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Abstract Three identity nucleophilic substitution reac-
tions at tetracoordinated silicon atom with inversion and
retention pathways: Nu + SiH3Cl — Nu + SiH3CI[Nu =
(1)CI™, (2) LiCl, and (3) (LiCl),], are investigated using the
G2M(+) theory. Our results show that changing the nucleo-
phile can shift the mechanism (favorable pathway), stepwise
from a single-well PES for reaction 1, via a double-well PES
for reaction 2, to a triple-well PES for reaction 3, indicating
the importance of steric and electronic effects on the SN2 @Si.

Keywords Ion pair - SN2 reaction - Tetracoordinated
silicon - Potential energy surface - Inversion and retention

1 Introduction

Exploring the mechanism and nature of nucleophilic
substitution at different atoms has recently become the focus

of increasing attention, both experimentally and theoretically.

There are indications that the mechanism is different between
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first- and second-row elements. The well-established Sn2
mechanism with a double-well potential energy surface
(PES) is evident for nucleophilic substitution at first-row
atoms, e.g., carbon [1,2], nitrogen [3,4], and oxygen [5,6],
but an addition-elimination (A-E) pathway usually occurs
for substitution at second-row elements, e.g., sulfur [7-10],
silicon [11-13], and phosphorus [14]. Recently, some
interesting mechanisms were reported for the nucleophilic
substitution at these second-row elements. In the studies of
gas phase thiolate-disulfide exchange reactions, R{S™ +
R,>SSR3 — R;SSR» + R3S~ Bachrach et al. [15] found that
as Ry becomes larger, the reaction may not proceed via an
A-E pathway and the SN2 mechanism will operate based on
the structural and energetic results. Through systematic and
theoretical analyses of elementary SN2@C, SN2@Si, and
Sn2@Preactions, Bochove et al. [16] showed that increasing
the coordination number of the central atom as well as the
substituents’ steric demand, shifts the SN2@P mechanism
stepwise from a single-well PES [with a central stable inter-
mediate (INT)] that is common for substitution at second-row
atoms, via a triple-well PES (with a pre- and post-TS before
and after the stable INT), back to the double-well PES that
is well known for first-row atoms. These results can also
be observed in the follow-up paper about SN2@Si[Cl™ +
SiR3CI(R = H, CH3, C,H5, OCH3)] by Bento et al. [18].
Using a combination of temperature-dependent 3'P NMR
spectroscopy and density functional theory, Fish and
co-workers [17] revealed that both Sn2- and A-E-type path-
ways contributed simultaneously to chloride exchange in
the tricyclic phosphorus—carbon cage, showing that the SN2
mechanism is also possible in the nucleophilic substitution
at tri-coordinated phosphorus. In all the above studies, the
mechanism of SN2 reactions at second-row elements usually
depends on the structures of substrates, however, it may also
be modulated with different nucleophiles.
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It is well known that many important reactions in organic
chemistry take place in non-polar or lower polarity solvents
and generally involve neutral contaction pairs (called ion pair
hereinafter) or ion pair aggregates as nucleophiles instead of
free ions [19-21]. The ion pair will have significant ionic
character, but the ions are not separated by solvent. The reac-
tivity of an ion pair is expected to be rather different from
anionic species [22], but theoretical treatments of ion pair
Sn2 reactions are relatively scarce [23—27]. The systematic
studies on ion pair SN2 reactions might begin from the work
of Streitwieser et al. They calculated some identity ion pair
Sn2@Creactions and got interesting results. These reactions
MX + CH3X (X =F and CI; M = Li and Na) involve prelim-
inary dipole—dipole pre-complexes, then proceed via cyclic
inversion or retention TSs with highly bent X—C—X bonds
behaving as assemblies of ions [23]. They also extended the
work to the higher alkyls and discussed some steric effects
for the ion pair SN2@C reactions [24]. More recently, Ren
et al. made some calculations on the ion pair SN2@C [26],
SN2@N [27], and SN2@S [28], and addressed the influence
of Li* on the geometries and relative energies of the station-
ary points on the PESs.

