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The reactions of tert-butyl-, sec-butyl-, and n-butyl-

lithium with dimethylfluorovinylsilane include addition to 

the double bond to give both silene and silenoid intermedi-

ates, fluorine substitution, and a novel vinyl substitution. 

For the tert-butyllithium reaction, product stereochemistry 

and trapping experiments using both cyclopentadiene and 

methoxytrimethylsilane show that silenes are not formed in 

THF. In hexane about 67% of the 1,3-disilacyclobutanes 

obtained arise from silene dimerization while 33% are formed 

by silenoid coupling. In hexane the order of reactivity for 

addition, t-Bu > sec-Bu > n-Bu, is opposite that for 

fluorine substitution. The vinyl substitution is most 

significant with secondary alkyllithium reagents including 

the tert-butyllithium adduct to dimethylfluorovinylsilane 

and with sec-butyllithium itself. Evidence for the formation 

of vinyllithium or ethylene in the process could not be 

obtained 

The diastereomers produced by the stereospecific 

trapping of (E)- or (Z)-l-methyl-l-phenyl-2-neopentylsilene 

with methoxytrimethylsilane can be converted by stereospeci-

fic reactions to diastereomeric methoxy-, hydrido-, chloro-, 

or fluorosilanes of known relative stereochemistry. Evidence 

that the addition of methoxytrimethylsilane to silenes 



proceeds by stereospecific syn pathway is presented, and the 

relative stereochemistry of the diastereomejrs is tentatively 

assigned on this basis. 

The two proposed stereospecific silen«5 generation 

methods, lithiation of the alpha-proton of 2,5,5-trimethyl-

2-methoxy-3-trimethylsilyl-2-silahexane or 5,5-dimethyl-2-

methoxy-2-phenyl-3-trimethylsilyl-2-silahexane, and fluoride 

ion induced beta-elimination with the same compounds to 

generate a silene, were unsuccessful. The 5,5-dimethyl-2-

methoxy-2-phenyl-3-tributylstannyl-2-silahexanes and 5,5-

dimethyl-2-methoxy-2-phenyl-3-triphenylstannyl-2-silahexane 

were synthesized as precursors for silene generation using a 

Sn-Li transmetallation process. An X-ray structure of one of 

the triphenyltin diastereomers was obtained. The relative 

configuration was (R,R) or (S,S). By comparision with NMR 

data, the relative configurations of the other diastereomers 

were assigned. By knowing the relative configuration of 

these diastereomers, stereospecific silene generation by 

using these precursors has now become a reasonable 

possibility. 
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CHAPTER 

INTRODUCTION 

Pi-bonds formed by elements of the second and subse-

quent rows in the periodic table are generally unstable or 

nonexistent (1-4). Included in this group are silenes, 

intermediates containing a silicon-carbon double bond. The 

first report of a silene in 1912 suggested that diphenyl-

silene was a major product in the reaction of tetrachlorosi-

lane with phenylmagnesium bromide and methylmagnesium bromide 

followed by hydrolysis with water (5). The postulated di-

phenylsilene was later found to be a mixture of dimethyldi-

phenylsilane, diphenylmethylsilanol, and biphenyl (6). 

Similar reports postulating multiply bonded silicon have 

appeared from time to time (7). These reports have generally 

been proven incorrect. In 1966, however, the very first 

indirect evidence of a silene as an intermediate species was 

published. The gas-phase thermolysis of monosilacyclobutanes 

was reported to give 1,3-disilacyclobutanes and ethylene (8). 

Me g Si A Me2Si-
CH 2=CH 2 

-Si Me, 



Kinetic data were gathered for this reaction and compared to 

those from the analogous reaction with a substituted 

cyclobutane (51). The Arrhenius parameters obtained for the 

two reactions were very close, indicative of a similar 

mechanism for the two reactions (8,52). 

Me, 

-> Me2C*CH2 + CH?=CH2 

k ( s e c - 1 ) = 10 1 5 ° 6 8 exp(-61000/RT) 

Me2S1 
•4 Me2Si=CH2 + CH2=CH2 

k ( s e c " 1 ) = 1 0 1 5 o 6 ° exp(-62300/RT) 



Since then, the study of the synthesis and reactivity 

of silicon-carbon pi-bonded intermediates has been one of 

the most active areas in organosilicon chemistry. Several 

reviews of silicon-carbon multiply bonded intermediates have 

appeared to date (9-15). From these, two major routes to 

silenes are apparent, thermal generation (7-11, 16) and 

photochemical generation (17-20). 

The thermally generated silenes can be trapped by 

alcohols, ketones and dienes (9,20). However, the choice of 

trapping reagents is very limited because the 

high temperatures necessary for the thermolytic generation 

of the silene make the isolation of many interesting but 

thermolabile products impossible. Therefore!, the low energy 

pathway, elimination of Li-X from alpha-lithiosilanes, has 

become important. 

The generation of alpha-lithiosilanes may be 

accomplished by a variety of methods, including metalla-

tion (21-25), metal-metal exchange (26-28), metal-halogen 

exchange (21,29-31) and the addition of organolithium 

reagents to vinylsilanes (21,32-34). Most of this work has 

involved only silanes without functional groups on silicon. 

Relatively little attention has been given to alpha-lithio-

silanes with a functional group on silicon, such structures 

are interesting because of the the possible beta-elimination 

of lithium halides to generate silenes. 

In 1976, Seyferth and Lefferts reported the reaction of 



bis(trimethylsilyl)bromomethyllithium with dichlorodimethyl-

silane at low temperature in mixed ether/tetrahydrofuran 

solvents to give 1,3-disilacyclobutane, 1'. The authors 

suggested a pathway involving sequential coupling reactions 

of the alphalithiochlorosilane, 2, to form 1" rather than the 

dimerization of a silene. The evidence for this is that the 

initial coupling product 3 can react with alkyllithium by 

a metal-halogen exchange process to give 2 which can be 

intercepted by chlorotrimethylstannane to give 4, or by 

bromine to regenerate 3. 

SiMe2 

(Me3Si) 2C(Br)Li + Me2SiCl2 ^(Me 3Si) 2— y - (S iMe ̂)2 

SiMe2 

RLi Me3SnCl 
(Me,Si) -C-SiMe, - (Me.Si) 0C-SiMe., — > (Me^Si) _C-SiMe« 

I \ / \ I \ 
Br CI Li CI Me3Sn CI 

z Z 4-

When hydrocarbons were used as solvents, Jones and Lim 

illustrated the generation of a silene intermediate 5 by the 

reaction of dimethylvinylchlorosilane with t-BuLi (35). 

The intermediate silene 5 dimerizes in a head-to-tail 



fashion to give the 1,3-disilacyclobutanes 6(36) 

Me9Si-CH=CH« 

l 2 

CI 

1 (X=C1) 

t-BuLi 

hydrocarbon 
-78 #C 

Me2Si=CH-CH2t-Bu 

Me2Si 

A similar elimination reaction was reported by Wiberg 

and Preiner (37, 38). The thermal stability of the 

intermediates was found to depend on the nature of the 

leaving group X. 

Me2Si-C(S1Me3)2 *"
BuL1> Me2S1-C(SiMe3)2 -—> Me2Si=C(SiMe3)2 

I \ hexane | | —Li X 
X Br X Li 

X= F CI Br I TosO Ph2P02 PhS (Ph0)2P0 

T^-=lh 10 -90 -80 -50 -102 30 10 -15 °( 



Wiberg and co-workers also reported [4+2], [2+2] and 

[3+2] cycloadducts of the silene with 2,3-dimethylbutadiene, 

bis-(trimethylsilyl)diazine and trimethylsilylazide, 

respectively, as shown in following scheme (31). 

H 
(Me3S;L) 2 

(Me^Si)2 

r ^ i Me Si-N=N-SiMe_ ] f l M e 2 
|(Me3Si) 2C=SiMe2J _Z t ^ | | 

Me3Si SiMe3 

(Me3Si)2 

Me^SiN- \-^"^ l M e2 
> I N^» . 
^ jJ — / S iMe. 

N 



In 1980, Jones and co-workers demonstrated that silene 

5 can also be trapped by conjugated dienes, such as 1,3-

butadiene, 2,3-dimethyl-l,3-butadiene, cyclopentadiene or 

anthracene to give respective [2+2] and [4+2] cycloadducts 

in hydrocarbon solvents as shown in the following scheme. In 

contrast, these adducts were not found when the same 

reactions were carried out in tetrahydrofuran solvent (39). 

Si 

Si 

\ 



In order to understand the effect of a different 

leaving group at silicon, we investigated the reaction of 

the fluoro-dimethylvinylsilane with different alkyllithium 

reagents. These results, along with the results of the 

trapping experiments will be reported in Chapter II. 

In 1895, the Walden Inversion (40) was discovered, 

which initiated the study of the stereochemistry of substi-

tution at saturated carbon atoms. In contrast, information 

concerning the stereochemistry of substitution reactions at 

asymmetric silicon did not appear until 1960. This may be 

due to the fact that organosilicon compounds, in general, 

are not found in nature, and hence optically active 

organosilicon compounds, unlike the natural alpha-amino 

acids and alpha-hydroxy acids used by Walden in his classi-

cal studies, are not available from natural sources. In 

1960, Sommer and Frye reported the first Walden cycle for 

an organosilicon compound. Chlorination of dextrorotatory 

RgSiH in CCl^ solvent gave an optically active chlorosilane; 

and the latter was reduced by lithium aluminum hydride in 

ether to levorotatory R^SiH (41). 

Since then, a great number of stereochemical studies of 

substitution at silicon have been carried out. The earlier 

work is the subject of an important monograph by Sommer 

(42,43). More recent comprehensive surveys have been 

published by Fleming (44) and Corriu (45,46,50). While 

Bertrand and co-workers have observed asymmetric induction 



in the reaction of prochiral silenes with chiral alcohols 

(47), Jones and Lee first showed that the (E)- and (Z.)-

isomers of l-phenyl-l-methyl-2-neopentyl silenes are 

o 

configurationally stable up to approximately 300 C and 

can be trapped stereospecifically by methoxytrimethylsilane 

to give diastereomeric adducts(48). These results formed the 

basis of our investigation of stereospecific syntheses using 

silene precursors. The results will be presented in Chapter 

III. 

The original method of silene generation involved the 

reaction of tert-butyllithium with chlorodimethylvinylsilane 

in hydrocarbon solvents. Jones and co-workers have presented 

evidence for stereochemical induction when the reaction is 

carried out with racemic chloromethylphenylvinylsilane (48, 

49). This result suggested the potential for stereospecific 

silene generation at or below room temperature by using an 

appropriate elimination reaction. In Chapter IV the 

syntheses of some precursors will be presented and a 

preliminary study of low temperature stereospecific silene 

generation will be reported. 
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CHAPTER II 

THE REACTIONS OF ALKYLLITHIUM REAGENTS 

WITH DIMETHYLFLUOROVINYLSILANE 

Introduction 

In 1977, Jones and Lim reported that the reaction of 

t-BuLi with chlorodimethylvinylsilane, 1 (X=Cl), in 

hydrocarbon solvents gives rise to 1,l-dimethyl-2-neopentyl-

silene,5, which dimerizes in the absence of trapping reagents 

to give the corresponding 1,3-disilacyclobutane, 6 (1). The 

silene can be trapped by conjugated dienes to form C4+23 

cycloadducts (2). When tetrahydrofuran is used as a solvent, 

the products obtained apparently come from the alpha-

lithiosilane, 8, a silenoid intermediate, instead of silene 

(2,3). When the 1,3-disilacyclobutanes, 6, are formed by the 

silene pathway in hydrocarbon solvent, their cis/trans 

ratio is about 1.1 ± 0.1. When they are formed by the 

alphalithiosilane pathway, the cis/trans ratio increases to 

about 3 to 4 ( 4 , 5 ) . 

In reactions of chlorodimethylvinylsilane with alkyl-

lithiums, tert-butvllithium is the only one that generates 

silene. 

14 
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t-BuLi 
/ 

' S i — X \ 

1 

v L 1 

KJ 
sSi" " K = s ^ 

Both n-butyl and sec-butvllithium give predominately 

substitution products at silicon (4). In contrast, the 

addition of alkyllithium reagents to dimethylalkoxyvinyl-

silanes appears to be quite general for hydrocarbon-soluble 

organolithiums giving good yields of monosilacyclobutanes 

from the alpha-lithioalkoxylsilane (6). 
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In an investigation of the effects of leaving groups on 

silene formation from alpha-lithiosilanes, Wiberg and co-

workers reported that fluorosilanes are intermediate in 

reactivity between chlorosilanes and alkoxysilanes in terms 

of silene product formation (7). With the goal of increasing 

the generality of our silene generation method, we studied 

the reaction of alkyllithium reagents with dimethylfluoro-

vinylsilane. 

