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Oxidation Products of Organic Trisulfanes : Molecular Structures and Energies 
of Various Isomers of the Dimethyltrisulfane Oxides Me,S,O and Me2S302 
and of 1,3-tBu2S302** 

Ralf Steudel" and Yana Drozdova 

Abstract: Ab initio MO calculations 
(MP2/6-311 G**//HF/6-311 G**) have 
been performed for several isomers (in- 
cluding rotamers) of Me,S,O and 
Me,S,O,. MeS(0)SSMe exists as five ro- 
tamers; the most stable form (la) has a 
helical backbone CSSSC with S-S bond 
lengths of 206.0 (S"S") and 212.4 pm 
(S"S"'). The most stable rotamer of MeS- 
S(0)SMe (2a), is less stable than l a  by 
10.7 kJmol-'; it is of C, symmetry, while 
a rotamer of C, symmetry (2b) is less 
stable than 2a by only 1.4 kJmol-'. Both 
2a and 2 b are stabilized by 0. .  . H hydro- 
gen bonds. The S-S bond lengths of 2a 
are 210.0 and 212.0 pm; the CSSSC chain 
is not helical (CSSS torsion angles 166.3 

and - 75.4'). The 1,3-dioxide MeS(0)- 
SS(0)Me (3) has two equivalent chiral 
centers and exists as diastereomers. The 
most stable isomer 3a (RR)/ (SS)  is of C, 
symmetry with methyl groups trans to 
each other; the SO bonds form an angle of 
about 90". The meso form 3b is less stable 
than 3a by 17.2 kJmol-' and the ro- 
tamers 3c and 3d are less stable by 
25.6 kJmol-' and 28.4 kJmol-', respec- 
tively. The trisulfane-I ,Zdioxide MeS(0)- 

torsional poaerttials 

S(0)SMe has two nonequivalent chiral 
centers and exists as five isomers. The 
most stable form, the (RS) / (SR)  form 4a, 
islessstablethan3aby21.4 kJmol-'and 
is characterized by SS bonds of 220.9 
(S"'S"') and 208.3 pm (S"'S"). The ro- 
tamer 4b is less stable by 5.9 kJmol-'. 
The isomers 4c, 4d, and 4e are all of (SS) /  
(RR) configuration and are less stable 
than 4a by 6.3, 12.7, and 12.0 kJmol-'. 
For comparison, ab initio MO calcula- 
tions (HF/6-311 G*) for tBuS(O)SS(O)- 
tBu yielded two diastereomers of practi- 
cally identical energy that both contain 
helical CSSSC backbones. The (RS) form 
is less stable than the (RR)/ (SS)  form by 
1.8 kJmol- *. 

Introduction 

The oxidation of organic thioethers R,S by peroxo acids results 
in sulfoxides and finally in sulfones. In the case of organic disul- 
fanes R,S,, a whole series of oxidation products is conceivable, 
the monosulfoxides RS(0)SR being the first and the disulfones 
RS(O),S(O),R the last members of the series. Only very recently 
have I ,2-disulfoxides RS(O)S(O)R and disulfane-I ,1,2-trioxides 
RS(O),S(O)R been observed as intermediates by low-tempera- 
ture NMR spectroscopy.['* The peracid oxidation of organic 
trisulfanes has received relatively little attention. This is surpris- 
ing, since organic trisulfanes occur naturally['] and the oxida- 
tion to sulfoxides is usually the first step in metabolic degrada- 
tion reactions. Early work showed that bisalkyl trisulfanes are 
turned into 1,3-disulfones RS(O),-S-S(O),R on treatment 
with peroxoacetic acid at 60-70 0C.[41 Under milder conditions 
(- 40 "C) with trifluoroperoxoacetic acid it has been possible to 
oxidize tri- and tetrasulfanes R,S, with R = tBu or 2-naphthy1, 
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first to the I-sulfoxides and subsequently to the corresponding 
1,3- and 1 ,4-disulfoxides, respecti~e1y.I~~ By vibrational spec- 
troscopy it was shown that these oxidation products R,S,O, 
and R,S,O, can be isolated and have the structures of trisul- 
fane-I ,3-dioxides R-S(0)-S-S(0)- R and tetrasulfane-I ,4- 
dioxides R-S(0)-S,-S(0)-R, respectively. Recent NMR 
spectroscopic studies confirm these findings.t2] However, none 
of the chain-like trisulfane-I -oxides or the trisulfane-I ,3-diox- 
ides has so far been investigated by X-ray crystallography, prob- 
ably owing to their thermal instability, which hinders the growth 
of single crystals. Even at 25 "C all of these compounds decom- 
pose both in solution and in the solid state to mixtures of sul- 
fones and sulfanes.['] Only the structures of a number of trisul- 
fane-2-oxides RSS(0)SR and of sulfone derivatives are known. 
Trisulfane-2-oxides are prepared from thiols by reaction with 
thionylchloride, and derivatives with R = CIC6H,,t61 C6H, ,['I 
(C6H5)3C,[81 and tBuIgl have been characterized by X-ray struc- 
tural analysis. Unsymmetrical trisulfane-2-oxides RSS(0)SR 
are also known.["' To obtain more structural information on 
the various organic trisulfane monoxides and dioxides we have 
carried out extensive ab initio molecular orbital calculations 
with methyl and tert-butyl groups as substituents. Another aim 
of this work was to find out which of the particular isomers 
MeS(O)SSMe/MeSS(O)SMe and MeS(O)SS(O)Me/MeS(O)S- 
(0)SMe is more stable.["] 
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-1346.652 Calculations I 
-1346.654 All calculations were performed with the GAUSSIAN92 program 

package 1121 for ab initio MO calculations on either an IBM/ 

molecular structures of the Me,S,O and Me,S,O, isomers were fully 

optimization was done from diflerent starting geometries with respect 
to the rotation around the S-S and C-S single bonds. Improved 
relative energies were obtained by single point calculations taking the 
electron correlation into account according to second-order Moller- 
Plesset perturbation theory (MP2) [13]. Thestartinggeometries for all 
the molecules were taken from the MNDO calculations. 

