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Ab initio calculations at HF/6-31+G∗ level of theory for geome-
try optimization, and MP2/6-31+G∗//HF/6-31+G∗ and B3LYP/6-
31+G∗//HF/6-31+G∗ levels for a single-point total energy calcula-
tion, are reported for the chair and twist conformations of 1,2-dithiane
(1), 3,3,6,6-tetramethyl-1,2-dithiane (2), 1,2,4,5-tetrathiane (3), and
3,3,6,6-tetramethyl-1,2,4,5-tetrathiane (4). The C2 symmetric chair con-
formations of 1 and 2 are calculated to be 21.9 and 8.6 kJ mol–1 more
stable than the corresponding twist forms. The calculated energy bar-
riers for chair-to-twist processes in 1 and 2 are 56.3 and 72.8 kJ mol–1,
respectively. The C2h symmetric chair conformation of 3 is 10.7 kJ mol–1

more stable than the twist form. Interconversion of these forms takes
place via a C2 symmetric transition state, which is 67.5 kJ mol–1 less
stable than 3-Chair. The D2 symmetric twist-boat conformation of 4
is calculated to be 4.0 kJ mol–1 more stable than the C2h symmetric
chair form. The calculated strain energy for twist to chair process is
61.1 kJ mol–1.

Keywords: Ab initio calculations; conformational analysis; cyclic
disulfide; stereochmistry

INTRODUCTION

There has been considerable interest in the synthesis and chemistry
of cyclic disulfides due to the importance of compounds such as lipoic
acid. The disulfide moiety occurs in proteins and is also found in a
variety of natural products1 and pharmacologically active compounds.2

In addition, cyclic and acyclic disulfides are useful intermediates in
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organic synthesis3–6 and in the preparation of adsorbed monolayers.7

Cyclic disulfides are typically prepared by the oxidative dimeriza-
tion of α,ω-dithiols8–11 and may be prepared by α,ω-dihalogenated
compounds with Na2S/S8.12 Thiocyanates have also been used in the
preparation of disulfides.13 This study was undertaken to investigate
the structural optimization of chair, twist, and twist-boat geometries
of 1,2-dithiane (1), 1,2,4,5-tetrathiane (3), and their tetramethyl
derivatives 2 and 4 (Scheme 1) by comparing their geometries
(HF/6-31+G∗) and conformational energies (MP2/6-31+G∗//HF/6-
31+G∗) and B3LYP/6-31+G∗//HF/6-31+G∗. The results from
MP2/6-31+G∗//HF/6-31+G∗ calculations are used in the discussions
below.

SCHEME 1

RESULTS AND DISCUSSION

1,2-Dithiane (1) and 3,3,6,6-Tetramethyl-1,2-dithiane (2)

The energy-minimum conformations of 1,2-dithiane (1) and 3,3,6,6-
tetramethyl-1,2-dithiane 2 are the same as those of cyclohexane, a
chair and a twist form, but the energy relations between these con-
formers are quite different in the two systems (Scheme 2). While the
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SCHEME 2

cyclohexane twist is at least 20 kJ mol−1 higher in energy than the
chair,14 the twist form is 10–15 kJ mol−1 less stable than the chair in 1
and 2.15

The results of ab initio calculations for the chair, twist, and the tr-
asition state for the chair-to-twist process in 1 and 2 are shown in
Tables I and II. According to these calculations, the chair conforma-
tion is the most stable geometry for 1 and 2. The twist conformation
is 21.9 and 8.6 kJ mol−1 higher than the corresponding chair form in
1 and 2, respectively. The calculated energy barriers for the chair-to-
twist processes in 1 and 2 are 56.3 and 61.1 kJ mol−1, respectively,
while the dynamic 1H NMR values15 are 48.50 and 57.0 kJ mol−1, re-
spectively. The energy values calculated with B3LYP/6-31+G* method
are in better agreement with the experimental results (see Tables I, II,
and III).

The energy difference between the chair and twist conformations
of 2 is significantly lower relative to that calculated for the parent
ring system 1. The lower energy difference in 2 can be attributed to
an unfavorable repulsion between the axial methyl groups and the
gauche sulfur atoms. This repulsion decreases the stability of the chair
form of 2 relative to that of 1, but it has little effect on the twist form
(Scheme 3).

