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in the NR mass spectrum of AlC2H4
1+ (Figure 5) we observe a 

weak but nevertheless clearly detectable signal at mjz 55, having 
the proper elemental composition (this is based on the exact 
elemental composition of the precursor ion which does not contain 
contribution from isobaric C4H7

+ species). The major decom­
position pathways correspond to the formation of Al+ (loss of 
C2H4) and C2H4*"1" (loss of Al). As already discussed above, there 
exist several variants for the formation of these ions. In view of 
the largely different energy requirements for the formation of the 
pairs AI+/C2H4 versus C2H4

,+/A1", we presume that the C2H4"
1" 

signal originates from reionization of C2H4 generated from xe­
non-induced dissociation of AlC2H4

+ (note that the reaction 
AlC2H4

+ -» Al+ + C2H4 gives rise to the base peak in the CA 
spectrum). We stress, however, that the NR spectrum shown in 
Figure 5 is compatible with the theoretically predicted17 existence 
of a solitary aluminum-ethylene complex. The relatively weak 
recovery signal observed in the NR of A1C2H4'+ may be due to 
two factors: (i) The bond energy of the A1/C2H4 5r-complex is, 
undoubtedly, significantly smaller16,17 than the bond energies of 
the AlCHx species (x = 2, 3);9 relatively facile dissociation is 
expected to occur thus attenuating the flux of intact (A1,C2,H4) 
species, (ii) In the case where the geometries of AlC2H4

+ and 
AlC2H4 differ, due to the vertical nature3 of the electron transfer 
in the NR experiment, the Franck-Condon factors will be small 
resulting in a smaller abundance of the survivor ions.27 As the 
latter argument also applies to the HCA1CH3

+/HCA1CH3 system, 
the absence of a recovery signal in the NR spectrum of 
HCAlCH3

+ does not necessarily imply that neutral HCAlCH3 

is not a minimum on the (A1,C2,H4) potential energy surface. 

(27) For further examples and a more detailed discussion of this aspect, 
see: SuIzIe. D.; Terlouw, J. K.; Schwarz, H. Angew. Chem., Int. Ed. Engl. 
1990, 29, 404. 

Introduction 
Grev and Schaeffer1 have likened the role of the methyl sub­

stituent in silicon chemistry to that of hydrogen in traditional 
organic chemistry. Since silylenes, SiR2, are ubiquitous inter­
mediates in organosilicon chemistry,2"4 playing the same central 

(1) Grev, R. S.; Schaeffer, H. F., Ill J. Am. Chem. Soc. 1986, 108, 5808. 
(2) Gaspar, P. P. In Reactive Intermediates; Jones, M., Jr., Moss, R. A., 

Eds.; Wiley-lnterscience: New York, 1978; Vol. 1, p 229; Ibid. 1981; Vol. 
2, p 335; Ibid., 1985; Vol. 3, p 333. 

Unfortunately, as this species is not included in the otherwise quite 
exhaustive theoretical study of Schaefer et al.,17* no definitive 
conclusion is permitted for the time being. 

Concluding Remarks 
The present study provides experimental evidence that the 

neutral and ionic forms of AlCH2, AlCH3, Al(CH3J2, and AlC2H4 

are stable species in the gas phase.28 Quite remarkable is the 
finding that isomerization of AlCH2 and AlCH3 to their corre­
sponding hydridoaluminum isomers HAlCH, (x = 1, 2) is neg­
ligible, if it takes place at all in gas-phase experiments. For the 
(A1,C2,H4) system evidence for the existence of two non-inter-
converting ionic isomers is presented. One corresponds to the 
(aluminum/ethylene)+ complex AlC2H4

+, which upon neutrali­
zation gives rise to a detectable recovery signal. The second isomer 
is assigned to the hitherto unknown HCAlCH3

+ ion; this isomer, 
however, could not be successfully neutralized to HCAlCH3. 
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(28) For a recent, high-level ab initio MO study of AlCH, AlCH2, and 
AlCH3, see: Jin, S. Gy, Xie, Y.; Schaefer, H. F., HI Chem. Phys. Lett. 1990, 
770,301. 

role as free radicals in organic chemistry, one may legitimately 
claim that in terms of its importance dimethylsilylene, SiMe2, is 
the "methyl radical" of silicon chemistry. 

A great deal about the reactions and pattern of reactivity of 
SiMe2 has been learned by careful pyrolytic and photolytic studies 
with end-product analysis. Experimental investigations in both 

(3) Tang, Y.-N. In Reactive Intermediates; Abramovitch, R. A., Ed.; 
Plenum: New York, 1982; Vol. 2, p 297. 

(4) Davidson, I. M. T. Amu. Rep. Prog. Chem., Sect. C 1985, 81, 47. 
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Abstract: The title reactions have been investigated by means of laser flash photolysis. Dimethylsilylene, SiMe2, was produced 
by 193-nm photolysis of pentamethyldisilane and detected via its visible absorption at 457.9 nm. Second-order rate constants 
were obtained for reactions of SiMe2 with SiH4, MeSiH3, Me2SiH2, and Me3SiH. With the exception OfSiH4, all the other 
rate constants decrease with increasing temperature. They represent a classic set of examples of reactions with negative activation 
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the activated complexes, consistent with kinetic measurements of the reverse reactions. A mechanism proceeding via an intermediate 
complex is shown to be consistent with the data, with entropy factors dominating the dynamics of the reaction pathway. A 
variational transition-state model (without an intermediate) is not thought to provide such a satisfactory explanation, although 
it cannot be ruled out. 
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gas and liquid phases indicate that SiMe2 behaves rather like a 
singlet carbene in its reactions: it readily inserts into single bonds 
(eg Si -H, Si-OR,5 and 0 - H 6 ) and adds stereospecifically across 
C = C bonds.7 Prior to 1987, kinetic studies were limited to 
relative rate constant measurements,58'9 although some attempts 
at estimation of absolute rate constants were made from the results 
of pyrolysis work by Davidson and Ostah.9 In the last 4 years, 
however, absolute rate investigations have begun to be carried out, 
employing the technique of time-resolved laser flash photoly­
sis.10*""15 These investigations became possible only when a 
convenient optical absorption transition had been identified and 
characterized. This was first discovered by Drahnak, Michl, and 
West,16 who observed its electronic absorption [A1CA,) - • A-
OB|)max = 450 nm] in an inert matrix. Despite some early 
controversy about this spectrum subsequent experimentation by 
West, Michl, and co-workers,17 and also the theoretical calculations 
of Grev and Schaeffer,1 all support the original assignment. 

