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ABSTRACT

Chapter One. "Synthesis and Reactivity of Triphenyllead Compounds"
A new high-yielding route to triphenylallenyllead has been discovered which
utilizes the easily prepared triphenyllead Grignard reagent. Triphenylallenyllead can
be used to propargylate aldehydes in the presence of Lewis acids. The resulting alcohols
are obtained in high yield, and in most cases are obtained free of the allenic isomer.
Alternatively, triphenylallenyllead can be treated with phenyllithium to generate
allenyllithium, which reacts with benzophenone to yield the propargylic alcohol.
The possibility of synthesizing an acyl anion precursor was also investigated.
Attempts at preparing benzoyltriphenyllead by the reaction of the triphenyllead
Grignard reagent with benzoyl chloride were unsuccessful. However,
ethoxycarbonyltriphenyllead was prepared. Transmetalation of this product with
phenyllithium was successful; however, the intermediate acyl anion was too unstable
and decomposed before it could trapped with electrophiles.
Chapter Two. "Synthetic Approaches to Poly(Vinylsilanes)"
A variety of vinylsilanes have been polymerized using y-ray radiation. The
resulting poly(vinylsilanes) were characterized and reduced to yield the corresponding
Si-H containing polymers. In addition, di-tert-butyl peroxide and electron-beams have
been used to polymerize vinylsilanes. The potential of certain of these polymers as
preceramic materials is discussed.
Chapter Three. "Synthesis and Reactivity of Star-Shaped Organosilanes"
A series of novel organosilicon dendrimers has been prepared using simple,
high-yielding steps. These dendrimers contain only silicon, carbon, and hydrogen.
Tetravinylsilane was used as the core, and by repeating hydrosilylation and vinylation
steps, dendrimers up to the fourth generation have been synthesized. The intermediate
chlorosilane dendrimers can be reduced with LiAIH4, yielding the corresponding Si-H
dendrimers. The fourth generation Si-H dendrimer contains 324 Si-H bonds. An X-ray

crystal structure of one dendrimer was obtained, and shows the expected star-shaped
structure. In addition, the Si-H dendrimers can be used as ceramic (silicon carbide)
precursors.
Thesis Supervisor: Dr. Dietmar Seyferth

Title: Professor of Chemistry
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CHAPTER ONE

Synthesis and Reactivity of Triphenyllead Compounds

Part One
A New Synthesis of Triphenylallenyllead and its Use
as a Propargylating Reagent

INTRODUCTION

The usefulness of the carbon-carbon triple bond is well-recognized in organic
synthesis.1 For example, carbon-carbon triple bonds can be converted into other
functional groups and can be used in dipolar additions and Diels-Alder reactions to
construct ring systems. Although metal acetylides have been generally used to
introduce triple bonds into organic compounds, there has been growing interest in the
propargylationof organic electrophiles, in particular carbonyl compounds. 2 The
problem with this approach is that the propargyl and allenyl metal reagents used in
these reactions often exist in equilibrium, leading to a mixture of products (Scheme 1).

M

M

R NR

R

OH
RI

R
+

OH

_

Scheme 1

The product distribution is affected by many factors such as the steric and
electronic properties of the reagents and substrates, and thus is difficult to predict. For
example, allenyllithium generally reacts with carbonyl compounds to yield mixtures of
allenic and propargylic alcohols, 3 while allenylmagnesium bromide reacts with many
carbonyl compounds to yield mainly the propargyl isomer. 2 Zinc-based reagents are
known to selectively yield acetylenic products. 4 Terminally silylated compounds

M

M
---

SiR3

e

M

M

-=

R.=
"~-

SiR3

1, M = Li, ZnX

R'O

R'O

R

2, M = Li, MgX, ZnX, TiX 3
R= alkyl

1 exhibit very high acetylenic selectivity. 5 Attaching a chiral auxiliary on silicon can
lead to the isolation of propargyl alcohols in high enantiomeric excess. 6 Oxygenfunctionalized compounds 2 are also known to exhibit high acetylenic selectivity. 7
There have been several reports of propargylations of carbonyl compounds via
"Barbier-type" reactions, where a propargyl halide, carbonyl compound, and metal (or
metal salt) are combined together initially. After reaction, a mixture of propargylic
and allenic alcohols can be isolated in high yield. The ratio of the product isomers
varies from case to case. These reactions have utilized tin in most cases,8 although the
use of lead has been reported. 9 In a similar type of reaction, propargylic halides can be
condensed with carbonyl compounds in the presence of Cr(III) to yield mixtures of
acetylenic and allenic alcohols. 10
Recently, much work has been reported in the area of "propargylic anion
equivalents". Generally speaking, these compounds are allenyl metalloids that react
with aldehydes, in the presence or absence of Lewis acids, to yield the propargylic
alcohols. Boron-allenyl metalloids behave as propargylic anion equivalents and react
with aldehydes to give the corresponding acetylenic alcohols. 1 1 The reaction of
aldehydes with allenic antimony compounds has also been shown to lead to
propargylic alcohols. 12
By far, most of the work done in this area has centered around Group 14 allenyl
derivatives. Danheiser and co-workers synthesized allenylsilanes 3, 4, and 5, and

H

SiMe

R

SiMe3

H

R

H

H

3; R = CH3 , i-Pr

4; R = H, CH 2 CH 2 Ph

H 3C

H

H

SiMe3
5

reported the addition of these compounds to aldehydes and ketones in the presence of
TiC14 to yield strictly the propargylic alcohols. 13 The first use of tin derivatives as
propargylic anion equivalents was reported by Lequan and Guillerm in 1973.14 They
reported that allenyltin compounds add to chloral (CI3 CCHO) to yield predominantly
the propargylic alcohols in high yields. Tagliavini and co-workers investigated the
addition of tributylallenyltin to aldehydes in the presence of dibutyldichlorotin and
water. 15 The reactions proceeded smoothly, with the ratio of propargylic to allenic
alcohols dependent on the reaction conditions and the aldehyde substrate. In 1987,
Takeda and co-workers reported the synthesis of 6, and its addition to dimethyl acetals

BbSn

SPh

MeO

R1R

2X

6
R1 = CH 3 , n-Bu, Ph(CH2) 3

OMe

C

SPhOMe

R3

CH 2 CI 2

?RR 3
R2 = alkyl, aryl; R 3 = H, CH3

(equation 1). Good yields of only the propargylic isomers were obtained. Marshall and
Wang have reported that chiral allenylstannanes undergo stereospecific additions to
aldehydes in the presence of Lewis acids to afford propargylic alcohols with good to
excellent diastereoselectivity.

16

Noyori and co-workers utilized transmetalation

reactions to generate allenyllithium compounds from allenylstannanes (Scheme 2).17

14
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CH3 Li
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_

R

-_

)
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R' 2 CO

R

Scheme 2
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R'

OH

HO
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R
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>80% total

R = H, n- C5H11 , t-C 4H 9 ; R' = CH 3, n-C 4H9

,,

SnPh 3
Re

R

O

R

C(O)R"

OH
R",

H

TiC4

R'

Znl 2

50-90%

R=H,CH 3

\N

R
HO

Scheme 3
72%

R=H

The reactions proceeded in high yield, giving the acetylenic alcohols as the major
products. The ratio of acetylenic to allenic products depended on the carbonyl
substrate. Haruta and co-workers reported the propargylation of a,f-unsaturated
carbonyl compounds with triphenylallenylstannane compounds. 18 When using TiC1 4
as catalyst, the reaction proceeded regioselectively, yielding the 1,4-addition products
in high yield (Scheme 3). When ZnI 2 was used as catalyst, the 1,2-addition product was
obtained. In either case, only the propargylic isomers were observed.
Considering the wealth of information concerning silicon and tin propargylic
anion equivalents, it is curious that no lead propargylic reagents have been reported.
Organolead compounds have been studied for many years and are known to possess
useful properties. 19 Recently, there has been renewed interest in the application of
organolead compounds in organic synthesis. 2 0 For example, organolead compounds
can be used to transfer alkyl groups to carbonyl groups in organic compounds. 2 1 It was
of interest to us to prepare a stable organolead reagent that could be used as a
propargylic anion equivalent.
A likely candidate is triphenylallenyllead, 7. The preparation of 7 has been
Ph 3 Pb

H

H

H
7

previously reported, 2 2 and involves the reaction of propargylmagnesium bromide with
chlorotriphenyllead. While the yield is good (70%), the main drawback is the rather
tedious preparation of chlorotriphenyllead (Scheme 4).23

16

2 PbX2 + 4 RMgX

R4 Pb + dry HCI

1

-

CHC1 3

R4 Pb + Pb + 4MgX 2
60-80%

R 3PbCI + R 2 PbC 2 + R 4 Pb

Scheme 4
One potentially useful reagent is the triphenyllead Grignard compound, 8, which
is easily prepared by the reaction of PbCI 2 with three equivalents of PhMgBr.2 4
Compound 8 is similar in nature to triaryl- and trialkylleadsodium, 2 5
triphenylleadlithium, 2 6 and trialkyllead Grignard reagents. 2 7 On reaction with alkyl
halides, 8 couples readily to form the substituted organolead compounds 2 4 (Scheme 5).

3 PhMgBr + PbCI 2

THF

PtPbMgBr
8

R-X
MgX 2

2 MgX 2
PtPb-R
70-85%
Scheme 5

X = CI, Br; R = benzyl, n-Bu
We report here the successful preparation of triphenylallenyllead 7 via the
triphenyllead Grignard reagent 8. In addition, we have found that compound 7 can be
used to propargylate organic carbonyl compounds.

RESULTS AND DISCUSSION

Adding either propargyl bromide or propargyl chloride to a THF solution of 8
led to the isolation of 7 as a white solid in 80% yield after aqueous workup

17

Scheme 6
3 PhMgBri
PbCIHC

Ph 3 PbMgBr

X2=CgB

CX

IHCE CH 2VX X= CI,Br

Ph 3 Pb

H

H

H

Ph 3 Pb
HH
H

a

b
a/b = 94/6
7, 80% total

(Scheme 6). Compound 7 is soluble in most organic solvents. Physical and spectral
data for 7 are summarized in Table 1.

Table 1. Physical and spectral data for 7.
PtPb

H2

H1

H2

7
appearance

white solid

melting point

62-63 *C

elemental analysis

Caled. for C2 1HIPb: C, 52.82; H, 3.80. Found: C, 52.88; H, 3.88

IR (cm-1, CDCl 3 )

3061 (m), 1923 (s), 1572 (m), 1476 (m), 1430 (s), 1063 (m), 1017
(m), 996 (m)

IH NMR (ppm, CDC 3 ) 4.25-4.56 (td, 2H, H(2); 4 JH-H = 6.8 Hz; JPb-H = 72 Hz), 5.505.92 (tt, 1H, H(1); 4 JH-H = 6.8 Hz; JPb-H = 89 Hz), 7.28-7.81 (m,

15H), propargyl isomer shows resonances centered at 2.0 and
2.6 ppm
13 C

NMR (ppm,

66.8 (C(3)), 83.8 (C(1)), 128.9, 129.0, 129.6, 136.8, 137.4, 150.3,

CDC 3 )

209.6 (C(2))

18

Small amounts of the propargylic isomer were present, with the ratio of
allenic/propargylic isomers equal to 94/6 as determined by IH NMR spectroscopy. This
is close to the ratio (92/8) obtained by the reaction of propargylmagnesium bromide
with chlorotriphenyllead.

22

Compound 7 is isolated as a snow-white solid, but

gradually turns yellow on exposure to air. This process is slowed considerably by
storage under an inert atmosphere at -23 *C.
Compound 7 was characterized with IH NMR and 13C NMR spectroscopy. The IH
NMR spectrum of 7 (figure 1) shows interesting splitting patterns. H(1) is coupled with
the two H(2) protons in addition to the

centered at 8 5.7. The

2 0 7 Pb-H

207

Pb nucleus, resulting in a triplet of triplets

coupling constant is approximately 89 Hz. The two H(2)

protons are coupled to H(1) and Pb through the n-system of the allenyl group, resulting
in the observed triplet of doublets centered at 8 4.4. The

2 0 7 Pb-H

coupling constant in

this case is approximately 72 Hz. The small signals indicating the propargylic isomer
are also present in the spectrum. The signals in the 13C NMR spectrum of 7 were
assigned based on reports on similar allenylstannane compounds. 2 8

Compound 7 is likely formed via an SN2' mechanism, where the Grignard

P

P

-

reagent attacks the terminal acetylenic carbon:

Apparently some nucleophilic attack does occur at the carbon attached to bromine, as
evidenced by the small amount of propargylic isomer formed in the reaction.
The propargylic isomer could not be removed from the product mixture. Lequan
reported that heating allenyl/propargyltin or lead mixtures in methanol resulted in
total conversion to the allenyl isomer. 2 9 These results could not be reproduced with 7.

Refluxing a methanol solution of 7 for up to four hours resulted in no change in the
allenic/propargylic ratio.

CII

7.970

69

6.0

59

Figurs, 1.

5.0

4.5

1 HNMR

4.0
PPM

3 5

3.0

2.5

2.0

5.5

t.0

.3

0.0

spectrum of 7(H2 0, 8 1.5).

CD
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Propargylation reactions of 7
As expected, we found that compound 7 is an effective "propargylic anion
equivalent". In the presence of Lewis acids, 7 reacts cleanly with aldehydes to yield the
propargylic alcohols, 9, in good yield (equation 2).

1. BF 3 .OEt 2 or TiC 4 ,
CH 2C 2, -78C

OH
H(

2. 7, 2.5 h

R
9

In a typical reaction, a CH2 CI 2 solution of the carbonyl compound and the Lewis
acid was cooled to -78 *C, and then a CH2 CI2 solution of 7 was added dropwise. After
gradual warming to 0 *C over 2-2.5 hr, the alcohol 9 was isolated after aqueous workup.
A variety of carbonyl compounds was examined. The results are summarized in Table
2.
In most cases, using BF3 *OEt2 as the Lewis acid resulted in an acceptable yield of

product. However, BF3 *OEt2 was not suitable for the small alkyl aldehydes,
propionaldehyde and isobutyraldehyde. Switching Lewis acids to TiCI 4 resulted in
acceptable yields of product. It is also worth noting that except for the case of octyl
aldehyde, no allenic isomers were observed in the products. This is despite the presence
of small amounts of propargylic isomer in 7 which would likely lead to allenic isomers

in the product. The reasons for the octyl aldehyde exception are not yet clear. The
propargylations of the similar alkyl aldehydes, propionaldehyde and isobutyraldehyde
proceeded to yield only the propargylic products.
Propargylation of an a, 0-unsaturated aldehyde can result in 1,2-addition or 1,4addition. Reaction of 7 with acrolein led to the isolation of the 1,2-addition product.
No 1,4-addition product was observed. Utilizing TlICl 4 as the Lewis acid resulted in an

21

Table 2. Reaction of 7 with electrophiles in the presence of Lewis acids
electrophile

Lewis acid

product

Yield (%)a

benzaldehyde

none

9a

0

benzaldehyde

MgBr 2

9a

0

benzaldehyde

BF3 .OEt 2

9a

8 0 (8 6 )b

p-tolualdehyde

BF3*OEt2

9b

77

octyl aldehyde

BF3*OEt2

9C

53c

hydrocinnamaldehyde

BF3*OEt2

9d

65

acrolein

BF3*OEt2

9e

55

acrolein

TiCI 4

9e

Oe

propionaldehyde

BF3 *OEt2

9f

8

propionaldehyde

TiCI 4

9f

65

isobutyraldehyde

BF3oOEt2

9

10

isobutyraldehyde

TiCI 4

9

66

benzophenone

BF 3 *OEt2

9h

0 (63)d

aunless, otherwise stated, yields determined using IH NMR

spectroscopy using 1,1,2,2-tetrachloroethane as internal standard (8
5.96).17 byield determined by GLC analysis. ca mixture of allenic and
propargylic isomers (allenic/propargylic = 5.2/1). dproduct obtained
via transmetalation procedure. ethe IH NMR spectrum of the product
indicated an extremely complex mixture. Neither the 1,4-addition or

1,2-addition products were in evidence.

22

extremely complex product mixture. No 1,4- or 1,2-addition products were noticeable in
the 1H NMR spectrum. This result was somewhat surprising, considering that the TiC1 4

p3-unsaturated

- catalyzed reaction of allenylstannanes with a,

carbonyl compounds led

to clean 1,4-addition products. 18
This procedure proved to be ineffective for the propargylation of a ketone,
benzophenone. However, treatment of 7 with PhLi in THF followed by addition of
benzophenone yielded the propargylic alcohol, 1, 1-diphenyl-3-butyn-1-ol, 10, in 63%

HO

K-

I
10

yield. It seems certain that this reaction proceeds via allenyllithium, generated by a
transmetalation reaction between 7 and PhLi (Scheme 7). This hypothesis is strongly

Scheme 7

7

PhLi, THF

-

G

G

CH2 == CH

HC= C- CH 2

-60 *C
Ph 4 Pb

PhC(O)Ph
10

supported by the precipitation of tetraphenyllead on addition of PhLi to 7. In addition,
Jaffe reported the isolation of 10 by the reaction of allenyllithium with
benzophenone. 3 0 This transmetalation procedure is analogous to the transmetalation
17
of allenylstannanes reported by Noyori.
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These propargylation reactions were done mostly on a small scale (~0.5 mnol).
However, the reaction can also be performed on a preparative scale. When 41 mmol of 7
was reacted with benzaldehyde, 4.0 g of propargylic alcohol 9a was obtained after workup and distillation, free of allenyl isomer as indicated by the IH NMR spectrum (figure
2, 67%).
The mechanism of the propargylation reaction is likely similar to that
suggested by Danheiser et al. in their report of propargylation with allenylsilanes. 13b
The first step involves addition of the electrophilic aldehyde-Lewis acid complex to C(3)
of 7 to form a vinyl cation (Scheme 8). This vinyl cation can be stabilized via
Scheme 8
/PbPh

3

+ H 2 C= == C

RCHO

H

ML-

(MLn= Lewis acid)

OMLn

OMLn

+

PbPh

PbPh 3

3

H+

OH
R
hyperconjugation through the Pb-C bond. Quenching the reaction followed by loss of
triphenyllead would lead to the acetylenic product.
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Figure 2. 1H NMR spectrum of 1-phenyl-3-butyn-1-ol (9a).
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EXPERIMENTAL SECTION

General comments
All reactions were performed under an inert atmosphere unless otherwise
indicated. All reaction solvents were distilled from the appropriate drying agents.
Bromobenzene was obtained from Fisher Scientific Co. and distilled before use. Lead
chloride was obtained from Aldrich and used as received. Propargyl bromide was
obtained from Aldrich as an 80% wt/wt solution in toluene. BF3 *OEt2 and TiCL4 were
obtained commercially and distilled before use. Benzophenone and all aldehydes were
obtained commercially and used as received. Gas chromatographic (GLC) analyses were
performed on a Hewlett-Packard 5890A gas chromatograph equipped with a 6 ft, 0.25 in
column packed with 10% SE-30 silicone rubber gum on Chromosorb P. All NMR
spectra were recorded on either a Bruker-250 or Varian-300 instrument and are
referenced to tetramethylsilane. Elemental analyses were performed by Scandinavian
Microanalytical Laboratories, Herlev, Denmark.

Preparation of phenylmagnesium bromide (DSIV-58, 64).
A 1 L 3-necked round-bottomed flask was equipped with a stir bar, septum,
addition funnel, and reflux condenser. Magnesium turnings (48.6 g, 2.0 g atoms) were
added to the flask and enough THF was added to just cover the turnings. Approximately
5 mL of bromobenzene and two crystals of iodine were added to the flask. The iodine
color disappeared rapidly and the flask became warm. THF was added to the flask to
bring the total volume to 500 mL. The septum was replaced with a thermometer and the
flask was immersed in an ice bath. Bromobenzene (129 mL total, 1.22 mol) was added at
a rate that kept the reaction temperature below 35 *C. The addition took approximately
1 hr. The ice bath was removed and the mixture was stirred at room temperature
overnight. At this point, a heavy suspension of gray salts was present in the mixture.
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The mixture was heated to 40 *C to dissolve the salts and then filtered under nitrogen
into a reagent bottle. Enough THF was added to the bottle to bring the total volume to
700 mL. The bottle was cooled overnight at room temperature and the resulting
suspension was centrifuged for 1.5 hours. A thick layer of grayish solid was present on
the bottom of the bottle along with 500 mL of clear supernatant solution. The
supernatant liquid was titrated with aqueous 0.098 N HCL. A Grignard concentration of
2.06 M was obtained (84%).

Preparation of Ph3 PbMgBr (DSIV-65).
Phenylmagnesium bromide (49 mL of a 2.06 M solution, 0.10 mol) was added to a
250 mL Schlenk flask equipped with a magnetic stir bar. Additional THF (100 mL) was
added. The flask was placed in an ice bath and lead chloride (9.18 g, 0.033 mol) was
added rapidly in one portion. The mixture immediately turned yellow and slowly
turned orange. The ice bath was removed and the mixture was stirred overnight at room
temperature to yield a dark green mixture.

Preparation of triphenylallenyllead 7 (DSIII-61, DSIV-67).
A solution of Ph 3 PbMgBr (0.03 mol) in THF was cooled in an ice bath. Propargyl
bromide (5.2 g of 80% wt/wt toluene solution, 0.035 mol) was added to the solution while
maintaining the reaction temperature below 15 *C. At the completion of addition, a
gray suspension was present. The ice bath was removed and the mixture was stirred at
room temperature overnight. The suspension was poured into saturated aqueous NH4 Cl
solution and the resulting mixture was filtered through a Celite pad. The layers were
separated and the aqueous layer was extracted three times with Et2 O. The combined
organic layers were washed with saturated aq. NaCl solution and dried over MgSO 4 . All
volatiles were removed using a rotary evaporator to leave a yellow-orange oil. This oil
was chromatographed on silica gel using hexane as eluent to yield 7 as a white solid.
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Yields were typically 75-80%. The crude oil can also be recrystallized in hexane to yield
pure 7. Compound 7 is obtained as a 94/6 mixture of allenic/propargylic isomers
(determined by 1H NMR spectroscopy).

.

mp: 62-63 (lit. mp: 64 *C)2 2

IR (cm-1 , CDCl 3 ): 3061 (m), 1923 (s), 1572 (m), 1476 (m), 1430 (s), 1063 (m), 1017 (m), 996
(m).
1H

NMR (250 MHz, CDCl 3 ): 8 4.25-4.56 (td, 2H; 4 JH-H = 6.8 Hz; JPb-H = 72 Hz), 5.50-5.92

(tt, 1H; 4 JH-H = 6.8 Hz; JPb-H = 89 Hz), 7.28-7.81 (m, 15H), propargyl isomer shows

resonances centered at 2.0 and 2.6 ppm.
13C NMR (75.5 MHz, CDCI 3 ): 8 66.8, 83.8, 128.9, 129.0, 129.6, 136.8, 137.4, 150.3, 209.6.
Anal. Calcd. for C2 1 H 18 Pb: C, 52.82; H, 3.80. Found: C, 52.88; H, 3.88.

Attempted propargylation of benzaldehyde using 7 and MgBr2 (DSIV-68).
A 25 mL round-bottomed flask was charged with 1.0 g of 7 (2.1 mmol) and 0.39 g
of anhydrous MgBr 2 (2.1 mmol). THF (10 mL) and benzaldehyde (0.21 mL, 2.1 mmol)

were injected, resulting in a clear solution. The solution was refluxed overnight. After
the reflux period, the solution was clear and dark red in color. Saturated aq. NH4 CI was
added to the mixture and the layers were separated. The aqueous layer was extracted
twice with Et2 O and the combined organic layers were washed with saturated aq. NaCl
solution. The solution was dried over MgSO 4 and all volatiles were removed using a
rotary evaporator to leave 1.10 g of a reddish-white solid. The IH NMR spectrum of this
solid revealed principally starting material 7.

.

Standard procedure for propargylation of aldehydes using 7 and BF3 *OEt2

A small vial was equipped with a stir bar, septum, and argon inlet needle. The
appropriate aldehyde (0.42 mmol) and 1 mL of CH 2 Cl 2 were added and the vial was
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cooled in a dry ice/acetone bath. BF3 *OEt2 (0.63 mmol) was injected into the reaction
mixture via syringe. After the mixture was stirred for 10 min, a solution of 7 (0.42
mmol) dissolved in 1 mL of CH2 CI 2 was added dropwise. After completion of addition,
the reaction mixture was warmed slowly to 0 *C over 2.5 hours. At this point, the
mixture was generally characterized by an orange color. The reaction was quenched by
addition of saturated aqueous NH 4 CI solution. The resulting mixture was filtered and
the layers were separated. Hexane was added to the organic phase to precipitate solid
by-products and the suspension was re-filtered. The aqueous layer was extracted twice
with hexane and the combined organic layers were dried over MgSO 4 . All volatiles were
evaporated by heating and the residual oil was mixed with 1,1,2,2-tetrachloroethane
for 1H NMR analysis. Product yields and isomer ratios were determined by comparing
integrals of propargylic and allenic protons. In the reaction of 7 and benzaldehyde, the
product yield was also determined using GLC analysis. Identity of product in all cases
was confirmed by comparison of spectral data with those reported in the literature:
9a, 3

1

9b,3 2 9c, 3 3 9d,13b and 9e. 3 4

1-Phenyl-3-butyn-1-ol (9a) (DSIII-54, SS-9). A colorless oil: 1H NMR (250 MHz, CDC 3 ):
6 2.06 (t, 1 H, J= 2.8 Hz), 2.41 (s, 1 H), 2.63 (dd, 2 H, J1 = 2.6 Hz, J2 = 6.2 Hz), 4.86 (t, 1 H, J=
6.3 Hz), 7.2-7.4(mult, 5H).

1-p-Methylphenyl-3-butyn-1-ol (9b) (SS-12). A colorless oil: 1 H NMR (250 MHz, CDCl 3 ):
8 2.05 (t, 1 H, J= 2.7 Hz), 2.34 (s, 4 H), 2.62 (dd, 2 H, J1 = 2.7 Hz, J2 = 6.3 Hz), 4.83 (mult, 1
H), 7.0-7.8 (mult, 4 H).

1-Undecyn-4-ol (9c) (SS-14). A colorless oil: IH NMR (250 MHz, CDCl 3 ): 8 0.89 (t, 3 H, J=
6 Hz), 1.15-1.69 (mult, 12 H), 1.87 (d, 1 H, J= 5.13 Hz), 2.04 (t, 1 H, J= 2.5 Hz), 2.30-2.40
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(mult, 2 H), 3.73 (mult, 1 H); allenic isomer signals: 8 4.13-4.17 (mult), 4.79-4.85 (mult),
5.25 (mult).

1-Phenyl-5-hexyn-2-ol (9d) (SS-18). A colorless oil: 1H NMR (250 MHz, CDCI 3 ): 8 1.782.00 (mult, 2H), 2.05 (t, 1 H, J= 2.7 Hz), 2.20 (s, 1 H), 2.35-2.42 (mult, 2H), 2.62-2.95 (m, 2
H), 3.77 (broad s, 1 H), 7.10-7.40 (mult, 5 H).

1-Hexen-5-yn-3-ol (9e) (SS-40). A colorless oil: IH NMR (300 MHz, CDCl 3 ): 8 2.05 (t, 2 H,
J= 2.3 Hz), 2.45 (td, 2 H, J = 2.7 Hz, J2 = 6.2 Hz), 4.27 (q, 1 H, J= 5.3 Hz), 5.16-5.34 (mult, 2
H), 5.86-5.97 (mult, 1 H).

Preparation of 9a on a large scale (SS-29).
A 500 mL round-bottomed flask was charged with benzaldehyde (4.2 mL, 41
mmol) and 100 mL of CH2 CI2 . The flask was placed in a dry ice/acetone cold bath and
then BF3 *OEt2 (7.6 mL, 62 mmol) was injected via syringe. A previously prepared
solution of 7 (19.68 g, 41 mmol) in 100 mL of CH2 CI 2 was cannulated into the reaction
mixture. The reaction mixture was warmed slowly to 0 *C over two hours and then
quenched with saturated aq. NH 4 CI solution. The mixture was filtered through a Celite
pad and the layers were separated. Hexane was added to the organic phase to precipitate
solid by-products and the suspension was filtered. The aqueous layer was extracted
twice with hexane. The combined organic layers were washed with distilled H 2 0 and
saturated aq. NaCl solution. Most of the volatiles were removed on a rotary evaporator
and the residue taken up in hexane. The suspension was filtered and most of the
volatiles were removed from the filtrate on a rotary evaporator. The remaining residue

was distilled under reduced pressure. 1-Phenyl-3-butyn-1-ol (9a) was obtained as a
clear, colorless liquid (55-60 *C/0. 1 mm Hg, 67%). The IH NMR spectrum was identical
to that listed above for 9a.
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.