RISC 6000 workstation or a CRAY YMP-4 E supercomputer. The -1346.656 

optimized at the Hartree- Fock level with the 6-31 I G" basis set. The -1346.658 

3 -1346.66 

-1346.662 

-1346.664 

-1346.666 lb  
The harmonic vibrational wavenumbers were calculated analytically .~ 
at the HF/6-311 G** level of theory. Following the suggestion of Pople 
et al. 1141 the wavenumbers were scaled by a factor of 0.8929 while the 
zero-point energies were scaled by a factor of 0.9135. For a general 
discussion of the basis sets and methods used see ref. [15] .  

The molecular structures of the rBuS(O)SS(O)fBu isomers were fully 
optimized at the HF level with the 6-31 1 G' basis set. Because of the 
size of this molecule neither MP2 energies nor vibrational wavenum- 
bers were calculated. 
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Fig. 2. Energy profiles for the rotamers of dimethyl trisulfane-1-oxides. Starting from the two 
geometries of minimum energy 1 a and 1 b, the SSSO torsion angle was varied systematically while 
all other geometrical parameters were optimized by energy minimization. As can be seen from 
this figure I d  is a rotamer of I a. while 1 c and 1 e are rotamers of 1 b when only rotation about 
theaxisS1-S2isallowed. RotationabouttheaxisSZ-S3 (followed byoptimization) transforms 
I n into 1 b. 

Results and Discussion 

Methyl derivatives: In the following discussion of the calcula- mer of H,S,O. The torsional potential of this structure shows at 
tions carried out for the methyl trisulfane oxides the energies, least two additional rotamers (1 c and 1 e) with regard to the axis 
geometries, atomic charges and dipole moments, and vibra- S 1 -S2. The shoulder at r(SSS0) = 85" may indicate another 
tional wavenumbers of the molecules are described. unstable rotamer of 1 b. Since 1 a can be transformed into 1 b by 

rotation about the S2-S3 axis all five species l a - e  are ro- 
Energies: In Figure 1 the live isomeric trisulfane-1-oxides tamers of each other. The total energies, relative energies, and 
found at minima on the potential hypersurface (no imaginary zero-point energies of the trisulfane monoxides are listed in 
vibrational frequencies) are shown. This hypersurface has not Table 1 ; the geometrical parameters are given in Table 2. The 
been fully calculated but instead the torsional potential curves trisulfane-1-oxide l a  is the most stable structure. It contains a 
for rotation about the torsional angle SSSO were calculated by helical CSSSC backbone, while the rotamer 1 b is of cis con- 
fixing this angle to values of between 180" and - 180" and opti- formation as far as the methyl groups are concerned. Com- 
mizing all other geometrical parameters at the HF/6-311 G** pound l b  is less stable than l a  by 13.1 kJmol-'. The same 
level of theory (Fig. 2). In the beginning the most likely confor- order of energies has been calculated for the unsubstituted 
mation was inferred from the geometry of the analogous hydro- trisulfane-1-oxide: trans-H,S,O is more stable than cis-H,S,O 
gen compound HS(0)SSH.[16] Starting from this isomer ( la )  by 6.0 kJmol- 1.[161 
one additional rotamer 1 d was found. The second starting ge- In the case of dimethyl trisulfane-2-oxide (2). three rotamers 
ometry l b has also been deduced from the corresponding iso- have been found. Their structures are shown in Figure 3, the 
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energies are given in Table 1, 
and the geometrical parame- 
ters are given in Table 3. The 
torsional potential presented 
in Figure4 was calculated 
starting from isomer 2 s  and 
varying the angle r(C2 SSO). 
All other geometrical parame- 
ters were optimized at the HF/ 
6-31 1 G** level of theory. The 
potential is characterized by a 
high maximum at 7 = 125", a 
global minimum at T = 35", 
and an area of almost con- 
stant energy despite large 
variations in the value of 7. In 
this area a shallow minimum 
at T = - 43.5" was found cor- 
responding to isomer 2c. The 
minimum near 7 = - 85" cor- 
responds to the enantiomer of 
2c, which is of course of equal 
energy. Another rotamer (2b) 

Fig. 1. Molecular structures of the various isomers of dimethyl trisulfane-1-oxides In-e and numbering of atoms. The was found by restricting the 
relative energies (kJmol-') with respect to the most stable isomer I a are given in brackets. symmetry to C,. The vibra- 
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Table 1.  Total energes (h = 2625.5 kJ mol- I) of various rotamers of MeS(0)SSMe 
(1) and MeSS(0)SMe (2). the corresponding zero-point vibrational energies ( k J -  
mol-')scaled by0.9135. and theenergies (kJmol-')inrelationtotheenergyof l a  
taking the zero-point energies into account (€,,J. 

HFi6-311 G** ZPE [a] MP216-311 G** [b] E,,, 

l a  
I b  
l c  
I d  
l e  
28  
2b 
2c  

- 1346.66789 
- 1346.66552 
-1346.66111 
- 1346.66181 
- 1346.66276 
- 1346.65931 
- 1346.65827 
- 1346.65491 

213.2 
212.6 
212.8 
212.2 
212.4 
212.4 
212.4 
211.9 

- 1347,57406 
-1347.57139 
- 1347.56892 
- 1341.56831 
- 1347.56777 
- 1347.56966 
- 1347.56914 
- 1347.56523 

0 
6.4 
13.1 
14.1 
15.7 
10.7 
12.1 
21.9 

[a] ZPE taken from HF/6-311 G** calculations. (b] Geometries optimized at HF/6- 
31 1 G**. 

