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This investigation is concerned with determining

whether a carbon substituent or a silicon substituent on

the carbon terminus of a silicon-carbon double bond has a

more stabilizing effect. Two different 2-substituted sila-

ethylenes were generated at the same time by pyrolyzing

1, 1-dimethyl-2-neopentyl-4- (dimethylalkoxysilyl)

silacyclobutanes in a nitrogen flow system. The results of

these pyrolyses, both neat and in the presence of a trapping

reagent, show that the silaethylene with a silicon substi-

tuent on the carbon terminus was favored approximately two

to one over the silaethylene with a carbon substituent.

This datum, along with other observations and hypotheses

discussed, leads to the suggestion that the silicon sub-

stituent on the carbon terminus of the silaethylene bond

has a more stabilizing effect than the carbon substituent.
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CHAPTER I

INTRODUCTION

The pyrolysis of monosilacyclobutanes as a method of

generating unstable silaethylene intermediates has been a

subject of interest for several years (1, p. 19; 2, p. 620;

3, pp. 26-29). In 1966 it was reported that the pyrolysis

of monosilacyclobutanes resulted in the elimination of

ethylene and the formation of 1,3-disilacyclobutanes as

shown in Scheme 1 (4, p. 589; 5, p. 171). Comparison of

22Si 4000>R2S1 -j + 2CH2 =CH2
SiR

2

Scheme 1

these results with those for an analogous cyclobutane system,

shown in Scheme 2, led to the hypothesis that the 1,3-

R2C 400> R2 C=CH2 + CH2 =CH2

Scheme 2

disilacyclobutane was formed from an unstable silicon analog

of the alkene, shown in Scheme 3. Kinetic data gathered on

R2Sjy[R 
2 Si=CH2 + CH2 =CH2

2 jR 2Si=CH iR2StI]

Scheme 3
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these systems was also supportive of this hypothesis (6,

p. 864; 7, pp. 419 and 1396). The Arrhenius parameters,

shown in Scheme 4 of the homogeneous unimolecular thermal

decomposition of 1,1-dimethyl-l-silacyclobutane and the

thermal decomposition of 1,1-dimethylcyclobutane,were very

close (1, p. 19; 2, p. 620). The closeness of the

Me2S
S3 Si=CH2 + CH2 =CH2

k(sec~ )=10 1 5 .6 exp (-62300/RT)

Me 2 II1 >C=CH
2 + CH2=CH2

k(sec~1 )=10 1 5 .6 8 exp (-61000/RT)

Scheme 4

Arrhenius parameters suggested that the two reactions had

the same mechanism (2, p. 620).

The thermal decomposition of four-membered cyclic com-

pounds by a biradical mechanism is widely accepted as an ex-

planation for the pyrolysis mechanism of cyclobutanes (8,

p. 1866). By analogy, the mechanism for the gas phase

thermal decomposition of monosilacyclobutanes proceeds by

either an initial cleavage of the silicon-carbon bond or a

carbon-carbon bond. This results in the formation of the

biradical intermediates which, upon further decomposition,

form the silaethylene and ethene shown in Scheme 5.
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'Si (Me2) CH2 CH2 CH2 -
Me2 Si

>Si=CH 2 + CH2 =CH2
CH2 Si(Me)2 CH2 CH2 -

Scheme 5

The dissociation of the ring carbon-carbon bond is also

consistent with the isomerization of 1,1,3-trimethyl-l-

silacyclobutane to allyltrimethylsilane during its thermal

decomposition shown in Scheme 6 (9, p. 1676; 10, p. 165).

S C A-- HfMe 2 Si=CH2] + CH3 CH=CH2
Me2S/ 1/\ \2

e CH 2--'HMCH
me/Me 3 SiCH2 CH=CH2

Scheme 6

This isomerization is due to the 1,5-migration of a hydro-

gen atom in the biradical. According to recent data, the

bond dissociation energy of the silicon-carbon bond (85-

90kcal/mol) (11, p. 1212) is slightly higher than that of

the carbon-carbon bond (82kcal/mol) (12, p. 245).

Therefore, the cleavage of the carbon-carbon bond should

proceed at a faster rate than the cleavage of the silicon-

carbon bond (10, p. 165).

Evidence for the preferred cleavage of the carbon-

carbon bond of the monosilacyclobutane has also been shown

by Barton (13, p. 317) and Sommer (14, p. 1957), who studied

the thermal decomposition of 1,1,2-trimethyl-l-

silacyclobutane. In both of these studies, the work was

based on the premise that if a silicon-carbon bond was
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ruptured, it would be the bond connecting silicon and C2 ,

as this would yield a secondary carbon radical as opposed

to the primary radical formed from silicon-C4 cleavage. In

the same way, initial carbon-carbon bond cleavage should be

favored between C2 and C3 ,as shown in Scheme 7 (13, p. 317;

14, p. 1957). So initial silicon-carbon bond cleavage

Me

Me Si-C2 cleavage Me 2 Si - >IMe 2Si=CH2 I (I)

Me2 M
Me

C2-C3 cleavage Me2 Si J-- Me 2 Si=CHMe] (II)

Scheme 7

would lead to 2-methyl-2-silapropene, while initial carbon-

carbon bond cleavage would give 2-methyl-2-silabut-2-ene.

It is interesting to note that both of these studies

(13, p. 317; 14, p. 1957) involve the formation of a 2-

substituted silaethylene as aproduct from the initial

cleavage of a carbon-carbon bond. When Barton pyrolyzed

1,1,2-trimethyl-l-silacyclobutane, the resulting products

were formed from the combinations of the two silaethylenes

I and II,as shown in Scheme 8 (13, p. 317). The products

III, IV,and VIII were formed by the combination of two

molecules of I, while V was formed by the dimerization of

II. The products V and VII were formed by the combination

of one molecule each of I and II. When the yields of the



Me Me Me
Me 2 Sj Me 2Si + Me2 Si

Me SiMe2 Me iMe2

III

+

IV

Me

Me 2 Si-(

LS'iMe2

v

Me2Si

-SiMe 2

Me2 Si SiMe 2

Me

Me2 SiKSiMe2

VI VII

Scheme 8

viii

products from each silaethylene were tabulated, the results

showed that products from the initial carbon-carbon bond

cleavage, the 2-substituted silaethylenes, predominated by

approximately three to one at temperatures below 6000 C, as

shown in Table 1 (13, p. 317). At temperatures higher

than 6000C, there is sufficient energy available to make

the two cleavage processes competitive.