Standard procedure for propargylation of aldehydes using 7 and TiCL4

This procedure was identical to the BF3*OEt 2 procedure except TiC1 4 (0.63 mmol)
was used as Lewis acid. After the 2.5 hr stirring period, the reaction mixture was
generally characterized by a tan color. Identity of product in all cases was confirmed by
comparison of spectral data with those reported in the literature: 9f35 and 9g. 3 6

5-Hexyn-3-ol (91) (SS-37). A colorless oil: IH NMR (300 MHz, CDC 3 ): 8 0.92 (t, 3 H, J= 6.3
Hz), 1.53 (mult, 2 H), 2.00 (t, 1 H, J= 2.8 Hz), 2.30-2.39 (mult, 3 H), 3.64 (broad, 1 H).

5-Methyl-1-hexyn-4-ol (9g) (SS-37). A colorless oil: IH NMR (300 MHz, CDC 3 ): 8 0.88 (d,
2 H, J= 6.8 Hz), 0.92 (d, 2 H, J= 6.8 Hz), 1.7-1.8 (mult, 1 H), 2.01 (t, 2 H, J= 2.7 Hz), 2.302.40 (mult, 2 H), 3.50 (broad, 1 H).

Transmetalation of 7 and reaction with benzophenone (DSIII-59).
A 25 mL round-bottomed flask was charged with 0,5 g of 7 (1.0 mmol) and 6 mL of
THF. The flask was placed in a chloroform/dry ice bath (- -60 *C). PhLi (0.94 mL of a
2.23 M solution, 1.0 mmol) was injected via syringe. A white precipitate formed almost
immediately. This precipitate was found to be Ph 4 Pb by a mixed melting point
experiment with authentic Ph 4 Pb. The white suspension was stirred for 0.5 hr at -60 *C.
A solution of benzophenone (0.18 g, 1.0 mmol) in 4 mL of THF was added. After stirring
the mixture for one hour in the cold bath, the reaction was quenched with saturated aq.

NH 4 Cl solution. The mixture was filtered and the aqueous layer was extracted with
ethyl acetate. The organic phase was dried over MgSO 4 and all volatiles were removed
under reduced pressure to leave 1, 1-diphenyl-3-butyn- 1-ol as a clear oil (0.14 g, 63%).

Product identity was confirmed by comparison of the IH NMR spectrum with that
3
reported in the literature.

1
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IH NMR (250 MHz, CDC1 3 ): 8 2.08 (t, 1 H, J= 2.4 Hz), 3.02 (s, 1 H), 3.20 (d, 2 H, J= 2.6 Hz),
7.1-7.8 (mult, 10 H).
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Part Two

Synthesis and Reactivity of Acyltriphenyllead Compounds
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INTRODUCTION

For many years, synthetic chemists have searched for a reagent that provides a
nucleophilic acyl anion, 1. The difficulty in obtaining this type of reagent results from
the fact that the polarity of 1 is opposite the natural polarity of a carbonyl group:

0

08*

R-CGM@

AN

1

natural polarity

The development of such a reagent would provide an alternate, potentially easier route
to ordinary products such as aldehydes, ketones, a-hydroxyketones, a-diketones, and
element acyl compounds.
Due to the difficulty in obtaining reagents like 1, chemists have developed
reagents that are "masked" acyl anion equivalents; i.e. these reagents behave similarly
to acyl anions and lead to products of that nature. This subject has been extensively
reviewed. 1 The reader is referred to the literature for comprehensive reviews on this
subject.
Several metal acyl compounds that act as acyl anion equivalents are known.
These consist of acylsilanes 2 and transition metal acyl compounds. la, d Of prime
interest, however, would be the acyl derivatives of the more active metals such as

lithium, magnesium, zinc, or aluminum. These metals are highly electropositive; thus
the corresponding acyl functionality would possess nearly total anionic character as
depicted by 1. Among the methods available for the generation of acyl- and
aroyllithiums is the direct lithiation of carbonyl carbon by abstraction of a formyl
hydrogen, 3 and the lithium-tellurium exchange of tellurolesters (equation 1). 4
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However, it is the work of Seyferth and co-workers that has received the most attention
in this area. Acyllithium compounds were generated by addtion of alkyllithiums to
carbon monoxide. By careful control of reaction conditions, these acyllithiums were
successfully trapped with a variety of electrophiles (Scheme 1).5
Scheme 1
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R
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R1
R2

R
OH
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One drawback of this method is that it is not applicable to unhindered
phenacyllithiums.
One possible approach to the generation of an aroyllithium would be via the
transmetalation of a metal acyl compound (equation 2). As mentioned above, this
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method was used to generate an aroyllithium from a tellurium acyl compound. 4 Metals
of Group 14 are more commonly used in transmetalation reactions. For example,
vinyllithium 6 and allyllithium 7 have been generated via the transmetalation of vinyl
and allyl derivatives of tin or lead. Conceivably, an acyl derivative of tin or lead could
be transmetalated to yield the corresponding acyl anion.
One reagent that could be used to synthesize an acyllead compound is the
triphenyllead Grignard reagent, 2.8 This compound is easily prepared by the reaction of
PbCl2 with three equivalents of phenylmagnesium bromide (equation 3).
PbC 2 + 3 PhMgBr

PGPbMgBr

(3)

2

2 MgX 2
Compound 2 has been coupled with alkyl halides such as n-butyl chloride and benzyl
chloride to give the corresponding triphenyllead products. 8 It is conceivable that the
reaction of 2 with benzoyl chloride would lead to benzoyltriphenyllead, 3.
0
Ph

PtbPb
3

Willemsens reported that the reaction of triphenylleadlithium with benzoyl chloride
led only to decomposition products. 9 We have examined the reaction of 2 with benzoyl
chloride and investigated alternative pathways to obtaining an acyl anion reagent. The
results of this work are reported here.
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RESULTS AND DISCUSSION

The reaction of 2 with one equivalent of benzoyl chloride led to the same results
that Willemsens obtained with triphenylleadlithium.

On quenching the reaction

mixture with saturated aq. NH4 Cl solution, metallic lead separated out. Alternatively,
removing all volatiles without quenching led to a red solid which decomposed to
metallic lead on standing under an inert atmosphere.
These results led us to attempt an in situ reaction where the benzoyl group could
be transferred without first isolating the acyllead compound (equation 4). Thus, by

/

0

2 + PhC(O)CI

am

PhCHO

PhPbC(O)Ph1

H
OH

adding benzaldehyde to the reaction mixture, it was hoped that the benzoyl group would
transfer to the carbonyl, leading to benzoin after workup. The presence of magnesium
salts in the mixture (from the preparation of 2) could also facilitate this process. On
attempting this reaction, an unexpected product was obtained - the ester compound 4.

0
1

0

6

CH3

0

CH 3
4

5

6

By changing the acyl halide and aldehyde, two additional esters were obtained - 5 and 6.
The results are summarized in Table 1.
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Table 1. Reaction of 2 with acyl halides and aldehydes.

acyl halide

aldehyde

product

benzoyl chloride

benzaldehyde

4

57

p-toluoyl chloride

benzaldehyde

6

54

benzoyl chloride

p-tolualdehyde

5

75

(

Yield

At first it was believed that benzoyltriphenyllead was formed in the reaction,
followed by an intramolecular phenyl transfer process. However, further experiments
showed this hypothesis to be incorrect. The reaction of phenylmagnesium bromide
with benzoyl chloride and benzaldehyde led to the isolation of 4 in 81% yield.
Similarly, the reaction of phenylmagnesium bromide with p-toluoyl chloride and
benzaldehyde led to the isolation of 6 in 84% yield. Apparently, compound 2 behaves as
a normal phenyl Grignard reagent towards carbonyls. This is in agreement with a
similar observation made by Gilman concerning triphenylleadlithium.

10

To explain

the behavior of 2, one should consider the following equilibrium:

PhbPbMgBr

Ph2Pb + PhMgBr

This type of equilibrium has been postulated for triphenylleadlithiumio and for
triphenylleadmagnesium bromide in diethyl ether. 8 Apparently, Ph 3 PbMgBr is more
reactive towards alkyl halides, while PhMgBr is more reactive towards carbonyls. This
equilibrium can also be used to explain the reaction of 2 with PhCOCL. Based on our
results, this reaction should proceed to yield benzophenone and diphenyllead. The red
color observed in the product is most likely due to diphenyllead. Diphenyllead is
believed to have a blood-red color, I and decomposes to metallic lead and aryllead
compounds.

12

The formation of metallic lead was observed in the product, which

supports the idea that diphenyllead was in the original product mixture.
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Preparation of Ph3 PbCOOEt (7) and subsequent transmetalation reactions
Benzoyltriphenyllead is not the only acyllead compound that can lead to an acyl
anion. Any acyllead compound can conceivably generate an acyl anion via
transmetalation. One such compound that has potential in this regard is
(ethoxycarbonyl)triphenyllead, 7. This compound has been previously prepared, and
was reported to be moderately stable at room temperature. 9 Transmetalation of 7 could
generate the ethoxycarbonyl acyl anion as shown in equation 5.

0

PhLi()

b
OEt

PtbP )

7

GLi G

-

OEt()

Ph4 Pb

The preparation of 7 was performed according to the literature procedure 9 and 7
was obtained in 58% yield. Compound 7 turns gray slowly at room temperature; this
process is slowed by storage in a freezer.
Treatment of 7 with PhLi led to the precipitation of tetraphenyllead. However,
the resulting acyl anion could not be trapped with triphenylchlorosilane. Reactions
were carried out at -78 to -100 *C, with or without tetramethylenediamine (TMEDA),
and with the electrophile already in the mixture or added after the addition of PhLi.
The only product isolated from the different reactions was triphenylethoxysilane, 8.

PMSi-OEt
8

Treatment of 7 with PhLi generates the ethoxycarbonyl acyl anion, as suggested
by the formation of tetraphenyllead during the reaction. Apparently however, the
anion is too unstable, even at -100 *C. The anion likely decomposes with loss of carbon
monoxide (Scheme 1). The resulting ethoxy anion reacts with triphenylchlorosilane to
yield 8.
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PhSiCI

PhLiP
DLi
PhPb

Phi-OEt

OEt

-L

8

CO
Scheme 1

Although a stable acyl anion could not be generated from 7, these results suggest that
transmetalation of Group 14 acyl compounds is a viable method for the generation of
these reactive species.
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EXPERIMENTAL SECTION

General comments
All reactions were performed under an inert atmosphere unless otherwise
indicated. All reaction solvents were distilled from the appropriate drying agents. Lead
chloride, p-toluoyl chloride, and p-tolualdehyde were obtained from Aldrich and used
as received. Benzoyl chloride and benzaldehyde were obtained from Fisher and
distilled before use. Ethyl chloroformate was distilled before use. Phenyllithium was
obtained from Johnson-Matthey and titrated before use. All NMR spectra were
recorded on either a Bruker-250 or Varian-300 instrument and are referenced to
tetramethylsilane.

Preparation of Ph 3 PbMgBr (DSIV-65).

In a typical procedure, phenylmagnesium bromide (49 mL of a 2.06 M solution,
0.10 mol) was added to a 250 mL Schlenk flask equipped with a magnetic stir bar.
Additional THF (100 mL) was added. The flask was placed in an ice bath and lead
chloride (9.18 g, 0.033 mol) was added rapidly in one portion. The mixture immediately
turned yellow and slowly turned orange. The ice bath was removed and the mixture was

stirred overnight at room temperature to yield a dark green mixture.

Reaction of Ph 3 PbMgBr with benzoyl chloride and benzaldehyde (DSIV-69).
A 100 mL round-bottomed flask was charged with benzoyl chloride (1.28 mL,
0.011 mol) and 5 mL of THF. The flask was placed in a dry ice/acetone bath. A solution
of Ph 3 PbMgBr (0.011 mol in 35 mL of THF) was added dropwise over 15 min. After
addition, the reaction mixture was dark brown-green. The mixture was stirred for 1 hr

with cooling in the dry ice/acetone bath and then benzaldehyde (1.12 mL, 0.011 mol)
was injected via syringe. The color darkened immediately. The mixture was stirred for
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5 min, at which point the cold bath was removed. The mixture was stirred for an
additional three hours. The reaction was quenched with saturated aq. NH4 Cl solution,
resulting in the formation of a grayish precipitate. The mixture was filtered through a
Celite pad and the layers were separated. The aqueous layer was extracted twice with
Et 2 0. The combined organic layers were washed with saturated aq. NaCl solution and
dried over MgSO 4 . Removal of volatiles using a rotary evaporator left a pale yellow
solid. Recrystallization of the solid from ethyl alcohol/water led to the isolation of
white crystals of 4 (1.92 g, 57%).

mp: 88-89 *C; lit. mp 8813
IR (cm- 1, CDCL3 ): 3066 (w), 3033 (w), 1718 (s, C=O), 1451 (m), 1267 (s), 1110 (m), 909 (i).
1

H NMR (250 MHz, CDC 3 ): 8 7.09 (s, 1 H), 7.23-7.60 (mult, 13 H), 8.10-8.13 (d, 2 H).

13

C NMR (75.5 MHz, CDCI 3 ): 8 77.5, 127.2. 128.1, 128.5, 128.7, 129.9, 130.3, 133.2, 140.4,

165.6.
Mass spectroscopy: 288 (M+), 183, 166, 105, 77.

Reaction of Ph 3 PbMgBr with p-toluoyl chloride and benzaldehyde (DSIV-69).
The same procedure described above was used with the following reagents:
Ph 3 PbMgBr (0.011 mol in 35 mL of THF), p-toluoyl chloride (1.45 mL, 0.011 mol), and
benzaldehyde (1.12 mL, 0.011 mL). After aqueous workup, a pale yellow solid was

obtained. Recrystallization from ethyl alcohol/water led to the isolation of white
crystals of 6 (1.79 g, 54%).

mp: 109-110; lit. mp 11014
IR (cm-1 , CDCl 3 ): 3065 (w), 3033 (w), 2924 (w), 1714 (s, C=0), 1613 (m), 1270 (s), 1177 (s),
1104 (s), 912 (s).
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1

H NMR (250 MHz, CDC 3 ): 8 2.38 (s, 3 H), 7.08 (s, 1 H), 7.20-7.45 (mult, 12 H), 8.00-8.10 (d,

2 H).
13C NMR (75.5 MHz, CDC 3 ): 8 21.7, 77.2, 127.1, 127.5, 128.6, 129.9, 137.6, 140.4, 143.9,

165.6.
Mass spectroscopy: 302 (MI), 165, 152, 119, 91, 77, 65.

Reaction of Ph3 PbMgBr with benzoyl chloride and p-tolualdehyde (DSIII-37).
The same procedure described above was used with the following reagents:
Ph3 PbMgBr (0.027 mol in 100 mL of THF), benzoyl chloride (3.1 mL, 0.027 mol), and p-

tolualdehyde (3.14 mL, 0.027 mol). After aqueous workup, a pale yellow solid was
obtained. Recrystallization from ethyl alcohol/water led to the isolation of white
crystals of 5 (3.0 g, 75%).

mp: 78-80; lit. mp 81-8215
IR (cm-1 , CDC 3 ): 3061 (w), 3031 (w), 1720 (s, C=O), 1450 (m), 1266 (s), 1107 (m), 1026 (m).
1

H NMR (250 MHz, CDCl 3 ): 8 2.37 (s, 3 H), 7.13 (s. 1 H), 7.18-7.65 (mult, 12 H), 8.15-8.25 (d,

2 H).

Mass spectroscopy: 302 (M+), 197, 180, 165, 105, 77.

Reaction of PhMgBr with benzoyl chloride and benzaldehyde (DSV- 14).
A 100 mL round-bottomed flask was charged with benzoyl chloride (1.28 mL,
0.011 mol) and 5 mL of THF. The flask was cooled in a dry ice/acetone bath.
Phenylmagnesium bromide (0.011 mL in 35 mL of THF) was added dropwise over 15
min. After addition, the mixture was stirred for one hour and then benzaldehyde (1.12

mL, 0.011 mol) was injected via syringe. After 5 min, the cold bath was removed and the
mixture was stirred for three hours. Saturated aq. NH 4 CI solution was added and the
layers were separated. The aqueous layer was extracted twice with Et2 O. The combined
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.

organic layers were washed with saturated aq. NaCl solution and dried over MgSO 4

Removal of volatiles left a pale yellow solid which proved to be 4, by comparison of
physical and spectral data with an authentic sample (2.58 g, 8 1%).

Reaction of PhMgBr with p-toluoyl chloride and benzaldehyde (DSV-16).
The same procedure was used except p-toluoyl chloride (1.45 mL, 0.011 mol) was
used instead of benzoyl chloride. Workup and recrystallization led to the isolation of
white crystals, which was shown to be 6, by comparison of physical and spectral data
with an authentic sample (2,80 g, 84%).

Preparation of triphenylleadlithium (DSIII-74).
16
A 500 mL roundThis procedure was adapted from a literature report.

bottomed flask was charged with hexaphenyldilead (86.1 g, 0.098 mol) and lithium wire
(1.36 g, 0.196 mol). THF was added to the mixture until a slushy consistency was
obtained. The flask was placed in a -10 *C bath and stirred. After approximately 10
min, a faint green color became apparent. At this point, additional THF (235 mL total)
was added dropwise. The green color darkened during the addition. The cold bath was
removed and the mixture was stirred overnight. At this point, the dark brown mixture

was ready for use.

Preparation of (ethoxycarbonyl)triphenyllead 9 (7) (DSIV-6).
A 100 mL Schlenk flask was charged with Ph 3 PbLi (0.032 mol in THF) and

cooled in a dry ice/acetone bath. Ethyl chloroformate (1.51 mL, 0.032 mol) was added
dropwise. After addition, the flask was placed in a -40 *C cold bath and stirred for 4.5
hours. A bright yellow suspension was present. Water (10 mL) was added and the
-

resulting mixture was poured into 200 mL of chloroform. This mixture was cooled to

20 *C, and Na2 SO 4 was added to take up the water. After filtration, the volatiles were
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removed under reduced pressure to leave a yellow, powdery oil. Diethyl ether was added
to the oil and the insoluble solids were removed by filtration. The filtrate was cooled in
an ice bath, and methanol was added until a slight cloudiness persisted. The solution
was placed in a -23 *C freezer overnight. Filtration resulted in the recovery of
(ethoxycarbonyl)triphenyllead, 7, as yellow crystals (9.5 g, 58%, lit. yield: 89%9).

1

H NMR (250 MHz, CDCI 3 ): 8 1.32 (t, 3 H), 4.30 (q, 2 H), 7.25-7.90 (mult, 15 H).

Transmetalation of 7 with PhLi in the presence of Ph3 SiC1 (DSIV-16).
A 100 mL round-bottomed flask was charged with 7 (1.0 g, 1.96 mmol), Ph 3 SiCl
(0.58 g, 1.96 mmol), and 50 mL of a 4/4/1 THF/Et 2 O/pentane mixture. The solution was
cooled to -100 *C by periodically cooling the flask in a liquid nitrogen bath.
Phenyllithium (1.3 mL of a 1.6 M solution, 1.96 mmol) was added dropwise via syringe.
A white suspension formed (mixed melting point experiments showed this solid to be
tetraphenyllead). The temperature was kept at -100 *C for 30 min, then the mixture was
warmed to room temperature over one hour. All volatiles were removed under reduced

pressure and the remaining yellow residue was extracted with Et2 O. The volatiles were
removed under reduced pressure to leave a yellow solid residue. No carbonyl groups
were observed in the IR spectrum of this solid. The solid was recrystallized from
methanol to yield triphenylethoxysilane, 8, as a white solid (0.25 g, 42%). Repeating
this reaction by adding TMEDA to the reaction mixture or by cooling at -78 *C did not
affect the results significantly.
Compound 8:

mp: 64 *C; lit. mp: 63-6517
1H NMR (250 MHz, CDCi 3 ): 8 1.25 (t, 3 H), 3.88 (q, 2 H), 7.30-7.70 (mult, 15 H).
13C NMR (75.5 MHz, CDCl 3 ): 8 18.5, 59.5, 128.0, 130.0, 134.5, 135.5.

Mass spectroscopy: 304 (M+), 259, 227, 183, 150, 105, 77.
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CHAPTER TWO

Synthetic Approaches to Poly(Vinylsllanes)
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INTRODUCTION

The fabrication of silicon carbide (SIC) has been the focus of intense research
efforts for the greater part of this century. The reason for this lies in the remarkable
collection of properties that SiC possesses. 1 Physically, SiC is almost as hard as
diamond, and it can withstand temperatures of over 1000 *C without undergoing
significant changes. It is extremely resistant to oxidation, corrosion, and erosion. SiC,
like silicon, is also a semiconductor. The remarkable inertness of SiC makes it ideal
for electrical applications in high temperature, high frequency, and radiation
environments. The properties and applications of SiC are summarized in the diagram

on the following page. Details can be found in the literature. 1
The commercial production of silicon carbide began in 1901 with an
uncontrolled sublimation process developed by Acheson. 2 In this process, large
quantities of sand and coke are converted into SiC. One disadvantage of this method
lies in the lack of control over the structure and purity of the SiC formed. This limits
its use to bulk industrial applications, such as those found in metallurgical and

abrasive industries. Since the mid- 1950's, modified processes have been developed
which improve the quality of the crystals grown. 3 One modification allows large-area
SiC single crystals to be grown on inexpensive Si substrates. 4 Recent developments use
chemical vapor deposition (CVD) processes to produce high-quality SiC. 5
One relatively new approach to the preparation of silicon carbide is the
preceramic polymer approach. Basically, inorganic and organometallic polymers are
synthesized by usual chemical methods and then pyrolyzed to form ceramics. This
approach can be used to prepare SiC in addition to a host of other ceramics. The
advantages of the preceramic polymer approach are the potential applications
available. These are listed on the third page of this chapter.
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Metallurgical Processes
- refining agent in iron casting

Chemical Purposes
- catalyst in diamond synthesis
- electrodes in perchlorate synthesis

Ceramics

Silicon Carbide
mp
density

- abrasives
- refractories
- coatings

2900 *C
=

3.22 g/cm 3

luminescence at 250 nm
)

hardness - between 9 (AIO 3
and 10 (diamond) on
Moh scale

- reinforcing fibers & whiskers in
organic and inorganic matrices

Electronics
- heating elements
- thermistors
- power diodes

- semiconductors

Optical Devices
- photosensors
- solar cells

- light-emitting diodes
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Potential Uses for Preceramic Polymers

1. Formation into complex shapes followed by pyrolysis
to form ceramics of the same shapes.
2. Spinning into continuous fibers to yield ceramic fibers
for use in metal, ceramic, glass, and polymer matrix
composites.
3. Infiltration of porous ceramics.
4. As matrix materials for carbon and ceramic fibers, or as
binders for ceramics and other powders.
5. Formation of corrosion and oxidation-resistant
ceramic coatings on otherwise reactive or oxidizable
materials.
6. Formation of thin ceramic films.
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To be of practical importance, a preceramic polymer should possess certain
characteristics. The starting materials for the polymer should be readily available,
cheap, safe, and non-toxic. The preparation of the polymer itself should involve simple
chemistry and should be high-yielding. The polymer should be processable, i.e. it
should be a liquid or if a solid, soluble in common organic solvents or low-melting. The
polymer should be stable on storage and should also be stable towards air and water.
During the pyrolysis of the polymer, the absence of hazardous and toxic volatiles is a
plus. A high ceramic yield is also important because 1) it minimizes shrinkage during

pyrolysis, 2) it minimizes destructive effects of evolved volatiles, and 3) it is more costeffective.
The preceramic polymer field was sparked by Yajima's discovery that
polycarbosilanes were convenient precursors to silicon carbide. 6 Yajima's process is
shown in Scheme 1. Initially, a polydimethylsilane is prepared by the Na

/

(CH 3) 2 SiCl2

-y

OH3
I

,H
(x ~ 30)

H

n

45000C
ArC

F1H 3
ICH2

%iCH2

m CH 3

OH3

CH 3 X

A

2001300

SiC fibers

infusible fibers

N

2

:

A

n

melt spin

fusible fibers

2

SiC/C/SiO 2 = 1/0.78/0.22

Scheme 1. Preparation of SiC fibers using Yajima's process.

condensation of dimethyldichlorosilane. The polymer undergoes a Kumada-type
rearrangement 7 with heating to 450 *C. The m/n ration in the new polymer is

approximately 10/1. This polymer can then be spun into fibers and cured in oxygen to
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form infusible fibers. Pyrolysis of these fibers then results in the formation of the
ceramic (SiC + C) fibers. Unfortunately, the presence of SiO 2 (incorporated during the
cure step) weakens the performance of the fibers at high temperature. This process has
since been commercialized and is known as the Nicalon process. 8
Since Yajima's work, many research groups have investigated different routes to
silicon carbide preceramic polymers. 9 West and co-workers developed soluble
phenylmethylsilane-dimethylsilane copolymers which have been used as SiC
precursors. 1 0 The polymers were prepared by the Wurtz coupling of a 1:1 molar mixture
of PhMeSiCl 2 and Me 2 SiCl2. These polymers, known as "polysilastyrenes", suffer from
the disadvantage of possessing low ceramic yields (15-30%) and large amounts of free C.
Schilling and co-workers prepared a series of polysilanes containing Si-H and
Si(CH=CH 2 ) groups. I IThese functional groups promoted crosslinking through
hydrosilylation during the pyrolysis step, thus resulting in higher ceramic yields.
These polymers were prepared by the Wurtz coupling of chlorosilanes using Na.
Seyferth and co-workers prepared a polymethylsilane by Wurtz coupling of
MeHSiCl 2 with Na ((MeH-Si)x(MeSi) I _x). 12 The ceramic yields of the polymers were

quite low (15-20%); however, crosslinking by hydrosilylation with vinyl compounds
resulted in polymers possessing much higher ceramic yields (57-72%). Crosslinking
the polymers with mono- and polynuclear transition metal carbonyls or with Cp2 MR2
(M = Ti, Zr) complexes also resulted in higher ceramic yields. 13

Interrante and co-workers used ring-opening polymerization to prepare
polycarbosilanes.

14

The route to one of these polymers is outlined in Scheme 2. The
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Scheme 2.
final polymer shown in the diagram was prepared with varying molecular weights. The
ceramic yields were low, ranging from 10-20%. Preliminary heat treatments at 400 *C
under N2 led to crosslinking reactions which increased the ceramic yield to 66%. Ringopening polymerization of 1,1,3,3-tetrachloro- 1,3-disilacyclobutane followed by
reduction with LIAlH4 led to a high molecular weight poly(silaethylene). The ceramic
yield for this polymer was as high as 87%.
Dunogues and co-workers also utilized ring-opening polymerization to prepare
a polycarbosilane.

15

They polymerized 1,1, 3,3-tetramethylsilacyclobutane to get high

molecular weight linear poly(dimethylsilaethylene). This polymer was further
modified to incorporate functional groups. 16 The ceramic yields for these polymers
were quite low (<50%). Seyferth and Lang modified the poly(dimethylsilaethylene) by
adding Si-H and Si-CH=CH2 groups into the polymer. 17 Different attempts at
crosslinking via hydrosilylation led to mixed results.
Corriu and co-workers have prepared a series of polycarbosilanes by way of
hydrosilylation reactions. 18 This method circumvents the alkali metal-catalyzed
Wurtz coupling of chlorosilanes. A typical preparation is shown in Scheme 3. The
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ceramic yields of these polymers were as high as 62%. The ceramic yields are improved
by the presence of terminal vinyl groups which allow hydrosilylation reactions to
occur during the pyrolysis process.
Transition metal-catalyzed dehydrogenative coupling of silanes provides
another route to polysilanes. This method was developed primarily by Harrod and coworkers. 19 Generally, the catalysts used were based on the metallocenes, Cp2MR2 (M =
Zr, Ti, Hf). Harrod used this method to prepare polymethylsilane. 2 0 A typical reaction
was run under =10 atm of MeSiH3 in toluene-cyclohexene in the presence of 0.2 mol%

catalyst. After 6-9 days, an 80-90% yield of polymer was obtained. The ceramic yields
were 70-75% of relatively pure SiC. A calculation based on the elemental analysis of
the pyrolyzed product gave Si IC0.9 H0.200. 1. The disadvantages of this method are the
flammability of MeSiH3 and the polymer, and the tendency of the polymer to gel after
removal of solvent.

