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A mechanism for the gas-phase, high-pressure thermal decomposition of dimethylsilane is proposed which 
explains in a kinetically reasonable way the production of the complex linear and cyclic carbosilane products 
observed for this reaction. The mechanism is based on unimolecular and bimolecular reactions of silylenes, 
which (with one exception) are all well-known or previously proposed processes. A crude modeling of the 
dimethylsilane pyrolysis, using assigned rate constants derived from reported Arrhenius parameters (or 
by analogy with reported parameters) or from thermochemical kinetic considerations in the absence of 
such data, is shown to be in reasonable agreement with the experimental data. 

Introduction 
A comprehensive mechanistic interpretation of the or- 

igins of the numerous and unusual products observed and 
characterized by Fritz et al.’ in their classic studies of the 
pyrolyses of methylsilanes (MenSiHkn, n = 1-4) has never 
been made. Initially, and perhaps still today, these py- 
rolyses were thought to involve mainly free radical reac- 
tions.2 However, with progress in characterizations of the 
initiation reactions in the methylsilane pyrolyses3-’ and 
with a reasonably good understanding of the subsequent 
elementary reactions involved?6 it is now clear that si- 
lylenes (and silenes and disilenes) and not free radicals 
must be the main reaction intermediates of these pyrolyses. 
Hence a logical explanation of their reaction products on 
this basis should now be possible. Such is the purpose of 
this paper. In particular, we present here a reasonable 
mechanistic interpretation of the dimethylsilane pyrolysis. 

The following facta concerning alkylsilane and alkyldi- 
silane pyrolyses are now rather well documented: (1) 
Primary dissociation reactions for all alkylmonosilanes 
(except tri- and tetraalkylmonosilanes) produce silylenes 

(1) Fritz, G.; Maas, J.; Hornung, A. Z. Anorg. AlG. Chem. 1980,460, 

(2) Fritz, G.; Matern, E. Carbosilanes; Springer-Verlag: New York, 

(3) Neudorfl, P. S.; Strauz, 0. P. J. Phys. Chem. 1978,82, 241. 
(4) Davidson, I. M. T.; Ring, M. A. J. Chem. Soc., Faraday Trans. 1, 

1980,76,1620. Sawrey, B. A.; ONeal, H. E.; Ring, M. A.; Coffey, D., Jr. 
Znt. J .  Chem. Kinet. 1984, 16, 7. 

(5) Rickborn, S. F.; Rogers, D. S.; Ring, M. A.; ONeal, H. E. J. Phys. 
Chem. 1986,90,408. 

(6) Rogers, D. S.; O’Neal, H. E.; Ring, M. A. Organometallics 1986,5, 
1467. 

(7) Ring, M. A.; ONeal, H. E.; Rickborn, S. F.; Sawrey, B. A. Or- 
ganometallics 1983, 2, 1891. 

115. 

1986. 

or their silene isomers.’ For example, the most important 
primary process reactions of dimethylsilane are reactions 
I and 11. Free radical production by reaction I11 is neg- 

I 
MezSiHz - Me2Si + Hz 4 = 0.71 

MezSiHp MeSiH + CHI 4 = 0.15 
ligible a t  t C 1000 K but can be an important primary 
process at higher temperatures. (2) Primary dissociation 

Me2SiHP - Me’ + MeSiH, 
reactions of disilanes and alkyldisilanes (except hexaalkyls) 
also produce silylenes. Thus methyldisilane decomposes 
initially by reactions IV and V.* Three-center l,l-H2 

MeSiH2SiH3 -+ MeSiH, + SiH2 

MeSiH,SiH, MeSiH + SiH4 
elimination (as in reaction VI) is a generally accepted 
reaction pathway in dis i lane~.~ Four-center 1,2-H2 elim- 

MeSiHzSiH, - 
MeSiHzSiH + Hz 1,l-H2 elimination 

ination from disilanes is crucial to our subsequent mech- 
anistic treatment, and a thorough discussion of how this 
type of process can be effected is given later. 

Silylenes are known to be the dominant reaction inter- 
mediates in alkylsilane pyrolyses and much is now known 

111 

IV 

VI 

(8) Baird, R. B.; Sefcik, M. D.; Ring, M. A. Znorg. Chem. 1971,10,883. 
(9) Dzarnoski, J.; Rickborn, S. F.; ONeal, H. E.; Ring, M. A. Or- 

ganometallics 1982, 1, 1217. Olbrich, G.; Potzinger, P.; Reiman, B.; 
Walsh, R. Organometallics 1984,3, 1267. 
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Table I 
reaction type reactions log A' E ,  kcal ref 

Silylene Insertions into Si-H Bonds 
a Me2Si + Me2SiH2 2 Me2SiHSiHMez 9.5 O f 2  32 

Disilane Decompositions 
b Me2SiHSiHMez MezSiH2 + Me2Si 12.9 48 f 2 25 

c + d  AMe2Si=SiMez + H2 (multistep, see text) 

Silylene G Disilene Isomerizations 
e Me2Si=SiMez Me,SiSiMe 13.0 40 f 5 16 

f MeHSi=SiMe, MeSiSiHMez 13.5 17 f 5 16 

g Me3SiSi(Me)=SiMez - MeSiSiMezSiMe, 13.0 14 f 4 17 

Silylene G Silene Isomerizations 

64 

66 
h Me$i - CH,=SiHMe 13.0 40 f 4 18 

I Me3SiSiMe -% Me2Si-SiHMe 13.0 34 f 4 19 

Intramolecular Silylene Insertions (into C-H Bonds)b 

CH$ 

Me3SiCH2SiMe 2 MezSiCHzSiHMe 
LCHzJ 

12.0 30 f 4 19 

k Me3SiCHzSiHzCHzSiMe 3 Me2SiCH2SiH2CH2SiHMe 10.5 24 f 4 19 
-CHZ2 

Disilacyclopropane Ringopening Reactions 

1 MezSi-SiMeH 2 Me2HSiCH2SiMe 13.7 10 f 4 16 
CHJ 

m Me2Si-SiMeH 2 Me3SiCH2SiH 
CHJ 

66 
n MezSi-SiMeH - Me2Si=CHz + MeSiH 

lCHJ 

12.5 26 f 4 16 

14.5 41 f 5 20 

Addition Reactions of Silylenes and Silenes 
67 

0 Me2Si + Me2Si - Me2Si=SiMez 7.7 0 20 

P Me2Si + CHz=SiMeH - Me2Si-SiMeH 7.4 0 20 

q CHz=SiMeH + CHz=SiMeH 5 MeHSiCHzSiHMe 6.6 0 21 

67 

CHJ 

LCHzJ 
aErrors in A are estimated to be about a factor of bThe same reactions for RSiH (rather than RSiMe, as above) have lower 

activation energies by about 4 kcal. 

