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Abstract

Second-order Møller–Plesset theory (MP2) and density functional theory (B3LYP) with the 6-311G(d,p) and 6-311+G(d,p) basis
sets have been used to calculate the equilibrium geometries and relative energies of the chair, twist, and boat conformations of 4-
chloro-4-silathiacyclohexane 1-oxide and 4,4-dichloro-4-silathiacyclohexane 1-oxide. The chair conformers of the axial sulfoxides
are lower in energy than the chair conformers of the corresponding equatorial sulfoxides. MP2/6-311+G(d,p) predicted the chair
conformer of axial trans-4-chloro-4-silathiacyclohexane 1-oxide (4a) to be 6.12, 0.44, and 0.45 kcal/mol, respectively, more stable
than the corresponding 1,4-twist (4b), 2,5-twist (4c) and 1,4-boat (4d) conformers and 6.93 kcal/mol more stable than the 2,5-boat
transition state ([4e]�). Structures 4c and 4d are stabilized by intramolecular coordination of the sulfinyl oxygen with silicon that
results in trigonal bipyramidal geometry at silicon. The 1,4-boat conformer (7d) of axial 4,4-dichloro-4-silathiacyclohexane 1-oxide
is also stabilized by transannular coordination of the sulfinyl oxygen with silicon. The energy difference (Erel = 4.23 kcal/mol)
between the chair conformer (7a) and 7d is larger than that between 4a and 4d. The relatively lower stability of the 1,4-boat con-
former (7d) of axial 4,4-dichloro-4-silathiacyclohexane 1-oxide (7a) may be due to repulsive interactions of the axial halogen and
sulfinyl oxygen atoms. The relative energies and structures of the conformers and transition states of cis- and trans-4-chloro-4-sila-
thiacyclohexane 1-oxide and 4,4-dichloro-4-silathiacyclohexane 1-oxide are discussed in terms of hyperconjugative interactions,
orbital interactions, nonbonded interactions, and intramolecular sulfinyl oxygen–silicon coordination.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Compounds of silicon with coordination number
greater than four have been known for many years
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and the synthesis, structure, and reactivity of organosil-
icon compounds continue to be areas of lively interest
[1]. Although numerous studies of pentacoordinated sil-
icon compounds have focused on the use of nitrogen
(A), oxygen (B), and sulfur (C) ligands acting as donors
which change the tetrahedral geometry at silicon toward
trigonal bipyramidal (Fig. 1) [1a,1b], there appears to be
only two reports [2] of acyclic sulfoxides coordinating
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Fig. 1. Selected examples of nitrogen (A), oxygen (B), sulfur (C), and
sulfinyl oxygen (D) donor action to form pentacoordinated trigonal
bipyramidal geometry at silicon.
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with silicon to generate hypervalent trigonal bipyrami-
dal structures (D, Fig. 1) and only one report [3] of cyclic
sulfoxides participating in pentacoordination at silicon
(1e, 2, Fig. 2).

The preference by most substituents to occupy the
equatorial position on a cyclohexane or heterocyclohex-
ane ring is occasionally reversed [4] and examples are
seen in the equilibria favoring the axial S@O group in
thiacyclohexane 1-oxides [5], substituted thiacyclohex-
ane 1-oxides, and silathiacyclohexane 1-oxides (Eq.
(1)) [3]. There has been considerable discussion concern-
Fig. 2. The MP2/6-311+G(d,p) calculated 2,5-twist conformer (1e) of
silathiacyclohexane, 2,5-twist (2a) and 1,4-boat (2b) conformers of
trans-1-fluoro-4-silathiacyclohexane, and 1,4-boat conformer (2c) of
4,4-difluoro-4-silathiacyclohexane with sulfinyl oxygen-induced penta-
coordination at silicon.
ing the magnitude of the conformational free energy
(DG0) of thiacyclohexane oxides and the factors which
contribute to the axial preference of the S@O group
[3,5].

