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Kinetic Determinations of the Heats of Formation of Methylated
Disilanes and of Silylene, Methyisilylene, and Dimethyilsilylene
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The thermal decomposition kinetics of disilane and a number of methylated disilanes have been analyzed
with the aid of transition-state theory and their back-reaction rate constants to obtain heats of formation
of the reactant disilanes and heats of formation of their product silylenes. On the basis of comparisons
of the values so obtained with semiempirical and ab initio molecular orbital calculations and with existing
literature values, recommendations for the heats of formation of the methylated disilanes and for silylene
and the methylated silylenes are made (e.g., to an estimated accuracy of £2 kcal/mol, heats of formation
for MegSi,, SiH,, MeSiH, and Me,Si are —78, 64, 48, and 32 kcal/mol, respectively).

Introduction

Kinetic studies of the thermal decompositions of di-
silanes!® (e.g., reactions 1-3) have been important to heat

Si,Hy — SiH, + SiH,
MeSiH,SiH; — SiH, + MeSiH

Me,SiSiHMe, — Me;SiH + Me,Si

of formation determinations of their product silylenes.
Thus assuming back reaction activation energies of zero,
decomposition activation energies have been equated with
reaction enthalpies at mean study temperatures (T,), heat
capacity corrected to the 298 K condition, and combined
with the “known” heats of formation of the disilane
reactants and silane products to obtain heats of formation
for the product silylenes. In this way early kinetic data’?%
yielded” values of about 59, 40, and 22 kcal/mol for the
silylene, methylsilylene, and dimethylsilylene heats of
formation, respectively. We now believe these values to
be low by 5-10 kcal /mol.

There are several problems in the above analysis. First,
identification of the observed kinetic parameters with those
for the 1,2-H shift silylene elimination reactions may be
incorrect. Most of the early kinetic studies were done
without added silylene trapping agents, and it is now
known that silylene-induced chain reactions can occur in
these systems.? Second, back reactions may have nonzero
activation energies. Absolute rate constant measurements
for Si—H insertion reactions of SiH,*'® and Me,Si!! (see
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Table I. Absolute Rate Constants (298 K) of Silylene
Insertion Reactions

k, M1 g1
substr SiH,! Me,Si'? MeSiH® MeSiH?
SiH, 6.6 £10° 1.2 x10® (2.8 10% (6.3 x 109
MeSiH; 5.7 X 10 11X 10° (7.9 +10% (4.0 % 10'9)

Me,SiH, 5.5 % 101° 3.3 x 10° (1.3 X 10!% (3.7 X 10%)
Me,SiH 3.1 X 101 2.7 x 10° (9.1 x 10%

¢ Estimated as the mean of the SiH, and Me,Si rate constants.
®Derived from the kinetics (see text).

Table I) have only recently been determined, and while
the rate constants for the SiH, reactions suggest near zero
activation energies, those for Me,Si leave room for nonzero
values. As yet, there are no absolute rate constant data
for MeSiH reactions, nor are there data on the temperature
dependencies of any silylene reaction. Third, heats of
formation of the reactant disilanes are not really “known”.
Thus while heats of formation of methylated monosilanes
are reasonably well established (to about £1 kcal/mol by
equilibrium disproportionation studies!?), the only calor-
imetric data on disilanes is for hexamethyldisilane*® and
this is questionable (see later). Therefore heats of for-
mation for methylated disilanes have either been calcu-
lated by additivity schemes,! or they have been estimated
by assuming a linear change in heats of formation with
increasing methylation between disilane (calorimetrically
determined at 19.1 kcal/mol'®) and hexamethyldisilane
(kinetically determined at around —83 kcal/mol™1%15-18),

Walsh has argued that reported Arrhenius parameters
for most methylated disilane decompositions are too low
to be identified with their direct silylene elimination re-
actions.!® He supported this conclusion with thermo-
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Table II. Kinetic Data Analysis for the Determinations of the Heats of Formation of Methylated Disilanes and Silylenes

