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Potential energy surfaces for systems consisting of SiHzF and SiH3;Cl molecules with
addition of two water molecules (as a model for neutral hydrolysis), with one water and one
ammonia molecule (base-catalyzed hydrolysis), and with two ammonia molecules (racemi-
zation) were investigated by the B3LYP and MP2 methods with 6-31G(d,p) and 6-311+G-
(d,p) basis sets. It was shown that in addition to global energy minima corresponding to
loosely bound complexes with SiO and SiN separations exceeding 2.5 A, there exist the
stationary points for tightly bound, low-entropy complexes with SiO and SiN bonds of length
ca. 2.0 A. Such complexes were predicted earlier by the analysis of experimental data on
nucleophile-assisted hydrolysis and racemization. For SiHsF structures of these complexes
are close to octahedral with NH; or H,O in axial positions, while those for silyl chloride are
closer to trigonal bipyramidal zwitterions formed by the SiH; cation with two nucleophiles
and the Cl anion separated from Si by ca. 3 A. The barriers separating these local minima
from collapsing into the global minima (with inversion of configuration) are ca. 10 kcal/mol
in systems with two ammonia molecules, However, with substitution of ammonia by water
molecules these barriers tend to disappear, and shallow minima at the top of the barrier for
inversion of configuration develop into transition states. This tendency is more pronounced
for silyl chloride. The barrier for this channel providing inversion of configuration for the
SiH;CIl + 2H,0 system becomes lower than the competing channel leading to the hydrolysis
products. This is in keeping with the observed preference of the inversion channel for the
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neutral hydrolysis of chlorosilanes.

Introduction

Bimolecular nucleophilic displacement of alkyl de-
rivatives with carbon at the center (Sy2(C) reactions)
is one of the most studied types of reaction in organic
chemistry. The main feature of these reactions is the
double-well shape of the potential energy surface with
pentacoordinated carbon in the transition state struc-
ture. The rather different nature of the Sy2-type reac-
tions at silicon is also well-known due to numerous
experimental (see refs 1-5 and references therein) and
theoretical®~25 studies. There are two main experimen-
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tally observed differences between displacement reac-
tion at carbon and silicon: (a) the latter are much faster;
and (b) two paths, i.e., inversion and retention of
configuration, are observed for nucleophilic displace-
ment reactions at silicon, while Sn2 reactions at carbon
proceed invariably with the inversion of configuration.
These conclusions were drawn from numerous stereo-
chemical studies of such reactions at chiral silicon.
Practically all theoretical studies of the Sn2-type
reactions at silicon have been devoted to the anionic
systems, where the potential energy surfaces (PES) for
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the backside attack of H—, Hal~, and OH™ at the SiH3X
were investigated.®=2! It was shown that the anionic
pentacoordinated silicon species, in contrast to similar
reactions at carbon, correspond to the minima at the
PES of the systems studied. The cleavage of the SiX
bond goes with inversion of configuration.

In contrast to this, there are just a few theoretical
studies of this type of reaction with neutral molecules.
In such reactions the interaction with water, i.e. hy-
drolysis of silicon compounds, has practical importance,
since it is a first step in the sol—gel processes widely
used in modern chemical technologies.?® However, many
experimentalists describe its mechanism in terms of
textbook Sn2(C) reactions. Although the attack of a
hydroxyl anion may be regarded as a model of hydrolysis
under highly basic conditions, a more realistic descrip-
tion of neutral hydrolysis should deal with interaction
of silanes with water molecule(s). Kudo and Gordon?2
reported a study of the stepwise hydrolysis of SiClzH
in 1998. At the first step of the sequential cleavage of
the three SiCl bonds the minimum for the frontside
attack of a water molecule and the transition state for
formation of SiCI,OH were obtained.?? The analogous
minimum and the transition state were found this year
for the frontside attack of a water molecule at SiH3F.2°
Stationary points were also located for the interaction
of MeSi(OMe)(OH),with a water molecule.?® In all these
studies the comparatively low barriers were found only
for the retention of configuration channel. The geometry
of stationary points for this channel appears to be
obvious: formation of a hydrogen bond between the
halogen (or oxygen) atom, transition state in which the
Si—0 bonds begins to form (utilizing the ability of silicon
for pentacoordination), and finally formation of a SiO
bond with the elimination of the HHal molecule.

It seems more difficult to propose the mechanism for
the inversion of configuration under hydrolysis. Experi-
mental results, however, provide evidence that despite
the general tendency for a retention channel for silicon,
many hydrolysis reactions, especially for R3SiCl mol-
ecules, proceed with inversion of configuration. Although
the transition state for hydrolysis with the backside
attack at SiH3;F has been found,?® its barrier height
appears to be more than 2 times larger than that of the
retention channel. Backside complexes were found to
be weakly bound; Si—O separation was optimized to be
2.886 A [MP2/6-311++G(d,p)] for SiF42* and 2.776 A
[MP2/6-311+G(d,p)] for SiH3F.?> One may expect that
for halosilanes RsSiHal with bulky R substituents
(hydrolysis of which is usually studied experimentally)
such a backside complex will be weaker, if it exists.

