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Summary

Estimates of rate constants are deduced for several reactions of silylenes. These
estimates, applied to experimental results for some intriguing silylene isomerization
reactions, are shown to reconcile some apparent conflicts in the literature and to
draw attention to hitherto unnoticed mechanistic features.

Introduction

It is becoming increasingly apparent that there is a very rich variety of reactions
undergone by organosilicon intermediates. Particularly interesting are the unimolec-
ular isomerization and intramolecular insertion reactions of these intermediates
which occur in gas phase thermolyses, where the low-pressure conditions favour
unimolecular processes over bimolecular. We hope to show in this paper that the
measurement and estimation of rate constants for individual elementary reactions
have now progressed sufficiently to be useful in explaining the course of some of
these thermolyses and in providing some simple guidelines, with particular reference
to the reactions of silylenes. An early example of our interest in this topic, stimulated
by the work of Kumada, was the disilanyl radical isomerization reaction (eq. 1):

Me,SiSi(Me, )CH, — Me,SiCH,SiMe, (1)

This reaction was ingeniously suggested by Kumada [1] as the key step in the
isomerization of Me,SiSiMe, to Me,SiCH,Si(Me,)H, which occurs in high yield at
high pressure, From gas kinetic studies over a range of pressure {2,3] we were able to
confirm the mechanism he proposed and to account for the different course of the
thermolysis at low pressure. Rate constants were subsequently {4] measured for the
main reactions, giving log 4, = 12.3 and E; = 92 kJ mol ™. Another point of interest
in the thermolysis of disilanes is that for some the main primary reaction is

* Dedicated with profound admiration and respect to Professor Makoto Kumada.
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TABLE 1

ARRHENIUS PARAMETERS FOR PRIMARY REACTIONS IN THE PYROLYSIS OF METHYL
DISILANES

Reaction logA4“ E (kJ mol™ 1) koo (571 Ref.
Me,SiSiMe, H — Me, i + Me, SiH (2) 12.9310.31 198+ 3.9 2.70x 10" 7
Me,SiSiMe, — Me, Si + Me,Si (3) 137 +£0.7 282412 2.15%1073 3
Me;SiSiMe, — Me,Si- + Me,Si+ (4) 17.2 +0.3 3374 4 437x1073 3

@ First-order 4 factors and rate constants are in s~ ! and second-order in dm® mol =1 s~ 1.

dissociation into radicals, while for others it is formation of a silylene and a
monosilane. An early suggestion [S] was that the activation energy for the reverse of
the latter process, i.e. insertion of a silylene into its concomitant molecular product,
was the vital factor in determining which route was favoured. Whilst that is broadly
true, it is an oversimplification. Now that Arrhenius parameters have been measured
for the primary reactions in the thermolysis of several disilanes [3,6-8] and mono-
silanes [9-11] a clearer understanding of the factors involved is possible. These may
be illustrated for disilanes by reference to the pyrolysis of hexamethyldisilane and
pentamethyldisilane; Arrhenius parameters for the primary reactions in these pyro-
lyses are in Table 1.

Thus, although k, is indeed much less then k, because it has a higher activation
energy [5], it is less than k, primarily because it has a lower 4 factor. So far as the
methylmonosilanes are concerned, tetramethylsilane and trimethylsilane decompose
by radical mechanisms [12], but the primary reactions in the pyrolysis of methyl-
silane and dimethylsilane produce silylenes with the Arrhenius parameters given in
Table 2.

It is of particular interest to estimate the kinetic parameters for typical silylene
insertion reactions, which have not been directly measured, but which are the reverse
of some of the silylene-forming reactions in Tables 1 and 2. For reaction (—2), log
A _, has been estimated [13] and 9.0 and E _, as 0; slightly different estimates of 9.5
and 12 kJ mol ™" respectively are favoured by Ring, O’Neal and co-workers [14] for
this type of reaction. Activation energies for reactions (—3) and (—6) may be
estimated from E,, E,, and thermochemical data. Whilst there are problems with
thermochemical data in silicon chemistry, the estimates compiled by Walsh [15] are
both reasonable and self-consistent. Using these, one obtains ~ 220 and ~ 197 kJ
mol ! for AH; and A H, respectively. Hence E_, = (282 — 220) = 62 kJ mol~' and
E_¢=(279 —197)=82 kJ mol~!. The latter is in good agreement with another