ð1Þ

The cyclic organosilicon sulfoxides represent a rela-
tively new class of compounds [6]. This study was under-
taken in order to acquire information concerning
hyperconjugative interactions, transannular sulfinyl
oxygen–silicon coordination to form hypervalent sili-
con, structural properties, relative energies, and relative
thermodynamic parameters of conformations, con-
formers, and transition states of axial cis-4-chloro-4-sila-
thiacyclohexane 1-oxide (3, Fig. 3), axial trans-4-chloro-
4-silathiacyclohexane 1-oxide (4, Fig. 4), equatorial
cis-4-chloro-4-silathiacyclohexane 1-oxide (5, Fig. 5),
equatorial trans-4-chloro-4-silathiacyclohexane 1-oxide
(6, Fig. 6), axial 4,4-dichloro-4-silathiacyclohexane
1-oxide (7, Fig. 7), and equatorial 4,4-dichloro-4-sila-
thiacyclohexane 1-oxide (8, Fig. 8).
2. Computational methods and calculations

The calculations were carried out with the SPARTAN �02
Macintosh [7], SPARTAN �02 Unix [7], and GAUSSIAN 98 [8]
computational programs. The equilibrium geometries
were calculated at the B3LYP/6-311G(d,p) level fol-
lowed by MP2/6-311+G(d,p) single point energy calcu-
lations. No constraints were imposed on the structures
in the equilibrium geometry calculations and in the
transition state structure optimizations. The B3LYP/
6-311G(d,p) equilibrium geometry parameters and
thermochemical data are given in the Supporting Infor-
mation (SI).

Vibrational frequency analyses were carried out in or-
der to assess the nature of the stationary points and to
obtain zero point vibrational energies (ZPVE). The
characteristics of local minima and transition states were
verified by establishing that the matrices of the energy
second derivatives (Hessians) have either zero (number
of imaginary frequencies NIMAG = 0) or one negative
eigenvalue (NIMAG = 1), respectively. B3LYP/6-
311G(d,p) vibrational frequencies were computed on
the geometry optimized structures. The zero point vibra-
tional energies (ZPVE) were not scaled in the calcula-
tions of the relative thermodynamic parameters [8b,9].
The thermochemical data from the B3LYP/



Fig. 3. Chair (3a),1,4-twist (3b), 2,5-twist (3c), 1.4-boat (3d), and 2,5-boat (3e) conformations of axial cis-4-silathiacyclohexane 1-oxide.

Fig. 4. Chair (4a), 1,4-twist (4b), 2,5-twist (4c), 1,4-boat (4d), and 2,5-boat (4e) conformations of axial trans-4-chloro-4-silathiacyclohexane 1-oxide.

Fig. 5. Chair (5a), 1,4-twist (3b), 2,5-twist (5c), 1,4-boat (5d), and 2,5-boat (5e) conformations of equatiorial cis-4-chloro-4-silathiacyclohexane
1-oxide.
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Fig. 6. Chair (6a), 1,4-twist (4b), 2,5-twist (6c), 1,4-boat (6d), and 2,5-boat (6e) conformations of equatorial trans-4-chloro-4-silathiacyclohexane
1-oxide.

Fig. 7. Chair (7a), 1,4-twist (7b), 2,5-twist (7c), 1,4-boat (7d), and 2,5-boat (7e) conformations of axial 4,4-chloro-4-silathiacyclohexane 1-oxide.
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6-311G(d,p) frequency calculations were used in the
MP2/6-311+G(d,p) single point energy calculations of
the relative thermodynamic parameters. The relative en-
ergy (Erel) is the difference in calculated energy without
zero-point or other corrections. The H(0)rel is the differ-
ence in enthalpy at 0 K (H(0)rel = Erel + ZPVE correc-
tion), which is also the difference in free energy
[G(0)rel] at that temperature. H(298)rel and G(298)rel
are the enthalpy and free energy differences corrected
to 298 K.

Transition states were located using the linear syn-
chronous transit method [7] and the Berny algorithm
[8]. The atomic charges were obtained at the MP2/6-
31G(d) level of theory [8b]. The van der Waals radii
(rvdW) of H = 1.20 Å, C = 1.70 Å, O = 1.52 Å,
F = 1.47 Å, Cl = 1.84 Å, Br = 1.96 Å, Si = 2.10 Å, and
S = 1.80 Å are used in the discussion [10]. Repulsive ste-
ric interactions arise when the nonbonded distance be-
tween the atoms is less than the sum of the van der
Waals radii of the atoms.

