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The reaction paths of the silylidyne insertion into NH3, H2O, HF, PH3, H2O, HF, and HCl have been studied
by means of ab initio molecular orbital calculations incorporating electron correlation with Moller-Plesset
perturbation theory up to the second and fourth order and using polarization basis sets augmented by diffuse
functions. All these reactions involve the initial formation of an intermediate complex followed by a hydrogen-
migration process via a transition state. Analyses for the reactivity of the six substrates in the SiH insertion
reactions indicate that the reaction with the hydride of the right-hand group has a less stable complex and is
more exothermic than with the hydride of the left-hand group and that the reaction with the second-row
hydride has a lower overall barrier and is less exothermic than with the first-row hydride. Comparison with
the CH and SiH2 insertion reactions has been made, and it is noted that the CH, SiH2, and SiH insertion
reactions have similar reaction processes. The energetic results (for the barriers and reaction enthalpies)
indicate that the SiH radical is less reactive than the CH radical in the insertion reactions.

Introduction

Recently silicon chemistry has attracted much attention due
to its application to the production of thin silicon films and the
etching of silicon wafers in microelectronics. The fundamental
significance of silicon chemistry in manufacturing semiconduc-
tor material has stimulated extensive investigation. In 1995,
an entire issue (Vol. 95, No. 5) ofChemical ReViewswas
devoted to the progresses in silicon chemistry. The present
paper reports a theoretical study on the chemistry of the smallest
silicon compound, silylidyne (SiH), which is known to be
important in plasma chemical vapor deposition (CVD) processes.
In the literature, theoretical studies on the SiH reactions are

very few though there are experimental (kinetic) studies.1-4 The
study of Gordon et al.5 on the SiH+ H2 reaction is probably
the only reported theoretical work on the SiH reactions. On
the other hand we note in the literature that many SiH2 reactions
have been theoretically studied.6 When we started theoretical
studies7,8 on the CH reactions, we also noted that theoretical
studies on the CH reactions were much less than the studies6b-6d,9

on the1CH2 reactions. This does not mean at all that the SiH
and CH reactions are less important than the SiH2 and CH2
reactions.
In the present work we have investigated the SiH insertion

reactions with NH3, H2O, HF, PH3, H2S, and HCl, which is
part of our systematic theoretical study on the CH and SiH
insertion reactions with the first- and second-row hydrides
(groups IVA to VIIA). The SiH (and CH) insertion reactions
into CH4 and SiH4 are presumably considered to be special8

and will be investigated separately. Accurate ab initio calcula-
tions10,5 for the CH and SiH insertions into H2 have indicated
that there is no energy barrier for the CH insertion but a
substantial barrier for the SiH insertion, which is in agreement
with experiment.2 These facts imply that CH is more reactive
than SiH in the insertion reaction into H2. We will examine

the reactivity of SiH and CH in the insertion reactions into
hydrides based on the present study and our previous study7 on
the CH insertion reactions.
The SiH insertion reactions with NH3, H2O, HF, PH3, H2S,

and HCl were investigated by using ab initio calculations. The
mechanisms for these six SiH insertion reactions can be
illustrated by the following eqs (1-6):

As the CH and SiH2 insertion reactions studied in refs 7 and
6a, these SiH insertion reactions involve the initial formation
of an intermediate complex (HSi-XHn), followed by a hydrogen-
migration process via a transition state (TS) leading to the
product H2SiXHn-1. In the present study we intend to give
comparative discussion not only on the reactivity of the
substrates (hydrides) in the SiH insertion reactions based on
the present calculation results but also on the reactivity of the
inserting species, SiH, CH, and SiH2, based on the present and
(ours and others) previous calculation results. We will simply
mention the results in the previous studies6a,7 on the CH and
SiH2 insertion reactions in the next two paragraphs.
In our previous study,7 the insertion reactions of CH with