Results and Discussion 

The reaction of dimethylfluorovinylsilane (8) with 

t-BuLi in hexane at -78°C gives three major products: 

a 24% yield of the dimerization products, 1,3-disilacyclo-

butanes; 10% yield of 4-(dimethylfluorosilyl)-3,3,6,6-te-

tramethyl-3-sila-l-heptene, 11; and 38% yield of the 

unexpected 1,1-bis{dimethylfluorosilyl)-3,3-dimethylbutane, 

10. 

hexane < 
/ 

Si —F 

t-BuL1 + "Si —F • _7g«c > 

"Si—F 

10 



17 

x <? 
S1 
I 
F 
II 

Trapping experiments of the silene were carried out 

using both cyclopentadiene and trimethylmethoxysilane. 

With cyclopentadiene as the trap cyclopentadienyldimethyl-

vinylsilane, 12, and the (4+2} silene adduct, 13, are 

obtained. For the experiments with trimethylmethoxysilane, 

which has been shown to be a silene trap comparable in 

efficiency to HCl (9), as a trap excellent yields of the 

silene adduct, 2-methoxy-2,5,5-trimethyl-3-(trimethylsilyl)-

2-silahexane,14, are obtaind. The results of the trapping 

experiments are summarized in Table I. 

'Si—F 
t-BuLi 

hexane 
-78°C 

6+ 10 + 11 + 



18 

" \ = = S i ^ + MeoSi0Me \ / Si Me, 
\ 3 » x ^ 

SiC 
! 
OMe 

14 

TABLE I 

SILENE TRAPPING EXPERIMENTS IN THE REACTION OF t-BuLi WITH 1 (X=F) 

CYCLOPENTADIENE TRAP 

EXP 1/t-BuLi Products yields3 
% 6 13 

No ra t io solvent 6 10 11 12 13 c is / t rans exo/endo 

1 1 hexane 19 1 3 14 4 65/35 52/48 

2 2 hexane 

C
M

 

C
M

 

I*"*. 7 7 66/34 53/47 

3 4 hexane 22 7 2 6 2 66/34 56/44 

4 1 THF 12 1 23 t r 0 75/25 — 

METHOXYTRIMETHYLSILANE TRAP 

EXP 1/t-BuLi Products y ie lds3 
% 6 

No ra t io solvent 6 10 11 14 c is / t rans 

5 1 hexane 22 4 0 46 78/22 

6 2 hexane 10 18 0 46 78/22 

7 1 THF 71 1 3 0 78/22 

a, Yields determined by GLC using an internal standard cal ibrat ion 
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The exo/endo ratio for the silanorbornenes, 13, is si-

milar to that obtained when 1 (X=C1) (2) or thermal sources 

(5) are used as the silene precursor. In agreement with 

Davidson's kinetic results (9), methoxytrimethylsilane is 

much more efficient than cyclopentadiene as a silene trap. 

The results of experiments 5 and 6 show that the silene 

dimerization pathway is diverted, giving 46% yields of 9 and 

leaving 26-28% of products 6 and 10 derived from the 

silenoids, 8(10). When the experiments were done in THF 

solvent (experiment 7), no silene is produced. In all 

experiments using methoxytrimethylsilane as a silene trap 

the dimer stereochemistry is consistent with the silenoid 

pathway. On the basis of these results, we can estimate that 

approximately 1/3 of the products are formed from the alpha-

lithiosilane, 8, while 2/3 arise from the silene pathway. 

If we assume this 2/3 to 1/3 ratio of the silene and sile-

noid pathways and that 55/45 and 78/22 represent the cis/ 

trans ratio of dimers for silene and silenoid dimerization, 

respectively, the cis/trans ratio for 6 expected when both 

pathways are operating is 63/37, in good agreement with our 

experimental results. 

In order to determine the precursor of 10, we carried 

out experiments under various conditions. The results of 

these experiments along with the results of some represen-

tative experiments with chlorodimethylvinylsilane as a 

starting material are given in Table II. 
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TABLE I I 

COMPARISON OF THE EFFECTS OF REACTION CONDITIONS ON THE REACTION 
OF t-BuLi WITH DIMETHYLHALOSILANES 

Exp 
No 

1 
X= conditions 

1/t-BuLi 
ra t i o 

Product y ie lds3 % 
6 10 l l b 

6 

cis/ t rans 

8 F hexane, -78'C 1 24 38 10 62/38 

9 CI2 hexane, -78'C 1 78 0 0 53/47 

10 F hexane, -78 °C 2 21 42 t r 65/35 

11 F hexane, -78 °C 0.5 57 t r t r 65/35 

12 F hexane, 25°C 1 50 t r t r 64/36 

13 CI2 hexane, 25 °C 1 46 0 0 54/46 

14 F THF , -78°C 1 44 1 16 80/20 

15 F THF , -78°C 2 8 1 56 79/21 

16 Cl8 THF , -78°C 0.5 9 0 39° 75/25 

a, Determined by GLC using an internal standard ca l ib ra t ion . 

b, X=C1 or F depending on substrate, 

c , A 15% y ie ld of 6 ( X= t-Bu ) was also obtained. 
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The extra dimethylfluorosilyl group in 10 clearly 

comes from the starting material, dimethylfluorovinylsilane. 

However, the experiment carried out with excess 1 (X=F) 

(experiment 10) did not increase the yield of 10 signi-

ficantly. When an excess of tert-butvllithium was used 

(experiment 11) or under conditions where silene or silenoid 

formation is rapid (experiment 12), the yield of 10 decreases 

in favor of dimerization indicating that the alpha-lithio-

silane, 8, is not the source of the dimethylfluorosilyl 

group. When the experiments were done in hydrocarbon solvent, 

the product with tert-butvl substitution at silicon of 1 

(X=F) is not found. 

The possible pathways to generate 11 are either reac-

tion of the silenoid, 8, with 1 (X=F) in THF or the reaction 

of 10 with vinyllithium in hexane. It is noteworthy that 

the dimethylvinyl substituted product 11 is not found in 

hexane with 1 (X=Cl)(experiment 9 or 13) or with 1 (X=F) in 

reactions where 10 is not formed. However, 11 is obtained in 

THF solvent for 1 (X=C1 or F), although only a trace of 10 

is produced suggesting that 11 was produced by the reaction 

of vinyllithium with 10. 

In THF solvent the stereochemistry of the dimers formed 

clearly indicates the alpha-lithiosilane is a precursor. 

The high cis/trans ratio of the dimers (10 or 11) obtained 

in THF for 1 (X=F) is comparable with that obtained in 

1 (X=C1) under conditions for which the silenoid 
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intermediate, 8, has been shown to be the product precursor 

(2,5). 

The data (experiments 5,6,8,10,and 11) shows that 

the bis(dimethylfluorosilyl) compound is formed by the 

reaction of the alpha-lithiofluorosilane, 8, with 1 (X=F). 

This raises an important question as to what happens to the 

vinyl fragment of 1. Although some of it may react with 10 

to form 11, we have been unable to determine what happened 

to the rest of it. A series of experiments were designed 

to trap vinyllithium by using trimethylchlorosilane, acetone 

and methyl iodide. Only a trace amount of trimethylvinyl-

silane was found in the experiments when trimethylchloro-

silane was used as a trap. Similar experiments using acetone 

or methyl iodide, added after the initial addition of tert-

butyllithium, did not give any evidence of vinyllithium. 

An experimental attempt to trap ethylene using bromine 

showed that ethylene is not generated either during the 

reaction or during the hydrolytic work up. There are always 

some nonvolatile oligomers produced in these reactions. We 

must assume that part of these oligomers may come from the 

polymerization of the missing vinyl group. 

The reaction of 1 (X=F) with sec-butyllithium in hexane 

at -78 'C gives a more complex mixture as shown in the 

following scheme (experiment 17). 
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Si—F + sec-BuLi \ — 

1:1 (2:1) 

hexane 
-78 X J-SK 

20, 12% (16%) 

21, 4% (2%) 22, 20%(30%) 

Si —F 

23, 6% (4%) 24, 13% (36%) 

Five major products were found and three of them, 20, 

21 and 22, are new products for which analogues were not 

observed in the tert-butvl system. Products 20, 21, 22 and 

23 clearly come from substitution of fluorine on silicon by 

sec-butyllithium. Two products 20 and 23, arise from the 

vinyl substitution reaction of sec-butyllithium with starting 

material. The interesting product 20 must be formed directly 

ky the reaction of sec-butyllithium with starting material 

(11). Product 22 clearly arises from hydrolysis of the alpha-

lithio compound, 8, (X= sec-Bu). Product 21 can be formed by 
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the loss of lithium hydride from the same intermediate, a 

process which has been observed in the reaction of tert-

butyllithium with trimethylvinylsilane (1). The silene or 

silenoid dimerization product 24 was obtained only in a 13% 

yield. The use of excess 1 (X=F) results in an increase in 

the yield of dimers, 24, and a decrease of the vinyl 

substitution products 20. The yield of 22 also increased 

(Experiment 18). 

In the reaction of 1 (X=F) with n-butyllithium, the 

new products are shown in the following scheme (experiment 

19). 

= X / 
Si —F + \ 

1:1 (1:2) 

/ V ^ 

26 , 6%(5%) 

hexane 
n-BuLi 

Si 
, < \ 

28, 1%(1%) 

-78 "C 

25, 48%(52%) 

27, 3%(6%) 

i — -

\ 
29, tr(2J5) 
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The major product is the simple fluorine substitution 

product 25 (12). Almost a 60% yield of the products; 25, 26, 

27 and 28 involve this process in their formation. Only a 6% 

yield of the vinyl substitution product,26(13) is obtained. 

The silene and silenoid dimerization products,29, were only 

formed in a trace amount. Increasing the amount of 1 (X=F) 

to n-butyllithium has almost no effect on the product dis-

tribution (experiment 20). 

At least three different competitive reactions of di-

methylfluorovinylsilane with alkyllithium reagents 

are addition to the double bond, fluorine substitution and 

vinyl substitution. The order of reactivities in hexane 

for the addition reaction, tert-butvl > sec-butyl> n-butyl, 

and the fluorine substitution reaction, n-butyl > sec-butyl 

J tert-butvl, might be related to the steric requirements of 

the lithium reagent. For the concentration ranges employed 

in our studies, ca 0.4M, tert-butyllithim is tetrameric, 

sec-butyllithium probably exists as an equilibrium of 

tetramers and hexamers and n-butyllithium is hexameric (14). 

We have no idea of how a vinylhalosilane interacts with or 

modifies these aggregates. Our results for the novel vinyl 

substitution reaction indicate a reactivity order of 3 (X 

=F) > sec-butyllithium > the sec-butyl analog of 3 (X=F) > 

n-butyllithium >>> tert-butyllithium. The reaction is ob-

served only with dimethylfluorovinylsilane, not with 

chlorodimethylvinylsilane, and is favored by hydrocarbon 
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solvents. Significant amounts of vinyllithium or ethylene 

could not be detected. The mechanism of the reaction of 

alkyllithium reagent with the dimethylfluorovinylsilane 

might involve either electron transfer (15) or 

pentacoordinate (16) organofluorosilane intermediate species 

as shown in the following scheme. 

Li 

Si 

I 
F 

"•Si 
I 
F ET 

Si — F 

Li 

V 

-Si. 
I 
F 

i 

I/— Si 

Si . 
I 
F 

Li 
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= \ / NSi — F 

\ 
RLi 

I 

RL1 

R 

Si 

I 

/\ 
R R 

Li 
.+ 

Li 
\ . 

Until more is known about the nature of the species that 

are actually present in these solutions, we will be unable to 

conclude which one is more appropriate. 
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Experimental Section 

All reactions were carried out under an atmosphere of 

dry nitrogen or argon in glassware that was either oven 

dried and assembled hot or flame dried. Solvents were dis-

tilled from lithium aluminum hydride or sodium/potassium 

alloy immediately prior to use. Solutions of alkyllithium 

reagents (Aldrich) were standardized by using the method of 

Gilman and Cartledge (17). Reagents and solvents were 

transferred by using standard syringe techniques. GLC 

analyses of the reaction mixtures were carried out by using 

a Perkin-Elmer Sigma 3 gas chromatograph equipped with a 25m 

SE-54 capillary column, flame ionization detector, and a 

Hewlett-Packard 3390A reporting integrator, with di-n-butyl 

ether as the internal standard. Response factors for the 

compounds are given in Table IV. 