In 1987 Gaspar and co-workers published their first kinetic 
studies of the reactions of SiMe2

10* in solution (Gaspar's group 
had published earlier kinetic studies101" of methylphenylsilylene 
reactions in solution.), while we published a gas-phase investigation 
of the reactions of SiMe2 with SiH 4 and the methylsilanes." 
Subsequent to this, other laboratories have measured rate constants 
for SiMe2 reactions in solution1213 while we have carried out 
further gas-phase investigations.14,15 In solution the findings are 
complicated by disagreements on the magnitudes of some rate 
constants, but in the gas phase, the picture emerges of a fast-
reacting species, which nevertheless shows significant and inter­
esting discrimination among reactive substrates. However, all of 
the studies so far reported have been carried out only at room 
temperature. Because of the utmost importance of a knowledge 
of energy barriers to understanding these processes, we have now 
embarked on studies of the temperature dependence of the rate 
constants of SiMe2 reactions. Here we report our findings for 
the Si-H insertion reactions, the subjects of our original study." 
The present work was given added impetus by the need to reconcile 
the earlier time-resolved results with rate data obtained from the 
decomposition reactions of certain selected methylated disilanes, 
which are the reverse of the SiMe2 insertion reactions.18 We have, 
in fact, pointed out from the results of a kinetic study of penta-
methyldisilane decomposition19 that the reaction 

SiMe2 + Me3SiH — Me3SiSiMe2H 

must have a negative activation energy and low A factor. 

Experimental Section 

(i) Apparatus and Chemicals. The apparatus for these experiments 
has been described in detail elsewhere.11'20 Briefly, a photolysis exciplex 

(5) Gu, T. Y.; Weber, W. P. J. Organomet. Chem. 1980, 195, 29. 
(6) Gu, T. Y.; Weber, W. P. J. Organomet. Chem. 1980, 184, 7. 
(7) Tortorelli, V. J.; Jones, M., Jr.; Wu, S.; Li, Z. Organometallics 1983, 

2, 759. 
(8) Steele, K. P.; Tzang, D.; Weber, W. P. / . Organomet. Chem. 1983, 

231, 291. 
(9) Davidson, I. M. T.; Ostah, N. A. J. Organomet. Chem. 1981,206,149. 
(10) (a) Gaspar, P. P.; Holten, D.; Konieczny, S.; Corey, J. Y. Ace. Chem. 

Res. 1987, 20, 329. (b) Gaspar, P. P.; Boo, B.-H.; Chari, S.; Ghosh, A. K.; 
Holten, D.; Kirmaier, C; Konieczny, S. Chem. Phys. Lett. 1984, 105, 153. 

(11) Baggott, J. E.; Blitz, M. A.; Frey, H. M.; Lightfoot, P. D.; Walsh, 
R. Chem. Phys. Lett. 1987, 135, 39. 

(12) Shizuka, H.; Tanaka, H.; Tonokura, K.; Murata, K.; Hiratsuka, H.; 
Ohshita, H.; Ishikawa, M. Chem. Phys. Lett. 1988, 143, 225. 

(13) Levin, G.; Das, P. K.; Bilgrien, C; Lee, C. L. Organometallics 1989, 
8, 1206. 

(14) Baggott, J. E.; Blitz, M. A.; Frey, H. M.; Lightfoot, P. D.; Walsh, 
R. J. Chem. Soc., Faraday Trans. 2 1988, 84, 515. 

(15) Baggott, J. E.; Blitz, M. A.; Lightfoot, P. D. Chem. Phys. Uu. 1989, 
154, 330. 

(16) Drahnak, T. J.; Michl, J.; West, R. J. Am. Chem. Soc. 1979, 101, 
5427. 

(17) Raabe, G.; Vancik, H.; West, R.; Michl, J. J. Am. Chem. Soc. 1986, 
108, 671. 

(18) Walsh, R. Organometallics 1988, 7, 75. 
(19) Becerra, R.; Bertram, J. S.; Walsh, R.; Watts, I. M. J. Chem. Soc., 

Faraday Trans. 2 1989, 85, 1837. 
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Figure 1. SiMe2 transient absorption decay trace. Lower trace shows 
residual noise from exponential fit. Conditions: [PMDS] = 82 mTorr; 
[Me3SiH] = 3.07 Torr; total pressure = 5 Torr; T = 605 K. 

laser (Oxford Lasers KX2) was used to irradiate gaseous reaction mix­
tures with pulses of 193-nm radiation at right angles to a CW Ar+ laser 
probe beam. The reaction vessel consisted of a stainless steel T-shaped 
cell with a 3-cm inner tube diameter and demountable windows. The 
central portion was heated electrically and the temperature monitored 
with a chromel-alumel thermocouple. Preliminary measurements es­
tablished that, over the reaction zone, temperature variation was <5 0C 
at temperatures up to 300 0C. The exciplex laser beam was defocused 
through a Spectrosil window to give fluences of <20 mJ cm"2. The probe 
beam, routinely operated on the 457.9-nm line, was multipassed through 
the reaction zone to give an effective path length of ca. 1.4 m (40 passes). 
Light signals were captured by a dual photodiode/differential amplifier 
combination and stored in a transient recorder (Datalab DL910, 20-MHz 
resolution) interfaced to a BBC microcomputer. 

