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been present. It is possible that higher molecular 
weight species might have been present if higher tem- 
peratures had been achieved earlier in the vaporizations. 

The presence of series 2 species probably arises from 
the reactivity of B2Se3 with HzO(g) even at  low H20 
pressures. This hydrolysis reaction would be expected 
to introduce an oxygen contaminant also into the sam- 
ple. The presence of oxygen in some species was de- 
duced for sets of ions at  masses 71, 108, and 13G as 
discussed previously. The presence of series 2 species 
H2BSez+ and H2BzSe3+ is assumed to be caused by 
parent species also bearing H atoms, probably Hz- 
BSedg) and H~BSes(g1. 

The data reported in Tables 1-111 indicate that the 
gaseous molecules BSez and BsSeK are thermally stable 
to 700". 

The results of this study of the boron selenides show 
some similarities to the studies of the vaporization of 
B2S3;4J,8 the gaseous species observed were BS2, B2S3, 
and their polymers. In the earlier s t ~ d i e s , ~ , ~  as the 
vaporization proceeded by heating to progressively 
higher temperatures, the higher molecular weight species 
decreased in importance leaving only Bz&(g). In  the 
study by Chen and Gilles,8 the gas composition was 
studied as a function of the composition of the con- 
densed B-S phase. Congruent vaporization of B2S3 
was found to produce only B2Ss(g) and its polymers. 
If the sample was S rich in comparison to B&, BSz(g) 
and its polymers were found also. If the sample was 
S poor, then B2S2(g) was detected in addition to BS2+ 
and Bas3+. In the study of the thermal decomposition 
of HBSz,6,7 it was concluded that HBSa initially lost 
large amounts of HzS(g), samples then lost gaseous 
polymers of HBX2, and finally the mass spectra of boron 
sulfides similar to those of the earlier studies were 
observed. 

The appearance in this study of the vaporization of 
B2Se3(s) of series 1 gaseous species may be compared 

with what occurred with the similar vaporization of 
B&(s) by Gilles, et aZ.4r58s The initial appearance of 
selenium and its polymers suggests that these B2Se3 
samples were of high selenium activity. In  later stages 
of the vaporization of these samples, the species BSe2(g) 
and BzSe3(g) were observed. Gilles, et al., in addition 
to BS2(g) and BaSa(g), found gaseous polymers of 13S2 
and B& If polymers of BSez or BeSea were present, 
their importance was significantly less than in the case 
of the boron sulfides. The fact that vaporizations 
terminating a t  high temperatures led to B& and BSez 
(BSe2+ may be a fragmentation product a t  the end of 
the vaporization) and B2Se3 as the important gaseous 
molecular species shows the similarities in sulfur and 
selenium chemistry. 

In the case of the boron selenides, the hygroscopic 
nature of the sample introduced H (and 0) into the 
condensed phase. Initial stages of the vaporization 
showed large amounts of H2Se(g). In addition, Hz- 
BSea(g) was observed. These results show similarities 
to the thermal decomposition of HBSz(s) studied by 
Gilles, et ~ 1 . ; ~ ' ~  in the case of HBSz, H2S(g) and HBSz 
(g) were observed. Further heating of the HBSz 
sample gave gaseous products as found in the vaporiza- 
tion of B2S3(s). In  this study of the B-Se system, 
further heating of samples showing H species, see 
Table 111, gave rise to B&ea(g) just as vaporization of 
a sample showing only series 1 species. 
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The products from the pyrolysis of disilane-ds and methylsilane were silane-& and CHnSiHrSiDnH. 
strate that  the pyrolysis of disilane yields silene (probably singlet) and silane. 
hydrogen bonds appears to  increase greatly with an increase in the hydridic character. 
found similar to that  of disilane. 

These results demon- 
The rate of insertion of silene into silicon- 

The pyrolysis of digermane was 
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In  this paper we report our results on the trapping of 
silene-dz by methylsilane and on relative rates of silene 
insertion into silanes. We also report our results on 
the pyrolysis of digermane. 

Results 
The results listed below were obtained in flow systems 

which contained a cold trap which set the pressure of 
the reactants and which condensed the volatile pro- 
ducts except silane or germane which are stable a t  the 
reaction temperatures. 