Table 2. Bond lengths d(pm). valence angles a ('). and torsion angles T (") of the various 
rotamers of MeS(0)SSMe ( I )  (HF/6-311 G**). 

l a  I b  I c  I d  l e  

147.1 146.7 
206.0 205.8 
212.4 213.0 
179.4 179.9 
181.8 181.8 
108.0 108.0 
109.4 109.3 
104.5 100.2 
105.4 106.1 
102.3 101.9 
99.1 93.9 
109.6(Hl) llO.z(H1) 
106.0 (H2) 106.1 (H2) 
109.1 (H3) 109.0(H3) 
110.1 (H4) 110.2 (H4) 
109.8 (H 5) 110.3 (H 5) 
105.5 (H6) 105.6 (H6) 

-174.1 (HI )  -173.1 (HI)  
66.4 (H 2) 67.6 (H2) 

46.0 - 70.4 

-51.9 (H3) -50.5 (H 3) 
-81.0 - 179.0 
-64.2 84.9 

146.4 146.2 146.7 
206.3 205.8 205.8 
212.9 213.5 214.5 
179.5 180.0 179.6 
181.6 181.4 181.5 
108.0 108.0 108.0 
110.6 110.7 105.9 
106.3 101.6 101.3 
105.1 105.8 105.6 
102.4 102.2 102.5 
100.0 93.5 98.1 
110.2(H1) 110.3(Hl) 109.9(Hl) 
106.0 (H2) 105.9 (H2) 106.5 (H2) 
108.6(H3) 109.1 (H3) 108.5 (H3) 
111.8(H4) 110.9(H4) 110.8(H4) 
IlO.l(H5) 110.7 (H5) 110.3(H5) 
105.4 (H6) 105.9 (H6) 106.0 (H6) 
50.5 - 83.6 - 164.78 
-172.6(H1) -176.1 (HI )  -170.5(Hl) 

67.7 (H2) 64.3 (H2) 70.0 (H2) 
-49.7(H3) -53.4(H3) -48.6(H3) 
- 104.5 168.0 86.4 

59.8 - 89.0 86.4 

[a] Average value of CH bond lengths. 

n 

Table 3. Bond lengths d (pm). valence angles a ('). and torsion angles T (') of the 
various rotamers of MeSS(0)SMe (2) (HFl6-311 G"). 

146.3 
210.0 
212.0 
181.6 
181.8 
108.0 
107.0 
108.7 
97.4 
97.3 
99.9 

105.8 (H 1) 
111.1 (HZ) 
109.8 (H 3) 
108.7 (H4) 
106.0 (HS) 
110.8 (H6) 
54.1 
35.5 

166.3 
- 75.4 

146.9 
211.1 

181.6 

108.0 
106.8 

105.5 
101.6 

106.0 (H 1) 
109.0 (H2) 
111.1 (H3) 

~ 

-28.9 
28.9 
83.2 

~ 83.2 

145.8 
210.1 
212.2 
181.6 
181.7 
108.0 
110.7 
108.2 
92.7 
97.1 
97.2 

105.8 
111.1 
110.5 
111.3 
105.5 
109.5 
86.8 

-43.5 
- 162.6 
- 156.3 
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Fig. 4. Torsion potential for dimethyl trisulfane-2-oxide 2. For each given torsion 
angle C2SSO the other geometrical parameters were optimized and the energy 
calculated. This energy profile represents a special path on the energy hypersurface 
of the molecule. 

tional wavenumbers of this structure were all real and its geome- 
try persisted when the symmetry restriction was lifted. When we 
tried to optimize another symmetrical structure with both 
methyl groups on one side of the SSS plane and the oxygen atom 
on the other side the result was rotamer 2 b. 

H 2  

HS The most stable conformation 2a is of C, symmetry and 
contains an almost planar CSSS chain, but neither the oxygen 
atoms nor the second carbon atom are located in this plane. The 
symmetrical rotamer 2b is less stable than 2a  by only 
1.4 kJ mol- I ,  while the 2-oxide 2a  is less stable than the 1-oxide 
1 a by 10.7 kJmol-I. The very same results have been found for 
the unsubstituted trisulfane monoxides: the symmetrical 2-ox- 
ide H,S,O (C, symmetry) is less stable than the unsymmetrical 
rotamer. However, in the case of H,S,O the 2-oxide is tnore 
stable than the 1-oxide (by more than 30 kJmol-').['61 At 
present there is no explanation for this differing behavior of 
substituted and unsubstituted trisulfane monoxides. The least 
stable dimethyl trisulfane-2-oxide 2c is less stable than 2a by 
21.9 kJ mol- ' ; its CSSS skeleton forms a n  almost planar zigzag 

H4 H1 
H6 

H3 
2b 
(12.1) 

2a 
(10.7) * H5 

53 H2 H1 
2c 
121.91 . .  

chain. 

trisulfane dioxides are shown in Figure 5 .  The absolute and 

Fig. 3. Molecular structures of the various isomers of dimethyl trisulfane-?-oxides 
28-c and numbering of atoms. The relative energies with respect to the most stable The various isomers and rotamers found for the dimethyl- 
isomer of Me,S,O 1 a are given in brackets (kJmol-I). 

~~ 
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H5 

02 H3 

0 f l H 3  

02 
C2 H4 

H5 

3c 
(25.6) 

Tdble4. Total energies (h = 2625.5 kJmol-') o f  various rotamers of MeS(0)- 
SS(0)Me (3) and MeS(O)S(O)SMe (4). the corresponding zero-point vibrational 
energiesscaled by0.9135(ZPEin kJmol-') .  andtheenergies(kJmol-')inrelation * H3 to the energy of 3n taking the zero-point energies into account (E,.,).  

HF/6-311 G** ZPE [a] MP2/6-31 I G** [b] E,.# 
H5 

H4 3n - 1421.48232 212.8 - 1422.59823 0 
02 3b - 1421.47843 223.0 - 1422.59557 17.2 

3c - 1421.47758 222.9 - 1422.59227 25.6 
3b 3d - 1421.47491 222.3 - 1422.59103 28.4 

21.4 
4b - 1421.47209 221.8 -1422.59128 27.3 
4c - 1421.46882 221.7 - 1422.59107 27.7 
4d - 1421.47092 221.5 - 1422.58854 34.1 

- 1421.46690 221.7 - 1422.58892 33.4 

- 1422.59383 (17.2) 4P -1421.47168 222.6 

H3 [a] ZPE taken from HF/6-311 GI* calculations. [b] Geometries optimized at HF/& 
31 1 Go*. 

