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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

RECENT PROGRESS IN THE SYNTHESIS, PROPERTIES 

AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

Edward L. Clennan* and Kristina L. Stensaas 

Department of Chemistry, University of Wyoming 
Laramie, WY 82071 -3838, USA 

INTRODUCTION 
Trisulfanes, also known as trisulfides, are compounds which contain three consecutive diva- 

lent (sulfenyl) sulfur atoms. (i. e. XSSSX) They are members of a homologous series of sulfanes 
(XS,X) which are integrally related by disproportionations.] (Eq. I )  These disproportionations often 
occur at or near room temperature and contribute to the difficulty of isolation and purification of poly- 
sulfanes.2 

The chemistry of the two lower homologues, sulfanes (sulfides) and disulfanes (disulfides), 
has dominated the literature. However, interest in the trisulfane linkage has increased rapidly in the 
past few years as a result of the isolation and structural assignment of the fermentation-derived anti- 
tumor antibiotic calicheamicin y, ( l ) . 3 9 4  The trisulfane linkage in 1 acts as the trigger for a Bergman 
Cyclization of the enediyne unit to give a 1,4-diyl that when bound in the minor grove of DNA 
abstracts hydrogen atoms, resulting in single- and double-stranded scissions. 

/, S' 

,NHCO&HJ * 
OCH3 

Naturally occurring trisulfanes have been known for a considerable amount of time and are 
often found to exhibit biological activity. Garlic (Allium sativum L.) for example is a rich source of 
organosulfur compounds including trisulfanes. Two of these garlic derived trisulfanes, methyl 2- 
propenyl trisulfane and bis(Zpropeny1) trisulfane are known to inhibit aggregation of blood platelets? 
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CLENNAN AND STENSAAS 

Numerous trisulfanes have been isolated and continue to be isolated from marine organisms? Lenthio- 
nine, (2), (1,2,3,5,6-~entathiepane) was isolated from the red alga Chondria c~l i fornia ,~  bis-(3- 
oxoundecyl)trisulfane, (3): was isolated from the Hawaiian algae Dictyopteris plagiogrammu and D. 
australis, and 5-methylthio-l,2,3-trithiane, (4), was isolated from the freshwater green alga Chara 
globakiris?. The novel 1,2,3-trithiane derivative, (S), was isolated from the New Zealand Ascidian 
Aplidium SP. D," and Lissoclinotoxin A, (6) ,  was isolated from the tunicate Lissoclinum 
Pe$oratum. I 

2 3 4 

I 

OMe 

6 

Recently a trisulfane counterpart of the biosynthetic human growth hormone has been 
detected, and thiocystine and a mixed trisulfane of glutathione have been isolated, by a mild extraction 
procedure from the organism Rhohpseudomonas spheroides.13 These results have led to the specula- 
tion that trisulfane cystine linkages exist in vivo. The possibility that these trisulfane peptides might 
exhibit the same biological activity as their disulfane counterparts has not been extensively investigated. 
However, preliminary results with several glutathione-like trisulfanes demonstrate that they can be 
reduced by disulfane reductases and that Vasopressin trisulfane, (7), and Vasopressin disulfane exhibit 
identical affinity for V, type receptors found in smooth muscle cells, in hepatocytes, and in ~1atelets.I~ 

Cys - Tyr - Phe - Gln - Asn - Cys - Pro - Arg - Gly - NH2 

I 
S s I 

S 

7 

In this review we will concentrate on the structure, properties, synthesis, and reactivity of 
organic trisulfanes and their oxidized derivatives. Earlier reviews by Schoberl and Wagner,I5 Wilson 
and Buchanan,16 Field,17 Gundermann and Humke,l* and Steudel and K u s t o ~ , ' ~  examined the 
synthesis of trisulfanes in the broader context of polysulfane chemistry. 

I. STRUCTURE AND PHYSICAL PROPERTIES OF TRISULFANES AND THEIR OXIDES 

X-ray structural data for acyclic trisulfanes 8,2O trisulfane-oxides 9-12,2l cyclic trisulfanes 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

13,22 metal complexed derivatives 14,23 and thiathiophthene and its alkylated derivatives 15,24 have 
been reported. 