Kinetic studies of nucleophilic substitution reactions
at the silicon center, and hydrolysis (alcoholysis) reac-
tions particularly, show that these reactions are cata-
lyzed by other nucleophiles.?’73¢ To rationalize these
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experimental observations, it was proposed that the
nucleophile forms a hydrogen bond with a water (alco-
hol) molecule, increasing the nucleophilicity of the
attacking molecule.?”-28 However two groups of experi-
ments cannot be explained by this model: (a) the
dramatic change from inversion to retention for hy-
drolysis reactions of chlorosilanes R3SiCl with addition
of nucleophiles and (b) the racemization of halosilanes
by nucleohiles. The similarity of the rate laws and the
activation parameters leads to the conclusion that a
similar mechanism is operative for both reactions. To
account for these observations, the model of a hexaco-
ordinated silicon intermediate or transition state was
proposed.32-34 This concept as well as the existence of
hexacoordinated silicon compounds has been widely
discussed (see refs 37—41 and references therein).
However, there are still no theoretical studies of these
hexacoordinated molecules, and it is not known whether
these intermediates are minima or transition states (the
distorted octahedral complex of SiF, with two water
molecules was found to be the minimum by Ignatov et
al.2%). Thus, the aim of this paper was the systematic
study of the hydrolysis reaction of silylhalides (modeled
by SiH3zF and SiH3Cl) with and without the presence of
nucleophile (modeled by NH3). We especially wanted to
know whether the qualitative concept of the crucial role
of hexacoordinated silicon intermediates in the hydroly-
sis reactions as well as in their racemization by nucleo-
philes proposed by Corriu can be understood in terms
of the quantum mechanical examination of the PES for
these systems.

Theoretical Methods

The computational methods employed in this work included
electron correlation. These were the hybrid DFT method with
Becke’s three-parameter exchange functional*? and the LYP
correlation functional*® (B3LYP) and second-order Moller—
Plesset perturbation theory (MP2).4* The basis sets were the
standard 6-31G(d,p) and 6-311+G(d,p) sets. The frozen core
approximation was used with the MP2 method. Both these
methods and the 6-31G(d,p) and 6-311+G(d,p) basis set were
employed as they are implemented in the GAUSSIAN 94
program.*> Vibrational frequencies were evaluated for all
stationary points at all theory levels. Zero-point vibrational
energy (ZPVE) corrections, thermal corrections, and entropies
cited in the tables refer to those obtained by the MP2/6-311+G-
(d,p) method.
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Figure 1. Equilibrium structures (bond lengths in A) of
stationary points for the SiH3zF + H,O system.

Results and Discussion

A. Interaction of Silyl Halides with One Water
Molecule. Attempts to find energy minima for different
directions of attack of a water molecule were carried
out. These include the attack at the H3Si face, at the
FH,Si face, and at the HH and HF edges of the H3SiF
tetrahedron. Only two minima (1 and 2, Figure 1)
corresponding to the well-known backside and frontside
attack complexes were found. The backside attack
complex 1 is characterized by a substantially large Si—O
separation and small perturbation of the H3SiF geom-
etry. The Si—O bonding within the B3LYP method
decreases with the addition of diffuse functions to the
basis set, but the MP2 optimized geometry indicates the
strengthening of this bond compared to that from
B3LYP.
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While the optimized geometry of 1 is similar for all
three methods employed, the equilibrium geometry of
the frontside complex obtained with B3LYP/6-311+G-
(d,p) (2b) is quite different from that optimized with the
two other methods (2a). The former is characterized by
the large Si—O separation (4.19 A) and a hydrogen bond
between the water molecule and the fluorine atom.
Geometries optimized with the other two methods show
a weaker hydrogen bond but substantially shorter Si—O
distances. Both complexes are very shallow minima
(Table 1): complex 1 is 3.5 kcal/mol deep and 2 is bound
by only 2.7 kcal/mol [AH29s with MP2/6-311+G(d,p)].

The structure of the transition state TS1 which
connects 2 with the product complex (3, Figure 1) shows
no significant deviations among the methods employed.
The barrier for this pathway was predicted to be 28.4
kcal/mol above reactants. Note that the second path,
found in the previous study,?® which connects 1 with 3,
has too high a barrier to surpass and will not be
discussed in the present work. There is a certain
difference in the equilibrium structures of the complex
3 between those obtained with the B3LYP and MP2
methods employing the 6-311+G(d,p) basis set and that
from B3LYP/6-31G(d,p). The latter has no symmetry
and the HF moiety is oriented toward the one lone pair
of oxygen, while the two other structures are of Cs
symmetry with HF lying in the symmetry plane (3,
Figure 1). This difference reflects the equilibrium SiH
bond lengths: the C structures have two elongated SiH
bonds (both with trans-orientation toward the oxygen
lone pairs), while the asymmetric B3LYP/6-31G(d,p)
structure exhibits the maximum elongation of the SiH
bond, which is in the trans-position toward the lone pair
involved in the hydrogen bonding.