TABLE I

COMPARISON OF CLEAVAGE PRODUCTS

Pyrolysis Temp. Products Resulting from Initial Cleavage(0c) Si-C C-C

520 24.875.2

570 24.5 75.5

620 41. 4 58.6

680 44.9 55.1

5

+
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Similar results were obtained by Sommer when he pyro-

lyzed various 2-substituted monosilacyclobutanes and

generated the corresponding 2-substituted silaethylenes

(14, p. 1957). In addition to 1,1,2-trimethyl-1-

silacyclobutane, Sommer also pyrolyzed 1,1-dimethyl-2-

phenyl-1-silacyclobutane both neat and in the presence of

trapping reagents. The results given in Table II compare

the yields of the adducts obtained from the substituted

and unsubstituted silaethylenes produced by the cleavage of

the monosilacyclobutane rings in the two different ways sug-

gested in Scheme 7. As shown by the adduct ratio, the

TABLE II

COMPARISON OF SUBSTITUTED AND UNSUBSTITUTED
SILAETHYLENE ADDUCTS

Me Ph
Me2Sj (A) Me2S I (B)

Silacyclo- Temp. % Yield of adducts from Adduct Ratio Trapping
butane (C) Me2Si=CHR Me2Si=CH2 subst./ansubt. Reagent

A 611 20 3 7 None
611 51 13 4 Ph2 C=O611 59 5 12 PhOH
611 46 4 12 MeOH
611 25 6 4 Me2SiO 3B 530 13 Trace >30 None
530 35 <2 >17 Ph2 C=O611 35 6 6 Ph2 C=O530 58 Trace >30 PhOH
530 18 < 1 >18 Me2 SiO3
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substituted silaethylene is formed predominantly in the

pyrolysis of these compounds; this therefore implies that

the initial carbon-carbon bond cleavage is preferred over

the initial silicon-carbon bond cleavage.

Sommer's results also show that the substitution on

the silaethylene affects the yield of the dimer obtained

from the 2-substituted silaethylene (14, p. 1957). Table

III gives the yields for the dimers of 1,1,2-trimethyl-l-

silaethene, 1,1-dimethyl-2-phenyl-l-silaethene and also

1,1-dimethyl-l-silaethene (15, p. 29). Sommer attributed

TABLE III

COMPARISON OF SUBSTITUTED SILAETHYLENE
DIMER YIELDS

R
Me2Si

SiMe2

R R

H . . . . . . . . . . . . . . . . . . . . . . . . 54

Me . . . . . . . . . . . . . . . . . . . . . . . . 17

Ph . . . . . . . . . . . 13

the diminished effect of a 2-methyl substituent relative to

a 2-phenyl substituent on the silacyclobutane activation

barrier to the greater stabilization of the biradical

intermediate by the phenyl group.

In order to study the effects of substituents on the

carbon terminus of the silicon-carbon double bond, Weber
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investigated the pyrolysis reaction of 1,1-dimethyl-2-

phenyl-l-silacyclobutane (IX) (16, p. 3543). The fragmen-

tation of IX would produce a substituted silaethylene,1,1-

dimethyl-2-phenyl-l-silaethene (X), and a non-substituted

silaethylene,1,1-dimethyl-l-silaethene (XI), similar to

Barton's (13, p. 317) and Sommer's (14, p. 1957) systems.

The pyrolysis of IX resulted almost exclusively ( 95 per

cent) in ethene and cis-and trans-1,1,3,3-tetramethyl-

2, 4-diphenyl-1, 3-disilacyclobutane which .is the ,dimer of

X. Therefore, the formation of the substituted silaethylene

greatly predominates in this reaction.

Several trapping experiments have been developed in

order to detect or infer the presence of a silicon-carbon

double bond; these are summarized in Scheme 9 (3, pp. 26-

29; 14, p. 1957; 16, p. 3543; 17, p. 37; 18, p. 7105). In

most of these trapping experiments, the negative part of the

trapping reagent, such as an oxygen, adds to the silicon,

while the positive part adds to the carbon part of the

silaethylene bond. These results indicate a dipolar

character in silaethylene, Me2Si==CHR (3, pp. 26-29).

The formation of the head-to-tail dimer of the silaethylene

may also be due to this dipolar character (19, p. 231). An

observed reactivity order of PhC=O > ROH,ArOH 3m-ClC6 H4 NH2

> CH3CN indicates that 1,1-dimethyl-l-silaethene behaves as

an electrophilic species (17, p. 37). This hypothesis in-

volved the assumption that the reaction of CH3 CN with
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silaethylene is initiated by nucleophilic attack on the

methylenes in the silaethylene or on the oK-hydrogen in CH3 CN.

Recent kinetic studies have also provided information

about the nature of the silaethylene intermediate. A

study by Nametkin and Gusel'nikov (20, p. 155) gave the

heat of formation for 1,1-dimethyl-l-silaethene as 15.5=

5 kcal/mole and the ionization potential as 7.5k60.3 eV.

They also estimated the silicon-carbon 1T-bond energy as

2848 kcal/mol. Another study by these men and their co-

workers showed evidence that -the activation energy of the

dimerization reaction of this silaethylene was equal to

zero (21, p. 1086). The kinetics of the gas phase thermal

decomposition and isomerization of 1,1,3-trimethyl-l-

silacyclobutane were also studied, and provided values for

the entropy ( S =12.3 caldegree1 mol~ ) and the enthalpy of

activation ( H =61.9 kcalmol ) for the total process at

4500 C (10, p. 165).

In contrast to substituted monosilacyclobutane systems

already discussed, the product of the thermal decomposition

of unsubstituted silacyclobutane is a polymer of undeter-

mined structure, rather than the dimer of silaethene (22,

p. 737). The copyrolysis of silacyclobutane with trapping

reagents such as CH3 CN and SiCl4 did not result in the for-

mation of the respective adducts either. However, the

products of the copyrolysis of silacyclobutane and Ph2 C=O

and (Me2 SiO)3 were explained by using a mechanism involving
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silaethene. When a study of this system was done by

