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Reviews 

Advances in the gas-phase synthesis of organochloro .derivatives of 
silicon, germanium, and tin via dichlorosilylene* 

E. A. Chernyshev,* N. G. Komalenkova, and V. G. Bykovchenko 

State Research Center of the Russian Federation 
"State Scientific-Research Institute of Chemistry and Technology of Organoelement Compounds," 

38 sh. Entuziastov, 111123 Moscow, Russian Federation. 
Fax: +7 (095) 273 1323. E-maih chteos@chteos.extech.msk.su 

The results of studies carried out in the past five years on the gas-phase synthesis of 
organochlorosilanes, pentachlorodisiloxanes, organochlorogermanes, and organochloro- 
stannanes at 400--550 ~ in the presence of hexachlorodisilane or l , l -dichloro-  
I -silacyclopent-3-ene as sources of dichlorosilylene are summarized. 

Key words: alkylchlorosilanes, alkenylchlorosilanes, peutachlorodisiloxanes, alkenyl- 
chlorogermanes, zrylchlorogermancs, organylchlorostannanes, gas-phase synthesis, 
hexachlorodisilane; dichlorosilylene, dichlorogermylene, diehtorostannylene. 

It has been previously shown l,z that hexachloro- 
disilane is the most promising source of dichlorodisilane 
in the gas phase. Its thermolysis occurs at 400--550 ~ 
according to the scheme 

Si2Cl 6 ~ :SiCI 2 + SiCI 4. (1) 

The mechanism of Si2C[ 6 decomposition was studied 
by the matrix isolation technique, 3 and data on the 
kinetics 4 and themaodynamics s of  this reaction have 
been obtained. The reactions of dichlorosilylene with 
1,3-dieues and various chloroarenes were studied in 
detail, and experimental data on the chemistry of  :SiCt 2 
were reviewed. 1,2,6,7 

In this review, we systematized and generalized the 
results of our recent works devoted to the stt, dy of the 
reactions of :SiCI 2 with alkyl chlorides, alkenyl chlo- 

* Dedicated to the memoo' of Academician M. E. Vol'pi1~ 
limed to his 75th birthday. 

rides, and oxo compounds, which practically have not 
been studied previously. In addition, we attempted to 
use :SiCI 2 for the generation of other carbene analogs 
(:GeCI 2 and :SnCI2). The synthesis of  organoelement 
compounds based on the reactions of :GeCI 2 and :SnCI 2 
is also considered. 

Synthesis of organochlorosilanes 

Synthesis of alkylchlorosilanes 

Atkytchlorosilanes were obtained by the reactions of  
alkyl chlorides with Si2CI 6 in the gas phase at 500 ~ 8.9 
Bis(trichlorosilyl)methane (2) and bis(trichlorosilyl)etha- 
ue (3) along with alkyltrichlorosilanes (1) are the prod- 
ucts 'of  the reaction (Table 1). 

AIkCI '- Si2Cl 6 ~ AIkSiCI 3 + CH2(SiCI3) 2 ~- CI3SiCH2CH2SiC13 

1 2 3 
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Table !. Conditions and products of the reactions of Si2CI 6 
with alkyl chlorides (500 *C, reaction duration 25--30 s) 8 

RCI Si2CI 6 : RCI* Yields of products (%) 
I 2 3 1 + 2 + 3  

EtCI 0.7 : 1.0 50 0.04 0.06 50.1 
BuCI 2 : 1 32 8.2 2.3 42.5 
PrCI 2 : 1 12 16 4.8 32.8 
HexCl* 2 : I 05 22 12 34.5 

* Molar ratio. 