SCHEME 3

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



August 28, 2004 20:44 GPSS TJ1233-12

2018 I. Yavari et al.

TABLE I Calculated Total and Zero-Point Vibrational Energies (Hartree)
and Relative Energy (Including Zero-Point Energy, kJ mol−1) for Various
Conformations of 1,2 Dithiane (1)

Structure 1-Chair, C1 1-Twist, C2 1-TB, C2

HF/6-31+G∗//HF/6-31+G∗ −951.1591 −951.1503 −951.1381
MP2/6-31+G∗//HF/6-31+G∗ −951.9318 −951.9234 −951.9102
B3LYP/6-31+G∗//HF/6-31+G∗ −953.6346 −953.6267 −953.6148
ZPE 0.1249 0.1248 0.1247
Ea

rel/ kJ mol−1 0.0 22.9 54.9
Eb

rel/ kJ mol−1 0.0 (0.0)d 21.9 (16.3)d 56.3 (48.5)d

Ec
rel/ kJ mol−1 0.0 20.5 51.5

r12/Å 2.061 2.056 2.050
r23/Å 1.821 1.831 1.815
r34/Å 1.530 1.540 1.552
r45/Å 1.535 1.533 1.562
r56/Å 1.530 1.540 1.552
r61/Å 1.821 1.831 1.815
θ123/◦ 99.1 99.9 96.6
θ234/◦ 112.9 113.9 116.6
θ345/◦ 114.7 113.9 122.3
θ456/◦ 114.7 113.9 122.3
θ561/◦ 112.9 113.9 116.6
θ612/◦ 99.1 99.9 96.6
φ1234/◦ 62.2 −33.8 55.8
φ2345/◦ −63.5 −32.2 −13.5
φ3456/◦ 60.4 76.6 14.9
φ4561/◦ −63.5 −32.2 13.5
φ5612/◦ 62.2 −33.8 55.8
φ6123/◦ −56.7 63.3 71.0

Zero-point vibrational energy is scaled by a factor of 0.9135 to eliminate known sys-
tematic errors in calculations.

Experimental values are given in parentheses.
aRelative energy with respect to the most stable conformation from HF/6-31+G∗//HF/

6-31+G∗ calculations.
bRelative energy with respect to the most stable conformation from MP2/6-31+G∗//

HF/6-31+G∗ calculations.
cRelative energy with respect to the most stable conformation from B3LYP/6-31+G∗//

HF/ 6-31+G∗ calculations.
d1H NMR data, see Claeson et al.15

1,2,4,5-Tetrathiane (3) and
3,3,6,6-Tetramethyl-1,2,4,5-tetrathiane (4)

The relation between the conformational features of cyclohexane and
tetrathianes 3 and 4 are rather remote. While these appear to be no con-
formational data on the parent tetrathiane 3, derivatives of this ring
system have been studied by dynamic NMR spectroscopy. The molecular
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TABLE II Calculated Total and Zero-Point Vibrational Energies (Hartree)
and Relative Energy (Including Zero-Point Energy, kJ mol−1) for Various
Conformations of 3,3,6,6-Tetramethyl-1,2-Dithiane (2)

Structure 2-Chair, C2 2-Twist, C2 2-TB, C2

HF/6-31+G∗//HF/6-31+G∗ −1107.2966 −1107.2924 −1107.2736
MP2/6-31+G∗//HF/6-31+G∗ −1108.6232 −1108.6198 −1108.5999
B3LYP/6-31+G∗//HF/6-31+G∗ −1110.8947 −1110.8909 −1110.8737
ZPE 0.2442 0.2441 0.2442
Ea

rel/kJ · mol−1 0.0 10.51 60.35
Eb

rel/kJ · mol−1 0.0 (0.0)d 8.63 (10.0)d 61.13 (57.0)d

Ec
rel/kJ · mol−1 0.0 9.70 55.10

r12/Å 2.057 2.051 2.044
r23/Å 1.845 1.854 1.836
r34/Å 1.541 1.549 1.561
r45/Å 1.536 1.534 1.567
r56/Å 1.541 1.549 1.561
r61/Å 1.845 1.854 1.836
θ123/◦ 101.8 100.6 99.7
θ234/◦ 109.3 110.5 112.8
θ345/◦ 117.6 115.4 125.3
θ456/◦ 117.6 100.6 125.3
θ561/◦ 109.3 110.5 112.8
θ612/◦ 101.8 115.4 99.7
φ1234/◦ −58.3 34.3 −53.2
φ2345/◦ 61.3 32.4 14.2
φ3456/◦ −63.3 −79.1 0.0
φ4561/◦ 61.3 32.4 14.2
φ5612/◦ −58.3 34.3 −53.2
φ6123/◦ 56.3 −65.7 70.1

Zero-point vibrational energy is scaled by a factor to 0.9135 to eliminate known sys-
tematic errors in calculations.