02 

3d 
(28.4) 

H2 

01 

4a 
(21.4) 

4b 
(27.3) 

H2 
... 0 

H1 

H4 
H4 

4d 
(34.1) 

4e 
(33.4) 

Fig. 5. Molecular structures of the dimethyl trisulfane dioxides 3n-4e and num- 
bering of atoms. The relative energies with respect to the most stable isomer 3 s  are 
given in brackets (kJmol-'). 

relative energies as well as the zero-point energies are given in 
Table 4. Since 3 has two equivalent chiral centers there should be 
two enantiomers and one meso form. The most stable structure 
is the trisulfane-l,3-dioxide 3a, which is of C, symmetry and 
represents the (RR)/ (SS)  form. This molecule has a helical 
CSSSC backbone with the oxygen atoms on different sides of 
the SSS plane. Therefore, 3a may be considered as a derivative 
of 1 a to which one oxygen atom has been added with otherwise 
little conformational change. The meso form 3b is less stable 
than 3a by 17.2 kJmol-I. In 3b the CSSSC chain is no longer 
helical but the four atoms CSSS are almost coplanar with the 
second CS bond perpendicular to this plane. The structure 3c is 
a rotamer of 3 b and contains a helical CSSSC backbone with 
both the oxygen atoms and the methyl groups in unri positions. 
This form is less stable than 3a by 25.6 kJmol-I. The con- 
former 3d is a rotamer of 3a but less stable by 28.4 kJmol-'. 
The Newman-type projections along the S 1 -S 3 axes shown in 
Figure 6 demonstrate the conformational differences between 

3a, 3b, 3c, and 3d. It is noteworthy that the order of decreasing 
stability is the same at the HF and MP2 levels (Table 4). 

The various conformations of the trisulfane-1 ,Zdioxides 4 
are all less stable than the most 
stable 1,3-dioxide 3a, the mini- 
mum energy difference being * 11.6 kJmol-'. The most stable 
1,Zdioxide 4a has a remarkable 

H5 H4 conformation, with all sub- 
stituents (2 Me, 2 0) on the same 
side of the SSS plane! Since 4 has 
two nonequivalent chiral sulfur 
atoms there should be stereoiso- 
mers ( (RR)/(SS) and (RS) / (SR))  
as well as rotamers. 

In the following the coordination number of the sulfur atoms 
will be indicated by a Roman superscript. Rotation around the 
S"'S"' and S"S"' bonds transforms the ( R S ) / ( S R )  form 4a into 
4b which is less stable than 4a by 5.9 kJmol-'. To generate the 

s1 s3 

4c 
(27.7) 

3b 3c 3a 

4a 4b 3d 

4c 4d 4. 

Fig. 6. Molecular structures of the dimethyl trisulfane dioxides 3n-4e as projec- 
tions in the direction of the S 1 -S3 axes. 
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Table 5. Bond lengths d (pm), valence angles a c), and torsion angles 7 (") of the various rolamers of MeS(O)SS(O)Me (3.-d) and of MeSS(O)S(O)Me (4a-e) (HF/6- 
31 1 G**). 

3 a  (C, )  3b 3c 3d (C,) 4a 4b 4c 4 d  4e 

213.0 
213.0 
146.9 
146.9 
179.9 
179.9 
108.1 
107.7 
110.3 

110.3 
100.0 
100.0 
106.2 
106.2 
109.8/ 
109.8 
108.8/ 
108.8 
105.11 
105.1 
-46.5 
-46.5 
- 

- 
- 

65.1 
65.1 

213.9 
213.0 
146.5 
146.7 
179.8 
180.1 
108.1 
98.9 
109.2 

108.3 
93.3 
98.8 
105.8 
106.1 
110.11 
110.2 
108.81 
109.4 
105.51 
105.4 
74.0 
33.2 
- 
- 
- 

-77.1 
- 178.0 

215.5 
211.1 
146.4 
147.5 
179.7 
179.2 
108.1 
100.0 
105.8 

108.1 
99.9 
97.6 
106.7 
105.6 
109.3/ 
108.3 
109.8/ 
106.0 
106.01 
109.0 
162.0 
40.3 
- 

- 

-69.9 
- 88.2 

212.3 
212.3 
146.2 
146.2 
179.9 
179.9 
108.1 
96.6 
110.1 

110.1 
95.1 
95.1 
106.1 
106.1 

109.8 
1 09.4/ 
109.4 
105.71 
105.7 
101.8 
101.8 

109.81 

- 
- 
- 
- 148.9 
- 148.9 

220.9 
208.3 
146.7 
146.9 
179.3 
182.4 
108.1 
98.0 
109.61 
107.7 
110.8 
93.4 
100.8 

106.2 
108.5/ 
108.6 
106.1/ 
105.0 
110.0/ 
110.0 

- 41.7 
71.9 

- 36.8 
- 33.9 
- 150.5 

78.2 

- 

- 

219.6 
209.4 
146.9 
147.4 
179.3 
182.1 
108.1 
101.3 
107.2/ 
103.4 
106.0 
97.6 
99.2 

107.8 
106.5/ 
105.2 
108.9/ 
110.2 
108.41 
110.6 

47.3 
158.3 
47.3 
177.1 
-63.7 
- 84.9 

- 

- 

220.3 
211.6 
146.4 
146.6 
179.2 
181.7 
108.1 
91.9 
109.5/ 
108.0 
105.5 
97.2 
95.1 

107.4 
109.5/ 
110.9 
105.41 
105.7 
109.3l 
109.7 

- 

- 
155.7 
- 94.4 

15.3 
53.6 

-94.6 
164.8 

218.3 
209.4 
146.6 
147.4 
179.6 
182.8 
108.1 
96.7 
107.81 
103.9 
104.8 
94.0 
98.7 

106.8 
106.81 
105.1 
108.9/ 
110.7 
109.21 
110.5 

- 

- 
70.1 

- 179.6 
-71.1 
163.3 
178.7 

-89.7 

219.5 
210.4 
146.1 
146.5 
179.9 
182.0 
108.1 
97.7 
103.91 
108.2 
105.2 
95.4 
100.2 

105.7 
105.71 
105.9 
109.11 
108.6 
1 l l .Ol  
111.0 

- 

- 

176.6 
65.6 

173.5 
29.4 

- 75.5 
- 78.0 

[a] Average value of CH bond lengths (range 108.0-108.25 pm). 