TABLE 2

ARRHENIUS PARAMETERS “ FOR PRIMARY REACTIONS IN THE PYROLYSIS OF METHYL-
SILANES

Reaction log A E (kJ mol™1) Ref.
MeSiH, —» MeSiH + H, (5) 15.2 271 9,10, 11
MeSiH, — §iH, + CH, (6) 14.7 279 9,10
Me,SiH, — Me,Si+H, (7) 14.3 285 10,11
Me,SiH, - MeSiH + CH, (8) 15.0 301 10

¢ For consistency, all Arrhenius parameters are from ref. 10; concordant parameters are given in the
other references cited.
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estimate [37]. Thus, activation energies for bimolecular insertions of simple silylenes
may be taken to be ~0-12 into silicon-hydrogen, ~ 62 into silicon-methyl, and
~ 82 kJ mol~! into carbon-hydrogen bonds. It was anticipated some time ago [16]
that silylenes should also insert into silicon—silicon bonds, and this has been shown
to occur [17]. It is a reasonable inference that the activation energy for silylene
insertion into silicon-silicon bonds should be between 12 and 62 kJ mol ™.

Excellent evidence exists in the literature that hydridosilenes, RHSi=CH,, iso-
merize thermally to methylsilylenes [18]. The possibility of the reverse reaction has
also been noted [19], while theoretical calculations indicate that such isomerizations
should indeed be thermoneutral with an energy barrier in either direction of 170 or
180 kJ mol™!, depending on the details of the calculation [20]. The foregoing
expectations having recently been confirmed experimentally [21], silylene and silene
chemistry are closely linked in thermolysis reactions in which either intermediate of
the above type is formed.

A further important reaction [22] linking silylenes with silenes is the 1,2-silyl shift
converting silylsilenes to silylenes:

Me,Si(Me)Si=CH, — MeSiCH, SiMe, (9)

Whilst this reaction may be estimated [19] to be endothermic by some 20 kJ mol ™},
the experimental evidence [22] is that the resulting silylene goes on to other products
instead of reverting to the silene.

Discussion

A suitable starting point for applying and extending the above kinetic estimates is
the intriguing isomerization of tetramethyldisilene to two isomeric 1,3-disiletans,
observed by Roark and Peddle [23], who invoked the intermediacy of disiliran, as
did Barton and co-workers [24], who suggested the more refined mechanism in
Scheme 1. Although there was earlier indirect evidence for the existence of disilirans
[25], the first stable disilirans were prepared and characterized by Kumada and his
co-workers [26], who have been responsible for much of our knowledge of the
chemistry of three-membered rings containing silicon, and likewise for much of our
knowledge of silyl, alkyl, and hydrogen shifts in organosilicon chemistry [27].

Estimated Arrhenius parameters for the reactions in Scheme 1 are in Table 3.
Reaction 3 is not a close analogy to reaction 9, the thermochemistry being uncertain
in the absence of a reliable estimate of the w#-bond energy in disilenes; but the
estimated parameters agree with the overali rate of decomposition of the disilene
precursor used by Roark and Peddle [23] at 633 K. We know of no kinetic data
relating directly to the intramolecular silylene insertion reactions 10, 13 and 15; the
closest analogy comes from the recent results of Ring, O’Neal and co-workers, who
obtained Arrhenius parameters of log A ~12.6 and E ~ 139 kJ mol™! for the
decomposition of n-propylsilylene to propene and silylene. This may have occurred
via a siliran intermediate, with ~ 50 kJ of ring strain energy to be overcome in the
transition state [10]. The ring strain in siliran has been calculated [28] as ~ 157 kJ
mol ™}, and approximately estimated as ~ 226 kJ mol ~! in a substituted siliran from
some experimental evidence [29]. We have found [21] that a 1,2-hydrogen shift with
ring-opening in 1-methylsiletan releases ~ 59 kJ mol~! out of a total ring strain of
~ 80 kJ mol~L. If the calculated ring strain [28] for siliran is accepted, it thus
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SCHEME 1. Isomerization of tetramethyldisilene.