With a continued interest in the ion pair SN2 reactions,
here we present how the PES of SN2 @ Si changes with differ-
ent nucleophiles. The ion pair bimolecular nucleophilic sub-
stitution reactions at silicon [Sy2(Si)] can be usually applied
in the synthesis of compounds containing strong carbon—
silicon bond (Egs. 1, 2). Before the realistic systems are stud-
ied, it is helpful and useful to investigate the generality of
ion pair SN2(Si) reactions using the simple models. In this
study, the theoretical investigations were carried out on three
archetypal symmetric substitution reactions with chlorosi-
lane (SiH3Cl): free ion reaction (Eq. 3), ion pair reaction
of monomeric lithium chloride (Eq. 4) and ion pair reac-
tion of dimeric lithium chloride (Eq. 5), in which the studies
about the ion pair SN2 @Si reactions (Egs. 4, 5), to our best
knowledge, were reported for the first time. Two different
reaction pathways, inversion and retention, are discussed,
respectively.

SiCly + LiR — RsiCls + LiCl (1)
Me;3SiCl + KCN — Me3SiCN + KCI )
Cl™ + SiH3Cl — SiH3Cl + CI~ 3)
LiCl + SiH3Cl — SiH3Cl + LiCl @)
(LiCl), + SiH3Cl — SiH3Cl + (LiCl), )

The objects of this work are: (1) to explore all possible
reaction pathways and obtain the PESs for the three sym-
metric substitution reactions at silicon; (2) to discuss the fac-
tors that may influence the reaction mechanism; and (3) to
make comparisons between ion pair SN2@Si with SN2@C
reactions.
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Fig. 1 B3LYP/6-311+G** optimized stable INT in the inversion path-
way, pre-C and TS in the retention pathway involved in the free ion Sx2
reaction (Eq. 3)

CI-Si-Cl 82.2

4 (pre-C)

5 (inv.TS) 6 (ret.TS)

Fig. 2 B3LYP/6-311+G** optimized pre-complex, inversion and
retention TS involved in the ion pair SN2 reaction (Eq. 4)

2 Computational methods

A high-level modified Gaussian-2 theory [G2M(+)] theory,
which has been successfully applied in the anionic and ion
pair SN2@C reactions [26], showing good agreement with
experimental barriers, was used in the present studies. All
geometries were optimized by B3LYP/6-311+G** instead
of B3LYP/6-311G** in the original G2M method [29]. Elec-
tron correlation effect was taken into account by means of
CCSD(T) method. Vibrational frequencies were employed
to characterize stationary points and the un-scaled zero-point
energies were included in comparison to relative energies in
kJ/mol. All the TS structures and the reaction pathways were
further characterized by intrinsic reaction coordinate (IRC)
calculations in the forward and reverse directions. Charge
distributions are evaluated by natural population analysis
(NPA) [30]. All calculations were performed with Gaussian-
98 software package [31]. Throughout this paper, all inter-
nuclear distances are in A and all angles are in degrees.

The main geometries of optimized complexes, intermedi-
ates and TSs are shown in Figs. 1, 2 and 3 and the energetics
involved in Eqgs. 3— 5 are listed in Table 1.