Similar stationary points were found for the SiH3Cl
+ H,0 system (4—6, Figure 2). However, there is no
discrepancy in the equilibrium geometry between the
methods employed for the frontside complex 5. All three
methods predict a more loosely bound structure than
in the fluorine analogue 2. The substantially longer
H---Cl interatomic distance (2.91 A at the MP2 level)
and equal O—H bond lengths in the water molecule
evidence the absence of the hydrogen bond between
SiH3Cl and a water molecule in the frontside complex.

B. Interaction of Halosilanes with One and Two
Ammonia Molecules. A Model for Nucleophile-
Assisted Racemization. Kinetic studies of nucleo-

Table 1. Energy Ee, Eo, and E,gs Values (hartrees) for the Reactants in the SiH3X + H,O (X = F, Cl) Systems
and Relative Values (with respect to reactants, kcal/mol) of These Energetic Quantities for the Other
Stationary Points

B3LYP MP2
6-31G(d,p) 6-311+G(d,p) 6-311+G(d,p)
stationary points Ee(AEe) Ee(AEe) Ee(AEe) Eo(AHo) E298(AH298)
SiHsF + H.0 —467.60358 —467.70566 —466.79528 —466.74519 —466.73727
1 -55 -3.9 -5.0 -34 -35
2 —6.1 -35 —-4.1 —2.6 2.7
TS1 23.0 27.4 28.9 30.0 28.4
3 —43 -35 -1.9 -0.2 -0.7
SiH30H + HF 15.1 9.7 8.3 7.6 7.7
SiHsCIl + H20 —827.95404 —828.04743 —826.75264 —826.70358 —826.69550
4 -5.9 -35 —45 -3.2 -3.1
5 —-4.38 -2.2 -3.8 -2.6 -25
TS2 16.4 22.0 24.2 26.2 24.7
6 —6.0 -2.9 —4.2 —4.1 —45
SiH30H + HCI 0.7 3.6 2.9 1.3 1.3
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Figure 2. Equilibrium structures (bond lengths in A) of
stationary points for the SiH;Cl + H,O system.

phile-assisted racemization of halosilanes have shown
that it is a second-order process with respect to nucleo-
phile. These reactions are also characterized by small
enthalpies of activation (0—4 kcal/mol) and large and
negative entropies of activation (from —55 to —70 cal/
mol-K).46747 To account for these observations Corriu®
proposed a model of the octahedral SiRzHal-2Nu inter-
mediate (or transition state) with two nucleophile
molecules in the axial positions. The attack of the first
nucleophile molecule at the chiral SiRzHal leads to the
formation of the pentacoordinated intermediate. The
second slow (rate-determining) step in the racemization
reaction is the attack by a second nucleophile at the
R—Hal edge and the formation of the octahedral inter-
mediate. Dissociation of this intermediate results in the
inversion of the configuration of SiRsHal. Note that
kinetic studies cannot provide evidence whether the
activation complex is an intermediate or a transition
state.

In the present study we model these processes with
SiHzHal (Hal = F, CI) and NH;3 as a nucleophile.
Although the formation of the stable pentacoordinated
complexes between SiHzHal (Hal = F, CI),*8 SiH,4,4849
and SiH4*°~51 was predicted by semiempirical and ab
initio methods earlier, here we report equilibrium
geometries of complexes between SiH3F, SiH3Cl, and

(46) Corriu, R. J. P.; Henner-Leard, M. J. Organomet. Chem. 1974,
64, 351.

(47) Corriu, R. J. P.; Henner-Leard, M. J. Organomet. Chem. 1974,
65, C39.

(48) Gordon, M. S.; Davis, L. P.; Burggraf, L. W. Chem. Phys. Lett.
1989, 163, 371.

(49) Rossi, A. R.; Jasinski, J. M. Chem. Phys. Lett. 1990, 169, 399.

(50) Cheyhaber, J. M.; Nagy, S. T.; Lin, C. S. Can. J. Chem. 1984,
62, 27.

(51) Marsden, C. Inorg. Chem. 1983, 22, 3177.