The insertion of  :SiCI 2 (generated from Si2Cl 6) into 
the C--CI bond of  alkyl chloride is the main stage of the 
process 

AIkCI + :SiCl 2 ~ AlkSiCt 9 

Alk = Et, Pr n, Bu n, Hex n (Hex is C6H13) 

The reaction is highly exothermic; the thermal ef- 
fects (AH"298(g)) for methyl-  and ethyl chlorides are 
-343  and -312  kJ tool - j ,  respectively. Vibration-ex- 
cited molecules of AIkSiC13 are formed in the reaction, s 

The following scheme including the formation of  
vibration-excited molecules (the excitation energy is 
300--340 kJ tool - l )  of  alkyltrichlorosilanes of  type 4 
and their subsequent transformations was suggested. 8 

RCH2CH2Cl + :SiCI 2 �9 RCH2CH2SiCl3* 

4 

(2) 

i =, :SiCI 2 + SiCI 4 + 1 (3) 

4 + Si2CI 6 

2 "SiCl 3 + 1 (4) 

_• RCH 2' + "CH2SiCI a (5) 

R" + "CH2CH2SiCI 3 (6) 

RCH2CH 2" + "SiCI a (7) 

"CH2SiCI 3 + -SiCI 3 

"CH2CH2SiCI 3 + .SiCI 3 

2 "CH2SiCI 3 = 3 

R = H, Me, Et, Bu n 

CI3SiCH2SiCI 3 (8) 

2 

CI3SiCH2CH2SiCI3 (9) 

3 

(10) 

Alkyltrichlorosilanes can be transformed in two di- 
rections. The first direction includes the deactivation of 
molecule 4 due to collisions with other molecules. Re- 
actions (3) and (4) are evidently the most significant. 
Colliding with the hexachlorodisilaue molecules, the 

excited molecules of 4 transfer a port ion of their  exces- 
sive energy and favor the decomposi t ion of hexachloro- 
disilane. The decomposition of  a Si2CI 6 molecule in 
reactions (3) and (4) requires 200 and 320 kJ mol - I ,  
respectively. 5 

The second di rec t ion  is t he  decompos i t i on  of  
vibration-excited molecules of  4 to free radicals in 
reactions (5)--(7). It is noteworthy that the energies of 
the C ~ C  (320--350 kJ m o i - l )  1~ and S i - -C  (340--  
355 kJ too l - I )  l~ bond c leavage  are close.  The  
"CH2SiCI 3 and "CH2CH2SiCI 3 free radicals appearing 
in reactions (5) and (6) react with the "SiCl 3 radicals 
(reactions (8) and (9)) to form chloroalkanes  2 and 3. 
Compound 3 can be evidently obta ined  also due to the 
recombination of the "CH2SiCi 3 radicals (reaction (I0)) .  

Thus, the ratio of  compounds 1- -3  formed is mainly 
determined by the behavior of  the  excited molecules of  
4. If they are rapidly deactivated and transit from the 
excited state to the ground state, the  mixture of products 
predominantly contains alkyltrichlorosilanes.  This type 
of  transformations is observed during the synthesis of  the 
lowest trichlorosilanes of the homologous  series: EtSiC13 
and PrSiCI 3 (see Table I). If the rate of  decomposit ion 
of the excited molecules of  4 is higher  than the rate of 
their deactivation, compounds 2 and 3 are the predomi-  
nant products. This situation is characteristic of the 
synthesis of  the RSiCI 3 compounds  with bulky radicals, 
for example, R = Hex (see Table 1). Evidently, the 
react ion of  cyclohexyl  ch lo r ide  with :SiCI 2 gives 
cyclohexyltrichlorosilane only in a small (6-- I  I%) yield 
due to ttle same reason. 9 

Reactions o f  :S iCl  2 
with chiorosubstiluted methane derivatives 

The reactions of :SiCI 2 with polychloromethanes  are 
interesting. 12,13 The reaction of  CH2CI 2 with :SiCI 2 at 
620 ~ is known 14 to give only one product,  bis(tri- 
chlorosilyl)methane (55% yield). The  study of  this pro- 
cess in detail shows 12 that two consecutive-paral lel  reac- 
tions proceed at 400--520 ~ to  form chtoromethyl-  
trichlorosilane (5) and bis( tr ichlorosi lyl)methane (2). 

