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Ab initio Hartree-Fock calculations at the HF/6-31G* level of theory
for geometry optimization and the MP2/6-31G*/HF/6-31G* and B3LYP/6-
311G2df,p) IHF /6-31G* levels for a single point total energy calculation are
reported for the important energy-minimum conformations of 1-oxo-thiane (1), 1-
oxo-1,2-dithiane (2), 1-oxo-1,3-dithiane (3), 1-oxo-1,4-dithiane (4), 1,2-dioxo-1,2-
dithiane (5), 1,3-dioxo-1,3-dithiane (6), and 1,4-dioxo-1,4-dithiane (7). According to
the MP2/6-31G* /| HF | 6-31G* calculations, while the axial conformations of com-
pounds 1, 2, and 4 are more stable than the equatorial forms by 6.0, 20.0, and 9.9 kJ
mol~1, respectively, the equatorial geometry of 8 is 3.0 kJ mol~1 more stable than
the axial form. The diaxial conformations of 5 and 7 are calculated to have similar
energies, but the diaxial form of 6 is about 43 k.J mol~1 less stable than that of5o0r7.

Keywords Conformational energies; cyclic sulfoxides; oxo-thiane; stereochemistry

INTRODUCTION

The chemistry of organic cyclic sulfoxides continues to attract consid-
erable attention due to their synthetic potential.! In recent decades,
enantiomerically pure sulfoxides have become important asymmetric
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synthons in organic synthesis.>? The preference by most substituents
to occupy the equatorial positions on chair conformations of monosubsti-
tuted cyclohexanes,?* oxanes,?® and thianes®® is occationally reversed
in certain substituted heterocyclic systems. Examples include stereo-
electronic interactions, such as the anomeric effect and hyperconjuga-
tive orbital interactions, where an electron-withdrawing (electroneg-
ative) substituent at C2 in a heterocycle preferes the axial position.”
Another example is the sulfinyl group (S=0), which prefers an axial
orientation in 1-oxo-thiane (1) and in 1-o0xo0-1,2-dithiane (2).8

The conformational properties of sulfur-containning six-membered
heterocycles may differ from those of cyclohexane. The thiane, dithi-
anes, and sulfoxides derived from them adopt a chair conformation
somewhat more puckered than of cyclohexane.® Generally, in hetero-
cyclic systems, at least one polar group is in the ring, and parent com-
pounds usually have dipole moments, so the electrostatic term in total
strain energy of a molecule may be either attractive or repulsive de-
pending on whether the dipoles within the molecules are aligned in an
antiparallel or parallel orientation. The axial-equatorial preference of
oxygen in six-membered cyclic sulfoxides has been attributed to the in-
teraction between the polar sulfoxide group and the axial C—H bonds
of C3 and C5.

In continuation of our interest in conformations of sulfur-
containing heterocycles,'® this study was undertaken in order to
calculate the geometry-optimized structures and configurational iso-
mer energy differences (AE) of organic six-membered cyclic sulfox-
ides, such as 1-oxo-thiane (1), mono-oxo-dithianes (2-4), and dioxo-
dithianes (5-7) (Scheme 1) by comparing their geometries (HF/6-31G*)
and conformational energies (MP2/6-31G*//HF/6-31G* and B3LYP/6-
311G(2df,p)//HF/6-31G*). Results from MP2/6-31G*//HF/6-31G* calcu-
lations are used in the conformational energies discussions to follow.
The calculated isomer energy differences (A E) and structural parame-
ters of 1, 2, 3, 6, and 7 are compared with the available experimental
data.

RESULTS AND DISCUSSION
1-Oxo-thiane (1)

Conformations of organic six-membered cyclic sulfoxides, 1-oxo-thiane
(1), and its derivatives, have been investigated by many experimen-
tal and computational methods.!! The normal equatorial orientation
of substituents in the cyclohexane ring was reversed in 1, so the more
stable chair conformation of 1 has the oxygen atom in the axial position
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SCHEME 1