R/s\ /s\ S R  

0 

a. R = - C(C1) C(0)tBu h. R = -C(S)OCH 3 m. 
b. R = - C(0)SCH 3 i. R = -CC13 
C. R = - (CH 2) 21 
d. R = 0-NO 2C gH 4- 

e. R = - C(S)-N(CH 2CH 2) 2 0  

g. R = - C(SiMe 3) 3 

f. R = - (CH 2) 17CH3 

Me0 

J . R =  H: 
k. R = - C F 3  
1. R = - C N  

nBu nBu 
n. I 1 

I 

9e 
Ph 9 

a. R = p c l c  gH 4- 

b. R=Ph-  
C. R=-C(Ph)3 
d. R = -C(CH 3) 3 

10 11 12 
a. R=Ph-  
b. R = pMeC gH 4- 

C. R = t-Butyl- 

13d 

/ 
S'S 

13e, f R = Ph, Me S OEt 

131 13h 13g 

13j 13k 131 
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CLENNAN AND STENSAAS 

/s *s- s, / S 

S S’S 
s\ 

I 
Et 

13q 

S 
II,Ph 

s, ap‘ph 
14a 

13r 

Me SMe 

Me ‘S ‘WS S’ 

SMe 
13s 13t 

14b 
,tBu 

Ph, s-s-s 
‘ T N A N p N \ P h  vph s-s-s 

/ U 
Ph 15c 15a 15b 

s-s-s a 
15d 

Ph Ph 
15e 15f 

s-s-s 

““YMe 
MeS 

- 
SbCls 

Me -‘s’’ \ 
S 

15j 
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SYNTHESIS. PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

The most important structural parameters for the acyclic trisulfanes, 8, are given in Table 1. 
All the trisulfanes, with the exception of 8h and 81, form trans structures with the two substituents on 
opposite faces of the plane defined by the three sulfur atoms?s* 26 The trans disposition of the two 
substituents can be most easily discerned by examination of the torsional angles, zcsss, which are of 
the same sign, ++ (or -- for its enantiomer). The two trisulfanes which adopt the cis conformation, 
with torsional angles of opposite signs, exhibit weak interactions with the middle sulfur of a nearby 
trisulfane. For example, the middle sulfur atom in the xanthate trisulfane, 8h, is within 3.625(6) and 
3.709(8) 8, of two sulfur atoms from adjacent molecules?6 For comparison, the sum of the van der 
Waals radii of two sulfurs is only 3.70 A. It appears that it is these interactions which sterically dictate 
adoption of the cis conformation. The absolute values of the torsional angles around the S-S bonds 
range from 67" to nearly 107". Significant deviation from 90" appears to be associated with the steric 
bulk of the substituent on sulfur. The S S S  angles are all between 104.2" and 113.2" which are very 
similar to that found in other polysulfanes. The S-S bond lengths all fall within the somewhat large 
range of 2.012 to 2.086 A. The factors influencing the S-S bond lengths are complex and as a conse- 
quence no real trend is observable in the data depicted in Table 1. 

Table I .  Structural Parameters for Trisulfanes ga 

Cmpd ds-s dc-s fcsss >sss 
8a 2.032,2.028 1.843 -96.1, -92.5 108.01 
8b 2.044 1.788 +83.1, +83.1 
8c 2.046 1.857 +80.3, +80.3 
8d 2.054,2.05 1 1.787 +87.8, +81.6 
8e 2.012,2.015 1.799 +92.4, +78.6 
8f 2.023,2.030 1.802 +72.8, +67.3 
8g 2.066,2.057 1.859 +104.6, +93.2 
8h 2.043,2.059 1.741 +102.4, -92.5 
8i 2.032,2.037 1.772 -92.5, -95.8 
8j 2.086 1.802 -106.8, -106.8 
8k 2.041 1.815 
81 2.071 1.701 +87, -87 
8m 2.046,2.030 1.820 -95.3, -91.6 
8n 2.058 1.780 -85.3, -85.3 
80 2.032,2.041 +103.7, +89.2 
a. Data collected from the Cambridge Structural Database?' 

107.94 
113.22 
106.35 
108.82 
106.30 
112.54 
104.20 
105.95 
106.82 
106.70 
105.34 
105.75 
105.94 
108.47 

The cyclic trisulfanes adopt geometries dictated by their cyclic framework. Five-membered 
ring trisulfanes, 13a, 13b, 13c, 13i, 13m, 1311, 13p, and 13q adopt envelope conformations with the 
middle sulfur atom as the flap. The cyclic thiathiophthenes, 15a-h, are fascinating molecules which 
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CLENNAN AND STENSAAS 

are formally oxidized derivatives of trisulfanes. In many respects however, they are very different 
than their 2-oxo-homologues, 9, their 2-alkylated derivative, 1% or the trisulfanes, 8. (Table 2) For 
example, the trisulfane linkages in the thiathiophthenes are nearly linear with SSS angles near 180" 
and have very long S-S  bonds. These unusual structural parameters have led to much speculation 
about whether they can be best described as having double rather than single energy (structural) 
minima.28. 29,30,31 (Fig. 1) 

Table 2. Structural Parameters for Some Trisulfane Derivativesa 

Cmpd ds-s dC.S TCSSS >sss 
15a 2.224,2.488 1.696 -17.73,21.62 175.3 
1% 2.510,2.212 1.701 -7.46,6.26 178.8 
15d 2.350 1.694 -5.91,5.92 177.4 
15e 2.350 1.673 -34.61,34.61 177.9 
9a 2.124 1.778 -176.77, -176.77 91.3 
9b 2.123,2.141 1.770 158.43, 162.76 88.3 
15i 2.056,2.041 1.792 90.42,52.70 108.5 
a. Data collected from the Cambridge Structural Database?' 