kll 
ClCHaCI + :SiCI 2 ~ ClCH2SiCI 3 

5 

k12 
5 + :SiCI 2 ~ CI3SiCH2SiCI 3 

2 

( t t )  

(12) 

The ratio between tile rate consta, l ts  of  these reac- 
tions was determined, ix and the n laximum yield (Ym~x) 
of the intermediate compound 5 was calculated at dif- 
ferent temperatures: 

7~~ 404 440 50 I 

ki2/kD~ I 08 1.18 I.S0 
Y,,,.,,(5) (%) 35.4 338 26.6 
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The yield of compound 5 at 400--440 ~ (32--34%) 
is higher than that at 520 ~ (26%). In the same work, tz 
side reactions of CH2CI 2 pyrolysis were considered. The 
pyrolysis products react with :SiCI 2 to give tris(tri- 
chlorosilyi)methane 6. 

Compound 6 is also formed in the gas-phase reac- 
tion of CHCI 3 with :SiCI 2 at 450--550 ~ 13 The prod- 
ucts of this reaction contain bis(trichlorosilyl)methane 
as well. 

CHCI 3 + :SiCI 2 ~, CH(SiCI3) 3 + CI3SiCH2SiCI 3 
6 2 

(25--34%) (10--30%) 

The reaction of :SiCl 2 with CCI 4 proceeds in a 
different way. 13 Evidently, the primary product (7) of 
the insertion of :SiCI 2 into the C--CI bond of the 
starting compound is thermally unstable and, according 
to the published data, 15 can decompose via co-elimina- 
tion (Eq. (13)) to form :CCI 2. Therefore, no insertion of 
another :SiCI 2 molecule into the C--CI bond of carbon 
tetrachloride occurs. 

CCI 4 + :SiCI 2 ~ CCI3SiCl 3 ~ :Gel 2 + SiCl 4 ( t3)  

7 ~  :Siclz 

CCI~(SiCI3) 2 

Bis(trichlorosilyl)acetylene (8) is the main product 
of the gas-phase copyrolysis of Si2.CI ~ with CCI 4. This 
compound is most likely formed in the reaction of :SiCI 2 
with tetrachloroethylene observed in the reaction prod- 
ucts. The latter can appear due to dimerization of :CCI 2, 
which is obtained in reactions (13) or (14).16 

COl 4 ~ :COl 2 + 012 (14) 

2 :CCI 2 -~ CCl2=CCI 2 

C o m p o u n d  8 can p robab ly  be fo rmed  due to  the 

following transformations: 

i Cl Cl I I I :SiCI 2 
CCI2=CCI 2 4- 2 "SiCl 2 ~ Cl3SiC-----CSiCl 3 

9 

C I 3 S i C = : C S i C I  3 4- S i C l  4 . 

8 

It follows tu this scheme that excess Si2Cl~, in the 
starting mixture is required for preparing acetylene 8. In 
fact, at 500 ~ and the molar ratio Si2CI 6 : C2C14 = 
4 : I, the yield of alkyne 8 is 42%. When the molar 
ratio of the reagents decreases to 2 : I, the yield of 
compotuld 8 decreases lo 26%. 13 

Table 2, Influence of the reagent ratio and the 
temperature of the reactions of Si2CI 6 with 
alkenyl chlorides on the yields of alkenyl- 
chlorosilanes (RSiCI]) 17,18 

RCI Si2CI 6 : RCI a T[~ Yield of 
RSiCI3 (%) 

AIICI 1: 
AIICI 1: 
AIICt 2: 
VinCI I : 
VinCI 2 : 
VinCI 1 : 
C4H7CI b I : 
C4H7C1 b 2: 

500 49.0 
500 64.4 
500 81.0 
500 55.7 
500 63.0 
550 44.6 
520 31.8 
520 53.4 

a Molar ratio. 
t, Methallyl chloride (CH2=C(Me)--CH2CI). 

Synthesis of alkenylchlorosilanes 

Unlike alkyl chlorides, alkenyl chlorides contain not 
one but two reaction centers (C--CI  and C=C bonds) at 
which the attack of :SiCI 2 can occur. The studies for 
allyl chloride, t7 vinyl chloride, 17 and methallyl chlo- 
ride 18 as substrates have shown that :SIC12 is predomi- 
nantly inserted into the C--C1 bond. 