about the reaction possibilities of these species. For ex- 
ample, silylenes can initiate and propogate chain reactions 
(via Si-H insertion reactions when such reactions produce 
assymetric disilanes),' they can decompose to olefins and 
smaller silylenes' (i.e. for silylenes of formula RSiH when 
R > CHJ, and they can isomerize via intramolecular C-H 
insertion reactions to produce a variety of cyclic products.1o 
The latter intramolecular insertions can be three-center 
to form silacyclopropanes (which are unstable to subse- 
quent decompositions and isomerizations even at  room 
temperature)," four-center to produce silacyclobutanes 
(which are relatively stable up to quite high tempera- 
tures),12 five-center to form silacyclopentanes (also ther- 
m d y  stable),13 and six-center to form silacyclohexanes (the 

(10) Wulff, W. D.; Goure, W. F.; Barton, T. J. J. Am. Chem. SOC. 1978, 
100,6236. Barton, T. J.; Tillman, N. J. Am. Chem. SOC. 1987,109,6711. 
Davidson, I. M. T.; Hughes, K. J.; Scampton, R. J. J.  Organomet. Chem. 
1984,272,ll. Davidson, I. M. T.; Scampton, R. J. J. Organomet. Chem. 
1984,271, 249. 

(11) Seyferth, D.; Annarelli, D. C.; Vick, S. C.; Duncan, D. P. J. Or- 
ganomet. Chem. 1980,201, 179. Seyferth, D.; Duncan, D. P.; Shannon, 
M. L.; Goldman, E. W. Organometallics 1984, 3,574. 

(12) Flowers, M. C.; Guselnikov, L. E. J. Chem. Soc. E 1968,428,1396. 
Davidson, I. M. T.; Fenton, A.; Ijadi-Maghsoodi, S.; Scampton, R. J.; 
Auner, N.; Grobe, J.; Tillman, N.; Barton, T. J. Organometallics 1984, 
3, 1593. 

most stable of the cyclic products).13 The three-center 
processes are believed to be the most facile;14 however 
under certain conditions higher center intramolecular in- 
sertions can be ~0mpetitive.l~ 

Reactions Operative in the Dimethylsilane 
Pyrolysis 

Based on the above, it is possible to identify specific 
reaction types that should reasonably be central to the 
dimethylsilane pyrolysis. These are illustrated in Table 
I along with their approximate Arrhenius parameters either 

(13) West, R. J. Am. Chem. SOC. 1954, 76, 6012, 6015. 
(14) Barton, T. J.; Tillman, N. J. Am. Chem. SOC. 1987, 109, 6711. 
(15) Sawrey, B. A.; O'Neal, H. E.; Ring, M. A. Organometallics 1987, 

6, 720. 
(16) Modeling analyses by the authors and I. M. T. Davidson on data 

from: Boo, B. H.; Gaspar, P. P. Organometallics 1986,5, 698. 
(17) Analysis of data from: Sakurai, H.; Nakadaira, Y.; Sakaba, H. 

Organometallics 1983,2, 1481 (to be submitted for publication). 
(18) Nagase, S.; Kudo, T. J. Chem. Soc., Chem. Commun. 1984,143. 
(19) Modeling analyses by the authors and I. M. T. Davidson on data 

from: Chen, Y.; Cohen, B. H.; Gaspar, P. P. J. Organomet. Chem. 1980, 
195, C1. 

(20) Modeling analyses by the authors and I. M. T. Davidson on data 
from: Davidson, I. M. T.; Ijadi-Maghsoodi, S.; Barton, T. J.; Tillman, N. 
J. Chem. Soc., Chem. Commun. 1984, 476. 

(21) Guselnikov, L. E.; Konobeyevsky, K. S.; Vdovin, V. M.; Nametkin, 
N. S. Dokl. Akad Nauk SSSR 1977,235, 1085. 
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Thermal Decomposition of Dimethylsilane 

obtained from the literature (reactions a, b, h, and q) or 
estimated by using thermochemical kinetic methcdsa from 
literature data as cited. [Units are s-l or M-' s-l; reaction 
types are indicated by lower case letters and specific re- 
actions are numbered to correspond to the modeling (see 
Table V). 

Effective 1,2-H2 Elimination from Disilanes 
Conversions of d i s h e s  to their disilenes are extremely 

important to our mechanism for the dimethylsilane py- 
rolysis. While single-step, four-center hydrogen elimina- 
tions do not occur in disilane pyrolyses (theoretical cal- 
cdlations of the energy surface for four-center hydrogen 
elimination gives an energy barrier of 86 k ~ a l ; ~ ~  also, no 
hydrogen is produced in the shock-initiated decompositon 
of 1,1,2,2-tetramethyldi~ilane~~), there is an attractive re- 
action sequence (reaction c + d, shown below) which leads 
to the same end result. Four-center elimination in or- 

Me 
I 
I 

Me2Si: + Me,HSiSiHMe, Me,HSiSiSiHMe, 

Me 

Me2S i=SiMe, 

( I 
Me-Si---H 

/ \  Me H 

5 - Me2SiH2 + Me2Si=SiMe2 

ganodisilanes with OMe rather than H bridging has re- 
cently been reported by Jones et aLZ6 Also, four-center 
eliminations of HX (X = C1, Br, I, OH, SH, OMe, etc.) are 
very common unimolecular processes in organic compound 
decompositions.n Therefore, the c + d reaction sequence 
seems reasonable and our modeling was done on this basis. 