Ignatyev and Schaefer

1.019
1.621 B3LYP/6-31G(d,p) 1.017
1.640 B3LYP/6-311+G(d,p) 1.015
1.481 1.632 MP2/6-311+G(d,p)

146 g 3.574
3534
1.484 3595, 1.018
1477 1.015
1470 4 1.014
,

1.016 !
1.015

1015

Figure 3. Equilibrium structures (bond lengths in A) of
minima for the interaction of the SiHs;F molecule with one
(7 and 8) and two (9 and 10) ammonia molecules and the
transition state TS3 for inversion of configuration of SiH;F.

NHjs. In keeping with the above consideration of the H,O
attack at the SiHsF molecules, we have studied the
backside (at the Hs face of the SiH3F tetrahedron) and
the frontside (at the HF edge) attacks by NHj3 (the
frontside attack complex was not reported earlier). Both
directions of attack produce energy minima (7 and 8,
Figure 3); however the complex formed by the backside
attack is more stable by 3 kcal/mol (Table 2).

The attack of two ammonia molecules from both
directions leads to the barrierless formation of complex
9, stable at all levels of theory employed. It may be
regarded as a backside complex with an additional
ammonia molecule coordinated through the HF edge,
since the backside Si—N separation is even shorter than
in 7 and the frontside separation is longer than in 8
(Figure 3). Note the coordination of the second ammonia
molecule stabilizes the backside complex 7 by 2 kcal/
mol (Table 2).

The other energy minimum was also found in the
SiH3F + 2NHj3 system. It corresponds to the octahedral
tightly bound complex 10 (Figure 3). All methods predict
that it lies 3—6 kcal/mol higher than reactants (Table
2). This complex has a C,, symmetry with the in-plane
hydrogens of ammonia slightly elongated. This indicates
weak hydrogen bonding between SiH3F and NH3;. The
SiH3F moiety becomes planar with elongated SiF and
SiH bonds. Analysis of the molecular orbitals shows a
substantial increase in participation of the silicon d or-
bitals in 10 compared to the loosely bound complex 9.

The two minima on the PES of the SiH3F + 2NH3
system are connected by the transition state TS3
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Table 2. Energy Ee, Eo, and E,gs Values (hartrees) and Entropy (S, cal/mol:K) for the Reactants in the
SiHzHal + nNH; (Hal = F, Cl, n = 1, 2) Systems and Relative Values (with respect to reactants) of
Energies (kcal/mol) and Entropies (AS) for the Other Stationary Points

B3LYP MP2
6-31G(d,p) 6-311+G(d,p) 6-311+G(d,p)
stationary points Ee(AEe) Eo(AEe) Ee(AEe) Eo(AHo) E298(AH298) S(AS)
SiHsF + NHs —447.74161 —447.82984 —446.93587 —446.87265 —446.86470 102.9
7 —7.7 —6.2 -7.2 —5.1 —-5.5 —26.6
8 —4.8 —2.8 —4.0 —2.6 —2.7 —22.0
SiHsF + 2NH3 —504.29938 —504.41248 —503.35118 —503.25315 —503.24139 148.9
9 —11.9 —8.7 —10.6 -7.1 —7.4 —48.1
TS3 7.3 12.8 11.0 15.0 13.9 —54.9
10 3.6 5.8 17 8.2 6.3 —65.6
SiH3Cl + NH3 —827.95404 —828.04743 —826.75264 —826.70358 —826.69550 104.8
11 —8.4 —5.4 —6.4 —4.5 —4.7 —25.5
12 —3.9 —2.1 —-3.9 —2.6 —2.6 —21.7
SiH3Cl + 2NH3 —864.64984 —864.75425 —863.30854 —863.21154 —863.19962 151.7
13 —11.9 -7.3 -9.8 —6.6 —6.6 47.4
TS4 7.1 12.4 11.0 15.4 14.2 —57.1
14 —6.6 0.1 —-2.0 5.0 3.1 —67.6

(Figure 3). This structure belongs to the Cs point group
and is characterized by the nonequivalence of SiN
bonds: one bond is almost as short as in 10, while the
length of the other is close to that of the backside
complex 9. The SiH3zF moiety is close to becoming planar
with the in-plane HSiF bond angle of 161.4° and the
HSiH angle in the orthogonal plane of 136.7° (MP2
values). The barrier height associated with TS3 varies
with the method, but with the more reliable MP2
method the AHjygg value is 14 kcal/mol above the
reactants.

Similar stationary points were found on the potential
energy surfaces of the SiH3Cl + NH3 and SiH;Cl +
2NH3; systems. Front- and backside orientations of the
ammonia attack at chlorosilane give two minima (12
and 11 with slightly longer SiN separations than those
for fluorosilanes (Figure 4). However, the energy gain
of this complexation does not differ significantly, and
the frontside complex 12 is also less stable than the
backside complex 11 by 3 kcal/mol (Table 2).

The structure of complex 13 formed by the attack of
two NH3; molecules differs slightly from the fluorine
analogue 9 in the orientation of the loosely bound
ammonia due to increase of repulsive interactions
between the electron densities of ammonia and chlorine
(Figure 4), but the energy of complexation is nearly the
same for the two complexes.

