-
phatic olefins which has been observed by several workers
[19]. The configuration of compound 3ac was characterized
by the analyses of '"H NMR data. "H NMR data of 3ac
showed two resonance signals with singlets at 1.64 ppm
and at 3.62 ppm for two protons of a methylene and for
two benzylic protons in the aliphatic region, indicating
trans-form between two phenyl-substituents on the five-
membered-ring in which two protons of methylene and of
two benzylic-protons are the chemically equivalent envi-
ronmental condition, respectively.

2.2. Hydrosilylation reaction of alkyne (2¢) with
bis(dichlorosilyl) ( silyl)methanes

Bis(dichlorosilyl)(silyl)methanes  [Me,Cls _,SiJCH(Si-
HCl,),:n =0 (1b), 1 (1¢), 2 (1d), 3 (1e)] in place of simple
1a were employed in this reaction. On the basis of the results
obtained from the reaction of alkynes 2a—c with 1a, alkyne
(2¢) was used as a representative among alkynes 2a—d for
the reaction with bis(dichlorosilyl)(silyl)methanes (1b-e).
Reaction of 2¢ with 1b—e in the presence of Speier’s catalyst
at 80 °C gave only trans-4,5-diphenyl-2-silyl-1,1,3,3-tetra-
chloro-1,3-disilacyclopentanes 3 as the double silylation
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products (Eq. (2)). The dehydrogenative double silylation
products 4 could not be obtained in appreciable amounts.
The results are summarized in Table 2.
SiMeCla.,
SiMe,Clg.n

+ Ph Ph — CLSi SiCl, + others

ClHSI”~ “SiHCI,
1

2c Ph 5 Ph

(2)
Asshown in Table 2, the yields of cyclic products 3 formed
by the double hydrosilylation vary greatly depending upon
the substituents on the silyl of bis(dichlorosilyl)(silyl)meth-
anes 1. Trichlorosilyl-substituted bis(dichlorosilyl)methane
(1b) reacted with alkyne 2¢ to give the double hydrosilylation
product 3be in low yield (38%). While the reactions of other
bis(dichlorosilyl)(silyl)methanes containing one more
methyl substituent(s) 1c—e gave the double hydrosilylation
products 3cc (98%), 3dc (92%), and 3ec (81%) in good to
excellent yields, respectively. Although none of the starting
materials was recovered after the reaction of 1b, the yield
of 3bc was only 38% and the balance was polymeric materials
which were formed by the intermolecular hydrosilylation
reaction with 2¢. The yield of double hydrosilylation product
increases as the number of CI group(s) (n = 1-3) on the silyl
of bis(dichlorosilyl)(silyl)methanes 1 increases as follows:
SiMeCl, > SiMe,Cl > SiMe;. While the reactivity of 1b con-
taining a trichlorosilyl substituent was the fastest one among
reactants 1b—e. Compounds 3bc—3ec were characterized by
the analyses of '"H NMR data. Their proton NMR data
showed two resonance signals with doublets (J =16 Hz)
for two benzylic protons around 3.5 ppm of the aliphatic
region. In the case of 3cc, a single crystal of 3cc for an X-
ray diffraction study was successfully grown as a colorless
from a concentrated hexane solution. The ORTEP plot
and the bond lengths and angles of compound 3cc are
depicted in Fig. 1. In Fig. 1, the structure of 3cc was disclosed
to be a five-membered-ring compound with trans form
between two phenyl-substituents. The torsion angle of C5-
C2-C3-Cl1 is —63.4°.

2.3. Reactions of alkynes 2a—c with I¢

Reaction of bis(dichlorosilyl)methane (1¢) with alkynes
2a—c in the presence of Speier’s catalyst was carried out

Table 2

Hydrosilylation reaction of 2¢ with 1b-e using Speier’s catalyst

Reactant Time (h)* 3 (%)°
1 n

1b 0 1.5 3bc, 38°
1c 1 2 3cc, 98
1d 2 2 3dc, 92
le 3 2 3ec, 81

% 1:1 Reactions of 2¢ with compounds 1a—e using 0.5 mol% Pt com-
pound were carried out at 80 °C using toluene solvent.

® Isolated yields.