( R R ) / ( S S )  form 4c from 4a requires inversion at the terminal 
S"' atom and rotation about the S"Snl bond. This isomer is 
6.3 kJmol- less stable than 4a. The least stable structure 4 d  is 
a rotamer of4c and is less stable than 4 a  by 12.7 kJmol-'. The 
species 4e is another rotamer of 4 a  (or of its mirror image as 
shown in Fig. 5). The projections in Figure 5 and the OSSO 
torsion angles in Table 5 show that the SO bonds of 4 d  are 
antiparallel, which also holds approximately for 4b, while in 4a, 
4c, and 4e a more perpendicular orientation of the two SO 
groups is found. 

Geometries: The bond lengths, valence angles, and torsion 
angles of 1-4 are given in Tables 2, 3, and 4. The SO bond 
lengths of the 17 molecules investigated fall in the narrow range 
145.8- 147.4 pm. By way of contrast, the SS bonds are of widely 
differing lengths, which vary from 205.8 to 220.9pm. This 
parameter clearly depends on the coordination number. The 
S"S" bonds are calculated in the range 205.8-206.3 pm (1 a, 
1 b), S"S"' bonds are longer (208.3-214.5 pm), while the S1"S"' 
bonds of 4 are the longest (218.3-220.9 pm). This may explain 
why compounds of type 4 have not so far been prepared. Recent 
work shows that a heterolytic cleavage of SS bonds is likely to 
be the first step in the thermal decomposition of di- and trisul- 
fane monoxides and dioxides.''. Heterolysis of S"S"' bonds 
followed by recombination will result in scrambling of sub- 
stituents and thus in racemization at this particular chiral cen- 
ter. 

The calculated CS and CH bond lengths and the SSS, SSO, 
SSC, and OSC bond angles all have unremarkable values and do 
not require a long discussion. However, the torsion angles are 
most interesting. The energetically most favorable torsion angle 
XSSS for an open chain of two-coordinated sulfur atoms is 
80-90", since for this geometry the lone-pair repulsion is at its 
minimum.['*1 However, if one or more sulfur atoms is oxidized 
the situation changes, since now the angles r(XSSS) and 

r ( X S S 0 )  have to have their optimum values. The results for the 
stable trisulfane monoxides l a  and 2 a  show that the torsion 
angles involving the oxygen atom (CSSO and SSSO) are always 
smaller (46.0 and 54.1') than t(CSSS), which adopts values 
of -75.4 and 166.3'. It is obvious that the angle preference 
changes when sulfur is tricoordinate. 

In this context the structures of maximum energy are of inter- 
est. In Figure 2 the two highest maxima obtained by rotation 
about the S 1 -S 2 axis are of similar energy, which is not inci- 
dental. The minima in both curves also show some similarities 
(see 1 a vs. 1 c and 1 b vs. 1 a). The structure corresponding to the 
maximum 1 f is characterized by the following torsion angles: 
C1 SSS 20.5", SSSO 130.5", C2SSS -96.3". The two methyl 
groups are on opposite sides of the SSS plane. In the case of 1 g 
these parameters are: 20.3", 120.5", 91.6" with the methyl groups 
and the oxygen on the same side of SSS plane. The reason for the 
instability of these conformations is the almost cis-planar ge- 
ometry of Cl SSS, which results in a coplanar arrangement of 
the SO bond and the 3 p lone pair at the neighboring sulfur atom 
and hence in strong repulsion. In the case of 2 the structure 
corresponding to the highest energy in Figure 3 is characterized 
by the torsion angles C1 SSS 170.7", C2SSS 13.1", C1 SSO 59.0", 
and C2SSO 125.5". In this structure a strong repulsion between 
the 3 p lone pairs at S 1 and S 3 and the oxygen lone pairs can be 
assumed in addition to the C2- . .S1  repulsion in the almost 
planar C2-S 3-S 2-S 1 section of the backbone. 

In addition to the electronic effects already discussed, the 
conformations of 1 a and 2 seem to be affected by 0 .  . . H hydro- 
gen bonds. The shortest O . . . H  contacts are 239 pm in 2 b  
(H 5 * .  . 0), 245 and 270 pm in 2 a  (H4. ..O and H 3 . .  . 0), and 
260 pm in 1 a (H 5 . . f0). There are no hydrogen bonds in 1 b. 
Hydrogen bonds may also determine the relative stability of the 
trisulfane-l,3-dioxides. In 3a the two shortest 0.. . H contacts 
are 229.9 pm (H 1 . . .O 2 and H 4. . .O 1). Considering these in- 
teractions as bonds, the molecule forms a kind of cage. In 3b 
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there is one 0. . . H contact of 245.2 pm (H 2. * .O  1) and in 3c 
one of 253 pm (H 4 .  . . O  2), while in the case of 3d only van der 
Waals 0. . . H distances (280 pm) are found. The torsion angles 
CSSS show the most reasonable values in 3a (65.1') and in 3c 
(- 69.9" and -88.2") while the less stable rotamers 3b and 3d 
exhibit large deviations from the 80-90" optimum (- 178.0" in 
3b, -148.9" in 3d). The other torsion angles do not show any 
systematic behavior, neither for species 3 nor 4. Equivalent tor- 
sion angles of enantiomers have opposite signs. Hydrogen 
bonds may also be assumed for 4a with one 0 * * * H contact of 
246pm(Hl...Ol)andanotherof251 p m ( H 4 . . . O l )  . I n 4 b  
there are two 0. . . H contacts of 250 (H 2 . .  .O  1) and 255 pm 
( H 4 - . . 0 2 ) ,  in 4c these are of length 246 (H2 . . . 01 )  and 
268 pm ( H 6 - - . 0 1 ) ,  and in 4d of length 242 (H6 . . . 02 )  and 
275pm (H1 . . . 02 )  . The structure of 4e shows one short 
O . . . H  contact of 240pm ( H 5 . . . 0 1 )  . 