Me,Si=SiMe,
(1)
‘9
Me;Si SiMe
(2)
“?‘10
SR S A
14
Me, 51T siMe ﬁ: Me,Si \SiHMe = MeaSi Nsin
s S: - s
(4) (3) (5)
17”16 19”18
" silsile Me,5i ] SiHl,
(6) 73

appears in both of these cases that the element of ring strain released on ring-open-
ing is approximately twice that which has to be overcome on closure. However, the
ring strain for 1,3-disiletans has been estimated [30] as ~ 100 kJ mol ™! which, in
conjunction with our preliminary measurements [31] for reaction 17 of log A ~ 13.5
and E ~ 255 kJ mol ™!, would indicate approximately equal elements of ring strain in
either direction for reactions 16 and 17, as noted in Table 3. It seems to us that the
experimentally-determined A factors for reactions 2, 3, 8 and 17 are mutually
inconsistent; a compromise value was therefore chosen for A4,;, which could be
refined once confusion in the experimental results has been resolved, although it will
be shown below that reaction 11 is kinetically unimportant.

TABLE 3
ESTIMATED ARRHENIUS PARAMETERS FOR REACTIONS IN SCHEME 1

Reaction log4 E(kJmol™') Analogous Comments

reaction

9 13.5 180 3 See text
10 12,6 82+ EC, -6 A factor from Ref. 10 for reactions 10, 13 and 15
11 14 301 —~ EO, 8 A factor 1s compromise, cf. A,, A4, A3 and 4,
12 13 198~ EO, 2
13 12.6 12+ EC, -2
14 14 282 EO, 3
15 12.6 62+ EC, ~3
17,19 13.5 301 EO, 8 E ;=255 (Ref. 31) .". EO, = 301 — 255 =46
16, 18 1354 82+ EC, -6 ES; ~ 100 (Ref. 30) .". EC, =100 46 = 54

EC, and EO, are the elements of strain energy overcome or released respectively on forming transition
states for closing or opening a n-membered ring; EC, + EO, = ES,,, the total strain energy of the
n-membered ring.

“ Note added in proof: from subsequent work on a related rearrangement we now favour a lower value,
down to 12.9; this change has only a minor effect on the relative rates in Table 6, and none on the results
in Table 5.
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When 1 was generated at 633 K, 7 and 6 were produced [23] in the ratio of 3/1,
while generation of 2 at 973 K [24] gave 7/6 = 1.9. At the latter temperature, 6 and 7
would decompose appreciably. We have taken account of that in a simple way with
reactions 17 and 19, based on our experience of the thermolysis of hydridosiletans
[21] and disiletans [31]. However, that is only likely to be satisfactory at relatively
low temperature, because we would expect [31] 7 to be significantly more unstable
thermally than 6.

Barton [24] drew attention to the discrepancy between the observed yields of 6
and 7 and the expected migratory aptitudes of H (reaction 12) and Me (reaction 14),
explaining it in terms of rapid equilibration of reactions 12 and 13. Whilst that is
undoubtedly an important factor, others are revealed by our estimates.

We attempted to simulate the results at 633 K by numerical integration [32] of
Scheme 1. EO, and EC, were set at 46 and 54 kJ mol ' respectively, as explained
above; but EC, (which features in reactions 10, 13 and 15) and EO, (in reactions 11,
12 and 14) had to be set by trial and error. 50 kJ mol~! was taken as the starting
point for EC;, but that value related to a siliran [10], whereas 2 is a disiliran. As
silicon substitution increases strain energy in cyclopropane rings [28] 50 kJ mol~!
was likely to be a lower limit. For the reasons given above, EQ, was made twice EC;.
With these values, the anticipated equilibration [24] between 3 and 4 occurred to
such effect that 3 and 6 were the only significant products! Increasing £C, and £0,
reduced the build-up of 3, but it was not possible to increase the 7/6 ratio above
~ 0.05; an additional route to 7 is clearly required. It has only recently been realised
[21] that the methylsilylene 2 would isomerize reversibly to a silylsilene. The latter
would then undergo the well-established [22] 1,2-silyl shift to give silylene S. These
reactions, with their estimated Arrhenius parameters, are in Scheme 2. It is not

SCHEME 2. Additional reactions in the isomerization of tetramethyldisilene,

H
. 20
Me3Si SiMe == Me;Si Si=CH,
2

(2 (8)
‘22
A
Me;Si §1H
(5)
Estimated Arrhenius parameters
Reaction log A E(kJ mol™H Comments
20,21 13.5 170 Ref. 21 and references therein
22 12.3 120 Like reaction 1,but endothermic

necessary to include similar reactions for the silylenes 4 and 5; like 2, they could
isomerize to silenes, but the latter could not rearrange like 8, but would simply revert
to4 and §.