exptl at 298 K
reactant (A) log A4 Eq4 -log k4 -log K, ASe AH® AHP (Sii-A) A
(A) Silylene Eliminations (SiH,=Si:)
SiyHg? 15.75 52.20 22.14 31.57 32.6 52.8 44.6 14.1
MeSiH,SiH,? 15.28 50.75¢ 21.62 30.99 31.6 51.7 58.7 16.0
Me,SiHSiH 15.50 50.99 21.56 30.89 33.3 52.0 74.7 15'9
Me,SiSiH % 15.11 49.40 20.82 29.92 36.3 51.6 90.6 .
(B) Dimethylsilylene Eliminations (Me,Si:=Si:)
Me,SiHSiH, 13.12 51.79 24.91 31.60 32.6 52.8 44.6 13.9
Me,SiHSiH,Me® 13.11 49.42 23.18 30.84 32.2 51.6 58.5 16.0
Me,SiHSiHMe,*! 13.17 48.17 22.20 30.33 35.2 51.8 74.5 16'0
Me,SiSiHMe,? 13.30 48.40 22.22 30.26 36.3 52.1 91.2 (1.% 5)
(C) Methylsilylene Eliminations (MeSiH==Si:)
MeSiH,SiH,? 14.14 49.89° 22.36 (30.77) 334 (51.8) (43.7) 14.0¢
MeSiH,SiH,Me® 14.30 47.90 20.64 (29.85) 33.9 (50.8) (57.7) e
Me,SiHSiH,Me2 14.26 47.82 20.64 (29.82) 34.7 (51.0) (73.7) 16-02
Me,SiSiH,Me no data (29.25) 37.0 (51.0) (90.0) 6.3

@ Arrhenius parameters for the major pathway of the neat, uninhibited decomposition. Probably reliable, but need confirmation.
b Arrhenius parameters for the minor, uninhibited decomposition. Need to be redetermined under silylene chain; inhibition may be low.
¢ AH?® (Si:-A) is the heat of formation difference between the product silylene and the reactant disilane. ¢ A is the incremental difference in
successive reactant disilane heats of formation eliminating the same silylene. ¢Increments assigned on the basis of the average Me,Si and

SiH, series increments.

chemical estimates of minimum and preferred A factors
for silylene eliminations using eq I, where AS® is the de-

In Ageer, = In A, M1 sY) + AS°/R -In(eRT,) ()

composition reaction entropy at the mean decomposition
temperature (T,), R’ = 0.082 L/(mol deg), and Ay is the
back-reaction A factor in the units shown.

Minimum A factors were obtained by equating A factors
for the reverse reactions at T, to their measured absoluted
rate constants at room temperature. Preferred A factors
were obtained by assuming similar and “loose” transition
states for all silylene Si-H insertions with A factors on a
per H basis of 101 M1 s71. The product silylene heats of
formation following from the preferred A factor analysis
were as follows: SiH,, 65; MeSiH, 44; and Me,Si, 26 (in
kcal/mol).’® The Walsh analysis is reasonable and intu-
itively appealing; however, it is not supported by recent
kinetic data on methylated disilane decompositions under
maximum inhibition conditions.202! Thus preferred A
factors for Me,Si elimination reactions were in the 10'%+03
s! range, and minimum A factors ranged from 1025 s}
(for Me,SiHSiH;) to 10'4® 5% (for Me;Si;H). By contrast,
the highest experimental value (i.e., 10'*3 57! for Me;Si,H;
see Table IT) is 30 times lower than the calculated A factor
minimum.

If the latest experimental rate parameters of the inhib-
ited reactions are indeed those of the silylene eliminations,
the assumption of similar and loose transition states for
all silylene eliminations is in error. Instead, transition-state
tightening with increasing alkylation of the eliminated
silylene is indicated. Davidson® was first to note that A
factors for SiH,, MeSiH, and Me,Si eliminations seem to
fall in the respective ranges 10156203 1014*03 gnd 10128+02
871, and our subsequent studies tend to confirm these
ranges.>?>?! While Walsh’s analysis relative to the pre-
ferred disilane decomposition Arrhenius parameters (and
therefore also his suggested silylene heats of formation
following from those preferred parameters) appears to be
incorrect, his A, calculations still indicate serious cor-
relation problems between the disilane experimental de-
composition kinetics and the decomposition reaction

(20) Licciardi, G.; Nares, K. E.; O’Neal, H. E,; Ring, M. A,, to be
submitted for publication.

(21) Nares, K. E,; Harris, M. E.; Ring, M. A.; O'Neal, H. E. Organo-
metallics, first of four papers in this issue.

thermochemistries. In addition, before reliable silylene
heats of formation can be determined by kinetic analysis,
accurate heats of formation of the reactant disilanes must
be available. This paper addresses these problems (i.e.,
the apparent inconsistencies of the kinetics and thermo-
dynamics of the disilane decompositions and the accuracies
of the heats of formation of the reactant methylated di-
silanes).