1. Thermal Reaction of Si2Dfi with CH3SiH3.-The 
products from the pyrolysis of disilane-do in the presence 
of excess (-6.7 : 1) methylsilane a t  375' were silane-& 
and CH8SiHzSiD2H. The very small hydrogen frac- 
tion obtained was all D2. The absence of HD demon- 
strates that deuterium atoms were not present since 
they would abstract hydrogen atoms from methylsilane. 
Thus the initial step in the pyrolysis of disilane must be 
either the formation of silyl radicals or the formation of 
silene and silane (eq 1). The formation of CH3SiH2- 
SiDzH clearly demonstrates that the reactive species 
from the disilane pyrolysis is the silene radical (methyl- 
silane is stable below 500°).2 

The silene radical could be formed either from eq 1 or 
from the initial formation of silyl radicals followed by 
the conversion of silyl to ~ i l e n e . ~  The conversion of 
silyl radicals could occur by a decomposition to silene 
and deuterium which we can eliminate (no HD) or by a 
deuterium abstraction reaction. In  this case, the 
abstraction reactions would be 

SiD3 + SiD, -+ SiD4 + SiDz (4) 

SiD3 + SiaDs ----f SiD4 + SizD5 (5) 

SiD8 + CH3SiH3 + SiD3H + CH3Si'H2 (6) 

From concentration and even activation energy* con- 
siderations, the relative rates for these three reactions 
must be eq 6 > eq 5 >> eq 4. Since silane-& was 
not observed, we can eliminate reaction 6 and thus also 
reaction 4. Therefore, we can conclude that silene-dz 
was produced according to eq 1 which is the initial 
decomposition step in the pyrolysis of disilane. 

2. Thermal Reaction of SizHfi with (CH&SHZ.- 
The products from the pyrolysis of disilane in the 
presence of dimethylsilane { [S~ZHB]/ [ (CH&SiH2] G 
0.93/1.00) a t  412' were 1,l-dimethyldisilane and trisi- 
lane in a 1.44: 1 ratio. This experiment measured the 
relative rate of silene insertion into dimethylsilane and 
disilane. With a correction for steric factors, this 
result demonstrates that insertion into the silicon- 
hydrogen bond of dimethylsilane was favored over that 
of disilane by about 7: 1. This result suggests that 
silene acts as a electrophilic reagent. 

3. Thermal Reaction of Si2Hs with ClSiHs.-The 
silene insertion product from the pyrolysis of disilane 
a t  400' in the presence of a small excess of chlorosilane 

(2) J. J. Kohanek, P. Estacio, and M. A. Ring, Inovg. Chem., 8, 2516 (1969). 
(3) This latter poiflt is considered since we have data which suggest that  

(4) 0. P. Strausz, E. Jakubowski, H. S. Sandhu, and H. E. Gunning, J. 
silyl radicals are unstable with respect to silene and silane. 

Chem. Phys. ,  51, 652 (1969). 

was trisilane with no evidence for the formation of 
chlorodisilane. This result confirms the fact that silene 
acts as an electrophile during insertion reactions into 
silicon-hydrogen bonds. 

Pyrolysis of Digermane.-The results from the 
pyrolysis of digermane are listed in Table I .  These 

4. 

TABLE I 
PYROLYSIS OF DIGERMANE 

Temp, consumed, 7 - A m t  of products, mmol-- Time, 
O C  mmol GeHd GesHs H2 hr 

GezHs 

230 0.01 0.004 0.004 ... 3 
240 0.08 0.04 0.04 . . .  3 
240 0.05 0.02 0.02 . . .  3 
250 0.06 0.03 0.01 0.005 2.5 

results show that the pyrolysis of digermane (eq 7) is 

2GezH~ + GeH4 + GeaHs (7) 

similar to that of disilane. The low quantity of hydro- 
gen produced demonstrates that hydrogen atoms were 
not formed in the initial decomposition. 