The yields of alkenylchlorosilnes under different re- 
action conditions are presented in Table 2. The maxi- 
mum yield (81%) is achieved when AIICI is used. 

Alkenyltrichlorosilanes are obtained in reactions (2)-- 
(4), and the thermal effect for the formation of excited 
RSiCI3* molecules (Eq. (15)) virtually does not differ 
from the thermal effect of reaction (2) (the enthalpy 
AH~ of reaction (15) for AIICI is equal to 
-313  kJ mot-I). 17 

RCI 4- :SiCI2 ~ RSiCI3* (15) 

10 

R = CHz=CH, CH2=CH--CH 2, CHz=C(Me)-.-CH 2 

Thus, the reactioqs of :SiCI 2 generated from Si2CI 6 
with alkenyl chlorides also result in vibration-excited 
molecules of 10, which can either be stabilized or 
decompose. 

Free radicals are generated in the decomposition of 
highly excited molecules of AIISiCI3, VinSiCl 3, and 
(2-methylprop-2-enyl)trichlorosilane. Their subsequent 
interactions with each other, "SiCI 3 radicals, and :SiCI 2 
lead to various organosilicon compounds, t7,18 

For example, an additional five compounds are 
formed in yields from 0.3 to 10.4% during the synthesis 
of vinyltrichlorosilaue:17 I, I-dichloro- I-silacyclopent- 
3-ene (!1) and its trichlorosilyl derivatives (12). 
bis(trichlorosilyl)ethylene, trichlorophenylsilane, and 
I, 1,3,3-tetrachloro- 1,3-disilacyclohcx-4-ene (13). 

The reaction of allyl chloride 17 with Si2CI 6 gives six 
secondary products in 0.6--4.6% yields: bis(trichlorosily[)- 
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methane, allyldichlorosilyl(trichlorosilyl)methane, tri- 
ehlorophenylsilane, and heterocyclic compounds 11--13. 

Several secondary products are formed in yields from 
1.2 to 13% in the reaction of  methallyl chloride 18 with 
Si2CI 6, along with the main product ehloro(2-methyl-  
prop-2-enyl)silane (see Table 2) and its isomer, trichloro- 
isocrotylsilane (5--9% yield). Bis(trichlorosilyl)methane, 
I, 1, 1,5,5,5-hexachloro- 1,5-disila- 3-methylpent-2-ene,  
and bis(trichlorosilyl)benzene are the most interesting 
compounds among the secondary products. 

Reaction of :SiC~ with acetone 

We studied the reaction of Si2CI 6 with acetone in the 
gas phase within the 520--560 ~ temperature range at 
different ratios of the reagents. 19 The main reaction 
products were found to be hexachlorodisiloxane (14), 
I -a l ly l -  I, 1 ,3 ,3 ,3 -pen tach lo rod i s i loxane  (15),  
I , I , 3 , 3 , 3 - p e n t a c h l o r o - l - v i n y l d i s i l o x a n e  (16), and 
I, 1,3,3,3-pentachloro- 1 -vinyloxydisiloxane (17). 

Si2CI6 + M e C M e  ~ CI3SiOSiCl 3 + AtlSiCI2OSiCI 3 + 
It 
O 14 15 

+ VinSiCl2OSiCI 3 + VinOSiCI2OSiCI 3 
16 17 

The influence of  the reagent ratio was studied 19 at 
520 ~ and the molar ratio Si2CI 6 : Me:zCO = I : 2. 
Under these conditions, the maximum yield (33.5%) is 
observed for compound 15. When the reagents are taken 
in an equimolar ratio, the yields of compounds 15 and 
16 are close (19.8 and 18.9%, respectively). Further 
increase in the conte,}t of  Si2CI 6 results in an increase in 
the yield of  (C13Si)20 only (to 7.5%) and in a decrease 
in the yields of  the other compounds. An increase in the 
reaction temperature ttp to 560 ~ has a slight effect on 
the yields of the products. 