Conditions and Observations on the 
Dimethylsilane Pyrolysis 

The pyrolysis of dimethylsilane1P2 was carried out under 
continuous flow conditions. An approximate initial 200- 
Torr pressure of dimethylsilane was maintained by passing 
the circulating gases over the liquid reactant held in a -45 
"C reservoir. The 1-m long plug flow reactor was ther- 
mostated at  temperatures in the 600 "C range. Product 
yield data reported for the pyrolysis are reproduced in 
Scheme VI. From this scheme we see that 42% of the 
products were linear carbilanes [1,3-disilapropanes (39%) 
and 1,3,5-trisilapentanes (3% )I, while 22 % of the products 
were cyclic carbosilanes [ 1,3-disilacyclobutanes (4%), 
1,3,5-trisilacyclohexanes (12 9% ), and 1,3,5-tetrasilaadam- 
antanes (6%)]. 

Mechanism of the Dimethylsilane Pyrolysis 
A thermochemically and kinetically reasonable mecha- 

nistic interpretation for the pyrolysis of dimethylsilane, 
based on the reaction possibilities presented earlier, is 
given in Scheme 1-111. Scheme I shows the initiation re- 
actions of the dimethylsilane pyrolysis and the reactions 
which generate primary (A-F) and secondary ( G L )  re- 
action intermediates. Scheme I1 shows reactions of in- 
termediate G that are typical of the secondary interme- 

(22) Sawrey, B. A.; O'Neal, H. E.; Ring, M. A,; Coffey, D., Jr. Znt. J. 

(23) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976. 
(24) Gordon, M. S.: Truana. T. N.: Bonderson, E. K. J. Am. Chem. 

Chem. Kmet .  1984,16, 31. 
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Scheme I. Initiation Reactions and the Generation of 
Primary (A-F) and Secondary (G-L) Reaction 

Intermediates in the Dimethylsilane (DMS) Pyrolysis 
init  iat ions 

Me2SiH2 -!- H z  + Me2Si: 
A 

A CH4 + MegiH 

- CH,. + MeSiH, 
B 

1x1 

Me,Si: CH2=StHMe 

- 
Sac. 1986,108, 1421. 

(25) Nares, K.: Rina. M. A.: O'Neal. H. E.. to be submitted for Dub- -. 
lication. 

1985, 4, 1321. 

Natl. Bur. Stand.) 1970, NSRDS-NBS 21. 

(26) Jones, P. R.; Rozell, Jr., J. M.; Campbell, B. M. Organometallics 

(27) Benson, S. W.; O'Neal, H. E. Natl. Stand. Ref. Data Ser. (US'., 

L 

secondary reactions 

c + d ( + A )  A + DMS -?- Me2SiHSiHMe2 

Me,Si=SiMe, + Me,SiH, 

Me,Si=SiMeZ A Me,SigiMe 
D 

D 2 Me2Si-SiHMe B + CH2=SiMe2 

Me2SiHCH2ziMe 
G 

/ /  E CH2 

Me3SiCH2XiH 
H 

E + A - P Me2Si-SiMe2 5 Me3SiCH,&Me 
\ /  I CH, ,-- b MeSiH, + A 

\'+ MeSiH=SiMe2 + DMS 
6 + DMS MeSiH2SiHMe, 

MeSiH=SiMe, A MesiSiMe2H 
F 

F A MeSiH-SiHMe MeSiH2CH2:iMe 
\ /  J CH, 

Me2SiHCH2;iH 
K 

D + DMS 1 Me3SiSiHMeSiMe2H + (+AF 
Me3SiSiMe=SiMe2 + DMS 

e .  

Me3SiSiMe=SiMe2 A Me3SiSiMepSiMe 
L 

Scheme 11. Secondary Reaction Intermediate Reactions 
Illustrated for Species G" 

Me2SiHCH,iiMe + DMS I Me2SiHCH,SiHSiHMe2 
I 
Me IJ /b k+d 

MeHSiCH2StHMe Me2SiHCH2SiMeH2 + A Me$iHCH2SiMe=SiMe2 

L!-Iz Y le 
Me2Si HCH,&S iMe3 Me,SiHCH,SiMe,&Me 

M '  M 

'e' is and e-type isomerization to an internal silylene. 

diates. Isolatable products and higher molecular weight 
tertiary intermediates produced in the Scheme I1 reactions 
of all secondary intermediates (G-K) are summarized in 
Table 11. Scheme I11 shows the reactions of tertiary in- 
termediate M, and Table I11 shows the products expected 
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1020 Organometallics, Vol. 7, No. 5, 1988 O'Neal and Ring 

Scheme 111. Tertiary Intermediate Reactions to Products 
(Illustrated for Specieg M M = RSiMeaSiMe and R = 

Me2SiHCHz-) 

C C C 
I I I 

I 
I 

R-Si'S'iC - CR-Si--Sic1 - R-SiC's'tC 

C 

R-SiCSi: 

C I 'C/ 

Table 11. Formations of 1,3-Disilapropanes, 
1,3-Disilacyclobutanes, and Intermediate Precursors to the 

Larger Carbosilanes: Reactions of Intermediates G-Ka 
no. of 

reaction Si-H 
reactants uaths uroducts. new intermediates bonds 

G + D M S  a , b  
a, c + d, e 

a, c + d, e' 

k 

a, c + d, e 

a, c + d, e' 

k 

a, c + d, e 

a, c + d, e' 
k 

a, c + d, e 

a, c + d, e' 

k 

a, c + d, e 

H + D M S  a , b  

I + D M S  a , b  

J + D M S  a , b  

K + D M S  a , b  

A + MezSiHCHzSiHzMe, 
Hz + MezSiHCH2SiMe2SiMe 

Hz + MezSiHCHzSiSiMe3 

MeSiHCHzSiHMeCHz 
A + Me3SiCHzSiH3 
Hz + Me3SiCHzSiMeHSiMe 

H2 + Me3SiCH2SiSiMe2H 

(M) 

(MI) 

(N) 

(N') 
Me&iCHzSiHzCH2 
A + Me3SiCHzSiH2Me. 
H2 + Me3SiCH2SiMezSiMe 

- 
(0) 