NH3, H2O, and HF were investigated at the MP2(FULL)/6-31G-
(d,p) level. For each of these CH reactions the donor-acceptor
intermediate complex, transition state, and insertion product all
have negative relative energies to the respective reactants, which
indicates that these CH reactions are feasible. In the present
study we will compare the three CH insertion reactions with
the respective SiH reactions.
Based on our and others’ previous theoretical studies,6c,8,9,11,12

it is known that the reaction processes of the CH and1CH2
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SiH+ XHn f HSi-XHn f TSf H2SiXHn-1

(1) X ) N, n) 3; (2) X) P,n) 3

(3) X ) O,n) 2; (4) X) S,n) 2

(5) X ) F, n) 1; (6) X) Cl, n) 1
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insertion are similar. It is natural to assume that the SiH and
SiH2 insertion reactions have similar reaction processes (see the
above equations). The reaction paths of the SiH2 insertion
reactions with NH3, PH3, H2O, H2S, HF, and HCl were
theoretically investigated at the HF/6-31G(d) level by Ragha-
vadchari et al.6a At their HF/6-31G(d) geometries of the
reactants, intermediate complexes, transition states, and products,
the single-point calculations were performed at the MP4SDQ/
6-31G(d,p) level, and the effect of triple substitutions on
correlation energy was estimated in their MP4SDTQ/6-31G(d)
calculations (denoted as MP4SD(T)Q/6-31G(d,p) in the present
paper). All the six SiH2 insertion reactions were predicted to
have substantial overall barriers.

Computational Methods

Standard ab initio molecular orbital calculations were per-
formed using the Gaussian 94W suite of programs.13 The
structures of the reactants, complexes, transition states, and
products were first optimized at the (U)HF/6-31G(d) level and
then reoptimized in the (U)MP2(FC) calculations (second-order
unrestricted Moller-Plesset perturbation theory14 calculations
with the core orbitals frozen) using the 6-31G(d,p), 6-31++G-
(d,p), and 6-311++G(d,p) basis sets.15 Frequency calculations
were carried out at the (U)HF/6-31G(d) level in order to
characterize stationary points in the potential energy surfaces
as intermediate complexes or transition states and to evaluate
zero-point energies (to be scaled by a factor of 0.9) for correcting
the relative energies calculated at the various levels. To improve
accuracy of the energetic results, the single-point calculations
were performed at the MP4(FC)/6-311++G(2d,p)//MP2(FC)/
6-311++G(d,p) level.
Additional calculations were carried out for the six reactions

at the MP4(FC)SD(T)Q/6-31G(d,p)//HF/6-31G(d) level (see
above and ref 6a).
For the open shell systems the expectation values of theS2

operator have been examined. The values are 0.75-0.77 for
the intermediate complexes and products and 0.80-0.87 for the
transition states. The spin contaminations for the transition
states are slightly large, and we note that there was a similar
situation in the theoretical study5 on the SiH+ H2 insertion
reaction. The energetic results for the open shell systems at
the post-SCF levels have been “spin-projected”.

Results and Discussion

The potential energy curves shown in (parts A-F) of Figure
1 represent the calculated insertion reaction paths for reactions
1-6, respectively. The stationary points along the curves
denoted asma, mb, mc, andmd (m ) 1, 2, 3, 4, 5, and 6)
represent the reactants, intermediate complexes, transition states,
and insertion products of reactions 1-6, respectively, and the
MP4(FC)/6-311++G(2d,p)//MP2(FC)/6-311++G(d,p) relative
energies (corrected with the scaled HF/6-31G(d) zero-point
energies) ofmb, mc, andmd toma (respectively) are given in
Figure 1. The structures ofmb, mc, andmd, optimized at the
HF/6-31G(d), MP2(FC)/6-31G(d,p), MP2(FC)/6-31++G(d,p),
and MP2(FC)/6-311++G(d,p) levels, are given in Figure 2. In
Table 1 listed are the relative energies calculated at the various
levels, together with the ((U)MP2 (FC)/6-311++G(d,p)) 〈S2〉
values, the (HF/6-31G(d)) zero-point energies, and the (HF/6-
31G(d)) imaginary frequencies for the transition states. The
relative energies given in Table 1 have included the scaled zero-
point energy corrections. The relative energies ofmb,mc, and
md (m ) 1-6, 18 species in total) imply that the calculations
at the various (SCF and four post-SCF) levels all predict the