Atomic charges and dipole momenfs: The Mulliken atomic 
charges will not be listed in detail but ranges will be given in- 
stead, because similar values have been calculated for compar- 
able atoms in the various trisulfane oxides. The carbon atoms 
carry a negative charge in the range -0.39 to - 0.47 e, while the 
hydrogen atoms are always positive (+ 0.13 to + 0.21 e). The 
methyl substituents as groups are slightly positively charged 
(+ 0.01 to + 0.08 e). The charge on the oxygen atoms amounts 
to -0.65 to - 0.70 e. The two-coordinate sulfur atoms of spe- 
cies 1, 2, and 4 are only slightly charged (range + 0.04 to 
- 0.13 e) but for the 1,3-oxides 3 the central sulfur atom is 
somewhat more negative (- 0.19 to - 0.22 e). The three-coor- 
dinate sulfur atoms, as expected, are highly positive (+ 0.62 
to + 0.79 e). The charge difference between neighboring sulfur 
atoms of differing coordination number ranges from 0.65 e in 
4a through 0.74 e in 2a. 0.84 e in 1 a, ca. 0.94 e in 3a. 3c, and 3d 
to 1.01 e in 3 b. Heterolytic cleavage of SS bonds should there- 
fore be a possibility. On the other hand, the two neighboring 
threecoordinate sulfur atoms in 4 both carry positive charges of 
0.65 f 0.05 e resulting in repulsion and instability, as has already 
been noticed from the long SS bond distances of 218.3- 
220.9 pm. 

In connection with the further oxidation of trisulfane-l-ox- 
ides by electrophilic reagents like peroxo acids the charge distri- 
bution in the sulfur chain is of interest. For 1 a the central sulfur 
(- 0.12 e) is more negative than the two-coordinate terminal 
sulfur (fO.OO e). Very similar values have been obtained for 1 b. 
The dipole moments of 1-4 are given in Table 6. The values 
range from 1.36 (4b) to 5.98 D (4e). 

Table 6. Dipole moments p ( D  = 3.33 x lo-'' Cm) of the various isomers of 
Me,S,O (1, 2) and of Me,S,O, (3.4) (HF/6-311 G"). 

Molecule P Molecule k 

l a  1.94 3b 3.63 
I b  2.06 3c 2.94 
l c  5.58 3d 1.92 
I d  5.19 4a 2.09 
l e  4.07 4b 1.36 
2a 1.81 4c 4.42 
2b 2.89 4d 2.12 
2c 2.27 4e 5.98 
3a  1.65 

Vibrarional wavenumbers: Owing to the large number of atoms 
and the low molecular symmetry the vibrational spectra of 1-4 
are expected to be complex, and in most cases the calculated 
wavenumbers cannot easily be assigned to particular stretching 

or bending motions. Therefore, the following discussion will be 
restricted to the most characteristic modes that might be used to 
identify the corresponding compounds or derivatives thereof by 
IR or Raman spectroscopy. In Table 7 the calculated wavenum- 
bers are listed for those fundamentals which occur in the regions 

Table 7. Harmonic wavenumbers (cm-I) of the fundamental vibrations in the 
range 300-800 cm-' and of  the Stretching vibrations i, of  the most stable species 
of Me,S,O ( I  a. 2a.2b) and of Me,S,O, (3.. 4s) (HF/6-311 GI*).  Wavenumbers 
have been scaled by a factor of 0.8929. 

l a  2s 2b 3 s  4 s  

vso 1033 1038 1017 1051 
1031 

VCS 682 675 674 671 
PCS 669 667 671 670 

"k" 488 484 476 446 
422 467 441 435 
388 380 389 402 
319 31 1 333 346 

316 

1048 
1011 
675 
654 

479 
440 

346 
320 

389 

typical for SO, CS, and SS stretching vibrations. The SO stretch- 
ing modes of the species 1 a and 2 a differ by only 5 cm- ' despite 
the differing connectivity; for 2b  a slightly lower value oft, is 
expected. The various isomers of 3 show wavenumber differ- 
ences between the two SO stretching modes of between 11 cm-' 
for 3d and 34 cm-' for 3c. The value of 20 cm-' calculated for 
3a is intermediate between these extremes. Similarly, the four 
species 4 show differences for the two SO modes of between 
21 cm-' (4b) and 40 cm-' (4c); 37 cm-' was obtained for the 
stable isomer 4a. These data show that the vibrational coupling 
between the two SO groups depends on the conformation and, 
surprisingly, is of similar magnitude in the 1,3- and 1,2-dioxides. 

The CS stretching modes show similar behavior. The equiva- 
lent CS bonds of 2a, 2b, and 3a result in two stretching modes 
near 670 cm- ' separated by a maximum of 8 wavenumbers. The 
wavenumber differences between the two nonequivalent CS 
bonds of 1 a and 4a are, however, 13 and 21 cm- ', respectively. 
SS stretching modes of sulfane derivatives are usually observed 
in the region 380-530 cm-'. The wavenumbers listed in Table 7 
for the 500-300 cm-' region are somehow related to 1,, but an 
inspection of the Cartesian displacements shows that strong 
coupling with bending modes of the SO and CH, groups takes 
place. Only the more stable rotamers/diastereomers have been 
listed in Table 7. The wavenumbers of the other species are, 
however, very similar. 

rerr-Butyl derivatives: None of the methyl compounds investi- 
gated in this work has yet been prepared, since trisulfane oxides 
seem to be relatively stable only with bulky substituents. To 
check whether a bigger substituent changes the order of stabili- 
ties of the various rotamers and diastereomers, we calculated the 
energies and structures of fBuS(O)SS(O)fBu, which we first pre- 
pared in 1977. Unfortunately, the size of this molecule requires 
a somewhat smaller basis set than was applied for the methyl 
compounds, and the electron correlation had to be ignored 
when calculating the energy. Comparisons of structural data 
should therefore be made with caution. 

Geometry optimization resulted in only two stereoisomers 
(Sa and Sb; see Fig. 7) which are both of C, symmetry and of 
almost identical energy. Since vibrational wavenumben could 
not be calculated for these large molecules, the relative energies 
given in Table 8 are based on HF/6-311 G* energies. The energy 
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? values are both 65.1". The SSSO torsion 
angles of 5 a  are also of equal sign (93.5", 
132.8') and larger than in 3a 

The meso form 5b has also a helical 
CSSSC backbone (CSSS torsion an- 
gles: -82.2 and -126.1") and the two 
oxygen atoms on different sides of the 
SSS plane (SSSO angles: 31.0" and 
123.7"). In other words, the OSSSO 
chain is also of helical structure. 