Total energies are in hartree [H, atomic units (au)]
and the other energies are in kcal/mol. Bond angles
are in degrees, bond lengths are in angstroms (Å), dipole
moments (l) are given in debyes (D), atomic charges are
given in electrons, and entropies are given in cal/mol K.
3. Results and discussion

The chair conformer (1a) of axial thiacyclohexane 1-
oxide is more stable than the equatorial chair conformer
(1b, Table 1, Tables 1a, 1b in the Supporting Informa-
tion). Attractive interactions between the axial sulfinyl
oxygen and the partially positive axial hydrogens at



Table 1
Conformational free energies (Eq. (1)) and relative thermodynamic
parameters for the chair conformers of axial and equatorial thiacy-
clohexane 1-oxide (1a, 1b) and 4-silathiacyclohexane 1-oxide (1c, 1d)

Chair conformer Erel H(298)rel G(298)rel

1aax
1beq 1.03 1.03 0.82
1cax
1deq 1.88 1.69 1.38
3aax
5aeq 1.27 1.19 1.10
4aax
6aeq 3.89 3.66 3.25
7aax
8aeq 3.15 3.00 2.70

Fig. 8. Chair (8a), 1,4-twist (7b), 2,5-twist (8c), 1,4-boat (8d), and 2,5-boat (8e) conformations of equatorial 4,4-dichloro-4-silathiacyclohexane
1-oxide.

Fig. 9. Selected atomic charges for the chair conformers of thiacyclo-
hexane 1-oxide (1a, 1b) and 4-silathiacyclohexane 1-oxide (1c, 1d):
electrostatic, Mulliken ( ), and Natural [ ].
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C3 and C5 have been invoked to explain the predomi-
nance of the axial conformer (1a, Fig. 9) [5a,5j,5l]. The
MP2/6-311+G(d,p) calculated relative free energy
(G(298)rel) is 0.82 kcal/mol (Erel = 1.03 kcal/mol, Eq.
(1), Table 1) is in agreement with experimental data
(DG0 = 0.75 kcal/mol) and shows that the axial con-
former 1a is favored.

The conformational free energy (DG0 = 1.50 kcal/
mol; Erel = 1.79 kcal/mol; Eq. (1), Table 1) between
the axial (1c) and equatorial (1d) chair conformers of
4-silathiacyclohexane 1-oxide is larger than that between
1a and 1b. Thus replacement of the 4-CH2 group in thia-
cyclohexane 1-oxide (1a, 1b) with a SiH2 group leads to
a greater preference for the axial conformer (1c). As in
thiacyclohexane 1-oxide (1a, 1b), the greater stability
of the axial chair conformer 1c as compared to 1d is
due in part to stabilizing attractive electrostatic interac-
tions between the sulfinyl oxygen and axial hydrogen
atoms at C3 and C5 in 1c (Fig. 9). The S@O � � � H intra-
molecular separation (2.546 Å) in 1c is less than the sum
of the van der Waals radii (2.72 Å) for the hydrogen and
oxygen atoms [10].

The 2,5-twist conformer (1e) of axial 4-silathiacyclo-
hexane 1-oxide is stabilized by a transannular interac-
tion between the sulfinyl oxygen and silicon that leads
to a pentacoordinate silicon (Fig. 2) [3]. The geometry
at silicon in 1e corresponds to a distorted trigonal bipyr-
amid with the sulfinyl oxygen and pseudoequatorial



Fig. 10. Selected atomic charges for the chair conformers of 4-chloro-
4-silathiacyclohexane 1-oxide: electrostatic, Mulliken ( ), and Natural
[ ].
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hydrogen substituents axial. The S@O � � � Si distance in
1e (2.788 Å) is shorter than the sum of the van der Waals
radii for the oxygen and silicon atoms (3.62 Å) but is
longer than the distances (1.75–2.40 Å) found in silanes
undergoing oxygen-induced pentacoordination [1j,2b].
The S–O bond in 1e (1.520 Å) is longer than those in
the axial chair (1c, Dr = 0.007 Å) and equatorial chair
(1d, Dr = 0.010 Å) conformers of 4-silathiacyclohexane
1-oxide. The O–Si–Hweq bond angle in 1e is 176.1�.
Orbital analysis leads to the conclusion that it is the elec-
trostatic interaction between the electronegative sulfinyl
oxygen and electropositive silicon atom as well as the
nO–r�

Si–Cl hyperconjugative interaction which are
responsible for pentacoordination. Noteworthy is the
seminal role of the electronegative substituent X at sili-
con, which lowers the antibonding r�

Si–Cl orbital thus
facilitating negative hyperconjugation with the lone pair
of the donor atom (sulfinyl oxygen). The observed bond
length variations are satisfactorily rationalized within
this model.