¢ Polymeric materials were obtained.
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Fig. 1. The ORTEP plot of 3cc (carbon black, silicon: pink, chlorine
green colors). Selected bond lengths A) and angles (deg): S C(1)
1.875(3), Si(1)-C(2) 1.889(3), Si(2)-C(1) 1.863(3), Si(2)-C(3) 1873(3)
1(3)-C(1) 1.846(3), Si(3)-C(4) 1.830(4), C(2)-C(3) 1.555(4), C(2)-C(5)
1.522(4), C(3)-C(11) 1.517(4); C(1)-Si(1)-C(2) 104.68(12), C(1)-Si(2)-C(3)
101.15(12), C(4)-Si(3)-C(1) 118.34(15), Si(3)-C(1)-Si(2) 121.53(15),
C(5)-C(2)-C(3) 115.6(2), C(5)-C(2)-Si(1) 113.52(19), C(3)-C(2)-Si(1)
106.45(17), C(11)-C(3)-C(2) 116.20(2), C(11)-C(3)-Si(2) 114.32(19), C(2)-
C(3)-Si(2) 105.33(18). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

at 80 °C in toluene solvent. In these reactions, both type
products of double hydrosilylation and dehydrogenative
double silylation were obtained (Eq. (3)). The results are
summarized in Table 4.

SiMeCl,

+ R'——R?
SiHCI, )
1c

ClHSi

?iMeCIg

ClLSi” SiCl 4 g1,

SiMeCl, (3)
SiCl, + others

RT R R' R
3 4

As shown in Table 3, when lc¢ reacted with simple
alkyne 2a for 10 h and terminal 2b for 2 h at 80 °C, respec-
tively, dehydrogenative double silylation products 4ca and
4cb [17] were obtained as major products in 91% and 57%
yields [17] (on the basis of 1¢ used) from a 93% and a 89%
consumption of 1le, respectively. While the reactions with
internal alkyne 2c¢ afforded predominately 1,3-disila-4,5-
diphenylcyclopentanes (3cc) in 98% yield. These results
indicate that silylation type of alkyne with 1c in the pres-
ence of Speier’s catalyst vary greatly, depending on the
molecular structure of alkyne: simple alkynes 2a and 2b
give the dehydrogenative double silylation products, which
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Table 3
Reactions of 1c¢ with alkynes 2a-d in the presence of Speier’s catalyst®

Reactant Reaction Unreacted Product yields (%)°
TR Rz time (h) 1c (%)° 3 4

2a H H 10 7 - 4ca, 91
2b H  Ph 2 11 3ch, Trace®  4cb, 57
2¢ Ph Ph 2 Trace 3ce, 98 -

# 1:1 Reactions of compounds 2a-d with 1c¢ using 0.5 mol% Pt com-
pound were carried out at 80 °C in toluene solvent.

® Unreacted 1c was determined by GLC using n-dodecane as an internal
standard.

¢ Isolated yield.

4 3ch was detected as a trace by GC/MS.

are the same products obtained from the reactions in the
presence of Pd[PPh,]; catalyst [17], but internal alkyne
2¢ afforded double hydrosilylation product as new type
compound.

2.4. Catalytic activity of group 10 transition metal
compounds for the reaction of alkyne (2¢) with I¢

The reaction of alkyne 2c¢ with 1,3-bis(dichlorosi-
lyl)methane 1c was carried out in toluene using various
group 10 transition metal complexes as catalysts (Eq. (4)).
The results are summarized in Table 4.

‘SiMeClz
ClLHSI” “SiHCl, + Ph—=—=—Ph
1c 2¢c
SiMeCl, SiMeCl, (4)
CLSi” SiCl,  CLSi” “SiCl,
—_— \ + — + Others
PR “ph Ph Ph
3cc 4cc

Table 4
Catalytic effect of group 10 transition metal compounds in the double
silylation of 1c¢ with 2¢

Reaction conditions® Unreacted 1c¢ (%)° Products (%)°

Catalyst Time (h) 3cc 4cc
Speier’s catalyst” 2 - 98¢ -
Pt[ViMeSiOl, 10 44 15 Trace
PtCly(PEt;3), 10 15 2 1
Pt(PPh;),(C,Hy) 10 - 10 8
Pt(PPh;), 10 50 - -
Pt/C 10 98 - -
Pd[PPh;], 15 43 - 5
PdCl, 15 - - -
Ni[PPhs], 15 66 Trace
NiCl, 15 - - -

# 1:1 Reactions of 1¢ with 2¢ using 0.5 mol% transition metalcompounds
were carried out under the reflux temperature of toluene.