Mal'tsev, Nefedov, and Khabashesku (23, p. 383), they

claimed that these addition products could also form as a

result of the direct interaction of the trapping reagent

molecules with silacyclobutane, followed by the splitting

off of ethene. They stated that compounds of the type

R2 SiH2 had been shown to react with Ph2 C=O already at 230-

2500 C to form adducts at the C=0 bond (24, p. 501).

Therefore, they proposed that the mechanism for the thermal

decomposition of monosilacyclobutanes involving a sila-

ethylene intermediate might not be applicable in the case

of silacyclobutane. In order to demonstrate this hypo-

thesis, silacyclobutane (XII) and 1,1-dichloro-l-

silacyclobutane (XIII) were subjected to high-vacuum

pyrolysis and the products were studied by matrix isolation

methods (23, p. 383). When XII was pyrolyzed, no evidence

was found for the formation of silaethene. Scheme 10

was proposed for the process on the basis of the products

found. The instability of silaethene was attributed

to the possible simultaneous cleavage of the Si-H and

Si-C bonds in the original molecule of XII. Since the

C2 H4 + SiC + 2H2
H2SL 700-900 0 C

C3 H6 +Si +H 2

above 800 0 C CH4 + C2 H2

Scheme 10
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absence of silaethene might be due to insufficient thermal

stability of the Si-H bond, the pyrolysis of XIIIwas studied.

When the products of this pyrolysis were studied by matrix

isolation, there was not any evidence for the presence of

any 1,1-dichloro-l-silaethene. At.pressures ranging from

10-2 to 10-4 torr, the pyrolysis mechanism was proposed to

proceed as shown in Scheme 11. When the pressure in the

Cl2Si C2H4 + SiCl2 + CH2

S10-2-10-4 torr C2 H4

Scheme 11

reactor was increased from 10-1 to 1 torr, 1,1,3,3-

tetrachloro-1,3-disilacyclobutane was formed. Although the

formation of the disilacyclobutane usually indicates the

intermediate participation of the silaethylene, the matrix

isolation experiments did not provide any evidence that the

intermediate silaethylene was involved. This reaction was

attributed to the bimolecular reaction of two molecules of

XIII, which was proposed in an.earlier study (5, p. 171).

From the results obtained in this study, the thermal de-

composition of XII and XIII in a high vacuum was proposed

to take place according to a mechanism differing from the

mechanism of the thermal decomposition of 1,1-dimethyl-l-

silacyclobutane. It was further suggested that the

mechanism and direction of the thermal decomposition of

silacyclobutanes are determined by the nature of the
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substituent (R) on silicon and the comparative strength of

the Si-R bond relative to the endocyclic Si-C bond, as well

as possibly the lifetime of the intermediate particles

formed (23, p. 383).

Although there has been much work done concerning the

nature of silaethylenes, my major professor and I were

interested in determining whether a silicon or carbon sub-

stituent on the carbon terminus of a silaethylene has a more

stabilizing effect. The compounds used for this study, 1,1-

dimethyl-2-neopentyl-4- (dimethylalkoxysilyl) silacyclobutanes

(I), can decompose to form two different types of silaethy-

lenes and provide the type of system needed as shown in

Scheme 12. The mass spectra of these compounds could show

ASi Si- + R=Me or Et

AiORR

B- T B

OR

Scheme 12

a similar decomposition pattern as pyrolysis. This evidence

along with the results of the pyrolysis of these compounds,

both neat and in the presence of a trapping reagent, should

provide the necessary data in order to determine which

silaethylene is formed predominantly. This evidence will

then assist in determining whether the silicon or carbon

substituent on the silaethylene has a more stabilizing effect.
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CHAPTER II

RESULTS AND DISCUSSION

It has been shown that the pyrolysis of monosilacyclo-

butanes generally produces silaethylene intermediates

(1, p. 19; 2, p. 620; 3, pp. 26-29), and that 2-substituted

monosilacyclobutanes cleave so that two different sila-

ethylenes --are generated (4, p. 317; 5, p. 1957). So, the

pyrolysis of 1,1-dimethyl-2-neopentyl-4-(dimethylalkoxysilyl)

silacyclobutanes could generate two different silaethylenes,

one with a carbon substituent on the carbon terminus of the

double bond and another with a silicon substituent attached

to the carbon terminus as shown in Scheme 13. These sila-

ethylenes could then dimerize to give the corresponding

disilacyclobutanes.

1 -Si-
A + Si Si- izS

B Si OSi= Se-

-S t -S i+/I dimeri ze~O
OR OR

R=Me (I) OR
R=Et(II)

Scheme 13

The mass spectral behavior of I and II could be similar

to their behavior under pyrolytic fragmentation conditions

16
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(6, p. 3543). The mass spectral data for I are given in

Table IV,and the mass spectral data for II in Table V. The

ion S i i + was readily formed under electron-

impact fragmentation of I and II. When R was ethyl (160m/e),

the height of this peak in the mass spectrum was 94 percent

of the base peak height, and when R was methyl (146m/e), it

was 85 percent of the base peak height. Although a peak cor-

responding to the ion Si (142m/e) (IV) was not found

in the mass spectra of I or II, a peak corresponding to

TABLE IV

MASS SPECTRUM OF 1,1-DIMETHYL-2-NEOPENTYL-
4-(DIMETHYLMETHOXYSILYL)

S ILACYCLOBUTANE (I)

m/e Rel. Int. Ion

258 3 (P)+

243 12 (P-Me)+

201 74 (P-t-butyl)+

160 85 (>SiS i-)+
6Me

145 36 ( Si \Si(OMe

89 100 ('>Si-OMe)+

85 18 ('..Si/ACH 2 ) +

73 30 (-Si)+

59 34 ('>Si-H)+
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TABLE V

MASS SPECTRUM OF 1,1-DIMETHYL-2-NEOPENTYL-
4- (DIMETHYLETHOXYSILYL)
SILACYCLOBUTANE (II)

m/e Rel. Int. Ion

272 5 P

257 17 (P-Me) +

215 10-0 (P-t-butyl)+

174 94 (>Siji)+
OEt

159 19 (Si SiKOEt

131 25 ('S iSi<OH) +

103 38 (>Si-OEt)+

85 14 (>S i^CH2 ) +

75 19 (-Si-OH)+

73 24 (-Si-)+

59 22 (>Si-H)+

IS \CH2+(85m/e) (V), which was 14 to 18 percent of the

base peak height, was found. The fragment V could be the

result of the loss of a t-butyl group from IV or from I or

II, which could then fragment to give V. So, the decompo-

sition pattern of I and II under electron-impact conditions

is similar to their decomposition under pyrolytic conditions,

as shown in Scheme 13. According to the relative peak

heights of III and V, the silaethylene III is favored over

the silaethylene IV under electron-impact conditions.
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One widely accepted mechanism for the decomposition of

monosilacyclobutanes is a stepwise cleavage of the ring,

starting with a carbon-carbon bond cleavage and resulting

in a biradical (5, p. 1957; 6, p. 3543). If this type of

mechanism occurred during the pyrolysis of I and II, two

different biradicals could be formed, as shown in Scheme 14.