Five conformations of axial cis-4-chloro-4-silathiacy-
clohexane 1-oxide (chair, 3a, Cs; 1,4-twist, 3b; 2,5-twist,
3c; 1,4-boat, 3d, Cs; 2,5-boat, 3e, Fig. 3) and five confor-
mations of axial trans-4-chloro-4-silathiacyclohexane 1-
oxide (chair, 4a, Cs; 1,4-twist, 4b; 2,5-twist, 4c; 1,4-boat,
4d, Cs; 2,5-boat, 4e, Fig. 4) were considered. Vibrational
frequency calculations verified that the chair (3a and
4a), 1,4-twist (3b and 4b), 2,5-twist (3c), and 1,4-boat
(4d) structures are minima and that the 2,5-boat struc-
ture ([4e]�) is a transition state (one imaginary vibra-
tional frequency). The 1,4-boat structure (4d) is
exceptional since in cyclohexane and in unsubstituted
monoheterocyclohexanes and diheterocyclohexanes the
boat structures are generally transition states [4]. The
1,4-boat (3d) and 2,5-boat (3e) structures of axial cis-
4-chloro-4-silathiacyclohexane 1-oxide did not optimize
at the levels of theory used. Presumably repulsive elec-
trostatic interactions between the partially negative oxy-
gen and chlorine atoms contribute to the higher energy
of 3d and 3e in addition to repulsive interactions be-
tween the eclipsed C–H bonds in the CH2CH2 fragments
in 3d.

The calculated relative free energy (G(298)rel =
1.10 kcal/mol; Erel = 1.27 kcal/mol) for (3a) and (5a)
(Table 1) is larger than that for the thiacyclohexane 1-
oxide equilibrium (1a–1b) and smaller than that
for the silathiacyclohexane 1-oxide equilibrium (1c–1d,
Table 1). The greater stability of the axial chair conformer
(3a) as compared to the equatorial chair conformer (5a)
is due in part to nonbonded stabilizing attractive elec-
trostatic interactions between the sulfinyl oxygen and
axial hydrogen atoms at the C3 and C5 in 3a (Fig. 10).
The S@O� � �H nonbonded distances (2.571 Å) in 3a

are less than the sum of the van der Waals radii for
the hydrogen and oxygen atoms. The energy differ-
ences (Erel) between the chair conformer (3a) and the
1,4-twist (3b) and 2,5-twist (3c) conformers are 4.69
and 4.88 kcal/mol, respectively (Table 2). There is little
interaction between the partially negative sulfinyl oxy-
gen and the partially negative chlorine in the 2,5-twist
conformer (3c) since the nonbonded S@O � � � Cl dis-
tance (3.720 Å) is greater than the sum of the van der
Waals radii (3.20 Å) for the chlorine and oxygen atoms.

The calculated relative free energy (G(298)rel =
3.25 kcal/mol; Erel = 3.89 kcal/mol) for the chair con-
formers (4a) and (6a) (Table 1) is significantly larger
than those for the respective 1a–1b, 1c–1d, or 3a–5a
equilibrium. The energy differences (Erel) between the
chair conformer (4a) and the 1,4-twist (4b), 2,5-twist
(4c), and 1,4-boat (4d) conformers and the 2,5-boat
([4e]�) transition state are 6.12, 0.44, 0.45, and
6.93 kcal/mol, respectively (Table 2). The 2,5-twist (4c)
and 1,4-boat (4d) conformers have very similar struc-
tural properties and are very close in energy (Table 1
and Tables 2d and 2e in the Supporting Information).
MP2/6-31G(d) and MP2/6-311+G(d,p)//MP2/6-
31G(d), respectively, also calculated 4c and 4d to have
similar geometrical parameters and to be very close in
energy [11].

The 1,4-boat conformer (4d) is almost as stable as the
chair conformer (4a) in spite of the absence of a non-
bonded stabilizing electrostatic interaction between the
sulfinyl oxygen and axial hydrogen on silicon



Table 2
Relative thermodynamic parameters for conformers and transition state of axial cis- and trans-4-chloro-4-silathiacyclohexane 1-oxide (3 and 4)a

Conformer or transition state Total energy Erel H(298)rel G(298)rel

Axial cis-4-chloro-4-silathiacyclohexane 1-oxide
3a �1378.800224
3b, 5b �1378.792755 4.69 4.54 3.94
3c �1378.792450 4.88 4.77 4.23

Axial trans-4-chloro-4-silathiacyclohexane 1-oxide
4a �1378.803036
4b, 6b �1378.793283 6.12 5.94 5.36
4c �1378.802401 0.44 0.47 0.32
4d �1378.802326 0.45 0.47 0.18
[4e]� �1378.791994 6.93 6.14 5.49

a MP2/6-311+G(d,p).