More significant differences may be found between
the structures of the tightly bound “orthogonal” com-
plexes 10 and 14. While that with fluorine is nearly
orthogonal (HSiH and HSiF angles are close to 90°), the
chlorine complex is closer to the trigonal bipyramidal
structure with HSiH = 104.2° and HSICl = 75.8°. This
and the extremely long Si—Cl distance allow one to
describe the structure of 14 as a doubly coordinated
SiH; cation with a Cl~ counterion. Although the Ca,
symmetry is still maintained in 14 the N—Si—N angle
is not close to 180°, as in the case with the fluorine
analogue 10, but rather is 156.5°.

In contrast to the loosely bound pair (9 and 13) the
tight Cl complex 14 is substantially more stable than
its fluorine analogue 10. Both B3LYP/6-31G(d,p) and
MP2/6-311+G(d,p) predict the energy of this complex
to be lower than the reactants. However, with the ZPVE
and thermal corrections AHzgg becomes 3 kcal/mol
higher than the reactants (Table 2).

1.018 B3LYP/6-31G(d,p)
1.015 B3LYP/6-311+G(d,p)
1.015 MP2/6-311+G(d,p)

1.017
1.016
1.016

463,
L,
/I
1.017
1.015
1.015

Figure 4. Equilibrium structures (bond lengths in A) of
minima for the interaction of the SiH3CIl molecule with one
(11 and 12) and two (13 and 14) ammonia molecules and
the transition state TS4 for inversion of configuration of
SiH3F.

The barriers on both sides of the local minima (TS3
for 10 in the F system; TS4 and 14 for CI) increase their
height on going from SiH3F to SiH3Cl and become 11
kcal/mol above the minimum (TS4, Table 4). The motion
through this bump (TS4—14—Ts4) with subsequent
detachment of ammonia inverts the configuration of the
SiH3Cl molecule and in the case of the chiral molecule
R1R2R3SICl leads to its racemization. Our estimate of
the entropy difference between reactants and tight
structures 10 and 14 is ca. 67cal/mol-K (Table 2). This
is in good agreement with values derived from the
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racemization kinetic studies (from —55 to —70 cal/mol-
K),%6-47 although AS values for TS1 also fall in this
range.

Thus, answering the question posed by experimental-
ists whether the tightly bound species postulated are
intermediates or transition states, we may say that for
the systems with two nucleophiles the metastable
intermediate may exist at the top of a bump, but the
overall barrier is determined by the transition states
TS1. Our predictions of these barrier heights exceed
those estimated from the kinetic data. However, the
system studied experimentally contained much more
bulky substituents than H. Below we will see that
substitution of ammonia in the axial positions by water
leads to the disappearance of the minimum at the top.

C. Interaction of Halosilanes with One Water
and One Ammonia Molecule. A Model for Nucleo-
phile-Assisted Hydrolysis. Nucleophilic substitutions
at silicon and particularly hydrolysis reactions of halo-
silanes have been found experimentally to be catalyzed
by the presence of other nucleophiles.2”~36 These reac-
tions proceed with retention of configuration even with
chlorosilanes, where inversion of configuration is prefer-
able in the absence of the nucleophilic catalyst. Nucleo-
phile-assisted hydrolysis involves activation parameters
similar to nucleophile-assisted racemization, but the
former is first order in the nucleophile. These observa-
tions allowed Corriu32-34 to propose similar models of
the hexacoordinated activated complex for the racemi-
zation and hydrolysis reactions. The explanation of the
difference in stereochemistry between the nucleophile-
catalyzed hydrolysis of chlorosilanes and the neutral one
is obvious. In the former case the nucleophile blocks one
axial position in the octahedron, allowing the water in
the other axial position to react with the SiHsCl moiety
only in a retentive way, while the symmetric octahedral
complex of SiH3Cl and two water molecules may dis-
sociate either by inversion or by retention.

As in the previous case, our modeling of the catalyzed
hydrolysis starts with SiH3F interacting with NH3 as a
nucleophile. Now we have two plausible forms of the
complexes originating from the simultaneous attack of
a water molecule and an ammonia molecule. The
structure in which ammonia takes the backside position
and the water molecule is in the frontside position, 15,
Figure 5), is more stable by 4 kcal/mol than the complex
with the water molecule in the backside position (16).
Both complexes are similar to complex 13 in the SiH3zF
+ 2NHj; system, in that the molecule in the backside
position has stronger bonding to silicon than that in the
frontside position. However, in 15 attraction between
SiHzF and H»O is provided by H-bonding. The latter
structure is similar to 2b, Figure 1, with addition of NH3
in the backside position. Addition of NH3 stabilizes 2
by 6.6 kcal/mol (Tables 1 and 3). Complex 16 may be
regarded as a variant of complex 1 (Figure 1) with
addition of NHj3 in the frontside position. In this case
stabilization enthalpy that results from the addition of
ammonia is less than 2 kcal/mol.