(see Scheme 2). This conformational preference has been attributed
to a destabilization of an equatorial conformer by four O/H gauche
interactions.!? There are only two such interactions plus two appar-
ently attractive syn-axial interactions in the axial conformer. On the
other hand, the proposed interaction of the sulfoxide 3p orbital with
o* orbitals of C(5)-C(6) and C(2)—C(3) moieties is better when the lone

pair is equatorial and the oxygen atom is axial.!3
[
S
S
[ [
1a le

SCHEME 2

Conformational equilibria of six-membered cyclic sulfoxides have
been shown to be strongly affected by the presence of a second het-
eroatom in the ring or substituents at the C-ring atoms and by the na-
ture of the solvent.!! Thus, for 1-oxo-thiane (1), a slight axial preference
of the sulfinyl oxygene (AG° g,. = +0.73 kJ mol~!, CH,Cly) has been
determined by low-temperature 'H and *C NMR spectroscopy, 17 but
only an axial chair form of 1a has been found in the gas phase by an
electron diffraction study.® The higher stablity of the axial conformer
as compared with the equatorial one was explained by an attractive
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1,3-syn-axial interaction between the hydrogen atoms in the 1a con-
former and/or by a repulsion of the equatorial oxygen atom by its vici-
nal hydrogen atoms in 1e.!! The small conformational preference for an
axial disposition of a sulfoxide oxygen is owing to the substitution of a
heteroatom for a methylene group in such systems, which should lower
the barrier to a chair—chair interconversion by reducing 1-2 rotational
interactions. Moreover, Eliel and Hutchins have demonstrated that sul-
fur (presumably oxygen as well) with its lone pairs, has a smaller space
requirment than a mathylene group.!®

The results of ab initio calculations for the axial and equatorial ge-
ometries of 1-oxo-thiane (1) are shown in Table I. Although the ab initio
methods predict the correct order of stabilities for 1a and 1e conforma-
tions, the free energy difference (6.0 kJ mol~!) between two forms is
higher than the experimental value. The molecular structure of 1 has
been determined by gas-phase electron diffraction. According to the
electron diffraction data, the molecule has a chair conformation with
C; symmetry. The oxygen atom takes the axial position. Bond distances
and bond angles determined by electron diffraction are in good agree-
ment with the results of ab initio studies (see Table I). Dihedral angles
for chair conformations 1a and 1le (Scheme 2) show a rather puckered
ring than cyclohexane.

1-Oxo0-1,2-dithiane (2), 1-Oxo0-1,3-dithiane (3),
and 1-Oxo-1,4-dithiane (4)

The results of ab initio calculations for the axial and equatorial chair
conformations of 1-oxo-1,2-dithiane (2), 1-oxo-1,3-dithiane (3), and 1-
ox0-1,4-dithiane (4) are shown in Table II. According to these calcula-
tions, the axial conformation of 2 is more stable than the equatorial ge-
ometry. The 'H and 13C NMR spectra of 2 have been studied by Juaristi
and colleagues.!® The single most important chemical shift in the 13C
NMR spectrum of 2 is C(5) at § = 16.2 ppm. This value represents more
than a 10 ppm upfield shift relative to the chemical shift of this carbon
atom in 1,2-dithiane (§ = 27.8 ppm),2® which has been attributed to the
y-effect of the axial S—O bond.?! This chemical shift had no change
when the temprature was lowered to —90°C, so 1-oxo0-1,2-dithiane ex-
ists exclusively in the axial conformation.2? This strong preference for
an axial oxygen results from a disfavorable electrostatic dipole repul-
sion between the S—O bond in the equatorial conformation (Scheme 3)
with the adjacent sulfur atom bearing lone-pair electrons.?
1-oxo0-1,3-dithiane (3) and its derivatives are used as chiral aux-
iliaries and asymmetric building blocks for an enantiocontrol of a
range of organic reactions, including enolate alkylation,?® Grignard
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TABLE I Calculated Heats of the Formation (kJ mol—'), Total and
Zero-Point Vibrational (Zero-Point Vibrational Energy Is Scaled by a
Factor of 0.9135 to Eliminate Known Systematic Errors in Calculati-
ons) Energies (Hartree), Relative Energy (Including Zero-Point Ene-
rgy, and kJ mol~!), Dipole Moment, and Structural Parameters for
the Axial and Equatorial Geometries of 1-Oxo-thiane (1)