If the decomposition of I and II occurred by this mechanism,

-Si

(VI)

A I
-5)i

-Si OR
A

-Si B I
I B
OR (VII)

-Si

OR

Scheme 14

then methanol-trapped adducts of VI and VII might be obtained

by copyrolysis of I or II with an excess of methanol (6,

p. 3543). But when this experiment was performed

(experiments 10 and 11), there were not any methanol-trapped

adducts of VI or VII observed in the product mixture. Also,

if some of the biradical intermediates reformed to give the

original ring compound, the trans:cis ratio of the compound

after pyrolysis should be different from the trans:cis ratio
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before pyrolysis. When II was pyrolyzed (experiments 6 and

10), the trans:cis ratio of 46:54 remained constant. Even

when the ethoxy group of II was replaced by a methoxy group

(7, p. 298) during the pyrolysis of II in an excess of

methanol (experiment 10), the trans:cis ratio of the result-

ing ring compound, I, was 46:54, the same as that of the

starting compound, II. So, based on these experimental

data, there was no evidence to suggest that the thermal

decomposition of I or II, under the conditions used, pro-

ceeded by a stepwise biradical pathway.

An alternative pathway for the thermal decomposition of

I and II is a concerted mechanism (8, p. 864) shown in

Scheme 15. This pathway could proceed two different ways

I -I-Si.

A-- A 6 \+ >Si Si-

-Si (VIII) OR] (IX) R=Me or Et

OR

B-- -Si +>Si

OR -
-Si

(X) (XI)
OR

Scheme 15

and generate the two silaethylenes IX and XI. When I and II

were pyrolyzed, the stable products VIII and X were formed
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every time (experiments 6-12). The existence of IX and XI

could be demonstrated by either trapping them with methanol

or observing the dimers of each of the silaethylenes, as

shown in Scheme 16. When I or II was copyrolyzed

MeOH -Si Si-

OMe OR (XII)

(IX) i-iOR -- I
X) dimerize -Si

I i- (XIII)
-Si I

OR

MeOH -i (XIV)

(XI) dimerize -Si (XV)

Si-

Scheme 16

with a tenfold excess of methanol (experiments 11 and 12),

the methanol-trapped products XII and XIV were obtained.

Although the dimers XIII and XV were not found in the pro-

duct mixture of the neat pyrolysis of I and II (experiments

6, 7, 8 and 12), possible evidence for the existence of IX

was given by the formation of 2,2,4,4,6,6-hexamethyl-3-

(dimethylalkoxysilyl)-l-oxa-2,4,6-trisilacyclohexane (XVI)

from a reaction involving IXA Because of these observations,
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a possible mechanism for the thermal decomposition of I

and II can be shown by using a concerted reaction pathway.

Because the formation of XVI might have involved the

silaethylene IX, a possible mechanism was postulated. This

mechanism, shown in Scheme 17, could also explain the

Si-

-Si + 2FSi/i- dimerize OEt

L -O -i- (XIII)
GEt OEt

-S 
si-
CEt

S-
-Si

OEt

-i Si

OE t s~

I.

0 SI-
/-Si,Si 5Li% ~ GEt

I iHI
H -t/\ H - CH 2

H

Si-
-S

+ Et,

OEt

~SJ Si.%,

1sl (XVII)G Ft / \

/Si Si(

+ CH2=CH2 + XVII

OEt /\ (XVI)

Scheme 17
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absence of the disilacyclobutane XIII in the product mix-

tures of the neat pyrolyses (experiments 6, 7, 8 and 12).

This type of mechanism was supported by work done by T. J.

Barton and his co-workers on the pyrolysis of silylethers

(9). Barton has presented evidence that the pyrolysis of

trimethylalkoxysilanes could cleave the oxygen-carbon bond,

resulting in the formation of a siloxy radical and an alkyl

radical, as shown in Scheme 18. The formation of ethene was

-Si-OEt 4 -Si-&- + Et*
(XVIII)

H

-i-0i- + H-C-CH 2 -0-Si- -Si-OH + CH 2 =CH2 + XVIII

H

Scheme 18

attributed to hydrogen abstraction by a radical and is

analagous to the proposed formation of ethene in Scheme 17.

Experiment 9 does show that the pyrolysis of II gives ethene

as a product. So the formation of XVI by the proposed

mechanism in Scheme 17 gives evidence for the existence of

the silaethylene IX and an unexpected reaction of its dimer

to form XVI.

In the experiments involving the neat pyrolysis of I

and II, evidence was found for all the fragments of the ring

cleavage in the two different paths shown in Scheme 15,

except for the silaethylene XI. Neither dimerXV, for this

silaethylene nor any other products involving XI could be
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found in the product mixtures, but polymer was formed

(experiments 6, 7, 8 and 12). Since the silaethylene was

trapped with methanol to give XIV when I or II was copyro-

lyzed with methanol (experiments 10 and 11), and polymer

formation was significantly suppressed (<1 percent), the

silaethylene XI could have polymerized in the neat pyrolysis

reactions instead of dimerizing. This type of behavior for

the silaethylene XI differs from the evidence that suggests

that the silaethylene IX dimerized. The difference in the

behavior of these two silaethylenes could be related to a

difference in their activation energies for their dimeriza-

tion reactions. Although it has been proposed that the

dimerization of 1,1-dimethyl-l-silaethene has zero activa-

tion energy (10, p. 1086), there have not been any studies

of the activation energies for the dimerization reactions

of 2-substituted silaethylenes such as IX or XI. The sub-

stitution on the carbon terminus of the silaethylene could

affect the energy related to the dimerization process.

Since there was evidence that IX dimerized and a lack of

evidence for the dimerization XI, it was possible that XI had

a greater activation energy for the dimerization process

than IX, and that this energy barrier was great enough to

cause IX to follow another reaction pathway besides

dimerization; that is, polymerization.