The third energy minimum (17, Figure 5) in the
SiH3zF + H,0O + NH3 system corresponds to the struc-
ture with hexacoordinated silicon and comparatively
short SiO and SiN bonds. This local minimum is
predicted to lie 10.6 kcal/mol (AE., MP2, Table 3) above
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Figure 5. Equilibrium structures (bond lengths in A) of
stationary points for the SiHzF + H,O + NH; system.

reactants. Thermal corrections at 298 K raise its value
to 15.0 kcal/mol, and at this temperature it is separated
from the more stable loosely bound complex 15 by a very
low barrier TS5 (Figure 5). The height of this barrier
decreases with the theory level, reaching only 0.6 kcal/
mol at MP2 (AHygg, Table 3). The second channel for
the rearrangement of the octahedral complex 17 is the
elimination of HF, leading through TS6 to the exit
complex 18, dissociation of which gives the final product
of hydrolysis, i.e., methanol and HF.

The structure of the transition state TS6 resembles
that for the retention channel in the SiHsF + H»O
system (TS1, Figure 1), and it may be produced by the
backside attack of NH3 at this transition state. Similar
to TS1 in the system with one water molecule, the
transition state for HF elimination in the SiH3F + H>O
+ NHj3 system is characterized by elongation of the Si—F
bond and formation of the H—F bond. The catalytic
effect of ammonia is revealed by the fact that the barrier
height for this transition state with addition of the NH3
molecule decreases from 28.4 kcal/mol (Table 1) to 20.9
kcal/mol (AH2g5, MP2).

The downhill motion from the above barrier results
in the exit complex 18, which is similar to the complex
between silanol and HF 3 with an ammonia molecule
coordinated to the backside of the silanol molecule. This
coordination lowers the AH,g5 value of the exit complex
by 5 kcal/mol.

Similar stationary points are found for the SiH3CI +
H,O + NH; system (Figure 6). The loose complex 19 is
connected with the tight “octahedral” complex 21 (better
described as trigonal bipyramidal, since as in the SiHs-
Cl + 2NH3 system the Si—Cl separation is substantially
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Table 3. Energy Ee, Eo, and E,gs Values (hartrees) and Entropy (S, cal/mol:K) for the Reactants in the
SiHzHal + NH3; + H,0O (Hal = F, Cl) Systems and Relative Values (with respect to reactants) of
Energies (kcal/mol) and Entropies (AS) for the Other Stationary Points

B3LYP MP2
6-31G(d,p) 6-311+G(d,p) 6-311+G(d,p)
stationary points Ec(AEe) Ec(AEe) Ec(AEe) Eo(AHo) E298(AH298) S(AS)
SiH3F + NH3 +H,0 —524.16135 —524.28830 —523.21059 —523.12569 —523.11396 148.0
15 —-15.0 -11.3 -12.8 -8.8 -9.3 —46.3
16 -9.8 -6.1 -8.2 -5.4 -5.3 —44.7
TS5 10.2 15.6 12.2 23.0 15.6 —62.1
17 8.7 13.4 10.6 16.8 15.0 —63.3
TS6 15.4 19.9 18.5 23.6 20.9 —70.0
18 -35 -6.0 -8.7 -4.9 -5.8 -52.7
SiH3Cl + NH3 + H,0 —884.51181 —884.63007 —883.16795 —883.08408 —883.07219 150.7
19 —14.4 -8.7 —-10.8 -7.2 -75 —48.4
20 -8.8 -5.1 -7.8 -5.2 -5.0 —45.1
TS7 9.8 17.5 17.3 222 20.7 60.8
21 -1.6 6.9
TS8 -15
22 —14.0 -8.2 -10.6 -85 -9.2 —-51.5
1,017 B3LYP/6-31G(d.p) 0966 19 with the product complex 22. Although the structure
1.015 B3LYP/6-311+G(d.p) 962 . . A .
1471 LOISMP263LI4GAD) | 474 0960 of TS7 deviates from symmetric species (with nearly
an ey e equal SiO and SiN bond lengths and a planar SiHzHal
e /3 v @ 3402 096 moiety as in 17), it is tight enough (AS = 60.8 cal/mol-
oot ; 2531 K) to be a good candidate for the low-entropy transition
_______ state proposed by experimentalists.32734 Note that the
O : basis set with and without diffuse functions predicts
, L7 146 : different structures for this transition state. The B3LYP/
' 19 - ,p) gives a SiN separation larger than SiO, while
1.466 6-31G(d,p) g SiN separation larger than SiO, whil
0965 15 {@ o0 ooss the two other methods predict shorter SiN bonds (TS7,
0960 };Z‘;g/ 1.328 0960 0973 Figure 6).
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Figure 6. Equilibrium structures (bond lengths in A) of
stationary points for the SiH;Cl + H,O + NHj3 system.