With the addition of the reactions in Scheme 2, it was then possible to reproduce
the experimental results at 633 K by varying EC; and EO, to adjust the balance
between k,o—k,s and k,y. The results were very sensitive to the value of EC,, which
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had to be 83 kJ mol~! to achieve agreement with experiment. However, it made no
difference whether EQ, was twice EC, (i.e. 166 kJ mol ™!, giving ES, 249 kJ mol 1),
or equal to EC, at 83 kJ mol ™! (giving ES, 166 kJ mol '), as suggested by analogy
with our estimates for reactions 16 and 17 in Table 3. Over that wide range,
reactions 11 and 14 were relatively slow, as were 15 and 21, while reactions 12 and
13 were essentially equilibrated, as anticipated [24]. The observed 7,/6 ratio [24] at
the rather high temperature of 973 K could also be reproduced with these values of
EC, and EQ,, provided that k,, was increased to be the same as that found [31] for
1,3-disiletan itself.

Thus, although our kinetic estimates are of necessity rather approximate, they
have improved understanding of the mechanism of isomerization of 1, by demon-
strating the need to invoke the new reactions in Scheme 2.

All of the reactions in Schemes 1 and 2 are relevant to the thermal silylene-silene
isomerization, reactions 23 and 24, which is of some considerable current interest
[18,20-22,33].

HMeSi=CH,= Me,§i (23),(24)
9 (10)

We have recently suggested that several earlier experiments [18,19,22] and some new
ones [21], in which 9 or 10 was generated thermally with or without added
butadiene, could be interpreted in terms of the thermoneutral reversible isomeriza-
tion reactions 23 and 24, as predicted theoretically [20]. That conclusion was not
obvious previously [18] mainly because of the differential reactivity of 9 and 10
towards butadiene, although the first suggestion of the silylene-silene isomerization,
reaction 24, was made in relation to experiments on thermally-produced dimethyl-
silylene 10 [19]. The quantitative estimates developed here may now be used to
refine, extend, and partially modify our suggestions. The full reaction sequence is in
Scheme 3.

The earlier experiments by others, although they yielded much useful information
and prompted ingenious mechanistic explanations, were done under widely different
conditions which were not entirely suitable for kinetic analysis. In particular, flash
vacuum pyrolysis (FVP) experiments were likely to be in the unimolecular fall-off
region. Accordingly, we undertook some experiments [21] in a stirred-flow apparatus
where the temperature, reaction time, and reactant pressures were all known, and
where fall-off was obviated by use of nitrogen carrier gas at ~ 2.5 atmospheres [34].
By generating 10 between 720 and 860 K, and between 720 and 924 K with added
butadiene, we were able to offer a broad explanation for the effect of butadiene and
to conclude that in the absence of butadiene, 9 and 10, equilibrated by reactions 23
and 24, were withdrawn from the equilibrium by the dimerization reactions 25 and
27. In order to probe the mechanism in the absence of butadiene more fully we have
done some further experiments [35] by the same technique, separately generating 9
from 1-methylsiletan and 10 from methoxypentamethyldisilane between 760 and 850
K; within that temperature range 6 and 7 would be thermally stable. The results
were most illuminating. Starting from the silylene precursor we obtained a ratio of
7/6 of ~ 0.6 at 850 K, increasing to ~ 1.4 at 760 K; while starting from the silene
precursor we obtained 7/6 ~ 0.5 at 850 K decreasing to ~ 0.4 at 760 K. The striking
difference in the ratio of 7 to 6 at 760 K and the opposing trends with temperature
towards approximate parity at 850 K reflect the interplay between dimerization and
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SCHEME 3. The silylene-silene isomerization (with and without trapping).