One polymer of potential interest is poly(vinylsilane) (PVS), 1. This polymer

CH2-CH]1

SiH 3
1
possesses reactive -SiH 3 groups and a reasonable Si/C ratio. Polymer 1 has already

been prepared by workers at Mitsui Toatsu Chemicals, Inc. 2 1 The synthetic route is
outlined in Scheme 4.
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Scheme 4.

The dangers involved with SiH4 and (CH2 =CH)SiH 3 make this synthesis rather
unattractive. This led our group to investigate alternate methods for the preparation of
PVS. One potentially useful starting material is vinyltrichlorosilane, CH2=CHSiCI3.
Vinyltrichlorosilane is relatively inexpensive and does not possess the hazards of
.

either SiH 4 or CH2 =CHSiH 3

Attempts to polymerize vinyltrichlorosilane have been described previously.
When CH 2 =CHSiCI3 was heated at 125 *C in the presence of 1% di-tert-butyl peroxide,
only oligomers were obtained. 2 2 The conversion to oligomers was high and the low
molecular weights obtained were attributed to chain transfer to monomer during the
polymerization process. The

6 0 Co

y-ray-induced polymerization of CH 2 =CHSiCI3 was

reported by Hayakawa and co-workers. 2 3 As in the case of the peroxide-catalyzed
polymerization of CH 2 =CHSiCl 3 , the polymers obtained were of low molecular weight.
The authors attributed this to chain transfer to monomer. The IR and 1H NMR spectra
of the oligomers were consistent with a -CH 2 -CH(SiCI 3 )- structure. This led workers in
our group to investigate this work further. 2 4 Based on this work, it was of interest to reexamine the y-ray polymerization of other vinylsilanes mentioned in the previous
report (ViSi(OEt)3, ViSi(OCH3) 3 , and ViSi(CH3)C1 2 ). 2 3 The results of this work are
reported here.

In addition, the y-ray polymerization of additional vinylsilanes was
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examined. The potential of certain of these polymers as preceramic precursors also
will be discussed. In addition, the electron-beam polymerization of CH 2 =CHSiCI 3 was
investigated. Finally, a brief re-investigation of the peroxide-catalyzed
polymerization of CH 2 =CHSiCI 3 was performed.

RESULTS AND DISCUSSION

The mechanism of y-ray induced polymerization is complex, 2 5 but can be
simplified as shown in Scheme 5 (using vinyltrichlorosilane as an example).
Absorption of energy can produce an excited monomer state which may be converted to
a diradical species. This diradical can add to another monomer to form another
diradical species which in turn can add to additional monomer molecules
(propagation). The polymerization can terminate by either recombination of two
radicals or by disproportionation. Several structures of possible polymers are
Illustrated in Scheme 5.
With these ideas in mind, a review of the work done previously in our group on
CH2 =CHSiCl 3 would be appropriate.

The Preparation of Poly(vinylsilane) by Reduction of Poly(vinyltrichlorosilane) and its
Use as a Precursor for Silicon Ceramics24
The polymerization of CH2 =CHSiCl 3 was carried out using

6 0 Co

y-ray

irradiation. In a typical experiment, CH 2 =CHSiCl 3 was added to a thick-walled glass
ampoule. The ampoule was sealed under vacuum and then placed in the

6 0 Co

reaction

chamber. The dose rate was approximately 1 MRad/day. After the desired total dosage
was attained, the tube was broken open, the contents poured into a flask, and the
volatiles removed at reduced pressure with heating. The remaining polymer was a pale
yellow, translucent solid. The yield of polymer was found to be proportional to the total
radiation dose. The yield was approximately 30% for a 40 MRad dose. However,

C,X(C
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adding 1 wt.% di-tert-butyl peroxide increased the rate of polymer formation so that a
50% yield was obtained for a 41 MRad dose. The spectral data for
poly(vinyltrichlorosilane), 2, are summarized in Table 1. It was concluded that the
spectra confirmed the presence of the -CH 2 -CH(SiC 3 )- unit in the polymer.
The IR spectrum gives evidence of CH 2 =CHSi end-groups with a weak absorption
at 1601 cm-1. The IH NMR spectrum provides further evidence for this with resonances
at 8 6.09 and 6.20. The 13C NMR spectrum also shows vinyl carbon peaks at 8 135.9 and
140.9. The number of peaks in the 2 9 Si NMR spectrum suggests that the polymer
structure is more complicated than -CH 2 CH(SiC 3 )- with vinyl end groups.
Table 1. IR and NMR spectra for 2.
CH2-CH
SiC 3
2

appearance

pale yellow, solid material

IR (cm- 1 , thin film)

2920 (m), 2865 (m), 1601 (w, C=C), 1448 (m), 1395 (m), 1343 (w),
1125 (m), 1045 (s), 775 (s), 680 (s), 585 (vs Si-Cl)

1H

NMR (ppm)

13 C

NMR (ppm)

2 9 Si

NMR (ppm)

0.80-3.0 (broad, CH2CH backbone), 6.09, 6.20 (vinyl end
groups)
20.0-40.0 (broad, CH2CH backbone), 135.9 (CH2=C), 140.9
(CH2 =C)
10.11, 10.74, 11.73, 12.18, 12.68

Polymer 2 was reduced with LiAIH 4 to give poly(vinylsilane), 1. The product,
obtained in 73% yield, was a clear, thick yellow oil. Some physical and spectral data
for 1 are summarized in Table 2.
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Table 2. Physical and spectral data for 1.
CH2-CH
SiH3
1
appearance

clear, thick, yellow oil

elemental analysis

Calcd.: C, 41.38; H, 10.34. Found: C, 41.35; H, 10.17

VPO molecular weight

580

ceramic residue yield

33-47%

(TGA)
IR (cm- 1, thin film)

1H

NMR (ppm)

3060 (w), 2894 (s), 2837 (m), 2147 (vs, Si-H), 1880 (w), 1604
(vw), 1444 (w), 1408 (w), 1339 (w), 1072 (m), 912 (vs), 855 (m),
649 (s)

0.82 (br s), 1.29 (br s), 1.54 (br s), 3.50 (br s), 3.61 (br s), 3.82 (br
s), 3.87 (br s), 5.60, 5.72 (d, JH-H = 2.0 Hz)

13

C NMR (ppm)

29Sj NMR (ppm)

4.09, 18.16, 36.14

-60.50, -57.93, -51.95, -35.92, -33.46

The data provide further structural information for 1. As with 2, vinyl groups
are apparent in polymer 1. The IR spectrum (1604 cm- 1), and the IH NMR spectrum (S
5.60, 5.72) provide evidence for these groups. The peaks in the 1H NMR spectrum are
very broad, as would be expected of a polymer (figure 1). The peaks in the

2 9 Si

spectrum at 8 -51.95 and -57.93 are typical values for -SiH3 groups. 1 8 b The

NMR

2 9 S1

NMR

spectrum also shows evidence for -SiH2 groups. Peaks at 8 -33.46 and -35.92 are in the
typical region for -SiH2 groups. 18d, 26, 18b This was confirmed by the inversion of the
peaks using a

29

Si NMR DEPT sequence (multiplicity= 1.5). Apparently, some chain-

transfer to polymer occurs during the polymerization. The peak at 8 -60.60 can be
assigned to silicon attached to a vinyl end-group. The molecular weight measured by
vapor phase osmometry (VPO) was determined to be 580. This corresponds to a polymer

7.0

60
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of on the average [CH 2 CH(SiH 3 )

10 .

Based on all these data, the compositional formula

of 1 can be approximated as:
SiH3
C -CH

H2C=
SiH3

SiH 3

-CHH
SiH 3

)-C-S CH - C
Z

SiH3

where x>y>>z. By referring to Scheme 5, additional end-groups can be visualized. The
relative amounts of each portion of the polymer were estimated from signal intensities
in the NMR spectra.

The TGA yields ranged from 33-47% for different samples of 1. A large-scale
pyrolysis of 1 gave a black ceramic residue in 39% yield. Elemental analysis results
were: C, 32.74%, Si, 62.73%. This calculates to 94% SiC by weight, and 6% carbon. XRD
analysis of the residue showed only lines for P-SiC.
Since the ceramic residue yield of 1 was rather low, a series of crosslinking
catalysts were examined to see if the ceramic residue yield could be improved. The
results are summarized in Table 3. Calculations based on elemental analyses of bulk
pyrolysis products showed that the residues consisted of 85-90% SiC, and 10-15% C by
weight.
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Table 3. Crosslinking studies on 1.

catalyst

conditions

final ceramic
residue yield
(TGA)

Cp2TM(CH 3 )2

hexane, RT, 15 h

78%

Cp2 Ti(CH 3 )2

hexane, hv, 16 h

82%

Cp2TiBu2

toluene/hex, 0 *C

83%

CpTi(C 7 H7 )

toluene, reflux, 6 h

83%

Cp2TiCl2

hexane, reflux, 12 h

78%

Cp2 Zr(CH 3 )2

toluene, hv, 6 h

80%

(Cp2 ZrH 2 )2

hexane, reflux, 6 h

80%

Cp2ZrCI2

hexane, reflux, 12 h

50%

Cp2ZrHCI

toluene, reflux, 12 h

77%

Cp2 ZrBu 2

toluene/hex, RT, 3 h

80%

Cp2 Hf(CH 3 )2

hexane, hv, 20 h

61%

CO2 (CO)8

hexane, hv, 22 h

70%

RU3(CO)1 2

hexane, hv, 6 h

55%

CP2WH2

hexane, hv, 24 h

54%

(Ph 3 P) 3 RhCI

hexane, reflux, 6 h

52%

Re 2 O7

toluene, reflux, 20 h

58%

WC1 6 a

hexane, reflux, 14 h

58%

BF3 *OEt2

Et2 O, Wi', 20 h

69%

a ISVI-44
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The preparation of poly(vinylmethylsilane) by reduction of
poly(vinylmethyldichlorosilane)
The work on poly(vinyltrichlorosilane) led us to examine the polymerizations
of other vinylchlorosilanes.

One of these compounds is vinylmethyldichlorosilane.

The polymerization procedure was identical to that of vinyltrichlorosilane.

Vinylmethyldichlorosilane was loaded into an ampoule with 1 wt.% di-tert-butyl
peroxide, and the ampoule was sealed and placed in the

6 0 Co

y-ray reaction chamber.

The sample was irradiated for a total of 43 MRad at a rate of approximately 1.03
MRad/day. After the total dosage had been attained, the solution had turned slightly
cloudy. The contents of the ampoule were poured into a Schlenk flask and the volatiles
were removed at reduced pressure with heating. Poly(vinylmethyldichlorosilane), 3,
was obtained in 44% yield as a yellow-orange translucent solid. For simplicity's sake, 3
will be depicted as shown:

SiN
H 3 C' I
C

CI

3
As expected, 3 forms an insoluble white solid when exposed to moisture. Physical and

spectral data for 3 are summarized in Table 4.
The 1H NMR spectrum (8 5.85, 5.90) and the 13C NMR spectrum (6 132.2, 144.1,
145.1) suggest that vinyl end-groups are present. This was also observed for
poly(vinyltrichlorosilane) 2.
Further information was gained by reducing 3 with LiAlH 4 . Stirring an Et2O
solution of 3 with excess LiAlH 4 led to the isolation of poly(vinylmethylsilane), 4, as a

turbid, mobile, yellow oil. Polymer 4 is soluble in common organic solvents and is air
and moisture-stable; however, it should be stored under an inert atmosphere to avoid
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Table 4. Physical and spectral data for 3.
appearance

yellow-orange translucent solid

elemental analysis

Calcd.: C, 25.55; H, 4.25; Cl, 50.28. Found: C, 25.43; H, 4.22; Cl;
49.96

IR (cm- 1 , thin film)

3068 (w), 1456 (m), 1404 (m), 1263 (s), 1059 (w), 947 (w), 788 (s),
746 (s)

1H NMR (ppm)
13
29

0.7-0.9 (br), 1.0-2.8 (br), 5.85 and 5.90 (s)

C NMR (ppm)

5.0, 19.9, 20.6, 27.4, 30.7, 32.9, 132.2, 144.1, 145.1

Si NMR (ppm)

17.7,32.1, 33.5

Table 5. Physical and spectral data for 4.

H3 C

I

H

H

4
appearance

turbid, mobile, yellow oil

elemental analysis

Calcd.: C, 49.96; H, 11.09. Found: C, 49.83; H, 10.91

IR (cm- 1 , thin film)

3047 (w), 2962 (m), 2892 (s), 2128 (s, Si-H), 1448 (m), 1419 (m),
1252 (s), 945 (s), 892 (s), 735 (m)

'H NMR (ppm)

0.0-0.2 (br, Si-CH 3 ), 0.5-2.3 (br), 3.3-3.4 (br), 3.5-3.8 (br), 4.0 (s),

5.5 (s), 5.7 (s); T1 (8 3.69) = 2.0 sec
13 C
29

NMR (ppm)

Si NMR (ppm)

-10.3, -8.6, 9.4, 20.1, 33.9, 128.4, 145.1, 145.8
-32.7, -29.3 (JSI-H = 189 Hz).

ceramic residue yield
(TGA)

7%

Mol. wt. (GPC)

no. avg. = 1628, wt. avg. = 2742, polydispersity = 1.7
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possible crosslinking. Some physical and spectral data for 4 are summarized in Table

5.
The molecular weight data suggests that there are 11-20 -CH 2 CH(SiH 2 Me)groups per polymer chain. The polydispersity value suggests a relatively wide
distribution of molecular weights. Also, it should be considered that the GPC values are
based on polystyrene standards. The ceramic residue yield of 7% is considerably lower
than that of poly(vlnylsilane), 1. This is an extremely low value considering that the
molecular weight of 4 is much higher than that of 1. Apparently, -SiH2 groups are far
less reactive than -SiH 3 groups for crosslinking. This can be partially attributed to the
steric effect of the added methyl group in 4.
The spectral information provides information concerning the structure of 4.
As can be seen, the peaks in the 1H NMR spectrum are rather broad (figure 2). The Si-

CH3 protons are observed as a single peak at 8 0.12. The -SiH2 protons are observed as a
singlet at 8 3.7. The rest of the peaks in the 8 0.5-2.3 region look remarkably similar to
the 1H NMR pattern for poly(vinylsilane), 1. There are three main peaks at 8 0.75, 1.15,
and 1.50. The relative intensities of these peaks are also very similar to the intensities
for 1. In a manner similar to that of 1, the resonances in this region can be assigned as
follows: 8 0.75 [(R3Si)CHCH(SiR3)I, 1.15 [CI(SiR3)CH2], 1.50 [CH(SiR 3 )CH2 ].

The two

peaks at 8 5.5 and 5.7 correspond to the vinyl protons of vinyl end-groups. This is
confirmed by the presence in the
2 9 Si

NMR spectrum of peaks in the vinyl region (8

NMR spectrum looks quite clean, with a large peak at 8

-

128.4, 145.1, 145.8). The

13 C

29.3 and a smaller peak at 8 -32.7 (figure 3). Both of these peaks are inverted when DEPT

sequencing is used, which indicates that both of these peaks correspond to -SiH2 groups.
These chemical shift values are in close agreement with reported results: 18b, 18d
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n
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2Si NMR: 8 -31.8

Si NMR: 8 -30.4

Based on these data and the size of the peaks, the smaller peak at 8 -32.7 can be assigned
-

to silicon attached to a vinyl end-group. The large peak at -29.3 can be assigned to

-

Si(CH3 )H2 attached to the main backbone of the polymer. No peaks corresponding to
SiH groups are observed in the

2 9 Si

NMR spectrum which suggest that no chain transfer

to polymer had occurred as in the case of 1. The IR spectrum provides no further
.

information about 4, except for the strong Si-H stretch band at 2128 cm- 1

Based on all these data, the compositional formula of 4 can be approximated as:
SiR 3
H2C=

C-CH

SiR3

SiR 3

(-CH-OH-

CH-SiR

SiR3

CH3

)

4, R3 =H 2 (CH 3

where x>y, based on NMR signal intensities. Again, slightly different end-groups can be
visualized by referring to Scheme 5.

The preparation of poly(vinyldimethylsilane) by reduction of
poly(vinyldimethylchlorosilane)
The polymerization of vinyldimethylchlorosilane was carried out in a manner

similar to that of vinyltrichlorosilane and vinylmethyldichlorosilane.

In a typical

experiment, an ampoule was loaded with vinyldimethylchlorosilane and 1 wt.% of di-

tert-butyl peroxide. The ampoule was sealed under vacuum and placed in the

6 0 Co

y-ray

reaction chamber. The sample was irradiated for a total of 43 MRad at a rate of 1.03
MRad/day. After the total dosage had been attained, the solution had become slightly
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cloudy. The contents were poured into a Schlenk flask and the volatiles were removed
under reduced pressure with heating. Poly(vinyldimethyl)silane, 5, was obtained in 2832% yield as a viscous yellow material. Again, for simplicity's sake, 5 will be depicted
as shown:

H 3C

I C
CH 3

5
As expected, 5 forms an insoluble white solid on exposure to moisture. Some physical
and spectral data for 5 are summarized in Table 6.
Table 6. Physical and spectral data for 5.
appearance

viscous yellow material

elemental analysis

Caled.: C, 39.84; H, 7.46; Cl, 29.40. Found: C, 40.08; H, 7.67; Cl,
29.04

IR (cm- 1 , thin film)

3053 (w), 2963 (s), 2905 (s), 1601 (w, C=C), 1450 (m), 1407 (s),
1250 (s), 1052 (m), 804 (br s)
0.3-0.7 (br), 0.7-2.6 (br), 5.6 (s), 5.7 (s)

'H NMR (ppm)
13 C
29

NMR (ppm)

1.5, 1.9, 17.5, 21.3, 28.5, 34.0, 128.7, 147.3
19.8, 31.7, 33.8

Si NMR (ppm)

As with poly(vinyltrichlorosilane) and poly(vinylmethyldichlorosilane), the
data suggest that 5 possesses vinyl groups. Peaks are observed in the vinyl region in the
IH NMR spectrum (8 5.6, 5.7) and the

13

C NMR spectrum (8 128.7, 147.3).

Polymer 5 was treated with LiAlH 4 to gain further structural information.
Stirring a mixture of 5 with excess LiAlH 4 in Et2 O led to the isolation of

poly(vinyldimethylsilane), 6, as a mobile clear yellow oil in 78% yield. Polymer 6 is
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soluble in common organic solvents and is air and moisture stable; however, 6 should
be stored under an inert atmosphere to avoid possible crosslinking. Some physical and
spectral data for 6 are listed in Table 7.
Table 7. Physical and spectral data for 6.

H 3C

I

OH 3

6
mobile clear yellow oil

appearance
elemental analysis

Calcd.: C, 55.78; H, 11.61. Found: C, 54.74; H, 11.25

IR (cm- 1 , thin film)

3046 (w), 2957 (s), 2902 (m), 2110 (s), 1418 (w), 1249 (s), 1051 (w),
876 (s), 833 (s), 757 (m)

1H

NMR (ppm)

0.0-0.3 (br), 0.4-1.8 (br), 2.0-2.4 (mult), 3.6-4.0 (br), 5.6 (s), 5.4
(s); T1 (S 3.8) = 2.7 sec

13 C

NMR (ppm)

-5.5, -4.5, 12.8, 21.7, 24.2, 25.7, 37.5, 126.2, 149.4

2 9 Si

NMR (ppm)

-19.3, -12.6, -11.0, -9.8 (JSi-H = 182 Hz)

ceramic residue yield
(TGA)

0%

Mol. wt. (GPC)

no. avg. = 447, wt. avg. = 483, polydispersity = 1.1

The molecular weight data suggest that there are 5-6 units per polymer chain. It
is also noteworthy that the molecular weight distribution in this case is quite narrow
(polydispersity = 1.1). The ceramic residue yield of 0% is not surprising. The molecular
-

weight of the polymer is low, and only Si-H groups are present, as opposed to -SiH3 and
SiH2 groups in 1 and 4, respectively.
Further information about 6 can be obtained from the spectral data. The IR

spectrum shows the Si-H frequency at 2110 cm- 1 . As expected, the peaks in the 1H NMR
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spectrum are rather broad (figure 4). The -Si(CH 3 )2 protons are observed as a large
singlet at 8 0.0. There is also a small adjacent peak which can be attributed to methyl
protons attached to a vinyl silicon atom. The broad peaks in the 8 0.4-1.8 region are
again similar to the resonances in the 1H NMR spectra for 1 and 4. One curious feature
of the 1H NMR spectrum for 6 is the presence of discrete multiplets at 6 2.0-2.4. These
peaks are in the general region observed for C=C-CH 2 protons 2 7 and can be assigned to
allylic protons in the polymer. The -SiH proton is observed as a broad peak at 6 3.9. A
small multiplet at 6 4.1 can be assigned to a C=C-SiH proton. Vinyl groups are evidenced
by proton signals at 6 5.4 and 5.6. The 13C NMR spectrum confirms the presence of
vinyl groups with signals at 6 126.2 and 149.4. In contrast to polymer 4, the 29Si NMR

-

spectrum for 6 is relatively messy (figure 5). Three principal peaks are observed at 6
12.6, -11.1, and -9.8. These peaks are in the general region observed for R3SiH
compounds (the chemical shift for Me3 SiH has been reported as -15.5 ppm 2 8 ). A
smaller signal is observed at 6 -19.3. This smaller upfield signal can be assigned to

silicon atoms attached to vinyl end-groups. The remaining peaks are difficult to assign
with any degree of certainty, as all the signals are rather close to each other.
If (as the data suggest) the polymerization of vinyldimethylchlorosilane
proceeded similarly to the polymerizations of vinyltrichlorosilane and
vinylmethyldichlorosilane, then the compositional formula of 6 can be approximated
as shown:

SiR3
H2C\2

SiR3

C-CH
I x
SiR3

C-CH-CH-C
H2 i
H2/Y
SiR3

6, R3 = H(CH 3 )2

CH-SiR3
I
CH3
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Other end-groups can be visualized by referring to Scheme 5. Note that LiAlH 4
reduction of 5 would not break any silicon-carbon bonds so the basic backbone of the
polymer would be retained.

Hydrosilylation reactions of 6 with phenylacetylene
The hydrosilylation reaction is an efficient method for functionalizing
organosilicon compounds. 2 9 Although most reports have dealt with monomeric-type

compounds, several reports involving polymer functionalization have appeared. For
example, Stanczyk and co-workers synthesized new liquid crystal polycarbosilanes via
hydrosilylation. 3 0 Their synthesis is illustrated in Scheme 6.
Polymer 6 has -StH groups along the backbone which can be used to add
functionality via the hydrosilylation reaction. The unsaturated compound chosen was
phenylacetylene; triple bonds are generally more reactive than double bonds towards

hydrosilylation. 3 1 The addition of a Si-H bond to a triple bond can occur in one of two
ways: a-addition or P-addition. The vinyl protons in both cases should be

R 3 Si

><

-

H

+

a-addition product
H

R'
R3Si-H + R'

H

Pt catalyst
R3 Si

H

H

R'

>p-addition product

trans

distinguishable in the IH NMR spectrum. Usually, a mixture of both isomers is formed,
with the ratio of a/0 dependent on the alkyne and the silane. Note that formation of the

P-isomer of only trans-configuration is a characteristic feature of hydrosilylation in
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the presence of platinum catalysts. 3 1 Given the basic structure of polymer 6, the
following polymer, 7, would be expected from hydrosilylation with phenylacetylene:

)x
P

H

V

SiMe 2

H

Ph

H

SiMe2

H

7
It was found that stirring 6 with a slight excess of phenylacetylene in the
presence of chloroplatinic acid (CPA) as catalyst resulted in hydrosilylation. Stirring
the reaction mixture at room temperature for 24 hours resulted in the isolation of a
viscous, yellow-green material. Mass calculations and

1H

NMR integration

calculations showed that approximately 30% of the Si-H bonds reacted. Repeating the
reaction with heating at 50 *C for 24 hours led to the isolation of an immobile yellow
translucent solid after removal of volatiles. Calculations showed that 69% conversion
occurred. Good results were obtained when the reaction mixture was stirred for 24
hours at 75 *C. Polymer 7 was obtained as a brown, plastic-like material in 93% yield.
Identical results were obtained when the reaction was performed in toluene (24 hours at
75 *C). Polymer 7 is air and moisture stable and is soluble in common organic solvents.

Physical and spectral data for 7 are summarized in Table 8.
The IR spectrum (figure 6) shows almost a total disappearance of the Si-H
frequency; only a weak peak at 2157 cm-1 is observed. The spectrum also provides
evidence for phenyl groups with characteristic aromatic overtone peaks at 1801, 1874,
and 1942 cm- 1 . The lack of Si-H bonds in 7 is also evidenced in the IH NMR spectrum
(figure 7). The signal for the Si-H proton in 6 (8 3.6-4.0) has virtually disappeared. The
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phenyl protons show up as expected at 8 7.3-7.7. The interesting feature of the spectrum
is the set of peaks representing the vinyl protons in 7. Two pairs of broad multiplets are
Table 8. Physical and spectral data for 7.
appearance

brown, plastic-like material

elemental analysis

Found: C, 73.59, H, 8.50

IR (cm- 1, thin film)

1

3057 (m), 3023 (m), 2950 (s), 2248 (w), 2157 (w), 1942 (w), 1874
(w), 1801 (w), 1603 (m), 1574 (m), 1493 (s), 1446 (m), 1408 (m),
1248 (s), 1028 (m)
0.38 (br s), 0.6-2.7 (br), 5.6-5.9 (mult), 5.9-6.2 (mult), 6.5-6.9
(mult), 6.9-7.2 (mult), 7.2-7.8 (br)

H NMR (ppm)

13 C

NMR (ppm)

-3.1 (br), 14.0, 23.0, 36.0, 126.6, 127.9, 128.1, 128.5, 138.4,
144.2, 144.6, 152.5

2 9 Si

NMR (ppm)

-21.3, -10.9, -8.6, -4.4, -2.4, -1.6, 0.08, 0.58

Mol. wt. (GPC)

no. avg., 939; wt. avg., 2147; polydispersity, 2.3

observed: for one pair, peaks centered at 8 5.80 and 6.05 are observed and for the other
pair, peaks centered at 8 6.70 and 7.10 are observed. As a means of distinguishing the
pairs, the 1H NMR spectra of compounds I, II, and III would

Ph

Ha

Hb

SiMe

Ph
MeSi

Hb

Ph

SiMea

Ha

Hb

Ha
III

8 (H a), 6.49
8 (H b), 6.88

8 (H a), 5.61
8 (H b), 5.83

8 (H a), 5.83
8 (H b), 7.36

be useful. A synthesis of III was reported by Eisch and Foxton, 3 2 and Lukevics and co-

workers reported the syntheses of compounds I and II.33 The reported 1H NMR spectral
data are listed below each compound. Based on these data, it is relatively simple to
assign the resonances in the 1H NMR spectrum of 7. The peaks observed at 8 5.80 and
6.05 can be assigned to the a-addition product and the peaks observed at 8 6.70
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and 7.10 can be assigned to the n-addition product. Compared to the reported values, all
the peaks in the spectrum of 7 are observed downfield by the same amount (0.2 ppm).
Note that product similar to compound III is not observed. If this type of product were
observed, a single broad peak for Ha would be observed around 8 5.8; the signal for Hb
would be buried under the signal for the phenyl protons. This confirms the observation
that P-addition leading to cis products does not occur with Pt catalyzed hydrosilylation
of alkynes. The ratio of a-addition to P-addition was 0.91, based on the integration in
the 1 H NMR spectrum. The integration of the other peaks corresponds to the expected
ratios.
The

13 C

NMR spectrum (figure 8) provides further evidence for the structure of 7.