(both -46.5'). 

Comparison with experimental work: 
Since the methyl compounds investigat- 
ed in this work are still unknown, com- 

5a 5b 
(0) (1.8) 

Fig. 7. Molecular structure of the diastereomers of rBuS(O)SS(O)rBu (5). The relative energies with respect to 
the most stable isomer 5 a  are given in brackets (kJmol-') 

Tables. Total (h = 2625.5 kJmol-') and relative (kJmo1-l) energies of the two 
stereomers of rBuS(O)SS(O)rBu 5 a  and Sb calculated at the HFi6-311 G* level of 
theory. 

HF/6-31 I G* Ere, 

5 a  -1655.72151 0 
5b - 1655.72082 1.8 

difference between the more stable ( R R ) / ( S S )  isomer 5 a and the 
meso form 5 b amounts to only 1.8 kJ mol- I .  Selected geometri- 
cal parameters and the dipole moments of 5a and 5b are com- 
piled in Table 9. The conformations of 5a  and 5b are similar to 

Table 9. Selected bond lengths d (pm), valence angles a (?). and torsion angles 'I (") 
as well as dipole moments I( (D) of the two rotamers of rBuS(O)SS(O)rBu (5a/b) 
(HF/6-311 G*). 

5 a  5b 

4SO) 

@S) 

d(CS) 

a(0SS)  

a(SSS) 
a ( C S 0 )  

a(CSS) 

r ( 0 S S S )  

r(CSSS) 

I' 

147.0 
146.9 
212.3 
213.2 
184.7 
185.0 
108.6 
107.3 
96.8 
106.2 
106.0 
99.1 
100.9 
93.5 
132.8 
- 155.8 
- 116.5 
2.17 

147.2 
147.3 
213.7 
212.8 
184.7 
184.9 
107.5 
108.3 
102.2 
105.8 
106.5 
99.9 
104.4 
31 .O 
123.7 
- 82.2 
-126.1 
1.58 

those of the methyl derivatives 3a and 3b (see Fig. 4). A com- 
parison of the structures 3a/5a and 3b/5b (Tables 5 and 9) 
shows that the substitution of methyl by rert-butyl groups has 
little influence on the SS and SO bond lengths. However, the CS 
bond lengths, some valence angles, and in particular the torsion 
angles are quite different. As expected, the CS bonds of 3a/b 
(1 79.9 f 0.1 pm) are considerably shorter than those of 5a/b 
(184.8f0.2 pm). The CSSS torsion angles of 5a are large 
(- 11 6.5, - 155.8") and of equal sign, thus minimizing any sub- 
stituent interaction in the helical (CSSSC) molecule. In 3a these 

parison can be made only to experimen- 
tal data for trisulfane oxides with other 
organic substituents. Only chain-like 

compounds will be considered. Trisulfane-1 -oxides have been 
prepared with R = 2-naphthyl (6) and tert-butyl (7) but only 
one trisulfane-1,3-dioxide (R = tBu, 5) has been isolated.[51 The 
vibrational spectra of these compounds show the SO stretching 
vibration(s) at 1101 (6) ,  1088 (I), and at 1085/1095cm-' 
(5).15. l9] Basically these values are in agreement with the data 
calculated for the methyl derivatives (Table 7) but there is an 
offset of about 60cm-' between the latter and the former, 
showing that the scaling factor of 0.8929 applied to the calculat- 
ed wavenumbers is somewhat too small. The small wavenumber 
difference of 10 cm-' observed for the two SO stretching modes 
of 5[191 is consistent with a 1,3-dioxide, while for a 1,2-dioxide 
stronger coupling and thus a somewhat larger difference 
( > 20 cm - ') would be expected. 

Vibrational spectra of trisulfane-1 ,Zdioxides are not known, 
but numerous trisulfane-2-oxides have been pre- 
pared.16~7~10.20*211 For R = tBu the SO stretching mode has 
been observed at 1108 cm-1,151 20cm-' above the value of the 
isomeric trisulfane-1-oxide but in line with the trends of the data 
in Table 7. 

The molecular and crystal structures of four acyclic trisul- 
fane-2-oxides have been determined by X-ray crystallography 
(R = C,H, (9), ClC,H, (lo), (C,H,),C ( l l ) ,  rBu (12)). All four 
structures show the CSSSC skeleton to be almost planar with 
CSSS torsion angles of between 158.5 and 178.7". The confor- 
mation calculated for the most stable methyl compound 2a, 
however, is different, with CSSS torsion angles of - 75.4 and 
166.3'. Obviously, the packing requirements in the crystal lat- 
tices of the trisulfane-2-oxides force a rotation around one of the 
SS bonds to make the CSSSC chain almost planar. This planar 
zigzag chain geometry of the CSSSC backbone corresponds to 
the horizontal part of the potential energy curve in Figure 4. For 
r(C1 SSO) from -40 to - 85" both CSSS torsion angles are cal- 
culated as between 154 and 180" (absolute values); this fits the 
observations in the crystalline trisulfane-'-oxides very well! 
Since the energy of these conformations are only about 
12 kJmol- ' higher than the energy of 2a, the crystal forces can 
easily be considered responsible for the deviations from the 
gas-phase structure of MeSS(0)SMe. However, most of the oth- 
er molecular parameters calculated for 2a agree very well with 
those observed for molecules 9-11. Only the SS and SO bond 
lengths of 12 differ substantially from those of 2a and other 
trisulfane-2-oxides, as the comparison of data in Table 10 
shows. 

The formation of two diastereomers of bis(tert-buty1)tri- 
sulfane-1,3-dioxide 5 has recently been inferred from the I3C 
NMR spectrum of the product of the oxidation of the corre- 
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Table 10. Comparison of selected bond lengths (pm) and valence angles (”) of 
organic trisulfane-Zoxides (data for 9- 12 from X-ray structural analyses). 