H3C--~--CH 3 + :SiCl 2 ~ H 3 C - ~ = C H  2" (16) 

0 OSiCI2H 

18 

18 =- H3C--CH:=CH 2 + O=SiCI 2 (17) 

O=SiCI 2 + SiCI 4 = CIsSiOSiCI 3 (18) 

14 

CI3SiOSiCI 3 + :SiCI 2 = Cl3SiOSiCI2SiCI3* (19) 

19 

t 0  z,, CI3SiO~;iCI 2 4- "SiCl 3 (20) 
20 

H a C - C - - C H  3 H3C--  C" 4- " CH 3 
tl II 
0 0 

(21) 

CH2=CH-.-CH 3 + "CH 3 z,, CH2=CH--(~H 2 + CH 4 (22) 

CH2=CH-~H 2 + 20 = CH2=CI"t-~H2SiCI2OSiCI3 (23) 

15 

15 P CH2=CHSiCI2OSiCl3 + :CH 2 (24) 
16 

H3C-C" + "SIC| 3 ~ H3C-C- -S [C l  3 
II II 
0 0 21 

P H2C=CH--OSiCl 3 (25) 
22 

22 + O=SiCI 2 ~ CH2=CHOSiCI2OSiCl 3 

17 

(26) 

(Molecules o f  18 and 19 formed in the vibrat ion-excited 
state are marked by asterisks.) 

The mechanism of  the react ion of  :SIC12 with ac-  
etone was not studied, it is assumed 19 to be similar  to 
that of the addition of :SiCI 2 to the double C = C  bond 
and to include the formation o f  oxasi lacyclopropane 
(23). The cleavage of the endocycl ic  S i - -C  bond accom- 
panied by the migration of the H atom from carbon to 
silicon and the appearance of  the  C = C  bond results in 
the formation of  compound 18. 

Me2CO + :SiCI~ 

2 3  

H 
�9 I 

M e - C - C - - H  

D ] XH 

P Me - - C - M e  

0 

D 18 

It is noteworthy that a product  of  type 18 is formed 
in the reaction of Mes2Si: with acetone, z~ whereas a 
compound of type 23 with the oxasi lacyclopropane struc- 
ture was obtained in the react ion of  Mes2Si: with 
I, 1,3,3-tetramet hyliqdan-2-one,  z I 

It is most likely that compound  18 can also be 
formed due to the insertion of  :SiCI~ into the  O - - H  
bond of the enol form of acetone.  

M e C = C H  2 + :SiCI 2 
I 
OH 

18 .  

Compound 18 is evidently formed in tile excited 
state, which usually appears when thermally generated 
dichlorosilylene is inserted into o ther  bonds 8 and,  hence, 
decomposes to propylene and dic ldoros ihmone (reac- 
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tion (17)). The latter, as known, zz is easily inserted into 
the Si--CI bonds oftetrachlorosilane to give hexachloro- 
disiloxane (14) (reaction (18)). The insertion of :SiCI 2 
into tile Si--CI bond of siloxane 14 results in the excited 
product 19, whose decomposition gives free radicals 20 
and "SiCI 3 (reactions (19) and (20)). It is known s that 
insertion of :SiCI 2 into the Si--CI bond is accompanied 
by a heat liberation o f - 2 0 0  kJ mol -E. 

Free radicals also appear in the thermal decomposi- 
tion of acetone 23 (reaction (21)). Methyl radicals that 
formed in this reaction react with propylene according 
to Eq. (22) to give allyl radicals. It is noteworthy that 
the addition of methyl radicals to the double bond of 
propylene occurs considerably more slowly than the 
elimination of hydrogen according to Eq. (22), which is 
related to the difference in activation energies of these 
reactions (38.1 and 18.8 kJ mol - I ,  respectively), z4 

The recombination of allyl radicals with radicals 20 
in reaction (23) results in compound 15. It is known zs 
that during their thermal decomposition, allylsilanes of 
type 15 easily eliminate methylene and are transformed 
into vinylsilyl compounds (reaction (24)). 