Me
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>
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(9) e (10)
27\Me2§i
HMeSi=CHz /is szi.:SiI‘Ez
(1)
ts
Me o~ H
wsi iy ®  MessiSiMe % Me38iSi=CH,

(6) (2) (8)
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CH CH H
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bhzﬁl Sll\'b _13. Mele--Sl ? MesSi SiH
: &
{4) (3) {5)
wffe
Me,Si :: SiH,
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cross-combination of 9 and 10, reactions 25-27. The rate constant [36] for dimeriza-
tion of Me,Si=CH, should be a reasonable analogy for k,s. Rate constants have
been estimated [37] for the dimerization of $iH, and MeSiH as log A4 ~ 11.88 and
~ 10.99 respectively, both with zero activation energy, thus giving a good indication
of the likely size of k,;. In carbene chemistry, addition of a singlet carbene to a
#-bond is competitive with the most favourable o-bond insertions; therefore, reac-
tion 26 would likewise be expected to have a large rate constant.

An obvious, but previously unforeseen, conclusion from these estimates is that
reaction 25 is of negligible importance relative to reactions 26 and 27; 6, the “dimer”
of 9, is in fact produced entirely from reaction 16 in these thermolyses. The
variations in 7/6 noted above result from the balance between reactions 26 and 27;
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TABLE 4
ESTIMATED ARRHEN]IUS PARAMETERS FOR REACTIONS IN SCHEME 3

Reaction log A E (kJ mol ™) Source
9 13.5 180

10 12.6 165

11 14 < 218

12 13 <115

13 12.6 95 Table 3

14 14 <199 and text

15 12.6 145

16, 18 13.5¢ 136

17.19 13.5 255

20, 21 13.5 170

22 12.3 120 Scheme 2

23,24 13.5 170 Ref. 21 and refs. therein

25 6.6 0 Ref. 36

26 10 0

27 10 0 See text

28 7 10 Ref. 21

29 9.5 12 Ref. 14

30 13.5 252

31 144 252 Ref. 31

32 13.5 255 and text

“Now 12.9-13.5, see footnote a to Table 3.

TABLE 5. TESTS OF SCHEME 3 AGAINST EXPERIMENTAL RESULTS

Initial Experimental conditions Ref. T (K) 7/6
intermediate Observed Calculated
(a) Experiments without added butadiene
9 760 04 046
9 Stirred flow in 2.5 35 850 0.5 0.56
10 atm. of nitrogen 760 1.4 13
10 850 0.6 0.67
9 898 0.53 0.56
9 Flow, 1--5 Torr 18 925 0.56 0.57
9 Nitrogen flow 22 673 ~0 0.005
10 Vacuum flow 19 873 0.86 0.64
10 < 0.1 Torr 973 ~ 0.6 0.62
1 Sealed tube 23 633 3 3
(b) Experiments with added butadiene
Excess of butadiene 11/12
and conditions
10 720 <1% 0.0003
X 10; sti
10 0; stirred flow 21 924 <1% 0.003
9 829 ~0.8 0.6
9 X8 18 898 ~0 0.067
9 925 ~0 0.014
9 N, flow 22 673 [11}>[12] 20
9 ~1 atm 21 873 [11]=> [12] 12
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reaction 27 leads directly to 2, and thence to the reactions in Scheme 2, whereas
reaction 26 does not. With all other Arrhenius parameters set at the previously
estimated values given in Table 4, k,, and k,, were varied systematically. Reasona-
bly satisfactory agreement with our latest experimental results [35] was obtained
when both were 10'° dm® mol ™! s™!. This full Scheme, like Scheme 1 augmented by
Scheme 2, was insensitive to the chosen value of EQ;. For simplicity, we favour
EO,=EC, =283 kJ mol™, giving a total ring strain of 166 kJ mol~!, close to the
calculated value in siliran [28].

Interpretation of the results of trapping experiments with butadiene is com-
plicated by the differential thermal stability of the adducts 11 and 12. The Arrhenius
parameters for reaction 32 are based on a few experiments which we have done on
the thermolysis of 12, while those for reactions 30 and 31 are estimates based on our
results [31] for the thermolysis of the dimethylsilyl homologue of 11. Scheme 3 was
then tested against the earlier experiments; the results of all of these tests are in
Table 5.