same skeleton (shown in Figure 1) of the energy profiles for
each of the SiH insertion reactions. As shown in Figure 2, the
optimization calculations at the SCF and three post-SCF levels
predict similar geometries for each of the 18 species. It is noted
in Table 1 that the post-SCF calculations (at the four levels)
predict much lower barriers than the SCF calculations and that
the post-SCF calculations with diffuse functions included in the
basis sets (at the three levels) predict close values of the relative
energy for each of the 18 species. The term “ relative energy”
(of a species) in the present article means “relative energy of a
species to the reactants in the same reaction”. In the following
two subsections the MP4(FC)/6-311++G(2d,p)//MP2(FC)/6-
311++G(d,p) energetic results (in Table 1 and Figure 1) and
the MP2(FC)/6-311++G(d,p) geometrical results (in Figure 2)
are used.
We will first describe and discuss the results for the SiH

insertion reactions in subsections 1 and 2, and then compare
the reaction paths of the SiH insertion with those of the CH
and SiH2 insertion in subsections 3 and 4.
1. Results for the SiH Insertion Reactions.As mentioned

above, the general calculation results for reactions 1-6 are given
in Table 1 and Figures 1 and 2. There are no available
experimental data for these reactions.
Insertion into NH3 and PH3. For reactions 1 and 2, the

binding energies of the initially formed complexes are 20.3 and
18.9 kcal/mol and the reaction enthalpies are 45.3 and 39.1 kcal/
mol, respectively. The overall barrier for reaction 1 is 7.1 kcal/
mol, while the transition state for reaction 2 has a negative
relative energy value of-2.4 kcal/mol.
It is known7 that the interaction between the empty p-orbital

on the inserting species and the lone-pair orbital on the substrate
causes the lone-pair donation that stabilizes the intermediate
complex (donor-acceptor complex) initially formed in the
insertion reaction. In the structures of1b and2b (see Figure
2), the near-orthogonal HSiX (X) N and P) angles and the
orientations of the XH bonds imply that a silicon p-orbital is
directed at the lone pairs orbitals on the X-atoms. The similar
geometrical features of the structures of3b, 4b, 5b, and6b (see
Figure 2) also imply the interaction between the silicon p-orbital
and the lone pair orbitals on the X-atoms (X) O, S, F, and
Cl).
The Si-N distances in1b, 1c, and1d are 2.097, 1.891, and

1.727 Å, respectively, and the values are reasonably in a
decreasing order. The Si-P distances in2b, 2c, and2d are
2.346, 2.853, and 2.256 Å, respectively, and the values are not
in a decreasing order. It is noted in ref 6a that the Si-P distance
in the transition state for the SiH2 insertion into PH3 was also
predicted to be longer than the distances in the complex and in
the product.
The HF/6-31G(d) frequency calculations predict a (unique)

imaginary frequency value of 1993.0i cm-1 for 1c and a value
of 1047.1i cm-1 for 2c. In the structure of1c the attacked N-H
bond is elongated by 38% relative to the length in NH3, while
in the structure of2c the attacked P-H bond is elongated by
only about 3% relative to the length in PH3.
The complex1b is 20.3 and 27.4 kcal/mol lower in energy

than1a and1c, respectively, which indicates that it lies in a
deep minimum in the potential energy surface and might have
a significant lifetime to be an observable species spectroscopi-
cally.
Insertion into H2O and H2S. For reactions 3 and 4, the

binding energies of the complexes are 9.8 and 10.7 kcal/mol
and the reaction enthalpies are 52.3 and 45.7 kcal/mol,
respectively. The transition state3c has a positive relative
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energy value of 10.3 kcal/mol, while the transition state4chas
a negative relative energy value of-3.5 kcal/mol. The Si-O
distances in3b, 3c, and 3d are 2.180, 1.889, and 1.670 Å,
respectively. The Si-S distances in4b, 4c, and4d are 2.519,
2.393, and 2.138 Å, respectively.
The HF/6-31G(d) frequency calculations for the transition