® Reaction temperature was 80 °C.

¢ Unreacted 1c and yields (based on 1c used) were determined by GLC
using n-dodecane as an internal standard.

4 Isolated yield.

As shown in Table 4, the reaction using Speier’s catalyst
gave trans-4,5-diphenyl-1,3-disilacyclopentane (3cc) in a
quantitative yield at 80 °C for 2 h. When Pt[ViMeSiO],
was used as catalyst, 56% consumption of 1¢ at the reflux
temperature of toluene for 10 h gave 3ce (15%) and poly-
meric materials but the dehydrogenative double silylation
product 4cc [17] was not detected. The reaction using
Pt(PPh3),(C,Hy) afforded 3cc (10%) and 4,5-diphenyl-1,3-
disilacyclopent-4-ene (4ce) (8%) as a dehydrogenative dou-
ble silylation product, and polymeric materials at the reflux
temperature of toluene for 10 h. However, the other plati-
num compounds such as PtCl,(PEts),, Pt(PPhs),, and Pt/
C are almost ineffective for this reaction. Although tetra-
kis(triphenyl-phosphine)palladium Pd[PPh;],, was a good
catalyst for the dehydrogenative double silylation reactions
[17], the reaction of 1c with 2¢ gave only 4cc in low 5% yield
and the double hydrosilylation product 3cc was not
detected. The reaction using other group 10 metal com-
pounds PdCl,, NiCl,, and Ni[PPh;], did not give cyclic sily-
lation product. In this study, it was found that Speier’s
catalyst was the best catalyst for double hydrosilylation
reaction. The active species of Speier’s catalyst for hydrosi-
lylation was well-described in the literature [12b]. These
results give some important information on the relationship
between the structures of the catalysts and the products.

2.5. Mechanism

On the basis of our results and previous reports [17,18],
a plausible catalytic mechanism is proposed in Scheme 1,
which accommodates two pathways to afford the intramo-
lecular double hydrosilylation and dehydrogenative double
silylation products in the presence of Speier’s catalyst. For
the double hydrosilylation reaction to compound 3, an
oxidative addition of the Si—H bond of 1¢ to platinum pre-
sumably occurs first to generate intermediate 1. The inter-
mediate I interacts with alkyne to give an intermediate II
and then the alkyne is inserted into the Pt-H or the Pt-Si
bond leading to an intermediate IIla or IIIb. The interme-
diate Illa is (i) reductive elimination of H and C atom to
form Pt(0) and (ii) oxidative addition of another Si-H
bond to Pt(0) to form an intermediate IV. Another possible
reaction pathway to IV from II is (i) the intramolecular
insertion of a [Pt] atom on IIIb into the second Si-H bond
and (ii) the reductive elimination of a hydrogen and a car-
bon atom on [Pt] to form the intermediate IV. Subse-
quently, a hydrogen and silicon atom on platinum of the
intermediate IV add intramolecularly to a carbon—carbon
double bond coincided with liberating platinum to give
compound 3cc. It was reported by Sakaki et al. that the
insertion of ethene into the Pt—H bond is much easier than
that into the Pt-Si-bond from the theoretical calculations
for the reaction with Pt(SiH3)(H)(PHj3), [20]. On this result,
it seems likely that the formation of intermediate Illa is
favorable to that of the intermediate IIlb. For other path-
way to compound 4, the platinum of intermediate I adds
intramolecularly to the second Si-H and a dihydrogen is
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SiMeCl,

Cl,HSi SiHCl,

1c
r [Pt]

R= H, Ph SiMeCl, Ha SiMeCl,

CLSi”” sicl,

[P [P—py
) '

H——R

SiMeCl,
Cl,Si /SiClz SiMeCl,
[Pt] . .