Samples for characterization were collected from a TCD 

gas chromatograph using a 10% OV-17 on 45/60 mesh Supelcoport 

stationary phase in a 16 ft by 3/8 in stainless steel column, 

programmed at 6 "C/min from 100 to 250°C. Proton and C-13 NMR 

spectra were obtained on purified samples in capillary tubes 

inserted in an ordinary NMR tube containing CDCl3 or E^O 

for the carbon or proton spectra, respectively, using a 

Perkin-Elmer R24B 60-MHz or JEOL FX-90Q 90-MHz spectrome-

ter. Chemical shifts are reported in parts per million 

downfield from tetramethylsilane. Mass spectra were obtain-
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ed using a Finnegan automated 9500 GC/MS system with a 

70-eV ionizing voltage. Elemental analyses were performed 

by Galbraith Laboratories, Knoxville, TN. 

Dimethylfluorovinylsilane, 1 (X=F), was prepared from 

chlorodimethylvinylsilane (18) using antimony trifluoride 

with an antimony pentachloride catalyst (8). The purified 

starting material showed the following: IR 1400 (C=C), 1258 

cm"1 (SiCH3), 872 cm"'(SiF); H NMR 0.04 (d, 6 H, J(H-F)= 17.1 

Hz), 5.2-6.3 ppm(m, 3 H); C-13 NMR -2.0 (J(C-F)= 15.9 Hz ( 

SiCH3)), 135.5 and 133.9 ppm (vinyl carbons). 

General Method for the Reaction of 1 (X=Cl or F) with 

Alkyllithium (experiments 8-16). 

Solutions of reactants were cooled to the 

reaction temperature prior to mixing. To a stirred solution 

of 2.5 mL (22 mmole) of fluorodimethylvinylsilane in 50 mL 

of solvent was added dropwise a hydrocarbon solution con-

taining the appropriate amount of the alkyllithium reagent. 

With few exceptions, the reactions were carried out at -78 °C 

for 3 h by using an acetone /dry ice cooling bath and then 

were allowed to slowly warm to room temperature overnight 

with stirring. Details are given in Table II. 

When hexane was used as the solvent, a colorless gel 

formed as a second layer which dissolved when the reaction 

was quenched with 10 mL portions of dil HC1 and dried over 

anhydrous sodium sulfate. When THF was used as the solvent 

the aqueous layer was saturated with potassium carbonate 
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prior to extraction. After solvents were removed by using 

a rotary evaporator, GLC analysis was carried out the 

residue. Table II summarizes the results of the experiments. 

General Method for Trapping Experiments with Cyclo-

pentadiene. 

A solution prepared as described above of 2.5 

mL (22 mmole) of 1 (X=F or CI) and 7.7 mL (22 mmole) of 

tert-butyllithium in 50 mL of solvent was stirred at -78 "C 

for 3 h. After the addition of 2.25 mL (21 mmole) of 

monomeric cyclopentadiene the reaction mixture was allowed 

to warm slowly to room temperature and was stirred overnight. 

After hydrolytic workup as described above the residue was 

analyzed by GLC. The characterization of the products 12 

and 13 has been reported (2). Results of the several trapping 

experiments are given in Table I (experiments 1-4). 

Trapping Experiments with Methoxytrimethylsilane. 

To a solution of 25 mmole of dimethylfluorovinylsilane in 

60 mL of solvent cooled to -78 °C was added dropwise the 

appropriate amount of a pentane solution of tert-butylli-

thium. After the solution was stirred at -78 "C for 2.5 h, 

25 mmole of methoxytrimethylsilane was added and the mix-

ture was allowed to slowly warm to room temperature. Hydro-

lytic workup was carried out in the usual way. The results 

are summarized in Table I (experiments 5-7). 

Trapping Experiments with Trimethylchlorosilane, 

Acetone, or Methyl Iodide (experiments 21-23). 
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To a solution of 4.8 mL (40 mmole) of 1 (X=F) in 50 mL 

of hexane, cooled to -78 °C was added dropwise 7.7 mL (22 

mmole) of a tert-butyllithium solution in pentane. After the 

mixture was stirred at -78 °C for 5 h, a solution of 0.2 mole 

of chlorotrimethylsilane in 50 mL of THF was added dropwise, 

and the mixture was allowed to warm to room temperature. 

Hydrolytic workup gave 1.1 % of trimethylvinylsilane, 49.4% 

of the dimers 6, 3.6% of 10 9.6% of 11, and a 9.8% of 2-

fluoro-2,5,5-trimethyl-3-(trimethylsilyl)-2-silahexane. 

Attempts To Trap Ethylene. The reactions described in 

the general procedure were carried out in a setup designed so 

that the reaction flask was swept with dry nitrogen through-

out the experiment. The effluent gas was passed by means of a 

gas dispersion tube through a trap containing a solution 

of bromine in carbon tetrachloride. The contents of the 

trap were analyzed by GLC at the end of the 3 h period 

at -78°C, after the reaction had warmed to room temperature 

and the reaction mixture had been hydrolyzed. No 1,2-

dibromomethane was found. Analysis of the reaction mixtures 

gave results identical with those for experiments 7 and 10, 

in Table II. 

Reactions with sec-butyllithium and with n-butyllithium 

were carried out as described in the general procedure, 

giving the results described in the text. The new compounds 

were isolated by preparative GLC and characterized. 
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Characterization of New Compounds 

1,1-Bis(dimethylfluorosilyl)-3,3-dimethylbutane, 10. 

Physical Property : colorless liquid. 

IR : 1256 cm"'(SiMe), 869 cm"'(SiF). 

NMR : H-l NMR -0.08 (d, J(H-F) =16.6 Hz, 12 H (SiMe2F)) 

-0.17(m, 1H (methine H)), 0.64(s, 9H(t-Bu)), 1.20 

(d, J=5.2 Hz, 2H(methylene)); 

C-13 NMR -0.69 (d, J(C-F) - 16.1 Hz (SiMe)), 12.16 

( J(C-F) =11.7 Hz (SiCSi), 28.94 (t-Bu methyls), 

31.34 (t-Bu C), 35.38 ppm (methylene C). 

MS: m/e (relative intensity) 223 (8.2, P-15), 145 

(20.7), 86 (50.8), 73 (27.3), 57 (100). 

Anal: Calcd for C-jgH^FgSi : C, 50.37; H, 10.14. 

Found : C, 50.58; H, 10.30. 

4-(Dimethylfluorosilyl)-3,3,6,6-tetramethyl-3-sila-l-

heptene, 11: colorless oil. 

IR : 1400(C=C), 1250(SiCH3), 850 cm (SiF). 

NMR : H-l NMR (s, 6H (ViSiMe2)), -0.15 (d, J(H-F) = 

16.2 Hz(FSiMe2)), -0.16(m, lH(methine H)), 0.57 

(s, 9H (t-Bu)), 1.21 (d, J= 5.1 Hz (methylene H)) 

5.2-6.2 ppm (m, 3H (vinyl H)); 

C-13 NMR -3.1 ( J(C-F) = 8.3 Hz (FSiCH3)), -0.1 

and 0.1 (J(C-F)= 8.2 Hz(vinyl SiCH3)), 9.8( 

J(C-F) = 12.3 Hz (SiCHSi)), 29.6(t-BuMe), 30.1(t-

BuMe), 37.2(methylene C), 131.3 and 139.1 ppm(vin-
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yl carbons); 

MS : m/e (relative intensity) 246(4.1), 231(15.1), 190( 

16.3), 189 ( 44.8), 149( 21.8), 148(62.3),134(12.5), 

133(77.1),111(38.7),97(100),73(27.2). 

Anal : Calcd for C F S i 2 : C, 58.47; H, 11.04. 

Found : C, 58.64; H, 11.11. 

1,1,3,3-Tetramethyl-2,4-dineopentyl-l,3-disilacyclo-

butanes, 6. The characterization of these compounds has been 

reported in ref 7. We report here C-13 and MS spectra data 

for them. 

cis-4: C-13 NMR -4.8 and 2.5(SiMe), 12.8(ring carbons 

, 29.3(t-BuMe), 31.3(t-Bu C), 39.8 ppm(methylene 

carbons). 

MS(relative intensity) 284(15.1) 227(100),157( 

90.6) , 141(91.9),131(43.0),85(20.9),73(76.2),59 

(71.4), 57 (16.4). 

Trans-4 : C-13 NMR -0.71(Si-Me), 12.2(ring carbons),29.3 

(t-BuMe), 31.4(t-Bu c), 39.8 ppm (methylene C). 

MS m/e(relative intensity) 284 (14.5), 227(98.3 

), 157(94.2), 141 (96.2), 131(53.2), 99(28.4), 

85( 27.5), 73(100), 59(95.2), 57(62.1), 41(43.0). 

2-Methoxy-l,5,5-trimethyl-3-(trimethylsilyy)-2-sila-

hexane, 14, was seperated from the reaction mixture and pu-

rified by prep GLC as a colorless liquid: bp. 75°C(3 torr); 

NMR : H-l NMR -0.35 (m,lH (methine)), -0.19(s,9H(Me3Si) 

, -0.12(6H(MesSi)), 0.62(s,9H (t-Bu)), 1.19 and 
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1.22(d, 2H(diastereotopic CH^)), 3.llppm (s, 3H( 

OCH3)). 

C-13 NMR -1/37 and -0.85 (diastereotopic MeOSi(C 

H3)2), 0.19 (q, (Si(CH3)3)), 9.30 (d,(SiCHSi)), 

29.65(C(CH3)3), 31.41(C(CH3)3 ), 37.07(CH2), 49.42 

ppm(OCH^). 

Anal. calculated for C ^ H ^ S ^ O : C, 58.46; H, 12.27 

Found : C, 58.64; H, 12.15. 

2-Fluoro-2,5,5-trimethyl-3-(trimethylsilyl)-2-sila-

hexane, 15, colorless liquid; 

NMR : H-l NMR -0.17 (s, 9H (t-Bu)), 1.22ppm (d, J=6.1Hz 

2H (methylene H)), -0.03(d, J(H-F)=17.2Hz,6H (Si 

FMe2)), -0.19(m, 1H (methine H)), 0.63(s,9H(t-Bu)). 

C-13 NMR -0.39 (SiMe , 0.68(d, J(C-F)= 10.1 Hz(Si 

Me2F)), 10.27(d,J(C-F)= 11.2Hz(SiCSi)), 29.29 (t-

BuMe), 31.41( methylene C), 37.00 ppm(methine C). 

MS : m/e (relative intensity) 

219(11, p-15), 177(7), 142(15), 141(17.2), 127 

(11), 85(100), 77(11), 73(61), 59(21), 45(13). 

Anal : Calcd for C ^ H ^ F S ^ : C, 56.34; H, 11.60. 

Found : C, 56.56; H, 11.55. 

3,4,4,5-Tetramethyl-4-silaheptane, 20: colorless li-

quid; 

NMR : H-l NMR -0.12(s,6H(SiMe£)), 0.6-1.5 ppm(broad,18H 

(sec-Bu hydrogens)); 

C-13 NMR -6.57 (Si(CH3))), 13.59 and 13.85 (sec-
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Bu methyls)), 20.03 (sec-Bu methine)), 25.04 ppm 

(sec-Bu methylene)). 

MS : m/e (relative intensity) 172(3), 157(2), 115(50), 

101(4), 87(8), 73(100), 59(72). 

Anal : calcd for C ^ I ^ S i : C. 69.67; H, 14.03. 

Found : C, 69.83; H, 14.26. 

3,4,4,7-Tetramethyl-4-sila-5-nonene, 21. 

MS : m/e(relative intensity) 183(2,P-15), 141(100), 

127(8), 113(20), 99(31), 85(43), 73(40), 59(52). 

3,4,4,7-Tetramethyl-4-silanonane, 22: colorless liquid. 

NMR : H-l NMR 0.1(s, 6H), 0.7-2.6 ppm(br, 22H). 

NMR : C-13 NMR -4.94 (SiMe), 10.86, 11.44, 13.52, 13.72 

18.56,21.00, 24.90, 30.63, 37.59ppm (20). 

MS : m/e(relative intensity) 185(2, P-15), 143(62), 

129(8), 115(10), 99(12), 87(35), 73(88),59(100). 

Anal : Calcd for C^HggS^F: C,71.90, H, 14.08. 

Found : C,71.73, H, 14.09. 

5-(Dimethylfluorosilyl)-3,4,4,7-tetramethyl-4-sila-

nonane, 23: colorless liquid. 

NMR : H-l NMR 0.08(s, 6H), 0.25(d, 6H, J(H-F)=13 Hz)), 

0.6--2.7ppm (br, 21H). 