states3cand4cpredict the (unique) imaginary frequency values
of 1855.0i and 1500.0i cm-1, respectively. In the structures of
3cand4c the attacked X-H (X ) O and S) bonds are elongated
by 38% and 17% relative to the X-H lengths in the H2X
molecules, respectively.
Insertion into HF and HCl.The relative energies of5b, 5c,

and5d in reaction 5 are-2.7, 11.1, and-60.4 kcal/mol, and

the Si-F distances in their structures are 2.545, 1.934, and 1.628
Å, respectively. The relative energies of6b, 6c, and 6d in
reaction 6 are-3.2, 2.2, and-52.3 kcal/mol, and the Si-Cl
distances in their structures are 2.890, 2.433, and 2.058 Å,
respectively. It is noted that6c has a small positive relative
energy value (2c and4c have negative relative energy values)
and that the Si-F distance in5b is very long.
The HF/6-31G(d) frequency calculations for5cand6cpredict

the (unique) imaginary frequency values of 1820.0i and 1162.6i
cm-1, respectively. In the structures of5c and6c the attacked
X-H (X ) F and Cl) bonds are elongated by 33% and 19%
relative to the X-H lengths in the HX molecules, respec-
tively.

Figure 1. Schematic diagram of the potential energy curves of the SiH insertion reactions with NH3 (A), H2O (C), HF (E), PH3 (B), H2S (D), and
HCl (F). The values in parentheses are the MP4(FC)/6-311++G(2d,p)//MP2(FC)/6-311++G(d,p) relative energies in kcal/mol (corrected with the
scaled HF/6-31G(d) zero-point energies).
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2. Discussion on Reactivity of the Substrates.On the basis
of the results for the SiH insertion reactions into the first-row
hydrides (reactions 1, 3, and 5), we could make the following
remarks. As the X-atom (the central atom of hydride) moves
from left to right (from N to F) across the first row in the
periodic table, (i) the binding energy of the intermediate complex
HSiXHn initially formed in the insertion reaction decreases and
the Si-X distance in the structure of the complex increases
(though the radius of the X-atom decreases); (ii) the overall
barrier (the relative energy of the transition state) increases; and
(iii) the reaction enthalpy of the insertion reaction (the relative
energy of the insertion product) increases and the Si-X bond
distance in the structure of the product decreases. Point i (the
complex becomes less stable as the atomic number of the
X-atom increases) could be explained by the fact that the higher
the electronegativity of the X-atom, the more difficult it is to
donate its lone-pair electron to the empty silicon p-orbital. As
stated in points i and iii, the Si-X distance increases in the
complexes and decreases in the products with the atomic number
of the X-atom. This is apparently because the type of interaction
between the SiH and XHn fragments in the complexes is
different from that in the products.
On the basis of the results for the SiH insertion reactions

into the second-row hydrides (reactions 2, 4, and 6), we could
make the same remarks as for the insertions into the first-row
hydrides except point ii. The relative energies of2c, 4c, and
6c (see Table 1) are not in an increasing order, and the value

(-2.4 kcal/mol) for2c is slightly higher than the value (-3.5
kcal/mol) for4c.
The X-atoms in the six reaction substrates belong to group

VA, VIA, or VIIA in the periodic table. We now examine
changes in the features of the insertion reaction path when the
X-atom drops from the first row to the second in the same group.
When the X-atom drops in each of the three groups, (i) the
binding energy of the intermediate complex does not change
significantly; (ii) the overall barrier for the insertion reaction
decreases, and the attacked X-H bond in the structure of the
transition state is elongated to less extent (the percentages of
elongation decrease from around 40% to around 15%); and (iii)
the reaction enthalpy of the insertion reaction decreases. Point
i means that the complexes containing the second-row X-atoms
are not significantly more stable than those containing the first-
row X atoms and implies that the previously proposed rule (the
lower the electronegativity of the X-atom, the more stable the
complex containing it) does not hold across a group in which
the X-atoms in different rows have significantly different radii.
Point ii implies a correlation between the barrier height and
the length of the attacked X-H bonds: the higher barrier is
correlated with the larger percentage of elongation of the
attacked X-H bond in the transition state structure, and we
have noted similar correlation rules suggested in refs 6a and
6b.
3. Comparison between the SiH and CH Insertion