The signals for alkyl carbons and the aromatic carbons are obvious. The peak at 8
138.4 and the cluster of peaks centered at 8 144.0 are in close agreement with literature
Ph

H

H

Ph

SiMe

MSi

H

I
8 (C1), 144.17
8 (C2), 130.05

H

II
8 (Cl), 145.32
8 (C2), 126.72

values for compounds I and iI.33 Apparently, the signals for the C2 carbons are
obscured by the strong signals of the phenyl protons.
The

2 9 Si

NMR spectrum (figure 9) is messy and difficult to interpret. The

reported values for compounds I and II are listed. 33 For polymer 7, the strongest
Ph

H

H

SiMe
1

8 (2Si),

Ph

H

MeSi

H
11

-6.33

(29Si), -4.31
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signals are observed around 8 -1.6 - -2.0. These values are slightly different from the
literature values. However, a smaller set of signals is observed at approximately 8 -4.5.
These peaks are closer to the reported values for I and II. One should also keep in mind
that the literature values are for monomeric compounds. Chemical shifts in 29SI NMR
spectra are sensitive to structural and steric factors. 3 4
The GPC molecular weight data for 7 brings up several interesting points. The
number average molecular weight is roughly double that of polymer 6. This is close to
the expected ratio (2.1 experimental vs. 2.2 theoretical). However, the polydispersity for
7 is much higher than that of 6 (2.3 vs. 1.1). It is apparent from the GPC trace that small
amounts of higher molecular weight materials are present in the product (figure 10).
This is likely due to the addition of some of the -SiH groups in the polymer to the double
bonds of polymer end-groups. This hypothesis is supported by the loss of the 8 5.7 vinyl
peak in the IH NMR spectrum of 7.

y-Ray polymerization of vinyltriethoxysilane
Besides reporting the y-ray polymerization of vinyltrichlorosilane, Hayakawa
and co-workers also reported the y-ray polymerization of vinyltriethoxysilane. 2 3 The
reduction of Si-OR groups to Si-H groups is an easy process, so
poly(vinyltriethoxysilane) could provide another route to poly(vinylsilane).

Hayakawa

reported higher yields of polymer from vinyltriethoxysilane than from
vinyltrichlorosilane, and a polymer structure resulting from addition through the
vinyl groups was also reported. In our experiments, we also obtained higher yields but
we have evidence that suggests polymerization does not occur solely through the vinyl
groups.

In a typical experiment, distilled and degassed vinyltriethoxysilane was loaded
into a thick-walled glass ampoule. After being sealed under vacuum, the ampoule was
placed into the

6 0 Co

y-ray reaction chamber and exposed to the desired amount of

Figure 10. GPC trace of 7.
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radiation. After the total dosage had been attained, the contents of the ampoule were
transferred to a Schlenk flask and all volatiles were removed under reduced pressure
with heating to leave poly(vinylethoxysilane) 8. A range of dosages was applied, and the
results are summarized in Table 9. For simplicity, the polymer structure will be
depicted as shown.
Table 9. Polymerization data for poly(vinyltriethoxysilane)

EtO

I OEt
OEt
8
Mol. Wt. (GPC)

total dosage

yield of polymer

no. avg. weight

wt. avg. weight

6 MRad

44% (4 4 %)a

4416

10788

9 MRad

60%

8326

16246

12 MRad

74%

3661

10291

15 MRad

85%

3937

12136

18 MRad

85%

4544

13855

a with added 1 wt. % di-tert-butyl peroxide
The polymers (8) in all cases were very thick, clear, colorless materials. All
samples were identical according to spectral information. Polymer 8 is soluble in
common organic solvents but crosslinks rapidly in aqueous acid or base. As can be
seen from the data in Table 9, the molecular weights of all the samples were similar.
The low molecular weights observed combined with the high yields of polymer suggest
that chain transfer is occurring during the polymerization. Elemental analysis data
for one sample was acquired and was found to be in close agreement with calculated
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values: calcd. for CHI1 8 O3 Si - C, 50.53; H, 9.47. found - C, 50.48; H, 9.61. As expected, as
the total irradiation dosage increased, the yield of polymer increased.

Unlike the

vinylchlorosilane y-ray polymerizations, the presence of di-tert-butyl peroxide did not
increase the yield of polymer. The absence of yield increase from 15 to 18 MRad can be
attributed to the low concentration of available monomer towards the end of
polymerization. As the total dosage increased, the samples also became increasingly
viscous. For the 15 and 18 MRad samples, the ampoule contents had to be heated to
allow transfer to the Schlenk flasks.
The IR spectrum of 8 shows the characteristic strong Si-O stretch at 1078 cm-1.
The IH NMR spectrum (figure 11) shows the -OCH 2 CH 3 protons as strong peaks (8 (CH2 ),

3.77; 8 (CH3 ), 1.2). The alkyl protons of the backbone are observed as broad peaks in the
8 0.2-2.0 region. Interestingly, no vinyl protons are observed, in contrast to the
poly(vinylchlorosilanes). The backbone carbons are not observed in the

13 C

NMR

spectrum (figure 12). The main peaks observed are those corresponding to the carbons
in the ethoxy groups: 8 18.2 (CH3 ), 58.0 (CH2 ). The

29

Si NMR spectrum of 8 (figure 13)

shows a number of peaks in the region 8 -48 - -42 with principal peaks at 8 -47.0, -44.4,
35
and -44.1. These peaks are close to the reported value of 8 -44.5 for CH3 Si(OCH 2 CH 3 )3 .

The exact structural nature of 8 could not be determined from this data.

Therefore, polymer 8 was reduced with LiAJH 4 to gain further information concerning
its structure.

Reduction of poly(vinyltriethoxysilane) 8
Stirring a THF solution of 8 with excess LIA1H 4 led to the isolation of

poly(vinylsilane), 9, as a clear, colorless, very thick material. The reduction is best
carried out in THF, as using Et2 O as solvent resulted in the formation of large amounts
of insoluble gel on quenching with dilute aqueous HCl.
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Polymer 9 is air and moisture-stable and is soluble in common organic
solvents. Physical and spectral data for 9 are summarized in Table 10. For simplicity,

the structure of 9 will be depicted as shown.
Table 10. Physical and spectral data for 9.

H

H

H

9
appearance

clear, colorless, very thick material

elemental analysis

Calcd. for C2 H 6 Si: C, 41.34; H, 10.33; Si, 48.33. Found: C,
43.41; H, 9.88; Si, 34.80

IR (cm- 1 , thin film)

3446(br), 2971 (m), 2922 (s), 2147 (s), 1376 (w), 1078 (m), 920 (s),
740 (i)

1

H NMR (ppm)

13 C

NMR (ppm)

0.72 (s), 0.79 (s), 1.2 (s), 1.3 (s), 1.6 (br s), 3.2 (s), 3.5 (s), 3.8 (br s),
3.9-4.2 (br), 4.5-4.9 (br)

0.93, 5.0, 5.3, 7.0, 17.8, 19.0, 23.5, 26.5, 27.0, 31.9, 37.6, 38.4,
40.4, 43.7, 58.4, 68.5, 71.0

2 9 Si

NMR (ppm)

-58.2, -56.6, -49.9; JSi-H = 196 Hz

ceramic residue yield
(TGA)

27%

Mol. wt. (GPC)

no. avg., 682; wt. avg., 1800; polydispersity, 2.6

The data suggest that some other mode of propagation occurred during the
polymerization besides the expected propagation through the vinyl groups. The first
indication is the large discrepancy in the elemental analysis. Supposing that only
vinyl propagation occurred during the polymerization and the reduction was complete,
polymer 9 would consist of only carbon, hydrogen, and silicon. However, the analysis
percentages add up to only 88.09% (the analysis results were reproducible). The
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reduction was performed under more strenuous conditions (refluxing THF) in the case

that incomplete reduction had occurred, but the same results were obtained. Treating 8
with acetyl chloride to convert the Si-OEt groups to Si-Cl followed by reduction with
LiAIH 4 also did not affect the results. The IR spectrum of 9 shows the expected Si-H
stretching frequency at 2147 cm-1. However, a broad peak at 3446 cm-1 is also present,
which suggests the presence of -OH groups in the polymer. 3 6 The 1H NMR spectrum of 9
(figure 14) shows the expected signals for the -SiH 3 protons along with the signals for
the backbone protons. However, the integration shows a SiH to CH ratio of 1/2. If the
structure of 9 were as shown above, the ratio would be 1/1 as it is in poly(vinylsilane) 1.
The different ratio suggests additional alkyl protons present in the polymer. The 13C
NMR spectrum of 9 shows a multitude of peaks and is not helpful in further determining
the polymer structure. The 29Si NMR spectrum of 9 is relatively clean (figure 15),

showing two large peaks at 8 -58.2 and -56.6 and a smaller peak at 8 -49.9. These peaks
are in the region where RSiH 3 groups are usually observed. 18b Further studies using

DEPT sequencing showed that none of these peaks corresponded to -SiH 2 groups;
polymer 1 contained small amounts of -SiH 2 groups.

Based on this data, a possible structure for the original
poly(vinyltriethoxysilane) 8 can be depicted as shown, where some chain transfer has

Si(OCH 2 CH 3 )3

OCH 2 CH 3
R-

Si-O-CH

CH3 CH 2 0

CH3

CH2 - CH

CH2-CH-CH- CH2

I
Si(OCH 2 CH 3 )3

Si(OCH 2 CH 3 )3

R = vinyl or polymer

occurred by abstraction of hydrogen a- to oxygen in the ethoxy groups. This is also the
structure proposed by Bailey and Mixer in their studies of the peroxide-catalyzed
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polymerization of vinyltriethoxysilane. 3 7 The reduction of this polymer would result
in the following products, where the backbone of polymer 8 is cleaved to form smaller
chain fragments:
SiH3

H

R-Si-Hi
H

+

HO-CH4CH
OHt

3

2 -C

I

H)(tC 2 -CH

SiH-3

- CH

-

H

SiH-3

R = vinyl or polymer
The added presence of oxygen could explain the discrepancy in the elemental analysis.
However, upon closer examination, the elemental analysis data actually does not
support the shown structure. If the unaccounted mass is attributed to oxygen, then the
analysis results would be: C, 43.41; H, 9.88; Si, 34.80; 0. 11.91. If we assume we have 100
g of this polymer, then we have 11.91 g of oxygen, or 0.74 mol. We also have 34.80 g of
-

silicon, or 1.24 mol. On the average, this means for every (HO)CHCH3 unit there are 1.7
CH2 CH(SiH 3 )- units. Although this would explain the 2/1 CH/SiH integration ratio in

the 1H NMR spectrum, this is not a feasible result. If there were 1.7 -CH 2 CH(SiH 3 )- units
for each (HO)CHCH 3 unit, then the average molecular weight of the polymer would be
approximately 150, since the (HO)CHCH3 units must be end-groups. The physical
appearance of the polymer, the GPC molecular weight data, and the presence of broad
peaks in the 1H NMR spectrum clearly indicate a much higher average molecular
weight. Instead, the following structure can more reasonably explain the data:
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S
0 SiJ

OR
R'-

-I

CH2 - CH

CHI

IR

){C

H)N

Si-O-CH

Si(OR) 3

C

2

CH2-CH

CHI

4-I-H 2CH

CH2- CH2

z
Si(OR)3

Si(UR)3

R'= vinyl or polymer; R = CH 2 CH 3
In this case, the second hydrogen atom a to oxygen is abstracted to form another radical
which can start another polymer chain or combine with another radical polymer
fragment to form the polymer as shown. Note that the second hydrogen atom should be
easier to remove since the resultant radical is additionally stabilized by the added alkyl
group. This type of polymerization also has been proposed by Lavrukhin and coworkers in their investigations on the peroxide-catalyzed polymerizations of
poly(vinylmethyldialkoxysilanes). 3 8 Now when this polymer is reduced, the structure
would be:

OH
R' -SiH

+

HO-CH

CH3

CH 2 -CH
SiH 3

C

CF2-CH2

CH7-H

C
"

SiH 3

Z

S+H3

R' = vinyl or polymer
The polymer chains can theoretically be any length while maintaining the
correct CH/SiH ratio in the 1H NMR spectrum and also the correct O/Si ratio as
calculated by the elemental analysis. The molecular weight of 9 is approximately 1/6
that of 8 (by GPC). This is substantially different from the expected ratio
(approximately 1/3 assuming a -CH 2 CH(SiR3 )- structure). Again, this can be explained
by the above structure; the backbone of 8 is cleaved at the point of each chain transfer.
The broad peak at 3446 cm-I in the IR spectrum confirms the presence of the
hydroxyl groups in 9. In addition, the strong peak at 1078 cm- 1 is observed in the region
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where the C-O stretch of alcohols is observed. 3 6 The 1H NMR spectrum can now be
clarified by the proposed structure. The OC-CH 3 protons are likely observed as one of
the singlets in the 8 1.0-1.5 region; the methyl protons in tert-butyl alcohol, (CH3 )3 COH,
are observed at 8 1.26.39 These OC-CH 3 protons add to the integration in this region
which would lead to a larger CH/SiH ratio. The proton attached to oxygen cannot be
attributed with certainty to any region in the spectrum.

-

In the case of the polymerization of vinyltrichlorosilane, small amounts of

SiH 2 groups were present in the polymer, which indicated that some chain transfer
occurred resulting in loss of chlorine radicals. This process does not occur in the
polymerization of vinyltriethoxysilane; i.e., no chain transfer occurs with loss of
ethoxy groups. This is verified by the total absence of -SiH 2 groups in the

2 9 Si

NMR

spectrum (DEPT sequencing).
A rough calculation can be made to determine the relative amounts of each unit
in the polymer. If x = the fraction of -CH 2 CH(SiH 3 )- units, then (1-x) = the fraction of

HOC-CH 3 units in the polymer. The peak corresponding to the OH proton is in the 8 0.52.0 region (determined by shaking a solution of the polymer with D 2 O), thus the
following equation can be derived:
(3x + 4(1-x))/3x = 2/1,
where 2/1 equals the ratio of CH/SiH protons as determined by the integration in the 1H
NMR spectrum. On solving the equation,
x = 0.57, (1-x) = 0.43.

Thus, the polymer can be depicted as:
OH
CH2-CH
S

SiH 3

C

.57

I

/0.43

CH 3

Note that the end-groups are not included in the calculation as it is impossible to
determine the exact nature of the groups. The weight percent of each element can now be
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calculated: C = 46.15%; H = 9.88%; SI = 30.76%; 0 = 13.22%. These values are fairly close
to the actual experimental values: C = 43.41%; H = 9.88%; SI = 34.80%; 0 = 11.91%.
Finally, the structure of 9 can be depicted as:

OH \

C

CH 2 -CH

R

CH

SiH 3

R

CH2 -CH
z

"

SiH 3

9
R = -CH 2 CH 2 (SiH3 ), -CH 2 (SiH 3 )CH 2 , or -CH(OH)CH 3
(x + y) = 0.57, n = 0.43, z = 13
where z = 13, calculated from the molecular weight data. Note that the -C(OH)CH 3 groups
may or may not be adjacent to each other; in all likelihood, separate and adjacent units
co-exist in the polymer. The possible end-groups are also listed. Unlike the
poly(vinylchlorosilanes), no vinyl end-groups are apparent in the spectral data (this is
also in contrast with Lavrukhin's results, which show the presence of vinyl end-groups
in the IH NMR and

13 C

NMR spectra of poly(vinylmethyldialkoxysilanes 3 8 ).

The existence of -SiH3 groups in the polymer suggests that crosslinking may
increase the ceramic residue yield of 9. The ceramic residue yield of untreated 9 was
only 27%. However, refluxing 9 with catalytic amounts of Cp2TiCl2 led to the isolation
of a green, soluble semi-solid in quantitative yield. The ceramic residue yield of this
solid was 79%.

y-Ray polymerization of vinylmethyldiethoxysilane and vinyldimethylethoxysilane
Since the nature of the polymerization of vinyltriethoxysilane was established,
polymerizations were carried out with vinylmethyldiethoxysilane and
vinyldimethylethoxysilane to complete the data on this family of vinylsilanes. The
polymerizations were carried out as before.
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After exposing vinylmethyldiethoxysilane to a total of 9.36 MRad,
poly(vinylmethyldiethoxysilane), 10, was obtained as a clear, colorless, very viscous
material in 26% yield. This lower yield would be expected since the amount of ethoxy
groups available for chain transfer is diminished. Physical and spectral data for 10 are
summarized in Table 11, where the structure of 10 is assumed to follow from
mechanisms similar to those of the polymerization of 8.
Polymer 10 is of relatively low molecular weight with a broad weight
distribution. The IR spectrum of 10 shows two separate bands in the Si-O region at 1082
-

and 1109 cm- 1 . These bands probably correspond to the -SiOCH2 CH 3 groups and the
SiOCR 2 CH 3 branched groups. The IH NMR spectrum (figure 16), shows the expected
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Table 11. Physical and spectral data for 10.

Si
0
R

CH2 -CH

CH2-CH

C
I

4

CHn

SiMe(OR) 2

R'

y z
SiMe(OH) 2

10
R'= -CH 2 CH(SiMe(OR) 2), -CH(SiMe(OR) 2 )CH 2 , -SiCH(OH)CH 3 ; R = CH 2 CH 3
clear, colorless, very viscous material

appearance
elemental analysis

Calcd. for C7H1602Si: C, 52.49; H, 9.99. Found: C, 52.40; H,
10.02

IR (cm- 1 , thin film)
IH NMR (ppm)
13
29

2970 (s), 2924 (s), 1442 (m), 1390 (m), 1256 (m), 1095 (vs), 951 (s),
794 (s)

-0.026 (s), 1.08 (s), 0.2-1.9 (broad unresolved peaks), 3.62 (d)

C NMR (ppm)

-5.2, 18.2, 57.7

Si NMR (ppm)

-4.87, -4.52, -4.12, -3.84

Mol. wt. (GPC)

no. avg., 1610; wt. avg., 4559; polydispersity, 2.8

0
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-

large peaks for the -OCH 2 CH 3 and -SiCH 3 protons along with the broad signals of the
CH 2 CH- backbone. The

13

C NMR spectrum only shows strong signals corresponding to

the -OCH2 CH 3 and the -SiCH 3 carbons. The polymer backbone carbons are strongly
obscured as in the case of poly(vinyltriethoxysilane) 8. The

2 9 Si

NMR spectrum shows

four signals of relatively equal intensity at 8 -4.87, -4.52, -4.12, and -3.84. These values
are close to the reported value of 8 -6.1 for (CH3 )2 Si(OCH 2 CH3 )2 .3 5
Vinyldimethylethoxysilane was polymerized in a similar manner and
poly(vinyldimethylethoxysilane), 11, was obtained as a clear, pale yellow, viscous oil
in only 8.4% yield after a total dosage of 9.36 MRad. Again, the lower yield can be
attributed to the decreased availability of ethoxy groups for chain transfer. Physical
and spectral data for 11 are summarized in Table 12 where the structure is again

assumed to follow from the mechanisms discussed for 8.
The IR spectrum of 11 shows the expected bands in the Si-O region at 1109 and
-

1082 cm-1. The IH NMR spectrum (figure 17) shows strong sharp signals for the

OCH 2 CH 3 and -SiCH 3 protons and broad signals for the polymer backbone protons.
The

13 C

NMR spectrum shows only strong signals for the -OCH 2 CH3 and -SiCH 3

carbons as was also observed for polymers 8 and 10. The

2 9 Si

NMR spectrum is clean,

showing only two equal intensity peaks at 8 16.8 and 17.6. These values are close to the
reported value of 8 14.53 for (CH3 )3 SiOCH 2 CH 3 -40
The yields and molecular weights for the poly(vinylalkoxysilanes) 8, 10, and 11
show regular trends. The data are listed in Table 13 for comparison.
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Table 12. Physical and spectral data for 11.

Si

CH 2 -C H

RI

4

R'

CH2-CH

(

IC

SiMe 2 OR

3n

yI

SiMe 2 OR

11
R'= -CH 2 CH(SiMe 2 OR), -CH(SiMe 2 OR)CH 2 , -SiCH(OH)CH 3; R = CH 2 CH 3
clear, pale yellow, viscous liquid

appearance
elemental analysis

Caled. for C 6 HI14 OSi: C, 55.37; H, 10.76. Found: C, 54.92; H,
10.76

IR (cm- 1 , thin film)

2970 (s), 2924 (s), 1390 (m), 1250 (s), 1109 (s), 1082 (s), 947 (m),
826 (s), 777(s)

1H

0.021 (s), 0.3-1.0 (broad), 1.11 (s), 1.1-1.7 (broad), 3.57 (s), 3.59

NMR (ppm)

(S)
13 C

NMR (ppm)

-2.3, 18.4, 58.0

2 9 Si

NMR (ppm)

16.8, 17.6
no. avg., 490; wt. avg., 873; polydispersity, 1.8

Mol. wt. (GPC)

Table 13. Yields and molecular weights of 8, 10, and 11.
Yield

Mol. Wt. (GPC)

8

60%a

no. avg., 4416; wt. avg., 10788; polydispersity, 2.4

10

26%

no. avg., 1610; wt. avg., 4559; polydispersity, 2.8

11

8.4%

no. avg., 490; wt. avg., 873; polydispersity, 1.8
a6 MRad sample

104

If steric factors were important in these polymerizations, higher yields would be
expected on going from ViSi(OCH 2 CH3 )3 to ViSIMe(OCH 2 CH3)2 to ViSiMe 2 0CH2 CH3
since obviously methyl groups are smaller than ethoxy groups. Thus from the results
observed, steric factors could not have played a significant role in the polymerizations.
The data suggest that the chain transfer to ethoxy groups is a major process occurring
during the polymerization. If the -OCH'CH3 and -OC'RCH 3 radicals were the main
radical sources, then the yields of polymer would be expected to decrease in the observed
order since fewer ethoxy groups are available when substituting methyl groups on the
silicon. Also, the decrease in observed molecular weights would be expected since the
chain-transfer reaction causes branching, and subsequently higher molecular weight
polymer. This branching also results in a broader weight distribution; note that 11 has
)

the narrowest weight distribution. Thus it can be concluded that -CH 2 CH(SiR3

radicals are not the main propagating species; instead, the -OC'RCH 3 radicals play the
most significant role in the polymerizations.

y-Ray polymerization of vinyltrimethoxysilane
The studies on the polymerization of vinyltriethoxysilane led us to examine the
polymerization of the similar compound, vinyltrimethoxysilane, to see if a similar
polymer could be obtained. Hayakawa et al. reported that the polymerization of
vinyltrimethoxysilane was much slower than that of vinyltriethoxysilane. 2 3 We also
found this to be the case. The polymerization procedure was identical to the previous
procedures. An ampoule filled with vinyltrimethoxysilane was irradiated for a total of
9.36 MRad. After removal of volatiles, poly(vinyltrimethoxysilane), 12, was obtained
as an immobile, clear, colorless material in 16% yield. Adding 1.0 wt. % di-tert-butyl
peroxide to the ampoule did not affect the polymer yield. Increasing the total dosage to
19 MRad led to the isolation of 12 in 29% yield. Physical and spectral data for 12 are
summarized in Table 14. For simplicity, 12 will be depicted as shown.
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Table 14. Physical and spectral data for 12.

H3 CO

Si~

I OCH3
OCH3
12

appearance
elemental analysis
IR (cm- 1 , thin film)
1H

NMR (ppm)

immobile, clear, colorless, material
Calcd. for C5 H 12 03S1: C, 40.54; H, 8.10. Found: C, 40.53; H,
8.21.
2943 (s), 2839 (s), 1456 (m), 1191 (s), 1085 (s), 796 (s)

0.0-2.0 (broad), 3.34 (s)

13 C

NMR (ppm)

49.8

29 Si

NMR (ppm)

-44.1, -43.6, -41.1, -40.7

Mol. wt. (GPC)

no. avg., 607; wt. avg., 1436; polydispersity, 2.4

The IR spectrum of 12 shows the expected strong Si-O stretching band at 1085
cm- 1 . The IH NMR spectrum (figure 18), shows the protons of the backbone as broad
unresolved peaks at 8 0.0-2.0 and the methoxy protons are observed as a singlet at 8
3.34. No vinyl protons are observed which indicate that these end-groups are absent in
the polymer. The integration ratio of methoxy protons to backbone protons is 2/1, the
value expected if normal polymerization through the vinyl groups had occurred. The
13 C

NMR spectrum shows a single peak corresponding to the methoxy carbon at 8 49.8.

The

2 9 Si

NMR spectrum shows several closely spaced peaks in the 8 -45 to -40 region.

41
These values correspond closely to the reported value of 8 -39.8 for CH3 Si(OCH 3 )3 .

Interestingly, the yield of 12 (16%) is very low compared to the yield of
poly(vinyltriethoxysilane) 8 (60% for a similar total irradiation dosage). Obviously,
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Figure 18. IH NMR spectrum of 12.
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steric factors must not play an important role in the polymerization. However, if

chain-transfer again is the dominant process in this polymerization, these results are
more acceptable. Obviously, the protons a- to oxygen in methoxy groups would be less
easily extracted than the a-protons in ethoxy groups; a-H abstraction in methoxy
groups would lead to a primary radical as opposed to a secondary radical formed as a
result of H abstraction in ethoxy groups. This would result in fewer of these radicals
being formed, thus lowering the overall yield of polymer. Although energetically less
favorable, the abstraction probably does occur in this polymerization; Lavrukhln
found that a-H abstraction occurred in the peroxide-catalyzed polymerization of
vinylmethyldimethoxysilane.38b

Reduction of 12
As in the case of poly(vinyltriethoxysilane) 8, the reduction of 12 was performed
to provide further information concerning the structure of 12. Treating a THF solution

of 12 with LiAlH 4 led to the isolation of poly(vlnylsilane), 13, as a clear, colorless,
slightly viscous oil in 66% yield. Polymer 13 is stable to air and moisture. Physical
and spectral data for 13 are summarized in Table 15. For now, the structure of 13 will be
depicted as shown.
These results suggest again that the polymerization did not occur solely through
the vinyl groups. The elemental analysis percentages add up to only 90.83% which
suggests the presence of oxygen in the polymer. The IR spectrum also shows the
characteristic broad band of hydroxyl groups at 3445 cm- 1. The I H NMR spectrum
(figure 19) shows the strong signal for the -SiH 3 protons at 8 3.51 along with the broad
peaks observed for the protons in the backbone. The integration ratio of SiH to CH

protons is 3/4, which is different from the expected ratio of 1/1, but closer than the
ratio observed for poly(vinylsilane), 9 (1/2). The 13C NMR spectrum is very messy
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Table 15. Physical and spectral data for 13.

H

I

H

H

13
appearance

clear, colorless, slightly viscous oil

elemental analysis

Calcd. for C2 H6Si: C, 41.34; H, 10.33; Si, 48.33. Found: C,
36.02; H, 10.13; Si, 44.68

IR (cm- 1 , thin film)

3445 (broad), 2898 (m), 2843 (m), 2142 (s), 1449 (w), 1069 (m),
914 (s)

1

H NMR (ppm)

0.40-2.2 (broad, unresolved), 3.5 (s, with satellites at 3.2 and

3.8)
13C

NMR (ppm)

5.1, 21.7, 29.2, 36.8

2 9 Si

NMR (ppm)

-58.2, -57.5, -56.6, -53.4, -52.3

ceramic residue yield
(TGA)

24%

Mol. wt. (GPC)

no. .avg., 963; wt. avg., 2862; polydispersity, 2.9

(figure 20) and no further useful information can be derived from it. The

29

Si NMR

spectrum of 13 shows only peaks in the expected range for RSiH3 silicon atoms.
As in the polymerization of vinyltriethoxysilane, these data suggest that a-H
abstraction occurs in the polymerization of vinyltrimethoxysilane as well. The
structure of 12 can thus be shown as:
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R

CH2- CH)"

CH
CH2OSi(OR) 3

R

'

Si

Si

Si(OR) 3
12

R= -CH 2 CH(SiH 3), -CH(SiH 3 )CH 2 , -CH 2 OSi; R=CH3
where two types of branch points can be envisioned. Reduction of this polymer would
lead to the following structure:

R'

CH2 -COH

CH2-CH

~

n z~
R'

SiH3

SiH3
13
R'= -CH

2 CH(SiH 3 ),

-CH(SIH

3 )CH 2 , -CH2 0H;

R=CH1

An estimate of the relative amounts of each unit is difficult to make, and thus It is
impossible to determine the exact structural nature of the polymer.

y-Ray polymerizations of vlnyltrls(t-butoxysllane) and
vinyltris(dimethylamino)sllane
Since the polymerizations of vinylalkoxysilanes involve abstractions of
hydrogens a- to oxygen, It was of interest to polymerize an alkoxysilane that does not
contain a-hydrogens. The obvious choice is vlnyltrls(t-butoxy)silane (VtB). This
compound was prepared by treating vinyltrichlorosilane with an excess of potassium
tert-butoxide. VtB, a clear colorless liquid, was obtained in 85% yIeld. Unfortunately,
exposing VLB to 12 MRad total dosage led to the Isolation of virtually no product. The
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absence of hydrogens a- to oxygen along with steric restraints likely contribute to the
lack of polymerization.
Another likely candidate for these polymerizations is
vinyltris(dimethylamino)silane (VAS). VAS was prepared by reacting
vinyltrichlorosilane with excess dimethylamine. Obtaining complete substitution of
chlorine was rather difficult and VAS was finally obtained in only 28% yield as a clear,
colorless liquid.
It was found that VAS was polymerizable by y-ray irradiation. Exposing VAS to
12 MRad total dosage led to the isolation of poly(vinyltris(dimethylamino)silane), 14,
as a brittle white solid in 30% yield. Adding 1.0 wt. %di-tert-butyl peroxide to VAS
prior to polymerization increased the yield to 43%. Polymer 14 is soluble in common
organic solvents. Polymer 14 is also stable in air but should be kept from moisture, as
this would cause crosslinking. Physical and spectral data for 14 are summarized in
Table 16. For simplicity, the structure of 14 will be depicted as shown.
Table 16. Physical and spectral data for 14.