All silanes were carefully degassed prior to use. Pentamethyldisilane, 
supplied by Professor J. Dunogues, was purified by preparative chro­
matography to >99%. Methylsilane, MeSiH3 (98.6%), and dimethyl-
silane, Me2SiH2 (99.6%), were prepared previously.9 Trimethylsilane, 
Me3SiH (>99%), was obtained from Fluorochem. Monosilane, SiH4, 
was from BOC (Electra II grade, >99%) as was argon. Pressures were 
measured by capacitance manometers (MKS Baratron). 

(ii) Conditions, Precautions, and Transient Identification. In all the 
experiments described here pentamethyldisilane, PMDS, was used as the 
source for SiMe2 generation via its major photolytic breakdown reac­
tion.11 

Me3SiSiMe2H + hv (193 nm) — Me3SiH + SiMe2 

Pressures in the range 40-90 mTorr PDMS were found to generate 
sufficient SiMe2 to obtain good signals (up to 4% absorbance) at the 
detection wavelength. Earlier evidence1' showed that, in the absence of 
inert buffer gases, the transient absorption signals were characterized by 
a relatively slow buildup (time interval 20-30 ^s) and decay. This be­
havior was pressure dependent at low pressures (<1 Torr Ar) and 
probably arises from collisional deactivation of SiMe2 formed initially 
with some excess vibrational energy (ca. 400 kJ mol"1 energy is available 
for distribution among the primary photoproducts Me3SiH and SiMe2). 
To avoid these complications Ar buffer gas pressures of at least 5 Torr 
were used. 

At higher PMDS pressures (> 150 Torr) and high fluences (>30 mJ 
cm"2) gas-borne dust was formed. Since this was observed visually by 
probe beam scattering, it clearly represents an interference with signal 
and was therefore highly undesirable. In practice, at fluences of ca. <20 
mJ cm"2 and lower PMDS pressures it appeared not to occur. Never­
theless, the Spectrosil photolysis laser inlet window required regular 
(daily) cleaning (with jeweler's rouge) to maintain good 193-nm trans­
mission. Rate data were found to be independent of both the number 
of shots (up to 25) and exciplex laser energies (up to 90 mJ per pulse), 
suggesting no serious perturbations from aerosol particles or reaction 
products. The lack of any rate constant dependence of fluence also 
suggests no problem arising from multiphoton absorption. 

SiMe2 was detected and monitored via its known absorption band16'17 

(see Introduction) by using the 457.9-nm Ar+ laser line. The extinction 
coefficient is high (ca. 1500 M"1 cm"1 in 3-methylpentane glass at 77 
K16), permitting the generation of good signals with low noise. Previ­
ously, in room-temperature experiments," we have shown that the gas-
phase spectrum in the wavelength region of 458-515 nm matches closely 

(20) Baggott, J. E.; Frey, H. M.; Lightfoot, P. D.; Walsh, R. J. Phys. 
Chem. 1987, 91, 3386. 
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Table I. Rate Constants for the Reactions of SiMe2 with 
Monosilanes" 

[Me3SiH]/ Tom 

Figure 2. Dependence of exponential decay constants, k^, on substrate 
(Me3SiH) pressure at several temperatures. 

the matrix spectrum. In this work at higher temperatures, the SiMe2 

absorption signal at a given precursor pressure tended to decrease with 
temperature, possibly because of spectral broadening. Signal intensities 
were maintained by increasing precursor partial pressure. Signal decay 
rates, via reaction of SiMe2 with PMDS, did not however increase at 
higher temperatures, thus indicating that the rate constant of this reaction 
must decrease as temperature increases. 

The identification of this transient with SiMe2 is further supported by 
our earlier gas chromatographic detection of the disilane and trisilane 
products of the SiMe2 insertion reactions with methylsilanes and 
PMDS.1121 

(Hi) Procedure for Kinetic Runs and General Considerations. Appro­
priate gas mixtures (40-90 mTorr PMDS, up to 5 Torr substrate + Ar 
diluent to a fixed total pressure) were photolyzed. In a typical run, 
signals were accumulated over 15 laser shots at ca. 85 mJ per pulse. 
Although as much as 5% of the PMDS could be removed per laser shot 
under these conditions, only ca. 5% of the total sample volume was 
photolyzed. Thus, the PMDS precursor in the irradiated volume was 
replenished by diffusion between laser shots. A typical averaged decay 
trace is shown in Figure 1. The signal-averaged decay traces were 
analyzed by a nonlinear least-squares routine with sensible truncation to 
avoid any initial perturbation from the rise time. In the presence of 
substrate methylsilanes and SiH4, the traces were essentially exponential 
up to 95% absorbance decay. In the absence of added substrate, the 
decays showed some deviation from exponential at the higher tempera­
tures (in contrast to the room-temperature studies"). This phenomenon 
was suggestive of reactions of SiMe2 with other photolysis-generated 
intermediates (or even dimerization of SiMe2) under these conditions. 
Thus, experiments with pure PMDS were not included in the data 
analysis. The first-order rate constants, k^„, obtained from the fitting 
procedure were studied as a function of substrate pressure at constant 
total pressure. In most experiments the total pressure was 5 Torr, but 
for the reactions with SiH4 it was 10 Torr. About 10 different sets of 
values were obtained for each substrate at each temperature and these 
were plotted in the usual way10"15 to obtain second-order rate constants 
for each reaction OfSiMe2 under investigation. Some examples of sec­
ond-order plots are shown in Figure 2. 