Nametkin and his co-workers gave evidence that when 1,1-

dimethyl-l-silaethene was condensed on a cold surface, it
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polymerized (11, p. 818). In order to determine if XI was

polymerizing after being condensed in the cold trap,

methanol was placed in the trap before the pyrolysis re-

action which generates XI was performed (experiment 12).

If XI was being condensed in the trap, the methanol-trapped

product XIV would result when the trap was warmed. The

resulting product mixture of this reaction did not contain

any XIV, but was the same as other neat pyrolysis reactions

done (experiment 6, 7 and 8). So this evidence indicates

that XI was polymerizing in the hot zone of the reactor and

not in the cold trap.

The product ratios from the two different paths of ring

cleavage, A and B, shown in Scheme 15, were related to

whether the thermal decomposition processes of I and II were

thermodynamically or kinetically controlled.. If the pro-

ducts were a result of thermodynamic control, the reverse

of those reactions shown in Scheme 15 would have occurred

(12, p. 204). The reverse reactions might be expected to

change the trans:cis ratios of the resulting ring compound

as compared to the trans:cis ratio of the ring compound

before pyrolysis. When II was pyrolyzed neat, the trans:cis

ratio of II (46:54) before pyrolysis was the same as after

pyrolysis (experiment 6). This evidence did not favor the

reversibility of the reactions shown in Scheme 15. Thermo-

dynamic control of the process would also mean that there

was an equilibrium between the products. The silaethylenes
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IX and XI, once they were formed, reacted.further to give

other products and did not participate in an equilibrium.

Therefore the suggested thermodynamic control of the pro-

cess was disfavored and kinetic control was the prevalent

factor in determining the ratio between the products.

If the process shown in Scheme 15 was kinetically con-

trolled, the products that went by the fastest reaction path

would be formed in the most abundance and would go through

a lower energy transition state (12, p. 204). Tables VI

and VII show.that the products resulting from ring cleavage

A in Scheme 15 were favored approximately 2:1 over the

products from ring cleavage B. So the pathway leading to

products VIII and IX should have gone through a lower energy

transition state than the pathway leading to X and XI.

Hammond postulated that in an endothermic reaction, the

products were likely to resemble the transition state (13,

p. 752). Since the thermal decomposition of monosilacyclo-

butanes was endothermic (14, p. 165), the relative energies

of the products from ring cleavages A and B should resemble

the transition states leading to them. Using this reasoning,

the products from ring cleavage A should have had a lower

overall energy than the products from ring cleavage B. In

order to determine the relative energies of the two sila-

ethylenes, the relative energies of the two corresponding

alkenes VIII and X would have to be determined. Due to a

lack of thermodynamic data on X, the assumption was made that
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TABLE VI

PRODUCT YIELDS FOR NEAT REACTIONS

-Si -Si

(A) (B)

-S i-Si
I
OE t OMe

-H
0 -H

ro \'H r dd-
rd-H 4J I-

to .I, .\ . o (n ()

U) rd C) -HI En - 04(1) 0 d O0r)
0 m U Sri 4-) 4-)(4J 0 HMH 0 0V

Actual 9.3 4.0 10 13 27 46:54

6 A 46:5445730 C
neat Perceir

conversion3.0)5.5 14 18 . ..

Actual 4.0 2.0 3 .. 30 36:64

7 B 26:74 5730 C Percent

neat conversion 5.7 2.9 4 . . .

Actual 7.0 4.0 5 9 27 36:64

8 B 26:74 6210C P

Percent,

neat conversion 9.6 5.5 7 12 .

62IoC
neat Actual 9.035.0 6 .. 25 35:65

12 B 34:66 MEOH
in Percent
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the energies of the two alkenes were approximately equal

because they are both monosubstituted alkenes. If this

assumption was made, then the energies of the two alkenes

cancel each other out and imply that the silaethylene IX

was lower in energy than XI. Since the only difference be-

tween these two silaethylenes was that IX had a silicon

substituent attached to the carbon terminus of the silicon-

carbon double bond and XI had a carbon substituent, the lower

energy of IX implies that the silicon substituent had a more

stabilizing effect on the silicon-carbon double bond.
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CHAPTER III

EXPERIMENTAL

Materials and Equipment

A Perkin-Elmer Sigma 3 gas chromatograph with a flame

ionization detector was used to determine yields and re-

tention times for all products of reactions. A six-foot by

one-eighth-inch stainless steel column packed with 3 percent

SP-2250 on 100/120 Supelcoport was used. The yields were

determined with n-butyl ether as an internal standard. A

Varian Aerograph Series 1800 gas chromatograph was employed

to collect pure analytical samples. A twenty-foot by three-

eighths-inch stainless steel column containing 10 percent

SP-2100 on 60/80 mesh Chromosorb WAW-DMCS was used for the

analytical samples. Nuclear magnetic resonance spectra were

obtained with a Hitachi Perkin-Elmer R-24B 60 MHZ NMR spec-

trometer. Chloroform was used as an internal standard with

carbon tetrachloride as the solvent. Mass spectra were

obtained by using a Hitachi Perkin-Elmer RMU-6E Mass Spectro-

meter or a Finnigan 9500 Automated Gas Chromatograph/Mass

Spectra System. The GC-MS analyses were done by using a 60

meter SE-54 capillary column with programming from 50O-

2500C at 40 per minute. Elemental analyses were performed

by Galbraith Laboratories, Inc., Knoxville, Tennessee. All

31
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glassware was either assembled and then flame-dried, or

oven-dried and assembled hot, then cooled while being flushed

with dry nitrogen. The hexanes used in reactions were pu-

rified by distillation from a sodium/potassium alloy under

a nitrogen atmosphere. Methanol was purified by using a

simple distillation apparatus and by distilling the metha-

nol (650) over magnesium turnings, using chloroform as a

catalyst (1, p. 3188). The tertiary butyl lithium used was

obtained from Alpha Products in Danvers, Massachusetts.

Vinyldimethylethoxysilane was obtained from Petrarch

Systems, Inc., in Levittown, Pennsylvania. Trimethyl

orthoformate was obtained from Aldrich Chemical Co., in

Milwaukee, Wisconsin.