large) by the transition state TS7 (Figure 6). However
in contrast to the SiH3F + H,O + NH3 system, where a
distinctive albeit shallow minimum exists at all the
theory levels employed, for chlorosilane such a mini-
mum could not be located at the MP2/6-311+G(d,p)
level. All attempts to find it resulted in the exit complex
22. The transition state separating 21 and 22 was
located only at the B3LYP/6-31G(d,p) level (TS8, Figure
6), but its structure is very close to 21 and the barrier
is only 0.1 kcal/mol. Neither B3LYP nor MP2 with the
basis set including diffuse functions was able to locate
this transition state. Thus, TS7 is the only transition
state in this system, and it connects the loose complex

Molecules. A Model for Neutral Hydrolysis. Since
it was observed that hydrolysis of chiral chlorosilanes
without nucleophile catalysts proceeds mainly with
inversion of configuration, we will try to find how our
model explains this observation. The prediction of the
mechanism of the inversion of configuration for neutral
hydrolysis (interaction with water molecules) is a chal-
lenging task for theory, since it is difficult to construct
a mechanism by which the configuration of chlorosilanes
may be inverted in a weakly bound complex (in contrast
to the attack of the anion, where the path for this
inversion is straightforward). Earlier we found a transi-
tion state for the inversion of configuration of SiH3zF,25
but this barrier was prohibitively high (ca. 80 kcal/mol)
and the similar barrier in SiH3Cl is only 20 kcal/mol
lower.

There is only one type of loosely bound complex of
halosilanes with two water molecules (23, 26) where the
waters occupy two plausible positions (back- and fron-
tside). The addition of the second water to 1 or 2
strengthens the Si—O and F—H bonds between fluo-
rosilane and water and lowers the energy of this
complex by ca. 5 kcal/mol (addition of ammonia exceeds
this effect by 2—3 kcal/mol). Similar to the case of one
water molecule, the water in the frontside position has
a channel for HF elimination through the transition
state TS10, Figure 7). This is a retention of configura-
tion channel with comparatively low barrier discussed
above. An analogous transition state was found for SiH3-
Cl (TS12, Figure 8). The catalytic effect of the second
water in lowering this barrier is small (ca. 2 kcal/mol).
The descent from this barrier gives the product com-
plexes 25 and 28.
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Table 4. Energy Ee, Eo, and E,gs Values (hartrees) and Entropy (S, cal/mol:K) for the Reactants in the
SiHzHal + NH3; + H,0O (Hal = F, Cl) Systems and Relative Values (with respect to reactants) of
Energies (kcal/mol) and Entropies (AS) for the Other Stationary Points

B3LYP MP2
6-31G(d,p) 6-311+G(d,p) 6-311+G(d,p)
stationary points Ec(AEe) Ec(AEe) Ec(AEe) Eo(AHo) E298(AH298) S(AS)
SiHzF + 2H,0 —544.02332 —544.16412 —543.07000 —542.99823 —542.98653 147.1
23 —-12.4 —-8.3 —-9.7 —6.7 —6.7 —40.7
TS9 18.8 23.5 23.6 29.2 27.0 —6.2
24 16.4 21.3 27.2 25.4 —64.6
TS10 18.8 25.0 25.4 28.2 26.7 —58.6
25 -1.6 —-4.0 —6.7 —-35 —4.0 —48.8
SiH3Cl + 2H,0 —904.37378 —904.50589 —903.02736 —902.95662 —902.94476 149.6
26 —-11.4 —-6.1 —8.2 —5.6 —5.4 —42.3
TS11 5.8 16.4 16.2 22.7 20.0 —69.8
27 5.6
TS12 114 194 20.1 23.7 22.5 —55.4
28 —-11.8 —6.4 —8.8 7.2 —7.6 —47.4
1.478 B3LYP/6-31(d.p)
1.475 B3LYP/6-311+G(d,p) 0.966 B3LYP/6-31G(d.p)
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Figure 7. Equilibrium structures (bond lengths in A) of
stationary points for the inversion of configuration (23—
TS9-24-TS9-23) and hydrolysis (23—TS10—-25) chan-
nels in the SiHzF + 2H,0 system.

The symmetric (with equal SiO bonds) tight struc-
tures of Cs and C, symmetry were found to be minima
at the B3LYP/6-31G(d,p) level 23 in the SiH3F + H,0
system. However these symmetric structures possess
one imaginary vibrational frequency each (ca. 100i cm™1)
at two other levels. Attempts to find a minimum for a
slightly asymmetric structure succeeded for MP2/6-
311+G(d,p), but for B3LYP/6-311+G(d,p) they lead to
the global minimum 23. Corespondingly, the transition
state TS1 was located at the B3LYP/6-31G(d,p) and
MP2/6-311+G(d,p) levels, which separate 24 from col-
lapsing to the global minimum 23. However this barrier
is only 1.6 kcal/mol (AHygg, Table 4).
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Figure 8. Equilibrium structures (bond lengths in A) of
stationary points for the inversion of configuration (26—
TS11-27—-TS11-23) and hydrolysis (26—TS12—28) chan-
nels in the SiH3CIl + 2H,0 system.