Results and Discussion

Kinetic Data Analysis Yielding Disilane and Si-
lylene Heats of Formation. We believe that the disilane
decomposition rate data obtained under conditions of
maximum inhibition of silylene chains are valid measures
of the silylene elimination kinetics. To obtain silylene heat
of formation estimates from these data, we have varied the
usual kinetic analysis in a manner that should reduce er-
rors. Thus the disilane decomposition kinetics are ex-
trapolated to the 298 K condition by using transition-state
theory relationships (eq II and III)?? and by assigning

A = rpd(ekt /h)eS'/RT (In)

E,r = AE® + A(Hp - Hy)* + RT (11D

vibrational frequencies to the reactants and transition
states that are consistent with the experimental ASy *.
The AE® values (from III) and room-temperature rate
constants (kg, s71) are then calculated. These rate constants
are combined with the experimental back-reaction rate
constants (ky, atm™ s™) to give equilibrium constants (K,
atm), which in turn (with reaction entropies) give reaction
enthalpies (all values at 298 K). Product monosilane and
reactant disilane heats of formation, provided they are
“known”, then give heats of formation of the product si-
lylenes.

There are several advantages to treating the kinetic data
this way. First, with use of room-temperature equilibrium
constants to establish reaction enthalpies, errors in those
enthalpies are significantly reduced. Thus a 2.5 kcal
“error” in the activation energy of the Si;Hg decomposition,

(22) Equation II and III terms: rpd is the reaction path degeneracy
(equated here to the number of equivalent H atoms capable of generating
a particular silylene product by 1,2-H shifts), AS® is the intrinsic acti-
vation entropy at Ty, AE®* is the zero-point activation energy, and A(Hy
~ Hy)* is the vibrational enthalpy difference between transition state and
reactant at Th,.
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Table III. Kinetically Derived and MM2, AM1, and EECBA Calculated Heats of Formation of the Methylated Silanes and
Disilanes

calculated heats of formation (AH°), kcal/mol)

compound MM2¢+ AM1® EECBA EECBA¢ BA® kinetics
MeSiH4/ -6.65 -5.58 -6.96 -7.95 -7.8
Me,SiH,/ -22.95 -22.82 -22.68 -23.98 -23.7
MeasiHV -39.26 ~-39.54 -38.93 -39.92 -39.8
Me,Si’¢ -55.74 -55.74 -55.74 -55.74 -55.74
SiH, 19.1¢ 20.68 19.1 19.19 19.1 19.1
MeSiH,SiH ¢ 3.37 3.37 4.71 2.76 3.2 5.0
Me,SiHSiH, -12.57 -13.44 -10.22 -13.46 -12.8 -11.0
MeSiH,SiH,Me -11.67 -13.86 -9.68 -13.54 -12.8 (-9.0)¢
Me,SiSiH, ~28.99 -29.70 -25.69 -29.57 -28.8 -26.9
Me,SiHSiH,Me -29.33 -30.62 -24.57 -29.71 -28.8 -24.9

(-25.0)¢

Me;SiSiH,Me -44.83 ~-46.69 -40.02 -45.73 -44.7 -41,3¢
Me,SiHSiHMe, ~44.66 ~47.33 -40.24 -45.83 -44.7 -40.9
Me;SiSiHMe, -62.20 -63.32 -54.91 -61.87 -60.8 -57.5
Me;SiSiMe, -78.45 -79.60 -70.40 -77.86 -76.7 -75.0

¢ After Si-C and Si-Si bond energy term adjustments (see text). Pop and Torr corrections are included. °After scaling the directly
calculated monosilane and disilane values by constant amounts to fit Me,Si and MeSiH,SiHj, (see text). ¢Lower minimum values according
to the EECBA method (see text). ¢Reference compounds (see text). ¢Simple bond additivity based on SiH,, Si;Hg, and MeSi assuming
heats of formation of 8.2, 19.1, and —55.74 keal/mol, respectively. /Determined by equilibrium studies!? to be MeSiHg, ~6.9, Me,SiH,, -22.7,
and Me,SiH, -39.0 (all values to =1 kcal/mol). #From MeSiH elimination kinetics (see text for assumptions made). "Preferred heats of

formation.

for example, was found to produce an extrapolation “error”
in the derived room-temperature rate constant of about
a factor of 10; this corresponds to an error of only 1.4 kcal
in the resulting 298 K reaction enthalpy. Also, errors of
the former analysis methods, e.g., errors arising from un-
certainties in back-reaction rate constant temperature
variations and errors in heat capacity extrapolations of
reaction enthalpies from T, to 298 K, are completely
avoided. Further, we have found that the rate constant
extrapolations are moderately insensitive to choices of
reaction path degeneracies (rpd) and of transition state
and reactant frequencies as long as these choices are
consistent with the experimental A factor at T,,. Thus
changing the disilane decomposition rpd from 6 to 18
produced less than a 1% change in rate constant extrap-
olation, and even a totally unrealistic change in rpd and
frequencies for the 1,1-dimethyldisilane system (as judged
by the corresponding changes in the A(Hy — Hy)* values
from —0.84 to —3.4 kcal) resulted in a factor of 2.8 difference
in the calculated room-temperature rate constants. Even
this latter unrealistic extrapolation “error” produces only
a 0.6 kcal error in the room-temperature reaction enthalpy.
All factors considered, then, the above kinetic analysis
should provide reasonably good estimates of room-tem-
perature decomposition reaction enthalpies (i.e., we believe
errors are less than +1 kcal).