Hz' + Me3SiCHzSiSiMes (0') 
MezSiCH2SiHMeCH2 
A + MeSiH2CHzSiHzMe. 
Hz + MeSiH2CH2SiMe2SiMe 

H2 + MeSiH2CH2SiSiMe3 

SiH2CHzSiHMeCHz 
A + MezSiHCH2SiH3 
Hz + 

MezSiHCHzSiHMeSiMe 
(Q) 

8 

(P) 

(P') 
, 

a, c + d, e' 

k 

H2 4 MezSiHCHzSiSiMezH 

MeSiHCHzSiHzCH2 
(Q)  

3 
1 

2 
3 
1 

1 

2 

2 
0 

0 
1 
4 
2 

2 

3 
4 
4 

2 

3 

G = Me$iHCH,SiMe; H = Me3SiCH2SiH; I = Me3SiCHzSiMe; 
J = MeSiHzCHzSiMe; K = Me2SiHCHzSiH. 

for all the tertiary intermediates (M-Q'). 
Secondary reaction intermediates ( G L )  can react in at 

least three ways: (1) with DMS to produce 1,3 disilapro- 
panes (reactions a and b), (2) with DMS and then with 
dimethykilylene (A) to produce silyhilylenes of structures 
ESiCSiSi- (reactions a, c + d, and e), and (3) by intra- 
molecular C-H insertions (reaction j) to produce 1,3-di- 
silacyclobutanes. These reactions are shown in Scheme 
11. [In subsequent tables and discussions a shorthand 
notation is used to represent reaction species. Hydrogens 
are not shown, and silylene centers are indicated by dots. 
Thus dimethylsilylene is CSiC and 1,1,2,2-tetramethyl- 
disilane is C2SiSiC2.] 

Tertiary intermediates M through Q are responsible for 
higher molecular weight carbosilane products. On rear- 
rangements to carbosilane structures (via reactions of type 
i, 1, and m), the resultant silylenes hydrogenate (reactions 
a and b) to produce linear 1,3,5-trisilapentane products or 
undergo six-center intramolecular C-H insertions (reac- 
tions of type k) to produce 1,3,5-trisilacyclohexane prod- 
ucts. Still higher molecular weight silylenes can also be 
generated. The former two reaction pathways are illus- 
trated in Scheme I11 for species (M). 

Note again that silylene reactions with DMS have three 
different end results: (1) hydrogenation of the silylene 
center, reaction sequence a and b (henceforth indicated 
as H2 ADD) [this sequence constitutes a silylene-induced 
chain decomposition of the reactant since A is regener- 
ated], (2) extension of the carbosilane backbone of the 
silylene by one Me& unit, reaction sequence a, c + d, e, 
i, and then 1 or m (henceforth indicated by EXT), e.g., 
R(C)Si: R(C)2SiCSi: or R(C)SiCSiC, and (3) con- 

C 
C 

c c c  C 

I I I I  i 
R-SiC'S'iC 4- DMS A R-SiCSiSiC b R-SiCSiC + Me2Si: 

C 

C s i c A i c S i c  
I I  
- c  

C 
I 
I 

T i :  C 
I 
I I 

R-SiCSi: + DMS a R-SiCSiSiC b R-SICSI + Me2SI: 

c C c 

Scheme IV. Consequences of DMS Trapping of 
Silylsilylenes. The Generation of an Effective 
Multifunctionality in Silylene Intermediates 

c c c  C c c  
I EXT I I EXT I I I ADD H2 c,slsI: - c,sIsIcsI: - c3sIsIcsIcsI: - 

C 
ADD H2 I 
7 CStCStCSlC (with 5 S I - H )  

c c  c c /  
I I  I I  c,sIsIcsIcsIc :SICSICSIC + C,SI 

C 

'L C S i C l i C S i  ( w i t h  4 Si-H)  
I I  

version of a methyl (or H) group bonded to a silylene 
center into a trimethylsilyl (or dimethylsilyl) group with 
retention of the silylene center, reaction sequence a, c + 
d and e' {henceforth indicated by BLOCK), e.g., R(C)Si: 
dE!L RSiSiC3. The BLOCK substitution has important 
consequences as it provides reasonable explanations for 
adamantane product formations and also for trisila product 
distributions as functions of their Si-H bond contents. 
Thus experimentally, the favored products of the tertiary 
intermediates are the trisilapentanes and trisilacyclohex- 
anes with five Si-H and four Si-H bonds, respectively. 
According to Table 111, however, intermediates G and H 
(which should be most important as they arise from the 
reactions of A and D) produce products with one less H. 
This apparent contradiction can be explained by following 
the consequences of DMS trapping of D via EXT and 
ADD sequences as shown in Scheme IV. 

Scheme IV rationalizes the production of trimethylsilane 
(an important reaction product with yields of 1.5%), and 
it also shows how multifunctionality can be built into the 
higher molecular weight silylene intermediates. Thus 
trimethylsilyl (or dimethylsilyl) groups introduced by the 
BLOCK sequence can at any subsequent time be removed 
(by reaction b) to regenerate a silylene center. This latent 
multifunctionality in higher molecular weight carbo- 
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Thermal Decomposition of Dimethylsilane 

Table 111. Tertiary Intermediates M-Q' and Their 1 ,S,B-Trisilapentane and 1,3,5-Trisilacyclohexane Reaction Products" 
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reactant products (no. of Si-H bonds) 

M 

M' 

N 

N' 

0 

0' 

P 

P' 

Q 

Q' 

Reaction paths to products (relative t o  their table positions): i,  1, k ;  i, 1, a, b ;  i, m, k ;  i, m, a,  b .  Tertiary intermediates 

7 7  7 f :  F : 5 :  7 7  7 7  7 3 
are as follows: M = CSiCSiSiC; M' = CSiCSiSiC; N = CyiCSiSiC; N '  = CSiCSiSiC; 0 = CSiCSiSiC; O ' =  CsiCSiSiC; 

C C C C c c  c c  

c c 

silylenes provides a very reasonable mechanistic explana- 
tion for the production of complex reaction produch like 
the adamantanes (see Scheme V). 