Since SiH4 and the methylsilanes are transparent to 193-nm radia­
tion,22 there were no complications from reactant depletion, nor from 
product accumulation. 

Results 

The reactions of SiMe2 with SiH4 , MeSiH3 , Me2SiH2 , and 
Me3SiH were all studied. Reaction with Me4Si was not inves­
tigated since previous work" had shown it to be unreactive toward 
SiMe2 . For each substrate the reaction was carried out at each 
of five temperatures in the range 295-608 K. Some fluctuations 
in temperature occurred during the course of a given set of runs. 
This generally only amounted to a few degrees and was always 
within ±5 K of the mean. The temperature dependences of the 
rate constants were such that this small variation of temperature 
was inconsequential. Good linear second-order plots such as those 
shown in Figure 2 were obtained for all the substrates. The 
second-order rate constants with their uncertainties are shown in 
Table I. The temperatures shown in this table are averages. The 

(21) Frey, H. M.; Walsh, R.; Watts, I. M., unpublished results. 
(22) Robin, M. B. Higher Excited States of Polyatomic Molecules; Ac­

ademic Press: New York, 1974; Vol. 1. 

T/K 
1013*/cm5 

molecule"1 s"1 T/K 
1013*/cm3 

molecule"' s" 

SiH4 

295 
368 
428 

295 
363 
430 

295 
364 
428 

295 
353 
423 

2.0 ± 0.3 
1.46 ±0.16 
2.27 ± 0.07 

19 ± 2 
13.2 ± 0 . 9 
7.29 ± 0.79 

55 ± 5 
24.0 ± 1.5 
12.6 ± 1.7 

45 ± 5 
16.6 ± 1.6 
8.54 ± 0.47 

MeSiH3 

Me2SiH2 

Me3SiH 

491 
602 

486 
608 

485 
596 

486 
603 

2.07 ± 0.08 
2.44 ± 0.25 

6.99 ± 0.38 
4.64 ± 0.31 

9.39 ± 0.52 
6.03 ± 0.44 

5.33 ± 0.45 
4.47 ±0.31 

"Single standard deviations quoted. 

Table H. Arrhenius Parameters for SiMe2 Insertion Reactions'1 

substrate log,0 (A/cm3 molecule"1 s"1) £a/kJ mol" 

SiH4 

MeSiH3 

Me2SiH2 

Me3SiH 

-12.54 ±0.16 
-12.90 ±0.09 
-13.15 ±0.05 
-13.41 ±0 .14 

+ 1.25 ± 1.23 
-6.73 ± 0.68 

-10.55 ± 0.38 
-11.20 ± 1.03 

• Single standard deviations quoted. 
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Figure 3. Dependence of rate constant per Si-H bond, k/L, on tem­
perature for the SiMe2 + methylsilane reactions. 

room-temperature values are those obtained previously" in the 
quartz cell, but checks carried out in the present stainless steel 
vessel with a selected subset of runs showed excellent agreement 
with the earlier data. 

The most striking feature of the data is that the rate constants, 
with the exception of those for SiH4 , decrease with increasing 
temperature. The largest effect is for the case of reaction of SiMe2 

with Me3SiH, for which the rate constant decreases by a factor 
of 10 over the ca. 300 K temperature range. The variation of rate 
constant with temperature increases with methyl substitution of 
the substrate silane, as illustrated in Figure 3. In this figure, the 
rate constants have been statistically corrected for the number 
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Figure 4. Arrhenius plots for reactions of SiMe2 with the methylsilanes. 

Table HI. Comparison of Selected SiMe2 Insertion Rate Constants 
(295 K) 

reaction phase A/cm3 molecule"1 s'' ref 
SiMe2 + Me3SiH gal (4.5 ± 0.5) X 10H2 11, this work 
SiMe2 + Et3SiH solution (6.0 ± 0.7) X 10"12 12 
SiMe2-I-Et3SiH solution (4.8 ± 0.7) x 10H2 13 
SiMe2-HEt3SiH solution (3.5 ± 0.1) X IQ-'* IQa 

of Si-H bonds, L, available for insertion. The figure shows clearly 
that whereas the reactivity ordering of the methylsilanes is the 
same at all temperatures with Me3SiH the most and SiH4 the least 
reactive, the differences decrease as the temperature increases. 

The temperature dependences expressed in Arrhenius form are 
displayed in Figure 4, and the derived Arrhenius parameters 
obtained by lcast-mean-squares fitting are given in Table II. The 
figures show clearly the systematic trend toward more negative 
activation energies with greater methyl substitution of the substrate 
silane. There is also a decrease in A factor with methyl substi­
tution, but when statistically corrected for the number of Si-H 
bonds, an almost constant value of log {A/cm1 molecule"1 s"1) of 
-13.30 (±0.15) emerges. The Arrhenius plots also show a hint 
of curvature, which may reflect the failure of the data to conform 
to the Arrhenius equation, although this is only just beyond the 
error margins of the rate constants. Negative activation energies 
of similar magnitude have been found by us for the analogous 
insertion reactions of phenylsilylene, PhSiH.23 

Discussion 
(i) Comparison with Other Data. There has been no other direct 

gas-phase kinetic study of the reactions investigated here. 
However, since our earlier room-temperature study" there have 
been three ambient-temperature studies of the kinetics of SiMe2 
in dilute solution (cyclohexane or methylcyclohexane). These 
investigations all included data on the Si-H insertion reaction, 
which is shown in Table III together with our results. Although 
not strictly comparable, in that we have used Me3SiH while the 
solution studies used Et3SiH, there is no reason to believe that 
ethyl and methyl substituents should differ significantly in their 
influence. The close concordance of rate constants at 298 K 
between our work and the work of Shizuka et al.12 and Levin et 

(23) Blitz, M. A.; Frey, H. M.; Tabbutt, F. D.; Walsh, R. /. Phys. Chem. 
1990, 94, 3294. 

