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Al&act-The conformational characteristics of dimethyl sulfoxide and a number of bmembered ring sulfoxides 
have been studied. The thiane, 1,3- and l$-dithiane and 1,3,5-trithiane ring systems with various oxide substitutions 
have been examined. It is found that the chair forms are more stable than the twist or boat in all cases. The energy 
profiles of the twist-boat manifold are in many cases highly unusual, and quite different from anything so far known 
experimentally. The axial-equatorial preference of the oxygen is highly variable. depending on the steric and 
electrostatic interactions found in the particular case. 

The use of molecular mechanics or force fields for the 
calculation of structures, energies and other properties of 
hydrocarbons has become widespread in the last few 
years.’ Similar studies have also been carried out’.’ for a 
few kinds of functionally substituted molecules, and this 
paper represents an extension in some detail of the 
application of the method to the calculation of the 
conformational properties of sulfoxides. 

The cyclohexane ring system has been quite thoroughly 
examined with respect to its conformational behavior.‘” 
When heteroatoms are introduced into the ring, the 
conformational properties of the resulting heterocycles 
may differ considerably from those of cyclohexane.’ It is 
known, for example, that the oxygen in thian-l-oxide 
shows a preference for the axial position,” and 3,3,6,6- 
tetramethyl-l,2,4,5_tetrathiane prefers a twist, rather 
than a chair conformation.d.” 

The I973 hydrocarbon force field described previously* 
was used as a starting point to extend these force field 
calculations to a study of sulfoxides. A few additional 
parameters are needed and they are listed in Table I. The 
force constants were either taken from the literature, or if 
we were unable to locate data for a particular structural 
feature, the constants from the analogous sulfide were 
used. The additional numerical values were derived by 
fitting structural data available for dimethyl sulfoxide” 
and for fruns - I &dithiane- I &dioxide,” as reported in an 
earlier preliminary study.” The comparison with experi- 
ment for these compounds is given in Table 2. The 
electrostatics of the sulfoxide group was treated by using 
the C-S bond moment appropriate for sulfides,‘J and then 
assigning an S=O moment of 3.03 D, with the negative end 
toward oxygen, in order to fit the observed moment of 
dimethyl sulfoxide.‘” The experimental and calculated 
results for the model structures are given in Table 3. 

Having now the necessary force field to deal with 
sulfoxides, we first looked at thian-l-oxide. In this system 
it is known that the ring prefers a chair conformation with 
the sulfoxide oxygen in the axial position.“‘.” An early 
interpretation given by Johnson’7b attributes the axial 
preference of the sulfoxide oxygen to an attractive 
interaction between the oxygen and the syn-axial hyd- 
rogens. We calculate that the chair form is more stable 
than the twist forms by more than 5 kcal/mole and for the 
chair, the axial conformation is more stable than the 
equatorial by 0.15 kcahmole. The calculations are sum- 
marized in Table 4. Experimental values span quite a 
range (0.111.3 kcahmole) depending on the cir- 

cumstances of measurement, but they uniformly favor the 
axial. 

Our calculations do not support the idea that there is an 
attractive interaction between the sulfoxide oxygen and 
the syn-axial hydrogens. Rather, there is a repulsion, 
which is largely relieved by bending the sulfur-C,-&, 
bonds, so that the oxygen moves outward away from the 
ring. As described earlier,’ with our force field a hydrogen 
in the equatorial position is squeezed in between four 
vicinal hydrogens, while an axial hydrogen is subjected to 
only two such repulsions. This effect is the major 
contributor for the equatorial preference of small groups, 
such as methyl or halogen. An analogous situation is 
found here. The equatorial oxygen is squeezed between 
four vicinal hydrogens, while there are only two 
corresponding repulsions if it is in the axial position. This 
is the intepretation put upon the facts by our force field. 
Whether or not other force fields would give the same 
interpretation, we do not know. More importantly, 
whether or not this interpretation actually corresponds to 
physical reality is also uncertain. The significant point is 
that the calculations do predict correctly what is observed 
experimentally and hence may presumably be used to 
obtain correct predictions regarding other similar experi- 
mental measurements. 

It has been demonstrated that in 3,3- 
dimethylthiacyclohexan-l-oxide, the ordinary slight axial 
preference of the sulfoxide oxygen is reversed into a 
pronounced equatorial one.“’ The calculations indicate 
that the e-chair conformation of 3,3- 
dimethylthiacyclohexan-l-oxide is more stable than the 
equatorial form by I.1 kcahmole, the large repulsion 
between the syn-axial oxygen and methyl, together with 
the severe bending the molecule undergoes to relieve that 
repulsion, being the major contributors to this difference. 