Results of our kinetic data analysis are summarized in
Table II. Reactions producing SiH, and Me,Si were an-
alyzed as described above; MeSiH eliminations, however,
because their back-reaction rate constants have not been
determined, were analyzed differently (see later). The
Table II results for the MeSiH eliminations are therefore
less reliable and have been placed in parentheses to in-
dicate this fact.

One of the most interesting results of our analysis is the
near constancy of the 298 K reaction enthalpies: averages
of the SiH,, Me,Si, and MeSiH eliminations are respec-
tively 52.0 &+ 0.4, 52.1 + 0.4, and 51.2 % 0.4 kcal. This can
be compared to the 4.4 kcal spread in elimination reaction
activation energies. Silylene heats of formation can be
obtained from the Table II, column 8, terms {(which show
heat of formation differences between the product silylenes
and their reactant disilanes) if the reactant disilane heat
of formations are available. Reactant disilane heats of
formation can be generated relative to disilane (AH°-
(SigHg) = 19.1 kcal/mol as reference) by way of column

8 differences shown in column 9. Column 9 differences
(or increments) between successive members of each series
measure heat of formation Me for H replacement effects;
they appear to increase with increasing degrees of me-
thylation. For example, increments between the first and
second members of the Me,Si and SiH, elimination series
are about 14 kcal/mol while increments between the last
(more methylated) members of these series average 16.3
kcal/mol. Extrapolation of the Me and H replacement
effect suggests an increment of about 17.5 £ 0.5 kcal/mol
between hexamethyl- and pentamethyldisilane. As men-
tioned above, the column 9 increments can be used to
generate heats of formation of the reactant disilanes rel-
ative to disilane. The values obtained relative to the SiH,
and Me,Si elimination reactions (i.e., the only reactions
for which complete kinetic data are available) are shown
in the last column of Table III. Product silylene heats of
formation obtained from these heats of formation and the
Table II, column 8, terms give AH;*(SiH,) = 63.7 kecal/mol
and AH°(Me,Si) = 33.7 kcal/mol.

The MeSiH elimination reactions were analyzed by
assuming a methylsilylene heat of formation equal to the
silylene and dimethylsilylene mean: AH°(MeSiH) = 48.7
kcal/mol. This value with the previously determined
methyldisilane heat of formation and the assigned column
9 increments (14.0, 16.0, 16.3) were used to calculate terms
of Table IIC in parentheses. That the resulting heats of
formation [MeSiH,SiH,Me (-9.0 kcal/mol),
Me,SiHSiH,Me (—25.0 kcal/mol), and Me,SiSiH,Me (—41.3
kcal/mol)] agree rather well with previously determined
or expected values attests to the internal consistency of
the kinetic data and analysis method. According to all
calculations (see Table III) methylated disilanes of similar
degrees of methylation have very similar enthalpies of
formation.

The MeSiH terms of Table IIC in parentheses can be
further tested. When the equilibrium constants (Table II,
column 5) are combined with the corresponding elimina-
tion reaction rate constants (column 4), back-reaction Si-H
insertion rate constants can be calculated. The values
obtained (column 5, Table I) when compared to those
estimated as the geometric means of the corresponding rate
constants for SiH, and Me,Si insertion (column 4, Table
I) agree within a factor of 3 for MeSiH insertions into SiH,
and Me,SiH, and within a factor of 7 for MeSiH insertion
into MeSiH;. Even the latter difference can be considered
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to be a good agreement with the expected mean value since
it corresponds to an “error” of less than 1 kcal in the re-
action enthalpy. One can conclude, therefore, that there
are no major discrepancies within the experimental errors
between the Table I and II kinetics and thermochemistries
of the disilane decomposition reactions at room tempera-
ture (including values deduced for the MeSiH elimination
reactions).