The Scheme V sequence can clearly occur in many ways, 
starting from numerous silylene intermediates, and hence 
a variety of adamantane products as well as still mofe 
complex products can be produced. Silylene centers, of 
course, would not be expected to coexist (they are too 
reactive). They can, however, be generated and reacted 
in sequence as shown. 

Qualitative and Quantitative Conclusions Based 
on the Mechanism and Product Yield Data 

Scheme VI products reveal that 1,3-disilapropanes with 
three Si-H bonds and 1,3-disilacyclobutanes with two Si-H 
bonds are the most important; Table I1 shows that these 
products follow from intermediates G and H. This is 
expected since dimethylsilylene (A) must be the dominant 
reaction intermediate [A is produced in the major primary 
dissociation reaction and regenerated in numerous sub- 

sequent reactions], and A produces D which in turn pro- 
duces mainly G and H through reactions 1 and m. The fact 
that linear carbosilanes with two and four Si-H bonds also 
occur indicates that intermediates CH2=SiMe2 (E) leading 
to I and MeSiH (B) leading to J and K are also important. 
By the mechanism, this indicates that reaction n (forming 
B and E) competes with reactions 1 and m. The Arrheniw 
parameters provided for these reactions would appear to 
exclude such a competition (e.g., a t  873 K, k, = 5 X lo4, 
k, E lo6, and kl = 2 X loll). However, the back reactions 
of reactions 1 and m are very fast and produce near 
equilibrium conditions for species G and H (see Table V). 
Product formations from reactions 1 and m, therefore, are 
actually contfolled by reactions j and a, and competition 
of reaction n with these reactions (according to the Ar- 
rhenius estimates) is possible. There are other experi- 
mental data supporting this "effective" reaction 1, m, and 
n competition. Thus Gaspar et a1.28 found that the flash 

(28) Conlin, R. T.; Gaspar, P. P. J. Am. Chem. SOC. 1970, 98, 868. 
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1022 Organometallics, Vol. 7, No. 5, 1988 O'Neal and Ring 

atoms. This competition is between reaction b and reac- 
tion c + d. From the product yields, Y(DSP)/ Y(HCP) i= 

rate(b)/rate(c + d) 2 2.3. 
(2) Yields of 1,3-disilapropanes (DSP, 39%) are about 

an order of magnitude higher than yields of l,&disilacy- 
clobutanes (DSCB, 4%). These are products of competing 
reaction paths (reaction a + b vs reaction j). Hence, 
yield(DSP)/yield(DSCB) = 9.75 = [k,kb/(k-, + kb)]. 
[DMS]/kj = k,[DMS]/2kj (since k, = kb). With [DMS] 
= 200 Torr, T = 870 K, Aj = 1012.0 s-l, and k, = M-l 
s-l, one obtains an average Ej = 30.8 kcal. This value can 
be compared to the activation energies of bimolecular si- 
lylene insertions into the c-H bonds of methane: Ed(SiH2 
+ CHI - CH3SiHH,) = 17.9 f 2 kcal and Ed(MeSiH + CH, - DMS) = 22.9 f 2 kcal. [These values come from the 
activation energies for methane elimination in the decom- 
positions of MeSiH3 (68 kcal)22 and Me2SiH2 (73 k ~ a l ) ~  and 
their respective reaction en tha lp ie~ .~~ By extrapolation of 
the apparent Me replacement for H effect, one obtains 
E,(Me2Si: + CHI) = 27.9 kcal, which is in fair agreement 
with the above estimated Ej considering the fact that the 
latter may be higher than the former because of the de- 
velopment of ring strain in the cyclic transition state. 

Scheme V. Mechanism of Formation of Adamantane Type 
Products in the Dimethylsilane Pyrolysis (Starting with 

Species L)" 
c c  C C B  C B C  

I I EXT I I I BLOCK BSiCSi:  - BSiCSiCSi: - 
C 

I I 
C 

1 
C 

I 

I l l  

C 

C B B  

I I ' 1  C B B C  

I 
to  C S i d i c S i c s i :  

aa shown) 
C B B  C B  

1 1 1  b I I I I  I 
BSlCSlCSlC - BSlC"lCSlC k csicsic CSlC"lC k 

C 

c c  /s;\c 
I I  I 

"B = M e a s i -  or Me2SiH-. 

pyrolysis of 1,2-dimethoxy-1,1,2,2-tetramethyldisilane (a 
system which is acknowledged to produce 1,1,2-tri- 
methyldisilacyclopropane via reaction p) yielded three 
disilacyclobutane products: Me2Si[CH2l2SiH2, MeHSi- 
[CH2]aiHMe, and Me2Si[CH212SiHMe. The former two 
are clearly products following reactiona 1 and m, while the 
latter is a product following from reaction n. Hence the 
rapid reversibility of reactions 1 and m allows for product 
formations from all three reaction channels of trimethyl- 
disilacyclopropane. 

The Scheme VI product data provides semiquantitative 
information on several reaction competitions. 

(1) According to the mechanism, secondary intermediate 
hydrogenation to 1,Sdisilapropanes (DSP) competes with 
tertiary intermediate production which ultimately leads 
to higher carbosilane products (HCP) of three or more Si 

Reaction Modeling 

The complete DMS pyrolysis reaction system is far too 
complex to model. However, by focusing on a represent- 
ative collection of the most important reactions, it is 
possible to show through the modeling that the reactions 
and schemes proposed here provide a reasonable semi- 
quantitative interpretation of the reaction system. The 
reactions considered in the modeling, along with their 
assigned Arrhenius parameters, are shown in the Table V. 
Reaction types a-m are represented; reaction types 0-q 
are too slow to compete at  the relatively high reactant 
concentrations emp1oyed.l A discussion of some of the 
Arrhenius parameter assignments is needed, and this is 
given below. 