A stepwise scheme for the formation of compound 
17 was suggested. 19 The scheme included the recombi- 
nation of the acetyl and "SiCI 3 radicals and the appear- 
ance of an unstable compound 21, which isomerizes to 
trichlorovinyloxysilane (22). Then reaction (26) occurs 
to give compound 17 (2--6% yield). 

Synthesis of organoehlorogermanes 

It has been shown z6 that dichlorosilylene can be t,sed 
for the generation of dichlorogerrnylene according to the 
following scheme: 

GeCI 4 +- :SiCI 2 ~ [CI3GeSiCI3] ~, SiCI 4 + :GeCI 2. 

T h e  d i c h l o r o g e r m y l e n e  t hus  o b t a i n e d  was used in the  

syntheses of aromatic and unsaturated organogermanium 
compounds. 

Synthesis of arylchlorogermanes 

The gas-phase methods f o r  tile synthesis of phenyl- 
trichlorogermane (~40% yield) and thienyltrichloro- 

germane (-70% yield) by the reactions of GeCI 4 with 
chlorobenzene and chlorothiophene, respectively, in the 
presence of Si2CI 6 at 550 ~ have been described. 26 The 
authors of Ref. 26 found that Si2CI 6 initiates this reac- 
tion; in the absence of Si2CI6, PhCI does not react with 
GeCI 4. Further studies showed z7 that the reaction can 
also occur at a lower tempera ture  (460--500 ~ 
Table 3). The following scheme for the synthesis of 
PhGeCl 3 was suggested: z6'z7 

SQCI 6 = :SiCI 2 + SiCI 4 

GeCI 4 + :SiCI 2 b- 

SiCI4 + :GeCI 2 (27) 

[ClaGeSiCI 3] :SiCI 2 + GeCI 4 (28) 

2 4  
- " SiCI 3 + "GeCl 3 (29) 

PhCI + :GeCI 2 D- PhGeCI 3 (30) 

~ CI 

PhCI + "GeCI 3 ~ ~ PhGeCI 3 
GeCI 3 - c l "  

(31) 

~ CI 

PhCI + "SiCI 3 ~ ~ PhSiCI 3 (32) 
SiCI 3 -e l "  

PhCI + :SiCl 2 -- PhSiCI 3 (33) 

The decomposition of Si2CI 6 (see reaction (1)) starts 
at 380--400 ~ 4 The insertion of :SiCI 2 into the 
Ge--C1 bond of germanium tetrachloride results in the 
formation of compot, nd 24, 26 which is very labile and 
decomposes rapidly iq reactions (27)--(29). 

Reaction (27) is shown 27 to be exothermic 
(Al/~298(g) = -174  kJ tool-t) ,  and reaction (29) is en- 
dothermic (&H~ = 8.9 kJ mol-I) .  The Polanyi--  
Semenov equation z8 is evidently appropriate for reac- 
tions (27)--(29) occurring via the free-radical or con- 
certed mechanism. It follows from this equation that the 
activation energy for the exothermic reaction is lower 
than that for the endothermic or thermoneutral reac- 

Table 3. Synthesis of PhGeCI 3 by the reaction of GeCI 4 with PhCI in the presence of Si~Ct 6 (the 
reaction duration is 30--35 s) z7 

T GcCI 4 " PhCI 

/~ 

Si2Cl 6 * Conversion 

o f  GeCI4 
(%) 

Yield of PhGeCI 3 PhGeCI 3 
per per 

starting reacted 
GeCI 4 GeCI 4 

PhSiCI  3 * 

460 1.0 : t.0 
5(10 1.0 : 1.0 
551) 1.0 : 1.0 
550 1.0 : 1.0 

0_5 57 6.54 11.5 16.2 
0.5 60 7.65 12.8 I1.3 
0.5 62 16.4 26.4 9.,~ 
1.0 71 41.1 57.9 4.7 

1.0 
I.O 
1.0 
1.0 

* Mo la r  ratio. 
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tion. When the values of the pre-exponentiat factors of 
the one-type processes (27)--(29) are close, this results 
in a situation in which the exothermic reaction (27) 
occurs with maximum rate. The rates of the thermo- 
neutral (28) and endothermic (29) reactions are substan- 
tially lower. The :GeCI 2 that formed in reaction (27) 
reacts with PhCI via Eq. (30) to yield PhGeCI 3. 