Reactions. The insertion reactions of CH into NH3, H2O, and

Figure 2. Optimized structures of the intermediate complexes (mb), transition states (mc), and products (md) for the SiH insertion reactions with
NH3 (eq 1), H2O (eq 3), HF (eq 5), PH3 (eq 2), H2S (eq 4), and HCl (eq 6). The values given in the first, second, third, and fourth rows are the
parameters optimized at the MP2(FC)/6-311++G(d,p), MP2(FC)/6-31++G(d,p), MP2(FC)/6-31G(d,p), and HF/6-31G(d) levels, respectively. Bond
lengths are given in Å and angles in deg.
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HF were investigated at the MP2(FULL)/6-31G(d,p) level.7 The
CH + NH3 and CH + H2O insertion reactions were also
investigated at the MP2(FC)/6-31G(d,p) level in our recent
study,16 and the MP2(FULL) and MP2(FC) calculations predict
almost identical results for the reaction paths. The following
comparative discussion on the SiH and CH insertion reactions
with NH3, H2O, and HF is based on the MP2(FULL)/6-31G-
(d,p) results7 for the three CH insertion reactions and the MP2-
(FC)/6-31G(d,p) results for the three SiH insertion reactions
reported in the present paper.
Since the SiH and CH radicals have the same valence

electronic structure, it is not surprising to note that the skeletons
of the energy profiles for the three SiH insertion reactions are
similar to those for the three CH insertion reactions,7 respec-
tively. For the three CH insertion reactions the transition states
all have negative relative energies,7 while for the three SiH
insertion reactions the transition states all have positive relative
energies, which indicates that the CH insertion into these three
molecules is more feasible than the SiH insertion. The insertion
reactions of CH and SiH into H2 have been studied by Brooks
et al.10 and by Gordon et al.,5 respectively, and their accurate
calculations indicate that there is a substantial energy barrier
for the SiH insertion but no barrier for the CH insertion. Their
results support the above conclusion on the insertion reactivity
of CH and SiH. In the structures of the transition states for the
CH insertion, the attacked X-H bonds (X) N, O, and F) are
elongated by about 16% while the corresponding percentages
in the cases of the SiH insertion are about 38% (at the MP2-
(FC)/6-31G(d,p) level). The binding energies of the intermedi-
ate complexes HC-XHn (X ) N, O, and F) are 26.5, 12.0, and

5.8 kcal/mol (at the (U)MP2(FULL)/6-31G(d,p)+ ZPE level),
respectively, while those of the complexes HSi-XHn (X ) N,
O, and F) are 25.2, 14.8, and 11.2 kcal/mol (at the (P)MP2-
(FC)/6-31G(d,p)+ ZPE level), respectively. The reaction
enthalpies for the three CH insertion reactions are dozens of
kcal/mol larger than the values for the three SiH insertion
reactions, respectively. The energetic results (for the barriers
and reaction enthalpies) indicate that the SiH radical is less
reactive than the CH radical in the insertion reactions.
It has been reported in the theoretical studies for the1CH2

and SiH2 insertion reactions that there are multiple bonds in
the complexes formed between1CH2 and the second-row
hydrides. In the present study we have found no multiple bonds
in the complexes HSi-XHn (X ) N, O, F, P, S, and Cl). In
our previous study7 on the CH insertion reactions with NH3,
H2O, and HF, we found no multiple bonds in the complexes
HC-XHn (X ) N, O, and F). In our recent study17 on the CH
insertion reactions with PH3, H2S, and HCl, the complex HC-
PH3 was predicted to have a large binding energy and the
predicted C-P bond length in this complex is significantly
shorter than that in the insertion product H2C-PH2. (We also
mention that the predicted C-X lengths in the complexes HC-
XHn (X ) P, S, and Cl) are all shorter than those in the
respective transition states and that the energetic results also
support the above conclusion on the insertion reactivity of CH
and SiH.)
4. Comparison between the SiH and SiH2 Insertion