Fig. 11. Selected atomic charges for the 1,4-boat conformers of axial trans-4-chloro-4-silathiacyclohexane 1-oxide (4d) and axial 4,4-dichloro-4-
silathiacyclohexane 1-oxide (7d): electrostatic, Mulliken ( ), and Natural [ ].
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(S@O � � � H = 2.401 Å) and the destabilizing interac-
tions between the eclipsed C–H bonds (Fig. 11 and Ta-
bles 2d and 2e in the Supporting Information). The
relative stability of the 1,4-boat (4d) conformer is due
to stabilizing transannular interaction between the sulfi-
nyl oxygen and silicon that leads to a pentacoordinate
trigonal bipyramidal silicon. The distance from the sili-
con atom to the equatorial plane formed by C3, (Si)H,
and C5 is 0.241 Å. The angle between the plane of the
four carbons and the C–S–C plane in (4d) is 72.6�
whereas the angle between this plane and the C–Si–C
plane is 33.6�. The O–Si–Hwax, O–Si–Clweq, O–Si–C3,
and O–Si–C5 bond angles in the 1,4-twist conformer
(4d) are 81.3�, 177.0�, 82.3�, and 82.3�, respectively. An-
other indication of the intramolecular sulfinyl oxygen–
silicon coordination in 4d is its relatively large dipole
moment (l = 6.50 D).

The S@O–Si bond length in 4d (2.138 Å) is shorter
than the sum of the van der Waals radii (3.62 Å) for
the oxygen and silicon atoms (Tables 2c, 2d, and 2e in
the Supporting Information) [1j,2b]. The respective Si–
Cl bonds in 4c and 4d are significantly longer than those
in the chair (3a, 4a) and 1,4-twist (3b, 4b) conformers.
The S–O bonds in 4c and 4d (1.555 Å) are longer than
those in the chair (4a) and 1,4-twist (4b) conformers.
The S–C bonds in 3a, 4a, 4c, and 4d are equal and the
S–C2 bonds in 3b and 4b are longer than the respective
S–C6 bonds. The Si–C bonds in 3a, 4a, 4c, and 4d are
equal and the Si–C3 bonds are longer than the respective
Si–C5 bonds in the 1,4-twist conformers 3b and 4b.

In the chair (3a and 4a) and 1,4-twist (3b and 4b) con-
formers the respective C–Hax bonds are longer than or
equal to the corresponding C–Heq bonds ðrC–Hax !
r�

C–Hax
;rSi–Hax ! r�

C–Hax
;rSi–Clax ! r�

C–Hax
Þ which is con-

sistent with hyperconjugative interactions [3,12–18]. In
the chair conformers 3a and 4a, the Si–Hax and Si–Clax
bonds are longer than the corresponding Si–Heq and Si–
Cleq bonds ðrC–Hax ! r�

Si–Hax
;rSi–Hax ! r�

C–Hax
;rC–Hax !

r�
Si–Clax

;rSi–Clax ! r�
C–Hax

Þ. The C–H bonds are equal in
the 2,5-twist (4c) and 1,4-boat (4d) conformers which
is consistent with geometry playing a role in hyperconju-
gative interactions.

The vibrational frequency calculations on 4-chloro-4-
silathiacyclohexane 1-oxide (Figs. 5 and 6) verified that
the chair (5a, Cs; 6a, Cs), 1,4-twist (3b, 4b) and 2,5-twist
(5c, 6c) structures are minima and that the 2,5-boat
structures are transition states ([5e]� and [6e]�) [19–22].
The energy difference (Erel) between the chair (5a) and
the 1,4-twist (3b) and 2,5-twist (5c) conformers and the
2,5-boat transition state ([5e]�) are 3.42, 5.22, and
5.98 kcal/mol, respectively (Table 3). The energy differ-
ence (Erel) between the chair (6a) and the 1,4-twist



Fig. 12. Selected atomic charges for the chair conformers of 4,4-
dichloro-4-silathiacyclohexane 1-oxide: electrostatic, Mulliken ( ), and
Natural [ ].

Table 3
Relative thermodynamic parameters for conformers and transition states of equatorial cis- and trans-4-chloro-4-silathiacyclohexane 1-oxide (5 and
6)a

Conformer or transition state Total energy Erel H(298)rel G(298)rel

Equatorial cis-4-chloro-4-silathiacyclohexane 1-oxide
5a �1378.798208
3b, 5b �1378.792755 3.42 3.34 2.83
5c �1378.789891 5.22 5.17 4.39
[5e]� �1378.788684 5.98 5.17 5.89

Equatorial trans-4-chloro-4-silathiacyclohexane 1-oxide
6a �1378.796840
4b, 6b �1378.793283 2.23 2.29 2.11
6c �1378.790250 4.14 4.16 3.76
[6e]� �1378.789603 4.54 3.77 4.68

a MP2/6-311+G(d,p).
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(4b), 2,5-twist (6c) conformers and 2,5-boat transition
state ([6e]�) are 2.23, 4.14, and 4.54 kcal/mol, respec-
tively (Table 3).