Table IV. Entropy Changes, Measured A Factors, and Calculated 
Reverse A Factors for Some Methyl-Substituted Disilane 
Decompositions 

log log 
reaction ASe° ( -Ws ' ' ) (A™)b 

H3SiSiMe2H-SiH4-I-SiMe2 125 13.12' -12.07 
MeSiH2SiMe2H-MeSiH3-FSiMe2 123 13.15'' -11.96 
Me2SiHSiMe2H-Me2SiH2-I-SiMe2 134 13.17«" -12.51 
Me3SiSiMe2H-Me3SiH-I-SiMe2 143 12.83' -13.30 
"Units of J K"1 mol"'; T = 600 K. 'Back-reaction A factor; units, 

cm3 molecule"' s"1, 'Reference 24. ''Reference 25. 'Reference 19 
(most recent value). 

al.13 suggests no great differences between the gas phase and 
solution for this reaction. The difference with the solution studies 
of Gaspar et al.10 has been attributed13 to the possibility of com-
plexation of the silylene with a reactant or product in Gaspar's 
studies. Levin et al.13 have shown that SiMe2 complexes of O or 
N donor type react at greatly reduced rates compared with free 
SiMe2. However, modification of reactivity by other kinds of 
complexation has yet to be established. The major difference in 
the solution work of Gaspar10 was the SiMe2 photolytic source, 
(PhMe2Si)2SiMe2 rather than c-(SiMe2)6 employed by the oth­
ers.1213 Until Gaspar's work is explained there must remain some 
doubts about the behavior of SiMe2 in solution. 

One doubt, however, that has been cleared up by these studies 
is the earlier suggested inconsistency (made by one of us18) between 
the rate constants of these SiMe2 insertion reactions and the reverse 
reactions, viz. the decompositions of methyl-substituted disilanes: 

Si2HxMe6-, — SiMe2 + SiHxMe4^ (x = 1-4) 

Walsh18 pointed out that, in the event that SiMe2 insertion re­
actions had zero or small positive activation energies, the directly 
measured room-temperature rate constants" implied a transition 
state sufficiently loose in structure that the A factors for the 
disilane decompositions must be ca. 1015 s"1, considerably greater 
than measured. Subsequent further investigation of the kinetics 
of these disilane decompositions in both our own laboratories19 

and those of O'Neal and Ring24'25 have produced Arrhenius pa­
rameters similar to those originally measured. This led us inev­
itably to conclude" that, as originally suggested,18 the SiMe2 
insertion reactions must have the negative activation energies, 
which the present work has borne out. 

The quantitative deductions from the disilane decompositions 
may be examined further. The Arrhenius A factors are shown 
in Table IV. When the A factors for these decompositions are 
combined with estimates18 of ASe, values are obtained for A 
factors for the SiMe2 insertion reactions in the range 10-120- 1O-13-3 

cm3 molecule-' s"1, as shown in the table. The individual values, 
when compared to those measured here (Table II) show agreement 
for SiMe2 + Me3SiH and differences up to a factor of 10 for SiMe2 
+ MeSiH3. Bearing in mind the errors involved in both the 
experimental data and the estimated thermodynamic functions, 
these differences are not large and indicate that the kinetic results 
for these SiMe2 insertion reactions and the corresponding reverse 
unimolecular decompositions are now in moderately good 
agreement. 

The activation energies of these decomposition reactions have 
been used by one of us26 and others27 to estimate A/7f°(SiMe2). 
Although the results obtained here bear on this question, the 
quantitative changes are insufficient to resolve current differences 
over A//f°(SiMe2) and so this question is not explored further in 
the present paper. 

In a very recent competitive rate study2555 carried out at ca. 
550 K and 500 Torr, Ring and O'Neal and co-workers have 

(24) Nares, K. E.; Harris, M. E.; Ring, M. A.; O'Neal, H. E. Organo-
melallics 1989,«, 1964. 

(25) Nares, K. E.; Licciardi, G. F.; O'Neal, H. E.; Ring, M. A. Organo-
metallics, in press. (Private communication, H. E. O'Neal.) 

(26) Walsh, R. Organometallics 1989, 8, 1973. 
(27) O'Neal, H. E.; Ring, M. A.; Richardson, W. H.; Licciardi, G. F. 

Organometallics 1989, 8, 1968. 
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Figure 5. Important electronic interactions involved in the silylene in­
sertion process into Si-H bonds. 

obtained relative rates of reaction of SiMe2 with MeSiH3 and 
SiH4. The measurements gave values of ca. 8 for this rate constant 
ratio in contrast to our measurements for which a value of ca. 
2.5 may be obtained (from the Arrhenius parameters of Table 
II). We are unable to offer any reason for this difference but plan 
to investigate it further. 

(H) Nature of the Si-H Insertion Reaction. The major finding 
of this work is that of the substantial rate decreases with tem­
perature for SiMe2 insertions into the Si-H bonds of methylsilanes. 
Also requiring explanation are the rate enhancements associated 
with increasing methyl substitution in the substrate silane. 
Furthermore, any coherent account of these processes must explain 
the much more discriminating behavior OfSiMe2 compared with 
SiH2.