.s-s-s. s-s s s s-s 

Fig. 1 

A conformational analysis study of dihydrogen- and dimethyl-trisulfane was reported by 
Snyder and  harp^^^ using a combination of force field and semiempirical molecular orbital studies. A 
conformational interconversion diagram for both compounds containing the computed values of the 
stationary points is given in Fig. 2. In both cases the trans conformer is more stable than the cis 
conformer although the energy difference, 0.3 kcdmol in dihydrogen trisulfane and 0.9 kcdmol in 
dimethyltrisulfane, is very small. The transition state for interconversion of these two conformers has 
an exo-half planar geometry, A. Other possible structures for the transition state including the endo- 
half planar species, B, and the completely planar exo-exo-, endo-exo-, and endo-endo- species, C, D, 
and E, were located, but at considerably higher energies than A. These results suggest that trisulfanes 
exist as a mixture of conformers which rapidly interconvert at room temperature. The magnitudes of 
the interconversion barriers, 7.1 kcdmol for dihydrogentrisulfane and 7.4 kcal/mol for dimethyltrisul- 
fane, are similar to rotational barriers reported for disulfanes. 

In contrast, the barriers for ring reversal in metallocenophanes such as 14a33 and 14g34 are 
high enough to preclude conformational interconversions at room temperature. 1,1',2,2'-bis( 1,2,3- 
Trithia-[3])ferrocenophane, (14g), exists as a 70/30 mixture of the chair-chair and chair-boat 
conformers. Substitution of one of the middle sulfur atoms in 14g with a selenium atom leads to the 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

R 

R 

Fig. 2 

observation of diastereomeric boat-chair and chair-boat conformers. The boat-chair conformer with 
the smaller sulfur atom as part of the boat portion of the molecule predominates. 

chair-chair chair-boat 

boat-chair 
26% 

chair-chair 
65.2% 

chair-boat 
11.5% 

The osmocenophane, 14d, and its ferrocene and ruthenocene analogues have very different 
barriers for interconversion as shown in Table 3."5 The magnitudes of the activation barriers mimic 
the strength of the metal ring bond Fe<Ru<Os suggesting that the coplanar cyclopentadienyl rings are 
significantly twisted in the transition state for ring inversion. Consequently, it is the necessity to 
partially cleave the metal cyclopentadienyl bond rather than an unanticipated trisulfane torsional 
barrier which dictates the magnitudes of the interconversion barriers. 
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CLENNAN AND STENSAAS 

Table 3. Activation Barriers for Ring Inversions in Metallocenophanes 

Metal AGf, kcdmol AHf, kcaVmol ASf,caUK 
0 s  22.2 + 0.3 25.4 + 0.4 11 * 5  
Ru 21.2 + 0.1 22.1 f 0.5 3 + 1  
Fe 19.2 + 0.05 18.4 * 0.2 -3 + 0.5 

The structural analyses of trisulfanes have typically been carried out using a combination of 
high performance liquid chromatography (HPLC), mass spectral analysis, combustion analysis, and 
'H and 13C NIvlR. Combustion analysis and HPLC19 in particular are very useful to detect the pres- 
ence of polysulfane contaminants. The mass spectral fragmentation's of diethyltrisulfane reported by 
Block and coworkers36 are typical of many trisulfanes. (Fig. 3) Shmakov and coworkers37 examined 
dimethyl-, ethyl methyl-, and diethyl trisulfanes by negative ion mass spectrometry. The data allowed 
determination of an S-S bond dissociation energy of 1 . M .  1 eV which is 0.6 eV( 14 kcdmol) smaller 
than for the corresponding dialkyl disulfanes. The difference in bond dissociation energy of 14 
kcaVmol for RSSR and RSSSR is nearly identical to the reported bond dissociation energy difference 
for ROORROOOR of 15 kcaVm01.~~ 

Proton and carbon NMR data have been used primarily to determine the structures of 
substituents. Clennan and S t e n ~ a a s ~ ~  however, took advantage of the different 'H chemical shifts of 
the methoxy groups in bis-(p-methoxypheny1)trisulfane and its oxides in order to study the mecha- 
nism of its oxidation. 