1. Preparation of 1,1-dimethyl-2-
neopentyl-4-(dimethylethoxysilyl)
silacyclobutane (I) (2, p. 99)

A 100-ml three-necked round-bottom flask was cooled to

-780 C by use of a dry ice-acetone slush bath, and then charged

with 50 ml of dry hexanes. Then 10 ml (12.5 mmoles) of a

1.24 M solution of 5-butyl lithium in pentane was added

followed by the addition of 4.1 ml (25 mmoles) of vinyl-

dimethylethoxysilane. The reaction mixture was kept under

a dry nitrogen atmosphere and was stirred constantly with

a magnetic stirrer, as it was slowly warmed to room tem-

perature over a period of twelve hours. A white precipitate

was now present in the mixture. The reaction was quenched
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by adding 10 ml of a saturated aqueous solution of ammonium

chloride followed by 6 ml of water. This formed two layers

which were then placed in a separatory funnel and mixed

thoroughly. This resulted in the disappearance of the white

precipitate, and the organic layer was separated and placed

in a flask over anyhydrous sodium sulfate. The aqueous

layer was washed three times with 20-ml aliquots of hexanes

which were combined with the organic layer. This mixutre

was then filtered into a 250-ml round-bottom flask and the

solvents were removed with a rotary evaporator. GLC analysis

of the products showed a 90 percent yield of the trans and

cis isomers of 1,1-dimethyl-2-neopentyl-4-

(dimethylethoxysilyl)silacyclobutane, I, in the ratio of

46:54.

NMR--trans and cis isomers of I: 0.12 to 0.17 ppm(m,6H),

0.34 to 0.42 ppm(m,6H), 0.94 ppm(s,9H), 1.25 ppm(t,3H,

J=7Hz) , 1.43 to 2.55 ppm(m,4H), 3.66 ppm(q,2H, J=7Hz).

2. Preparation of Vinyldimethylmethoxysilane
(3, p. 1969)

A 250-ml round-bottom flask fitted with a Friedrich

condenser was used for this reaction. A nitrogen inlet was

attached to the top of the Friedrich condenser and a dry

nitrogen atmosphere was maintained during the reaction. Then

50 ml (0.44 moles) of vinyldimethylchlorosilane was added

to the flask. This was followed by the addition of 50 ml

(0.44 moles) of trimethyl orthoformate. The reaction was
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stirred constantly with a magnetic stirrer. The reaction

was heated to the ref lux temperature of vinyldimethyl-

chlorosilane (820C) and allowed to reflux for one week

before the reaction was 100 percent complete on the basis

of NMR spectra. On the fourth day, an add tional 4 ml of

trimethyl orthoformate was added to the reaction mixture.

After the reaction was complete, the vinyldimethyl-

methoxysilane was distilled out (820C) in 4 vigereaux
column and simple distillation set-up. Sin ce the distillate

still had 10 percent of trimethyl orthoformate in it, it was

distilled a second time. This time the product was 98

percent pure vinyldimethylmethoxysilane. The reaction was

monitored during the reflux period by removing the heating

mantle from the flask and, after the reaction mixture had

cooled, .removing a small aliquot to be placed in an NMR

tube. The heating mantle was then replaced. After the NMR

spectra were obtained, the percent completion of the re-

action was determined from the ratio of the integration of

the vinyldimethylmethoxysilane (0.25ppm) peak and the

integration of the vinyldimethylchlorosilar'e (0.57ppm)

peak. NMR spectra showed a 100 percent conversion to

viny ldimethylmethoxysilane.

NMR--Vinyldimethylmethoxysilane: 0 .04ppm( , 6H), 3 .26ppm

(s,3H) , 5.79ppm(m,3H).
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3. Preparation of 1,1-dimethyl-2-neopentyl-
4- (dimethylmethoxysilyl) silacyclobutane

(II)--Method 1 (2, p. 99)

A 250-ml round-bottom flask was cooled to -780 C by using

a dry ice-acetone slush bath, and then charged with 80 ml

of dry hexanes. Then 19 ml (20 mmoles) of a 1.04 M solution

of t-butyl lithium in pentane were added to the flask. This

was followed by the addition of 6 ml (40 mmoles) of vinyl-

dimethylmethoxysilane. The reaction mixture was kept under

a dry nitrogen atmosphere and was stirred constantly with

a magnetic stirrer. The dry ice-acetone slush bath was

allowed to warm to room temperature over a period of approx-

imately twelve hours. A white precipitate was now present

in the mixture. The reaction was quenched by adding 20 ml

of a saturated aqueous solution of ammonium chloride fol-

lowed by 12 ml of water. This formed two layers which were

then placed in a separatory funnel and mixed throughly

until the white precipitate was no longer observed. The

organic layer was separated, along with three hexane washes,

and dried over anhydrous sodium sulfate. This mixture

was then filtered into a 250-ml round-bottom flask and

the solvents were removed with a rotary evaporator. GLC

analysis of the product showed a 91 percent yield of the

trans and cis isomers of 1,1-dimethyl-2-neopentyl-4-

(dimethylmethoxysilyl)silacyclobutane in the ratio of 26:74.

NMR--trans and cis isomers of II: 0.08 to 0.15ppm(m,6H),
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0.29 to 0.36ppm(m,6H), 0.89ppm(s,9H), 1.39 to 2.57ppm(m,4H),

3. 37ppm (m, 3H) .

4. Preparation of 1,1-dimethyl-2-neopentyl-
4- (dimethylmethoxysilyl) silacyclobutane

(II) -- Method 2 (4, p.298)

A 100-ml round-bottom flask was fitted with a reflux

condenser and a nitrogen inlet was placed on the condenser

so that the reaction could be kept under a dry nitrogen

atmosphere. Then 6.8 g (25 mmoles) of I were put in the

flask followed by 20 ml (0.5 moles) of dry methanol. This

mixture was stirred constantly with a magnetic stirrer and

was refluxed (650C) for fourteen hours. The reaction was

checked for completeness by gas chromatography. The ring

compound I was completely converted to II. The reaction

was worked up by adding a mixture of 30 ml hexanes and 30

ml of a saturated aqueous solution of ammonium chloride to

the reaction mixture and mixing them thoroughly in a

separatory funnel. The organic layer was separated and

placed over anhydrous sodium sulfate. This was then fil-

tered into a 250-ml round-bottom flask and the hexanes were

removed with a rotary evaporator. The product was a 98

percent yield of a mixture of trans and cis isomers of II

that had the same trans to cis ratio of 46:54 of the ring

compound I used as the starting material. The NMR was the

same as given in Experiment 3.
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Pyrolysis Reactions