C-13 NMR -4.75 and -4.29 (diastereotopic 

-0.52 (J(C-F) = 17.6Hz) and 0.81 (J(c-F) =16.1 Hz( 

diastereotopic SiF(CH3)2)), 10.66,11.15,13.26,18.40, 

19.25, 20.45, 20.68, 24.64, 28.48, 30.24, 31.99, 

36.48 ppm (20). 
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MS : m/e(relative intensity) 261 (2, P-15), 219(35), 205 

(5), 141(100), 127(15), 113(14), 99(22), 85(36),77( 

12), 73(42), 59(46). 

Anal: Calcd for C^H^Si^F: C, 60.80, H, 12.03. 

Found : C, 60.92, H, 12.09. 

2,4-Bis(2-methylbutyl)-1,1,3,3-tetramethyl-l,3-disila-

cyclobutane, 24: colorless liquid. 

NMR : H-l NMR 0.15(br, 12H), 0.76-2.6 ppm(br, 24H). 

C-13 NMR mixture of 68% cis-14 and 32% trans-14 

estimated from spectrum, -5.14 and 2.79( Si-CH cis), -0.98 

(SiCH trans), 11.44 (CH CH of sec-Bu)), 14.76( 
J c • 

ring C trans) 15.41 (ring C cis), 18.99( CH of sec-
3 

Bu), 29.26( methylene of sec-Bu), 32.12( methylene 

in the ring in cis), 32.84 (methylene in the ring 

in the trans), 37.98 ppm (methine of sec-Bu). 

MS : m/e(relative intensity) 284(4), 269(1), 227(30), 

157(42), 141(80),131(90), 113(16), 99(28), 85(100), 

73(85), 59(88). 

Anal : for C 1 cH Si • c, 67.52, H 12.75. 
lb oo c 

Found : C, 67.63, H 12.82. 

3,3-Dimethyl-3-sila-l-heptene, 25. 

NMR : H-l NMR -0.15(s, 6H), 0.2-1.3(br, 9H), 5.0-6.2 ppm 

(m, 3H). 

C-13 NMR -3.97 (SiCH3), 13.13, 26.08, and 25.75( 

CH 's of Ii-Bu), 14.48 (CH of n-Bu), 130.51 and 

138.51 ppm(vinyl carbons). 



V 

MS : m/e (relative intensity) 142(1), 127(6), 114(8), 99 

(4), 85(100), 71(38), 59(70). 

5,5-Dimethyl;-5-silanonane, 26. 

NMR : H-l NMR -0.30 (s, 6H), 0-1.2ppm (br, 18H). 

C-13 NMR -3.77 (SiCH3), 13.33, 26.40, 26.08(CH2's 

of n-Bu), 14.89 ppm (CH^ of n-Bu). 

MS : m/e(relative intensity) 172(1), 157(6), 115(78), 101 

(10), 115(35), 101(10), 87(16), 73(100), 59(72). 

5,5-Dimethyl-5-silaundecane, 2.7. 

NMR : H-l NMR 0.08(s, 6H), 0.6-2.6 ppm(br, 22H). 

C-13 NMR -3.84(SiCH3) , 14.98(CH3 of n-Bu), 13.66( 

CH of n-hexyl), 22.56, 23.86, 26.14, 26.46, 31.60 

32.90, 33.23, 33.49 ppm(CH2 groups). 

MS : m/e (relative intensity) 185(P-15), 143(52), 129( 

10), 115(35), 101(10), 87(16), 73(70), 59(100). 

4-n-Pentyl-3,3,5,5-tetramethyl-3,5-disila-l-nonene, 28. 

(2), 176(6), 153(15i), 141(40), 127(42), 114(55), 

99(44), 85(100), 77(15), 73(22), 59(73). 

2,4-Di-n-pentyl-l,1,3,3-tetramethyl-l,3-disilacyclo-

butane, 29: colorless liquid. 

NMR : H-l NMR 0.15(s, 6H), 0.17(s, 6H), 0.6-2.6 ppm(br, 

24 H) . 

C-13 NMR -3.71 and -3.51 (SiCH^, 13.66 and 14.63 

( C H3 .n-Bu), 13.98 and 14.89 (C in the ring), 

22.63, 23.47, 24.40, 26.60, 28.22, 28.74, 29.07, 

32.38 ppm (CH^ groups). 
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MS : m/e (relative intensity) 227 (18, P-Bu), 213(3), 

199(2), 171 (4), 153 (18), 141(48), 131(88), 115 

(14), 99(12), 85(55), 73(52), 59(100). 
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TABLE I I I 

THE CONDITIONS OF ANALYTICAL GLC 

Parameters condition 

Column 25 m Fused S i l i ca Capillary 
with SE-54 

I n i t i a l Temp 50°C 

I n i t i a l Time 5 min. 

Ramp Rate 10°C/min. 

Final Temp 250*C 

Final Time 10-30 min. 

I n j . Temp 250'C 

Det. Temp 250°C 

Chart Speed 0.5 cm/min 

Attenuation -1 -2 

Threshold -2 -3 

Flow Rate 20 psig 
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TABLE IV 

RESPONSE FACTORS ON PERKIN-ELMER SIGMA-33 

Compounds Response Factors 

6 0.3367 

10 0.4426 

11 0.4781 

14 0.4651 

15 0.4822 

20 0.7961 

21 0.7561 

22 0.6010 

23 0.5471 

24 0.4260 

25 0.7826 

26 0.6575 

27 0.4835 

28 0.4230 

a. Response factors given in units 
«"0laS l , a r e a Std 

• • mnralestd area,., 

S i : known compounds Std: Internal Standard, di-n-butyl ether, 
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TABLE V 

CROSS REFERENCE OF EXPERIMENT NUMBERS AND NOTEBOOK NUMBERS 

Exp No. Notebook No. 

1 I - A H C - 2 0 , 2 7 . 

2 I -AHC-28 

3 I - A H C - 3 0 

4 I -AHC-22 

5 I - A H C - 7 4 

6 I -AHC-75 

7 I -AHC-76 

8 I -AHC-15A 

10 I -AHC-72 

11 I - A H C - 7 0 

12 I -AHC-35 

14 I -AHC-18 

15 I - A H C - 1 9 

17 I -AHC-45 

18 I - A H C - 8 6 , 110 

19 I - A H C - 4 4 

20 I -AHC-67 

21 I - A H C - 1 7 , 37 

22 I - A H C - 2 3 , 6 2 , 66 

23 I—AHC—61, 63 
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CHAPTER III 

STEREOSPECIFIC SYNTHESES USING SILENE PRECURSORS 

Introduction 

In 1983, Jones and Lee reported the (E)- and (Z)- iso-

mers of l-phenyl-l-methyl-2-neopentyl silene 30 are config-

urationally stable up to 300aC and can be trapped 

stereospecifically by methoxytrimethylsilane to give dia— 

stereomeric adducts (1). The same silene can also be gen-

erated by the low temperature method and can be stereospec-

if ically trapped as its ^4+2] cycloadducts with dienes (2). 

Other workers have also observed asymmetric induction in 

the reaction of prochiral silenes with chiral alcohols (3). 

Those results led us to investigate the possibility of using 

methoxytrimethylsilyl adducts to (E)- or (Z)— 30 as 

precursors to diastereomeric organosilanes of known relative 

stereochemistry by the ways of reactions which have been 

reported to be stereospecific at silicon (13). 

Results and Discussion 

The (Z)- and (E)-30 isomers were generated by the reaction 

of tert-butyllithium with chloromethylphenylvinylsilane at 

44 
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-78 °C in hydrocarbon solvent and were trapped with methoxy-

trimethylsilane (4) to give a 33:67 mixture of methoxy-

trimethylsilyl adducts, Dl-OMe and D2-0Me,. These enantio-

meric pairs of diastereomeric adducts (as well as all of the 

other diastereomeric pairs of mixtures discussed in this 

chapter) can be separated analytically by using capillary GLC 

technique. After isolation and purification, the ratio of 

Dl-OMe: D2-0Me in the mixture for subsequent reaction was 

35:65. 

In order to synthesize diastereomerically pure D2-0Me 

in quantitative yields, a variety of experimental conditions 

were tried for the sealed tube thermolysis reaction. The 

anthracene adducts (E)-31 was used as a precursor to 

generate (Z)—30 under minimum isomerizing condition in the 

presence of an excess of methoxytrimethylsilane. The results 

are shown in Table VI. 

\ /Ph N 
ci 

t-BuLi 

hexane 
-78 *C 

1 , + \ / P h 

— • \ = S 1 ̂  
B \ 

3o 

Me Me 

Me3S10He '""V"0"6 +0Me-S1-Ph 
-J i nP—|—SiMe3 nP 

H 

Dl-OMe 

33(35) 

H 

Si Me, 

D2-0Me 

67 (65) 

6-31 

Me3SiOMe 

330*C, 2 05h 
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TABLE VI 

THERMAL GENERATION OF D2-OMe BY E-31 UNDER VARIOUS CONDITIONS AT 300+ 5"C 

Exp No Time n Fold Mê SiOMe 32 a D2-0Me E-31 

1 6h 

•sj-II 
c: 15% 37% 92% 

2 9h ii 
c: m 42% 85% 

3 20h n- 2 5% 52% 70% 

4 40h n= 2 4% 70% 52% 

5 48h n= 2 4 % 71% 53% 

a. The Numbers shown here are the yields based on the % conversion 
of E-31. 

Table VI indicates in order to get better a yield of 

(E)-31 in a short time, both the reaction temperature and 

the concentration of trapping reagent must be increased. 

When the reaction temperature was raised to 330 + 2°C 

and the reaction time at that temperature was reduced to 

2.5h only 1% of isomerization occurred. A series of 
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experiments were done using this temperature along with 

various excesses of trapping reagent, methoxytrimethyl-

silane, and the results are shown in Table VII . 

TABLE V I I 

THERMAL GENERATION OF D2-0Me BY E-31 USING EXCESS OF Me-SiOMe AS A 
TRAP AT 330± 2*C FOR 2.5h 

Exp No n Fold Me^SiOMe 32a Dl-OMe : D2-0Mea E-31 

2 : 98 

6 n= 2 3% 38% 63% 

7 n= 4 4% 51% 60% 

8 n= 5 7% 74% 55% 

9 n= 6 7% 75% 52% 

10 n= 8 8% 76% . 48% 

11 n=10 8% 79% 47% 
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The reason fox not using mors than a ton fold excess 

of trapping reagent is because it always contains a trace 

amount of methanol. Methanol is an excellent silene trap 

(14) which causes the formation of 5,5-dimethyl-2-methoxyl-

2-phenyl-2-silahexane, 32. The results reported in the above 

table represent reasonably good conditions for the synthesis 

of one highly pure diastereomer, D2-0Me. The yield of 32 may 

be due to the interception of the generated silene by 

methanol. 

The direct conversion of methoxy diastereomers to 

corresponding chloro compounds was carried out by using 

benzoyl chloride(5), PCl^(6) or SOCI2(7). The results shown 

in Table VIII show us that, although good yields of mixtures 

of Dl-Cl and D2-C1 were obtained, the ratio of Dl-Cl to D2-C1 

was close to 50:50. These results are consistent with the 

rapid racemization of optically active chlorosilanes which 

occurs in the presence of nucleophiles or in solvents of 

high nucleophilicity (9). 
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TABLE y i l l 

CHLORINATION REACTIONS OF Dl-OMe AND D2-OMe USING VARIOUS REAGENTS 

Exp No Reagents Dl-OMe : D2-0Me Temp( C) Time Yields 0
 1 0
 8 1 o
 

12 PhCOCl 0 : 100 100 12 h 85% 54 : 46 

13 PhCOCl 35 : 65 95 16h 90% 50 : 50 

14 PhCOCl 19 : 81 95 16h 90% 49 : 51 

15 PCI 3 35 : 65 25 2h 93% 50 : 50 

16 PCI 3 19 : 81 25 2h 93% 51 : 49 

17 S0C12 35 : 65 115 2h 80% 52 : 48 

Stereospecific transformations of Dl-OMe and D2-OMe. 

When a 35:65 or a 2:98 mixture of Dl-OMe: D2-OMe was 

reduced with LiAlH^in ether, a mixture of D1-H:D2-H in a 

ratio of 38:62, or 5:95, respectively, was obtained in better 
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The reaction of either a 35:65 or a 5:95 mixture of Dl-

OMe: D2-OMe with BF3.OEt2 in ether solvent gave a mixture of 

Dl-F and D2-F with a ratio of 66:34 or 93:7, respectively, 

in good yields which is consistent with other workers' 

observations that predominant inversion of configuration 

occurs at silicon in the reactions of alkoxysilane with BF 3 

in ether (8). 