The "SiCI 3 and "GeCI 3 radicals generated in lesser 
amounts (reaction (29)) react with PhCI according to 
Eqs. (31) and (32). Trichlorophenylsilane can also be 
formed due to the insertion of :SiCI~ into the PhCI 
molecule (reaction (33)). However, reactions (32) and 
(33) occur to a lesser extent, since the yield of PhSiCI3 
is 5--16-fold lower than that of PhGeCI 3 (see Table 3). 
The reactions of types (31) and (32) have been studied 
previously. 29-31 

Dichlorosilylene obtained by the pyrolysis of l , l -d i -  
chloro-l-si lacyclopent-3-ene 3z (25) can be used for the 
generation of :GeCI 2. 

C3 
SiCI 2 

25  

C H 2 : C H - - C H = C H  z + :SiCI 2 (34) 

Reaction (34) has previously been studied in detail. 33 
The reactio~ of GeC14 with PhCI in the presence of 
silaeyclopentene 25 at 550 ~ affords PhGeCI 3 and 
PhSiCI] in 45.9 and 4.6% yields, respectively. 3z 

Synthesis o f  alkenylchlorogermanes 

It has been shown 34,35 that :GeCI 2 generated in 
reaction (27) can also be used in the synthesis of 
alkenyltrichlorogermanes if alkenyl chlorides (allyl chlo- 
ride, 34 methallyl chloride, 34 and vinyl chloride 35) are 
used as reagents (Table 4). 

The yields of alkenyltrichlorogermanes obtained at 
500 ~ range within 22--31%. However, alkenyl- 
trichlorosilanes are also formed during the reaction, and 
their yields are insignificant in the case of vinyl chloride, 
but increase substantially in the reactions with allyl 
chloride or methallyl chloride (see Table 4). 

Table 4. Synthesis of alkenyltrichlorogermanes in the 
reactions of GeCI 4 with alkenyl chlorides (RC1) in thc 
presence of Si2CI ~ (500 ~C) a 

RCI Yield (%) RGeCI3 : RSiCI3 b Refer- 

RGeCI 3 RS;,C| 3 erlce 

Vit~C1 30.9 4.8 6.44 : 1.0 35 
AIICI 23.5 216 1_09 : 1.0 34 
C4HTCI c 22.4 25.5 0.87 : I.(} 34 

" Molar ratio o f  the starting reagcnts 
GcCI 4 : RCI : Si2CI ~ = (1.5--2) : I : I. 
h Molar ratio. 
'" Mclhallyl chloride. 

The following scheme for the formation of alkenyl- 
trichlorogermanes and atkenyltrichtorositanes was sug- 
gested ~ (it is similar to that presented above for the 
reactions with chlorobenzene): 

Si2CI 6 ~ :SiCI 2 + SiCI 4 

GeCI 4 + :SiCI 2 

[CI3GeSiCI 3] .. 
SiCI 4 + :GeCI 2 

C ,SiCI3 + "GeCI 3 

RCI + :GeCI 2 ~ RGeCI 3 (35) 

RCI + :SiCI 2 ~ RSiCI 3 (36) 

R = CH2=CH, CH2=CH--CH 2, C H 2 = C ( M e F - ~ H  2 

Three additional products are formed during the 
synthesis of VinGeC13: trichlorochioroethylgermane (26), 
t r ichlorochloroethyls i lane (27) ,  and bis( t r ichloro-  
silyl)ethane 3 (0.3--4. I% yields). 3s The following scheme 
for the formation of compounds 3, 26, and 27 was 
suggested in the same work: 35 