1. Alkyldisilane Decompositions Generating R2Si 
Species. Davidson et aLm have determined the decom- 

Scheme VI. Pyrolysis Products of Me2SiH2 
pyrolysis products 

ident i f ied 
73% 

methyls i lane - c a r b o s i l a n e  - S i - S i  System 
6 % 64% 3 4A 

1 

1 

l inear carbosi lanes 
4 2 %  

cyc l ic  car bosi lanes 
2 2 % 

S I - H  % S I - H  X 
1 3 4 1 5  
2 1 1  5 1.5 
3 17 
4 8 

4 O h  12% 6 % 

S i - H  oh S I - H % S i  - H ve 
1 1 5  1 1  1 0.5 
2 2.5 2 2.5 2 3  

3 2  3 1.5 
4 7  4 1  
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Thermal Decomposition of Dimethylsilane 

position kinetics of pentamethyldisilane and 1,1,2-tri- 
methyldisilane (log k (s-l) = 12.93 - 47.3/6 and log k (9-l) 
= 12.56 - 46.016, respectively, where 6 = 2.303RT). In the 
modeling, we have assigned parameters consistant with log 
k (s-l) = 12.9 - 48.0/6 to all disilane eliminations producing 
R2Si: species. 

2. Silylene Insertions into Si-H Bonds. We have 
assumed zero activation energies for the Si-H insertion 
reactions of all silylenes. Laser-excited fluorescence 
measurements30 of the rate constants for SiH2 insertions 
into Si-H bonds of silanes are in the range 101O.e o.2 M-' 
s-l. The calculated A factor for SiH2 insertion into SiHtl  
(from the disilane decomposition experimental high- 
pressure A factor and reaction entropy) is 1010.4 M-' s-l. 
This is close to the LEF rate constant result and supports 
the zero activation energy assumption. For Me2&, Si-H 
bond insertion rate constants from laser absorption (LA) 
measurements give values ranging from lo8.' (reaction with 
SiH,)32 to M-ls-l (reaction with Me2SiH2).32 Calcu- 
lations of the A factors of these Me2Si insertion reactions, 
from the entropies and the experimental Arrhenius pa- 
rameters of their reverse decomposition reactions at  600 
K (i.e., ASODms = 31.7 and ASoTMDS = 32.6 ~ a l / d e g ; ~ ~  
ADms = s-l 33 and A-S = 1013.3 s-l;% DMDS = 1,l 
dimethyldisilane and TMDS = 1,1,2,2 tetramethyldisilane) 
give M-l s-l for the insertion of MezSi into silane (in 
good agreement with the LA measurement) and M-' 
s-l for the insertion of Me2% into dimethylsilane (in poor 
agreement with the LA value). There are no absolute rate 
constant data for MeSiH insertions into Si-H bonds, but 
similar calculations from the reported decomposition ki- 
netics of the product disilanes suggest that methylsilylene 
has reactivities intermediate to those of silylene and di- 
methylsilylene. Thus the calculated A factors for MeSiH 
insertions into silane35 and dimethyl~i lane~~ are and 
108.5 M-' s-l, respectively. There are also no data available 
on larger silylene insertions into Si-H bonds (Le., RSiR', 
where R > Me), although one would expect that steric 
effects would lower insertion rates relative to their meth- 
ylated counterparts. Because of the uncertainties involved 
in these rate constants, we have assigned all didkylsilylene 
insertions into the Si-H of DMS values of lo8 M-l s-l and 
values about 7 times higher for all monoalkylsilylene Si-H 
insertions with DMS. If anything, these assignments are 
on the low side and act in the modeling to reduce the 
predicted yields of the higher molecular weight products. 
Fitting the high yields observed for these products is the 
most difficult mechanistic challenge of the modeling, and 
the fact that the proposed mechanism meets this challenge, 
even with the low Si-H insertion rate constants assigned, 
provides additional support for the mechanism. It should 
be noted that modeling was also done with insertion rate 
constants 20 times larger. Equally good fits to the data 
were realized when compensating adjustments in the rate 
constants of competing reactions were made. 

3. Intramolecular Silylene C-H Insertion Activa- 
tion Energies. I t  is evident that activation energies for 

Organometallics, Vol. 7, No. 5, 1988 1023 

(29) Davideon, I. M. T.; Matthew, J. I. J. Chem. Soc., Faraday Trans. 
1 1976, 72, 1403. 

J. J. J. Phys. Chem. 1986,90, 555. 
(30) Inoue, G.; Suzuki, M. Chem. Phys. Lett. 1985,122,361. Jasinski, 

(31) Martin, J. G.: ONeal, H. E.: Ring, M. A. Znt. J .  Chem. Kinet. . -. 
1987, 19, 715. ' 

R. Chem. Phys. Lett .  1987, 135,39. 

lication. 

(32) Baggott, J. E.; Blitz, M. A.; Frey, H. M.; Lightfoot, P. D.; Walsh, 

(33) Harris, M.; Ring, M. A.; O'Neal, H. E., to be submitted for pub- 

(34) O'Neal, H. E.; Ring, M. A. J.  Organomet. Chem. 1981, 419. 
(35) Vandenvielen, A. J.; Ring, M. A.; ONeal, H. E. J. Am. Chem. SOC. 

1975, 97, 993. 

Table IV. Modeling Results for the Appendix Modified 
Mechanism 

product types" 
DSPr DScvBu TSHex TscvHex 

_ _ _ ~ ~ ~  ~ 

exptl (%) 39 4 3 12 

calcd (%)g 39.1b 4.9' 0.95d 9.90 
calcd ( % ) f  34.2 2.0 0.53 2.7 

"DSPr = product yields of all disilapropanes; DScyBu = prod- 
uct yields of all disilacyclobutanes; TSHex = product yields of all 
trisilahexanes; TScyHex = product yields of all trisilacyclohexanes. 
bP2 = 20.1%, P6 = 19.0% (see Table V for P identifications). c P 1  
= 2.30%, P5 = 2.63%. dP4 = 0.34%, P8 = 0.41%, P9 = 0.15%, 
P10 = 0.04%. eP3 = 4.15%, P7 = 5.27%. fFirst pass products of 
reaction with trmidurn, = 50 s, T = 873 K, and [A] = 3.7 X M. 
8 Products produced from approximate steady-state reactant input 
concentrations (i.e. dimethylsilane at 200-Torr pressure, P2 at 11- 
Torr pressure, and P6 at 5.5-Torr pressure; see discussion). 

silylene insertions into C-H bonds increase in value by 
about 3-5 kcal with each alkyl group replacement of H on 
the reacting silylene (loc. cit.). Activation energy limits 
for these reactions can be set relative to the experimental 
values for insertions into the C-H of CH,. Thus for RSiH 
species, the limits are between 24 and 30 kcal for disila- 
cyclobutane forming reactions and 17-23 kcal for trisila- 
cyclohexane forming reactions, while for R2Si species the 
limits are between 28 and 34 kcal for the former and be- 
tween 22 and 28 kcal for the latter. These limits assume 
ring strains of 6 and 0 kcal in the cyclic transition states 
of the four- and six-membered product forming reactions, 
respectively, and are uncertain to the extent of the energy 
lowering which could result because the insertions of in- 
terest are into the C-H of methyl rather than the C-H of 
methane (a 6 kcal/mol difference). The activation energies 
assigned to the various cyclizations in our modeling fall 
in the ranges of the above estimates. 