The Dl-Cl and D2-C1 can be stereospecifically formed by 

a free radical process. When a mixture of Dl-H and D2-H with 

ratios of 38:62 or 5:95 was reacted with CCl4(ll) using 

benzoyl peroxide as the initiator, a mixture of Dl-Cl and 

and D2-C1 was obtained in ratios of 38:62 or 5:95, respec-

tively, corresponding to complete retention of configuration 

for the reaction. The methanolysis of these chlorides in the 

presence of cyclohexylamine, a reaction known to occur with 

predominant inversion of configuration at silicon (9), gave 

mixture of Dl-OMe:D2-OMe with ratios of 62:38 or 95:5, 

respectively. 

The reduction reaction of a 66:34 or a 93:7 mixture of 

Dl-F and D2-F with LiAlH4 gave mixtures of Dl-H and D2-H with 

ratios of 30:70 or 8:92. The stereochemical outcome for 

reduction of fluorosilane is known to be highly sensitive to-

solvent and salt effects (10). Comparison of the ratios of 

Dl-H and D2-H obtained in this reaction with those obtained 

for the methoxysilanes, Dl-OMe and D2-OMe indicates pre-

dominant inversion for the reduction of the fluorosilanes 
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under our experimental conditions. 

The stereochemical results of the conversions which we 

carried out and typical yields for the reactions are 

summarized in the following scheme. 

Me 

I 
MeO—Si —Ph 

nP- -H 

3 Dl-OMe 
Me 
I 

Ph—Si—OMe 

nP- -H 

Si Me. 

D2-0Me 

MeOH, RNH2 (88%) 

(INV) 

UA1H4(9H) 

(RET) 

BF3 0Et2 (91%) 

(INV) 

Ph—Si—CI 

nP-

SiMe-
Me J 

I 
Ph—Si—H 

nP-

cdL± 

(Pkco,)* 

(d£T) 

-H 

Si Me, 

Me 

F—S1!—Ph 

L.7UH4. 

(IN v) 

nP- •H 

Si Me. 

nP = neopentyl 
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This demonstrates the use of silenes of known relative 

stereochemistry as precursors to diastereomeric silanes with 

previously unknown relative stereochemistry. It also shows 

that it is possible to prepare Dl-OMe in high diastereomeric 

purity by using D2-0Me, which can be prepared in large 

quantities from the thermolysis of (^)—31. The alternate 

route to Dl-OMe, trapping the silene produced by the 

thermolysis of (Z)-31 with methoxytrimethylsilane, is less 

favorable due to the fact that (Z)-31 is produced in smaller 

quantities in the low temperature silene trapping reactions 

with anthracene (2) and can only be obtained free of its 

(E)-31 isomer with great difficulty. 

Jones and Lee have reportd previously tha;t when 1-methyl-

l-phenyl-2-neopentyl silene is generated at low temperatures 

with tert-butyllithium , the ratio of (E)- to (Z)-30 C4+21 

cycloadducts with dienes obtained is consistently 70 to 30 

(2). When the same silene generated under the same condi-

tions is trapped with methoxytrimethylsilane, the diastereo-

mers D2-0Me and Dl-OMe are obtained in a ratio of 67:33. 

Furthermore, under non-isomerizing conditions, D2-OMe is 

the only diastereomer obtained when the silene is generated 

by thermolysis of (E)-31 with methoxytrimethylsilane as a 

trapping reagent. Also, Dl-OMe is the only product when the 

(Z)-31 was used as a precursor. 

Taken together these results demonstrate that the 14+2} 
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cycloaddition/cycloreversion reactions of silene and the 

reaction of silene with methoxytrimethylsilane must have the 

same relative stereochemistry. If the cycloaddition/cyclo 

reversion reactions are [4s+2s}, as seems likely (2), our 

results indicate that the reaction of methoxytrimethyl-

silane with silenes is a stereospecific syn addition. 

If this conclusion is correct we can then tentatively 

assign the relative stereochemistries of the diastereomers 

as (R,R) (S,S) for Dl isomers and (R,S) (S,R) for the 

isomers designated D2 in this chapter. 

The C-13 chemical shifts for the diastereomers are given in 

Table IX. Although there are distinct chemical shift 

differences for several of the carbons in related Dl and 

D2 diastereomeric pairs, there is no obvious correlation 

with our tentative stereochemical assignment. A similar 

result has been recently reported for other silicon-

containing diastereomeric pairs (12). Experiments aimed at 

the definitive determination of the stereochemistry of the 

reaction between silenes and alkoxysilanes and the relative 

stereochemistry of the resulting diastereomers are currently 

in progress. 
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Tahim jj( Carbon-13 Chemical Shifts for the Diastereomers 

Dl-OMe 
b Dl-OMe Dl-H Dl-Cl Dl-F 

X-SiCH3 
-2.92 -2.59 -4.70 2.60 -1.46 

Si(CH3)3 0.01 -0.26 -0.35 0.92 -0.16 

CH-SiMe3 9.24 9.14 5.67 10.07 9.42 

<CH3>3C-

-C<CH3)3 

29.59 

31.61 

29.45 

31.34' 

29.80 

31.89 

29.73 

31.34 

29.33 

31.41 

-CH 2- 36.94 36.96 38.56 36.92 36.81 

O-CH, 50.40 50.28 
J 

Aryl 127.59 127.39 127.83 127.65 127.52 J 
Aryl 

129.09 128.96 129.08 • 129.67 129.67 

134.42 134.02 134.69 133.50 133.37 

ipso 137.98 137.47 137.90 137.08 136.04 

D2-0Meb D2-0Me D2-H D2-C1 D2-F 

X-SiCH3 -3.64 -3.97 -4.52 3.12 -1.46 

Si(CH3)3 0.40 -0.26 -0.01 0.92 -0.16 

CH-SiMe3 8.85 8.71 5.67 10.47 9.74 

<£H3>3C- 29.59 29.46 29.80 29.73 29.33 

-£(CH,>, 31.61 31.34 31.89 31.34 31.41 

-CH2- 36.94 36.81 38.86 36.92 36.81 

O-CH3 50.60 50.07 

Aryl 127.59 127.39 127.83 127.65 127.52 _ Aryl 

129.09 128.95 129.08 129.67 129.67 

134.10 133.70 134.86 133.50 133.50 

ipso 138.78 138.19 137.40 137.08 136.82 

15 CDCl^ solvent and lock. 
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Experimental Section 

Solvents were dried by distillation from lithium alumi-

num hydride or sodium-potassium alloy prior to use. Glassware 

was dried by flaming the assembled apparatus while flushing 

with dry nitrogen or argon. Reactions were carried out under 

atmospheres of dry nitrogen or argon, and reagents and 

solvents were transferred using standard syringe techniques. 

GLC analyses of reaction mixtures were performed using a 

Perkin-Elmer Sigma-3 gas chromatograph equipped with a 25m 

SE-54 fused silica capillary column or a 3 mm x 5 m stain-

less steel column packed with 3% ov-17 on 100-120 mesh 

Supelcoport, a FID dectector, and a Hewlett Packard 3390A 

reporting integrator. GLC yields were calculated using 

response factors of the various compounds determined 

relative to hexadecane as the internal standard. Samples 

were purified by preparative GLC using a Varian series 1800 

gas chromatograph equipped with thermal conductivity 

detector and a 8mm x 5 m glass column packed with 15% ov-17 

on 60-80 mesh Supelcoport. 

NMR spectra were determined on a Perkin Elmer R24B 60M 

Hz or a Jeol FX-90Q 90 MHz spectrometer with D^O or CDCl^ as 

the lock solvents. Chemical shifts are reported in ppm 

downfield from tetramethylsilane. Mass spectra were 
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obtained using a Hewlett Packard 5970A MSD mass spectrometer 

and data system. Elemental analyses were performed by 

Galbraith Laboratories, Knoxville, TN. 

2-Methoxy-2-phenyl-5,5-dimethyl-3-trimethyl-2-silahexane, 

Dl- and D2-0Me. 

Method A. To a solution of 1.83 g (10.0 mmole) of methyl-

phenylvinylchlorosilane (Petrach) in 110 mL of dry hexanes 

cooled to -78°C for 1 h was added 5.6 ml of a 1.78 M solu-

tion of tert-butyllithium (10 mmole) in pentane (Aldrich). 

After stirring the reaction mixture for an additional hour 

at -78"C 2.0 mL (14 mmole) of trimethylmethoxysilane was 

added. The mixture was allowed to warm slowly to room 

temperature and stirred for an additional 16 h, prior to 

hydrolysis with saturated ammonium chloride solution. The 

organic layer was separated and combined with hexane extrac-

tions of the anhydrous magnesium sulfate. The solvent was 

removed under reduced pressure and the residue vacuum 

distilled to give 2.08g ( 68 % ) of a 35:65 mixture of Dl-

OMe and D2-OMe as a colorless liquid, bp 95°C at 0.5 Torr. 

Anal, calcd for C ^ H ^ S ^ O : C, 66.16 ; H, 10.45. 

Found: C, 65.90 ; H, 10.57. 

Method B. In a typical preparation 1.5 g of more than 99% 

pure (E)-31 in 2-ml of cyclohexane was combined with a 10 

fold excess of methoxytrimethylsilane, placed in a Pyrex 

heavy-walled tube, degassed and sealed under vacuum. The 
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entire tube was placed in a vertical pyrolysis oven 

preheated to 330 ± 2°C and held at this temperature for 

2.5h. GlC analysis of the reaction mixture showed 53% 

conversion to a 2:98 mixture of Dl-OMe and D2-OMe. 

The diastereomers for subsequent reactions were purified 

by preparative GLC. Under these conditions the sealed 

tube thermolyses typically gave less than 10% of 32 (1). 

2-Phenyl-5,5-dimethyl-3-trimethylsilyl-2-silahexane,Dl-

and D2-H. (experiment 18) 

To a stirred mixture of 0.10 g (2.7 mmole) of 

lithium alumium hydride (Alfa) in 15 mL of dry ether was 

added 2 mL (7 mmole) of a 35:65 mixture of Dl-OMe and D2-0Me. 

GLC analysis of the reaction mixture indicated that the 

reduction was complete after 3 h. The ether was evaporated 

under vacuum and hexanes were added to the mixture. After 

filtration the precipitate was washed with three additional 

10 mL portion of hexanes. The combined hexane solutions 

were evaporated under reduced pressure to give a 90% yield of 

a 38:62 mixture of Dl-H and D2-H as a colorless liquid. 

When the same reaction was carried out using a 2:98 

mixture of Dl- and D2-OMe a 5:95 mixture of Dl- and D2-H was 

obtained in 92% yield. 

2-Chloro-5,5-dimethyl-2-phenyl-3-trimethylsilyl-2-sila-

hexane, Dl- and D2-C1, from Dl- and D2-OMe. (experiments 12-

17) 



58 

A. Benzoyl chloride. To 0.32 ml (7.1 mmole) of benzoyl 

chloride was added 1.0 ml (3.5 mmole) of a mixture of Dl-OMe 

and D2-OMe. The reaction was heated using an oil bath to 90 

to 100"C. GLC analysis of the reaction mixtures showed ratios 

of Dl-Cl to D2-C1 given in Table VIII. 

B. Phosphorus trichloride. Treatment of 2 ml (7 mmole) of 

mixtures of Dl-OMe and D2-0Me with 0.65 mL (7.5 mmole) of 

phosphorous trichloride at room temperature gave complete 

reaction within 2 h. GLC analysis of the reaction mixtures 

indicated a greater than 90% yield of mixtures of Dl-Cl 

and D2-C1. The results are summarized in Table VIII. 

C. Thionyl chloride. A mixture of 0.28 mL (3.8 mmole) 

of SOCI2 and 1 mL of quinoline was heated to 115 C for 15 min. 

A mixture of Dl-OMe and D2-OMe (500 ul, 1.75 mole) was added 

and the the reaction was held at 115 C for 2 h. GLC analysis 

of the reaction was mixture gave an 80% yield of a 52:48 

mixture of Dl-Cl and D2-C1. 

Samples of the 50:50 mixtures of Dl-Cl and D2-C1 were 

purified as colorless liquids by preparative GLC for 

characterization. 

Free radical chlorination of Dl-H and D2-H.(experiment 19) 

To a solution of 1.0 mL (3.5 mmole) of a 38:62 mixture of 

Dl-H and D2-H in a 25 mL of carbon tetrachoride was added 

6.8 mg of benzoyl peroxide, and the resulting soution was 

refluxed for 12 h. GLC analysis of the reaction mixture 
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When the same reaction was carried out using a 5:95 

mixture of Dl-H and D2-H there was obtained a 93% yield of a 

5:95 mixture of Dl-Cl and D2-C1. 