The S–C bonds in the chair conformer 5a are equal
and the S–C2 bonds in the 1,4-twist (5b, 6b) and 2,5-
twist (5c, 6c) conformers are longer than the respective
S–C6 bonds (Tables 3c, 3d, and 3e in the Supporting
Information). The Si–C bonds in 5a are equal, the C3–
Si bonds in 3b and 4b are longer than the Si–C5 bonds,
and the C3–Si bonds in 5c are shorter than the Si–C5
bonds. In the chair (5a) and 1,4-twist (3b) conformers
the respective C–Hax bonds are longer than or equal
to the corresponding C–Heq bonds ðrC–Hax !
r�

C–Hax
;rC–Clax ! rC–HaxÞ which suggest the presence of

hyperconjugative interactions. In the chair conformers
5a and 6a, the Si–Hax and Si–Clax bonds are longer than
the corresponding Si–Heq and Si–Cleq bonds ðrC–Hax !
r�

Si–Hax
;rSi–Hax!r�

C–Hax
;rC–Hax !r�

Si–Clax
;rSi–Clax !r�

C–Hax
Þ.

Vibrational frequency calculations verified that the
chair (7a, Cs; 8a, Cs), 1,4-twist (7b), 2,5-twist (8c), and
1,4-boat (7d, Cs) structures are minima and that the
2,5-boat structures are transition states ([7e]� and [8e]�)
(Figs. 7 and 8). The atomic charges for 7a, 7d, and 8a

are given in Fig. 12. The calculated relative free energy
Table 4
Relative thermodynamic parameters for conformers and transition states of
8)a

Conformer or transition state Total energy

Axial 4,4-dichloro-4-silathiacyclohexane 1-oxide
7a �1837.917846
7b, 8b �1837.908067
7d �1837.911098
[7e]� �1837.906855

Equatorial 4,4-dichloro-4-silathiacyclohexane 1-oxide
8a �1837.912821
7b, 8b �1837.908067
8c �1837.904281
[8e]� �1837.904070

a MP2/6-311+G(d,p).
(G(298)rel) for 7a and 8a is 2.71 kcal/mol (Erel = 3.15 k-
cal/mol; Eq. (1), Table 1) which is smaller than that be-
tween 4a and 6a but larger than those for the 1a to 1b, 1c
to 1d, and 3a to 5a equilibria. The energy differences
(Erel) between the chair (7a) and the 1,4-twist (7b) and
1,4-boat (7d) conformers and 2,5-boat transition state
([7e]�) are 6.14, 4.23, and 6.90 kcal/mol, respectively
(Table 4). The energy differences (Erel) between the chair
axial and equatorial 4,4-dichloro-4-silathiacyclohexane 1-oxide (7 and

Erel H(298)rel G(298)rel

6.14 6.00 5.51
4.23 4.35 3.83
6.90 6.10 6.94

2.98 3.00 2.81
5.36 5.31 4.37
5.49 4.79 5.63
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(8a) and the 1,4-twist (7b) and 2,5-twist (8c) conformers
and the 2,5-boat transition state ([8e]�) are 2.98, 5.36,
and 5.49 kcal/mol, respectively (Table 4).

As with the 1,4-boat conformer (4d), the relative sta-
bility of the 1,4-boat conformer (7d) is due to stabilizing
transannular interaction between the sulfinyl oxygen
and silicon that leads to a pentacoordinate silicon. The
silicon atom adopts a trigonal bipyramidal structure
with the sulfinyl oxygen and chlorine substituents axial.
The distance from silicon to the equatorial plane formed
by the C3, (Si)Clwax, and C5 atoms is 0.281 Å. The
plane of the four carbons in 7d forms the angle of
71.1� with the C–S–C plane and of 29.9� with the C–
Si–C plane. The O–Si–Clwax, O–Si–Clweq, O–Si–C3,
and O–Si–C5 bond angles in 7d are 83.5�, 179.4�,
80.9�, and 80.9�, respectively. As expected for trigonal
bipyramid geometry, the O–Si–Clweq angle in 7d is al-
most linear (179.4�). Another indication of the intramo-
lecular sulfinyl oxygen–silicon coordination in 7d is the
relatively large dipole moment (l = 7.59 D).