28 We have previously offered partial explanations'9'23'28 

for some of these observations, which we bring together here. 
Current theoretical ideas about the nature of the insertion pro­
cess29,30 originating with Hoffmann31 are illustrated in Figure 5. 
The insertion process may be viewed as comprising an 
"electrophilic" stage with transfer of electron density from the 
Si-H bond into an empty p orbital in the silylene, and a 
"nucleophilic" stage with donation of the silylene lone pair to make 
the new Si-Si bond. Electron-withdrawing substituents (X) on 
the silylene will cause orbital contraction, thus disfavoring both 
the acceptor and donor character of the silylene. Electron-
withdrawing substituents (Y) on the silane enhance the bond 
polarity Si8+ - H*" by making the silicon more positively charged 
and thereby favoring the nucleophilic stage of the process. Since 
carbon is more electronegative than silicon, it is plausible that 
methyl substituents can function as weakly electron withdrawing 
groups. Some recent calculations of electrostatic charge densities55 

appear to contradict this; however, evidence in support of the idea 
comes from bond dissociation energy values.32'33 Thus, if this 
idea is correct, SiMe2 will have less extended empty p and lone-pair 
orbitals than SiH2 and will require shorter range, closer contact 
with substrates for reaction to take place. Hence the lower re­
activity of SiMe2 compared with SiH2.

28 

To explain the methyl substituent effect in the silane requires 
the nucleophilic stage to contribute to the rate-determining step 
of the process. In principle there are three possibilities for the 
combination of these interactions: (a) a fully synchronous process 
in which both nucleophilic, n, and electrophilic, e, stages occur 
simultaneously; (b) a process led by the electrophilic, e, interaction, 
viz. 

v ( T " \ -Y 

In both processes b and c distinct, but different, intermediate 

(28) Baggott, J. E.; Frey, H. M.; Lightfoot, P. D.; Walsh, R.; Watts, I. 
M. J. Chem. Soc, Faraday Trans. 1990, 86, 27. 

(29) Gordon, M. S.; Gano, D. R. J. Am. Chem. Soc. 1984, 106, 5421. 
(30) Sax, A.; Olbrich, G. J. Am. Chem. Soc. 1985, 107, 4868. 
(31) Dobson, R. C; Hayes, D. M.; Hoffmann, R. J. Am. Chem. Soc. 1971, 

95, 6188. 
(32) Walsh, R. Ace. Chem. Res. 1981, 14, 246. 
(33) Walsh, R. In The Chemistry of Organic Silicon Compounds; Patai, 

S., Rappoport, Z„ Eds.; Wiley: New York, 1989; Chapter 5, p 371. 
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Figure 6. Qualitative potential energy surface for the SiMe2 insertion 
process into an Si-H bond. The solid line represents the surface for the 
more facile isomerization of the intermediate complex (Me3SiH case). 
The dotted line is for the less facile rearrangement of the complex (SiH4 
case). 

complexes are involved. It is not easy to distinguish among these 
possibilities. Theoretical calculations on 1CH2 and 1SiH2 insertion 
into the H-H bond29'30 suggest an electrophilically led process, 
with a weak complex H2Si-H2 on the potential surface for the 
SiH2 + H2 reaction.34 However, if process b were operative in 
the Si-H insertion process, the electrophilic stage is unlikely to 
be rate-determining since; if so, the process should be insensitive 
to the methyl substituent effect. This is because the Si-H bonds 
(which supply the electrons) have dissociation energies that are 
virtually constant and independent of methyl substitution.3233 By 
elimination, therefore, the reaction would appear to require either 
process a or c. However (b) must still be considered possible 
provided the second stage is rate determining. 

We have argued previously in favor of (c) for the reverse PMDS 
decomposition reaction on the grounds that a silylene donor-ac­
ceptor intermediate seems intrinsically more plausible than an 
H-bridged intermediate complex. Furthermore Beach et al.35 

recently found mass spectrometric evidence for the existence of 
an H4Si-NH3 adduct with a bond strength of ca. 25 kJ mol"1. 
Thus, in the ensuing discussion we analyze the temperature de­
pendences in terms of this mechanism while recognizing the other 
possibilities are not rigorously eliminated. 

(iii) The Intermediate-Complex Mechanism. Generalized 
treatments for the explanation of negative activation energies (and 
curved Arrhenius plots) in terms of an intermediate complex exist 
in the literature.36 Attempts at detailed transition-state modeling 
studies are underway37 and therefore we limit the discussion here 
to a simplified outline treatment. 

The process, for all the reactions investigated here, is 

Me,Si + H-SiR, Me,Si-SiHR, Me,HSi-SiR, 

where R = H or Me. 
Figure 6 shows a pictorial (qualitative) representation of the 

potential energy surface with an indication of the positions of the 
two transition states involved in the process. The observation of 

(34) Gordon, M. S.; Gano, D. R.; Binkley, J. S.; Frisch, M. J. Am. Chem. 
Soc. 1986, 108, 246. 

(35) Beach, D. B.; Estes, R. D.; Rossi, A. R.; Jasinski, J. M. (Private 
communication, J. M. Jasinski.) 

(36) Mozurkewich, M.; Benson, S. W. J. Phys. Chem. 1984, 88, 6429. 
(37) Walsh, R., research in progress. 
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Figure 7. Temperature dependencies for the SiMe2 insertion reaction, 
predicted by the simplified intermediate-complex model. Line a: high 
secondary barrier (SiH4 case). Line b: low secondary barrier (Me3SiH 
case). 

single-exponential decays supports the assumption of a steady-state 
population of intermediate complexes. The observed (pheno-
menological) second-order rate constants, k, are given by 

k - M2 /(*_, + *2) = *, / ( l +*-,/*2) 

Since step 1 represents formation of the complex via association 
(encounter) of the silylene with substrate silane, it seems reasonable 
to assume that this will have at most a weak temperature de­
pendence, i.e., £, is approximately zero.38,39 This suggests the 
major temperature dependence is associated with k.xjk2. The 
implication is that k.t/k2 exceeds unity and is therefore the 
dominant term so that under most conditions, k m k\k2/k-\, or 
in other words, step 2 is rate determining. 