Calculated Heats of Formation of the Methylated
Disilanes. While the elimination and insertion kinetic
data and the kinetically obtained silylene and disilane
heats of formation are internally consistent, the question
of their accuracy and reliability still remains. To assess
the latter, we have calculated heats of formation of the
methylated silanes and disilanes by four methods: simple
bond additivity, Stewart and Dewar’s (MOPAC/AM]1),%
Allinger’s (MM2),% and Benson’s (EECBA).% The results
are shown in Table III. The column 2 MM2 results were
obtained with Allinger’s 1987 suggested parameters® after
adjusting the (Si-Me) and (Si-Si) bond energy terms from
~5.230 and 6.600 to ~4.848 and 7.880 kcal/mol, respectively,
in order to fit the most recent heats of formation for tet-
ramethylsilane and disilane. The column 3 MOPAC/AM1
heats of formation were obtained after scaling all the di-
rectly calculated monosilane and disilane values to fit the
Me,Si and MeSiH,SiH; heats of formation (i.e., AH,°-
(monosilanes) = AH°(calc) - 11.25 kcal/mol; AH®(di-
silanes) = AH;°(calc) — 18.96 kcal/mol). Column 4 EECBA
heats of formation were obtained from eq IV by using the

AHfo = Zm,-AHf(i,bond) + ZZq,qJ/rU (IV)

Benson C-H bond parameters (BE(C-H) = -1.1300
kcal/mol, (x) = 0.2800 X 107° esu) and the bond additivity
and polarization parameters derived from the heats of
formation (kcal/mol in parentheses) of SiH, (8.2), Si;H,
(19.1), SigHg (28.9), MeSiH, (—6.96), and Me,Si (-55.74),
namely, BA(Si-H) = 4.012, BA(Si-Si) = 3.663, and BA-
(Si-C) = 8.21 keal/mol (w = 0.2554 X 1070 and z = 0.4406
X 10710 esu). Differences between these EECBA heats of
formation and the MM2 and scaled AM1 heats of forma-
tion vary from an acceptable 2 kcal/mol for disilanes of
lower degrees of methylation to an unacceptable 8 kcal/
mol for hexamethyldisilane.?” The (C-Si) and z terms of
the EECBA calculations are fixed by the heats of forma-
tion assigned to the reference compounds MeSiH; and
Me,Si. The errors in these assigned values are given!? at
+1.0 and £0.8 keal/mol, respectively. If the lower limit
for MeSiH; is used (i.e., —7.96 kcal /mol), one obtains (C-Si)
and z parameters (i.e., 0.558 kcal/mol and 0.1917 X 1071
esu) which yield lower limiting values to the mono- and
disilane heats of formation. (It is interesting to note that
this same lower limit is imposed by the mathematics since
z becomes an irrational number for heats of formation of
MeSiH; lower than -8 kcal/mol.) Heats of formation

(23) (a) MOPAC: Stewart, J. J. P., United States Air Force Academy,
Colorado Springs, CO 80840. (b) Dewar, M. J. S.; Zoebisch, E. G.; Healy,
E. F.; Stewart, J. J. P. J. Am. Chem. Soc. 1985, 107, 309.

(24) Burkert, U.; Allinger, N. L. Molecular Mechanics; ACS Mono-
graph 177; American Chemical Society: Washington, D.C., 1982.

(25) O’Neal, H. E.; Ring, M. A. J. Organomet. Chem. 1981, 419 and
references contained therein to Benson and Luria.

(26) Allinger, N. L., 1987 parameters, private communication.

(27) The EECBA calculations show a methyl destabilization trend
which is not reflected in the AM1 and MM2 calculations. There may be
a plausible reason for this. In the EECBA method, the C-H bond ad-
ditivity and charge polarization parameters are derived from fitting hy-
drocarbon heat of formation data where methyl-methyl steric interactions
are always repulsive. In organosilanes, according to MM2 steric strain
calculations, these same van der Waal’s interactions can be attractive as
well as repulsive depending on the methyl-methyl separation distance.
Thus the EECBA method may underestimate the stability of more highly
methylated disilanes.
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obtained by the revised (C—8i) and z values (see column
5, Table III) are much lower for the more methylated
disilanes (e.g., the EECBA adjusted heat of formation for
hexamethyldisilane is within 0.6 kcal/mol of the MM2
value and lower than the original EECBA value by 7.5
kecal/mol). Obviously one cannot place much confidence
in calculated EECBA values if a 1 kcal/mol variation in
the heat of formation of a reference compound produces
this kind of change in higher methylated disilane heats of
formation. On the other hand, with a firm value for the
heat of formation of hexamethyldisilane, the EECBA
method of calculating organosilane heats of formation
could prove to be quite reliable since this heat of formation
would fix with reasonable accuracy the critical (C-Si) and
z parameters.