5 .  Thermal Reaction of Ge2Hs with C2H5GeD3.- 
The products from the pyrolysis of digermane in the 
presence of ethylgermane-& a t  280" were germane, 
trigermane, and ethyldigermanes while diethyldiger- 
manes were not observed. These results strongly argue 
that digermane decomposes into germene and germane 
(eq 8). If digermane had decomposed into germy1 

GezHe + GeHz + GeH4 (8) 

radicals, reaction 8 should have produced germane-& 
and a diethyldigermane. 

Discussion 
1. Pyrolysis of Disilane and Digermane.-It is well 

known that disilane is thermally less stable than ethane 
or peralkyl- or peraryldisilanes.6 Ethane and hexa- 
methyldisilane decompose by carbon-carbon6 or 
$ilicon-silicon7 bond fission with activation energies of 
89.5 and 67 kcal/mol, respectively. Though the 
silicon-silicon bond energy in disilane is open to ques- 
tion, the best value appears to be 81 kcal/mol.* There- 
fore, if disilane were to decompose into silyl radicals, 
the activation energy would be about 80 kcal/mol 
and disilane would be essentially as thermally stable 
as ethane and the organodisilanes. Thus, the different 
decomposition mode found for disilane explains its 
lower thermal stability. We have estimated that the 
activation energy for this process is 57 kcal/mol. This 
value is based on an A factor of 16 and data from the 
pyrolysis of disilane reported by Tebben and Ring.1 
It is also of interest that the pyrolysis of digermane ap- 
pears to proceed through the formation of germene and 
germane. 

The formation of silene and silane from disilane sug- 
gests that the activated complex has a bridging hydro- 

(5 )  A. G. MacDiarmid, Advan. Inovg. Chem. Radiochem., 3, 214 (1961). 
(6) S. W. Benson and H. E. O'Neal, "Kinetic Data on Gas-Phase Uni- 

molecular Reactions," NSRDS-NBS 21, National Bureau of Standards, U. S. 
Government Printing Office, Washington, D. C., 1970, p 384. 

(7) I. M. T. Davidson and I. L. Stephenson, J. Chem. SOC., A ,  282 (1968). 
(8) W. C. Steele and F. G. A. Stone, J. Am. Chem.Soc., 84, 3599 (1962). 
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gen atom similar to what exists in diborane. Since 
silicon has low-lying vacant * 'd" orbitals available for 
bonding, the apparent formation of the bridged inter- 
mediate in place of silicon-silicon bond fission seems 
reasonable. In ethane, with no low-lying vacant or- 
bitals, the formation of such an intermediate must 
require a higher energy than simple carbon-carbon 
bond fission. It is interesting that methyl groups do 
not form bridged intermediates in hexamethyldisilane. 
Again, this is reminiscent of diborane where methyl 
groups do not form stable bridged compounds. 

Silene Insertion Reactions.-The fact that silene 
insertion into methylsilane occurred without any 
scrambling of products strongly argues that the silene 
was in its singlet state. If it were triplet silene, hydro- 
gen extraction would be expected followed by random 
radical recombinations. It is not known what the 
ground state of silene is, but singlet sileneg has been 
observed spectroscopically from the flash photolysis of 
phenylsilane and from the flash discharge of silane. 

If silene is in its singlet state in our reactions, then 
its selectivity toward insertion into silicon-hydrogen 
bonds greatly exceeds the selectivity observed for 
singlet carbene insertion into carbon-hydrogen bonds, 
This high selectivity could be due to the nature of silene 
compared to carbene or due to a greater polarizability 
of silicon-hydrogen bonds compared to carbon-hydro- 
gen bonds. 

Experimental Section 

2. 

All pyrolysis experiments were carried out in flow systems pre- 
viously described' which contained an automatic Toepler pump 
and a cold trap. 

The silicon hydrides and ethylgermane-da were prepared by the 
lithium aluminum hydride or deuteride reduction of the corre- 
sponding chloro compounds. Digermane was prepared from the 
electric discharge decomposition of germane. The purity of 
disilane, disilane-ds, and digermane was verified by a mass spec- 
t rum which consisted only of ions with a heavy-atom skeleton- 
E Z H ( D ) ~ - ~ +  and EH(D)a-zf (E = Si, Ge), whose infrared spec- 
t rum and vapor pressure demonstrated that  silane or germane was 
absent. The purity of the methylsilanes and ethylgermane-& 
was verified in the same manner. The infrared spectrum of 
disilane-dG and ethylgermane-ds demonstrated that  only a few 
per cent of the silicon-hydrogen or germanium-hydrogen bonds 
were not deuterated. 