4. Disilacyclopropane Ring-Opening Reactions. 
Disilacyclopropane ring-opening reactions in our schemes 
occur by H migration (reaction type 1) or by methyl mi- 
gration (reaction type m). The ring strain assist in ring 
opening is not known; however the difference in activation 
energy between these two processes can be estimated from 
the 67 f 2 kcal activation energy for hexamethyldisilane 
decomposition to te t rameth~ls i lane~~ (an unstrained Me 
migration Si-Si bond-breaking process) and the 50 f 3 kcal 
activation energies reported for various disilane decom- 
positions (unstrained H migration Si-Si bond-breaking 
processes). Thus Me migration ring openings should have 
activation energies 17 f 5 kcal higher than H migration 
ring openings. 

Modeling Results 
The results of the modeling are shown in Table IV. 

Two sets of results are shown. One shows the product 
yields (based on dimethylsilane loss) after a single pass 
through the 1-m reactor at 600 K; the second shows the 
product yields produced under what we estimate to be 
steady-state reactant conditions. The main carbosilane 
products of a single pass through the reactor are disila- 
propanes. These species have significant vapor pressures 
at room temperature (i.e. the product collection trap tem- 
perature) and therefore must have been recirculated (along 
with the reactant) a t  pressures close to their room-tem- 
perature vapor pressures. While the recirculated gases also 
passed through a -45 OC trap holding reactant, the ap- 
paratus diagram of ref 1 suggests that flux of reactant from 

(36) Davidson, I. M. T.; Howard, A. V. J .  Chem. SOC., Faraday Trans 
1 1975, 71, 69. 
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1024 Organometallics, Vol. 7, No. 5, 1988 

Table V. Modified MezSiHz Pyrolysis Mechanism and Rate Constants” 
reaction log A 

14.3 DMS 2 Me$i + H 2  

O’Neal and Ring 

DMS + Me$i Me2SiHSiHMe, 

MeoSiHSiHMez + Me$i -!+. DMS + MezSi=SiMez 

MezSi=SiMez e Me3SiSiMe 

Me,SiSiMe MezSi-SiHMe 

Me2Si-?iHMe % MezSiHCHzSiMe 

1CHJ 

‘CH, 
& 13 Me3SiCHzSiH 

MezSiHCHzSiMe -% MeSiHCH,SiHMe (Pl) 
LCH,A 

+ DMS MezSiHCHzSiMeHSiHMez 

MezSiHCHzSiMeHSiHMeP MezSi + Me,SiHCH,SiHzMe (P2) 

+ Me& 2 Me,SiHCH,SiMe=SiMez + DMS 

Me2SiHCH2SiMe=SiMez $ MezSiHCH2SiMe2SiMe 

MezSiHCH,SiMezSiMe Me2SiHCH2SiMe-SiHMe 

MezSiHCHzSiMe-SiHMe MepSiHCH,SiMeHCH,SiMe 

‘CHZJ 

CH2-I 

8.0 
12.9 

k 4  = kz  
13.4 
12.9 
12.9 
13.4 
13.7 
12.0 

13.0 
11.7 

12.0 

k15 = k2 
k16 = k3 

k17 = k3 
kla = kz 

k l 9  = kz 
13.1 
13.0 

12.7 
13.4 

& MezSiHCH,SiMezCHzSiH (W) kz,  = kiz 
28 kza = k13 

MezSiHCH,SiMeHCHzSiMe 2 MeSiHCH,SiMeHCH,SiHMe (P3) 10.8 
CH2 

k30 = k Z  
k31 = k 3  

+ DMS RSiHMeSiHMe, 

RSiHMeSiHMe, Me$’; + MezSiHCH2SiMeHCH2SiHzMe (P4) 

MeaSiCHpSiH Me,SiCH,SiH, (P5) 
LCH2J 

+ DMS % Me3SiCHzSiH,SiHMez 

MeBSiCHzSiHzSiHMez e MezSi + Me3SiCHzSiH, (P6) 

Me3SiCH,SiH=SiMe, % Me,SiCH,SiSiMe,H 

+ Me& -% Me3SiCH2SiH=SiMez + DMS 

Me3SiCH,SiSiMe2H Me3SiCH,SiH-SiHhe 
LCHZJ 

Me,SiCH,SiH-SiHMe Me3SiCHzSiHzCHzSiMe (Q) 
LCH,J 

3 41 Me3SiCH2SiHMeCHzSiH (P) 

Q 5 MezSiCHzSiH CH SiHMe (P7) 
-CH;> 

P - MezSiCHzSiHMeCHzSiHz (P7) 

Q + DMS Me3SiCH,SiH,CH,SiHMeSiHMe, ( S )  

S & Me$i + Me3SiCH2SiHzCH2SiHzMe (P8) 

P + DMS 2 Me3SiCH,SiHMeCH,SiHzSiHMe2 (T) 

T 57 Me,Si + Me3SiCH,SiHMeCHzSiH3 (P9) 

W -% MeSiHCHzSiMezCHzSiHz (P7) 

W + DMS MezSiHCH2SiMe,CH,SiHzSiHMez (U) 

U Me,Si + MepSiHCHzSiMezCHzSiH3 (P10) 