The heats of formation of column 6, Table III, are
particularly interesting in that they represent the results
of simple bond additivity. Thus from SiH,, Si;Hg, and
Me,Si (AH® values given previously) one obtains Si-H,
Si-Si, and C-Si bond additivities of 2.05, 6.90, and -2.39
kcal/mol, respectively. The heats of formation obtained
from these bond additivities agree surprisingly well with
the MM2 and adjusted AM1 and EECBA calculations.
This makes a very strong case for using this simple method
for making heat of formation estimates of organosilicon
compounds (as opposed to the other more elaborate, and
perhaps equally questionable, estimation methods of this
paper). However, if one of the Table II sets of values is
to be selected as the most reliable, we favor the MM2 set
and suggest that errors of this set are probably less than
%3 kcal/mol. Unfortunately, the kinetically determined
disilane heats of formation for the more highly methylated
disilanes lie slightly outside this range. Since most errors
in the kinetic estimates act to make the estimated values
more positive and these errors are cumulative (e.g., an error
in the methyldisilane heat of formation will be carried
along to all higher methylated disilanes), 3-4 kcal/mol
errors in the kinetic values of the more highly methylated
disilane heats of formation would not be surprising.
However, considering the internal consistency of the ki-
netic data, we believe that errors much higher than this
are unlikely.

Comparisons with Literature Values and Assign-
ments of Preferred Silylene Heats of Formation. The
kinetics of the thermal decomposition of hexamethyldi-
silane!® (HMDS 2% 2Me,Si*, with k4 =
1017.2#0.3,-806+1.0keal/ET g1y can be analyzed by the same
method employed here for the other disilane decomposi-
tions. Extrapolation from T, = 820 K to room tempera-
ture gives kg = 9.1 X 1074 57}, and with the reaction entropy
(AS°® = 44.4 eu)® and latest measurement of the back-
reaction rate constant (k, = 7.53 X 10° M1 §71),28 one
obtains the room-temperature values K, = 3.0 X 109 atm
and AH° = 80.8 + 1.1 kcal. With Wal:rjl’s heat of forma-
tion for trimethylsilyl (AH;°) = —0.8 % 2.0 kcal/mol),'® one
obtains AH;°(HMDS) = -82.4 £ 5.1 kcal/mol. This value
is clearly much lower than the kinetic value of 75 kcal/
mol, but it is just barely within the combined errors of the
estimates. A crude error estimate of about £3 kcal/mol
in the kinetic value follows from a *1 kcal systematic error
in the rate constant extrapolations and a +2 kcal collective
error in the activation energies of the four (minimum
number) kinetic systems required to fix the thermochem-
istries of SiH,, Me,Si and their reactant disilanes. The
lower HMDS heat of formation is supported by calori-
metric measurements: —85.8 kcal/mol!® and more recently

(28) Shimo, N.; Nakashima, N.; Yoshihara, K. Chem. Phys. Lett. 1988,
125, 303.
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Table IV. Silylene heat of Formation Results®
SiH; Results
AH¢®, kcal/mol system/method level of calculatn ref
68.4, 68.7 ab initio (corrected) MP4/6-31G** 31
63.4, 67.9 semiempirical MNDO, SCF-MO(AM1) 32, 33
AH{®, kcal/mol reactn AH,.° (calc) level of calculatn ref
65.1° SiH, = SiH; + H 91.6 GVB/CI 34
SiHg = SiH, + H 69.5 GVB/CI
63.4¢ CH;SiH; = SiH, + CH, 52.2 MP4/6-311G(d,p) 35
65.4° SiH, = SiH, + H, 57.3 MP4/6-311G(d,p) 36
63.3° Si;H, = SiH, + SiH, 52.4 MP4,/6-311G(d,p) 37
69 £ 3 ion cyclotron resonance 38
65.6 ion cyclotron resonance 39
654 £ 1.6 laser-induced dissociation of SiH, 41
63.7 disilane decomposition kinetics this paper
64 £ 2 disilane decomposition kinetics compromise
AH{®, keal/mol reaction AH,_..° (calc) level of calculatn ref
MeSiH Results
48.3° CH,SiH,; = CH,;SiH + H, 55.0 MP4/6-311G(d,p) 35
53 £ 4 ion cyclotron resonance 40
48.7 disilane decomposition kinetics this paper
48 £ 2 disilane decomposition kinetics compromise
Me,Si Results
376 ion cyclotron resonance 40
33.7 disilane decomposition kinetics this paper
32+2 disilane decomposition kinetics compromise
Silylene Differences®*
isodesmic reactn AH.°
AAH® (SiH,, MeSiH) = 16.0 MeSiH + SiH, = SiH, + MeSiH 0.9
AAH® (Me,Si, MeSiH) = 17.0 Me,Si + MeSiH; = Me,SiH, + MeSiH 0.7
AAH® (Me,Si, MeSiH) = 16.3 Me,Si + SiH, = MeSiH; + MeSiH 14
AAH® (SiH,, Me,Si) = 32.6 Me,Si + SiH, = SiH, + Me,SiH, 14

@ All values (heats of formation, reaction enthalpies, enthalpy differences, etc.) are in kcal at 298 K. ®See accompanying paper of Gordon
et al. °Silylene heats of formation and heat of formation differences were calculated by us from the reported reaction enthalpies assuming
our preferred silane, disilane, and methylated monosilane heats of formation (i.e., MM2 values of Table III).