Et + 

m/ e 29 (87) EtS + EtSSS ' 
m / e  125 (5) m/ e 61 (65) 

HSSSH f. HSSH+ 
m/ e 98 (6) EtSSSEif m/ e 66 (20) 

m/ e 154 (base) 

EtSSH? 
m/ e 94 ( 17) 

EtSSSH -f I. 
EtSS + 

m/ e 93 (20) 

m / e  126(1.4) 

Fig. 3 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

II. SYNTHESIS OF TRISULFANES 

A large number of synthetic methods to construct the trisulfane moiety have been reported. 
In practice, introduction of the trisulfane functional group should be done near the end of long 
synthetic sequences as a result of its reactivity towards many nucleophiles as well as oxidizing and 
reducing agents (vide infra). Such a synthetic strategy was employed in the synthesis of (*)- 
Calicheamicinone, (16), where only mild acid hydrolysis to remove two protecting groups was used 
after introduction of the trisulfane 

Hd 

I )  Pri02C-N=N-C02iPr 
PPh3, AcSH 

2)DIBAL 0 

0 

/ 
MeSSS 0 MeSSS ' 16 

In the following discussion of synthetic methods to construct trisulfanes we will make a 
distinction between those reactions which involve formation of S-S  bonds and those that involve 
formation of S-C bonds. There are examples (e. g. formation of 17)@ which involve both S-S and S-C 
bond formations but these are rare. 

25" -R0 S.s/ C02Et 

cszco3 
Ss, C W N  

17 

1. Fonnation of S-S Bonds 
Nucleophilic substitutions, oxidations, rearrangements, and electrochemical methods have 

all been used to construct the S-S bonds in trisulfanes. A simple bond disconnection analysis (Fig. 4) 
reveals that there are fundamentally two different protocols for the nucleophilic substitution reactions. 
In protocol A the leaving group, X, is attached to the disulfane moiety, and in protocol B to the 
sulfane moiety. (In the case of unsymmetrical trisulfanes, RSSSR, there are of course two additional 
pathways since the R -  substituent can be in either the one or two sulfur fragment.) Protocol A in 
particular is very common since it is a critical step in the reactions of SCl, with thiols. (Fig. 4) 
Protocol B is the second step of the reactions of 5 s  with sulfenyl chlorides that gives symmetrical 
trisulfanes. These two protocols along with the wide range of leaving groups that can be utilized (X = 

-NR,, C1-, -SO,Ar, -SO,AR, CH,C(O)S-, and OR) make S-S bond formation by nucleophilic substitu- 
tion the most prevalent method of trisulfane formation. 
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CLENNAN AND STENSAAS 

R-S-s-S-S-R 

RSSX RSX 

SClp + RSH - [ RI' I--!&-- RSSSR 

RSCl + H2S [ '1: 1 & RSSSR 

Fig. 4 

Sulfur dichloride (SCl,) is a very convenient synthon for S2+ and has been used to make 
many different types of symmetrical cyclic lo and acyclic trisulfanes including bis-aryltrisulfanes 18,38 
bis-dialkyltrisulfanes 19, bis-carbonyltrisulfanes 20,41 and bis-thiocarbonyltrisulfanes, 21. It is 
commericially available as either a neat liquid or in a 1.OM dichloromethane solution.4l Most 
commercial suppliers provide it as a "tech grade" material containing approximately 1520% sulfur 
monochloride (S2Cl,). The neat "tech grade" material can be purified by fractional distillation 
followed by a simple distillation in the presence of 0.1% PC!,, all at atmospheric pressure."2 The pure 
sulfur dichloride is collected as a red liquid at 59-60'. Sulfur dichloride is a very reactive sulfenylating 
agent and its reactions with a wide variety of nucleophiles are visibly exothermic. Typical reaction 
conditions involve slow addition of a nucleophile to diethylether solutions of SCl, at 0". 

SH 

19 
0 -Ao/ 0 0 

K+ S 
SClp 

EtOEt, 0" 
20 

s 

EtOEt, 0" 
21 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

The versatility of this simple nucleophilic substitution reaction has been extended with the 
utilization of a wide range of nucleophiles. I", 2", or 3" Thiols, with or withoue2 a tertiary amine to 
control the pH of the reaction mixture, give moderate to excellent yields of trisulfanes. Titanocene 
sulfanes have been reported to react with SCl, to give cyclic trisulfanes as illustrated by the following 
two examples. 43 

SilyldA and tin ~ u l f a n e s ~ ~  also function as nucleophiles in reactions with SCl, to give trisul- 
fanes. Recently, this reaction has been adapted to generate cyclic trisulfanes from cyclic and acyclic 
silyl and tin sulfanes (e. g. 22-25).& These reactions proceed to give good to moderate yields of the 
trisulfanes when the SCl, is added slowly to THF solutions of the sulfanes at 0'. The cyclic and acyclic 
silyl or tin sulfane substrates can be conveniently synthesized in excellent yields by treating the thiol 
with dichloro- or monochloro- organosilanes or stannanes, respectively. Six and seven membered ring 
trisulfanes are produced in acceptable yields by this method but all attempts to generate the 5-  
membered ring trithiolane ring system failed, giving preferentially oligomers. The use of these silyl and 
tin sulfanes, rather than the underivatized thiols, often provide enhanced yields of trisulfanes. For 
example, the reaction of silyl sulfane 24 with SCl, gave a better yield (75%) of trisulfane than the tradi- 
tional procedure of treating 1,3-propane-dithiol with SCl, in the presence of triethylamine (43%).46 