The relationship between cyclohexane and thian-l- 
oxide with respect to ring conformations is rather close 
although the symmetry in thian-l-oxide is much lower 
than that in cyclohexane. The calculated energies for the 
important conformations are summarized in Table 4. 

Because of the lower symmetry in thian-l-oxide, two 
chair, three twist and four boat forms need to be 
considered, in contrast with cyclohexane where there is 
only one conformation of each type. Here, the energies of 
the twist forms are about 5 kcal/mole above that of the 
stable chair form. There is an energy barrier of about 
10.5 kcahmole separating the two forms. A twist confor- 
mation can pseudorotate through a boat conformation to 
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Table I. Parameters for thegeometry calculation 

Ati Y*(A) r(kcal/mols) - 
* 

:, 
2.170 0.184 
I.65 0.046 

_____-----------------------------________~~~~~~~~~-~~~~~~~~-~~~~~ 

Bond Strstching 

‘o d) K (mdy&) .- 

;O I.805 3.64 
I.480 5.00 

____________________~~~~~~~~~~~~~~________________________________ 

Angle Eanding 

Angle n A/r& - e_ (dbe) K b$ 

c -s’-c 
Id IPJ 

93.5 0.90 

cp3-c,pl-s* 110.0 1.10 

H-C&* 108.6 0.64 

S-C&* 113.7 0.42 

c -S.-o 

Lp,S* 

107.5 0.90 

113.7 0.42 
____________________~~~~~~~~~~~~~_____________________________ 

Dihedral &Is Torsional Conrtmh &mal/mols) 

tl-c~-clpl-s* I.450 

cIp3-cIpl-c+-s* I.450 

ctp,-clps-s*-o I.450 

cp&&clp’ I.450 

S.-C -c 
‘p’ Id 

-s* I.450 

H-cb-s*-c$ I.450 

S-ClpJ-Q-S’ 1.m 

S=Clp,-S*-C 
Pa 

1.450 

s=cb-s-cq 1.450 

s-c -S.-C 
lpJ Ipl 

I.450 

s-c -S.-O 
lp’ 

0.800 

S*-C+-S*-O 0.800 

H-C 
d 

-5*-o O.&M 

______-___-___-___-__-~~~_-____-_-~-~_~~~~~~~~~~~ 

Dip&r 

Atcm lrpe Bond hbnmt (D) 

c -s* 
@ 

1.20 

s*=o 3.03 

l Indicates a sulfur akm attached 0 o wlfoxids caygm. 

another twist, with the boat conformations being from 
about 0.7 to 4.1 kcal/mole in energy above the twist. The 
energy difference between the C, and C, boat forms 
(I .5-2.4 kcal/mole) is largely from the greater unfavorable 
H-C-C-H eclipsing effects found in C, symmetric form. 
Note that the simple symmetrical twist-boat manifold 
found in cyclohexane no longer holds in thiacyclohexan-l- 
oxide. 

The same axial-chair preference of the I-substituent is 
also found in the 1,2-dithian-l-oxide system,‘” but when 
one examines the I ,3-dithian- l-oxide molecule, it has been 
reported that the sulfoxide oxygen now prefers the 
equatorial conformation.‘Y In looking at 2-r-butyl-1,3- 
dithian-l-oxide, Cook and Tongel found the oxygen to be 
preferentially equatorial, the composition of equilibrium 
mixtures corresponding to a free energy difference of 

0.5 kcal/mole, favoring the equatorial conformation. They 
suggested that intramolecular dipole-dipole interactions 
contribute in some measure to the observed equilibria. 
Recently, low temperature NMR” has given similar results 
concerning u-/e-chair equilibrium, the equatorial form 
being favored over the axial by 0.6 kcal/mole. 

We examined the parent I$-dithian-l-oxide in order to 
determine the reason for the equatorial preference of the 
oxygen in these systems. The calculations indicate that 
although chair forms are still more stable than twist and 
boat forms, the relationship between the conformational 
characteristics of 1,3-dithian-l-oxide and cyclohexane is 
rather remote. It is in the twist-boat manifold that the major 
contrast with cyclohexane occurs, and first we note that the 
twist form is no longer always more stable than the boat 
form. In this case there are five energy minima and five 
maxima in the manifold, as opposed to six for cyclohexane. 
Two boat form?’ which correspond to energy maxima in 
cyclohexane, are neither minima nor maxima in this case, 
but simply points on the sides of the potential well. One 
twist form= which corresponds to an energy minimum in 
cyclohexane, is an energy maximum in this case. 