1. Thermal Reaction of Si2D6 with CHaSiHa.-Disilane-dG 
(0.725 mmol) and methylsilane (1.88 mmol) were pyrolyzed a t  
375' for 30 hr. The product trap was a t  -95' (toluene slush) 
where the vapor pressures were 12 and 83 mm, respectively. 
The products and reactants were separated by trap to trap dis- 
tillations. The fraction passing a -196' trap (0.02 mmol) was 
identified as Dz by a mass spectrum. 

The product condensed in the -196" trap was silane-& (0.372 
mmol). The infrared spectrum demonstrated that  only a trace 
of silane-dS1" was present while strong bands from silane-d2I0 and 
- d ~ ' ~  were not observed. The fraction condensed in the -160' 
trap (1.88 mmol) was identified by an infrared spectrum and a 
mass spectrum as a mixture of methylsilane and disilane-de in a 
4 .26: l  ratio. This ratio was determined from the mass spec- 
trum which was compared to  the mass spectrum of an analytical 
mixture. The fraction which condensed in the - 112' trap was 

(9) I. Dubois, G. Herzberg, and R .  n. Verma, J .  Chem. Phys . ,  47, 4262 
(1 96 7). 

(10) J. H. Meal and M. K. Wilson, ibid., 24, 385 (1056). 
(11) M. A .  Ring  anrl D. $7. Ritter, .I. Ani .  Chem. Soc., 83, 802 (lci61). 

CHaSiHISiD2H (0.278 mmol) while the fraction condensed in the 
-95' trap (0.005 mmol) was too small to identify completely but 
appeared to  be CH&3iH?SiDaH. The identification of CHsSiH2- 
SiDzH was based on the following observations. 

The proton nmr spectrum (10%) in carbon tetrachloride 
consisted of three sets of resonances with 6 values of 3.50, 3.00, 
and 0.17 ppm (external standard) with relative intensities 
1.96 : 1 .OO : 3.02. These were assigned to -SiH2, D?SiH--, and 
HsC-. For methyldisilane ( in cyclohexane) these reso- 
nances were observed a t  6 3.83,3.33, and 0.40 ppm.lz The reso- 
nance at 6 3.50 ppm was complex as expected while that  of the 
methyl group was a well-resolved triplet with JH-H'  = 4.6 cps 
compared to 4.2 cps reported for methyldisilane. The resonance 
a t  3.00 ppm was a broadened triplet with JH-H' = 2.7 cps cotn- 
pared to the well-resolved triplet in methyldisilane with Js-lrl = 
2.5 cps. The values of JH-D in SiH3D and SiHD3 are 0.427 and 
0.412 cpsI3 and i t  seems reasonable to  expect similar values for 
JH-D in CH3SiHzSiDzH. If JH-D in CHsSiHzSiDzH is about 
0.4 cps, the D2SiH- resonance would be a broadened triplet with 
an expected JH-H! of about 2.5 cps. 

( 2 )  The mass spectrum of methyldisilane has a strong parent 
peak at m l e  76 with much weaker peaks a t  m,/e 77 and 78 due to 
W i  and Wi.  As expected, our sample had a strong parent peak a t  
m/e 78 and much weaker peaks a t  nz/e 79 and 80 (see Table 11). 

(1) 

TABLE I1 
MASS SPECTRUM OF CH&2H6 AND CHaSiHzSiD2H 

. _, " 
80 i Y  78 77 76 7 8  71 73 

CHaSiHgSiDZH 4 . 2  10 64 87 31 27 21 2T 
CHaSiZHal3 2 . 7  6 . 6  32 .1  22 7 2 5 . 7  13,,5 

(3) The infrared spectrum consisted of the following absorp- 
tions in cm-l: 2970 (m), 2150 (vs), 1560 (s), 1270 (m), 940 (s), 
885 (vs), 790 (vs), 715 (s), 665 (vs), 630 (m),  and 655 (m). The 
intensity of the silicon-hydrogen stretching frequency was 
stronger than the silicon-deuterium stretching frequency which 
would be expected for CHsSiHzSiDzH but not for CH3SiH2SiD3. 