For SiH3Cl + 2H,0 the symmetric minimum 27 was
found only at the B3LYP/6-31G(d,p) level, and it is
divided from the global minimum 26 by a barrier (TS11,
Figure 8) of only 0.2 kcal/mol. Thus the existence of the
minimum at the top of the barrier between two loosely
bound complexes with two water molecules (for chiral
halosilanes it will be the barrier for racemization) may
be (especially for chlorosilanes) an artifact of small basis
sets.

Nevertheless, the crossing of the TS11 barrier may
lead to the inversion of configuration of the chlorosilane
molecule (similar to the case of two ammonia molecules).
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Figure 9. Potential energy diagram for stationary points
for the inversion and hydrolysis channels in the SiH3F +
2H,0 and the SiH3Cl + 2H,0 (dashed lines) systems.

The barriers for the systems with two H,O'’s are 27 kcal/
mol for SiH3zF (TS9) and 20 kcal/mol for SiH3CI (TS11).
This process may compete with hydrolysis within the
loosely bound complex through TS10 (for F) and TS12
(for CI). The possibility of inversion of configuration
before hydrolysis (and the overall observed hydrolysis
with inversion of configuration) depends on the relative
heights of barriers for inversion of configuration (TS9
and TS11) and hydrolysis (TS10 and TS12). On going
from SiH3F to SiH3Cl the former barrier decreases by
7 kcal/mol, while the latter decreases only by 4 kcal/
mol. Thus for SiH3Cl in contrast to SiHsF the inversion
transition state TS11 becomes lower than TS10, and
inversion of configuration (racemization for chiral mol-
ecules) may occur before hydrolysis (Figure 9). Despite
the fact that our system substantially differs from those
experimentally studied, this may be the rationale for
the observed preference of halosilanes for the inversion
of configuration hydrolysis without nucleophiles.

Conclusions

1. In the SiH3F + 2NH3; and SiH3Cl + 2NH3 systems
the global minima correspond to loosely bound struc-
tures in which ammonia molecules occupy backside (SiN
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separations ca. 2.5 A) and frontside (above 3.5 A) sites.
Addition of the second ammonia stabilizes the systems
by ca. 5 kcal/mol. The second energy minimum corre-
sponds to symmetric structures (C,, point group) with
comparatively short SiN bonds (ca. 2.0 A) and a nearly
planar configuration of SiHsHal molecules. For Hal =
F the structure of the heavy atom skeleton in these
complexes is close to octahedral, while for Hal = CI it
is closer to trigonal bipyramidal with a large SiCl
separation (ca. 3.0 A). For Hal = F this tight complex
is predicted to lie 14 kcal/mol above the global mini-
mum, and for Hal = CI, 10 kcal/mol. Barriers dividing
these local minima from global are 7 and 11 kcal/mol.
Crossing these barriers and the minima between them
allows halosilane molecules to invert their configuration.
The entropy changes found in experimental Kinetic
studies for activation of the nucleophile-assisted race-
mization of chlorosilanes are in good agreement with
those predicted in our model, while the entropy changes
of our model are substantially higher than those ob-
tained from the experiment.

2. The structures with comparatively short SiO bonds
and planar arrangement of the SiH3F moiety were also
found as a local minimum in the SiHsF + 2H,0 system.
However, barriers dividing it from the loosely bound
global minima are smaller than 2 kcal/mol. In the SiH3-
Cl + 2H,0 system the tight complex becomes the
transition structure through which inversion of config-
uration may be realized. The transition state for the
elimination of HHal is found in both systems. This is
the unique transition state for hydrolysis, and this
process proceeds along this pathway with retention of
configuration. However, in the SiH3Cl + 2H,0 system,
in contrast to that for SiHsF, the barrier for inversion
of configuration becomes lower than the barrier for
hydrolysis, allowing inversion of configuration prior to
hydrolysis. This is in keeping with experimental obser-
vation of preference of inversion of configuration hy-
drolysis for chlorosilanes with respect to retention for
fluorosilanes.

3. In the SiH3zHal + H,0 + NHj3 systems the ammonia
molecule prefers the energetically most favorable back-
side position. The complex with short SiO and SiN bonds
was also found as a local minimum for Hal = F, but on
going from F to Cl with higher levels of theory, this
stationary point becomes the transition state for hy-
drolysis with retention of configuration.
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