49 

-CH2 

53 

-CH2 

= k3 
k33 = kz 

12.0 

k 3 5  = 7 k z  
k36 = k3 
k37 = k3 
k38 = kz 

k39 = k2 
12.8 
12.8 
12.9 
13.4 

k 4 4  = k1o 
k 4 5  = k i i  

k46 = klZ 
k41 = k13 

k48 = k29 

10.8 

k50 = k 2  

k61  = k3 

It5Z = k3 

k54 = 7 k z  
k53 = kz 

k 5 5  = k 3  

k 5 7  = kz 
k 5 8  = k 4 9  

k ,  = k 3  

E .  kcal 

68.0 
0.0 
48.0 

43.0 
38.0 
32.0 
36.4 
8.0 
10.0 

24.0 
25.0 

34.0 

43.0 
38.0 

32.0 
36.4 

22.0 

31.0 

30.0 
25.0 
32.0 
36.4 

17.0 

“In the above, DMS = MezSiH2, R = MezSiHCHzSiMeHCHz-, and products are identified by Pn (n = 1-10). 
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this bath could well prevent complete condensation of the 
disilapropanes. We assumed that roughly half of the di- 
silapropane products entering the -45 “C trap passed the 
trap and were recirculated. The modeling results on this 
basis are in good agreement with the reported overall yield 
data (see Table IV). It is clear, from the modeling, that 
the proposed mechanism is a reasonable one, both quali- 
tatively and quantitatively. While the modeling could be 
extended and better fits realized, such an exercise would 
not be instructive at this time as there are far too many 
unknowns in the rate constant assignments. Clearly the 
pressing need now is for more and better data on the 

elementary reactions of silylenes. 
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The Mechanism of the Formation of Silyl Enol Ethers from 
Hydrosilanes and Organic Carbonyl Compounds in the Presence 

of Cobalt Carbonyls. Kinetic Investigation of Some Reaction 
Steps 

Istvln KovBcs,+ Attila Sisak,* Ferenc UngvBry,+ and Uszlb Markb’ 

Institute of Organic Chemistry, University of Veszprgm, H-8200 Veszprgm, Hungary, and Research Group for 
Pe&ochemistry of the Hungarlsn Academy of Sciences, H-8200 Veszprgm, Hungary 

Received July IO, 1986 

The cleavage of isobutyrylcobalt tetracarbonyl with triethylsilane gives (triethylsily1)cobalt tetracarbonyl, 
isobutyraldehyde, dicobalt octacarbonyl, and the corresponding unsaturated and saturated silyl ethers. 
Silyl enol ether was also formed, along with order products, in the reaction of (trimethylsily1)cobalt 
tetracarbonyl with isobutyraldehyde. The kinetics of both reactions were studied. The first one proceeds 
through an acylcobalt tricarbonyl intermediate that oxidatively adds hydrosilane in the rate-determining 
step and then gives the products in fast consecutive steps. The second reaction involves probably an 
(a-(trimethylsiloxy)isobutyl)cobalt tetracarbonyl intermediate formed from silylcobalt tetracarbonyl and 
aldehyde. Silyl enol ethers as main products will be provided by /3-hydrogen elimination from a-siloxyalkyl 
complexes in both reactions. 

Introduction 
The formation of silyl enol ethers from ketones and 

hydrosilanes in good yields in the presence of dicobalt 
octacarbonyl and amines was described some years ago (eq 
1)’ (RCH,C(O)R’ = aliphatic, cycloaliphatic, or alkyl- 
RCH,C(O)R’ + 

COZ(C0)8/L 
R”3SiH 5 RCH=C(R’)OSiR”3 + H2 (1) 

aromatic ketone; R”3SiH = trialkyl-, aryldialkyl-, or tri- 
alkoxysilane; L = amine). Without use of an amine, a 
mixture of RCH=C(R’)OSiR”, and RCH2CH(R’)OSiR”3 
results. 

The mechanism of this interesting process has not been 
discussed. More detailed studies were conducted by Murai 
and co-workers2 to the “siloxymethylenylation” of alkenes 
and cycloalkenes, which was regarded as an analogue of 
the hydroformylation process (eq 2). The mechanistic 

R-CH=CHz + R j S i H  + CO ,oo .,,,, o,c- 
c 0 * tCO)* 

R-C-CH3 + R-CHZ-CH ( 2 )  
II CHOSiR’3 

II 
C H OS i R’3 

E + Z  E + Z  

‘University of Veszpr6m. 
Research Group for Petrochemistry of the Hungarian Academy 

of Sciences. 

0276-7333/88/2307-1025$01.50/0 

proposals made by the authors a t  that time were neces- 
sarily based on rather scanty information regarding the 
formation and reactivity of silylcobalt carbonyl complex- 
es3s4 and thus need reexamination. For example, it was 
shown recently that reaction 3, which was proposed to be 
the first step of reaction 2, actually did not take place but 
that R3SiCo(CO)4 and H2 are the only products in the 
reaction between COZ(CO)8 and R3SiH (eq 4).6 
C O ~ ( C O ) ~  + R3SiH - R3SiCo(CO), + HCO(CO)~ (3) 

C O ~ ( C O ) ~  + 2R3SiH - 2R3SiCo(C0)4 + H2 (4) 
We have recently determined the kinetics of the cleavage 

of n-butyrylcobalt tetracarbonyl and isobutyrylcobalt 
tetracarbonyl with H2 and HCo(CO), and proposed a 
mechanism’ for these reactions that form a part of the 
catalytic hydroformylation cycle of propene. The present 

(1) Sakurai, H.; Miyoshi, K.; Nakadaira, Y. Tetrahedron Lett .  1977, 
2671. 

(2) (a) Seki, Y.; Hidaka, A.; Makiio, S.; Murai, S.; Sonoda, N. J. 
Organomet. Chem. 1977, 140, 361. (b) Seki, Y.; Murai, S.; Hidaka, A.; 
Sonoda, N. Angew. Chem. 1977,89,919. (c) Murai, S.; Sonoda, N. Angew. 
Chem. 1979,91,896. 

(3) E.g.; Harrod, J. F.; Chalk, A. J. In Organic Syntheses Via Metal 
Carbonyla; Wender, I., Pino, P., Eds.; Wiley: New York, 1977; Vol. 2, pp 
687-692 and references therein. 
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