Methanolysis of Dl-Cl and D2-C1.(experiment 20) 

To a solution of 1 ml of dry methanol, 2 ml of 

cyclohexylamine in 30 mL of pentane 

cooled to 0°C was added dropwise a solution of 0.92 g (2.9 

mmole) of a 38:62 mixture of Dl-Cl and D2-C1 in 15 mL of 

pentane. The reaction mixture was stirred for 4 h after the 

formation of the amine hydrochloride precipitate was observed 

After hydrolytic work up and solvent evaporation under 

reduced pressure GLC analysis showed a 90% yield of 38:62 

mixture of Dl-OMe and D2-OMe. A similar experiment using 

5:95 mixture of Dl-Cl and D2- Cl gave a 93:7 mixture of 

Dl-OMe and D2-OMe in 88% yield 

2-Fluoro-2-phenyl-5,5-dimethyl-3-trimethylsilyl-2-sila-

hexane, Dl-F and D2-F.(experiment 21) 

To a solution of a 0.43 mL (3.5 mmole) of boron 

trifluoride etherate in 5 mL of ether was added 1.0 mL (3.5 

mmole) of a 35:65 mixture of Dl-OMe and D2-0Me. After 

stirring for 12 h GLC analysis of the mixture showed the 

formation of a 66:34 mixture of Dl-F and D2-F in 90% yield. 

A similar reaction starting with a 5:95 mixture of Dl-OMe 

and D2-OMe gave a 91% yield of a 93:7 mixture of Dl-F and 

D2-F. Pure mixtures of the diastereomers were isolated by 
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preparative GLC for characterization. 

Lithium aluminum hydride reduction of Dl- and D2-F to 

Dl- and D2-H.(Experiment 22) 

To a stirred mixture of 50 mg (1.4 mmole) of 

lithium aluminum hydride in 3 mL of ether was added 0.90 g 

(3.0 mmole) of a 66:34 mixture of Dl-F and D2-F. After 

stirring at room temperature for 12 h GLC analysis showed 

the formation of a 90% yield of a 30:70 mixture of Dl-H and 

D2-H. When reaction was carried out using a 93:7 mixture of 

Dl-F and D2-F there was obtained an 8:92 mixture of Dl-H and 

D2-H in 91% yield. 
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Characterization of New Compounds 

2-Phenyl-5,5-dimethyl-3-trimethylsilyl-2-silahexane, 

Dl-H and D2-H. 

NMR : The carbon NMR data for these compounds were given 

in Table IX. 

PMR: neat, D20 lock 

-.35 broad (s,12H); 0.05 (m,lH); 0.46 (s 9H); 

1.00-1.34 (m,2H); 4.24 (m,lH); 6.84-7.21 broad 

(m,5H). 

MS : m/z (relative intensity). 

263 (6) P-15, 221(18), 204(14), 200(14), 200(12), 

147(100), 135(62), 121(45), 105(12), 85(16), 73 

(85), 59(23). 

Anal: calcd for C 1 6H 3 0Si 2: C, 68.98, H, 10,85. 

Found C, 69.03, H, 11.07. 

2-Chloro-2-phenyl-5,5-dimethyl-3-trimethylsilyl-2-sila 

hexane Dl-Cl and D2-C1. 

C13 NMR of diastereomers is give in Table IX. 

PMR : neat, Dj.0 lock. 

-0.20 broad (s, 12H); 0.42 (m, 1H); 0.52 (s, 9H), 

1.26 (m, 2H), 6.96-7.02 broad (m, 5H). 

MS : m/z (relative intensity). 

299(5), 300(1), 147(100), 141(10), 121(16), 73(31) 

297(12), 298(4), 45(15). 

Anal: calcd for C^gH2gSi2Cl : C, 61.39; H, 9.34. 
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Found : C, 61.14; H, 9.37. 

2-Fluoro-2-phenyl-5, 5-dimethyl-3-triniethylsilyl-2-sila--

hexane, Dl-F and D2-F. 

C13 NMR for diastereomers is given in Table IX. 

PMR : neat, D2O lock. 

-0.30 (s, 9H); 1.26 (m, 2H), -0.28 (d, 3H, J H-F 

• 2.86 Hz), 0.13 (m, 1H), 0.49 (s, 9H), 6.89-7.20 

broad (m, 5H). 

MS : m/z ( relative intensity) 

281(9) P-15, 204(13), 147(100), 141(14),'121(19), 

73(39), 59(10), 45(12). 

Anal : calcd for C^gH2gSi2F : C, 64.80, H, 9.86. 

Found : C, 64.94, H, 9.84. 
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TABLE X 

THE CONDITIONS OF ANALYTICAL GLC 

Parameters Condi t ion 

Column 25 m Fused S i l i ca Capillary Column 
with SE-54 

I n i t i a l Temp 100'C 

I n i t i a l Time 5 min 

Ramp Rate 2 °C/mi n 

Final Temp 250'C 

Final Time 10-30 min 

I n j . Temp 250 °C 

Det. Temp 250 "C 

Chart Speed 0.5 cm/min 

Attenuation 0 -2 

Threshold -1 -3 

Flow Rate 30 psig 
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TABLE XI 

a 

RESPONSE FACTORS ON PERKIN-ELMER SIGMA-3 

Compounds Response Factors 

Dl- and D2-0Me 0,4328 

Dl- and D2-H 0.4521 

Dl- and D2-F 0.4478 

01- and D2-C1 0.4451 

a, Response factors given in units 

R.F : I M 0 l e si x
 areastd 

ramie s t d areas, 

Si : known compounds Std: Internal Standard, hexadecane, 
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TABLE XII 

THE CROSS REFERENCE OF EXPERIMENT NUMBERS AND NOTEBOOK NUMBERS 

Exp No. Notebook No. 

1 

7 

II-AHC-6A 

2 II-AHC-6B 

3 II-AHC-7A 

4 II-AHC-7B 

5 II-AHC-11B 

6 II-AHC-25A 

II-AHC-25B 

8 II-AHC-26B 

9 II-AHC-26A 

1 0 II-AHC-27B 

H II-AHC-27A 

1 2 II-AHC-8 

1 3 II-AHC-9A 

14 II-AHC-9B 

15 II-AHC-11A 

16 II-AHC-15 

17 II-AHC-17 

1 8 II-AHC-20, 44 

19 II-AHC-21, 45 

20 II-AHC-21B, 46 

21 11 —AHC-36, 39 

22 II-AHC-37, 40 
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CHAPTER IV 

The Study of Low Temperature Stereospecific Silene 

Generation 

Introduction 

Evidence of stereochemical induction was found by Jones 

and Lee for the original method of low temperature silene 

generation (1) by the reaction of t~BuLi with racemic 

chloromethylphenylvinylsilane in hydrocarbon solvents (2). 

Those results suggested the potential for stereospecific 

silene generation by using appropriate precursors for 

the elimination reaction. In this chapter, we will report 

the synthesis of potential silene precursors and a 

preliminary study of stereospecific silene generation by 

using those precursors. 

Results and Discussion 

In the previous chapter, we showed that the dia-

stereomerically pure compound, D2-0Me, can be synthesized 

by thermolysis of the appropriate silene anthracene adduct 

under non-isomerizing conditions using methoxytrimethylsi-

lane as the silene trap. Using reactions with known stereo-

68 
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chemistry (3), the methoxy-silyl diastereomer can then be 

converted to diastereomerically pure hydrido, fluoro and 

chlorosilanes (4). Preliminary experiments were conducted to 

develop the requisite experimental techniques to generate a 

silene stereospecifically at low temperature. Various alkyl-

lithium reagents, conditions and solvents system were used 

in the attempted metallation of the alpha proton of 2,5,5-

trimethyl-2-methoxy-2-phenyl-3-trimethylsilyl-2-silahexane or 

a diastereomeric mixture with a 35/65 ratio of Dl-0Me/D2-0Me. 

+-V / 
Ph 

Si 
i 

Si Meg OMe 

D1:02 = 35:65 

RLi 
\ 

Li 
Si-
l 

/ 
Ph 

SiMe3 OMe 

-Li OMe 

\ 
Si Me, 

.Ph 
"Si 
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The alpha-proton in the precursor should be the most acidic 

proton in this compound because it is attached to the carbon 

which is adjacent to both silicons (13). In order to 

determine whether the metallation had ocurred or not, the 

following deuteration process was used. 

SiMe. 

-Si 
I 

OMe 

Ph 

RLi Li 

SiMe. 

/ 
-Si.. 
I 

OMe 

Ph 

SiMe3 OMe 

Ph 

If the alpha-lithiosilane is formed, quenching with 1^0 

should give the alpha-deuteriosilane. The conditions for the 

first series of experiments using 35/65 ratio of 

Dl-OMe/D2-OMe are shown in Table XIII. 
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TABLE XII I 

ATTEMPTED LI THI ATI ON OF 35/65 RATIO OF Dl / D 2 - O M e UNDER VARIOUS 

Products3 

Solvent Exp No 
Dl/D2-OMe 

1 Hexane -78°C t-BuLi 

2 THF -78°C t-BuLi 

3 THF -78"C ' n-BuLi 

4 Hexane -78 ®C n-BuLi 

5 THF -4d'C n-BuLi + HMPA 

6 THF 0*C n-BuLi + HMPA 

35 

35 

35 

38 

38 

65 

65 

65 

62 

62 

a. Only Dl/D2-0Me were found in reaction mixture. 

In these experiments, we could not observe evidence for 

the metallation reaction because none of the expected alpha-

deuteriosilane was detected by GC/MS. A slight change in 

the ratio of recovered starting materials was observed for 

experiments 5 and 6, but that change could be considered 

within the limits of experimental error. Before proceeding 

to try some other conditions, it was decided to use a less 

expensive starting material, 2,5,5-trimethyl-2-methoxy-3-

trimethylsilyl-2-siiahexane, 14, to develop conditions for 

the lithiation reaction. The results are shown in Table XIV. 
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TABLE XIV 

THE ATTEMPTED LI THI ATI ON REACTION OF 14 UNDER VARIOUS CONDITIONS 

Exp No Solvent Temp Base Time Products 

7 THF - 7 8 "C t-BuLi lh R.S. 

8 THF -78 °C n-BuLi lh R.S. 

9 THF -78 °C Me Li lh R.S. 

10 THF -78 *C t-BuLi+ HMPA lh R.S. 

11 THF -78 °C t-BuLi+ TMEDA lh R.S. 

12 THF -40 8C t-BuLi lh R.S. 

13 THF -40 X n-BuLi lh R.S. 

14 THF -40 *C MeLi lh R.S. 

15 THF 25 'C t-BuLi lh R.S. 

16 THF 25 °C n-BuLi lOh R,S.(3%)+S .P.(80%) 

17 THF 25 "C MeLi 1 Oh R.S .(1%)+S.P.(85%) 

18 hexane -78 °C MeLi lh R.S. 

19 hexane -40 °C MeLi lh R.S. 

20 hexane 25 °C MeLi lh R.S. 

21 hexane ref lux n-BuLi+TME,DA 16h R.S.(15?o)+S.P.(75%) 

22 hexane ref lux MeLi 12h R.S .(8%)+S.P .(80%) 

23 hexane ref lux ji-BuLi 2h R.S. 

24 ether -78°C n-BuLi+TMEDA 5h R.S. 

25 ether 25 °C n-BuLi+TMEDA 24h R.S.(12«)+S.P.(82«) 

a. R.S. is the recovered s tar t ing materials. 

S.P. is the product of the RLi subst i tut ion at the methoxy s i l i con . 
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In experiments 7-25, we didn't obtain the expected 

product, alpha-deuteriosilane. Substitution products were 

found in experiments 16, 17, 21, 22 and 25. Solvent, 

temperature and steric effects appear to be the three major 

factors determing how fast the substitution reaction occurs. 

Polar solvents apparently favor the substitution reaction, 

experiments 16, 17. In those experiments where hexane 

was used as the solvent, in order to get the substitution 

product, the reaction needed to be refluxed for a period 

of 16 h in the presence of TMEDA and n-BuLi, experiment 21. 

None of the substitution products were observed in experi-

ments carried out at a temperature of -40"C or lower 

indicating that the substitution reaction will not proceed 

under these conditions. Under similar experimental condi-

tions, we did get slightly better yields of the substitution 

product in experiment 16 when methyllithium was used as a 

reagent than in experiment 17 when n-BuLi was used as a 

reagent. 

A possible explanation for the difficulty in metalla-

ting the alpha-proton of 14 may be the fact that the 

alpha-proton is surrounded by three bulky groups. 