Me 2 N "e I

NMe2

NMe 2
14

appearance
1H
13 C

NMR (ppm)
NMR (ppm)

29Si NMR (ppm)
elemental analysis
Mol. wt. (GPC)

white, brittle solid
0.0-2.0 (broad), 2.41 (s), 5.6-6.2 (mult.)
10.0 (br), 37.9, 132.5, 134.0
-17.1
Calcd. for C8 1- 2 1N3 Si: C, 51.34; H, 11.21; N, 22.44. Found: C,
50.19; H, 11.08; N, 21.49.
no. avg., 5375; wt. avg., 12732; polydispersity, 2.4
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The IH NMR spectrum of 14 (figure 21) shows a strong resonance for the -NCH 3
protons. The protons of the backbone are observed as low, very broad resonances at 8
0.0-2.0. Very small traces of vinyl protons are evident which suggest that vinyl endgroups may be present in the polymer. The

13 C

NMR spectrum shows a strong signal for

the -NCH 3 carbons along with a small broad peak at 8 10.0, assignable to the carbons of
the backbone. Vinyl carbons are also present, in confirmation of the 1H NMR spectrum.
Interestingly, the

2 9 Si

NMR spectrum is very clean (figure 22); only a signal at 8 -17.1 is

observed. This value is very close to the reported value of 8 -17.5 for CH 3 Si[N(CH 3 )2 13-4

The fact that only a single peak is observed suggests that the polymer structure is very
regular. The molecular weight data suggest that on the average, we are dealing with 29-

mers; i.e. 29 units per polymer chain.
It was necessary to reduce 14 to poly(vinylsilane) in order to gain further

information concerning the polymer structure. In 1952, Cass and Coates reported that
dimethylaminotrichlorosilane and bisdimethylaminodichlorosilane yielded SiH 4 on
treatment with LiAlH 4 in Et2 O. 4 3 However, treatment of 14 with LiAIH 4 in Et2 0 led to

the isolation of no polymer. Apparently, some unknown side reaction is occurring.

Polymerization of vinyltrichlorosilane using high-energy radiation
Besides y-rays, high-energy radiation delivered from a Van de Graaff generator
was used to polymerize vinyltrichlorosilane. The Van de Graaff generator used is

located in the High Voltage Laboratory at M.I.T. A detailed description of such a
generator can be found in any college physics textbook. 4 4 In brief, a Van de Graaff
generator is capable of ejecting a beam of protons or electrons possessing extremely
large amounts of energy.
In a typical experiment, vinyltrichlorosilane and 1.0 wt. % di-tert-butyl
peroxide were loaded into a 12" length of 8 mm o.d. Pyrex tubing sealed at one end. The
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other end was flame-sealed. The tube was then exposed to a Van de Graaff electron beam
at a rate of approximately 200,000 rad/s. The tube was broken open and all volatiles
were removed to leave poly(vinyltrichlorosilane), 15, as a pale yellow, viscous oil. The
effects of varying dosages was examined and the results are summarized in Table 17.
Table 17. Effect of total dosage on yield of 15.
total dosage

Yield of 15

40 MRad

1 8 % ( 1 8 %)a,

( 1 6 %)b

60 MRad

26%

80 MRad

33%

100 MRad

42%

ausing one-half the dosage rate (100,000 rad/s)
busing an exterior ice bath to cool the tubes during
polymerization
An almost linear relationship between yield and total dosage can be observed.

Changing the dosage rate did not affect the polymerization. During a typical
polymerization, the tubes would become very warm. Cooling the tubes in an ice bath
during the polymerization did not affect the yield significantly.
Polymer 15 is very sensitive to moisture; it crosslinks rapidly on exposure to
water. Polymer 15 is also soluble in common organic solvents. Physical and spectral
data for 15 are summarized in Table 18.
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Table 18. Physical and spectral data for 15.
pale yellow, viscous oil

appearance
IR (cm- 1 , thin film)
1H

NMR (ppm)

13 C
29

2932 (m), 2873 (w), 1450 (m), 1398 (w), 1126 (m), 958 (m), 772
(m), 685 (s)

0.5-3.0 (unresolved multiplet), 3.7-4.3 (mult.), 6.1 (s), 6.2 (s)
20.4, 22.4, 32.4, 33.3, 54.9, 135.9, 141.0

NMR (ppm)

Si NMR (ppm)

elemental analysis

-2.3, 11.4, 12.1, 27.6

Calcd. for C 2 H 3 Cl3Si: C, 14.88; H, 1.86; Cl, 65.87. Found: C,
15.40; H, 1.92; Cl, 66.26

The IH NMR spectrum shows evidence for vinyl groups in the polymer with
strong resonances at 8 6.1 and 6.2. This is confirmed in the
signals at 8 135.9 and 141.0. In the

2 9 Si

13C

NMR spectrum with

NMR spectrum (figure 23), a large peak is

observed at 8 -2.3, with three smaller peaks at 8 11.4, 12.1, and 27.6. The signals at 8
11.4 and 12.1 correspond closely to the reported value of 8 12.2 for CH 3 SiCI3- 4 5 The
signal observed at 8 27.6 is close to the reported value of 8 31.8 for (CH3 )2 SiCl 2 .4 5 This
suggests that some chain transfer occurred to silicon which would result in ejection of a

chlorine radical. The large peak at 8 -2.3 is not observed in the

2 9 Si

NMR spectrum of y-

ray generated poly(vinyltrichlorosilane). This signal corresponds closely to the
reported value of 8 -3.5 for CH 2 =CHSiCl 3 . 4 6 It is apparent that large amounts of vinyl
end-groups exist in the polymer.

Reduction of 15
Polymer 15 was reduced to provide further information concerning the polymer
structure. Treating 15 with LiAlH 4 in Et 2 0 led to the isolation of poly(vinylsilane), 16,

as a pale yellow oil in 50% yield. Polymer 16 is stable towards moisture but slowly
crosslinks on exposure to air. Physical and spectral data for 16 are summarized in
Table 19.
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Table 19. Physical and spectral data for 16.
appearance

pale yellow oil

IR (cm- 1 , thin film)

2896 (s), 2144 (s), 1451 (m), 1070 (m), 934 (vs), 645 (s)

1H

NMR (ppm)

0.5-2.5 (broad unresolved peaks), 3.15 (s), 3.5 (s), 3.7-4.0
(mult.), 5.6 (s), 5.7 (s)

13C

5.1, 5.4, 19.1, 20.0, 21.5, 29.8, 31,7, 36.9, 125.4, 128.3, 129.1

Si NMR (ppm)

-57.8, -53.0, -52.1, -51.4, -49.4, -49.0, -46.9, -46.4, -45.8, -35.5,

-

29

NMR (ppm)

33.2
ceramic residue yield

24%

(TGA)
Mol. wt. (GPC)

no. avg., 544; wt. avg., 1300; polydispersity, 1.7
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The IR spectrum of 16 shows the characteristic stretching band for Si-H at 2144
cm- 1 . The IH NMR spectrum shows the expected broad resonances for the alkyl
backbone along with a strong signal for the -SiH3 protons at 8 3.5. Signals for vinyl
protons are also observed at 8 5.6 and 5.7. The integral ratio of SiH to CH protons is
approximately 1/1, which would be expected from normal vinyl polymerization. The
13 C

NMR spectrum shows many peaks in the high field region and strong vinyl

resonances at 8 125.4, 128.3, and 129.1. The 29Si NMR spectrum of 16 is very messy
(figure 24). A host of signals are observed in the region 8 -60 - -45. Two peaks are also
observed at 8 -35.5 and -33.2. DEPT sequencing experiments showed that these peaks
corresponded to -SiH 2 groups.
Based on these data, a structure of 16 can be postulated:
SiH 3
H2-

C-CH

SiH3

SiH 3

C-CHl- CH-

SiH 3

C

-S

CH -CH3
Z

SiH 3

This structure is similar to that of poly(vinylsilane) 1. Due to the complexity of the

NMR spectra however, only a rough structure approximation can be made.

Di-tert-butyl peroxide catalyzed polymerization of vinyltrichlorosllane
The peroxide-catalyzed polymerization of vinyltrichlorosilane has been
reported previously in the literature. Bailey and co-workers reported that heating a
mixture of vinyltrichlorosilane and 2.0 wt. % di-tert-butyl peroxide at 125 *C for 20
hours resulted in only 7% conversion to polymer.4 7 In a different report, Andrianov
and Andronov found that heating a mixture of vinyltrichlorosilane and 1.0 mol % ditert-butyl peroxide at 125 *C for 15 hours resulted in 85% conversion to polymer. 2 2

Oligomers of the following structures were proposed. It was of interest to us to re-
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investigate this polymerization and examine the resulting products.
Vinyltrichlorosilane was polymerized according to the procedure of
Andrianov. 2 2 Vinyltrichlorosilane and 1.0 mol % di-tert-butyl peroxide were placed in
a glass ampoule and sealed under vacuum. Heating at 125 *C for 15 hours led to the
isolation of a viscous, clear, colorless liquid in 83% yield.
This polymer was reduced in order to gain further structural information.
Treatment of the polymer with excess LiAlH 4 in Et 2 0 led to the isolation of
poly(vinylsilane), 17, as a clear, colorless, liquid in 82% yield. Polymer 17 is stable to
air and moisture but should be stored under an inert atmosphere to avoid possible
crosslinking reactions. Physical and spectral data for 17 are summarized in Table 20.
Table 20. Physical and spectral data for 17.
appearance

clear, colorless liquid

elemental analysis

Calcd.: C, 41.34; H, 10.33. Found: C, 41.90; H, 10.45

IR (cm- 1 , thin film)

2896 (s), 2843 (m), 2146 (s), 1610 (w), 1444 (m), 1408 (w), 1047
(m), 918 (s), 744 (i)

1H

NMR (ppm)

0.5-2.5 (broad peaks), 3.15 (s), 3.50 (s), 3.60 (s), 3.80 (s), 5.0-5.5
(broad), 5.6 (s), 5.7 (s)

13 C

NMR (ppm)

2 9 Si

NMR (ppm)

5.1, 12.5, 17.9, 21.6, 21.7, 28.8, 29.0, 120-140 (unresolved
peaks)
-60.5, -58.2, -53.8, -53.3, -52.5

ceramic residue yield
(TGA)

16%

Mol. wt. (GPC)

no. avg., 1625; wt. avg., 2133; polydispersity, 1.3
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The IR spectrum of 17 shows the expected SI-H stretching frequency at 2146 cm1. A small band is observed at 1610 cm-I which can be assigned to C=C end-groups. The
1H

NMR spectrum (figure 25) shows the expected broad signals corresponding to the

protons on the polymer backbone at 6 0.5-2.5. Three signals assignable to St-H protons
are observed, the largest peak at 8 3.5. The ratio of SiH protons to CH protons is 1/1
based on the integration. Vinyl protons assignable to vinyl end-groups are also present.
A multitude of peaks are observed in the

13 C

NMR spectrum which are impossible to

assign with any certainty. However, small vinyl resonances are observed in the 6 120140 region. In the 29Si NMR spectrum (figure 26), a small peak at 6 -60.5, a large peak at

6 -58.2, and a cluster of medium-sized peaks centered at 6 -53 are observed. These peaks
are in the region generally observed for RSiH 3 compounds. 18b According to a DEPT
sequencing experiment, none of these peaks corresponds to -SiH 2 groups.
These results do not support the conclusions drawn by Andrianov and
Andronov. According to their proposed structure of poly(vinyltrichlorosilane),
reduction would result in the formation of -SiH 2 groups. The presence of -SiH 2 groups
was observed in the y-ray poly(vinylsilane) 1, and the electron-beam poly(vinylsilane)

16, but apparently these groups do not exist in 17. As previously mentioned, 29Si NMR
DEPT sequencing techniques showed the non-existence of -SiH 2 groups. Based on these
data, a structure of 17 can be approximated as:
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Crosslinking of 17
Since the similar polymer, 1, was successfully crosslinked with various
catalysts, the crosslinking potential of 17 was also examined. Treatment of 17 with
catalytic amounts of Cp 2 TiCI 2 led to the isolation of a reddish oil in nearly
quantitative yield. The ceramic residue yield of this material was only marginally
improved (29% vs. 16% for untreated 17). Using in situ generated Cp2 ZrBu2 resulted in
75% recovery of a yellow solid. The ceramic residue yield was significantly improved to
71%. Unfortunately, this solid was completely insoluble in organic solvents; this is
likely due to traces of catalyst remaining mixed in the polymer. 2 0 Exposing neat 17 to
ultraviolet radiation led to a quantitative recovery of a clear oil. The ceramic residue
yield of this material was 30%.
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EXPERIMENTAL SECTION

General comments
All reactions were performed under an argon atmosphere unless otherwise
indicated. All reaction solvents were distilled from the appropriate drying agents.
Infrared spectra were recorded on a Perkin-Elmer 1600 Fourier Transform Infrared
spectrophotometer. All NMR spectra were recorded on either a Bruker-250 or Varian300 instrument and are referenced to tetramethylsilane. Thermogravimetric analysis
(TGA) of samples was performed using a Perkin-Elmer TGS-2 system under a 100
mL/min argon flow. Samples were heated from 50 to 950 *C at 10 *C/min. Bulk
pyrolyses were carried using a Lindberg Model 59545 single zone tube furnace, equipped
with a mullite tube, Eurotherm Model E5 controller, and a carbon pyrolysis boat
supported on a 6" alumina tube dee. GPC molecular weight determinations were made
using a Waters Millipore 150-C ALC/GPC chromatograph equipped with a Waters
Millipore Ultrastyrogel 103

A column

with toluene solvent. Elemental analyses were

performed by Scandinavian Microanalytical Laboratories, Herlev, Denmark and
Galbraith Laboratories, Knoxville, TN.
Vinyltrichlorosilane, vinylmethyldichlorosilane,

vinyldimethylchlorosilane,

vinyltriethoxysilane, vinylmethyldiethoxysilane, vinyldimethylethoxysilane, and
vinyltrimethoxysilane were obtained from Hfils America and distilled and degassed
before use.
y-Ray polymerizations were carried out at 25 *C with exposure to a

6 0 Co

source.

The dosage rate was approximately 1.0 MRad/day. Electron-beam polymerizations
were carried out using a Van de Graaff generator located in the High Voltage Laboratory
at M.I.T.
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y-Ray polymerization of vinyltrichlorosilane (HGW-8).
A thick-walled glass ampoule was loaded with vinyltrichlorosilane (30.0 g,
0.186 mol) and 0.30 g of di-tert-butyl peroxide (2.1 mmol, 1.0 wt.%) and was sealed under
vacuum with cooling in a liquid nitrogen bath. The sample was irradiated for 31 days
at a rate of 1.195 MRad/day (37 MRad total). The ampoule was broken open, and the
viscous contents were poured into a Schlenk flask. Volatiles were removed at reduced
pressure with heating at 130 *C for three hours to leave poly(vinyltrichlorosilane), 2, as
a solid light yellow polymeric material. Yields were typically 42-48%.

IR (cm- 1, thin film): 2920 (m), 2865 (m), 1601 (w, C=C), 1448 (m), 1395 (m), 1343 (w), 1125
(m), 1045 (s), 775 (s), 680 (s), 585 (vs).
1H

NMR (250 MHz, CDCl 3 ): 8 0.80-3.0 (broad unresolved peaks, 75H), 6.09, 6.20 (d, JHH =

2.0 Hz, 2H).

13C NMR (75.5 MHz, CDCl 3 ): 8 20.0-40.0 (broad unresolved peaks), 135.9, 140.9.
29

Si NMR (59.59 MHz, CDCl3 ): 8 10.11, 10.74, 11.73, 12.18, 12.68.

Anal. (for a 20 MRad sample): Caled. for C2 H3 Cl 3 Si: C, 14.86; H, 1.86; Cl, 65.94. Found:
C, 14.94; H, 2.06; Cl, 63.96.

Reduction of PVSiCl 3 (DSVI-24,48).

A solution of PVSiCl3 (34.6 g, 0.21 mol) dissolved in 75 mL of Et2 O was
cannulated slowly into an ice-cooled suspension of LiA1H 4 (12.2 g, 0.32 mol) in 500 mL
of Et2 O. The reaction mixture was stirred at room temperature overnight. The mixture
was then filtered through a Celite pad, and the filtrate was added cautiously to 500 mL of
ice-cooled aqueous 2N HCl. The layers were separated and the aqueous layer was
extracted twice with Et2 O. The organic layers were combined and washed twice with
distilled H 2 0 and once with saturated aqueous NaCl solution. The solution was dried
over MgSO 4 . Volatiles were removed using a rotary evaporator and the residue was
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taken up in hexane. The resulting solution was filtered through a silica gel pad. All
volatiles were then removed at reduced pressure with heating at 100 *C for one hour to
leave poly(vinylsilane), 1, as a thick, clear yellow oil (9.13 g, 73%).

IR (cm-1 , thin film): 3060 (w), 2894 (s), 2837 (m), 2147 (vs, Si-H), 1880 (w), 1604 (vw), 1444
(w), 1408 (w), 1339 (w), 1072 (m), 912 (vs), 855 (m), 649 (s).
1H

NMR (250 MHz, CDC 3 ): 8 0.82 (br s), 1.29 (br s), 1.54 (br s), 3.50 (br s), 3.61 (br s), 3.82

(br s), 3.87 (br s), 5.60, 5.72 (d, JH-H = 2.0 Hz); a SiH/CH ratio of 1.0 was observed; T1(5
3.82) = 2.7 sec.
13 C NMR

(75.5 MHz, CDCl 3 ): 8 4.09, 18.16, 36.14.

29Sj NMR (59.59 MHz, CDCl 3 ): 8 -60.50, -57.93, -51.95, -35.92, -33.46.
Ceramic residue yield (TGA): 33%.
Mol. wt. (VPO): 580.
Anal. Calcd. for C2 H 6 Si: C, 41.38; H, 10.34. Found: C, 41.35; H, 10.17.

y-Ray polymerization of vinylmethyldichlorosilane (DSVI-8, 18).
A glass ampoule was loaded with 53 mL of vinylmethyldichlorosilane (57.6 g)
and 0.72 mL of di-tert-butyl peroxide (1 wt.%). The ampoule was sealed under vacuum
with cooling in a liquid nitrogen bath. The sample was placed in the

6 0 Co

reaction

chamber and irradiated for a total of 43 MRad (42 days at a rate of 1.03 MRad/day).
Slight cloudiness was observed after the total dosage had been attained. The ampoule
was broken open, and the turbid contents were poured into a Schlenk flask. Volatiles
were removed under reduced pressure with heating at 130 0C to leave 23.09 g of
poly(vinyldimethyldichlorosilane), 3, as an immobile yellow-orange translucent solid
(44%).
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IR (cm-1 , thin film): 3068 (w), 1456 (m), 1404 (m), 1263 (s), 1059 (w), 947 (w), 788 (s), 746
(S).
1

H NMR (250 MHz, CDC3): 8 0.7-0.9 (br), 1.0-2.8 (br), 5.85 and 5.90 (s).

13

C NMR (75.5 MHz, CDCl3): 8 5.0, 19.9, 20.6, 27.4, 30.7, 32.9, 132.2, 144.1, 145.1.

29

Si NMR (59.59 MHz, CDC3): 8 17.7, 32.1, 33.5.

Anal. Calcd. for C3 H6 Cl 2 Si: C, 25.55; H, 4.25; Cl, 50.28. Found: C, 25.43; H, 4.22; Cl,
49.96.

Reduction of poly(vinylmethyldichlorosilane) (DSVI-22, 25).
Polymer 3 (23.09 g. 0.164 mol) was dissolved in 150 mL of Et2O. This solution

was added to an Ice-cooled suspension of LiAlH4 (6.21 g, 0.164 mol) in 500 mL of Et2O.
The reaction mixture warmed to room temperature and was stirred overnight for 17
hours. The mixture was filtered through a Celite pad and the filtrate was added
cautiously to 600 mL of ice-cooled aq. 2N HCL. The layers were separated and the
aqueous layer was extracted twice with Et20. The organic layers were combined and
washed twice with distilled H20. After drying the solution with MgSO4, all volatiles
were removed under reduced pressure with heating to 120 *C to leave
poly(vinylmethylsilane). 4, as a turbid, mobile, yellow oil (10.05 g, 85%).

IR (cm-1 , thin film): 3047 (w), 2962 (m), 2892 (s), 2128 (s), 1448 (m), 1419 (m), 1252 (s), 945
(s), 892 (s), 735 (m).
1H

NMR (250 MHz, CDCI3): 8 0.0-0.2 (br), 0.5-2.3 (br), 3.3-3.4 (br), 3.5-3.8 (br), 4.0 (s), 5.5

(s), 5.7 (s); T1 (8 3.69) = 2.0 sec.
13C NMR (75.5 MHz, CDC13 ): 8 -10.3, -8.6, 9.4, 20.1, 33.9, 128.4, 145.1, 145.8.
29

S1 NMR (59.59 MHz, CDCI3): 8 -32.7, -29.3 (JSI-H = 189 Hz).

Ceramic residue yield (TGA): 7%.
Mol. wt. (GPC): no. avg., 1628; wt. avg., 2742; polydispersity, 1.7.
Anal. Calcd. for C3H8 Si: C, 49.96; H, 11.09. Found: C, 49.83; H, 10.91.
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y-Ray polymerization of vinyldimethylchlorosilane (DSVI-8, 16, 26).
A glass ampoule was loaded with 53 mL of vinyldimethylchlorosilane (46.9 g)
and 0.59 mL of di-tert-butyl peroxide (1 wt.%). The ampoule was sealed under vacuum
with cooling in a liquid nitrogen bath. The sample was placed in the

6 0 Co

reaction

chamber and irradiated for a total of 43 MRad at a rate of 1.03 MRad/day. Slight
cloudiness was observed after the total dosage had been attained. The ampoule was
broken open, and the turbid contents were poured into a Schlenk flask. Volatiles were
removed under reduced pressure with heating at 130 *C to leave
poly(vinyldimethylchlorosilane), 5, as a viscous, yellow material (13.5 g, 32%).

IR (cm-1, thin film): 3053 (w), 2963 (s), 2905 (s), 1601 (w), 1450 (m), 1407 (s), 1250 (s), 1052
(m), 804 (br s).
1

H NMR (250 MHz, CDC 3 ): 8 0.3-0.7 (br), 0.7-2.6 (br), 5.6 (s), 5.7 (s).

13C NMR (75.5 MHz, CDC 3 ): 8 1.5, 1.9, 17.5, 21.3, 28.5, 34.0, 128.7, 147.3.
2 9 Si

NMR (59.59 MHz, CDCl 3 ): 8 19.8, 31.7, 33.8.

Anal. Calcd. for C 4 H9 C1Si: C, 39.84; H, 7.46; Cl. 29.40. Found: C, 40.08; H, 7.67; Cl,
29.04.

Reduction of poly(vinyldimethylchlorosilane) (DSVI-16, 23)
Polymer 5 (13.5 g, 0.11 mol) was dissolved in 100 mL of Et2 O. This solution was
added to an ice-cooled suspension of LiAlH 4 (2.1 g, 0.056 mol) in 200 mL of Et2 O. The
reaction mixture warmed to room temperature and was stirred overnight. The mixture

was filtered through a Celite pad and the filtrate was added cautiously to 300 mL of icecooled aq. 2N HCl. The layers were separated and the aqueous layer was extracted twice
with Et2 O. The organic layers were combined and washed twice with distilled H 2 0.
After drying the solution with MgSO 4 , all volatiles were removed under reduced
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pressure with heating at 90 *C to leave poly(vinyldimethylsilane), 6, as a mobile clear
yellow oil (7.56 g, 78%).

IR (cm-1, thin film): 3046 (w), 2957 (s), 2902 (m), 2110 (s), 1418 (w), 1249 (s), 1051 (w), 876
(s), 833 (s), 757 (m).
1H

NMR (250 MHz, CDC 3 ): 8 0.0-0.3 (br), 0.4-2.4 (br), 3.6-4.0 (br), 5.6 (s), 5.4 (s); T1 (8 3.8) =

2.7 sec.
13 C
29

NMR (75.5 MHz, CDCl 3 ): 8 -5.5, -4.5, 12.8, 21.7, 24.2, 25.7, 37.5, 126.2, 149.4.

Si NMR (59.59 MHz, CDC 3 ): 8 -19.3, -12.6, -11.0, -9.8 (JSI-H = 182 Hz).

Ceramic residue yield (TGA): 0%.
Mol. wt. (GPC): no. avg., 447; wt. avg., 483; polydispersity, 1.1.
Anal. Caled. for C4 H1 0 S: C, 55.78; H, 11.61. Found: C, 54.74; H, 11.25.

Hydrosilylation of poly(vinyldimethylsilane) 6 with phenylacetylene (no solvent)
(DSVI-3 1).

A 25 mL round-bottomed flask was charged with 6 (1.0 g, 11.6 mmol) and
phenylacetylene (1.4 mL, 12.8 mmol). Three drops of chloroplatinic acid solution (0.1
M in isopropyl alcohol) were added to the homogeneous solution and the flask was
heated to 75 *C in an oil bath. The solution became cloudy fairly rapidly at this
temperature. After 24 hours stirring at 75 *C, the reaction mixture was viscous and
brownish in color. Volatiles were removed at reduced pressure with heating to 100 *C
for one hour. Polymer 7 was obtained as a brown, plastic-like material (2.04 g, 93%).

IR (cm-1 , thin film): 3057 (m), 3023 (m), 2950 (s), 2248 (w), 2157 (w), 1942 (w), 1874 (w),
1801 (w), 1603 (m), 1574 (m), 1493 (s), 1446 (m), 1408 (m), 1248 (s), 1028 (i).
1

H NMR (300 MHz, CDC 3 ): 8 0.38 (br s), 0.6-2.7 (br), 5.6-5.9 (mult), 5.9-6.2 (mult), 6.5-6.9

(mult), 6.9-7.2 (mult), 7.2-7.8 (br).
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13C NMR (75.5 MHz, CDC 3 ): 8 -3.1 (br), 14.0, 23.0, 36.0, 126.6, 127.9, 128.1, 128.5, 138.4,
144.2, 144.6, 152.5.

29Si NMR (59.59 MHz, CDC 3 ): 8 -21.3, -10.9, -8.6, -4.4, -2.4, -1.6, 0.08, 0.58.
Mol. wt. (GPC): no. avg., 939; wt. avg., 2147; polydispersity, 2.3.
Anal. Found: C, 73.59; H, 8.50.

Hydrosilylation of poly(vinyldimethylsilane) 6 with phenylacetylene in toluene (DSVI33).
The same procedure was used as above, except 1 mL of toluene was added to the
reaction mixture. After heating at 75 *C for 24 hours, volatiles were removed at reduced

pressure to leave 2.0 g of brown solid. Spectral and molecular weight data were idential
to that of 7 obtained without solvent. Yield = 91% (cf. 93% from above reaction).

y-Ray polymerization of vinyltriethoxysilane.
In a typical procedure, a thick-walled glass ampoule was loaded with 35 mL (31.6
g) of vinyltriethoxysilane. The ampoule was cooled in a liquid nitrogen bath and sealed
under vacuum. The ampoule was then placed in the 6 0 Co reaction chamber and
irradiated for the desired dosage at a rate of approximately 1 MRad/day. After the
desired dosage had been attained, the ampoule was broken open and the contents poured
into a Schlenk flask. All volatiles were removed under full vacuum with heating to 120

*C to leave poly(vinyltriethoxysilane) 8, as a thick, clear, colorless material.