! CLSi” “SiCl,
H——R —
VI \ SiMeCl, A 4 R
Cl,Si $iCl [Pt]
X [Pt]
R
Vil

CLHSi Sicl, T
/

SIMCC12 SlMeClz

CL,HSi /SiC12
(P—
Ph\' H
T~ Ph
I

ClLHSi SiCl,
[Pt]~=—Ph
Ph IIIb

\ SiMeCl, \

CLHSi SiCl,
/ H

[P —

Cl,Si i
Ma py P~ 2| 2

[Pt]-. ,/—Ph
H H %

SiMeCl, )/( v
CIZSi)\SiCIZ

[Pt]

SiMeCl,

Ph

PR Ph
3ce

Scheme 1. Proposed mechanism for the double hydorsilylation and dehydrogenative double silylation of alkynes with 1c¢ in the presence of Speier’s

catalyst.

librated to form a intermediate V, then coordinating to
alkyne to generate an intermediate VI. Then alkyne at
the intermediate VI is intramolecularly inserted to Pt-Si
bond to form an intermediate VII. Finally, a carbon and
silicon atom on platinum of the intermediate VII couple
to form a carbon-silicon bond coincided with liberating
platinum to give compound 4.

In conclusion, bis(dichlorosilyl)methanes 1 underwent
two type double silylations of double hydrosilylation reac-
tion and the dehydrogenative double silylation with alkynes
2 in the presence of Speier’s catalyst to give the cyclic
products, 1,1,3,3-tetrachloro-1,3-disilacyclopentanes 3 and
1,1,3,3-tetrachloro-1,3-disilacyclopent-4-enes 4, upon the
molecular structures of both reactants 1 and 2. The reaction
with simple bis(dichlorosilyl)methane (1a) afforded 1,1,3,
3-tetrachloro-1,3-disilacyclopentanes as the double hydro-
silylation products. The reaction with bis(dichlorosilyl)-
(silyl)methane 1c under the same conditions gave two type
products of 1,1,3,3-tetrachloro-1,3-disilacyclopentanes 3
or 1,1,3,3-tetrachloro-1,3-disilacyclopent-4-enes 4: simple
alkyne 2a and terminal 2b gave the latter cyclic products
4a and 4b as major products, respectively, while internal
alkyne 2¢ afforded the former cyclic product 3c with trans
form between two phenyl groups at the 3,4-carbon atoms
as major products, respectively.

3. Experimental
3.1. General comments
All reactions and manipulations were carried out with

flame-dried glassware under nitrogen. All air sensitive lig-
uids were transferred by standard syringe or double tipped

needle techniques. All starting silane compounds such as
bis(dichlorosilyl)methane and bis(dichlorosilyl)(silyl)meth-
anes were prepared through the modified direct synthesis
method previously described [13-15]. Acetylene gas was
commercially available and purified by passing it through
a dry ice-acetone trap and then a calcium chloride drying
tube. Solvents were dried according to standard procedures
[21]. All other chemicals were purchased from Aldrich
Chemical Co. and used as received unless otherwise noted.
The progresses of reaction were monitored and product
yields were determined by GLC using a packed column
(10% OV-101 on 80-100 mesh Chromosorb W/AW,
1/8 in. x 1.5 m) or a capillary column (HP-1, 0.11 um, ID
0.2 mm x 25 m) with a Varian 3300 gas chromatograph
equipped with a thermal conductivity detector unless
otherwise noted. NMR spectra were recorded on a Bruker
Avance 300 spectrometer (300 MHz for 'H; 75 MHz for
13C) using CDCl; as a solvent. The chemical shifts are
given in ppm relative to the residual proton signal of the
solvent: CDCl; 7.25 ppm (1H) and 77.0 ppm (13C). Melt-
ing points (uncorrected) were measured with a Mel-Temp
IT melting point apparatus using sealed capillary tubes.
GC-MS data were obtained with a HP6890/5973 system
(70 eV, EI). Elemental analyses were performed by the
Advanced Analysis Center of the Korea Institute of Sci-
ence and Technology.