Me2SnC12 - QMe Me 

23 

SSiMe3 - c  SSiMe3 

2 MelSiCl 

24 

SSnPh3 - c  SSnPh3 

2 PhsSnCl 

25 

- CS\S 1) SC12, THF, 0" 

/ 
S 

49% 

2) stir RT, 24h 

- cs\s 1) SC12, THF, 0" 

/ 
S 

30% 

2) stir RT, 24h 

- c s \ s  
1) SCla THF, 0" 

/ 
S 

75% 

2) stir RT, 24h 

1 )  SC12, THF, 0" 

2) stir RT, 24h 

36% 
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CLENNAN AND STENSAAS 

The SC1, route to trisulfanes can also be modified to generate excellent yields of unsymmet- 
rical tri~ulfanes.4~ This modification involves addition of 1 equivalent of a thiol to a solution of SCl, 
in ethedpyridine or ether/ESN at -78" and subsequent stirring of the cold reaction mixture for approxi- 
mately 0.5 hours. At this point one equivalent of a second thiol is added and the cold solution stirred 
for an additional 0.5 hours. Workup involves warming to room temperature followed by removal of 
solvent. This procedure results in excellent yields of several unsymmetrical trisulfanes including tert- 

butyl iso-propyltrisulfane (96%), benzyl tert-butyltrisulfane (75%), and moderate yields of other 
trisulfanes including p-chlorobenzyl tert-butyltrisulfane (57%) and benzyl n-butyltrisulfane (25%). It 
was suggested that these reactions proceed via intermediate formations of chlorodisulfanes, 26?7 In 
fact, terf-butyl chlorodisulfane proved to be stable enough to isolate at room temperature which exper- 
imentally substantiates this claim?' 

s-s-s 

" F S H  '%,, yss~, 
SCI;! - 

diethy lether diethy lether 
pyridine, -78" 100% 

pyridine, -78" 26 

Sulfur dichloride does have several disadvantages related to its use. First of all, byproducts 
are occasionally observed. For example, addition of SCl, to the bis-holate, 27, resulted in formation 
of both a trisulfane and a pentasulfane in comparable yields?8 Furthermore reactions of alkyl-bis- 
thiols, 28, with SCl, or sodium tetrasulfane have been reported to generate trisulfanes contaminated 
with di~ulfanes.4~ 

Na+ 

N Y R  Me0 N X R  
H 

28% H 
Me0 

32% H 
27 

28 

A second disadvantage of sulfur dichloride is related to the fact that its shelf life is limited as 
a result of its tendency to produce elemental sulfur, chlorine, and a series of homologous sulfur 
dichlorides, S,CJ?O, s1 As a result, multiple distillations (vide supra) are required for purification prior 
to every procedure. Attempts to circumvent this problem have led to various studies designed to 
generate alternative S2+ synthons to replace SCJ. 

N,N-Thiobisphthalimide, 29, was introduced by several groupss2* 53 as a sulfur transfer agent 
and was shown to react with thiols to give trisulfanes."2 Unfortunately, the increased stability of 29 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

compared to SCl, is accompanied by reduced reactivity. Attempts to use 29 to generate cyclic trisul- 
fanes by sulfur transfer to bis-thiols were unsuccessful." 

@ON-- s -No* 4 N  - s -N) 

0 0 0 0 
29 30 

id L = N  

32 33 

31 

34 

Harpp and coworkers51 compared the sulfur transfer ability of 29 to that of N,N-thiobissuc- 
cinimide, (30), N,N-thiobisimidazole, (31), N,N-thiobisbenzimidole, (32), N,N-thiobis-1,2,4-tria- 
zole, (33), and N,N-thiobis- 1,2,3-benzotriazole, (34). These sulfur transfer agents were conveniently 
synthesized by reaction of the nitrogen heterocycle with hexamethyldisilazane followed by 0.5 equiv- 
alents of SCl,. All these reagents reacted with 2 equivalents of benzyl mercaptan and other thi01ss4 to 
give the corresponding trisulfanes. The yields of bis-benzyltrisulfane using the azole and triazole 
reagents 31-34, (92-loo%), however, were far superior to those observed with the imide reagents 29 
(27%) or 30 (84%). A qualitative analysis of their reactivity suggests the following order 31 > 33 > 32 
> 34 > 30 > 29. The authorss1 suggested that the first step of these reactions is not a nucleophilic 
attack at sulfur but protonation of the sulfur transfer agent. (Fig. 5) 