CH2=CHC! + "GeCI 3 ~ ClaGeCHz(~HCI 

28  

(37) 

28 + RH ~ CI3GeCH2CH2CI + R" (38) 

2 6  

CHz=CHCl  + "SiCI 3 ~ CI3SiCH2(~HCI (39) 

2 9  

29  + RH ~ CIaSiCHzCH2CI + R" (40) 

2 7  

27  + :SICI 2 ~ CIaSiCH2CH2SiCI 3 (4 [ )  

3 
RH = CICHCH 2, etc. 

It is known 37,3s that St- and Ge-centered radicals 
readily add to double bonds affording radicals of types 
28 and 29, which can abstract an H atom from other 
molecules to form compounds 26 and 27 (reactions 
(37)--(40)). 

It is noteworthy that "GeCI 3 and "SiCI 3 radicals add 
to vinyl chloride at the methylene group (reactions (37) 
and (39)) contrary to Markovnikov 's  rule. 

Dichlorosilylene is inserted into the C--CI  bond of 
chlorosilane 27 to form compound  3. The reactions of 
type (41) have previously been considered in detail, s 

The molar ratios of the RGeCi  3 and RSiCI 3 products 
formed in the reactiovls of GeCI 4 with AIICI, VinCI, and 
PhCI in [he presence of Si2CI 6 are presented in Tables 3 
and 4. It is of interest that this ratio depends on the 
stability of the C--CI bond in the RCI used: the stronger 
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this bond, the greater the RGeCI3/RSiCI 3 ratio (1.09, 
6.44, and I 1.3 for AIICI, VinCI, and PhCI, respectively). 

RCi & 
/~J  mo l  - I  

AIICI 263.6 36 
VinCI 338.9 ~ 
PhCI 392.4 t0 

This behavior agrees well with the kinetic analysis of 
the reactions of types (1), (27), (29), (35), and (36), 
which has been performed 34 for the reaction of GeCI 4 
with allyl chloride in the presence of Si2CI 6. 

The results presented demonstrate the considerable 
potentialities of the new method for syntheses of 
organogermanium compounds. 

Synthesis of organochlorostannanes 

We have shown the principal possibility of the ther- 
mal method for syntheses of other organoelement com- 
pounds as welt, in particular, organylchlorostannanes, 
by insertion of :SiCI 2 into the Sn--CI bond. It has been 
found 39 that when SnCI4 is used in reaction (27) instead 
of GeCI 4, dichlorostannylenes can be obtained. 

SnCl 4 + :SiCI 2 = [CI3Si-.---SnCI3] ,,~ SiCl 4 + :SnCI 2 (42) 

The thermodynamic calculation shows that reaction 
(42) is exothermic (AH~ = -220  kJ tool-t) .  

Dichlorostannylenes formed in reaction (42) can be 
trapped by different reagents; for example, chloromethyl- 
dimethylchlorosilane was used 39 as the trapping reagent: 

450--550 *C 
CIMe2SiCH2CI  + SnCI  2 ~ C IMe2S iCH2SnCI  3. 

It should be mentioned that the pyrolysis of the 
SnCI a itself does not result in the formation of SnCI 2. 

ht conclusion one should note that the results pre- 
sented in this review demonstrate the wide possibilities 
for t,sing dichlorosilylene in the syntheses of organo- 
chloroderivatives of silicon, germanium, and tin. We 
succeeded in the use of the reactions of :SiCI 2 with alkyl 
and alkenyl chlorides for the synthesis of organosilicon 
compounds. It has also been established that the intro- 
duction of :SiCI 2 along with GeCI a or SllCl 4 into the 
reaction results in :GeCI 2 or SnCI 2 generation, which 
can be easily trapped by different reagents to form 
organogermanium or organotin compounds. Subsequent 
extel~sion of the limits of using dichlorosilylene for the 
syntheses of heteroorganie compotmds may be possible 
using hatides of other elements alol~g with GeC14 or 
SI1CI 4 itl the reactions. 
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