3.2. General procedure for the double hydrosilylation of
acetylene (2a) with la

Into a 100 mL, two necked, flame dried, round bottom
flask equipped with a magnetic stirrer, 0.75 mL of 0.1 M
H,PtClg in isopropyl alcohol was placed under dry
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nitrogen atmospheric pressure. After removed isopropyl
alcohol under vacuum from the flask, 3.21 g (15.0 mmol)
of 1a and 75 mL of dried toluene were added. The reaction
mixture was wormed up to 80 °C. Then, acetylene (2a) gas
through gas inlet adapter was blown into the stirring solu-
tion of reaction mixture at a rate of 50 mL/min for 10 h.
The reaction products were vacuum distilled at 0.5 torr to
give 1.62 g of 3aa [17,22,23] in 45% yield. The mixture of
high boilers (1.95 g) remained in flask was very messy in
NMR spectra.

The reactions of 1a (3.21 g, 15.0 mmol) with other alky-
nes 2b-d (15.0 mmol) were carried out under the same
reaction conditions except for adding other alkynes dis-
solved in toluene (15 mL) to the flask for 1 h. The results
obtained from the reaction of la with 2b-c¢ are summa-
rized in Table 1. The reaction mixture obtained from the
reaction of 2d with la was vacuum-distilled to give 4-
(n-propyl)-1,1,3,3-tetrachloro-1,3-disilacyclohexane (2.8 g,
3ad’) in 63% isolated yield. The mixture of high boilers
obtained from each reaction was very messy in NMR
spectra.

To a stirring solution of compound 3ad’ (0.23 g,
0.78 mmol) in 10 mL THF was added dropwise 3 M methyl
magnesium bromide in THF (1.2mL, 3.58 mmol) for
5 min. Then the reaction mixture was refluxed for 30 min
and treated with 10 mL of a saturated aqueous ammonium
chloride. The organic layer was separated and combined
with three hexane extraction of the aqueous layer, and
dried with anhydrous magnesium sulfate. 4-(n-Propyl)-
1,1,3,3-tetramethyl-1,3-disilacyclohexane (5ad, 0.14 g) was
obtained in 84% yield and purified by a preparative GLC.

Data for 3ac: white solid; m.p. 155-157 °C; '"H NMR 6
1.64 (s, 2H, SiCH>Si), 3.62 (s, 2H, CHPh), 7.27-7.41 (m,
10H, ArH); *C NMR ¢ 11.37 (1C, SiCH,Si), 40.46 (2C,
CH-CH), 126.25, 127.57, 128.49, 134.67 (12C, ArC). Anal.
calc. for C;sH4Cl,Si,: C, 45.93; H, 3.60. Found: C. 46.23;
H, 3.76%. Data for 3ad’: colorless liquid; b.p. 44-46 °C/
0.5 torr; '"H NMR 6 0.92 (t, 6H, CH5. J = 6.97 Hz), 1.05-
1.19 (m, 2H, SiCH,Si), 1.29-1.82 (m, 4H, CHCH,), 2.09—
2.31 (m, 2H, CHCH.); '*C NMR ¢ 13.90 (1C, SiCH,Si),
16.39, 21.77 (2C, CH,CHs3), 20.50, 21.11 (2C, CHs),
30.33, 31.60 (2C, CHCH,). Anal. calc. for C;H4Cl4Siy:
C, 28.39; H, 4.76. Found C, 28. 54; H, 4.88%. Data for
5ad: '"H NMR (CDCls) 6 —0.38 (d, Jeem = 14 Hz, 1H),
~0.24 (dd, *Jgem=14Hz, *Juc sicu=1.5Hz, 1H)
(SiCH,Si1), —0.04, —0.01, —0.006, —0.011 (s, 3H, SiCH;),
0.33-0.50 (m, 1H), 0.63-0.72 (m, 1H) (SiCH,), 0.33-0.50
(m, 1H, SiCH), 0.86 (t, 7.2 Hz, 3H, CH3CH,), 1.05-1.26
(m, 1H), 1.27-1.53 (m, 1H) (CHs;CH,), 1.05-1.26 (m,
1H), 1.27-1.53 (m, 1H) (CHsCH,CH,), 1.27-1.53
(m, 1H), 1.85-1.94 (m, 1H) (SiCH,CH-CH); *C NMR
(CDCl3) 6 —=3.4, —0.9, 0.0, 0.8 (SiCHj3), 0.7 (SiCH,Si),
14.3 (CH,CH;), 15.4 (SiCH,CH,CH), 21.8 (CH,CHs;),
24.6 (SiCH,CH,CH), 27.1 (SiCHCH,), 32.6 (CH,-
CH,CH3). MS (70 eV, EI) m/z (relative intensity): 214 (3,
M+), 133 (10), 132 (19), 131 (100), 129 (20), 117 (15), 73
(20), 59 (14).