The Si–Clwax bond in 7d is 0.099 and 0.109 Å, respec-
tively, longer than the Si–Clax and Si–Cleq bonds in the
chair conformer 7a (Tables 4c, 4d, and 4e in the Sup-
porting Information). The S@O � � � (Si)Clweq non-
bonded distances (2.882 Å) in 7d are less than the sum
of the van der Waals radii for oxygen and chlorine.
The S@O–Si bond in 7d (2.149 Å) is longer than that
in 4d (2.138 Å) owing in part to the repulsive S@O� � �
(Si)Clwax interaction. This effect probably outweighs
the influence of the increased positive charge on silicon
atom induced by the two chlorines (Fig. 12). Thus, since
silanes undergoing oxygen-induced pentacoordination
have O–Si lengths that range from 1.75 to 2.40 Å [1j]
S@O–Si bonding is operative in 7d.

The S–O bond in 7d (1.554 Å) is longer than those in
the chair (6a, 8a), 1,4-twist (7b), and 2,5-twist (8c) con-
formers. The respective S–C bonds in 7a and 7d are equal,
but not in the twist conformers (7b, 8c) where the S–C2
bond is longer than the S–C6 bond. The C–Hax and Si–
Clax bonds in 7a and 8a are longer than the corresponding
C–Heq and Si–Cleq bonds ðrC–Hax ! r�

Si–Hax
;rSi–Hax !

r�
C–Hax

;rC–Hax ! r�
Si–Clax

;rSi–Clax ! r�
C–Hax

Þ. In the twist
conformer (7b) the C–Hwax bonds are longer than the
C–Hweq bonds and the Si–Cl1iso bond is shorter than
the Si–Cl2iso bond, and in the 2,5-twist conformer (8c)
the C–Hwax bonds are longer the corresponding C–Hweq

bonds.Also in 8c, the Si–Clwax bond is longer than the Si–
Clweq bond. Thus, hyperconjugative interactions are
predicted for conformers of the 4,4-dichloro-4-silathia-
cyclohexane 1-oxides (7, 8).

Analysis of atomic charges in Figs. 9–12 allows one
to draw the following conclusions. First, the negative
charge on the axial halogen atoms is higher than on
equatorial (cf. 3a versus 4a, 5a versus 6a, and 7a versus
8a). This is a manifestation of hyperconjugative interac-
tions ðrC–Hax ! r�

C–Clax
Þ. Second, hydrogen atoms in the
3,5-positions, when involved in 1,3-diaxial interactions,
become more positive (3a versus 6a, 4a versus 5a, 7a ver-
sus 8a). Third, pentacoordination results in an increase
of the negative charge on the equatorial halogen atom
(Cleq) and of the positive charge on silicon, that is, in
polarization of the Si–Cleq (4d versus 3a, 7d versus 7a).
Interestingly, the electrostatic and natural charges on
the sulfinyl oxygen decrease upon pentacoordination,
whereas the Mulliken charges increase [7b,23]. As was
discussed recently, the best agreement with chemical rea-
soning for nonclassical partial bonding formed by sili-
con is obtained with electrostatic atomic charges [24].
4. Conclusions

The theoretical calculations successfully characterize
the intramolecular coordination of the sulfinyl oxygen
with silicon that results in trigonal bipyramidal geome-
try at silicon. The chair conformers of the axial sulfox-
ides are lower in energy than the corresponding
equatorial sulfoxides. The chair conformer (4a) of axial
trans-4-chloro-4-silathiacyclohexane 1-oxide is 6.12,
0.45, 0.44, and 6.93 kcal/mol more stable than the
1,4-twist, 2,5-twist, and 1,4-boat conformers and the
2,5-boat transition state. The 2,5-twist and 1,4-boat con-
formers are stabilized by intramolecular coordination of
the sulfinyl oxygen with silicon. The chair conformer 7a
of axial 4,4-dichloro-4-silathiacyclohexane 1-oxide is
6.14, 4.23, and 6.90 kcal/mol more stable than its 1,4-
twist and 1,4-boat (7d) conformers and 2,5-boat transi-
tion state. The 1,4-boat conformer 7d is also stabilized
by transannular coordination of the sulfinyl oxygen with
silicon.
Acknowledgment

BAS is grateful to the Russian Foundation for Basic
Research for financial support (Grant No. 04-03-32131).
Appendix A. Supplementary data

Tables of relative energies, geometries, relative ther-
modynamic parameters, and thermochemical data. Sup-
plementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.jorganchem.2005.06.013.
References