The measured A factors per Si-H bond are very similar in 
magnitude, i.e. 

A1A2 
A = -1—- = L X IfT13-3 cm3 molecule"1 s"1 

A-\ 

This common value for the A factor quotient indicates a similar 
(tight) structure for transition state, TS2, for all the reactions. 
For step 1, although not mandatory, it seems reasonable to assume 
a similar loose structure for each reaction in view of the resem­
blances of the processes. If this is so, A1 must have a value 
considerably greater than 10~IU5 cm3 molecule"1 s"1, since it cannot 
be less than the highest rate constant value measured (viz. that 
for SiIvIe2 + Me3SiH at 295 K). The indications from Figure 
3 are that at T < 295 K the rate constant for the SiMe2 + Me3SiH 
reaction must rise to a significantly higher value than this limit. 
As a working hypothesis, therefore, we assume 

A] = ki = 10~10 cm3 molecule"1 s"1 

This permits the evaluation of values for the ratio k.Jk2, which 
may be generalized as 

T-=- =* L X 10"33 exp[-(E2 - E-O/RT] 
k-\ 

where E2 - E.t values are identified with the measured activation 
energies in Table II. It is this ratio that determines the nature 
of the kinetics of this reaction. Under all conditions of the present 
measurements k2/k.\ is small and considerably less than unity. 
This confirms step 2 as rate determining. For reaction of SiMe2 
with SiH4, fc2/fc_, will never exceed 10"2-7 at any temperature. For 
the other reactions, k2/k^ increases as T is reduced, so that the 

(38) Free-radical combination reactions are the most extensively studied 
class of such reactions. A recent review of experiments and theory for the CH3 
recombination reaction is given in ref 39. 

(39) Hughes, K. J.; Pilling, M. J. Annu. Rep. Prog. Chem.. Sect. C 1988, 
«5,91. 

possibility exists that step 1 could become rate determining at 
subambient temperatures. Figure 7 illustrates, in a semiquan­
titative way, these implications for the two extreme situations 
represented by the reactions of SiMe2 with SiH4 and with Me3SiH 
over a wide range of temperature. The detection of a low-tem­
perature limiting rate constant for SiMe2 + Me3SiH (or the other 
methylsilanes) would provide a value for Zc1 for the intermedi­
ate-complex mechanism and thereby shed further light on this 
mechanism. 

The magnitude of the preexponential term, A2/A-{, in the 
expression for k2/k-i gives important clues about the nature of 
the two transition-state structures, TSl and TS2. Expressed in 
terms of entropy 

Se(TSl) - Se(TS2) = R In I -j± I =* 63 J K"1 mol"1 

This substantial value is a measure of the relative tightness of TS2 
compared with TS1. Although more detailed calculations are 
underway,37 it is clear that a substantial part of this entropy 
difference derives from (a) the loss of internal rotational motion, 
and (b) the tightening of low-frequency rocking modes in TS2 
compared with TSl. For the reaction of SiMe2 with SiH4, this 
tightness is the dominant effect on the value of k2jk.v The energy 
term is negligible and so in this particular case the reaction may 
be said to be truly "entropy controlled". In the other cases the 
energy term partially offsets the unfavorable entropy of TS2, so 
that the lower barrier associated with TS2 means that intermediate 
complexes have an energetic advantage in proceeding to products 
(E2) compared with reverting to reactants (£-i). This advantage, 
however, can only overcome the entropy disadvantage at suffi­
ciently low temperatures. Thus, the reaction of SiMe2 with the 
methylsilanes while not entropy controlled, may still be said to 
be "entropy dominated". 

Although this treatment is oversimplified, particularly in as­
suming a temperature-independent value for kh a barrierless 
reaction, we believe that the substantial negative activation energies 
observed here offer strong support for this type of mechanism.40'41 

There are, however, potentially other tests that could bear on this 
question. Low-temperature trapping of the complex, or even 
observation of a transient population, would provide the most direct 
evidence. While there is irrefutable evidence for such complex 
formation between silylenes and O, N, S, and P donors,42"45 there 
is, as yet, none for complexes of the type suggested here. This 
implies a relatively shallow well on the potential energy surface. 
An estimate of the maximum well depth can be obtained from 
the experimental observations. Biexponential decay kinetics are 
the signature of a significant population of transient complexes.15 

Although decays were single exponential, a population of as much 
as 20% complexes might just have escaped detection (within the 
noise of the detection system). Such a population would place 
a limit on the value of the equilibrium constant, ^1., (=kl/k.l) 
< 150 atm""1 at 353 K for the system 

SiMe2 + H-SiMe3 P± complex 

This means that the Gibbs free energy change (-A(7e) < 14.7 kJ 
mol"1. From standard vibrational assignment methods46 and earlier 
calculated entropy values,18 we estimate AS6 = -75 ± 10 J K"1 

mol"1. Thus: 

(40) For alkyl radical recombination reactions, the strongest temperature 
dependence is that for the mutual reaction of two reri-butyl radicals, where 
a factor of ca. 3 decrease in the rate constant is observed between 300 and 
650 K.41 

(41) Parkes, D. A.; Quinn, C. P. J. Chem. Soc, Faraday Trans. 1 1976, 
72, 1952. 

(42) Ando, W.; Hagiwara, K.; Sekiguchi, A. Organometallics 1987, 6, 
2270. 