2.  Thermal Reaction of with (CH3)2SiH2.-Disilane 
and dimethylsilane (1.23 mmol each) were pyrolyzed in a flow 
system at 412' for 24 hr. The product trap was a t  -78" (Dry 
Ice-2-propanol) where the vapor pressures were 28 and 30 mm, 
respectively. The products were separated by trap to  trap dis- 
tillations. Hydrogen (0.30 mmol) passed the - 196" trap. 
The fraction condensed in the - 196" trap was identified as silane 
(0.60 mmol) by an infrared spectrum. The fraction condensed 
in the - 160" trap was dimethylsilane (0.84 mmol). The frac- 
tion condensed in the -78" trap (0.66 mmol) was a mixture of 
1,l-dimethylsilane and trisilane in a ratio of 1.44: 1. This mix- 
ture was identified by an infrared spectrum which contained only 
those bands reported for 1 ,l-dimethyldisilane14 and trisilane's 
and an nmr spectrum which was a composition of that  reported 
for 1,l-dimethyldi~ilane'~ and trisilane.lfi The ratio was deter- 
mined from the relative intensities of the silicon-hydrogen absorp- 
tions and the carbon-hydrogen absorptions. The fraction con- 
densed in the -45' trap was a trace of tetrasilane. 
k# In  similar experiments the ratio of 1,l-dimethyldisilane to 
trisilane was 2.1 and 2.8 for pyrolysis a t  410 and 400°, respec- 
tively. 

In a separate control experiment, dimethylsilane was pyrolyzed 
in the same flow system at 420' for 24 hr witli the product trap a t  
- 78" without any decomposition. 

Thermal Reaction of SitH6 with ClSiHZ.-The pyrolysis of 
a disilane-chlorosilane mixture was conducted a t  400" for 7 hr 
with the product trap held a t  -95'. The products were silane, 

(12) M. Abedini and A. G. MacDiarmid, Inovg. Chem., I, 2040 (1966); 

(13) E. A. V. Ebsworth and J. J. Turner, J. Chem. Phys., 36, 2628 (1462). 
(14) E. A. Groschwitz, W. M. Ingle, and M. A. Ring, J .  OvgnizomPlnl. 

(15) E. J. Spanier and A. G. Maclliarmid, I ~ o r g .  Chem., 1, 432 (1962). 
(1 6) R. D. Gokhale and W. I,. Jollv, ;hid,, 3, 046 (1 Q64). 

3.  

A. G. MacDiarmid, private communication (1967). 

Clzevz. (Amsterdam), 9, 421 (1967). 
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trisilane, and some dichlorosilane. Chlorodisilanel' was not 
obtained. 

Pyrolysis of Digermane.-The pyrolysis of digermane was 
examined in the same flow apparatus as previously described ,1 

The product trap was set a t  -45". Germane was found in the 
-196" tra.p, digermane was found in the -130' trap having 
passed a -95" trap, and trigermane passed a -36" trap and 
condensed in a -63" trap. The trigermane was identified by a 
mass spectrum which contained only peaks from the ions of 
heavy-atom skeletons, Ge3+ (25.5%), Gez+ (64.3%), and Ge+ 
(lO.2Yc). The infrared spectrum was identical with that re- 
ported by MacKay and Robinson18 while the strong 812-cm-1 
absorption from germanelS and the strong 750-cm-l absorption 
from digermaneZ0 were absent 

Thermal Reaction of Ge2H6 with C~HaGeD3.-Digermane 
(0.41 mmol) and ethylgermane-ds (1.80 mmol) were pyrolyzed a t  

4. 

5 .  

(17) A. D. Craig, J. V. Urenovitch, and A. G. MacDiarmid, J .  Chem. Soc., 

(18) K .  M. MacKay and P. Robinson, ibid., 5121 (1965). 
(19) W. B. Steward and H. H. Nielsen, Phys.  Reo., 48, 861 (1935). 
(20) D. A. Downs and R. M. Hexter, J .  Chem. Phys. ,  24, 1029 (1956). 