The calculations also show that the equatorial prefer- 
ence of the oxygen in the chair form of 1,3-dithian-l-oxide 
is largely due to adipolar interaction. It is found that almost 
all of the 1.74 kcal/mole steric energy difference between 
the a- and e-chair conformations is due to the 
1.63 kcal/mole higher dipole energy (using a dielectric 
constant of 1.0) that is present in the axial conformation. 
As the dielectric constant increases from I.0 to 3.0, both 
the dipole-dipole interaction energy and the total energy 
difference between the e- and u-chair forms would 
decrease; from 1.74 to 0.61 kcal/mole and from I.63 to 
0.59 kcal/mole respectively. The calculated energy differ- 
ence is in good agreement with the experimental value. 

As expected, the introduction of a 5,5-dimethyl 
grouping in I ,3-dithian-l-oxide increases the original 
equatorial preference of the oxygen. The energy difference 
between a- and e-chair conformations here was calculated 
to be 2.7 kcal/mole, and it is mainly from bending 
(I *4 kcal/mole) and dipolar interactions (I .4 kcal/mole). 
The calculations are in agreement with the experimental 
findings. Van Acker and Antenuni? have shown by low 
temperature NMR that 5,5 - dimethyl - I,3 - dithian - I - 
oxide exists exclusively in the equatorial conformation. 

IR dataD show that both Q- and e-chair conformations of 
1,4-dithian-l-oxide exist in solution in CS,, but the u-chair 
is the only conformation found in solid state. Recently, 
NMR dataz4 have disclosed that there is an equilibrium 
between chair conformations, the population rrltio of a : e 
being 88: 12, which corresponds to a free energy difference 
of about 0.8 kcal/mole. The chair conformations are 
calculated to be more stable than the others, with the axial 
conformation I.1 kcal/mole lower in energy than the 
equatorial. Most of this energy difference is due to dipolar 
interactions. 

The conformational characteristics of l+dithian-l- 
oxide are qualitatively similar to those of cyclohexane, 
chair forms being more stable than twist forms, and boat 
forms being the transition states for the twist-twist 
pseudorotation. However, the barriers for the twist-twist 
transformations span quite a range depending on the 
starting and the final conformations; from essentially no 
barrier to as high as 8.4 kcal/mole. The extreme instability 
of the symmetrical boat form (C,) is noteworthy. This 
seems to be mainly due to both the unfavorable H<-C-H 
eclipsing effects and the short S . . S distances (3. I A here) 
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Table 2. Comparison of calculated and observed geometries 
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COIC. 
(A or Deg.) 

Oh. 
(A or Deg.) 

-. 
Dimethyl Sulfonide 

$,rs* 

S’=O 

C$-s*=o 

CIP&C vJ3 

1.809 

I.480 

108. I 
96.9 

M.W.120 
Xl2b 

1.799 +o.OOs I.801 +0.010 

1.485+0.006 1.471 +o.Om 

106.7 107.2 to.6 

96.6 97.9 to.5 

z-l,4-Dithims-l,&dioxide X’3 

Q-5* 1.809 I .BI + 0.02 

s*=o 1.479 1.48+0.01 

clpl-clpl I .537 1.51 +o.m 

c&*-c ‘p’ . 97.9 97.9 + 0.8 

$,3-C&* 112.3 112.3 + 1.3 

c&*=0 107.5 107.4 to.0 

Table 3. Calculated and observed dipole moments (Debye units) 

Dip& htc.mml, 

Dimethyl wlfoxide 

lhiocyclohsxmn-l-ids 

I,&Dithim-l-oxide (eq) 

II 
C) 

I,CDilhim-l-oxide (eq) 

II C) 

1,3,5-Trithim-l-oxide (q) 

II (ax) 

E-I,4-Dithims-l,Mioxids 

*-l,4-Ditbime-I.&dioxide 

z-1,3,5-Trithione-l,J-dioxide 

~-1,3,5-1ritbime-1,3-dictxide 

c&-1,3,5-Trithiane-l,3,5- 
trioxide 

Colt. p = 1.0) Oh. 