(43) Gillette, G. R.; Noren, G. H.; West, R. Organometallics 1987, 6, 
2617. 

(44) Ando, W.; Hagiwara, K.; Sekiguchi, A.; Sakakibari, A.; Yoshida, H. 
Organometallics 1988, 7, 558. 

(45) Gillette, G. R.; Noren, G. H.; West, R. Organometallics 1989,8, 487. 
(46) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley-Interscience: 

New York, 1976. 
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(-AH&) = (-AGe - TAS6) < 41.3 (± 3.5) kJ mol"1 

The negative enthalpy change, -A//6, represents to a reasonable 
approximation the desired well depth. Since this is probably the 
most favorable case, the strength of binding of these intermediate 
complexes does not exceed ~40 kJ mol"1. 

Another possible test concerns pressure dependence of the 
observed rate constant. We have not explored this question ex­
perimentally as yet. Use of lower pressures is made difficult in 
the present system because of the necessity of having a sufficient 
pressure to provide thermalized SiMe2 from its energetic photo­
chemical source (see Experimental Section). However, we may 
inquire, via theory, into the likelihood of pressure dependence in 
this system. An overall third-body-type pressure stabilization of 
the initially formed product disilanes seems exceedingly unlikely 
in view of their molecular size.47,48 However, a pressure de­
pendence of a different kind associated with stabilization of in­
termediate complexes remains a possibility. A recent study of 
pyrene fluorescence quenching by Davis and Pilling49 involving 
weak complex formation by association of large molecules provides 
an example not dissimilar from that discussed. The key to ob­
servation of a pressure dependence is whether the Boltzmann 
population of complexes exists substantially above the dissociation 
threshold of the complex. If so, the initially formed complexes 
can act as their own heat bath and further collisions will produce 
very little change in the population distribution. Otherwise a weak 
pressure dependence is possible. Detailed exploration of this 
possible pressure dependence will form part of our further theo­
retical investigations.37 

In summary, the evidence for the involvement of intermediate 
complexes is presently suggestive rather than conclusive. Further 
tests, both experimental and theoretical are required. 

(iv) Variational Transition-State Theory. An alternative ex­
planation for the negative activation energies is one based on a 
variational transition state.50 A particular version of such a theory 
is one developed by Houk et al.51"53 to account for kinetic data 
for the addition reactions of halocarbenes with alkenes. The theory 
is appropriate to association reactions that have zero or close to 
zero enthalpic barriers but may develop significant free energy 

(47) Combination reactions of alkyl radicals larger than methyl show no 
pressure dependence.4' RRKM theory48 leads to no expectation of any 
pressure dependences for SiMe2 producing dissociations of methyl-substituted 
disilanes""-25 at the pressures and temperatures employed in the present 
study. 

(48) Robinson, P. J.; Holbrook, K. A. Unimolecular Reactions; Wiley: 
New York, 1972. 

(49) Davis, A.; Pilling, M. J. J. Chem. Soc, Faraday Trans. I 1983, 79, 
235. 

(50) Truhlar, D. G.; Garrett, B. C. Ace. Chem. Res. 1980, 13, 440. 
(51) Houk, K. N.; Rondan, N. G.; Mareda, J. Tetrahedron 1985,41,1555. 
(52) A recent paper by Blake et al.53 criticized the work of Houk et al." 

for use of an inadequate basis set for their potential surface. However the 
underlying ideas involved are not affected. 

(53) Blake, J. F.; Wierschke, S. G.; Jorgensen, W. L. J. Am. Chem. Soc. 
1989, / / / , 1919. 

barriers due to the decrease in entropy occurring as the two 
molecules unite to form one. The location of the transition state 
(maximum in AG) is then determined by the point along the 
reaction coordinate at which the decrease in the AH term over­
comes the increase in the -7"AS term. Clearly since the magnitude 
of the -TAS term is temperature dependent, then so will be the 
location of the transition state. Higher temperatures will move 
the position of transition state further toward the product and 
result in a higher value for AG*. Whether lower rate constants 
result depends on AG*/T. This in turn depends on intimate details 
of the potential surface and state density functions at different 
positions along it. Without ab initio calculations it is difficult 
to know whether this theory could be made to fit the present 
results. However, we can offer the following comments: 

(a) The idea of an entropy-dominated barrier, characteristic 
of Houk's models is certainly not inconsistent with the measured 
rate constants and their temperature dependences. 

(b) If the intermediate-complex mechanism were found to 
require the second step always to be rate determining, the dis­
tinction between it and this kind of model becomes academic. This 
is because in transition-state theory the only important features 
of the surface are those of the bottleneck to reaction (and of course 
the reactants). The existence of a potential well between reactants 
and the bottleneck does not affect the bottleneck and cannot be 
discerned from it. 

(c) The differentiation between this idea and the intermedi­
ate-complex mechanism depends on detecting the well, either by 
a change of rate-determining process or other tests outlined in 
the previous section. 

(d) We find the silane methyl substituent effect hard to ac­
commodate to a monotonically decreasing potential surface. The 
increased rates at low temperatures for SiMe2 + Me3SiH com­
pared with SiMe2 + SiH4 imply an increased attractive potential 
energy at long range for the former reaction. Since the overall 
enthalpy changes are all these insertion reactions are essentially 
identical (ca. 218 kJ mol"1),27 it is hard to see why the potential 
surfaces should differ unless there is some special, close-to-
threshold, interaction, which disappears upon product formation. 
This, at present, seems the strongest argument against the simple 
variational transition-state model for this series of reactions. 

In further publications we hope to report further progress in 
understanding the nature of the Si-H insertions reaction of 
SiMe2,

37 as well as reactions OfSiMe2 with O donors and alkenes.54 
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