548 (1962). 

280' for 24 hr with the product trap set a t  -63'. Under the 
conditions, very small quantities of products were obtained. 
The product fraction condensed in the - 196' trap was identified 
by infrared and mass spectra to be germane. The strong 
706-cm-l band of germane-dlZ1 was absent from the infrared 
spectrum. The fraction condensed a t  -95" was the unreacted 
ethylgermane-ds. The fraction which passed the -45' trap 
and condensed in the -63' was a mixture of ethyldigermanes and 
trigermane. The mass spectrum of this mixture consisted of 
ions with the following heavy-atom skeletons: Ge8+ (7.2), 
CSGe2+ (22.2), Gez+ (loo),  C2Ge+ (68.9), and Ge+ (62.2). S o  
diethyldigermanes were observed. 

In a control experiment, no products were observed from the 
5-hr pyrolysis of ethylgermane-ds at 320" with the trap set at 
-54O, which gave a higher reaction pressure than with the bath 
set a t  -63'. 
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Some trialkoxysilanes, (RO)&iH (R = CH3, CzHj, n-C3H7, i-C4H9), and tetraalkoxysilanes were prepared directly by the 
reactions of the appropriate primary alcohol with a silicon-copper contact mixture. Similar attempts with secondary and 
tertiary alcohols, ethers, and secondary aniines gave no silicon-containing products. 

Introduction 
With the discovery in 1940 of the direct synthesis, 

the problems of large-scale production of organosilicon 
halides were solved, in large part. The first paper 
described the high-temperature reaction of chloro- 
methane with elemental silicon, in the presence of a 
copper catalyst in a flow system, from which mixtures 
of methylchlorosilanes were obtained. This process 
was discovered independently and later by two other 
 chemist^.^ Since that time, much effort has been spent 
on attempts to elucidate the mechanism of this process 
and also to extend its application. The scope of the 
direct synthesis has now been successfully widened to 
include the reactions of: (a) other aliphatic chloro 
compounds, e.g., n-propyl, isopropyl, etc. ;4--8 (b) aro- 
matic halo compounds, e.g., bromobenzene and chloro- 

(1) Author to whom correspondence should be addressed a t  the Charles F. 

(2) E. G. Rochow, J .  Am. Chem. Soc., 67,963 (1945). 
(3) (a) R. Muller, German Patent C57411 (1942); (b) W. R. James, M.S. 

Thesis, Pennsylvania State College, 1944. 
(4) N. S. Nametkin, A. V. Topchiev, and L. I. Karaseva, Dokl. Akad .  N a u k  

SSSR, 93, 667 (1953). 
(5) N. S. Nametkin, A. V. Topchiev, and L. I. Karaseva, ibid., 101, 885 

(1963). 
(6) A. D. Petrov, J .  Gen. Chem. USSR,  26, 3305 (1955). 
(7) A. D. Petrov, ibid., 25, 2332 (1955). 
(8) P. K .  Dut,t, Sci. C d I .  (Calcutta), 49, 8241 (1955). 

Kettering Research Laboratory, Yellow Springs, Ohio 45387. 

benzene;$-l' (c) olefinic chloro compounds, e.g., allyl 
chloride ;l2-I5 (d) polyfunctional compounds, e.g., 
dichloroalkanes;'6-21 (e) silicon-containing aliphatic 
chlorides, e.g., -y-chloropropylmethyldichlorosilane;22-2* 
(f) other elements, e.g., germanium, tin, thallium, 

(9) E. G. Rochowand W. F. Gilliam, J .  A m .  Chem. Soc., 67, 1772 (194,5). 
(10) P. S. Sanin and A. D. Petrov, J .  Gen. Chem. USSR,  27, 926 (1957). 
(11) B. Bluestein, U. S. Patent 2,548,665 (1951). 
(12) D. T. Hurd, J .  A m .  Chem. Soc., 67, 1813 (1945). 
(13) M. F. Shastakovsky, E. M. Savitsky, D. A. Kochkin, and L. V. 
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