Experimental values are given in parentheses.
aRelative energy with respect to the most stable conformation from HF/6-31+G∗//HF/6-

31+G∗ calculations.
bRelative energy with respect to the most stable conformation from MP2/6-

31+G∗//HF/6-31+G∗calculations.
cRelative energy with respect to the most stable conformation from B3LYP/6-

31+G∗//HF/6-31+G∗calculations.
d1HNMR data, see Claeson et al.15

structure of 3,3:6,6-bis(pentamethylene)-s-tetrathiane has been deter-
mined by X-ray crystallography.16

These studies revealed that, in contrast to the solution conforma-
tional preference, the solid state has the heterocyclic ring in chair con-
formation. The calculated energy difference between the chair and twist
conformations in 3 is 10.7 kJ mol−1, which is much lower than that in
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TABLE III Calculated Total and Zero-Point Vibrational Energies (Hartree)
and Relative Energy (Including Zero-Point Energy, kJ mol−1) and Structural
Parameters for Various Conformations of 3,3,6,6-Tetramethyl-1,2,4,5-
Tetrathiane (4)

Structure 3-Chair, C2 3-Twist, D2 3-TB, C2

HF/6-31+G∗//HF/6-31+G∗ −1824.2391 −1824.2386 −1824.2146
MP2/6-31+G∗//HF/6-31+G∗ −1825.5543 −1825.5556 −1825.5277
B3LYP/6-31+G∗//HF/6-31+G∗ −1828.6416 −1828.6419 −1828.6189
ZPE 0.1861 0.1859 0.1857
Ea

rel/kJ · mol−1 0.0 1.0 63.4
Eb

rel/kJ · mol−1 4.0 (1.7)d 0.0 (0.0)d 72.8 (67.0)d

Ec
rel/kJ · mol−1 1.3 0.0 59.9

r12/Å 2.055(2.035)e 2.042 2.014
r23/Å 1.841(1.841)e 1.849 1.855
r34/Å 1.841(1.841)e 1.849 1.855
r45/Å 2.055(2.035)e 2.042 2.055
r56/Å 1.841(1.841)e 1.849 1.855
r61/Å 1.841(1.841)e 1.849 1.855
θ123/◦ 104.8(104.7)e 103.6 107.4
θ234/◦ 110.2(108.0)e 112.4 114.7
θ345/◦ 104.8(104.7)e 103.6 117.5
θ456/◦ 104.8(104.7)e 103.6 117.5
θ561/◦ 110.2(108.0)e 112.4 114.7
θ612/◦ 104.8(104.7)e 103.6 107.4
φ1234/◦ 67.7 35.0 53.8
φ2345/◦ −67.7 35.0 −19.0
φ3456/◦ 63.9 −77.2 0.0
φ4561/◦ −67.7 35.0 −19.0
φ5612/◦ 67.7 35.0 53.8
φ6123/◦ −63.9 −77.2 −70.2

Zero-point vibrational energy is scaled by a factor of 0.9135 to eliminate known sys-
tematic errors in calculations.

Experimental values are given in parentheses.
aRelative energy with respect to the most stable conformation from HF/6-31+G∗//HF/6-

31+G∗ calculations.
bRelative energy with respect to the most stable conformation from MP2/6-

31+G∗//HF/6-31+G∗ calculations.
cRelative energy with respect to the most stable conformation from B3LYP/6-

31+G∗//HF/6-31+G∗ calculations.
d1H NMR data, see Bushweller et al.17

eX-ray crystallographic data for bis(pentamethylene)-s-tetrathiane, see Bushweller
et al.16

cyclohexane (Table IV). This energy difference is somewhat higher than
the experimental value of 4.6 kJ mol−1.15