la le
HF/6-1G*//HF/6-31G* —667.486201 —667.484400
MP2/6-1G*//HF/6-31G* —668.449605 —668.447130
B3LYP/6-311G//HF/6-31G* —669.848907 —669.845630
ZPE 0.158071 0.157847
E? /kJ -mol~? 0.0 42
EY /kJ - mol ! 0.0 6.0
E¢ 4 /kd - mol 1 0.0 8.1
(D) 4.37 5.09
rig/A 1.807 (1.816)% 1.803
rosl/A 1.528 (1.538) 1.530
rag/A 1.530 (1.539) 1.531
ras/A 1.530 (1.539) 1.531
rsglA 1.528 (1.538) 1.530
rei/A 1.807 (1.816) 1.803
S—Oax/A 1.490 (1.483)
S—0cq/A 1.486
0123/° 112.4 112.2
0934/° 112.6 112.6
0345/° 112.6 112.4
O456/° 112.6 112.6
O561/° 112.4 112.2
O12/° 96.9 96.5
P1234/° —-61.9 —-62.5
$2345/° 58.4 57.9
$3456/° —-58.4 —57.9
Pus61/° 61.9 62.5
b5612/° —56.7 —57.8
Pe193/° 56.7 57.8

%The relative energy with respect to the most stable conformation from HF/6-31G*//
HF/6-31G* calculations.

bThe relative energy with respect to the most stable conformation from MP2/6-1G*//
HF/6-31G* calculations.

¢The relative energy with respect to the most stable conformation from B3LYP/6-
311G//HF/6-31G* calculations.

dThe gas-phase electron diffraction data for 1a.8

reagent addition,?* hydride reduction,?® conjugate addition,?® hetero-
cycloaddition,?” and the Mannich reaction. An X-ray crystallographic
structure for 2-phenyl-1-oxo-1,3-dithiane has been reported.® NMR
data have shown?® the equatorial conformation being favored over the
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SCHEME 3

axial form by 2.7 kJ mol~!, which is consistant with the ab initio results
(3.0 kJ mol~!) given in Table II. One reason for an equatorial prefer-
ence in this structure has been related to the closer proximity of two
sites of high electron density, namely, the sulfinyl oxygen and the cross-
ring sulfur atom (Scheme 3). As shown in Table II, 1-0x0-1,3-dithiane is
more puckered than cyclohexane, with the puckering most pronounced
in the ring torsion angle involving the C5—C6 bond (¢4561 = 69°). A
longer S—O,q bond distance indicates more of a single bond character
and a more positive charge on the sulfur atom. The larger valence angle
(A123 = 116.2°) in the axial oxide of 3 can be attributed to a repulsive
gauche interaction between the S—O bond and C(2)-S(3) bonds. Polariz-
ability of the C(2)—S(3) bond leads to this increased repulsion, but the
interaction of an equatorial oxygen with the C(2)-S(3) bond is expected
to be small because of their antiperiplanar relationship. The average
endocyclic bond angles are smaller than those for 1,3-dithiane, which
may indicate an additional attractive interaction of the sulfinyl sulfur
atom with the electrons in the y,_. bond.

IR data show that both axial and equatorial conformations of 1-oxo-
1,4-dithiane (4) exist in CSy solution,? but the axial form is the only
conformation found in the solid state.H NMR data have shown the
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axial geometry to be 4.6 kJ mol~! lower in energy than the equato-
rial form, and according to 1*C NMR spectra, the upfield shifts of C(3)
and C(5) at § = 19.6 ppm in 4, relative to the unoxidized 1,4-dithiane
(6 =29.1 ppm), indicate the predominance of an axial orientation of
the sulfinyl group.'® The results of ab initio calculations for 4 show
that the axial conformation is 8.4 kJ mol~! more stable than the equa-
torial form (Scheme 3), which is in agreement with the experimental
data.

1,2-Dioxo-1,2-dithiane (5), 1,3-Dioxo-1,3-dithiane (6),
and 1,4-Dioxo-1,4-dithiane (7)

The results of ab initio calculations for axial-axial, axial-equatorial,
and equatorial-equatorial conformations of 1,2-dioxo-1,2-dithiane
(5), 1,3-dioxo-1,3-dithiane (6), and 1,4-dioxo-1,4-dithiane (7) (see
Scheme 4) are shown in Table III. While the axial-axial conformation
is the most stable form of 5 and 7, the axial-equatorial conformation
is calculated to be the global energy-minimum geometry for 6.
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Carbon-13 NMR data have been used in assessing the degree of oxi-
dation of the —S—S— component of a disulfide by observing the magni-
tudes of the 1*C NMR shift differences e.g., the oxidation of 1,2-dithiane
to the thiosulfonate 5 leads to a downfield shift (from 41.4 to 65.1 ppm)
at a carbon atom adjacent to the electron-withdrawing —SOy— group.!!