Reactions. As mentioned in Introduction, the SiH2 insertion
reactions with NH3, H2O, HF, PH3, H2S, and HCl were studied
by Raghavachari et al.6a in 1984. In their study, the reaction

TABLE 1: Relative Energiesa (in kcal/mol) for the Intermediate Complexes, Transition States, and Products of the SiH
Insertion Reactions with NH3, PH3, H2O, H2S, HF, and HCl, Together with the HF/6-31G(d) Zero-Point Energies (ZPE, in
kcal/mol), the (U)MP2/6-311++G(d,p) 〈S2〉 Value, and the Imaginary Frequencies (IMG, in cm-1) for the Transition States

ZPE 〈S2〉 IMG HF/6-31G(d) MP2/6-31G(d,p)b MP2/6-31++G(d,p) MP2/6-311++G(d,p) MP4/6-311++G(2d,p)c

SiH+ NH3 1a 26.3 0.0 0.0 0.0 0.0 0.0
(-345.59422)d (-345.85543) (-345.86628) (-345.91233) (-345.97491)

HSi-NH3 1b 30.3 0.76 -19.2 -25.2 -22.7 -22.2 -20.3
TS 1c 25.6 0.82 1993.0i 22.5 6.7 7.2 5.9 7.1
H2SiNH2 1d 27.3 0.76 -42.5 -47.4 -47.6 -48.7 -45.3

SiH+ PH3 2a 19.5 0.0 0.0 0.0 0.0 0.0
(-631.85782) (-632.05079) (-632.05427) (-632.11003) (-632.18548)

HSi-PH3 2b 22.8 0.77 -11.0 -19.6 -19.7 -18.9 -18.9
TS 2c 20.3 0.78 1047.1i 13.9 -0.9 -1.2 -2.1 -2.4
H2SiPH2 2d 22.3 0.76 -36.0 -42.6 -42.6 -41.9 -39.1

SiH+ H2O 3a 17.4 0.0 0.0 0.0 0.0 0.0
(-365.42061) (-365.69198) (-365.70712) (-365.77173) (-365.83095)

HSi-OH2 3b 20.6 0.77 -9.7 -14.8 -11.9 -11.2 -9.8
TS 3c 17.1 0.85 1855.0i 25.6 8.6 10.7 11.9 10.3
H2SiOH 3d 19.5 0.75 -52.3 -55.4 -53.8 -52.5 -52.3

SiH+ H2S 4a 13.4 0.0 0.0 0.0 0.0 0.0
(-688.07118) (-688.28231) (-688.28596) (-688.34453) (-688.41992)

HSi-SH2 4b 16.1 0.77 -4.5 -9.9 -10.2 -10.1 -10.7
TS 4c 14.3 0.80 1500.0i 16.2 -1.1 -1.4 -3.0 -3.5
H2SiSH 4d 16.7 0.76 -44.0 -49.1 -46.8 -48.2 -45.7

SiH+ HF 5a 9.3 0.0 0.0 0.0 0.0 0.0
(-389.41277) (-389.66685) (-389.68966) (-389.77570) (-389.83562)

HSi-FH 5b 10.9 0.77 1820.0i -4.0 -11.2 -3.6 -3.2 -2.7
TS 5c 8.4 0.86 22.2 18.8 9.4 13.2 11.1
H2SiF 5d 12.0 0.75 -66.7 -67.3 -63.2 -58.8 -60.4

SiH+ HCl 6a 7.7 0.0 0.0 0.0 0.0 0
(-749.46984) (-749.67746) (-749.68510) (-749.74173) (-749.81478)