r f i N  

H N S V P h  N- C P N - "  H--"J 

lJ?S-:d - + 
N+ C F N  
U - S - N J  

A + Ph-S - phnS/S'SnPh 

- 
Ph-S Ph-S-S-N 

- Protocol A 

A 
Fig. 5 

The conversion of the disulfane intermediate A (Fig. 5 )  to bisbenzyltrisulfane is an example 
of protocol A, (Fig.  4) where the protonated imidazole is the leaving group and a thiol (benzyl 
mercaptan) is the nucleophile. Phthalimide disulfanes, the presumed intermediates in the reactions of 
29, can be independently synthesized, isolated, purified, and used to make unsymmetrical trisulfaned' 
(e. g. 35).s6 
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CLENNAN AND STENSAAS 

In 1984 Mott and B a r a r ~ y ~ ~  reported a new method for the synthesis of unsymmetrical trisul- 
fanes which involved an alkoxycarbonyl chlorodisulfane, 36, as the pivotal reagent. In this reaction 
both chloride, in the first step, and methoxycarbonylthiolate, in a second step, function as leaving 
groups. This method has been used to synthesize trisulfanes such as 2-hydroxyethyl tert-butyltrisulfane 
which is of interest as a petroleum additive. Employing a trisulfane as an intermediate or substrate to 
produce a new trisulfane has been the strategy exploited in a number of cases. For example, di-tert- 
butyltrisulfane reacts with trifluormethylthio copper to give tert-butyl trifluoromethyltrisulfane, (37). 58 

&oxides have also been used as leaving groups during the protocol A synthesis of the very 
novel alkoxyltrisulfanes, 38.59 Care must be exercised in these reactions since tetrasulfanes are 
produced with more than one equivalent of thiol. Good to moderate yields of 38 can be obtained, 
however, suggesting that the reaction of the alkoxytrisulfane, 38, with thiol is less favorable than the 
reaction of the thiol with the dialkoxy disulfane. 

The use of hydrodisulfanes (e. g. 3960 and 406') as nucleophiles in protocol B procedures 
(Fig. 4) have been reported by several workers. Hydrodisulfanes are difficult to prepare in high purity 
(for an exception see reference 62) and as a consequence the disulfane anion is often generated in situ. 
Munavalli and coworkers6' generated trifluoromethyl hydrodisulfane in situ by treatment of trifluo- 
romethylsulfenyl chloride with $ S .  They report that the use of 4-dimethylaminopyridine as a catalyst 
to form bis(trifluoromethy1)trisulfane at -78" reduced the reaction time from 30 days to 1 day, 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TFUSULFANES AND THEIR OXIDES 

undoubtedly reflecting the greater nucleophilicity of the disulfane anion. In this regard several 
substrates including thiosulfonates, 41,64-66 Bunte salts, 42,67 and thiocarbonates, 43,6* have been used 
to generate the disulfane anion directly. In all of these reactions the disulfane anion subsequently 
attacks a molecule of substrate to produce the trisulfane. 

QS.1 + X G S S H  QSSS+X 

NO2 X = H, F, Br NO2 
39 

g 0 N - S C H 2 P h  + wssH ~ s s S c H 2 p h  / \  

0 40 

0 
tBuO - 

* RSSSR 

43 

\-[ RSS - ] 
These reactions occur to give moderate to good yields of acyclic trisulfanes. Formaldehyde 

is included in the reaction of the Bunte salt to react with the liberated sulfite minimizing its reaction 
with the t r i~ul fane .~~ An attempt to convert bisthiocarbonates, 44, to the cyclic trisulfane In 
the case of n = 6-10 only bis(trisu1fanes) were isolated and when n = 2-5 oils were obtained which 
polymerized upon standing or attempted distillation. 

Cappozzi and coworkers70 introduced the use of bis(trimethylsily1)sulfane to convert thiosul- 
finates and thiosulfonates to trisulfanes. These reactions (Figures 6A and 6B) both involve 
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CLENNAN AND STENSAAS 

‘s- Y O M e  
0 

44 
nucleophilic attack by an in situ generated trimethylsilyl disulfane. These reactions are attractive since 
they are accomplished under strictly neutral conditions with no formation of higher order polysulfanes. 

SiMe3 

A R/s, ” - Ir \S-SIMe3 - RSOSiMe3 + RSSSiMe3 
S 
I 
R 

k 

0 
\I - S + RSSSR R/  ‘OSiMe 

Fig. 6 

In 1994 a new synthesis of acyltrisulfanes was reported which involved an unusual 
rearrangement of isomeric methyl trithioperester sulfines, 45.7‘ The sulfine substrates for these reac- 
tions were generated in approximately 70/30 WZ ratios by MCPBA oxidations of methyl trithioper- 
esters. Attempts to generate sulfines with the methyl group replaced by ethyl, or benzyl failed. In 
these cases oxidation occurred both at the thiocarbonyl sulfur and at the sulfenyl sulfur adjacent to the 
alkyl substituent. The rearrangements of 45 were sluggish and required 10 days at room temperature. 
No information was given on which isomer (E or Z) was most reactive. 