All pyrolysis reactions were done with a nitrogen flow

system patterned after that described by Sommer and his co-

workers (5, p. 29). A flow of approximately 100 ml per

minute of dry nitrogen was maintained through the system,

and the pyrolysate was condensed in a U trap cooled to

1960C with liquid nitrogen. The pyrolysis samples were

dropped into the hot zone with a 25-ml dropping funnel at

the upper end of the pyrolysis tube. A tube oven was used

and was placed in a vertical position. The pyrolysis tube

was made out of quartz, had an outside diameter of 30 mm,

and was 45 cm long. The total hot zone was 32 cm long and

was packed with broken pieces of quartz. The pyrolysis tem-

peratures varied from 5730 C to 6230C and were measured by

an iron-constantan-iron thermocouple. A diagram of the

apparatus is shown in Appendix B. The products from the

pyrolysis reactions were characterized by GC-MS analyses,

NMR spectra and GLC retention times.

5. Conditioning the Pyrolysis Tube

Three pyrolyses were done in order to condition the

pyrolysis tube. The first reaction was done at 583C, and

2.47 g (9.1 mmoles) of the ring compound I were used. The

second reaction was done at 5840C, and 1.83 g (6.7 mmoles)

of I was used. The third pyrolysis was done at .583 0 C, and

1.96 g (7.2 mmoles) of I was used. A GC was taken of each
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pyrolysis, and all of them gave the same peaks. These three

pyrolyses were done in the absence of any trapping agents,

but there was a small amount of hexanes present in each of

the reaction mixtures. In each of these reactions, after a

drop of I was dropped into the hot zone of the pyrolysis

tube, a white vapor appeared at the bottom of the tube

immediately and was condensed in the trap by the liquid

nitrogen. After all of the sample had been pyrolyzed, the

liquid nitrogen was removed from the trap. At this point,

it was observed that the pyrolysate frozen at the bottom of

the trap was white, while the material at the top of the

trap was yellow. When the trap warmed, the two materials

melted and ran together, resulting in a yellow solution.

A GC was taken of each of the reactions. The oven was

cooled to room temperature between each reaction and an

atmosphere of dry nitrogen was kept in the pyrolysis tube at

all times.

General Procedure for Pyrolysis Reactions

The oven was heated to the desired temperature and dry

nitrogen was flowed through the system at a rate of approxi-

mately 100 ml per minute. Dewar flasks were placed around

the traps on the pyrolysis system and filled with liquid

nitrogen. The material to be pyrolyzed was placed into the

dropping funnel above the oven. The starting material was

then slowly dripped at a rate of approximately one drop
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every twenty seconds into the hot oven. The pyrolyzed

material was then condensed in the traps cooled by liquid

nitrogen. The traps were warmed by removing the dewar

flasks filled with liquid nitrogen. The pyrolysate was

then poured into a flask under a dry nitrogen atmosphere by

allowing dry nitrogen to flow through a large funnel and

keeping the flask under the funnel.

6. Pyrolysis of 1,1-dimethyl-2-neopentyl-4-
(dimethylethoxysilyl) silacyclobutane (I)

Neat at 5730 C

This pyrolysis reaction was done at 5730C, and used

1.37 g (5.0 mmoles) of I. When the compound was pyrolyzed,

a white vapor was observed and was condensed by the liquid

nitrogen. The resulting solution was yellow and weighed

0.956 g. This was a 70 percent recovery of the original

weight. A GC-MS analysis was done on the reaction mixture

and the yields were determined for all known products.

After this was done, the reaction mixture, which weighed

0.946 g, was placed in a 10-ml flask and connected to a

vacuum line. A vacuum of less than 0.005 mm of mercury was

applied to the sample for two hours. At the end of this

period the sample was still yellow and weighed 0.125 g,

corresponding to 13 percent of polymer. The yields and

percent conversion for all the products are shown in

Table VI.
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7. Pyrolysis of 1,l-dimethyl-2-neopentyl-
4-(dimethylmethoxysilyl)
silacyclobutane at 5730C

This pyrolysis was done at 5730C, using 1.62 g (6.3

mmoles) of II. A white vapor formed when the sample was

pyrolyzed, and was condensed in the trap by the liquid

nitrogen. The solution was yellow when it was warmed to

room temperature. The reaction mixture was GC-MS-analyzed

and yields of all known products were determined. The

final weight of the reaction mixture was 1.18 g, which is a

73 percent mass recovery. The yield data are summarized

in Table VI.

8. Pyrolysis of 1,1-dimethyl-2-neopentyl-
4- (dimethylmethoxysilyl)
silacyclobutane at 6210 C

This pyrolysis was done at 6210 C, and used 1.60 g (6.2

mmoles) of II. A white vapor was formed and condensed in

the liquid nitrogen trap. It also produced a yellow solu-

tion when it was warmed to room temperature. The yields

were determined for all known products, and are summarized

in Table VI. The final weight of this reaction mixture was

1.23 g, which is a 77 percent mass recovery. This reaction

mixture was placed in a 10-ml flask and connected to a

vacuum line. A vacuum of less than 0.005 mm of mercury was

applied for two hours. The final weight of the mixture was

0.148 g, corresponding to 9 percent of polymer.
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9. Trapping of Volatile Alkene Products (5, p. 29)

The oven was heated to 6270 C, and 1.93 g (7.1 mmole) of

I was dripped through.the oven and pyrolyzed. The white

vapor that formed was condensed in the trap surrounded by

liquid nitrogen. A solution of approximately 100 ml of

carbon tetrachloride and 3 ml of bromine was put in a trap

containing a sintered-glass dispersion tube. One end of

this tube was then connected to the trap at the end of the

pyrolysis system. The other end of the disperson tube was

connected to a trap containing approximately 100 ml of a

saturated solution of potassium hydroxide. This trap also

had a sintered-glass dispersion tube. The traps containing

the frozen pyrolysate were then slowly warmed by removing

the liquid nitrogen from around them. Dry nitrogen slowly

flowed through the pyrolysis system, allowing the escaping

volatile gases to bubble through the bromine solution.