HSi-ClH 6b 8.8 0.77 -0.8 -2.0 -3.0 -3.0 -3.2
TS 6c 6.2 0.84 1162.6i 16.0 4.7 4.5 2.3 2.2
H2SiCl 6d 11.3 0.75 -55.0 -56.0 -55.7 -54.7 -52.3

a All the relative energies have included the scaled (by a factor of 0.9) HF/6-31G(d) ZPE corrections.b The MPn calculations were carried out
with the core orbital frozen, and the spin-projected energetic results are used.c Single-point calculations at the MP2/6-311++G(d,p) geometries.
d Values in parentheses are the total energies in au.
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paths were calculated only at the HF/6-31(d) level and the
single-point MP4SD(T)Q/6-31G(d,p)//HF/6-31G(d) (see above)
calculations were carried out for the final energetic results. For
comparison between the SiH2 and SiH insertion reactions we
performed additional single-point calculations for the six SiH
insertion reactions.
As shown in the figures of ref 6a, the skeletons of the energy

profiles for the SiH2 insertion reactions with NH3, H2O, HF,
PH3, H2S, and HCl are similar to those for the respective SiH
insertion reactions. The MP4SD(T)Q/6-31G(d,p)//HF/6-31G-
(d) relative energies for the intermediate complexes and transi-
tion states in the SiH2 and SiH insertion reactions are given in
Table 2. Since SiH2, unlike CH, has one more hydrogen atom
than SiH, it is meaningless to compare the relative energy values
and geometries of the complexes and transition states for the
SiH2 insertion reactions with those for the SiH insertion
reactions. The relative energies of the transition states for the
SiH insertion reactions with PH3 and H2S, reported in Table 2,
are small positive values, while the relative energies of these
two transition states predicted at the MP2(FC)/6-31++G(d,p),
MP2(FC)/6-311++G(d,p), and MP4(FC)/6-311++G(2d,p)//
MP2(FC)/6-311++G(d,p) levels are small negative values (see
Table 1). As shown in Table 2, the relative energies of the
transition states for the SiH2 insertion reactions with PH3 and
H2S (also with HF and HCl) are also small positive values, and
at more sophisticated levels of theory these transition states
might be predicted to have negative relative energies.

Conclusion

The SiH insertion reactions with NH3, H2O, HF, PH3, H2S,
and HCl have been studied at the HF/6-31G(d), MP2/6-31G-
(d,p), MP2/6-31++G(d,p), MP2/6-311++G(d,p) and MP4/6-
311++G(2d,p)//MP2/6-311++G(d,p) levels. All these inser-
tion reactions involve the initial formation of an intermediate
complex followed by a hydrogen-migration process via a
transition state leading to the insertion product. Analyses for
the reactivity of the six substrates (hydrides) in the SiH insertion

reactions indicate that the reaction with the hydride of the right-
hand group in the periodic table has a less stable complex and
is more exothermic than with the hydride of the left-hand group
and that the reaction with the second-row hydride has a lower
overall barrier and is less exothermic than with the first-row
hydride. Comparison with the CH and SiH2 insertion reactions
has been made, and it is noted that the CH, SiH2, and SiH
insertion reactions have similar reaction processes. The ener-
getic results (for the barriers and reaction enthalpies) indicate
that the SiH radical is less reactive than the CH radical in the
insertion reactions.
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TABLE 2: MP4SD(T)Q/6-31G(d,p)//HF/6-31G(d) Relative
Energies (in kcal/mol), Including the HF/6-31G(d)
Zero-Point Energy Corrections, for the Intermediate
Complexes (IM) and Transition States (TS) in the SiH2 and
SiH Insertion Reactions with the XHn Molecules

NH3 H2O HF PH3 H2S HCl

SiH2
a IM -25.1 -13.0 -7.0 -18.0 -9.0 -2.0

TS 13.0 9.0 3.0 2.0 5.0 6.0
SiHa,b IM -22.6 -12.4 -3.4 -16.4 -6.6 -1.0

TS 14.0 14.0 12.1 1.7 3.3 14.5

a See ref 6a.b For the SiH reactions the MP4(FC)SD(T)Q/6-
31G(d,p)//HF/6-31G(d) calculations were carried out, and the spin-
projected energetic results are used. The relative energies also include
the HF/6-31G(d) zero-point energy ZPE corrections.
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