3.3. General procedure for the double hydrosilylation of
alkyne 2a with 1¢

Into a 100 mL, two necked, flame dried, round bottom
flask equipped with a magnetic stirrer, 0.75 mL of H,PtClg
(0.1 M in isopropyl alcohol) was placed under dry nitrogen
atmospheric pressure. After removed isopropyl alcohol
under vacuum, 4.91 g (15.0 mmol) of 1¢ and 75 mL of dried
toluene were added. The acetylene gas through gas inlet
adapter was blown into the solution at a rate of 50 mL/
min for 10 h. The temperature was maintained at 80 °C.
The reaction products were vacuum distillated at 0.5 torr
to give 4.80 g of 4ca [17] in 91% yield.

The reactions of 1¢ (4.91 g, 15.0 mmol) with other alky-
nes 2b—c (15.0 mmol) were carried out under the same reac-
tion conditions except for adding other alkynes dissolved in
toluene (15 mL) to the flask for 1 h. The results are summa-
rized in Table 3.

3.4. Reaction of alkyne 2¢ with bis(dichlorosilyl)methane
Ic

Into a 100 mL, two necked, flame dried, round bottom
flask equipped with a magnetic stirrer, 0.75 mL of H,PtClg
(0.1 M in isopropyl alcohol) was placed under dry nitrogen
atmospheric pressure. After removed isopropyl alcohol
under vacuum from the flask, 1c (4.91 g, 15 mmol) and
60 mL of dried toluene were added. After mixed over
10 min, 2¢ (2.67 g, 15.0 mmol) dissolved in 15 mL of dried
toluene was added dropwise into the reaction mixture for
1 h at 70 °C. The reaction mixture was then maintained
at 80 °C for another 1h. The reaction products were
vacuum distilled at 0.5 torr to give 7.39 g of 2-methyl-
dichlorosilyl-1,1,3,3-tetrachloro-4,5-diphenyl-1,3-disilacyclo-
pentane (3cc) in 98% yield. The similar reactions of alkyne
2¢ with other bis(dichlorosilyl)(silyl)methanes 1b,d,e were
carried out under the same reaction condition above. The
results are summarized in Table 2. Single crystal of 3cc
for X-ray crystallographic determination was grown from
a concentrated hexane solution. Data for 3bc: white solid;
m.p. 130-132°C; '"H NMR 6 1.92 (s, 1H, SiCHSi), 3.43
(d, 1H, J=16Hz), 3.51 (d, 1H, J=16 Hz) (CHPh),
7.12-7.23 (m, 10H, ArH); >*C NMR ¢ 24.33 (SiCHSi),
39.85, 40.02 (Ph-CH), 126.69, 127.71, 127.75, 128.67,
133.17, 133.49 (Ar(C). Anal. calc. for C;sH5Cl;Siz: C,
34.27; H, 2.49. Found: C, 34.39; H, 2.55%. Data for 3cc:
white solid, m.p. 137-139 °C; '"H NMR, o: 1.12 (s, 3H,
SiCH;), 1.71 (s, 1H, SiCHSIi), 3.45 (d, 1H, J=16 Hz),
3.52 (d, 1H, J=16Hz) (CHPh), 7.12-7.2.7 (m, 10H,
ArH); '*C NMR, ¢: 8.17 (SiCH3), 22.02 (SiCHSi), 40.24,
40.31 (Ph—CH), 126.55, 127.68, 128.61, 133.56, 133.96
(ArC). Anal. calc. for CigH;sClgSiz: C, 38.03; H, 3.19.
Found: C. 38.25; H, 3.22%. Data for 3dc: white solid;
m.p. 106-108 °C; 'H NMR (CDCls, ppm) 0.91 (s, 6H,
SiCH3), 1.50 (s, 1H, SiCHSIi), 3.56 (d, 1H, J=16 Hz),
3.63 (d, 1H, J=16Hz) (CHPh), 7.27-7.40 (m, 10H,
ArH); *C NMR (CDCls;, ppm): 4.71 (SiCHSi), 19.06
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(SiCHs3), 40.56, 40.61 (SiICHCHSI), 126.37, 127.65, 127.67,
128.51, 128.55, 134.10, 134.50 (12C, ArC). Anal. calc. for
Ci7HoClsSiz: C, 42.11; H, 3.95. Found: C, 42.34; H,
4.02%. Data for 3ec: white solid; m.p. 126-128 °C; 'H
NMR 6 0.36 (s, 9H, CH,Si), 0.90 (s, 1H, SiCHSI), 3.38
(d, 1H, J=16Hz), 344 (d, 1H, J=16Hz) (CHPh),
7.08-7.24 (m, 10H, ArH); >*C NMR 6 1.27 (CH,Si), 15.85
(SiCHSI), 40.81, 41.04 (Ph—CH), 126.15, 127.64, 128.39,
134.77, 135.12 (m, 12C, ArC). Anal. calc. for C;gH,,Cl,Si5:
C, 46.55; H, 4.77. Found: C, 46.35; H, 4.79%.