IR (cm- 1 , thin film): 2974 (s), 2764 (m), 1884 (m), 1483 (s), 1456 (s), 1393 (s), 1078 (s), 764
(s).
1

H NMR (300 MHz, CDCl 3 ): 8 0.3-1.0 (broad, unresolved peaks), 1.11 (s), 1.2-2.0 (broad,

unresolved peaks), 3.70 (s), 3.72 (s), 3.74 (sh).
13

C NMR (75.5 MHz, CDCl 3 ): 8 22.5, 58.0.
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29

S1 NMR (59.59 MHz, CDCl 3 ): 8 -47.0, -44.4, -44.1, -43.4, -42.8.

Mol. wt. (GPC) (for a 6 MRad sample): no. avg., 4416; wt. avg., 10788; polydispersity, 2.4.
Anal. (for a 6 MRad sample): Calcd. for C8 H 1 8 0 3S1: C, 50.53; H, 9.47. Found: C, 50.48; H,
9.61.

Reduction of poly(vinyltriethoxysilane) 8 (DSVI-65).
Poly(vinyltriethoxysilane) 8 (19.35 g, 0.10 mol) was dissolved in 70 mL of THF.

This solution was added slowly to an ice-cooled suspension of LiAlH 4 (5.8 g, 0.15 mol) in
350 mL of THF. The reaction mixture was allowed to warm to room temperature and
was stirred for 18 hours. The mixture was filtered through a Celite pad and the filtrate
was added cautiously to 400 mL of ice-cooled 2N aq. HCl solution. The layers were
separated and the aqueous layer was extracted twice with ethyl ether. The combined
organic layers were washed twice with distilled H 2 0 and once with saturated aq. NaCl
solution. The solution was dried over MgSO 4 and volatiles were removed under reduced
pressure using a rotary evaporator. The residue was taken up in 400 mL of hexane and
the resultant cloudy solution was filtered through a silica gel pad. All volatiles were
removed under reduced pressure to leave poly(vinylsilane) 9, as a clear, colorless, very
thick solid (85%).

IR (cm-1, thin film): 3446(br), 2971 (m), 2922 (s), 2147 (s), 1376 (w), 1078 (m), 920 (s), 740
(m).
IH NMR (300 MHz, CDC 3 ): 8 0.72 (s), 0.79 (s), 1.2 (s), 1.3 (s), 1.6 (br s), 3.2 (s), 3.5 (s), 3.8 (br
s), 3.9-4.2 (br), 4.5-4.9 (br).

13C NMR'I (75.5 MHz, CDCI3 ): 8 0.93, 5.0, 5.3, 7.0, 17.8, 19.0, 23.5, 26.5, 27.0, 31.9, 37.6,
38.4, 40.4, 43.7, 58.4, 68.5, 71.0.
2 9 Si

NMR (59.59 MHz, CDCl 3 ): 8 -58.2, -56.6, -49.9; JSI-H = 196 Hz.

Ceramic residue yield (TGA): 27%.
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Mol. wt. (GPC): no. avg., 682; wt. avg., 1800; polydispersity, 2.6.
Anal. Calcd. for C2 H6 Si: C, 41.34; H, 10.33; Si, 48.33. Found: C, 43.41; H, 9.88; Si, 34.80.

Reaction of 8 with acetyl chloride followed by reduction with LIAIH 4 (DSVI-49, 53)
A 25 mL round-bottomed flask was charged with 8 (1.38 g, -7.3 mmol) and
aluminum chloride (2 mg). Acetyl chloride (4.6 mL, 65 mmol) was injected into the
flask. Immediately, an orange color developed and the solution began refluxing. The
mixture was refluxed overnight. After the reflux period, the reaction mixture was a
dark opaque brown color. All volatiles were removed under reduced pressure with
heating to 100 *C for one hour to leave a thick dark brown mass. This material was
dissolved in 15 mL of Et 2 O and added to an ice-cooled suspension of LiAlH 4 (0.41 g, 11
mmol) in 50 mL of Et2 0. A mild exotherm was observed. The mixture was stirred at

room temperature overnight. The mixture was filtered through a Celite pad, and the
filtrate was added cautiously to 75 mL of ice-cold 2N HCl solution. The layers were
separated and the aqueous layer was extracted twice with Et2 O. The combined organic
layers were extracted twice with distilled H 2 0 and once with saturated aq. NaCl

solution. The organic solution was dried over MgSO 4 and all volatiles were removed on
a rotary evaporator. The residue was dissolved in hexane and the solution was filtered
through a silica gel pad. All volatiles were removed under reduced pressure to leave 0.14
g of yellow oil. The IH NMR spectrum of this oil was identical to that of 9 and showed
the CH/SiH ratio to be 2/1.

Reaction of 9 with Cp2 TiCl2 (DSVI-59).
A 100 mL round-bottomed flask was charged with 9 (0.5 g), Cp2iCl2 (11 mg,
0.044 mmol) and 40 mL of hexane. The solution was refluxed for 14 hours. At this
point, the solution was clear pale green. All volatiles were removed under reduced
pressure to leave a quantitative yield of a green semi-solid.
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Ceramic residue yield (TGA): 79%.

y-Ray polymerization of vinylmethyldiethoxysilane (DSVI-70).
A glass ampoule was loaded with distilled and degassed
vinylmethyldiethoxysilane (30.03 g). The ampoule was sealed under vacuum with
cooling in a liquid nitrogen bath. The sample was placed in the

6 0 Co

reaction chamber

and irradiated for a total of 9.4 MRad at a rate of 0.96 MRad/day. The ampoule was
broken open, and the contents were poured into a Schlenk flask. Volatiles were
removed under reduced pressure with heating at 100 *C for two hours to leave
poly(vinylmethyldiethoxysilane),

10, as a clear, colorless, viscous material (7.72 g,

26%).

IR (cm-1, thin film): 2970 (s), 2924 (s), 1442 (m), 1390 (m), 1256 (m), 1095 (vs), 951 (s), 794
(S).
1

H NMR (300 MHz, CDCl 3 ): 8 -0.026 (s), 1.08 (s), 0.2-1.9 (broad unresolved peaks), 3.62 (d).

13

C NMR (75.5 MHz, CDC 3 ): 8 -5.2, 18.2, 57.7.

29Si NMR (59.59 MHz, CDC1 3 ): 8 -4.87, -4.52, -4.12, -3.84.

Mol. wt. (GPC): no. avg., 1610; wt. avg., 4559; polydispersity, 2.8.
Anal. Calcd. for C 7 H 16 02 Si: C, 52.49; H, 9.99. Found: C, 52.40; H, 10.02.

y-Ray polymerization of vinyldimethylethoxysilane (DSVI-70).
A glass ampoule was loaded with distilled and degassed
vinyldimethylethoxysilane (27.65 g). The ampoule was sealed under vacuum with

cooling in a liquid nitrogen bath. The sample was placed in the

6 0 Co

reaction chamber

and irradiated for a total of 9.4 MRad at a rate of 0.96 MRad/day. The ampoule was
broken open, and the contents were poured into a Schlenk flask. Volatiles were
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removed under reduced pressure with heating at 100 *C for two hours to leave
poly(vinyldimethylethoxystlane), 11, as a clear, colorless, viscous material (2.33 g,
8.4%).

IR (cm- 1, thin film): 2970 (s), 2924 (s), 1390 (m), 1250 (s), 1109 (s), 1082 (s), 947 (m), 826 (s),

777(s).
1H

NMR (300 MHz, CDCl 3 ): 8 0.021 (s), 0.3-1.0 (broad), 1.11 (s), 1.1-1.7 (broad), 3.57 (s),

3.59(s).
13 C

NMR (75.5 MHz, CDC 3 ): 8 -2.3, 18.4, 58.0.

29$j NMR (59.59 MHz, CDCI 3 ): 8 16.8, 17.6.
Mol. wt. (GPC): no. avg., 490; wt. avg., 873; polydispersity, 1.8.
Anal. Calcd. for C6 H 1 40Si: C, 55.37; H, 10.76. Found: C, 54.92; H, 10.76.

y-Ray polymerization of vinyltrimethoxysilane (DSVI-70).
In a typical procedure, a glass ampoule was loaded with vinyltrimethoxysilane
(33.95 g). The ampoule was sealed under vacuum with cooling in a liquid nitrogen bath.
The sample was placed in the

6 0 Co

reaction chamber and irradiated for a total of 9.4

MRad at a rate of 0.96 MRad/day. The ampoule was broken open, and the contents were
poured into a Schlenk flask. Volatiles were removed under reduced pressure with
heating at 100 *C for two hours to leave poly(vinyltrimethoxysilane), 12, as an
immobile, clear, colorless material (5.41 g, 16%).

IR (cm-1, thin film): 2943 (s), 2839 (s), 1456 (m), 1191 (s), 1085 (s), 796 (s).
1H

NMR (300 MHz, CDCI 3 ): 8 0.0-2.0 (broad), 3.34 (s).

13C NMR (75.5 MHz, CDCl 3 ): 8 49.8.
29Si NMR (59.59 MHz, CDCl 3 ): 8 -44.1, -43.6, -41.1, -40.7.
Mol. wt. (GPC): no. avg., 607; wt. avg., 1436; polydispersity, 2.4.
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Anal. Calcd. for C5 H 12 O 3 Si: C, 40.54; H, 8.10. Found: C, 40.53; H, 8.21.

Reduction of poly(vinyltrimethoxysilane) 12 (DSVI-73).
A solution of 12 (9.19 g, 0.062 mol) in 50 mL of THF was added to an ice-cooled
suspension of LiA1H 4 (3.5 g, 0.093 mol) in 175 mL of THF. The ice bath was removed and
the mixture was stirred overnight at room temperature. The reaction mixture was

filtered through a Celite pad, and the filtrate was added cautiously to 200 mL of icecooled aq. 2N HCl solution. The layers were separated and the aqueous layer was
extracted twice with Et2 O. The combined organic layers were washed twice with
distilled H 2 0 and once with saturated aq. NaCl solution. The solution was dried over
MgSO4 and all volatiles were removed on a rotary evaporator. The residue was

dissolved in hexane and the resultant solution was passed through a silica gel pad.
Removal of volatiles under reduced pressure left poly(vinylsilane), 13, as a clear,

colorless, slightly viscous oil (2.38 g, 66%).

IR (cm-1 , thin film): 3445 (broad), 2898 (m), 2843 (m), 2142 (s), 1449 (w), 1069 (m), 914 (s).
1

H NMR (300 MHz, CDCl 3 ): 8 0.40-2.2 (broad, unresolved), 3.5 (s, with satellites at 3.2

and 3.8).
13 C
2 9 8i

NMR (75.5 MHz, CDCI 3 ): S 5.1, 21.7, 29.2, 36.8.
NMR (59.59 MHz, CDCl 3 ): 8 -58.2, -57.5, -56.6, -53.4, -52.3.

Ceramic residue yield (TGA): 24%.
Mol. wt. (GPC): no. .avg., 963; wt. avg., 2862; polydispersity, 2.9.
Anal. Calcd. for C2 H6 Si: C, 41.34; H, 10.33; Si, 48.33. Found: C, 36.02; H, 10.13; Si,
44.68.
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Preparation of vinyltris(t-butoxy)silane (DSVII-30).

A 1-L three-necked round-bottomed flask was equipped with a septum,
mechanical stirrer, and reflux condenser. Potassium tert-butoxide (40.5 g, 0.36 mol)
was added to the flask along with 500 mL of THF. Vinyltrichlorosilane (17.6 g, 0.11
mol) was cannulated into the flask. A white solid formed and the mixture became
warm. The reaction mixture was refluxed overnight. GLC analysis showed the presence
of one major product peak. The mixture was allowed to cool to room temperature and
poured into 400 mL of saturated aq. NH 4 Cl solution. The resultant mixture was filtered
through a Celite pad and the layers were separated. The aqueous layer was extracted
twice with Et2 O and the combined organic layers were washed twice with distilled H 0
2
and once with saturated aq. NaCl solution. Most of the volatiles were removed on a
rotary evaporator and the remaining liquid was distilled at reduced presure.
Vinyltris(t-butoxy)silane was collected as a clear, colorless liquid (49-52 *C/3 mm Hg,
lit. bp. 54/2mm48; 25.64 g, 85%).

1

H NMR (300 MHz, CDC 3 ): 8 1.3 (s, 27H), 5.9 (mult., 3H).

29Si NMR (59.59 MHz, CDCI 3 ): 8 -74.1.

y-Ray polymerization of vinyltris(t-butoxy)silane (DSVII-31).
An ampoule was charged with vinyltri(t-butoxysilane) (4.35 g). The ampoule was
sealed under vacuum while cooled in a liquid nitrogen bath. The ampoule was placed in
the

6 0 Co

reaction chamber and irradiated for a total of 12 MRad. The ampoule was

broken open and volatiles were removed under reduced pressure to leave 0.2 g of oil. The
oil was not further analyzed.
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Preparation of vinyltris(dimethylamino)silane (DSVI-23).
A three-necked 1 -L round-bottomed flask was equipped with septum,
mechanical stirrer, and dry ice condenser. Vinyltrichlorosilane (124.3 g, 0.77 mol) and
500 mL of pentane was added to the flask. Dimethylamine was bubbled through a gas
inlet tube. A white suspension formed immediately and the mixture became warm.
After two hours, GLC analysis showed one product peak. The reaction mixture was
poured into 300 mL of ice-cold water. Large amounts of gelatinous material formed in
the aqueous phase. The mixture was filtered through a Celite pad and the gelatinous
material was washed thoroughly with Et2 0. The organic layer was washed with
distilled H 2 0 and saturated aq. NaCl solution and dried over MgSO 4 . Most of the

volatiles were removed on a rotary evaporator and the residue was distilled at reduced
pressure. A slightly cloudy colorless liquid was obtained (57.03 g, bp 43-44 *C/16 mm
Hg). Mass spectral analysis showed this compound to be vinyl
bis(dimethylamino)chlorosilane.

This liquid was dissolved in 300 mL of hexane and

66 mL of condensed dimethylamine (1.0 mol). A white precipitate formed immediately
and the mixture became warm. After 2 hours, an additional 100 mL of hexane was
added to facilitate stirring. After overnight stirring, GLC analysis showed one product
peak. The mixture was added to 300 mL of distilled H 2 0 and the layers were separated.
The aqueous layer was extracted twice with hexane, and the combined organic phases
were washed twice with distilled H 2 0 and once with saturated aq. NaCl solution. The
solution was dried over MgSO 4 and argon was bubbled through the solution to remove
any dissolved dimethylamine. Most of the volatiles were removed on a rotary
evaporator and the remaining liquid was distilled at reduced pressure. A clear,

colorless liquid was collected at 53-54 *C/18 mm Hg (40.08 g, lit. bp 69 *C/ 18 mm Hg49).
Mass spectral analysis showed this compound to be vinyltris(dimethylamino)silane
(28% yield).
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1

H NMR (250 MHz, CDCl 3 ): 8 2.45 (s, 18 H), 5.60-5.75 (mult., 1H), 5.90-6.10 (mult., 2H).

L3C NMR (75.5 MHz, CDCI 3 ): 8 37.5, 132.7, 133.8.
29Si NMR (59.59 MHz, CDCl 3 ): 8 -26.8.

Mass spectroscopy: 187 (M+), 143, 100, 74, 72, 57.

y-Ray polymerization of vinyltris(dimethylamino)silane (DSVII-26).
A glass ampoule was filled with vinyltris(dimethylamino)silane (4.3 g). The
ampoule was sealed under vacuum with cooling in a liquid nitrogen bath. The sample
was placed in the

60

Co reaction chamber and irradiated for a total of 12 MRad at a rate

of 0.91 MRad/day. The ampoule was broken open and the contents were poured into a
Schlenk flask. All volatiles were removed under reduced pressure with heating to 80 *C
overnight to leave poly(vinyltris(dimethylamino)silane),

14, as a brittle white solid

(1.30 g, 30%). Adding 1.0 wt. % di-tert-butyl peroxide before polymerization increased
the yield of 14 to 43%.

1

H NMR (300 MHz, CDCI 3 ): 8 0.0-2.0 (broad), 2.41 (s), 5.6-6.2 (mult.).

13

C NMR (75.5 MHz, CDCl 3 ): 8 10.0 (br), 37.9, 132.5, 134.0.

29

Si NMR (59.59 MHz, CDCI 3 ): 8 -17.1.

Mol. wt. (GPC): no. avg., 5375; wt. avg., 12732; polydispersity, 2.4.
Anal. Calcd. for CJH2 1N 3 S1: C, 51.34; H, 11.21; N, 22.44. Found: C, 50.19; H, 11.08; N,
21.49.

Reduction of poly(vinyltris(dimethylamino)silane) 14 (DSVII-51).
A solution of 14 (1.4 g, 7.5 mmol) in 50 mL of Et 2 0 was prepared. This solution
was added to an ice-cooled suspension of LiAlH4 (1.7 g, 45 mmol) in 100 mL of Et2 O. The
ice bath was removed and the mixture was stirred overnight. The mixture was filtered

through a Celite pad and the filtrate was added cautiously to 100 mL of an ice-cold
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solution of aqueous 2N HC. The layers were separated, and the aqueous layer was
extracted twice with Et2 0. The combined organic layers were washed twice with
distilled H2 0 and once with saturated aq. NaCI solution. The solution was dried over
MgSO 4 and all volatiles were removed on a rotary evaporator to leave no residue.

Electron-beam polymerization of vinyltrichlorosilane
In a typical procedure, vinyltrichlorosilane and 1.0 wt. % di-tert-butyl peroxide
were loaded into a 12" length of 8 mm o.d. Pyrex tubing which had been sealed at one
end. The other end was sealed under vacuum while the tube was cooled in a liquid
nitrogen bath. The tube was then placed in an electron beam generated by a Van de
Graaff generator. The dosage rate was approximately 200,000 rad/s. After the desired
total dosage was attained, the tube was broken open and the contents were transferred
to a Schlenk flask. All volatiles were removed under reduced pressure with heating to
130 *C for three hours to leave poly(vinyltrichlorosilane), 15, as a pale yellow, viscous,

oil.

IR (cm- 1, thin film): 2932 (m), 2873 (w), 1450 (m), 1398 (w), 1126 (m), 958 (m), 772 (m), 685
(s).
1

H NMR (300 MHz, CDCl 3 ): 8 0.5-3.0 (unresolved multiplet), 3.7-4.3 (mult.), 6.1 (s), 6.2 (s).

13C NMR (75.5 MHz, CDChJ: 8 20.4, 22.4, 32.4, 33.3, 54.9, 135.9, 141.0.
29

Si NMR (59.59 MHz, CDC 3 ): 8 -2.3, 11.4, 12.1, 27.6.

Anal. Calcd. for C2 H 3 CI 3 Si: C, 14.88; H, 1.86; Cl, 65.87. Found: C, 15.40; H, 1.92; Cl,
66.26.

Reduction of 15 (DSVI-14).

A solution of 15 (7.9 g, 0.049 mol) dissolved in 100 mL of Et2 O was added to an
ice-cooled suspension of LiAlH 4 (2.8 g, 0.073 mol) in 200 mL of Et 2 O. The ice bath was
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removed and the mixture was stirred at room temperature overnight. The reaction

mixture was filtered through a Celite pad, and the filtrate was added cautiously to 250
mL of ice-cold aq. 2N HCI solution. The layers were separated and the aqueous layer
was extracted twice with Et2 0. The combined organic layers were washed twice with
distilled H 2 0 and once with saturated aq. NaCl solution. After drying over Na 2 SO 4 , all
volatiles were removed under reduced pressure with heating for 3 hours to leave
poly(vinylsilane), 16, as a pale yellow oil (50%).

IR (cm- 1 , thin film): 2896 (s), 2144 (s), 1451 (m), 1070 (m), 934 (vs), 645 (s).
1H

NMR (300 MHz, CDCI 3 ): 8 0.5-2.5 (broad unresolved peaks), 3.15 (s), 3.5 (s), 3.7-4.0

(mult.), 5.6 (s), 5.7 (s).
13C

NMR (75.5 MIHz, CDCl 3 ): 8 5.1, 5.4, 19.1, 20.0, 21.5, 29.8, 31,7, 36.9, 125.4, 128.3,

129.1.
29Si NMR (59.59 MHz, CDCl 3 ): 8 -57.8, -53.0, -52.1, -51.4, -49.4, -49.0, -46.9, -46.4, -45.8,

-35.5, -33.2.
Mol. wt. (GPC): no. avg., 544; wt. avg., 1300; polydispersity, 1.7.
Ceramic residue yield (TGA): 24%.

Di-tert-butyl peroxide catalyzed polymerization of vinyltrichlorosilane (DSVII-34).
A medium-walled glass ampoule was loaded with vinyltrichlorosilane (26.1 g)
and di-tert-butyl peroxide (0.30 mL, 1.0 mol %). The mixture was freeze-thaw-degassed

for three cycles. The ampoule was placed in a liquid nitrogen bath and sealed under
vacuum. The ampoule was heated to 125 *C in an oil bath and held at this temperature
for 15 hours. The ampoule was broken open and all volatiles were removed under

reduced pressure with heating at 50 *C to leave a viscous, clear, colorless liquid (21.62 g,
83%).
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Reduction of peroxide-catalyzed poly(vinyltrichlorosilane) (DSVII-35).
The previously prepared polymer was dissolved in 75 mL of Et2 O. This solution
was added to an ice-cooled suspension of LiAJH 4 (7.4 g, 0.195 mol) in 400 mL of Et2 O.
The ice bath was removed and the mixture was stirred overnight at room temperature.
The reaction mixture was then filtered through a Celite pad and the filtrate was added
cautiously to an ice-cold solution of aq. 2N HCl. The layers were separated and the
aqueous layer was extracted twice with Et2 O. The combined organic layers were washed
twice with distilled H 2 0 and once with saturated aq. NaCl solution. The organic
solution was dried over MgSO 4 and all volatiles were removed under vacuum at room
temperature to leave poly(vinylsilane), 17, as a clear, colorless liquid (82%).

IR (cm-1, thin film): 2896 (s), 2843 (i), 2146 (s), 1610 (w), 1444 (m), 1408 (w), 1047 (m), 918
(s), 744 (m).
1H

NMR (300 MHz, CDCl 3 ): 8 0.5-2.5 (broad peaks), 3.15 (s), 3.50 (s), 3.60 (s), 3.80 (s), 5.0-

5.5 (broad), 5.6 (s), 5.7 (s).
13

C NMR (75.5 MHz, CDC 3 ): 8 5.1, 12.5, 17.9, 21.6, 21.7, 28.8, 29.0, 120-140 (unresolved

peaks).
29Si NMR (59.59 MHz, CDC 3 ): 8 -60.5, -58.2, -53.8, -53.3, -52.5.
Mol. wt. (GPC): no. avg., 1625; wt. avg., 2133; polydispersity, 1.3.
Anal. Calcd. for C2 H 6 Si: C, 41.34; H, 10.33. Found: C, 41.90; H, 10.45.
Ceramic residue yield (TGA): 16%A.

Crosslinking of 17 with CP 2 TiCl 2 (DSVII-35).
A 100 mL round-bottomed flask was charged with 17 (1.0 g), Cp2iCl2 (1.0 mol %)
and 40 mL of hexane. The solution was refluxed overnight. Removal of volatiles under

reduced pressure left 0.97 g of a reddish oil (97%).
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Ceramic residue yield (TGA): 29%.

Crosslinking of 17 with in situ CP2 ZrBu2 (DSVII-39).

A 25 mL round-bottomed flask was charged with Cp 2 ZrCl 2 (0-1 g, 0.34 mmol) and
8 mL of toluene. A solution of n-BuLi was injected via syringe (0.28 mL of a 2.54 M
solution, 0.71 mmol). After one minute stirring, the mixture became cloudy orange. A 3
mL aliquot of this solution (0.13 mmol) was injected into a solution of 17 (0.8 g, 13.8
mmol) dissolved in 6 mL of toluene. Gas evolution and an orange color were observed
immediately. After 30 min. stirring, 20 mL of hexane was added and air was bubbled
into the solution for 2 minutes. The color of the solution changed to yellow. The
solution was filtered through a Florisil pad to leave a clear yellow filtrate. Volatiles

were removed under reduced pressure with heating at 30 *C to leave 0.60 g of a yellow,
insoluble solid (75%).

Ceramic residue yield (TGA): 71%.

Crosslinking of 17 with UV radiation (DSVI1-4 1).
Polymer 17 (0.17 g) was placed in a small quartz test tube. The tube was exposed
to ultraviolet radiation for 14 hours. A quantitative amount of clear oil was obtained.

Ceramic residue yield (TGA): 30%.
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CHAPTER THREE

Synthesis and Reactivity of Star-Shaped Organosilanes

151

INTRODUCTION

Recently, polymers with a regular three-dimensional network structure have
attracted much interest. These polymers, known as starburst polymers or dendrimers
(from the Greek word for "branched"), present challenging problems for synthetic
chemists. Besides the synthetic challenge, these polymers offer potentially unique
chemical and physical properties, which in turn may lead to promising new
applications. 1
To be more specific, these polymers (hereafter referred to as dendrimers) are
highly ordered, hyperbranched macromolecules. They consist of a central core unit
from which layers of repeating units emanate. These dendrimers can be constructed
using one of two methods - the divergent synthesis method or the convergent synthesis
method. Using the divergent method, the synthesis starts from the core unit and
proceeds by adding successive layers to the core (construction from the center
outwards). In the convergent method, larger fragments are built up first and
subsequently coupled to the core. Most literature reports describe a divergent method,
although several convergent syntheses have recently been reported. 2

The pioneering work in this field was performed by Tomalia 3 and Newkome. 4
One synthetic example of Newkome's work is the arborol 1. Tomalia did much research
constructing polyamides such as 2. In both instances, these compounds were
constructed using a divergent method.
Although most dendrimers constructed to date have been purely organic, there
have been several reports of dendrimers that are not entirely organic in nature.

Organosilicon dendrimers are one such class of materials. These organosilicon
dendrimers have appeared mainly in the last five years. Rebrov and co-workers reacted
MeSiCI3 with (EtO)2MeSiONa and subsequently with SOC12- 5 By repeating the

(EtO)2MeSiONa and SOC1 2 steps, they were able to synthesize a dendrimer containing
46 silicon atoms along with reactive functionality (OEt groups). Masamune and
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Kakimoto Dendrimer (interior silicon atoms have attached methyl groups)

by stirring in the presence of a Pt(IV) catalyst. Although this reaction has the advantage
of being basically a one-pot procedure, the molecular weight distribution and
uniformity of branching could not be strictly controlled. A similar example of a
polysiloxane dendrimer was reported by Kakimoto and co-workers in 1991.8 In their
report, the siloxane was grown by repeating bromination, amination, and Si-O bondforming steps. Dendrimers containing up to three generations were obtained.

Organosilicon dendrimers which do not contain oxygen have only just recently
been reported. Van der Made and co-workers constructed a dendrimer using
tetraallylsilane as a core and using hydrosilylation and allylation steps to grow the
polymer (equation 2).9 They reported that dendrimers up to the fifth generation could
CC
3 Si

U>
HSiC1 3

=,/-

Pt catalyst
C13Si
SiCl3

~MgX

etc.

equation 2.

Si

CH 2 QI2 QCH 2 S

C 2 GI2 CH 2

C 2

2

GH 2S

HSiCl 3

Pt catalyst

C 22C 251{

4C
2CH2
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be synthesized. Roovers and co-workers reported a similar result. 10 They used

tetravinylsilane as a core and used methyldichlorosilane in the hydrosilylation step

Cl2Si

Si

Pt catalyst

Si
SiC

equation 3.

Si

CH 2 CH 2 S'

etc.