Another possible process to generate the silene 

involves the use of fluoride ion to induce beta-elimination 

as shown in following scheme. 
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A 

+ c-M+F 

•Si 

SiMe3 OMe 

14 

\ 
Si Me 

Si 

3 

25 

+ Me3SiF 

+ MeOM 

•Si 
I 
F 

+ MeOM 

This process was studied using 2,5,5-trimethyl-2-

methoxy- 3-trimethylsilyl-2-silahexane 14, and the results 

are shown in Table XV. 

TABLE XV 

THE ATTEMPTED FLUORIDE ION INDUCED CLEAVAGE REACTIONS OF 

THE 14 UNDER VARIOUS CONDITIONS 

Exp No Solvent F~ source time Products 

26 Hexane KF/18-crown-6 72h 25(72%)+ 14(15%) 

27 

28 

Benzene 

THF 

KF/18-crown-6 

(n-Bu)4N+ F" 

72 h 

24h 

25(73%)+ 14(15%) 

25(82%) 
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The fluoride ion reactions gave no evidence for any 

1,3-disilacyclobutanes, 6, the expected products of silene 

generation. After a period of 72 h for experiments 26, 27 

and 24h for experiment 28 at room temperature, GC/MS data 

data showed the fluorosubstituted product, 25, along with 

starting material in the reaction mixtures. The reason 

that the substitution reaction occurs faster than the 

cleavage reaction may be due to the fact that an initially 

formed complex, 40fweakens the Si-0 bond (9) which makes the 

energy requirement for the substitution reaction less than 

that for the cleavage reaction, as shown in following scheme. 

\ 
/ 

Si Me. 

s C 
I 
OMe 

M+F" 
) Si. 

/ a , . 
31*3 

40 

+ 
Si 

SiMe3 F 
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The bond breaking and forming energy requirement should 

also favor the substitution process. In the substitution 

process, only one Si-0 bond was broken to form one Si-F bond. 

For the cleavage process to generate a silene, not only the 

Si-0 bond need to be broken to form the Si-F bond, we also 

have to break the Si-C 6 bond to form a Si=C J* bond. 

The preparation of organolithium compounds from their 

tin analogs by transmetallation has been known for many 

years (5). It could be used as a possible stereospecific 

process to generate silene using an alpha-stannylsilane as a 

precursor as shown in the following scheme. 

R' 

SnR, 

Si-
l 
X 

/ 
Ph 

R"Li 
R' / 

Ph 

Si + R3SnR" 

Li X 

-Li X 

R' 

:Si 
/ 

Ph 
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We first attempted to synthesize the alpha-tributyl-

stannylsilane 44, by the free radical addition reaction. 

However, instead of the, 44, we obtained beta-tributyltin 

compound 42 (14) as shown in following scheme. 

Ph 
(n-Bu) 3SnH S i . ' 

SnBUg 

i 
AIBN OMe 

SnBu 3 
44 

/ P h 

OMe 
42 

This is consistent with the regiochemistry of other 

free radical tin-hydride addition reaction which have been 

studied (14). 
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The first pair of alpha-stannylsilane diastereomers 

were synthesized by reacting vinylphenylmethylmethoxysilane 

with t-BuLi in tetrahydrofuran solvent at low temperature 

followed by quenching with either raethoxytributyltin or 

chlorotributyltin. This gave nearly quantitative yields of 

alpha-tributylstannylmethoxysilyl compounds in a diastereo-

meric ratio of 3 3 : 6 7 and 6 9 : 3 1 , as shown in the following 

scheme. 

Si 
I 

OMe 

.Ph 
t -BuLi 

THF 
- 7 8 #C 

Ih 

"\ 

Bu^SnCl 

Ph 

S i . 
I -

Bu^Sn OMe 

D1 :D2-4T 

6 9 : 3 1 

BUgSnOMe 

/ 
St 

/ 
Ph 

BUgSn OMe 

D1:D2-41 

3 3 : 6 7 
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An investigation of Sn-Li transmetallation using a 

69:31 ratio of diastereomeric isomers to react with n-BuLi 

for a period of time followed by quenching with a two fold 

excess of chlorotrimethylsilane was carried out. The results 

are shown in the Table XVI. 

TABLE XVI 

THE INVESTIGATION OF Sri-Li EXCHANGE USING 69:31 RATIO OF 

D1:D2-41 WITH n-BuLi UNDER VARIOUS CONDITION 

Ph 

S i / / 

i . / I ^ Mp 
[n-Bu)3Sn OMe 

D1 : D2 = 69 : 31 

Me3Si 

Exp No T i m e Yields D1 

n-BuLi 

THF -78"C 

, / p h 

Si 
I >Vv'Me 
OMe 

f)2-0Me 

Me^SiCl 

2 fold excess 

recovered 

s tar t ing materials 

Yields D1 : 02-41 

29 ] 

30 2 

31 4 

19% 

30% 

52% 

60 : 40 

66 : 34 

66 : 34 

70% 62 : 38 

35% 53 : 47 

17% 32 : 68 
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Two conclusions can be drawn from the results. 

Examining the ratio of recovered tin diastereomers, it 

can be seen that the ratio of Dl-41 to D2-41 decreases as 

the reaction time increases suggesting that the rate of the 

transmetallation for Dl-41 is faster than for D2-41. The 

product ratio of Dl-OMe to D2-OMe was hardly changed (from 

60:40 to 66:34) as the reaction went on. This suggests that 

the alpha-lithiosilanes, generated by the transmetallation 

process, are not configurationally stable in tetrahydrofuran 

solvent (8a). This also might be due to an equilibrium 

process usually observed for Sn-Li exchange reaction under 

similar conditions (8b-c). One problem associated with this 

system is that we were unable to separate pure samples of 

D2-41 from Dl-41 by column chromatography or by fractional 

crystallization. In order to study the stereospecific 

generation of a silene, the relative configuration of a pure 

diastereomeric precursor must be known. Therefore, we 

replaced the tributylstannyl group with a triphenylstannyl 

group. The alpha-triphenylstannylsilanes were synthesized 

by the reaction of methoxymethylphenylvinylsilane with 

t-BuLi in tetrahydrofuran solvent at -78*C followed by 

quenching with chlorotriphenyl tin to yield the desired 

compounds in a diastereomeric ratio of 30:70 as shown in the 

following scheme. 
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: N i " 
I 
OMe 

Ph t-BuLi 

THF 
-78'C 

Ih 

Ph3SnCl 

Ph3Sn OMe 

D1 :D2-43 

30:70 

A comparison of the ratio of diastereomers of the 

alpha-stannyl-silane and alpha-silyl-silanes which were 

generated under similar conditions is shown in Table XVII 

TABLE XVII 

THE RATIO OF D1:D2 OF DIFFERENT DIASTEREOMERS ALONG WITH THEIR 

YIELDS WHICH WERE GENERATED BY USING SIMILAR PROCESS 

" V 
I 
OMe 

Ph 
t-BuLi Trapping 

THF 
-78 "C 

Ih 

reagents 

R3MX 12h 
MR, 

/ " 
Si 
I 

OMe 

Ph 

Exp No D1 : D2 (Yields) 

36 Me3SiCl 67 : 33 (85%) 6 

37 NpMe2SiCl 28 : 72 (53%) 6 

32 Bu3SnOMe 33 : 67 (72%) 

33 Bu3SnCl 69 : 31 (70%) 

34 Ph3SnC1 30 : 70 (43%) 
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The results show different yields of products were 

obtained for different trapping reagents reacting for a 

similar period of time. The steric bulk of the substituent 

groups appeared to be an important factor. When R 3 is less 

bulky such as Bu3 (experiments 32 and 34) or Me 

(experiment 36), the yields of the products were 70-85%. But 

when R3 = Ph3 (experiment 34) or R3=NpMez (experiment 37), 

the yields decreased to only 40-50%. The D1:D2 ratio of 

products in experiment 36 is 67:33 which is similar to the 

D1:D2 ratio in experiments 30 and 31 when alpha-lithiosilane 

were generated by transmetallation then reacted with Me3SiCl. 

In general, organolithium reagents are not configurationally 

stable in THF (8a-c). Thus we might anticipate equilibration 

of the diastereomeric alpha-lithium compounds. The formation 

of different D1:D2 products ratios products in the different 

experiments may be related to the different reactivities of 

the D1 and D2 alpha-lithiosilanes with the different trapping 

reagents. 

The D2 isomer of alpha-triphenylstannylsilane was 

recently successfully separated from the D1 isomer by 

fractional recrystallization (experiment 33). The X-ray 

structure was determined (12) and is shown on the next page, 

Fig 1. 
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From the X-ray structure, it is possible to determine 

that the relative configuration of D2 alpha-triphenylstannyl 

silane is (R,R) or (S,S). The non-bonded distance of Sn-0 is 

2.93 A which is intermediate between the sum of van der 

Waal's radii, 3.70 A (10), and the covalent radii, 2.13 A 

(11). The dihedral angle of Sn-C3-Si-0 is only 16.9 

indicative of a significant Sn-0 intramolecular interation. 

The most stable conformations for D1 and D2 alpha-stannyl-

silanes in solution, assumming a similar tin-oxygen 

interaction, along with their C-13 NMR data are shown in 

the Table XVIII. 

TABLE XVIII 

THE MOST STABLE CONFORMATIONS OF D1/D2-41 AND 

D1/D2-43 AND THEIR C-13 NMR DATA 

Bu3S,n0Me B U , S " 

RR.SS 

D1-41 (Dl-43) 

RS.SR 

D2-41 (D2-43) 

SiMe -3„84 (-3.11) -4.94 (-5.20) 

alpha-C 5„46 (9.96) 5„07 (9.63) 

ipso-Ph 137.023 138.19a 

a * The chemical shifts of Si-ipso-Ph for D1 and D2-43 were not 

assigned due to the complexity of the aromatic region of the 

spectra. 
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By comparing the most stable conformations for D1 and 

D2-41 and 43, one would expect more shielding for the 

silicon methyl group in the D2 isomers and for the ipso 

carbon of the silicon phenyl group in the D1 isomers. Other 

than the Si-ipso-Fh data for D1 and D2-43, which we were 

unable to assign due to the complicated spectral data, 

the C-13 NMR data are consistent with this expectation. 

The chemical shifts for the alpha-Cs of both D2-41 and 

D2-43 are slightly shielded. From this evidence, one can 

suggest that the D1 and D2 diastereomers for both the tri-

n-butyl tin, 41, and the triphenyl tin compounds, 43, have 

the same relative configuration. 

The two proposed stereospecific silene generation 

methods, lithiation of alpha-proton of 14 and Dl/D2-0Me or 

fluoride ion induced beta-elimination of 14 to generate 

silene, were unsuccessful. This makes the Sn-Li 

transmetallation process for stereospecific silene 

generation become important. From the X-ray structure, one 

can assign the relative configuration for D2-43 is (R,R) or 

(S,S). From the NMR data, we may expect the same relative 

configuration for both D1 isomers of 41 and 43. By knowing 

relative configurations of those precursors, the 

stereospecific silene generation by using these precursors 

has now become a reasonable possibility. 
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EXPERIMENTAL SECTION 

All reactions were carried out under an atmosphere of 

dry nitrogen or argon in glassware that was either oven 

dried and assembled hot or flame dried. Solvents were 

distilled from lithium aluminum hydride or sodium/potassium 

alloy immediately prior to use. Solutions of alkyllithium 

reagents (Aldrich) were standardized by using the method of 

Oilman and Cartledge (7). Reagents and solvents were trans-

ferred by using standard syringe techniques. GLC anaylses of 

the reaction mixtures were carried out by using Perkin-Elmer 

Sigma 3 gas chromatography equipped with a 25m SE-54 

capillary column, FID, and a Hewlett-Packard 3390A reporting 

intergrator, with hexadecane as the internal standard. 

Samples for characterization were collected from a TCD 

preparative gas chromatograph using a 10% OV-17 on 45/60 mesh 

Supelcoport stationary phase in a 16 ft by 1/4 in glass 

column, programmed at 6°C/min from 100 to 250 °C. H and C-13 

NMR spectra were obtained on purified samples in capillary 

tubes inserted in an ordinary NMR tubes containing CDCl3 or 

D2O for the carbon or proton spectra, respectively, using a 

Perkin-Elmer R24B 60-MHz or JEOL FX-90Q 90-MHz spectrometer. 

Chemical shifts are reported in parts per million downfield 

from tetramethylsilane. Elemental analyses were performed by 
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Galbraith Laboratories, Knoxville, TN. 

General method for reaction of 35/65 ratio of Dl-OMe/ 

D2-0Me or 2,5,5-trimethyl-3-trimethylsilyl-2-methoxy-2-

silahexane with alkyllithium reagents.(experiments 1-15,18-

20,23,24) 

Solutions of reactants were cooled to the reaction tempera-

ture prior to mixing. To a solution of 3.5 mmole of a 35/65 

ratio of Dl-OMe/D2-OMe or 2,5,5-trimethyl-3-trimethylsilyl-

2-methoxy-2-silahexane in 30 mL of solvent held at the 

reaction temperature, one equivalent of a hydrocarbon or 

ether solution of the alkyllithium reagents was added. After 

stirring at the reaction temperature for a period of time, 

a ten fold excess of D^O was added to the reaction mixture. 