The structural parameters for various geometries of 4 by ab initio
calculation is given in Table III. The D2 symmetric twist form of 4
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TABLE IV Calculated Total and Zero-Point Vibrational Energies (Hartree)
and Relative Energy (Including Zero-Point Energy, kJ mol−1) for Various
Conformations of 1,2,4,5-Tetrathiane (3)

Structure 4-Chair, C2h 4-Twist, D2 4-TB, C2

HF/6-31+G∗//HF/6-31+G∗ −1668.0979 −1668.0919 −1668.0736
MP2/6-31+G∗//HF/6-31+G∗ −1668.8536 −1668.8493 −1668.8275
B3LYP/6-31+G∗//HF/6-31+G∗ −1671.3759 −1671.3713 −1671.3529
ZPE 0.0668 0.0666 0.0664
Ea

rel/kJ · mol−1 0.0 15.4 62.7
Eb

rel/kJ · mol−1 0.0 10.7 67.5
Ec

rel/kJ · mol−1 0.0 11.6 59.4
r12/Å 2.060 2.049 2.115
r23/Å 1.816 1.826 1.833
r34/Å 1.816 1.826 1.803
r45/Å 2.060 2.049 2.049
r56/Å 1.816 1.826 1.803
r61/Å 1.816 1.826 1.833
θ123/◦ 101.5 102.3 98.9
θ234/◦ 114.4 116.1 119.0
θ345/◦ 101.5 102.3 112.3
θ456/◦ 101.5 102.3 112.3
θ561/◦ 114.4 116.1 119.0
θ612/◦ 101.5 102.3 98.9
φ1234/◦ −71.4 34.7 −62.8
φ2345/◦ 71.4 34.7 17.4
φ3456/◦ −61.7 −74.7 10.6
φ4561/◦ 71.4 34.7 17.4
φ5612/◦ −71.4 34.7 −62.8
φ6123/◦ 61.7 −74.7 83.3

Zero-point vibrational energy is scaled by a factor of 0.9135 to eliminate known sys-
tematic errors in calculations.

aRelative energy with respect to the most stable conformation from HF/6-31+G∗//HF/6-
31+G∗ calculations.

bRelative energy with respect to the most stable conformation from MP2/6-
31+G∗//HF/6-31+G∗ calculations.

cRelative energy with respect to the most stable conformation from B3LYP/6-
31+G∗//HF/6-31+G∗ calculations.

is 4.0 kJ mol−1 more stable than the C2h symmetric chair conformer.
According to these calculations, the most probable transition state for
chair-twist interconversion in 4 has 72.8 kJ mol−1 energy. The twist
conformation of 4 is calculated to be the favored form, in agreement
with the dynamic NMR measurements.17

In conclusion, ab initio calculations at the HF/6-31+G∗, MP2/6-
31+G∗, and B3LYP/6-31+G∗ levels of theory provide a picture of the con-
formations of 1–4 from both structural and energetic points of view. The
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SCHEME 4

presence of adjacent atoms possessing lone pairs of electrons leads to
substantial enhancements in the barriers to ring inversion in these six-
membered heterocycles as compared to that for cyclohexane. As shown
in Tables I–IV, these calculations predict the chair conformation to be
the energy minimum, except for 4. The agreement between the energy
barriers calculated with B3LYP/6-31+G∗ method and the experimen-
tally determined values is generally better than those calculated with
HF/6-31+G∗ and MP2/6-31+G∗ methods.

CALCULATIONS

Ab initio molecular orbital calculations were carried out using the
GAUSSIAN 98 program.18 Geometries for all structures were fully opti-
mized by means of analytical energy gradients by Berny optimizer with
no geometrical constraint.19 The restricted Hartree-Fock calculations
with the split-valence 6-31G∗ basis set, which include a set of d-type
polarization functions on all nonhydrogen atoms, were used in these
calculations.20 Single-point energy calculations at MP2/6-31+G∗//HF/6-
31+G∗ and B3LYP/6-31+G∗//HF/6-31+G∗21 levels were used to evalu-
ate the electron correlation effect in the energies and order of stability
of conformers. Vibrational frequencies were calculated at the 6-31+G∗

level for all minimum energies and transition states, which were con-
firmed to have zero imaginary frequency, respectively. The frequencies
were scaled by a factor of 0.913522 and used to compute the zero-point
vibrational energies.

Since the theoretical results are free from intermolecular interfer-
ences, they are a valuable tool for a systematic study of conformational
effects in simple organic molecules.
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