3 Results and discussion
3.1 Free ion reaction

The study of tetra-coordinated silicon compounds began from
the pioneer work of Sommer and co-workers [32], and was
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9 (inv.INT)
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Fig. 3 B3LYP/6-311+G** optimized pre-C, pre-TS, and INT in the
inversion pathway, and retention TS involved in the ion pair dimer Sn2
reaction (Eq. 5)

greatly expanded, largely through the efforts of Corriu et al.
[33-35]. The accepted inversion pathway for the anionic
Sn2@Si reaction (Eq. 3) is that the nucleophile (C17) attacks
the central silicon from the backside, giving rise to a symmet-
ric trigonal bipyramidal stable intermediate (INT,1) [CI- - -
SiH3 - - - CI]™ (D3y,), without encountering a first-order sad-
dle point on the PES with entering and leaving C1™ in axial
position, accompanying a single-well PES. The pentavalent
siliconate INT 1 is structurally similar to and iso-electronic
with the inversion TS in the symmetric SN2 @C reaction, but
less Si—Cl bond elongation. The Si—Cl bond order calcu-
lated by exp[(r-r7)/0.6] in 1 is 0.60, larger than that for

C—Cl bond (0.39) in the inversion TS [CI - - - CH3 - - - C1] ™%,
showing that INT 1 is tighter in structure. Meanwhile the
NPA indicates that the silicon atom in 1 bears more posi-
tive charge than the carbon atom in [Cl---CHsz - - -CI|~#.
The larger size of the central silicon atom with less repulsion
between the ligands and the electric factor (stronger attrac-
tion between Cl and Si) is responsible for 1 being much lower
in energy than free reactants CI~ +SiH3Cl by —105.6kJ/mol
at the G2M(+) level, close to the recent best estimated value
(—113.4kJ/mol) at the level of CCSD(T)/aug-cc-pVQZ [36].

The retention process invokes axial attack of CI™
(to the center of a tetrahedral face containing the leaving
CI7), resulting in a distorted trigonal bipyramidal ion—dipole
pre-complex (pre-C) [Cl™ - - - SiH3Cl, 2], with the leaving
group in an equatorial position and releasing a complexation
energy of —41.2kJ/mol. The entrance pre-C 2(Cs) will then
pseudorotate to an equivalent exit ion—dipole post-complex
(post-C) through the square pyramid TS 3(Cs) with two C1™
in cis-basal position, bringing the leaving C1~ to an axial
position. Departure of the CI™ anion from the axial position
completes the mechanism. The PES profile for the retention
process is double-well with a lower pseudorational barrier of
12.7kJ/mol relative to 2. The much lower energy of stable
INT 1 than TS 3 suggests that the inversion pathway is more
favorable for the ionic SN2@5Si (eq 3).

3.2 Ion pair SN2 reaction of monomeric lithium chloride
and methyl chloride

The PES for the ion pair monomeric SN2 reaction (Eq. 4)
is described by a symmetrical double-well curve. Both the
reaction pathways, inversion and retention, involve the initial

Table 1 G2M(+) total energies,  CI~ 4 SiH3Cl — SiH3Cl 4 CI~ E AE NIMAG
E (hartree), energies relative to
separated reactants, AE Cl~ + SiH3Cl1 —1,210.44544 0.0
(kl/mol) and the number of [Cl.--SiH;z - - - CI]~ (INT, 1) —1,210.48566 ~105.6 0
imaginary vibrational B ]
frequencies (NIMAG) Cl=--- SIH3C1 (ret. pre—C, 2) —1,210.461 15 —41.2 0
corresponding to the indicated ret. TS, 3 —1,210.45630 —28.5 1 (268.4i cm™!)?
structure (0 = true mll’lll’l:lum, LiCl + SIH3C1 N SIH3C1 + LiCl
1 = first-order saddle point) . .
LiCl + SiH3Cl —1,217.93002 0.0
SiH3Cl- - - LiCl (pre-C, 4) —1,217.94928 —50.5 0
inv. TS, 5 —1,217.91137 49.0 1 (331.1iecm™")
ret. TS, 6 —1,217.92692 8.1 1(282.7icm™")
(LiCl), + SiH3Cl — SiH3Cl + (LiCl);
(LiCl)2 + SiH3Cl —1,685.29744 0.0
SiH3Cl- - - (LiCl); (pre-C, 7) —1,685.31322 —41.4 0
inv. pre-TS, 8 —1,685.28630 29.3 1(58.5icm™ 1)
4 The number in parentheses cor- inv. INT, 9 —1,685.29783 —-1.0 0
responds to the sole imaginary . 1g 1q —1,685.27066 703 1(275.9i cm™ 1)

frequency for the each TS
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formation of an entrance dipole—dipole pre-C. The lithium
cation coordinates with the chlorine atom to form a so-called
“X-philic” complex SiH3ClI---LiCl (4, Cy), releasing the
complexation energy of —50.5kJ/mol.