4.w 3.9+0.1’& 

4.04 4.1916 

3.48 3.74”19, 3.56b,‘9 

4.79 4.39c,l9 

3.00 

2.92 

3.02 

5.52 

0.00 

5.08 

5.02 

2.80 

1.50 

E-1,3,5-Trithione-1,3,5- 
trloxide 4.01 

a This is the cAsened dipole mxnen~ for 2,2-dimslhyl-1,3-dithio-l-oxide in benzene 

b . 
lhos II the obrened dipole mnt for trmr-2-t-bu~I-l,3aithian-l-oxids -_ 

’ lhir is tk cbsewed dipole moment for cir-2-t-butyl-1,3-dithim-l-oxide -- 

in the symmetric boat forms. The former raises the energy 
difference between C, and C, forms by about 2 kcal/mole, 
and the latter an additional 3 kcal/mole. The origin of the 
3.2 kcal/mole energy difference between the two C, boat 
forms is largely due to the highly unfavorable dipole-dipole 
interactions found in one case. 

A logical extension of these calculations was to include 
the 1.3,5-trithian-l-oxide systems, which do not appear to 
be known experimental1y.t As expected, the e-chair 
conformation is calculated to have 3.1 kcal/mole lower 

iAfter this manuscript was submitted for publication, a paper 
describing NMR studies on this compound appeared (S. A. Kahn, J. 
B. Lambert, 0. Hernandez and F. A. Carey, J. Am. Chem. Sot. 97, 
1468 (1%5)). The authors concluded the compound existed as a 
single chair conformation. No firm conclusion could be drawn 
concerning the oxide conformation. 

dipole energy and 3.5 kcal/mole lower total energy than the 
axial conformation, which are, respectively, about twice 
those found in I ,3-dithian- I-oxide. 

The conformational characteristics of the twist-boat 
transformations of 1,3,5-trithian-l-oxide are rather similar 
to those of cyclohexane; the twist forms being energy 
minima and the boat forms energy maxima. The barriers 
are within the range of 0.5-1.7 kcal/mole, which are 
comparable to those found in cyclohexane, I .5 kcal/mole. 

We next turn our attention to the dioxides of the same 
basic heterocyclic rings. ~rans-I ,4-Dithiane-l,4-dioxide, 
with a diaxial oxygen arrangement in the crystal,” seems to 
exist preferentially in the same conformation in solution.” 
Our calculations show that the chair with diaxial oxygens is 
the most stable conformation, being 4.7 kcal/mole lower in 
energy than that of the diequatorial chair form. The main 
energy difference between the diaxial and the diequatorial 
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chair conformations is from the dipole-dipole interaction. 
The conformational characteristics of trons-l+dithiane- 
l&dioxide are similar to those of cycfohexane. 

The chair is the most stable conformation of c&1,4- 
dithiane-l,4-dioxide, but the twist-boat ~ansformations 
are rather different from any of those discussed above. In 
this case there are four energy minima in the manifold, as 
opposed to six for cyclohexane. The Cz symmetrical boat 
forms (mirror images):’ which correspond to energy 
maxima, and the CZ symmetrical twist forms (mirror 
images)” which correspond to energy maxima and 
minima in cycfohexane, respectively are neither minima 
nor maxima in this case, but simply points on the sides of 
the potential well. The extreme ins~bility of one of the C, 
symmetrical boat forms** is noteworthy. It results, of 
course, because of the highly unfavorable dipole-dipole 
interactions. 

cif -1,3,5-Trithiane- 1,3-dioxide has two distinguishable 
chair conformations. The chair with the diaxial arrange- 
ment of S=O groups is one of the more unstable 
conformations due to the unfavorable dipolar interactions. 
The conformational characteristics of the twist-boat 
~ansformations of cjs-1,3,5-trithiane-1,3-dioxide are simi- 
lar to those of cis-1,4-dithiane-l&dioxide. The twist-boat 
manifold here becomes four-fold. Two boat forms (mirror 
images)*’ and two twist (mirror images)*’ are again points 
on the sides of the potential well. The barriers span quite a 
range; 0.4-3-9 kcaltmole. 

trans- 1,3,5-Trithiane-I ,3-dioxide has the conforma- 
tionaf characteristics for the twist-boat transformations 
similar to those found for cyclohexane, although here the 
barriers are between 0.2 and 2.5 kcal/mole. However, the 
energy difference between the chair and twist forms is 
much smaller than found in cyclohexane (0.7 vs 
5 kcal/mole in cyclohexane). Therefore, it may be 
anticipated that when appropriate substituents are intro- 
duced into the parent ring systems as in 4,4 - dimethyl - 
1,3,5 - trithiane - I,3 - tram - dioxide for example, the twist 
form will be more stable than the chair, as was found+” in 
3,3,6,6-tetramethyl-1,2,4,5-tetrathiane, 

Finaliy, for completeness we examined the trioxides. 
cis-I ,3,5-T~thiane-1,3,5-dioxide has two possible chair 
conformations. The chair conformation with all three 
oxygens equatorial is the most stable conformation, and 
the one with all three oxygens axial is highfy unstable. This 
extreme instability, of course, results iargely because of 
dipolar interactions. The other conformational features are 
similar to those found in cyclohexane. 