In view of the uncertain reaction time, pressure, temperature, and role of the
surface in many of the earlier experiments, we consider the agreement in Table 5 to
be sufficiently good for Scheme 3 to be realistic. It should be stressed that the
computer-aided speculations in this paper are no substitute for experimental work,
but they are of some value if they focus attention on some mechanistic features, such
as the need to include the reactions in Scheme 2, the importance of reaction 26, or
the unimportance of reaction 25.

A clearer indication of the main reactions in Scheme 3 in the absence of added

TABLE 6

RELATIVE RATES“ IN SCHEME 3 FOR A TYPICAL THERMOLYSIS WITHOUT ADDED
BUTADIENE

Reaction Relative rate
23 5.0
24 6.1
25 42x10™*
26 1.2
27 1.3
9 1.3
10 0.26
11 3.1x107*
20 1.0
21 0.014
22 1.0
12 60.1
13 58.7
14 45%x1073
15 0.035
16 15
17 1.0x1073
18 1.0
19 6.9x10~*

“ Conditions simulated were production of 10 at 850 K after ~ 20% decomposition of precursor. Rates
are in arbitrary units, relative to rate 18 =1.0.
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butadiene may be gleaned from Table 6, in which we list relative rates for a typical
thermolysis at an intermediate temperature.

Exactly the same rates are obtained for all reactions if EQ, is increased to 166 kJ
mol !, thus reducing the activation energies for reactions 11, 12 and 14 by a further
83 kJ mol . Because the other rate constants dependent on EC; are unchanged, all
that happens is that the concentration of 3 falls to maintain the rates of reactions 11,
12 and 14 at the same values. Hence, irrespective of the true value of EQ,, the
reactions in the abbreviated Scheme 4 are the only important ones.

SCHEME 4. Main reactions from Scheme 3.

HMeSi=CH, v-== Me,5i
(9) (10)

MezSi\
Me,Si=SiMe,;
(1)
/ 12 / Me 10 20 H
Me,Si SlIVb ‘TT Mele-——SlH «— Me;SiSiMe — Me;SiSi=CH,
H
(4) (3) (2) (8) »”
16 CH2
/7 N\
Me;Si SiH
/ (5)
gSiCsiy Me,Si T SiH,
(6) (7)

It should be noted that reactions 23 and 24 are essentially equilibrated, as are
reactions 12 and 13; but reactions 20 and 21 are not because reaction 22 is so
relatively fast. Reactions 11, 14 and 15 being unimportant, there is no route to 7
from 3, but only from 2 via 8.

Thermolyses of low pressures of precursors in the absence of a carrier gas may be
further complicated by the formation of chemically-activated “hot’” molecules. The
conditions most conducive to that possibility were those used by Conlin and Gaspar
[19], who generated 10 by vacuum flow thermolysis below 0.1 Torr. Uniquely, they
found up to 8% of a third disiletan, 1,1,3-trimethyl-1,3-disiletan. It is tempting to
suggest that under these conditions reaction 26 gave “hot” disilacyclopropane 3,
which could then decompose by additional routes not accessible to the unactivated
species. The equivalent reaction to 26 in hydrocarbon chemistry is a classic way of
producing “hot” cyclopropanes. A suggested sequence of additional reactions is in
Scheme 5. Reaction 32 is plausible because there is a relatively high concentration of
10 present, while reaction 35 is known to occur very cleanly [22]. Of course. if this
suggestion is correct, it follows that there would be similar minor reactions between
9 or 10 and MeSiH or its isomer H,Si=CH,, leading to formation of 1-methyl-1,3-
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SCHEME 5
. HMeSi=CH, + Me,Si
2 -
Me,Si Siif' 3 . Me,Si=CH, + MefiH
2 | Me,S1
C.Hz CHZ
, . EL) . N
Mele Slybz _3_~<—‘—> b@3Sl _S_llvb
35
Me,Si T Sit

disiletan, but that disiletan would probably be substantially more unstable than the
others, as is 1,3-disiletan itself [31].
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