In the inversion pathway, this pre-C 4 must overcome
a barrier to reach an inversion TS 5(C,y), in which lith-
ium acts as bridge connecting both halogens, while the SiH3
group is on a plane perpendicular to the CISiCl moiety. The
inversion TS with inclusion of Li cation shows remarkable
deformation from the linear INT geometry 1 and the bridg-
ing actions of Li cation causes two chloride anions to be
bent towards it with a large decrease of the C1—-Si—Cl angle
from 180° to 99.7°. Meanwhile there are significant changes
of H—Si—H angles, in which the three H—Si—H angles are
159.0°, 100.5° and 100.5°, respectively, due to the repulsion
between negatively charged chlorine and hydrogen atoms.
These changes from the favorable C1—Si—Cl and H—Si—H
angles in 1 will increase the repulsion between C1™ - - - C1™
and H™ - - - H™. The other features in TS 5 are the elonga-
tions of the Si—Cl and Li—CI bonds from 2.150 and 2.062 A
in 4 to 2.243 and 2.439 A in 5, respectively. These geomet-
rical deformations will destabilize TS 5 and may be respon-
sible for its higher barrier of 99.5 kJ/mol relative to pre-C 4,
transferring the stable INT structure in the anionic reaction
(Eq. 3) into the TS structure in the ion pair monomer reaction
(Eq. 4).

For the retention pathway, the coordination of the lithium
cation is on the same side of the SiH3 moiety to both enter-
ing and leaving CI™, forming retention TS 6(Cy). In con-
trast to the inversion TS 5, the smaller geometry changes
relative to pseudoratation TS 3 are likewise observed for
TS 6, in which the already existing acute C1—C—Cl angles
slightly decrease from 86.4° to 82.2° and the Si—Cl bond is
increased only by 0.153 A . Compared with the inversion TS
5, there is more Si—Cl bond elongation, less elongation of
Li—X bond and much smaller CI-Si—Cl angle changes in
the retention TS 6. Moreover, there are almost no changes
of H-Si—H angles from 4 to 6 because the three nega-
tively charged hydrogen atoms are far away from the two
chlorine atoms and repulsions between them become much
weaker than those in the inversion TS 5, implying that the
retention TS 6 may be more stable than the inversion TS §
even though the Si—Cl bond is longer and C1—-Si—Cl angle
is smaller in TS 6 than that in TS 5. In fact, the G2M(+)
retention barrier relative to free reactants LiCl + SiH3Cl
in Eq. 2 is 8.1kJ/mol, smaller than that in the inversion
pathway by ca. 41 kJ/mol, which suggests that the retention
pathway is more favorable for the ion pair monomer SN2 @Si
reaction (Eq. 4), different from the corresponding SN2@C
reaction, where the reaction LiCl + CH3Cl may follow the
inversion pathway. This unexpected result probably origi-
nates in large part from the lesser deformation energies of
SiH3Cl (180.7 kJ/mol) and LiCl moieties (5.1kJ/mol) in the

@ Springer

retention TS 6 than those (219.4 and 13.4kJ/mol) in the
inversion TS 5.