The oxidation of 1,3-dithiane with different oxidizing agents results
in cis- and trans-1,3-di-sulfoxides.?* The S—C—S bond angle in 6aa is
expanded relative to other isomers shown in Table III. This expansion
of the bond angle is caused by a repulsion between the two negatively
polarized axial oxygens. X-ray crystallographic analysis reveals a dis-
tortion of the axial sulfinyl oxygen towards the equatorial sulfoxide, and
this suggests a favorable dipole-dipole interaction between the two sul-
foxide groups in 6ae. Such an interaction may explain why the 6ae ge-
ometry is more stable than 6aa or 6ee (Table IIT). The X-ray structures
of 6ee and 6ae conformations of 1,3-disulfoxide reveal intermolecular
attractions between one of the sulfoxide groups and one of the C(2) pro-
tons. It is thus hydrogen bonding that is responsible for the high lattice
energy, high melting point, and poor solubility of the two isomers. The
structure of 7aa, which is the most stable isomer among the geometries
shown in Table III, has been determined by X-ray diffraction. A com-
parison of bond lengths, bond angles and torsion angles shows fairly
small differences between the cis- and trans-isomers of 1,4-di-sulfoxide
7, but the C—S—C angles are closely similar to that (97.9°) reported
experimentally for the 7aa conformer.3!

CONCLUSIONS

We have examined a number of organic six-membered cyclic sulfoxides
(1-7) using ab initio calculations from both structural and energetic
points of view. These compounds prefer a chair conformation. For 1-
oxa-thiane (1), a slight axial preference of the sulfinyl oxygen has been
predicted, which is in agreement with the results of dynamic NMR
spectreoscopic data and gas phase electron diffraction. While 1-oxo-
1,2-dithiane (2) or 1-oxo-1,4-dithiane (4) show an axial preference of
the S=0 bond, the equatorial conformation of 1-oxo-1,3-dithiane (3) is
calculated to be more stable than the axial form. The axial geometry
of 3 is destabilized as a result of the closer proximity of the sulfinyl
oxygen and the cross-ring sulfur atom. The di-axial conformations of
1,2-dioxo-1,2-dithiane (5) or 1,4-dioxo-1,4-dithiane (7) are predicted to
be the most stable geometries of these isomers; the axial-equatorial
conformation of 1,3-dioxo-1,3-dithiane (6) is the energy-minimum ge-
ometry of 6. Thus, in addition to the attractive 1,3-syn-axial interaction
between the oxygen and the hydrogen atoms in the axial conformation
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and/or repusion of the equatorial oxygen atom by its vicinal hydrogen
atoms in the equatorial form, other stereoelectronic factors, such as a
repulsive interaction between the sulfinyl oxygen and the cross-ring
sulfur atom in 3 and 6, can play a rule.

C—C bond distances in all structures are significantly shorter than
standard Csp3—Csp® bond length of 1.54 A. While the S—0O,x bonds
in compounds 1, 2, 4, 5, and 7 are slightly longer than the S—O,q
bonds, the reverse order is observed in 3 and 6. The present calcu-
lations indicate that 1-oxo-1,2-dithiane is the most stable compound
among the 1-oxo-1,n-dithianes. Dioxo-derivatives of 1,4-dithiane are
more stable than the corresponding oxidation forms of 1,2-dithiane or
1,3-dithiane.

METHODS

Ab initio molecular orbital calculations were carried out using the
GAUSSIAN 98 program.?? Geometries for all structures were fully op-
timized by means of analytical energy gradients by Berny optimizer
with no geometrical constraints.>® The restricted Hartree—Fock cal-
culations with the split-valence 6-31G* basis set, which includes a
set of d-type polarization functions on all nonhydrogen atoms, were
used in these calculations.?* Single point energy calculations at MP2/6-
31G*//HF/6-31G* and B3LYP/6-311G(2df,p)3® levels were used to eval-
uate the electron correlation effect in the energies and the order
of the stability of conformers. Vibrational frequencies were calcu-
lated at the 6-31G* level for all geometries, which were confirmed
to have zero imaginary frequency. The frequencies were scaled by
a factor of 0.9135 and used to compute the zero-point vibrational
energies.?%
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