The conformational features of trans-1,3,5&thiane- 
1,3,5-trioxide are also interesting. There is a single 
most-stable chair form. The twist-boat manifold is now 
only four-fold, just as c&-l +dithiane-dioxide or cis- 1,3,5- 
trithiane-1,3-dioxide. The origin of four-fold transforma- 
tions for those compounds is the same; two boat” and two 

twist” forms are simply points on the sides of the potential 
well instead of an energy minima or maxima. 

In summary, we have examined the conformational 
idiosyncrasies of a number of sulfide and sulfoxide- 
containing 6-membered ring systems. For the parent ring 
systems, the chair is favored over other conformations, but 
this may not be true when substituents are introduced. The 
stereodynamics of twist-boat transformations are often 
quite different from those found in cyclohexane. These 
results, of course, arise from a delicate balance of the 
various steric and electrostatic effects. Many predictions 
are made, which await experimental test. 

'Paper CXIII, see N. L. Allinger, J. Viskocil. Jr.. U. Burkert and Y. 
Yuh, Tetrahedron, in press. 

‘Supported in part by grant NSF MPS74-08071 from the National 
Science Foundation. 

‘For reviews, see” J. E. Williams, P. J. Stang and P. v. R. Schleyer, 
Ann. Ret. Phys. C’hem. 19,531 (1968); bN. L. Allinger, Progress 
Fhys. Org. Chem. in press (Iy75). 

‘N. L. Allinger, M. J. Hickey and J. Kao, 1. Am. Chem. SOL, in 
press. 

‘E. L. Eliei, N. L. Allinger, S. J. Angyal and G. A. Morrison, 
Confurmariona~ Analysis. pp. 36-126, 156. Wiley-Interscience, 
New York (I%S). 

6J. A. Hirsch, Topics in Stereochemistry, (Edited by N. L. Allinger) 
Vol. I, pp. I-222. Wiley-Interscience, New York (1967)‘ 

‘M. Squillacote, R. S. Sheridan, 0. L. Chapman and F. A. L. Anet, 
J. Am. Chem. Sot. W,3244 (1975). 

“D. H. Wertz and N. L. Allinger, Tetrahedron 38, 1579 (1974). 
“E. L. Eliel, Angew. Chem., Inr. Ed. En& 11, 739 (1972). 
‘“J. B. Lamhertand R. G. Keske,l. Org. Chem. 31,3429(1%6). 
“C. H. Bushweller, 1. Am. Chem. Sue. 91, 6019 (1969). 
‘**W. Teder, H. Dreizier. H. D. Rudolph and V. Typke, 2. 

Nolurforsch. 24A, 266 (1969); “M. A. Viswamitra and K. K. 
Kannan, Nature, London 209, 1016 (1966). 

“H. M. M. Shearer, J. Chem. Sot. 1394 (1959). 
“N. L. Allinger. J. A. Hirsch, Y. A. Miller and 1. J. Tyminski,~. Am. 

Chem. Sot. 91,337 (1%9). 
“N. L. Allinger and M. J. Hickey, Ibid., 97, 5167 (1975). 
‘““F. A. Cotton and R. Francis, Ibid. 82, 2986 (1960); bC. W. N. 
Cumper and A. 1. Vogel, 1. Chem. Sot. 3521 (1959). 

““J. 8. Lambert, D. S. Bailey and C. E. Mixan, .f. Org. Chem. 37, 
377 (1972); “C. R. Johnson and D. McCants, Jr., L Am. Chem. 
Sot. 86,293s (1964); ‘J. C. Martin and J. J. Uebel. Ibid. 86,2936 
(1964). 

‘RD.N.HarppandJ.G.Gleason,J.Oa.Chem.36,l3l4(l971). 
‘*M. J. Co& and A. P. Tonge, Te~r~hedron Letters 849 (1973). 
=L. Van Acker and M. Antenunis. Ibid. 225 (1974). 
?See footnote b under Table 4. 
“See footnote ’ under Table 4. 
*‘K. Hayasaki, Tokyo Gakugei Daigakaku Kenkyu Hokoku, 3 bu, 

Shizen Kagaku, 12, 25 (1961). 
*‘M. Antenunis, private communication. 
““C. Y. Chen and R. J. W. Le Fevre, Aust J. Chem. 16,917(1%3); 

“T. Cairns, G. Eglinton and D. T. Gibson, Spectrochim. Ac?o 
20(l), 159 (1964). 