-82.9 £ 2.2 keal/mol,® both from combustion in auxilary
fluoride.

With regard to silylene heats of formation, there are
values reported in the literature from a variety of sources:
calculations by different methods at different levels of
reliability®®3" and experimental values obtained from ki-
netic, ion cyclotron resonance (ICR) measurements,3*40
and photolysis.#* Table IV contains a partial summary
of these values. It is evident that both the range and errors
of the tabulated values are too large to fix the formation
enthalpies of the silylenes to the £2 kcal/mol kinetically
and thermodynamically desirable level. However, the
Table IV values do tend to bracket the kinetic values of
this work.

(29) Smeaton, Stelle, W. V., private communication.

(30) Gordon, M. S.; Boatz, J. A. Organometallics, fourth of four papers
in this issue.

(31) Ho, P.; Coltrin, M. E.; Binkley, J. S.; Melius, C. F. J. Phys. Chem.
1986, 90, 3399.

(32) Dewar, M. J. S.; Jie, C. Organometallics 1987, 6, 1486.

(33) Dewar, M. J. S.; Friedham, J.; Grady, G.; Healy, C. F.; Stewart,
J. J. P. Organometallics 1986, 5, 375.

(34) Horowitz, D. S.; Gooddard III, W. A. J. Mol. Struct. (Theochem)
1988, 163, 207.

(35) Gordon, M. S.; Truong, T. N. Chem. Phys. Lett. 1987, 142, 110.

(36) Gordon, M. S.; Gano, D. R.; Binkley, J. S.; Frisch, M. J. J. Am.
Chem. Soc. 1986, 108, 2191.

(37) Gordon, M. S.; Truong, T. N.; Bonderson, E. K. J. Am. Chem.
Soc. 1986, 108, 1421.

(38) Shin, S. K.; Beauchamp, P. J. L. J. Phys. Chem. 1986, 90, 1507.

(39) Berkowitz, J.; Greene, d. P.; Cho, H.; Ruscic, B. J. Chem. Phys.
1987, 86, 1235.

(40) Shin, S. K,; Irikura, K. K.; Beauchamp, J. L., Goddard III, W. A.
J. Am. Chem. Soc. 1988, 110, 24.

(41) Van Zoirin, C. M.; Thoman, J. W., Jr.; Steinfeld, J. I.; Rainbird,
M. W. J. Phys. Chem. 1988, 92, 9.

Conclusions

The situation regarding the heats of formation for the
methylated disilanes and their product silylenes, therefore,
remains unresolved. The more negative disilane heats of
formation, suggested by the HMDS kinetics and the cal-
orimetric measurements, are consistent (through the Table
II reaction enthalpies) with silylene heats of formation
which seem much too low when compared to the Table IV
numbers, particularly the isodesmic enthalpies (e.g., a
pentamethyldisilane heat of formation of about -68
kcal/mol, obtained by interpolation between disilane (19
kcal/mol) and hexamethyldisilane (-86 kcal/mol), gives
AH(Me,Si) =~ 23 keal/mol). By contrast, the kinetically
derived, more positive disilane heats of formation of this
work are consistent with significantly higher silylene heats
of formation (i.e., up to 10 kcal/mol higher; see Table IV),
and they are in good agreement with the calculated values.
ICR results for the silylenes, however, support even higher
values. At this time it seems necessary to adopt compro-
mise values for both heats of formation of the reactant
disilanes and their product silylenes. As indicated pre-
viously, we favor the MM2 values of Table III for the
former. For the silylene heats of formation, we favor
AH(SiH,) = 64 * 2 kcal/mol, AH;°(MeSiH) = 48 £ 2
kcal/mol, and AH;°(Me,Si) = 32 + 2 kcal/mol. These
heats of formation are within the errors of the ICR values,
they are in good agreement with the calculated and iso-
desmic enthalpies of Gordon (see Table IV and accom-
panying paper),® and they agree well with the kinetically
determined reaction enthalpies of Table II.
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Note Added in Proof. We thank reviewer 1 for the
following observation. A minor decomposition pathway
of hexamethyldisilane produces dimethylsilylene and
tetramethylsilane.!® While the kinetics of this process are
quite different from the other disilane decompositions
reviewed here, the overall thermochemistry should be

similar, i.e., AH® ~ 52 kcal. With heats of formation of
~55.7 kcal/mol for Me,Si and 32 kcal/mol for Me,Si:, this
reaction enthalpy gives a heat of formation of -75.7
kecal/mol for hexamethyldisilane, in good agreement with
the Table III “kinetic” estimate.