After the traps had warmed to room temperature, nitrogen

was allowed to bubble through the bromine solution for

fourteen hours to remove the excess bromine. After this

period of time, the bromine was still not gone, so the mix-

ture was placed in a 100-ml round-bottom flask and the

bromine (bp. 590C) distilled off by a simple distillation

apparatus. A GC was taken, and there were three products

trapped by the bromine. Each one of these products was

GLC-collected and identified by NMR and mass spectral data.

The products are as follows:
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1,2-dibromoethane (6, p. 3)
NMR 3.63 ppm
MS - Parent--188 Base--107

1,2-dibromopropane (7, spectra 187)
NMR - 1.98 ppm (d, 3H, J=8Hz), 3.73 ppm (m, 2H),

4.40 ppm (m, 1H)
MS - Parent--202 Base--121

1,2-dibromo-2-methylpropane (8, spectra 412)
NMR - 1.98 ppm (s, 6H), 3.90 ppm (s, 3H)
MS - Parent--216 Base--135

10. Pyrolysis of 1,1-dimethyl-2-neopentyl-
4- (dimethylethoxysilyl) silacyclobutane

in Methanol at 5730 C

This pyrolysis was done at 5730 C. A sample of 1.37 g

(5 mmoles) of I and 1.59 g (50 moles) of dry methanol

was mixed in a vial and put into the dropping funnel above

the pyrolysis tube. Most of the pyrolysate, which appeared

as a white vapor, condensed at the top of the trap and was

white. The material frozen at the bottom of-the trap was

also white. When the pyrolysate had melted, the resulting

liquid was clear. The final weight of the pyrolysate was

2.05 g, which is a 70 percent mass recovery. The product

mixture was analyzed by GC-MS and yields were determined

for all known products. The pyrolysate was then placed in a

10-ml flask and connected to a vacuum line, where a vacuum

of less than 0.005 mm of mercury was applied for two hours.

The final weight of the material remaining was 0.01 g, which

gives the amount of polymer as less than 1 percent. The

product yields and percent conversion are given in Table VII.
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11. Pyrolysis of 1,1-dimethyl-2-neopentyl-
4- (dimethylmethoxysilyl) silacyclobutane

in Methanol at 6180 C

This pyrolysis was done at 6180 C. A mixture of 1.58 g

(6.1 mmoles) of II and 1.95 g (61 mmoles) of methanol was

put into the pyrolysis system dropping funnel. This mixture

was then slowly dripped through the hot zone and a white

vapor formed, which condensed in the trap cooled with liquid

nitrogen. The frozen pyrolysate was a white solid which

melted to form a clear liquid after the liquid nitrogen

dewars were removed from around the trap. The final weight

of the pyrolysate was 2.46 g, which was a 72 percent mass

recovery. Yields were determined on all known products and

are reported in Table VII. This pyrolysate was placed in a

10 ml flask and connected to a vacuum line. The vacuum was

applied for two hours at a pressure of less than 0.005 mm of

mercury. The final weight of the material remaining was

0.011 g, which gives the amount of polymer as less than 1

percent.

12. Pyrolysis of 1,1-dimethyl-2-neopentyl-
4- (dimethylmethoxysilyl) silacyclobutane
Neat with Methanol Frozen in the Trap

The oven was heated to 6210 C, and 3.5 ml of dry methanol

was slowly dripped through the hot zone at a rate of approx-

imately one drop every ten seconds. The methanol vapor was

then condensed on the inside wall of the trap by slowly

immersing the trap in liquid nitrogen. A greater part of
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the methanol was frozen at the top of the trap. Then 1.38 g

(5.3 mmoles) of II was slowly dripped through the hot zone

and the vapor condensed in the trap containing the methanol.

The trap was then warmed by removing the liquid nitrogen.

Some of the pyrolysate frozen at the top of the trap was

yellow and all of the material at the bottom of the trap

was white. When the pyrolysate had melted, the resulting

liquid was yellow. A GC was taken and then compared to the

GC's of the pyrolyses of II in methanol. There were no

products in which any silaethylene type intermediates were

trapped by methanol. The products and yields are given in

Table VI.
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APPENDIX A

CHARACTERIZATION OF NEW PRODUCTS

2,2,4,4,6,6-hexamethyl-3- (dimethylethoxysilyl) -l-oxa-2, 4,6-
trisilacyclohexane:

NMR: -0.19 ppm (s,lH), -0.03 ppm (s,2H) , 0.27 ppm (m, 24H),
1. 52 ppm (m, 3H) , 3..68 ppm (m, 2H).

MS; m/e (M+) 320, m/e (base) 305.

Anal.: Calcd for Si4 C12H3202: C, 45.00; H, 10.00.
Found: C, 45.07; H, 9.96.

2,2,4,4, 6, 6-hexamethyl-3- (dimethylmethoxys ilyl) -1-oxa-2, 4,6-
trisilacyclohexane:

NMR: -0.13 ppm (s,lH), ~0.01 ppm (s,2H), 0.31 ppm (m,24H),
3.45 ppm (m,3H).

MS; m/e (M+) 306, m/e (base) 291.

Anal.: Calcd for Si4ClH3 0 02 : C, 43.14; H, 9.80.
Found: C, 43.41; H, 9.88.

2,2,4, 4-tetramethyl-2, 4-dimethoxy-2, 4-disilapentane

NMR: 0.08 ppm (s,2H), 0.24 ppm (s,12H), 3.43 ppm (s,6H).

MS: m/e (M+-Me) 177, m/e (base) 147.

2,5, 5-trimethyl-2-methoxy-2-silahexane

NMR: 0.23 ppm (s,6H), 0.73 ppm (m,2H), 1.02 ppm (m,6H),
1.20 ppm (m,2H), 3.45 ppm (s,3H).

MS: m/e (M+) 188, m/e (base) 103.
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APPENDIX B

DIAGRAM OF PYROLYSIS APPARATUS
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APPENDIX C

CROSS-REFERENCE TABLE OF EXPERIMENT
NUMBER TO NOTEBOOK NUMBER

Experiment Number

2

3..

4..

5

6..

7 . . .

8..

9..

10 . .

11 .

12 .

Notebook Number

IWDS-13

IWDS-73

IWDS-43

. . IWDS-77

IWDS-47

. . IWDS-57

IWDS-85

IWDS-89

IWDS-81

. . IWDS-53

IWDS-87

IWDS-91

e%
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