3.3 Ton pair SN2 reaction of dimeric lithium chloride
and methyl chloride

When ion pair dimeric aggregates [(LiCl)», D>y ] actasnucle-
ophile, the PES for the inversion pathway of Eq. 5 is demarked
by five critical points, corresponding to a pre-C (7, Cs), a
pre-TS (8, Cs), an INT (9, Cay), a post-TS (8), and a post-
C (7), constructing a triple-well PES, which indicates that
the reaction (LiCl), + SiH3Cl will follow an A—E mecha-
nism, different from the double-well PES in the correspond-
ing reaction of (LiCl), 4+ CH3Cl with a central TS [23]. In
forming the pre-C 7, the lithium atom interacts with the chlo-
rine atom, in a similar fashion to the pre-C 4 in Eq. 2. The
reaction progresses by having one chlorine atom swing down
and moving toward the silicon from backside, forming the
pre-TS8. Continuing on, one chlorine atom attacks toward
silicon and the other chloride atom is away from the sili-
con simultaneously, reaching the stable INT 9. The INT 9
in the inversion pathway possesses two equal long Si—Cl
distances (2.424 A) and the C1—Si—Cl angle is nearly linear
(165.5°), which is much larger than that (99.7°) in the ion
pair monomer inversion TS 5. Obviously, incorporation of
one more LiCl moiety leads to a significant relief of strain
from the distortion of the preferred linear SN2 attack. This
is further confirmed by the population analysis of the INT
2 and 9. NPA charges on the SiH3 moiety and attacking or
leaving Cl1 atom change only from 0.384 and —0.692 in 2 to
0.430 and —0.669 in 9. This result indicates that the dimeric
aggregates INT may be comparable to the free ionic INT.
The relative energies of the critical points along reaction 3
show that pre-C7 lies 41.4kJ/mol below the reactants. The
barrier for pre-TS 8 relative to pre-C 7 is 70.7 kJ/mol, while
the inversion INT 9 lies 1.0kJ/mol below the free reactants
or 30.3kJ/mol below the inversion TS 8.

For the retention pathway involving the ion pair dimer,
after forming pre-C 7, one chlorine atom attacks the central
silicon from the front side and the other chlorine is away
from the silicon atom, simultaneously, leading to the reten-
tion TS 10 (C;) with a higher reaction barrier of 111.7kJ/mol
relative to pre-C 7. Comparison with reaction 2 shows that
there are geometric similarities for the retention TS 6 and 10,
in which C1-Si—Cl angles and Si—ClI bonds are almost the
same, indicating there is no relief of strain from the incor-
poration of the second LiCl moiety in the retention pathway
of Eq. 3. The larger energy difference (71.3 kJ/mol) between
stable INT 9 and TS 10 [also close to the energy difference
(77.1kJ/mol) between stable INT 1 and TS 3] suggests that
the retention pathway can be ignored in the ion pair dimeric
aggregates SN2 @Si reaction.
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Fig. 4 PES profiles for three SN2 @Si reactions (Egs. 3—5)

4 Conclusion

In summary, the ion pair monomer nucleophilic substitution
at silicon (Eq. 4) follows a classic SN2 mechanism with a
double-well PES due to the strain and stronger repulsions in
the four-member ring TSs 5 and 6, in contrast to the A-E
mechanism occurring in the anionic substitution (Eq. 3) with
a single-well PES. The unexpected favorable retention path-
way for Eq. 4 can be attributed to the smaller deformation
energies of SiH3Cl and LiCl moieties in the retention TS 6.
The incorporation of one more LiCl moiety will significantly
reduce the strain and repulsion between negatively charged
hydrogen atoms that exist in the ion pair monomer TS 5,
leading to the A—E mechanism with a triple-well PES con-
structed by the pre-TS and post-TS 8 and the central stable
INT 9 in the ion pair dimeric aggregates SN2@Si reaction
(Eq. 5). All the PES profiles are summarized in Fig. 4. These
interesting results indicate that the mechanism of SN2@Si
may be modulated with different nucleophiles because the
active reagents are often present as monomeric ion pairs or
their aggregates when the reaction takes place in non-polar
or lower polarity solvents.
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