MgBr

Me(H)SiCI 2
Pt catalyst

CH 2 CH 2 S( CH 2 CH2 S{

CH2 CH 2 Si(CH 3 )Vi2 )2)2))

interior silicon atoms have attached methyl groups
(equation 3). Dendrimers up to the fourth generation were reported.
Polyorganosilanes have attracted much interest ever since Yajima's discovery
that certain polysilanes can be pyrolytically converted to ceramics. 1 1 Thus these
organosilicon dendrimers can potentially be used as preceramic materials. It was with
this intent that we first investigated this new area. Herein we report our initial results.
We have successfully synthesized dendrimers up to the fourth generation. In contrast to
most earlier reports, we have also functionalized the dendrimers by adding Si-H groups
to the periphery of the structures. As a result, dendrimers containing up to 324 Si-H
bonds on the periphery have been synthesized. These Si-H groups are useful in
providing functionality for crosslinking processes. In fact, we have found that these
compounds are crosslinkable and can be used as preceramic materials.
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RESULTS AND DISCUSSION

The basic outline for the preparation of these compounds is shown in Scheme 1.
All compounds in the scheme have been prepared and fully characterized. As can be
seen, the synthetic approach is similar to the approaches used by Roovers 1 0 and van der
Made. 9 Tetravinylsilane was used as the initiator core, and the first layer was added by
hydrosilylating the vinyl groups with trichlorosilane followed by reaction with
vinylmagnesium bromide. Further layers were added by simply repeating the
hydrosilylation and vinylation steps. Si-H groups were added to the dendrimers by
reducing the Si-Cl groups with LiAlH 4 . It is certainly conceivable that other groups can
be added to the dendrimers by virtue of the reactivity of the Si-Cl groups.
As is mentioned in most cases of dendrimer synthesis, there is a limit to the
number of layers (or generations) that can be added. This is mainly due to steric
congestion on the outer edges of the molecules. la In the case of the dendrimers
described here, dendrimers consisting of four generations were synthesized
successfully. This is similar to previous reports. Roovers was able to obtain a fourth
generation dendrimer while using methyldichlorosilane in the hydrosilylation step. 1 0
Van der Made et al. obtained a fifth generation dendrimer; however, the use of allyl

groups rather than vinyl groups would lessen the severity of congestion as the
dendrimer was grown. 9 The dendrimers described in this chapter were synthesized
using trichlorosilane and vinyl groups, so one might expect a smaller number of
possible generations.

Preparation of the First Generation Dendrimers - 1G-Ci, 1G-H, 1G-Vi
The preparations of the first generation dendrimers were straightforward and
high-yielding.

Hydrosilylation of tetravinylsilane with trichlorosilane led to IG-Cl,

while LiAlH 4 reduction and vinylation of IG-Ci led to 1G-H and IG-Vi, respectively (see
Scheme 1 for structures).
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Scheme 1 - cont'd
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Scheme 1 - cont'd
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One major problem of the hydrosilylation reaction in general is the control of
regioselectivity.

12

Given an unsymmetrical double bond, a hydrosilane can add in one

of two ways: a-addition and P-addition (figure 1). In most cases, a hydrosilylation
reaction will produce both isomers, usually in unequal proportions.
It was found that the hydrosilylation of tetravinylsilane produced a mixture of
both isomers. Heating tetravinylsilane with trichlorosilane in the presence of
chloroplatinic acid (CPA) as catalyst led to the isolation of a white solid in near
quantitative yield The presence of a mixture of isomers is verified by the IH NMR
spectrum (figure 2). If just the pure P-isomer was obtained, two multiplets would be
observed. As can be seen, four sets of multiplets centered at 0.82, 1.0, 1.25, and 1.3 ppm
are apparent. The presence of both isomers was further verified by reducing the mixture
with LIA1H4. If both hydrosilylation isomers were present, the products would be
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Figure 2. 1H NMR spectrum of Initial hydrosilylation mixture.
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Figure 3.

similar to those shown in figure 3. The alkyl protons should be easily distinguishable
in the IH NMR spectrum. The I H NMR spectrum of the product after workup is shown in
-

figure 4. The -CH2- protons of the P-product are observed as a singlet at 0.6 ppm. The
-

CH(CH3 )- protons of the a-product are observed as a doublet at 1.1 ppm while the

CH(CH3)- proton shows up as a multiplet centered at 0.28 ppm. Thus it is readily
apparent that both isomers are present in the mixture.
Although the presence of two isomers does not significantly affect the chemical
reactivity of these compounds, it was desired to obtain strictly the 1-product in order to
preserve the symmetry of these dendrimers. There have been a number of reported
methods which serve to increase the amount of one isomer over the other. 13 In 1964,
Speler and Musolf reported that the hydrosilylation of styrene with trichlorosilane in
the presence of THF resulted in the formation of strictly the 1-isomer. 14 Following this
lead, it was found in our case that the use of THF as solvent completely suppressed the
formation of the a-product. Thus, the reaction of tetravinylsilane in THF with excess
trichlorosilane in the presence of CPA resulted in near quantitative yields of IG-Ci.
The 1H NMR spectrum of 1G-Ci is shown in figure 5. As can be seen, only two multiplets
centered at 0.85 and 1.25 ppm are present. Due to the high purity of IG-Ci (as apparent
by the 1H NMR spectrum), the

13 C

NMR spectrum and the 29Si NMR spectrum were also

obtained. This data is listed in Table 1.
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Table 1.

1

H,

13

C, and

29

Si NMR data for IG-Ci (in ppm).

H2
Si

2
C2

SCs

H2

4

C(1)

C(2)

1H

0.82-0.89 (m)

1.2-1.3 (m)

13C

2.00

17.1

29

Si

Si(1)

Si(2)

11.2

12.4

The peaks in the 29Si NMR spectrum were assignable based on their relative
intensities. The peak at 12.4 ppm was roughly four times as intense as the peak at 11.2
ppm and can therefore be assigned to Si(2). As expected, IG-Ci forms an insoluble
crosslinked material when exposed to moisture. It is best to store iG-Ci under an inert
atmosphere.
The reduction of Si-Cl bonds to Si-H bonds is a well-known chemical process.
Thus, reacting 1G-Ci with excess LIAlH4 in Et2 O led to the isolation of 1G-H in high
yield (84%). Compound 1G-H is a clear, colorless, distillable liquid (66-67 *C/0.3 mm
Hg) and is stable to air and moisture. Physical and spectral data for 1G-H are
summarized in Table 2 (see next page).
Interestingly, the chemical environments for the -CH 2 - protons in the

1

H NMR

spectrum are essentially identical, which results in the presence of a singlet rather than
two triplets. This also verifies the formation of strictly the p-isomer during the
previous hydrosilylation step. The Si-H functionality is evidenced by the stretch in the
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Table 2. Physical and spectral data for 1G-H.

H2

2

SiH3)

4
appearance

clear, colorless liquid

formula weight

264 (C8H28Si5)

boiling point

66-67 *C/ 0.3 mm Hg

elemental analysis

Calcd. for C 8 H28Si 5 : C, 36.33; H, 10.59. Found: C, 36.43; H, 10.65

ceramic residue

1%

yield (TGA)
mol. wt. (VPO)

Calcd., 264. Found, 275

Mass Spectrum

M+ = 264; other principal peaks at 205, 177, 147, 89

IR (cm- 1 , neat)

2918 (s), 2892 (s), 2145 (vs, Si-H), 1408 (m), 1137 (s), 1068 (m), 920
(br s), 716 (br s)

1H NMR (ppm)

0.63 (s, 16H, C(1) and C(2)), 3.53 (s) with satellites at 3.15 and 3.90
ppm (12H, Si(2))

13C NMR (ppm)
29

Si NMR (ppm)

1.0 (C(1)), 7.0 (C(2))
8.4 (Si(1)), -53.6 (Si(2), JSi-H = 192 Hz)
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IR spectrum (2145 cm- 1) and the peak in the IH NMR spectrum (8 3.53). The 8 -53.6 peak
in the

2 9 Si

NMR spectrum is in the typical region for RSiH 3 compounds. 18b Polymers

containing -SiH groups are often useful precursors of silicon carbide. 1 1 , 20 However,
the thermogravimetric analysis (TGA) yield of 1G-H after heating to 950 *C was only
1%. Obviously, the compound volatilizes before an appropriate crosslinking
temperature can be attained. However, treatment of 1G-H with an appropriate
crosslinking catalyst resulted in a material that was converted to ceramic on pyrolysis
(see later section).
The formation of Si-R bonds by treatment of chlorosilanes with nucleophilic
organometallic reagents is another well-known process in organosilicon chemistry.
Thus, IG-Vi was easily prepared by treating IG-Ci with vinylmagnesium bromide.
Commercial vinylmagnesium bromide solutions proved to be unreliable;

15

it was

found that making the Grignard solution directly from vinyl bromide and magnesium
gave best results. Refluxing a THF solution of 1G-CI and excess vinylmagnesium
bromide in THF for one day led to the isolation of IG-Vi as a clear, colorless oil in 63%
yield after chromatography. Compound 1G-Vi is stable to air and moisture and can be
handled without any special precautions. Physical and spectral data are summarized
in Table 3.
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Table 3. Physical and spectral data for iG-VI.

1
Si

H2
C
1

2

C
H2

2
Si

3

4
CH

H
3
4
clear, colorless oil

formula weight

576.78 (C3 2 H5 2 Si 5

elemental analysis

Caled. for C8H28Si5: C, 66.64; H,9.02. Found: C, 67.07; H,9.18

IR (cm-1 , neat)

3049 (m), 3007 (s), 2967 (m), 2944 (m), 1591 (s, C=C), 1403 (s), 1129
(m), 1008 (s), 953 (s), 726 (s)

'H NMR (ppm)

0.47-0.55 (mult., 16H, C(1) and C(2)), 5.69-5.77 (mult., 12H, C(3)),
6.03-6.17 (mult., 24H, C(4))

13C NMR (ppm)
29

Si NMR (ppm)

)

appearance

2.60 (C(1)), 4.85 (C(2)), 134.5 and 134.6 (C(3) and C(4))
-18.3 (Si(2)), 10.5 (Si(1))

The preparation of 1G-Vi leads to the preparation of the next generation of dendrimers.

Preparation of the Second Generation Dendrimers - 2G-CL, 2G-H, 2G-VI
The preparation of 2G-C1 was not as straightforward as the preparation of IG-Ci.
Heating 1G-Vi with excess trichlorosilane in THF and in the presence of CPA led to the
isolation of a white solid after removal of volatiles. The 1H NMR spectrum indicated
the presence of large amounts of impurities besides the expected product 2G-Cl (figure 6).
Based on the proximity of the impurity peaks to the THF peaks, it is conjectured that
the impurities are platinum-catalyzed THF ring-opened products. Two of the most
common side reactions known in the hydrosilylation reaction, the reduction of
catalyst to Pt metal and the hydrogenation of the vinyl group,16 are probably not
involved here. The product could not be recrystallized as the entire mixture was

5/
-

.- -,

J

Figure 6. 1 H NMR spectrum of 20-Cl with impurities. THF peaks at 8 1.85 and 3.75;
impurity peaks at 8 1.5-1.7. 3.4, 3.55; 20-Cl peaks at 8 0.45. 0.80. 1.20.

0i
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extremely soluble in common aprotic organic solvents. After subjecting the product
mixture to LiAlH 4 reduction conditions, the impurities remained, and could not be
removed even by chromatography.
A search of the literature revealed that platinum divinyltetramethyldisiloxane
complex 17 (PTDD), obtained by treating CPA with divinyldisiloxane, has been most
used in recent years. Heating IG-Vi with excess trichlorosilane and THF in the presence
of PTDD again led to a white solid after removal of volatiles. This time however, the 1 H
NMR spectrum showed significantly fewer impurities than before (figure 7). As can be
seen in the spectrum, the interior -CH 2 CH2 - protons show up as a singlet at 6 0.5, while
the exterior -SiCH 2 CH2 SiCI 3 protons show up as two multiplets centered at 8 0.85 and S
1.25. Due to the presence of impurities, although in small amounts, only the 1H NMR
spectrum was recorded. In this case, the impurities did not interfere with the
subsequent reduction and vinylation steps as will be described below.
The reduction of 2G-C1 was a straightforward process. An ethereal solution of
2G-C1 was stirred overnight at room temperature with an excess of LiAIH 4 in Et2 O.
After normal workup, a cloudy oil was isolated. Dissolving the oil in hexane and
passing the resultant solution through a short Florisil pad led to the isolation of 2G-H
as a white crystalline solid in high yield (90%). Fortuitously, no further purification
was necessary as the solid proved to be analytically and spectroscopically pure.
Physical and spectral data for 2G-H are summarized in Table 4. The Si-H functionality
in 2G-H is evidenced by the characteristic spectral resonances in the IR spectrum (2142
cm- 1) and the IH NMR spectrum (8 3.53). In addition, the -SiH 3 groups are observed in
the

29 Si

NMR spectrum (8 -53.6).
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Figure 7. 1H NMR spectrum of 2G-C1 with few impurities. THF peaks at 8 1.85, 3.75.
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Table 4. Physical and spectral data for 2G-H.

H2
C

H2
C2

Si

Si

3
4 S3

3
3
4

white crystalline solid

formula weight

961.81 (C3 2 H 1 0 0 Si 1 7

melting point

48-49*C

solubility

)

appearance

sol. CHC13, hexane, pentane, toluene; sl. sol acetone; insol.
methanol

elemental analysis Calcd. for C 3 2 H 1 OOS

17 :

C, 39.93; H,10.47. Found: C, 39.97;

H, 10.41

ceramic residue

35%

yield (TGA)
mol. wt. (VPO)
IR (cm-1 , CDCl 3 )
1H

13 C

Calcd., 962.

Found, 976

2890 (s), 2790 (m), 2142 (s, Si-H), 1407 (s), 1133 (s), 1066 (m), 920 (s)

NMR (ppm)

0.38 (s, 16H, C(1) and C(2)), 0.62 (s, 48H, C(3) and C(4)), 3.53 with
satellites at 3.20 and 3.85 (s, 36H, Si(3))

NMR (ppm)

-0.92, 2.55, 3.42, 6.94 (C(1-4), peaks too close to each other to
assign)

29

Si NMR (ppm)

-53.6 (SI(3), JSi-H = 191 Hz), 8.5 (Si(2)), 9.7 (Si(1))
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Considering that 1G-H was a distillable liquid, perhaps the most surprising
characteristic of 2G-H was that it was a crystalline solid. One possible explanation for
this would be the increased molecular weight of 2G-H as compared to 1G-H (962 vs. 264).
Compound 2G-H is stable towards air and moisture, but storage under an inert
atmosphere is recommended, as 2G-H probably crosslinks slowly over prolonged
exposure to air. 18 Compound 2G-H is soluble in solvents such as hexane, pentane,
chloroform, and benzene, but only slightly soluble in acetone and completely insoluble
in methanol. In fact, 2G-H can be recrystallized from a hexane/methanol solvent
mixture (although as mentioned previously, no further purification beyond the Florisil
filtration is necessary). The ceramic residue yield of 2G-H is 35%. This value suggests
that some crosslinking processes via the Si-H groups occur before volatiles are lost
during the pyrolysis.
The crystallinity of 2G-H suggested that single crystals could be grown for X-ray
diffraction analysis. This was accomplished by cooling a pentane solution of 2G-H in a
-23 *C freezer over a period of a few days. The X-ray analysis was performed by
Professor Arnold Rheingold at the University of Delaware. Rheingold reported that
even at low temperatures, there is much thermal motion present in the arms of the
molecule which makes a good structure determination difficult. However, a rough
structure was determined and is shown in figure 8. The structure depicts the expected
structure for 2G-H. It can be seen that the arms of the molecule point outwards in such a
way as to minimize atom-atom interactions. In a recent private communication,
Rheingold informed us that the data collected for 2G-H were still being refined.
As with IG-Vi, compound 2G-Vi can be prepared by reacting 2G-Cl with
vinylmagnesium bromide. Thus, refluxing a THF solution of 2G-Cl with excess freshlymade vinylmagnesium bromide led to the isolation of 2G-Vi as a white semi-solid in
77% yield after chromatography. Compound 2G-Vi is stable to moisture and air.
However, after several weeks in storage under room atmosphere, 2G-Vi loses its
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FIgure 8. X-ray crystal diagram of 2G-H.
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solubility. Apparently, a slow crosslinking process takes place. Physical and spectral
data for 2G-Vi are summarized in Table 5.
Table 5. Physical and spectral data for 2G-VI.

H2
Si

1

H

H2
2 C
F1

4

Si PCH
3
3
3

4

appearance

white semi-solid

formula weight

1899.96 (C104H172S117)

solubility

soluble in hexane, pentane, CHCI 3 , benzene

elemental analysis Caled. for C 1 0 4 H 17 2 Si 1 7 : C, 65.75; H,9.12. Found: C, 65.95; H,9.07
1

H NMR (ppm)

0.30 (s, 16H, C(1) and C(2)), 0.4-0.6 (mult., 48H, C(3) and C(4)), 5.705.78 (mult., 36H, C(5)), 6.03-6.17 (mult., 72H, C(6))

13C NMR (ppm)

2.0 (broad), 4.54 (C(1-4))

29

Si NMR (ppm)

At this point, the peaks in the

-18.3 (Si(3)), 9.1 (Si(1)), 10.4 (Si(2))

13 C

NMR spectrum become more difficult to

distinguish, and broad peaks begin to appear. Si(1) and Si(2) were distinguished from
each other based on the peak intensities in the

2 9 SI

NMR spectrum. The peak at 6 -18.3

can obviously be assigned to Si(3) and the larger of the remaining peaks (8 10.4) can be
assigned to Si(2), since the atom ratio of Si(2) to Si(1) is 3 to 1.

Preparation of the Third Generation Dendrimers - 3G-Cl, 3G-H, 3G-Vi
The preparation of 3G-Cl again called for a modification of the previous
hydrosilylation procedure. Heating 2G-Vi with excess trichlorosilane and THF in the
presence of PTDD led to the isolation of a thick, oily material. The mass of this
material was much greater than the theoretical yield of product. Examination of the IH
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NMR spectrum showed that the same impurities mentioned in previous hydrosilylation
steps were present in large amounts. Thus, even the use of PTDD as catalyst could not
prevent large amounts of impurities from forming. After experimenting with the
reaction conditions, it was discovered that using Et2 0 as solvent completely suppressed
the formation of the impurities. Furthermore, as in the case of THF, Et2 O prevented the
formation of the a-isomer in the hydrosilylation reaction. Repeating the reaction
using Et2 O as solvent resulted in the formation of 3G-Cl as a pale yellow powder in near
quantitative yield. The IH NMR spectrum of 3G-Cl shows two broad singlets at 0.35 and
0.50 ppm representing the interior -CH 2 - protons, and two multiplets centered at 0.80
and 1.25 ppm representing the exterior -CH 2 - protons. As expected, 3G-Cl is moisturesensitive and should be stored under an inert atmosphere.
The reduction of 3G-C1 was carried out as before. Stirring a Et2 O solution of 3GC1 in the presence of excess LiAlH 4 led to the isolation of 3G-H as a thick colorless oil in
27% yield. Physical and spectral data for 3G-H are summarized in Table 6 (see next
page).
Unlike the crystalline 2G-H, compound 3G-H is a thick oil. Cooling in a -23 *C
freezer and/or seeding with crystals of 2G-H did not induce crystallization. Compound
3G-H is soluble in hexane, pentane, chloroform, and benzene. Compound 3G-H is also
stable to air and moisture but should be stored under an inert atmosphere. 18a The
purity of 3G-H was confirmed by both elemental analysis and VPO measurements. The
ceramic residue yield was 66%. This was expected since 3G-H is considerably more
branched and of much higher molecular weight than 1G-H and 2G-H.
The spectral data provides further evidence supporting the structure of 3G-H.
The IR spectrum shows the characteristic Si-H stretching frequency at 2146 cm- 1. The
1

H NMR spectrum shows the Si-H protons at 3.56 ppm along with the characteristic

satellites at 3.2 and 3.9 ppm. The integration also shows the correct ratios for the
respective protons. The 13C NMR spectrum does not provide any additional
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Table 6. Physical and spectral data for 3G-H.

Si

H2
H2
2
Si 3 C
-Cq
C 4 SI
H2
H2
3

4
/SH3

2
S1 C
H2

H2

3

4
appearance

thick, clear, colorless oil

formula weight

3056.2 (C 1 04H 3 16 Si53)

elemental analysis

Calcd. for C 1 0 4 H3 16 SI53: C, 40.87; H, 10.42. Found: C, 41.24;
H, 10.21

ceramic residue

66%

yield (TGA)

Calcd., 3056. Found, 3153

mol. wt. (VPO)
IR (cm-1 , neat)

2895 (s), 2146 (s, Si-H), 1407 (m), 1134, (m), 1067 (m), 920 (m),
718 (br)

1

0.36 (s, 16H, C(1) and C(2)), 0.42 (s, 48H, C(3) and C(4)), 0.64 (s,

H NMR (ppm)

144H, C(5) and C(6)), 3.56 (s) with satellites at 3.2 and 3.9 (108H,
St (4))
13 C

29

NMR (ppm)

Si NMR (ppm)

sharp peaks at -0.78, 2.67, 3.69, 6.98 (probably correspond to
C(3-6)); C(1) and C(2) peaks are most likely buried
-53.5 (Si(4), JSI-H = 192 Hz), 8.71 (Si(3)), 9.34 (Si(1)), 9.58 (Si(2))
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information besides the expected alkyl carbon resonances. The 29SI NMR spectrum
shows the -SiH3 silicon atoms as a single peak at -53.5 ppm. A coupled spectrum
showed the Si-H coupling frequency to be 192 Hz. The rest of the silicon peaks were
assigned based on peak size. The peak at 9.34 ppm (Si(1)) is a barely visible shoulder to
the peak at 9.58. The ratio of Si(1):Si(2):Si(3):Si(4) is 1:4:12:36 so the peak for Si(1)
would be expected to be extremely small.
The vinyl derivative was prepared by reacting 3G-Cl with vinylmagnesium
bromide. After aqueous workup, 3G-Vi was obtained as a white semi-solid in 36% yield
after chromatography. Compound 3G-Vi is stable to air and moisture. However, as
observed with 2G-Vi, the solubility of 3G-Vi decreases after prolonged storage under
room atmosphere. Physical and spectral data for 3G-Vi are summarized in Table 7.
Table 7. Physical and spectral data for 3G-Vi.

2

H2
Si

1C
H2

H2
H2
CN2~#SiC~%C%%
5CS
C
H2

4Si
3

4

8

CH

CH
H

3
)

33

4

appearance

white semi-solid

formula weight

5868.3 (C3 2 0H53 2 Si53)

solubility

soluble in hexane, benzene, CHC1 3

elemental analysis

Calcd. for C320H532Si53: C, 65.50; H,9.14. Found: C, 64.68;
H,9.13

IH NMR (ppm)

0.41 (shoulder), 0.44-0.60 (s, 208H total), 5.67-5.77 (mult.,
108H), 6.01-6.12 (mult., 216H)

13 C

2.6, 5.2, small indistinct peaks between 2.6 and 5.2 (C(1-6)),

NMR (ppm)

134.6 (C(7) and C(8))
29

Si NMR (ppm)

-18.2 (Si(4)), 8.1 (Si(2)), 10.4 (Si(3))

180

The crude yield of 3G-Vi before chromatography was 90%. The large loss of
material during purification has been observed in similar cases, 8 1 0 and has been
attributed to the presence of high molecular weight impurities.
The spectral information correspond to the expected structure for 3G-Vi.
However, the peak for Si(1) is indistinguishable in the

2 9 S1

NMR spectrum and is likely

buried underneath one of the other peaks present.

Preparation of the Fourth Generation Dendrdmers - 4G-CI, 4G-H
Attempts at preparing 40-Cl by heating a solution of 3G-Vi and HSiCl 3 in Et2 O
(PTDD as catalyst) led to the isolation of a powdery material. The 1 H NMR spectrum
indicated that only partial hydrosilylation had occurred, i.e. some vinyl groups
remained unreacted. Switching to another solvent such as hexane did not improve the
reaction as an even lower conversion was observed. However, the reaction was

successful when more severe conditions were utilized. A solution of 3G-Vi and HSiC1 3
in Et2 O (PTDD as catalyst) was sealed in a glass ampoule. Heating this ampoule at 140
*C for 45 hours led to the isolation of 4G-C1 as a brittle pale yellow solid in 94% yield.
The 1H NMR spectrum of 4G-C1 shows broad resonances from 8 0.0 - 2.0.
Stirring a Et2 O solution of 4G-Cl in the presence of excess LiAIH 4 led to the
isolation of 4G-H as a hard, clear, colorless solid. Physical and spectral data for 4G-H
are summarized in Table 8.
Compound 4G-H is soluble in common organic solvents such as hexane,
benzene, and chloroform. However, the solubility of 4G-H gradually decreases over an
extended period of time with storage under room atmosphere. Molecular weight
determination using VPO gave a highly accurate value for 4G-H. However, the elemental
analysis values are slightly off.
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Table 8. Physical and spectral data for 4G-H.

CS CCS CCS~

S CH 2 , S i R2H

C

2

3 3C
4

appearance

hard, clear, colorless solid

formula weight

9336.99 (C3 2 0 H9 64Si1 61)

elemental analysis

Caled. for C3 2 0H964S116I: C, 41.16; H, 10.41. Found: C, 42.67;
H, 10.11.

ceramic residue yield
(TGA)

72%

mol. wt. (VPO)

Calcd., 9337. Found, 9432.

IR (cm-1 , CDC3)

2891 (s), 2144 (s), 1456 (m), 1135 (m), 1064 (m), 920 (s)

1H

13 C

NMR (ppm)

0.43 (s broad), 0.63 (s, broad),3.56 (s, with satellites at 3.1 and
3.9)

NMR (ppm)

29Si NMR (ppm)

-0.7, 7.1, broad peak at 3.9
-53.3 (JSi-M = 192 Hz), 8.8 (broad)

The spectral data provide the usual inferences regarding the structure of 4G-H.
The IR spectrum (2144 cm- 1), the I H NMR spectrum (8 3.56), and the 29Sj NMR spectrum
(8 -53.3) all show the characteristic Si-H signals. The peaks in the IH NMR,

13 C

NMR

and 29Si NMR spectra are now all very broad as would be expected from a polymer. This
prevents exact peak assignments.
As is apparent by looking at the drawn structure of 4G-H (see Scheme 1), the
dendrimer is already quite congested. At this point, the molecule contains 324 Si-H
bonds. To the best of our knowledge, this is the highest number of Si-H bonds present in
a well-characterized monomeric-type molecule.
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Crosslinking Reactions of 1G-H and H3 SiCH 2 CH 2 SiH3
The fabrication of silicon-based ceramics has received much attention in recent
years. One particular area in this field involves preceramic organosilicon polymers. 1 9
These are polymers which, when heated to high temperatures, form ceramic materials.
For example, these polymers have been used to prepare silicon carbide, silicon nitride,
silicon carbonitride, and silicon oxynitride.
Generally speaking, the preceramic polymers are used directly in their prepared
state. However, certain types of these polymers contain reactive functionality which
may be used to carry out further chemical transformations. These transformations can
enhance certain desirable properties of the polymer, such as ceramic yield.
Many organosilicon polymers contain reactive Si-H groups. These groups can
be used to crosslink the polymer, which can increase the ceramic yield of the material.
Much of this work has been carried out by Seyferth and co-workers. 2 0 Polymers
containing Si-H groups were synthesized, generally via Wurtz coupling of
chlorosilanes. These polymers typically gave low ceramic yields on pyrolysis.
However, subsequent treatment of these polymers with crosslinking agents resulted in

new materials whose pyrolysis gave higher ceramic yields. One reaction that proved to
be useful in crosslinking the polymers is the catalytic dehydrogenative coupling of
hydridosilanes as shown in equation 4. Work by Harrod and others 2 1 has shown

-Si-H

+

H-Si-

/

~

catalyst_

-Si-Si-

+

H2

equation 4.
that catalytic amounts of dimethylmetallocenes, 4, react with primary silanes to give
oligomers with Si-Si bonds.
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/CH3

M
\CH3

4 (M= Ti, Zr)
These systems were found to be useful for only primary silanes, as secondary silanes
(R2SiH2) gave only dimers and trimers in low yield ,and tertiary silanes (R3SiH) did not
react at all. Later studies by Corey and co-workers showed that the catalyst generated
by the reaction of Cp 2 MCl2 (M=Zr, Ti) with two equivalents n-BuLl not only condensed
primary silanes effectively, but also produced up to six-silicon atom oligomers when
reacted with secondary silanes. 2 2 It is generally believed that the mechanism of these
processes involves a-bond metathesis. 2 3
As one example of the work performed by Seyferth and co-workers, a solution of
polysilane ((CH3SiH)0.80(CH3Si)0.20)n in hexane was refluxed with catalytic amounts
of Cp2Zr(CH3)2. The material obtained after removal of volatiles gave ceramic residue
yields as high as 85%. This is in comparison with a ceramic yield of 24% for the
untreated polysilane. Bulk pyrolysis gave a ceramic residue which analysis showed to
consist principally of P-SiC.
Although these crosslinking reactions were performed on polymers, in
principle, they can be performed on smaller-sized molecules. Compound 1G-H and the
related compound, 5, are likely candidates. They both contain reactive -SiH 3 groups,
H3 Si- CH2 CH2 - SiH3
5
are easy compounds to handle, and possess favorable silicon/carbon ratios (1G-H - 5/8;
5-1/1).
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Both compounds are relatively easy to prepare. The preparation of 1G-H has
been described previously in this chapter. The preparation of 5 is outlined in Scheme 2.