O*S 

S MCPBA R AS/S,Me 
RAS/s\ Me t S//O + -[ ~ R A s / s ‘ s / M e  

R = Me, Et, cyclohexyl R KS/s-Me 

45 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

Simonet and reported a novel electrochemical process to generate trisulfanes 
involving electrooxidation of sulfur. Electrolysis of a sacrificial CIS anode (2 part sulfur; 1 part 
carbon) at 2.0 to 2.2 V versus SCE in a non-nucleophilic solvent generated solutions of S2+ which 
were stable for several days. Thiolates were then added to the S2+ solutions to generate the trisulfanes 
in good yield contaminated with variable amounts of di- and tetrasulfane byproducts. 

Disulfanes are occasionally converted to trisulfanes by treatment with elemental sulfur. For 
example cystine can be converted to its trisulfane derivative by treatment with S,.74 This procedure, 
however, is limited by a tendency of the trisulfane to overreact producing the pentasulfane. Trisulfane, 
46, reacts with S ,  in methanol or hexane/E$NH to give the pentathiepin 47 in a clean equilibrium 
reaction characterized by an initial rate constant for disappearance of 47 of 2.1 x 10%' and a Kq= 
46/47 = 54i46?5 

46 47 

Elemental sulfur in conjunction with liquid ammonia has also been used to convert 4,8- 
disubstituted benzo[ 1,2-d; 4,5-d]bis[ 1,3]dithiole-2,6-ditones, (48), to tr i~ulfanes.~~ This reaction was 
conducted in a titanium autoclave and required 50 equivalents of sulfur to obtain the highest yield. 
The reaction appears to be somewhat limited in scope since it was unsuccessful in the absence of the 
4,5-akoxy groups. 

SXNH3 * ,s-sy$\s 

S' 
s, 

S l S  

s+s+s S 

OR 

48 

2. Formation of S-C Bonds 

S 
R R = = Me Et (99%) (82%) 
R = iPr (99%) OR 

R = CH2Ph (62%) 

Nucleophilic substitution and the sulfuration of olefinic linkages are the two most prevalent 
methods of trisulfane formation which involve S-C bond formation as a key step. A simple bond 
disconnection analysis (Fig. 7) reveals that there are fundamentally two different protocols for the 
nucleophilic substitution reactions in which the identities of the nucleophilic and electrophilic compe 
nents are reversed. In protocol A the trisulfane moiety bears the leaving group and functions as the 
electrophile. In protocol B the leaving group is attached to carbon and the trisulfane moiety functions 
as the nucleophile. 

Protocol A (Fig. 7) is not often used, most likely as a result of the thermal instability of 
trisulfane chlorides. Harpp and coworkers77 examined sulfane chlorides 49-51, and reported that their 
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CLENNAN AND STENSAAS 

R-S-S-S- -CR3 i 
R3C$ +Sss - 

RSSSX ~ i ~ . 7  R3CX 

stability decreases with increasing sulfur content. Nevertheless 51 had sufficient stability to allow reac- 
tion with either n-butyl lithium or Grignard reagents to give n-butyl triphenylmethyltrisulfane (52). 

Ph3C-SCI Ph3C-SSCI Ph3C-SSSCI 

49 50 51 

nBuLi 
Ph,sC-SSSCI or * Ph&-SSSnBu 

51 nBuMgCl 52 

The use of alkyl halides (Protocol B; Fig. 7) as substrates is the most often encountered 
nucleophilic substitution strategy to construct the S-C bond in trisulfanes. For example, methylene 
chloride and Na& react to give a hisulfane at pH 8 but not at pH 12?* (Fig. 8) Other examples 
include the reactions of ‘‘6Sn’’ (generated in situ by reaction of S ,  with KOH in THF with either a 
trace of water or a phase transfer catalyst) with iso-propylbromide, ally1 chloride, and 1,3-dibromo- 
propane to give trisulfanes 53-55, r e ~ p e c t i v e l y . ~ ~ ~ ~  Sodium tetrasulfide has been reported to convert 
dichloride 56, into the trisulfane” and S,/NH, reacts with aromatic tetrabromide 57, in what is 
described as a nucleophilic substitution to give the aromatic trisulfane 58.82 