[1] (a) N.V. Timosheva, T.K. Prakasha, A. Chandrasekaran, R.O.
Day, R.R. Holmes, Inorg. Chem. 35 (1996) 3614–3621, and
references cited therein;

http://dx.doi.org/10.1016/j.jorganchem.2005.06.013
http://dx.doi.org/10.1016/j.jorganchem.2005.06.013


4112 F. Freeman et al. / Journal of Organometallic Chemistry 690 (2005) 4103–4113
(b) R.R. Holmes, Chem. Rev. 90 (1990) 17–31, and references
cited therein;
(c) C. Chuit, R.J.P. Corriu, C. Reye, J.C. Young, Chem. Rev. 93
(1993) 1371, and references cited therein;
(d) M.G. Voronkov, Bull. Acad. Sci. USSR Div. Chem. Sci.
(Engl. Transl.) 40 (1991) 2319;
(e) V.A. Pestunovich, V.F. Sidorkin, M.G. Voronkov, in: B.
Marciniec, J. Chojnowski (Eds.), Prog. Organosilicon Chem.,
Gordon & Breach Science Publishers, 1994, p. 69;
(f) A.R. Bassindale, S.J. Glynn, P.G. Taylor, N. Auner, B.
Herrschaft, J. Organometal. Chem. 619 (2001) 132–140;
(g) A.R. Bassindale, D.J. Parker, P.G. Taylor, N. Auner, B.
Herrschaft, J. Organometal. Chem. 667 (2003) 66–72;
(h) V.F. Sidorkin, E.F. Belogolova, V.A. Pestunovich, J. Mol.
Struct. (Theochem.) 538 (2001) 59–65;
(i) R.O. Day, T.K. Prakasha, R.R. Holmes, Organometallics 13
(1994) 1285–1293;
(j) T.K. Prakasha, S. Srinivasan, A. Chandrasekaran, R.O. Day,
Holmes, J. Am. Chem. Soc. 117 (1995) 10003–10009, and
references cited therein.

[2] (a) V.A. Pestunovich, M.F. Larin, M.S. Sorokin, A.I. Albanov,
M.G. Voronkov, J. Organomet. Chem. 280 (1985) C17;
(b) E.A. Zel�bst, V.S. Fundamensky, A.A. Kashaev, M.S. Soro-
kin, Yu.L. Frolov, M.G. Voronkov, Dokl. Akad. Nauk. SSSR
287 (1986) 342–344.

[3] F. Freeman, N. Asgari, B. Entezam, F. Gomarooni, J. Mac,
M.H. Nguyen, N.N.T. Nguyen, T.P. Nguyen, N.B. Pham, P.
Sultana, T.S. Welch, B.A. Shainyan, Int. J. Quantum Chem. 101
(2005) 40–54.

[4] (a) K.B. Wiberg, J.D. Hammer, H. Castejon, W.F. Bailey, E.L.
DeLeon, R.M. Jarret, J. Org. Chem. 64 (1999) 2085;
(b) F. Freeman, M.L. Kasner, Z.M. Tsegai, W.J. Hehre, J. Chem.
Ed. 77 (2000) 661–667.

[5] (a) R.C. Johnson, D. McCants, J. Am. Chem. Soc. 86 (1964)
2935–2936;
(b) G.W. Buchanan, T. Durst, Tetrahedron Lett. (1975) 1683;
(c) R.J. Abraham, L. Pollock, F. Sancassan, J. Chem. Soc.,
Perkin Trans. 2 (1994) 2329;
(d) J.C. Martin, J.J. Uebel Chem, J. Am. Soc. 86 (1964) 2936–
2937;
(e) G. Barbarella, P. Dembech, V. Tugnoli, Org. Magn. Reson. 22
(1984) 402–407;
(f) J.B. Lambert, R.G. Keske, J. Org. Chem. 31 (1966) 3429–3431;
(g) F. Freeman, B. Entezam, F. Gomarooni, T.S. Welch,
unpublished;
(h) N.L. Allinger, Y. Fan, T. Varnali, J. Phys. Org. Chem. 9
(1996) 159–167;
(i) N.L. Allinger, J. Kao, Tetrahedron 32 (1976) 529–536;
(j) J.B. Lambert, D.S. Bailey, C.E. Mixan, J. Org. Chem. 37
(1972) 377–382;
(k) J.B. Lambert, C.E. Mixan, D.H. Johnson, J. Am. Chem. Soc.
95 (1973) 4634–4639;
(l) M.V. Roux, M. Temprado, P. Jiménez, J.Z. Dávalos;, R.
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