SiC 13 +

HSiC
SiCI

I3

H 2 PtC 6

C 3 Si0

3

SICI3
LiAIH 4

H3Si
Scheme 2

SiH3
5, 81% yield
Cl3 SiCH2 CH2 SiCl 3 was prepared 2 4 by heating a mixture of ViSiCl 3 and HSiCl3 together
in the presence of CPA for two hours. Treatment of CI3 SiCH 2 CH 2 SiCl 3 with LiAIH4 in
n-butyl ether2 5 led to the isolation of 5 as a clear, colorless liquid in 81% yield (bp 4347 *C).

Treatment of 1G-H with different catalysts led to mixed results. Earlier results
in this research group have shown that CP2TiCl2 was useful as a pyrolysis catalyst,2 6
i.e. the catalyst promotes crosslinking during the pyrolysis process and not during
preliminary treatment. Refluxing 1G-H with 0.5 mol% of Cp2TiCl2 in hexane overnight

left a reddish liquid after removal of volatiles. The ceramic residue yield of this liquid
was only 14% (the ceramic residue yield of untreated 1G-H is 1%). Using (Cp2ZrH2)2 as
catalyst led to inconsistent and irreproducible results; the results differed widely from
sample to sample. Good results were obtained with in situ generated Cp2ZrBu2. A
solution of Cp2ZrBu2 was cannulated into a toluene solution of 1G-H. After stirring for
six hours at room temperature, removal of volatiles left a quantitative yield of a
yellow-orange solid. This solid is insoluble in all common organic solvents. The
ceramic residue yield is 82%. A sample of the solid was heated under argon to 1500 *C to
leave an 80% mass recovery of gray solid chunks. Calculations based on elemental
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analysis showed that the material consisted of 1 SiC and 0.27 C. Excess carbon would
be expected since there is excess carbon present in uncrosslinked 1G-H (Si/C = 5/8). Xray diffraction showed that only P-SiC is present in the material (figure 9).
A soluble crosslinked material from 1G-H could not be obtained. It appears that
further crosslinking occurs as solvent is removed during removal of volatiles.
Attempts to modify the procedure included bubbling air or Cl2 through the solution
before removal of volatiles, adding ethanol before removal of volatiles, and repeated
filtrations through silica gel or Florisil before removal of volatiles. In most cases, an
insoluble material still was recovered. Occasionally, a soluble material would be
obtained after one of these treatments, but the material would become insoluble in a
matter of hours even with storage under an inert atmosphere. Traces of catalyst

apparently are still present in these instances. Similar results to these were also
obtained by the polymerization of C 6 H 4 (SiH3 )2 with (CpCp*ZrH2 )2 2 7 and the
polymerization of CH3 SiH 3 with either Cp2 Zr(CH3)2 or Cp 2 Ti(CH 3 )2-2 8

It was thought that perhaps a less active catalyst would be more useful in this
case. An examination of the literature revealed that heating a toluene solution of
phenylsilane in the presence of Cp2V resulted in the formation of principally dimers
and trimers. 2 9 Heating a toluene solution of 1G-H with 2.5 mol% of Cp2 V resulted in
83% mass recovery of a pale yellow liquid. The 1H NMR spectrum looked Identical to
that of 1G-H and the ceramic residue yield of this liquid was only 2.5%. This suggests
little crosslinking took place.
Compound 5 has the advantage of possessing an exact 1:1 ratio of silicon to
carbon. If a crosslinked material could be obtained, pyrolysis could result in silicon
carbide with fewer amounts of excess elements present. As with 1G-H, in situ Cp2 ZrBu2
proved to be effective in crosslinking 5. However, the resulting material was also

insoluble. When a THF solution of 5 and 1 mol% of Cp 2 ZrBu 2 was heated at 65 *C, the
solution became heterogeneous within three hours. Removal of all volatiles left a
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Figure 9. XRD analysis of pyrolyzed crosslinked product.
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brown sand-like solid in 79% yield. The ceramic residue yield of this solid was 85%.
Bulk pyrolysis with heating to 1500 *C left a black solid (75% mass recovery).
Calculations based on elemental analysis showed the solid to be 1 SiC, 0.1 St. There Is
some error in this calculation as the percentages in the elemental analysis did not add
up to 100% (94% total). 3 0 Crosslinking was also attempted with Cp2 Zr(CH3)2 but this
catalyst proved to be too active; a toluene solution of 5 and 1 mol% of catalyst became
heterogeneous within one hour at room temperature.
The same solubility problems for the crosslinking of 1G-H were again present in
the crosslinking of 5. A soluble crosslinked material could not be obtained. The same
methods mentioned above were used without success in an attempt to isolate soluble
polymers. It is apparent that the catalyst cannot be completely removed from the
reaction mixture.
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EXPERIMENTAL SECTION

General comments
All reactions were performed under an argon atmosphere unless otherwise
indicated. All reaction solvents were distilled from the appropriate drying agents.

Infrared spectra were recorded on a Perkin-Elmer 1600 Fourier Transform Infrared
spectrophotometer. All NMR spectra were recorded on either a Bruker-250 or Varian300 instrument and are referenced to tetramethylsilane. Molecular weight
determinations were carried out using a Wescan Model 233 Molecular Weight Apparatus
(vapor phase osmometry). Triphenylphosphine was used as a standard and all

measurements were carried out in chloroform. Thermogravimetric analysis (TGA) of
samples was performed using a Perkin-Elmer TGS-2 system under a 100 mL/min argon
flow. Samples were heated from 50 to 950 *C at 10 *C/min. Bulk pyrolyses were carried
using a Lindberg Model 59545 single zone tube furnace, equipped with a mullite tube,
Eurotherm Model E5 controller, and a carbon pyrolysis boat supported on a 6" alumina
tube dee. Elemental analyses were performed by Scandinavian Microanalytical
Laboratories, Herlev, Denmark and Galbraith Laboratories, Knoxville, TN.

Chloroplatinic acid (CPA) solution was prepared as a 0.1 M solution in isopropyl
alcohol. Platinum divinyltetramethyldisiloxane complex (PTDD) was obtained from
Huls America as a 5% solution in xylene. Tetravinylsilane and trichlorosilane were
obtained commercially and distilled before use. Vinyl bromide was obtained from
Matheson and condensed in a graduated cylinder cooled in a dry ice/acetone bath prior
to use. Cp2ZrCl2 was obtained from Boulder Scientific Company and used as received.
Cp2V was obtained from Strem Chemical Company.

Preparation of IG-Ci (DSVII-1)

A 50 mL round-bottomed flask equipped with a stir bar and septum was charged
with tetravinylsilane (2.0 g, 14.7 mmol), HSiCI3 (12.1 g, 89 mmol, 1.5 equiv.), and 10 mL
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of THF. Five drops of CPA solution were added. After several minutes, the solution
became warm. The solution was stirred for 30 min at room temperature. A reflux
condenser was attached to the flask, and the solution was stirred for 10 h at 65 *C. All
volatiles were removed at reduced pressure to leave 10 g of IG-Ci (-100%) as a white
solid.

'H NMR (250 MHz, CDCI3): 6 0.82-0.89 (mult., 2H), 1.21-1.28 (mult., 2H).
13
2

C NMR (75.4 MHz, CDCl3): 6 2.0, 17.1.

9Si NMR (59.59 MHz, CDCI3): 8 11.2, 12.4.

Preparation of 1G-H (DSVII-14)

A solution of 1G-CI (20.0 g, 29.5 mmol) dissolved in 75 mL of Et2O was
cannulated slowly into an ice-cooled suspension of LiAIH4 (6.7 g, 177 mmol) in 500 mL
of Et20. The mixture was stirred overnight at room temperature. The suspension was
filtered through Celite, and the filtrate was added cautiously to 400 mL of ice-cooled aq.
2N HCl. The aqueous layer was extracted twice with Et20 and the combined organic
phases were washed twice with H20 and once with saturated aq. NaCI solution. The
organic layer was dried over MgSO4 and then filtered through a silica gel pad. Most of
the volatiles were removed on a rotary evaporator and the remaining liquid distilled at
reduced pressure to yield 1G-H as a clear, colorless liquid (6.54 g, bp = 66-67 *C/0.3 mm
Hg, 84%).

IR (neat): 2918 (s), 2892 (s), 2145 (vs, Si-H), 1408 (m), 1137 (s), 1068 (m), 920 (br s), 716 (br
s).
1H

NMR (250 MHz, CDC 3 ): 6 0.63 (s, 16 H), 3.53 (s, 12H, with satellites at 3.15 and 3.90

ppm).
13C NMR (75.4 MHz, CDCl 3 ): 8 1.0, 7.0.
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2 9Si NMR

(59.59 MHz, CDCl 3 ): 8 8.4, -53.6 (JSI-H = 192 Hz).

Mass spectral data: M+ = 264, other principal peaks at 205, 177, 147, 89.
Mol. wt. (VPO): 275.

Elemental Analysis: Calcd. for C 8 H2 8S1 5 : C, 36.33; H, 10.59. Found: C, 36.43; H, 10.65.
Ceramic residue yield (TGA): 1%.

Preparation of IG-Vi (DSVII-36)
A 500 mL 3-necked round-bottomed flask was equipped with stir bar, septum,
addition funnel, and dry ice condenser. Magnesium turnings (6.6 g, 0.27 g atom) were
added to the flask and covered with THF. A small quantity of vinyl bromide (3 mL) was
added along with a crystal of iodine. After the reaction had begun, 60 mL of THF was
added to the mixture. A solution of vinyl bromide (21 mL total, 0.30 mol) in 20 mL of
THF was then added dropwise to the mixture at a rate that maintained a gentle reflux.
After completion of addition, the Grignard solution was refluxed for 30 min. After
cooling to room temperature, a solution of IG-Ci (10.0 g, 15 mmol) dissolved in 50 mL of
THF was added dropwise at a rate that maintained a moderate reflux. After addition,
the mixture was refluxed for one day. After cooling to room temperature, the mixture
was poured into ice-cooled saturated aqueous NH 4 Cl. The aqueous layer was extracted
twice with Et 2 O and the combined organic layer was washed twice with H 2 0 and once
with saturated aqueous NaCl.

The organic layer was dried over MgSO 4 and the

volatiles were removed with a rotary evaporator to leave 9.7 g of yellow oil. A small
quantity of this oil (1.0 g) was chromatographed on silica gel using 3:500 v/v ethyl
acetate/hexane as eluent. The product, 1G-Vi, was obtained as a clear, colorless oil (0.55
g, 63%).

IH NMR (300 MHz, CDCI 3 ): 8 0.47-0.55 (mult., 161-), 5.69-5.77 (mult., 12H), 6.03-6.17
(mult., 24H).
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13

C NMR (75.4 MHz, CDC 3 ): 8 2.60, 4.85, 134.5, 134.6.

29Si NMR (59.59 MHz, CDC1 3 ): 8 -18.3, 10.5.

Elemental Analysis: Calcd. for C3 2 H 5 2S1 5 : C, 66.64; H,9.02. Found: C, 67.07; H,9.18.

Preparation of 2G-Cl (DSVII-47)

A 25 mL round-bottomed flask equipped with stir bar and septum was charged
with IG-Vi (1.0 g, 1.73 mmol), HSiCl 3 (3.2 mL, 32 mmol), and 3.5 mL of THF. Two drops
of PTDD solution were added. After a reflux condenser was attached to the flask, the
mixture was heated to 50 *C and stirred for 2 hours. All volatiles were removed at
reduced pressure to leave 2G-Cl as a white oily solid (3.7 g, 97%).

1

H NMR (250 MHz, CDCl 3 ): 8 0.48 (s, 16H), 0.7-0.9 (mult., 24H), 1.2-1.4 (mult., 24H).

There are also small amounts of impurities present as indicated by the IH NMR
spectrum (see figure 6), but they do not interfere with subsequent steps.

Preparation of 2G-H (DSVII-43)

A solution of 2G-Cl (1.45 g, 0.66 mmol) dissolved in 15 mL of Et20 was
cannulated slowly into an ice-cooled suspension of LiAlH4 (0.56 g, 15 mmol) in 50 mL of
Et2O. The mixture was stirred overnight at room temperature. The suspension was
filtered through Celite, and the filtrate was added cautiously to 75 mL of ice-cooled aq.
2N HCL. The aqueous layer was extracted twice with Et2O and the combined organic
phases were washed twice with H20 and once with saturated aq. NaCI solution. The
organic layer was dried over MgSO 4 and the volatiles were removed on a rotary
evaporator. The residual cloudy oil was dissolved in hexane and filtered through a
short Florisil pad. Removal of volatiles at reduced pressure left 2G-H as a crystalline
white material (0.57 g, 90%).
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mp: 48-49 *C.
Ceramic residue yield (TGA): 35%.
IR (CDCl3 ): 2142 cm-1 (vs, Si-H).
1

H NMR (300 MHz, CDC13): 8 0.38 (s, 16H), 0.62 (s, 48H), 3.53 (s, 36H, with satellites at

3.20 and 3.85 ppm).
13

C NMR (75.4 MHz, CDCl 3 ): 8 -0.92, 2.55, 3.42, 6.94.

2 9 Si

NMR (59.59 MHz, CDC 3 ): 8 -53.6, 8.53, 9.67.

Mol. wt. (VPO): 976.

Elemental Analysis: Caled. for C3 2 H 1 0 0 S1 1 7 : C, 39.93; H,10.47. Found: C, 39.97;
H,10.41.

Preparation of 2G-Vi (DSVII-44)

The Grignard procedure was identical to that described in the preparation of IGVi except these amounts of reagents were used: 2.19 g of Mg (0.090 g atom), 8 mL of vinyl
bromide (113 mmol), and 3.66 g of 2G-Cl (1.66 mmol). After quenching the Grignard
reaction with sat. aq. NH4 CJ, the aqueous layer was extracted twice with Et2 O and the
combined organic layers were washed twice with H20 and once with saturated aqueous

NaCl. The organic layer was dried over MgSO4 and the volatiles were removed with a
rotary evaporator to leave a yellow oil. The oil was taken up in hexane and filtered
through a short Florisil pad. Removal of volatiles left 2.67 g of off-white semi-solid. A
portion of this solid (1.0 g) was chromatographed on silica gel using first hexane, then a
100:1 v/v hexane/ethyl acetate mixture as eluents to yield 2G-Vi as a white semi-solid
(0.91 g, 77%).

1

H NMR (300 MHz, CDC 3 ): 8 0.30 (s, 16H), 0.4-0.6 (mult., 48H), 5.70-5.78 (mult., 36H),

6.03-6.17 (mult., 72H).
13C NMR (75.4 MHz, CDC13 ): 8 1.98, 4.54, 134.1.
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29Si NMR (59.59 MHz, CDCl 3 ): 8 -18.3, 9.1, 10.4.

Elemental Analysis: Calcd. for C 1 0 4 H 1 7 2 S1 1 7 : C, 65.75; H,9.12. Found: C, 65.95; H,9.07.

Preparation of 3G-C1 (DSVII-48)

A 25 mL round-bottomed flask was charged with 2G-Vi (1.0 g, 0.53 mmol), HSiCI 3
(2.9 mL, 29 mmol), and 3.2 mL of Et2 O. Two drops of PTDD solution were added and the
solution was refluxed in a 60 *C oil bath for 15 hours. Removal of volatiles at reduced
pressure left 3G-Cl as a pale yellow, crusty solid (3.23 g, 9 1%).

1

H NMR (250 MHz, CDCl 3 ): 8 0.35 (br s, 16H), 0.50 (br s, 48H), 0.70-0.90 (mult., 72H), 1.1-

1.4 (mult., 72H). There are also small amounts of impurities present as indicated by the
1H

NMR spectrum (also observed in 2G-C1, see figure 6), but they do not interfere with

subsequent steps.

Preparation of 3G-H (DSVII-48)

A solution of 3G-Cl (3.26 g, 0.48 mmol) dissolved in 20 mL of Et2O was
cannulated slowly into an ice-cooled suspension of LiAlH 4 (0.98 g, 26 mmol) in 50 mL of
Et2O. The mixture was stirred overnight at room temperature. The suspension was
filtered through Celite, and the filtrate was added cautiously to 50 mL of ice-cooled aq.
2N HCI. The aqueous layer was extracted twice with Et2O and the combined organic
phases were washed twice with H20 and once with saturated aq. NaCl solution. The
organic layer was dried over MgSO4 and the volatiles were removed on a rotary
evaporator. The residual cloudy oil was dissolved in hexane and filtered through a
short Florisil pad. Removal of volatiles at reduced pressure left 3G-H as a clear,
colorless, thick oil (0.39 g, 27%).

Ceramic residue yield (TGA): 66%.
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IR (CDCI3 ): 2146 cm-I (vs, SI-H).
1

H NMR (300 MHz, CDCl3): 8 0.36 (s, 16H), 0.42 (s, 48H), 0.64 (s, 144H), 3.56 (s, 108H, with

satellites at 3.2 and 3.9 ppm).
13

C NMR (75.4 MHz, CDC 3 ): 8 -0.78, 2.67, 3.69, 6.98.

29Si NMR (59.59 MHz, CDCl 3 ): 8 -53.5 (JSi-H = 192 Hz), 8.71, 9.34, 9.58.
MoL wt. (VPO): 3153.
Elemental Analysis: Calcd. for C 1 0 4 H3

16

Si53: C, 40.87; H, 10.42. Found: C, 41.24;

H, 10.21.

Preparation of 3G-Vi (DSVII-49)

The Grignard procedure was identical to that described in the preparation of IGVi and 2G-Vi except these amounts of reagents were used: 3.65 g of Mg (0.15 g atom), 11.5
mL of vinyl bromide (0.16 mol), and 6.46 g of 3G-Cl (0.95 mmol). After quenching the
Grignard reaction with sat. aq. NH 4 CI, the aqueous layer was extracted twice with Et2 O
and the combined organic layers were washed twice with H 2 0 and once with saturated
aqueous NaCI. The organic layer was dried over MgSO 4 and all volatiles were removed
on a rotary evaporator to leave 5.03 g of crusty yellow-brown solid (90% crude yield). A
portion of this material (1.52 g) was chromatographed on silica gel using first 1/100 v/v
ethyl acetate/hexane and then 3/100 v/v ethyl acetate/hexane as eluents. The product,
3G-Vi, was obtained as a sticky white solid (0.61 g, 36%).

1H

NMR (250 MHz, CDCl 3 ): 8 0.41 (shoulder), 0.44-0.60 (broad singlet, 208H total), 5.67-

5.77 (mult., 108H), 6.01-6.12 (mult., 216H).
13 C

NMR (75.4 MHz, CDCl 3 ): 8 2.6, 5.2, small indistinct peaks between 2.6 and 5.2,

134.6.
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29Sj NMR (59.59 MHz, CDCl 3 ): 8 -18.2, 8.1, 10.4, the signal due to the central SI atom
was too weak to be observed - based on 2G-Vi, the peak should appear at approximately
9.0 ppm.
Elemental Analysis: Calcd. for C 3 2 0 H532Si53: C, 65.50; H,9.14. Found: C, 64.68; H,9.13.

Preparation of 4G-Cl (DSVII-50).
A small glass ampoule was charged with 3G-Vi (0.40 g, 0.068 mmol), HSiCl3 (0.89
mL, 8.8 mmol), 2 mL of Et2 O, and 2 drops of PTDD solution (CAUTION: using extreme
excess of HSiC13 in this reaction should be avoided. The prolonged heating can cause
dangerous pressures to develop. This is apparently due to platinum-catalyzed
dehydrogenation of HSiCl 3 .). The ampoule was cooled in a liquid nitrogen bath and
sealed under vacuum. The ampoule was placed in an oil bath and heated at 140 *C for 45
hours. The solution turned pale yellow. The ampoule was broken open, and the
volatiles were removed under reduced pressure to leave 4G-Cl as a brittle, pale yellow
solid (1.31 g, 94%).

1

H NMR (250 MHz, CDC 3 ): 8 0.0-2.0 (broad).

Preparation of 4G-H (DSVII-50).

A solution of 4G-Cl (1.31 g, 0.064 mmol) in 25 mL of Et2 O was added to an icecooled suspension of LiAlH 4 (0.42 g, 11 mmol) in 50 mL of Et2 O. The ice bath was
removed and the mixture was stirred at room temperature for four days. The mixture
was filtered through a Celite pad and the filtrate was added cautiously to 75 mL of an
ice-cooled solution of aq. 2N HCL. The layers were separated and the aqueous layer was
extracted twice with Et2 O. The combined organic layers were washed twice with

distilled H 2 0 and once with saturated aq. NaCl solution. After drying the solution over
MgSO 4 , all volatiles were removed under reduced pressure. The residue was taken up in
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hexane and the resulting solution was filtered through a Florisil pad. Removal of

volatiles left 4G-H as a hard, clear colorless solid (0.35 g, 50%).

Ceramic residue yield (TGA): 72%.
IR (CDCI 3 ): 2144 (s, Si-H).
1

H NMR (250 MHz, CDCI 3 ): 8 0.43 (s broad), 0.63 (s, broad),3.56 (s, with satellites at 3.1

and 3.9).
13

C NMR (75.5 MHz, CDC 3 ): 8 -0.7, 7.1, broad peak at 3.9.

29

Si NMR (59.59 MHz, CDCl 3 ): 8 -53.3 (JSI-H = 192 Hz), 8.8 (broad).

Mol. wt. (VPO): 9432.
Anal. Calcd. for C3 2 0H964Si

16 1

C, 41.16; H, 10.41. Found: C, 42.67; H, 10.11. Repeat

analysis - Found: C, 40.10; H, 10.06. Average - C, 41.38; H, 10.08.

Crosslinking of 1G-H with in situ CP 2 ZrBu2 (DSVII-5).
A 10 mL round-bottomed flask was charged with Cp2ZrCl2 (26 mg, 0.089 mmol)
and 2 mL of toluene. The flask was cooled in an ice bath and 100 pL of 1.80 M nBuLi/hexane solution (0.18 mmol) was injected via syringe. The solution turned yellow
immediately, and then yellow-orange within ten minutes. This solution was
cannulated to 100 mL of toluene in a 300 mL Schlenk flask which was cooled in an ice

bath. Compound 1G-H (2.0 g, 7.6 mmol) was injected via syringe. The resulting clear
yellow solution was stirred at room temperature for six hours. All volatiles were
removed at reduced pressure with heating to 60 *C to leave 2.0 g of yellow-orange solid.
Ceramic residue yield (TGA): 82%. A portion of this solid (0.54 g) was heated at a rate of
5 *C/min. to 1500 *C and held at that temperature for two hours. After cooling, 0.43 g of
gray solid chunks was recovered (80% mass recovery).

Elemental Analysis: Found: C, 35.18, Si, 64.52. This result calculates to 1 SiC, 0.27 C.
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C: 35.18/12.011 = 2.93. Si: 64.52/28.086 = 2.30.
C2 .93, S12.30

-

SICI, Co.2 7

Crosslinking of 1G-H with Cp 2 V (DSVII-28).
A small ampoule was charged with 1G-H (1.0 g, 3.8 mmol), Cp2 V (17 mg, 0.09
mmol, 2.5 mol%), and 4 mL of toluene. The solution turned dark purple. The ampoule
was sealed under vacuum and heated at 50-55 *C for 45 hours. The dark purple mixture
stood at room temperature for one day. The ampoule was broken open, and the contents

were filtered three times through a Florisil pad. The volatiles were removed at reduced
pressure from the pale yellow filtrate to leave 0.83 g of pale yellow oil. The 1H NMR
spectrum looks identical to that of 1G-H.

Ceramic residue yield (TGA): 2.5%.

Reaction of 1G-H with CP2 TiCl2 (DSVII-2).

A 100 mL round-bottomed flask was charged with 1G-H (0.5 g, 1.9 mmol), 40 mL
of hexane, and Cp 2 TICl2 (9 mg, 0.036 mmol). The pale red solution was refluxed for 14
hours. Removal of volatiles at reduced pressure left a reddish liquid.

Ceramic residue yield (TGA): 14%.

Preparation of H3 SiCH 2 CH 2 SiH 3 (5) (DSVII-20).

A 100 mL 3-neck round-bottomed flask was equipped with stir bar, septum,
addition funnel, and reflux condenser with gas inlet tube attached.
Vinyltrichlorosilane (26 mL, 0.20 mol) and 10 drops of CPA solution were added to the
flask. The septum was replaced with a thermometer and the solution was heated to 75
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*C. HSiCl3 (25.3 mL, 0.25 mol) was added dropwise through the addition funnel, and the
internal temperature was allowed to rise to 140 0C. When all the HSIC13 had been added,
a sudden temperature drop to 100 0C was observed. The flask was heated in a 140 0C oil
bath for 1.5 hours. At this point the solution was a clear pale brown. The reaction
mixture was cooled to room temperature and then the volatiles were removed at reduced

pressure to leave a pale brown semi-crystalline solid. This solid was dissolved in 50 mL
of n-butyl ether and cannulated slowly into an ice-cooled suspension of LiAIH 4 (17 g,
0.45 mol) in 200 mL of n-butyl ether. The reaction mixture was stirred overnight at
room temperature and then heated at 100 *C for three hours. It was noted that the
mixture became less stirrable at higher temperatures. The reaction mixture was cooled

to room temperature and then volatiles were pumped off at reduced pressure until the
amount of volatiles coming off the mixture was considerable reduced (measured by the
amount of bubbling that could be seen). The trapped liquid was distilled through a
Vigreaux column and 14.6 g of 5 was obtained as a clear, colorless liquid (yield = 81%
from ViSiCl 3 ; bp 43-47 *C, lit. bp 2 5 =44-46 *C).

1H

NMR (300 MHz, CDC1 3 ): 8 0.83 (s, 4H), 3.53 (s) with satellites at 3.20 and 3.85 (6H).

29Si NMR (59.59 MHz, CDC1 3 ): 8 -55.5 (JSI-H = 194 Hz).

Crosslinking of 5 with in situ CP 2 ZrBu2 (DSVII-22).
A 25 mL round-bottomed flask was charged with Cp2ZrCl 2 (67 mg, 0.23 mmol)
and 8 mL of THF. An aliquot of 2.5 M n-BuLi solution (0.18 mL) was injected via

syringe. The mixture was stirred at room temperature for 1 minute at which point it
was a clear orange color. A portion of this solution (4 mL, 1 mol% of catalyst) was
injected via syringe into a solution of 5 (1.0 g, 11 mmol) in 6 mL of THF. The solution

turned brownish-orange and vigorous gas evolution was present. The flask was heated
at 65-70 *C for four hours. At this point the reaction mixture had become a thick jelly-
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like material. Volatiles were removed at reduced pressure with heating at 50

0C

to leave

0.79 g of brown sand-like material. Ceramic residue yield (TGA): 85%. A portion of this
material (0.51 g) was heated at a rate of 2 *C/min. to 1500 0C and maintained at that
temperature for two hours. After cooling, 0.38 g of brayish-black solid was recovered
(75% mass recovery).

Elemental Analysis: Found: C, 26.46, Si, 67.69. This corresponds to 1 SiC, 0.1 Si.

Preparation of CP 2 Zr(CH 3 )2 3 1 (DSVII-42).
A 250 mL 3-necked round-bottomed flask was equipped with stir bar, septum,
addition funnel, and gas inlet. Cp2ZrCl 2 (5.0 g, 17 mmol) was added to the flask with 65
mL of Et2 O. The flask was cooled in a CCL4/dry ice bath and then 23 mL of 1.5 M CH3 LU
solution in Et2 O (35 mmol) was added dropwise over 45 min. After addition, the
mixture was stirred for 40 minutes in the cold bath and then placed in a water ice bath
and stirred for 30 minutes. All volatiles were removed at reduced pressure and 9.5 g of
pale yellow solid was recovered. The solid was sublimed at 100-110

0C/0.05

mm Hg.

Cp 2 Zr(CH 3 )2 was obtained as a pale yellow solid (3.63 g, 84%).

IH NMR (250 MHz, CDC 3 ): 8 -0.1 (s, 6H), 5.7 (s, 10H).

Crosslinking of 5 with CP2 Zr(CH3 ) 2 (DSVII-46).

A 25 mL round-bottomed flask was charged with Cp 2 Zr(CH 3 )2 (56 mg, 0.2 mmol)
and 3 mL of toluene. Compound 5 (1.0 g, 11 mmol) was injected via syringe. The
reaction mixture immediately turned yellow and vigorous gas evolution was observed.
An additional 7 mL of toluene was injected to aid stirring. Within one hour, the mixture
had become a swollen yellow gel.
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