GC/MS analysis was carried out on an aliquot of the organic 

layer of the reaction mixture. The solution was then allowed 

to warm slowly to room temperature, prior to hydrolysis with 

saturated ammonium chloride solution. The organic layer was 

separated, combined with hexane extractions of the aqueous 

layer and dried over the MgSCT . The solvent was removed under 

reduced pressure. GLC and GC/MS analysis was carried out on 

the residue. The results for different conditions are shown 

in Table XIII and Table XIV. 

General method for the reaction of 35/65 ratio of Dl-

OMe/D2-OMe or 2,5,5-trimethyl-3-trimethylsilyl-2-methoxy-

2-silahexane with alkyllithium in the presence of HMPA or 

TMEDA.(experiments 16,17,21,22,25) 
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Solutions of reactants were held at the reaction tempera-

ture prior to mixing. To a solution of 3.5 mmole of 35/65 

ratio of Dl-0Me/D2-0Me or 14 in 30 mL of solvent held 

at reaction temperature before one equivalent of 

hydrocarbon or ether solution of alkyllithium reagent was 

added. After stirring at the reaction temperature for a 

period of time and the D^O quench, GC/MS analysis on the 

aliquot of the organic layer of the reaction mixture was the 

same as that described above. The solution was allowed to 

warm slowly up to room temperature. After hydrolytic work up 

as described above, GLC and GC/MS analysis was carried out 

on the residue. The conditions and results are shown in 

Table XIV. 

General method for syntheses alpha-trialkylstannyl-

silanes.(experiments 32-34) 

To a solution of 2 mL (10 mmole) of methoxymethylphenyl-

vinylsilane (4) in 90 mL of dry tetrahydrofuran solvent 

cooled to -78*C for one hour, 6.50 mL of a 1.54 M solution 

of t^-BuLi (10 mmole) in pentane (Aldrich) was added. After 

stirring the reaction mixture for an additional hour, 4.30 

mL(15 mmole) of tributyl tin methoxide or 4.10 mL (15 mmole) 

of tributyltin chloride or 3.85 g (10 mmole) of triphenyltin 

chloride was added. The dry ice-acetone bath was removed 

immediately and the mixture was allowed to warm slowly to 

room temperature. After stirring for an additional 12 hours 

prior to hydrolysis with saturated ammonium chloride 
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solution, the organic layer was separated, combined with 

hexane extractions of the aqueous layer and dried over 

anhydrous magnesium sulfate. The solvent was removed under 

reduced pressure to give 3.79g (72%) of 33:67 or 3.68g (70%) 

of 69:31 D1:D2 ratios of diastereomeric isomers of alpha-

tributylstannylsilanes or 2.15g (43%) of 30:70 ratio of 

Dl:D2-43. 

Separation of D2 from D1 alpha-triphenylstannylsilane 

by fractional recrystallization. 

The residue of the reaction mixture was added to 2 mL 

of hexane and stored at -6°C for 7 days. Precipitate was 

found in the residue. Fractional recrystallization of the 

precipitate was achieved by dissolving it in hexane in a 5 mL 

vial. The vial was put in a 50 mL vial which was filled with 

5 mL of 100% EtOH and sealed by teflon tape and kept at room 

temperature for 4-7 days. Single crystals were obtained. 

The X-ray structure was determined by Professor A. H. Cowley 

at The University of Texas at Austin, Texas. 

General methods of transmetallation by using a 69:31 

ratio of alpha-tributylstannylsilanes with n-BuLi. 

(experiments 29-31) 

To a solution of 0.70 mL (1.50 mmole) of alpha-tributyl-

stannylsilanes in a ratio of 69:31 in 5mL of dry THF and 

0.50 ml (1.71 mmole) of hexadecane, cooled to -78°C for 

one hour, 0.6 mL of a 2.50 M solution of n-BuLi 

(1.50 mmole) in hexane (Aldrich) was added. After stirring 
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for a period of 1, 2, and 4 additional hours at -78°C, 

0.50 mL (4.00 mmole) of chlorotrimethylsilane was added. 

The reaction mixture was allowed to warm slowly to room 

temperature and stirred for an additional 12 hours prior to 

hydrolytic work up followed by GLC analysis of the reaction 

mixtures. 

Synthesis of 2-methoxy-2-phenyl-4-tributylstannyl-2-

silabutane, 42. (experiment 35) 

To a solution of 2.70 mL (10 mmole) of tributyltin 

hydride (Aldrich) and 0.07 g (0.20 mmole) of AIBN, 2.00 ml 

(10 mmole) of methoxymethylphenylvinylsilane was added at 

room temperature. After stirring at room temperature for 48 

hours, the reaction was found to be complete by GLC anaylsis. 

The pure D1 and D2-41 were separated from reaction mixtures 

by preparative GLC to yield 88% of the title compound. 

The attempted fluoride ion induced beta-elimination 

reaction, (experiments 26-28) 

(A). To a solution of 0.20g (3.40 mmole) of dry potassium 

fluoride ( The anhydrous KF was put in a flask which was 

attached to vacuum line. A flame was used to heat the. 

flask under vacuum ( < 0.05 Torr ) until no bumping was 

in the flask. Then an additional hour of flame drying was 

used to make sure the KF was dried) and 0.16g (0.60 mmole) 

of 18-crown-6-ether in 5 mL of benzene or hexane was stirred 

for one hour before 1 mL (3.20 mmole) of 14 was added. After 

a period of 72 hour, the GC chromatogram showed fluoro-
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substituted compound 25 along with a small amount of 

starting material chromatogram. None of the silene di-

merization products, 6, were found in the reaction mixtures. 

(B). One ml (3.20 mmole) of 14 was added in a solution of 

3.00 ml of 1 M tetra-ri-butylammonium fluoride in THF solvent 

(Aldrich) at room temperature. After stirring for 24 hours, 

GLC analysis showed the starting material was completely 

converted to fluoro- silane, 25, by GLC analysis. 
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CHARACTERIZATION OF NEW COMPOUNDS 

5,5-Dimethyl-2-methoxy-2-phenyl-3-tributylstannyl-2-sila-

hexanes, 41, D1 and D2 isomers.colorless liquids. 

NMR: H-l NMR, neat, D^O lock. 

0.3 (s, 3H), 0.6-1.8 broad (m, 27H), 3.2 (s, 3H), 

6.9-7.3 ppm broad (m, 5H). 

C-13 NMR, neat, D^O lock for D1 compound. 

-3.84 (SiMe), 5.46 (alpha C to Si), 10.52, 27.44, 28.74 

13.59 (Sn-Bu), 29.07 (Me on t-Bu), 31.80 (quat C on t-

Bu), 39.54 (methylene C), 128.82, 134.02, 138.19 ppm ( 

-Ph) . 

C-13 NMR, neat, O lock for D2 compound. 

-4.94 (SiMe), 5.07 (alpha C to Si) 10.53, 27.44, 28.74 

13.59 (Sn-Bu), 29.07 (Me on t-Bu), 31.93 (quat C on t-

Bu), 39.54 (methylene C). 127.39, 133.44, 137.02 ppm 

(-Ph). 

MS: m/e (relative intensity) 

471 (20.5), 470 (28.9), 469 (100), 468(45.5), 467 (75), 

179 (22.6), 178 (6.9), 177 (22.4), 175(13.9), 151 (297) 

121 (22.2), 119 (10.5), 57 (10.6). 

Anal : calcd for C H OSiSn: C 59.43, H 9.59 
cb bO 
Found : C 59.74, H 9.62 

2-Methoxy-2-phenyl-4-tributylstannyl-2-silabutane, 42. 

colorless liquid. 

NMR: H-l, neat, D^O lock. 



0.10 (s, 3H), 0.54-1.3 (m, 31H), 3.14 (s, 3H), 6.9-7.4 

(m, 5H). 

C-13, neat, lock. 

-5.34 (SiMe), -0.64 (alpha C to Si), 10.75 (beta C to 

Si), 8.48, 13.59, 27.32, 29.46 (Bu-Sn), 127.42, 129.04, 

133.45, 136.54 (-Ph). 

MS: m/e (relative intensity) 

417 (16.7), 415 (21.4), 414 (25.1), 413 (100), 412 (40) 

411 (82), 179(20.5), 177(21.5), 175 (14.4), 151 (46), 

121 (53.8), 119 (14.0), 59 (11.2). 

Anal : calcd for C^H^OSiSn C 56.42, H 8.82 

Found C 56.29, H 8.75. 

5,5-Dimethyl-2-methoxy-2-phenyl-3-triphenylstannyl-2-sila 

hexane, 43. D2 isomer is a colorless solid, mp. 89°C. 

NMR: C-13, neat, CDCl3 lock, D2. 

-5.20 (SiMe), 9.63 (alpha C to Si), 29.14 (Me on t-Bu) 

32.26 (quat C on t-Bu), 39.35 (methylene C), 50.27 

(-OMe), 127.01, 127.72, 128.11, 128.31, 129.35, 133.90 

136.63, 137.41, 137.67, 138.19, 141.06 ppm (-Ph). 

C-13, neat, CDCl3 Lock, D1. 

-3.11 (SiMe), 9.96 (alpha C to Si), 29.14 (Meon t-Bu) 

32.26 (quat C on t-Bu), 39.35 (methylene C), 50.27 

(-OMe), 127.20, 127.59. 128.57, 128.76, 129.15, 129.87 

134.62, 136.31, 136.50 ppm (-Ph). 

MS: m/e (relative intensity) 

509 (26.4), 508 (13.8), 507 (19.8), 506 (8.5), 505 ( 
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10.5), 351 (100), 349 (73), 348 (28.6), 347 (38.9), 

197 (24.6), 195 (19.7), 193 (11.9), 91 (3.2), 77 (1.7), 

57 (6.5). 

Anal: Calcd for C32HggOSiSn C 65.65, H, 6.54. 

Found C 65.49, H, 6.35. 
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TABLE XIX 

RESPONSE FACTORS ON PERKIN-ELMER SIGAMA 3 

Compounds Response Factors 

41 0.0027 

42 0,0031 

43 0.0022 

a. Response factorsgiven in units 
mmolesi

 a r e a
s t d 

Re F ; " X I 
mgstd a r e a s i 

si:known compounds stdr internal standard hexadecane 
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TABLE XX 

THE CONDITIONS OF ANALYTICAL GLC 

Parameters conditions 

A B 

25 m fused s i l i ca 25 m fused s i l i ca 
1 cap i l la ry with SE-54 cap i l la ry with SE-54 

I n i t i a l Temp. 100°C 250aC 

I n i t i a l Time. 2 min Isothermal 

Ramp Rate 5 °C/mi n 

Final Time. 20 min 

I n j . Temp. 250°C 250°C 

Det. Temp. 250°C 250°C 

Chart Speed 0.5 cm/min 0.5 cm/min 

Attenuation -2 -2 

Threshold -3 -3 

Flow Rate. 30 psig 30 psig 

A: The conditions for a l l compounds except 43 

B: The conditions only for compound 43. 
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TABLE XXI 

CROSS REFERENCES OF EXPERIMENT NUMBERS AND NOTEBOOK NUMBERS 

Exp. No. Notebook No. 

1 I-AHC-79B2 

2 I-AHC-79B1 

3 I-AHC-79A1 

4 I-AHC-79A2 

5 I-AHC-80A 

6 I-AHC-80B 

7 I-AHC-82A 

8 I-AHC-86A 

9 I-AHC-86B 

10 I-AHC-82B 

11 I - AH C-107 A 

12 I-AHC-84A 

13 I-AHC-112 

14 I-AHC-100B 

15 I-AHC-84C 

16 I-AHC-96A 

17 I-AHC-96B 

18 I-AHC-90A 

19 I-AHC-90B 

20 I-AHC-94A 
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Table XXI continue 

Exp No. Notebook No. 

21 I-AHC-98A 

22 I-AHC-98B 

23 I-AHC-94B 

24 I-AHC-104 

25 I-AHC-101B 

26 II-AHC-50 

27 ' II-AHC-49 

28 II-AHC-61 

29 II-AHC-66A 

30 II-AHC-66B 

31 II-AHC-66C 

32 11 —AHC-62 

33 II-AHC-65 

34 II-AHC-73 

35 II-AHC-70 

36 II-TFB-23, 31, 41 

37 I-TFB-91 
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