3.5. Catalytic activity of group 10 metal compounds for the
reaction of alkyne 2¢ with 1¢

Using the same molar scale and procedure above, the
catalytic effects of a variety of group 10 metal compounds
such as Speier’ catalyst, Pt{ViMe,SiO],, Pt(C,H,4)(PPhs;),,
PtCly(PEt3),, Pt(PPhs)s, Pt/C, Pd(PPhs)s, PdCl,, NiCl,,
and Ni(PPh;), were studied. Reactions using NiCl, and
PdCl, afforded some bis(trichlorosilyl)methane, methyltri-
chlorosilane, and polymeric materials. Polymeric materials
were very messy in NMR spectra. These results are summa-
rized in Table 3.

3.6. X-ray crystallography

All X-ray data were collected on a Siemens SMART
CCD area detector with graphite monochromated Mo K
radiation (0.71073 A) source at ambient temperature. Unit
cell dimensions were based on 25 well-centered reflections
by using a least-squares procedure. During the data collec-
tion, three standard reflections monitored after every hour
did not reveal any systematic variation in intensity. The
structures were solved by the sHELXs-97 [24], followed by suc-
cessive difference Fourier synthesis. The non-hydrogen
atoms were refined anisotropically and hydrogen atoms were
placed in calculated positions and refined only for the isotro-
pic thermal factors. All calculations were carried out on a
personal computer with use of SHELXs-97 and SHELXL-97.
Crystal data of 3cc are as followings: C;6H;6CleSi3
(fw = 505.26), monoclinic, ¢ =10.747(3) A [0 =90°], b=
8712(2) A [B=97.304(4)°], c¢=24.076(6)A [y=90°]
V' =2235909) A% 1=071073 A, 1=0929mm ', Z=2,
deatea. = 1.501 gecm >, Ry(all data) = 0.0581, wR, = 0.1378.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC No. CCDC 257340 for compounds 3cc.
Copies of this information may be obtained free of charge
from the Director, CCDC, 12 Union Road Cambridge,
CB2 1EZ, UK (fax: +44 1223 336033; e-mail: depos-
it@cedc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).

Acknowledgements

The financial support from MOST for this research is
gratefully acknowledged.

References

[1] E.G. Rochow, J. Am. Chem. Soc. 67 (1945) 963.

[2] E. Rochow, Chemistry of Silicones, Wiley, New York, 1951.

[3] A.D. Petrov, B.F. Mironov, V.A. Ponomarenko, E.A. Chernyshev,
Synthesis of Organosilicon Monomers, Consultants Bureau, New
York, 1964.

[4] K.M. Lewis, D.G. Rethwisch, Catalyzed Direct Reactions of Silicon,
Elsevier, Amsterdam, 1993.

[5] E.W. Colvin, Silicon in Organic Synthesis, Butterworths, London,
1981.

[6] W.P. Weber, Silicon Reagents for Organic Synthesis, Springer, New
York, 1983.

[7] M.A. Brook, Silicon in Organic, Organometallic, and Polymer, Wiley,
New York, 2000.