Registry No. MeSiHj, 992-94-9; Me,SiH,, 1111-74-6; Me,SiH,
993-07-7; Me,Si, 75-76-3; SigHj, 1590-87-0; MeSiH,SiH,;, 13498-
43-6; Me,SiHSiH,, 16342-86-2; MeSiH,SiH,Me, 870-26-8;
Me;SiSiH,, 18365-32-7; Me,SiHSiH,Me, 814-74-4; Me;SiSiH,Me,
81633-92-3; Me,SiHSiHMe,, 814-98-2; Me; SiSiHMe,, 812-15-7;
Me;SiSiMe,, 1450-14-2; SiH,, 13825-90-6; MeSiH, 55544-30-4;
Me,Si, 6376-86-9.
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Recent discrepancies in values for AH°(SiMe,) and AH;°(SiHMe) are examined in detail. For values
arising from the analysis of the kinetics of methylated disilane pyrolyses, it is shown that disagreements
in the dissociation enthalpies are small. The main differences in AH.® for the silylenes arise from different
choices for the experimentally uncertain enthalpies of formation of the disilanes. It is argued that the
high values for AH;°(SiHMe) and AH;°(SiMe,) arising from ion—molecule studies represent upper limits
only. In addition various thermochemical trends and correlations are shown to support a value of AH;*(SiMe,)
= 25,7 + 3 kcal mol™ with a divalent state stabilization energy of ca. 28 keal mol™ for SiMe,.

Introduction

The thermochemistry of reactive transients is inextri-
cably bound up with our knowledge and understanding of
the kinetics and mechanisms involving these transients.
Thus we recently published an analysis of kinetic data on
the thermal decompositions of various methyldisilanes!
which led to AH;°(SiMe,) = 26 %= 2 kcal mol™! and
AH?(SiHMe) = 44 + 3 keal mol™.. A reexamination of the
same data supplemented by further kinetic studies has led
O’Neal, Ring, Richardson, and Licciardi? (ORRL) to values
for these quantities which are somewhat higher, viz., 32
and 48 keal mol™. Theoretical calculations by Gordon? at
the MP2/6-31G(d,p) level on isodesmic reactions involving
silylenes are consistent with the latter numbers. The group
of Shin and Beauchamp,* using FTICR spectroscopy to
study the deprotonation of the MeSiD,* ion, obtain
AHP(SiHMe) = 53 + 4 keal mol™ and derive AH*(SiMe,)
= 37 = 6 kcal mol™l. With these estimates spanning a
range of 11 kecal mol™! for SiMe, and 9 kcal mol™ for
SiHMe, it seems worthwhile to examine the methods and
assumptions underlying these estimates to see whether any
reconciliation can be achieved.

In order to understand the present uncertainties over
SiMe, and SiHMe, it is helpful to recapitulate, briefly, the
situation concerning AHP(SiH,). Until ca. 1985, the
generally accepted® value for this quantity was 58 kcal
mol™!, based on pyrolysis studies of the dissociations of

(1) Walsh, R. Organometallics 1988, 7, 75.

(2) O'Neal, H. E,; Ring, M. A.; Richardson, W. H.; Licciardi, G. F.
Organometallics, second of four papers in this issue.

(3) Gordon, M. S,; Boatz, J. A. Organometallics, fourth of four papers
in this issue.

(4) Shin, S. K,; Irikura, K. K.; Beauchamp, J. L.; Goddard IiI, W. A.
J. Am. Chem. Soc. 1988, 110, 24.

(5) Walsh, R. Acc. Chem. Res. 1981, 14, 246,
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SiH, and Si,Hg combined with estimates of rates of reac-
tion of SiH, with H, and with SiH,.® The situation
changed dramatically, and suddenly when first high level
theoretical calculations by two groups’® pointed to sig-
nificantly higher values for AH°(SiH,) and secondly the
first time-resolved experiments with SiH,, carried out by
Jasinski,’ revealed a reactivity (with Hy) ca. 10* times
greater than expected on the basis of the earlier estimates.
This was followed rapidly by an FTICR study of the de-
protonation of SiH;* which also yielded a higher value for
AH?®(SiH,).!° These studies led to values in the range
64—69 kcal mol™, and subsequent experimentation!!-16 has
not narrowed this range. Thermal kinetic studies! !4 in-
volving neutral SiH, (combination of pyrolysis kinetics
with reverse insertion rates) tend to support values of
64-65 kcal mol, while ion-molecule studies'®!® favor
68-69 kcal mol™!. Theory has given values at both ends
of the range, but in the most recent theoretical paper

(6) John, P,; Purnell, J. H. J. Chem. Soc., Faraday Trans. 1 1973, 69,
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