R CH, (2.) C,H, (9) CIC,H, (10) Ph,C (11) rBu (la) 

d, 210.0/212.0 212.4 212.5 212.71211.4 204.41206.5 
dm 146.3 147.6 144.9 146.9 154.5 
d, 181.6/181.8 177.0 178.0 188.0/188.2 187.11187.9 
us 97.4 88.3 91.3 83.8 89.8 
usso 107.0/108.7 110.9 lO8.3/lO9.2 112.0/112.2 109.4/110.1 
urn 97.3199.9 98.0 94.1 104.1 101.1/101.6 
ref. this work [7] [61 PI [a1 

[a] Calculated from the coordinates given in ref. 191. 

sponding monoxide by either m-CPBA, peroxoacetic acid, or 
dimethyldioxirane.[’ The primary and obviously metastable 
product formed at - 40 “C showed a singlet for the tertiary car- 
bon atoms, but on standing at room temperature this signal 
decreased in intensity while a second. immediately neighboring 
singlet grew at the expense of the first signal, which disappeared 
almost completely. This was explained by the conversion of an 
initially formed “kinetic diastereomer” into a more stable “ther- 
modynamic diastereomer”. The latter was assumed to be the 
meso form with the SO groups in an anti ~r ien ta t ion .~”~ How- 
ever, our results do not support this interpretation. The rather 
similar conformations of 5a and 5 b  (Fig. 6) do  not provide any 
justification for reasoning that just one of them should be 
formed in the oxidation of the monoxide tBu-S(0)SS-tBu. In 
addition, the energies of 5a and 5b are so similar that a complete 
conversion of one of them into the other is unlikely. Rather, one 
would expect that (RR)/(SS)- and (RS)-tBu,S,O, would be 
formed together when the trisulfane monoxide is oxidized. Thus 
the identity of the metastable primary oxidation product re- 
mains unknown. 

Conclusion 

Our results show that dimethyl trisulfane oxides have the ex- 
pected structures with weak S-S bonds at three-coordinated 
sulfur atoms. The trisulfane-1 -oxide Me,S,O is more stable 
than the isomeric 2-oxide, the structure of which is in good 

agreement with experimental structures of other organic trisul- 
fane-2-oxides. The trisulfane dioxide Me,S,O, is more stable as 
1,3-dioxide MeS(O)SS(O)Me than the isomeric 1 ,2-dioxide. 
Some of the methyl compounds are stabilized by 0. . . H hydro- 
gen bonds. No such hydrogen bonds exist in the di-tert-butyl 
trisulfane-l,3-dioxide, which exists as (RR)/(SS) and (RS)/(SR) 
forms of practically identical energy. 

Acknowledgements: Advice from Prof. W. Koch and R. Hertwig and suggestions by 
an anonymous reviewer are gratefully acknowledged. This work was supported by 
the Deutsche Fonchungsgemeinschaft and the Konrad-Zuse-Zentrum f i r  Infonna- 
tionstechnik, Berlin. 

Received: November 20, 1995 
Revised version: April I ,  1996 IF2491 

P. L. Folkins, D. N. Harpp, 1 Am. Chem. Sor. 1993, 115. 3066. 
G. Derbesy, D. N. Harpp, Sul/ur Rep. 1995.16.363; G. Derbesy, D. N. Harpp. 
J.  Org. Chem. 19%. 61,991. 
Review: R. Steudel, M. Kustos, in €nc.velopedia of Inorganic Chemistry (Ed.: 
R. B. King), Vol. 7, Wiley, Chichester, 19w, pp. 4009-4038. 
F. Feher, K.-H. Schafer, W. Becker, Z. Narurforsch. Part B 1962. 17. 847. 
R. Steudel, J. Latte. Chem. Ber. 1977, 110, 423. 
R. Steudel, P. Luger, H. Bradaczek, Chem. Ber. 1977, 110. 3553. 
C. T. Kiers. A. Vos. Reel. 7tav. Chim. Pays-Bas 1978. 97. 166. 
M. Pridohl. R. Steudel. 1. Buschmana. P. Luger, Z .  Anorg. Allg. Chem. 1995, 
621. 1672. 
G. Derbesy, D. N. Harpp, 1. Org. Chem. 1995.60.4468. 
R. Steudel. G. Scheller. Z. Narurforsch. Parr B 1969. 24, 351. 
For a similar study on dimethyldisulfane monoxide and 1.2dioxide see R. 
Benassi. G. L. Fiandri, F. Taddei, J.  Mol. Struct. (THEOCHEM) 1993, 27. 
239. 
M. J. Frisch. G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.  Johnson. M. W. 
Wong. J. B. Foresman. M. A. Robb. M. Head-Gordon, E. S. Replogle, R. 
Gomperts. J. L. Andres, K. Raghavachari, J. S .  Binkley, C. Gonzalez. R. L. 
Martin, D. J. Fox, D. J. Defrees. J. Baker, J. I. P. Stewart, J. A. Pople, GAUS- 
SIAN 92/DFT. Revision F.2. Gaussian, Pittsburgh. PA 1992. 
C. Meller, M. S. Plesset, Phys. Rev. 1934. 46, 618. 
1. A. Pople. A. P. Scott. M. W. Wong, L. Radom, Isr. J. Chem. 1993. 33, 345. 
W. J. Hehre, L. Radom. P. v. R. Schleyer, J. A. Pople. Ab Inirio Molecular 
Orbiral Theory, Wiley, New York. 19%6. 
Y. Drozdova, R. Steudel, Chem. Eur. J.  1995, 1, 193. 
G. Derbesy. D. N. Harpp, Sul/ur Lerr .  1995, 18, 167. 
R. Steudel. Angew. Chem. 1975,87,683; Angew. Chem. Inr. Ed. Engl. 1975.14, 
655; Y. Drozdova, K. Miaskiewicz. R. Steudel, Z. Narurforsch. Parr B 1995.50. 
889. 
1. Latte. Doctoral Dissertation, Technische Universitlt Berlin, 1975. pp. 124. 
L. Field. W. B. Lacefield, J.  Org. Chem. 1%6. 31. 3555. 
P. W Schenk, R. Steudel, J. Bilal. Z. Anorg. Allg. Chem. 1%7, 353,250. 

Clrem. Eur. J.  19%. 2. No. 9 Q VCH Verlagsgesellschafr mbH. 069451 Weinheim. 19% 09476539/96/0209-1067 8 15.00+ .ZS/O 1067 