[8] E.Y. Lukevitts, M.G. Voronkov, Organic Insertion Reactions of
Group IV Elements, Consultants Bureau, New York, 1966.

[9] B. Marciniec, Comprehensive Handbook of Hydrosilylation, Perg-
amon Press, New York, 1992, References are therein.

[10] Y.S. Song, B.R. Yoo, G.-H. Lee, ILN. Jung, Organometallics 18
(1999) 3109.

[11] J.L. Speier, J.A. Webster, G.H. Barnes, J. Am. Chem. Soc. 79 (1957)
974.

[12] (a) J.L. Speier, in: F.G.A. Stone, R. West (Eds.), Homogeneous
Catalysis of Hydrosilation by Transition Metals, Advances Organo-
metallic Chemistry vol. 17 (1979) 407;

(b) R.A. Benkeser, J. Kang, J. Organomet. Chem. 185 (1980)
Co.

[13] B.R. Yoo, ILN. Jung, in: R. West, A.F. Hill (Eds.), Synthesis of
Organosilicon Compounds by New Direct Reactions, Advances
Organometallic Chemistry vol. 50 (2004) 145.

[14] C.Y. Lee, J.S. Han, H.S. Oh, B.R. Yoo, I.N. Jung, Bull. Kor. Chem.
Soc. 21 (2000) 1020.

[15] S.-H. Yeon, J.S. Han, B.R. Yoo, I.N. Jung, J. Organometal. Chem.
516 (1996) 91.

[16]J.S. Han, S.-H. Yeon, B.R. Yoo, LLN. Jung, Organometallics 16
(1997) 93.

[17] T.S. Phan, W.C. Lim, J.S. Han, B.R. Yoo, I.N. Jung, Organomet-
allics 23 (2004) 169.

[18] (a) M. Tanaka, Y. Uchimaru, H.J. Lautenschlager, Organometallics
10 (1991) 16;

(b) M. Tanaka, Y. Uchimaru, H.J. Lautenschlager, J. Organomet.
Chem. 428 (1992) 1.

[19] (a) J.C. Saam, J.L. Speier, J. Am. Chem. Soc. 80 (1958) 4104;

(b) J.L. Speier, J.A. Webster, G.H. Barnes, J. Am. Chem. Soc. 79
(1957) 974;

(c) R.A. Benkeser, R.F. Cunico, S. Dunny, P.R. Jones, P.G. Nerlekar,
J. Org. Chem. 32 (1967) 2634.

[20] (a) S. Sakaki, N. Mizoe, M. Sugimot, Y. Musashi, Coord. Chem.
Rev. 190-192 (1999) 933;

(b) S. Sakaki, M. Ogawa, Y. Musashi, T. Arai, J. Am. Chem. Soc.
116 (1994) 7258.

[21] D.D. Perrin, W.L.F. Armarego, Purification of Laboratory Chemi-
cals, Pergamon Press, New York, USA, 1988.

[22] L.F. Colegrove, J. Laane, J. Phys. Chem. 95 (1991) 6494.

[23] G. Fritz, J. Mittag, Z. Anorg. Allg. Chem. 458 (1979) 37.

[24] G.M. Sheldick, sHELX-97, Program for Crystal Structure Refinement,
University of Gottingen, Gottingen, Germany, 1997.


http://www.ccdc.cam.ac.uk

	Platinum-catalyzed double silylations of alkynes with bis(dichlorosilyl)methanes
	Introduction
	Results and discussion
	Hydrosilylation reaction of bis(dichlorosilyl)methane with alkynes
	Hydrosilylation reaction of alkyne (2c) with bis(dichlorosilyl)(silyl)methanes
	Reactions of alkynes 2a ndash c with 1c
	Catalytic activity of group 10 transition metal compounds for the reaction of alkyne (2c) with 1c
	Mechanism

	Experimental
	General comments
	General procedure for the double hydrosilylation of acetylene (2a) with 1a
	General procedure for the double hydrosilylation of alkyne 2a with 1c
	Reaction of alkyne 2c with bis(dichlorosilyl)methane 	1c
	Catalytic activity of group 10 metal compounds for the reaction of alkyne 2c with 1c
	X-ray crystallography

	Supplementary material
	Acknowledgements
	References