CHzCI2 + 

Fig. 8 
0 + 

s-s 

s-s 

s\ / 

I \ 

s-s 
S 

a7 s-s 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

56 

R 

Br 

k 
57 

R = M e  
R = Et 

CHCI, 

S8MH3 . 
1 OOOC 

R 

58 

11% 70% 
27% 64% 

NaBH4 

Sulfuration of olefinic linkages has been primarily accomplished using one of two strategies; 
(1) with elemental sulfur activated thermally, photochemically, or by the addition of chemical addi- 
tives (NH,, DMF, DMSO, pyridine, triethylamine, etc.), or (2) with sulfur transfer agents. The appli- 
cation of these two methods for the construction of trisulfanes suffers from the facts that the factors 
which make olefins susceptible to sulfuration have not been established and the identity of the actual 
sulfuration agent, under most of the reported experimental conditions, remains unknown. The identifi- 
cation of the sulfuration agent is complicated by the fact that the number of molecular forms of sulfur 
is extremely large.'**, At temperatures below 95" S, is the thermodynamically stable form of sulfur. 
However, it is likely that under many of the experimental conditions utilized in the literature smaller 
unstable sulfur molecules such as S,, S,, or S, act as the kinetically active sulfuration agent. In addi- 
tion, under the chemically activated conditions, sulfuration agents representing some composite 
formulation of sulfur and the additive may also play a role. 

Thermal activation of sulfur has rarely been used for sulfuration of olefinic linkages since 
either photochemical or chemical activation provides milder conditions. Nevertheless, reports of ther- 
mally activated reactions have been reported. For example, sulfuration of tetrafluoroethylene proceeds 
at 445" to give both a trisulfane 59, and a tetra~ulfane.~~ Rys and Harppg5 pointed out that sulfuration 
of acyclic dienes such as 60 in nonpolar solvents only occurs at temperatures in excess of 130'. In 
contrast, sulfuration in the presence of pyridine or DMSO requires lower temperatures. BHT had no 
influence on these reactions and consequently all radical processes were eliminated from mechanistic 
consideration. These authors instead suggested that the nucleophilic additives catalyze the reaction by 
cleaving S, to generate a more active sulfurating agent, 61, andlor form the very reactive small sulfur 
molecules S,, S,, S,, etc. Fritz and Weis,86 in another example of the beneficial effects of additives, 
reported that the yield of trisulfane, 62, from sulfuration of cycloheptatriene increased from 11 to 21% 
when pyridine was included in the reaction mixture. Sulfolane was the preferred solvent for this reac- 
tion and reduced yields of 62 were observed in DMF or DMSO. 
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CLENNAN AND STENSAAS 

59 
10% 60% 

SS 
c R1yJ S + R I E s x  

R2 "x DMSO or (125") 
RZ R2 

60 pyridine (1 15") R I = R z = M e  
R1 =R2=Ph  

RI = H; Rz = (CH2)2CH=CMe2 

+ - 
O-SMe2 - + + 

c S(S,-n)-O- SMez 7- S8 S(S7)-O-SMe2 

61 
S, (n = 2 ,3 ,4 ,5 )  

S s ,  sulfolane 

70". 72 hrs. 
Dvndine 

62 

The sulfuration of norbornene, (63), was initially reported to give the trisulfane, 64, as the 
exclusive product. Bartlett and Ghosh,s7 however, demonstrated that the trisulfane, 64, and pentasul- 
fane 65, formed in a 3: 1 ratio in DMF or DMSO. This ratio appears to be a result of the equilibration 
of 64 and 65. Addition of a pure sample of 65 to DMSO generated 64/65 in the same ratio as observed 
in the direct reaction. The equilibrium was also established starting with 64 and S,,  but only slowly 
because of the low solubility of S, in DMSO. 

DMF or DMSO 'S 
64 65 63 

Bartlett and Ghoshs7 also examined the sulfuration of norbornadiene, 66, and demonstrated 
that even in the presence of additives the reaction conditions were sufficiently harsh to mask the initial 
product composition. Reaction of S ,  with 66 at looo in DMF in the presence and absence of q, with 
and without added BHT, resulted in the formation of five products, 67-71. Reaction of 66 with the 
more reactive heptasulfane imide, 72,88*89 however, generated only trisulfane 70 and a pentasulfane, 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

73. These results implicate 73 as the precursor to 67-71. 

66 67 68 69 70 71 

DMF, 100" 20 18 14 33 

DMF, NH3, 100" 15 12 12 57 

DMF, BHT, 100" 25 18 15 38 

15 

4 

4 

Photochemical activation of S, circumvents the need for high temperatures and presumably 
has the potential of producing less complicated reaction mixtures. That is indeed the case with 
norbomene which gives the trisulfane as the major product when irradiated in the presence of S, in CS, 
at 35Or1rn.~ A small amount of episulfide, 74, appears to be a secondary product formed from photol- 
ysis of 64 because direct irradiation of 64 in benzene produces both 74 and 75. This reaction is very 
different from the thermal reaction since it is unaffected by the addition of NH,. Unfortunately, the 

Sx,hv - &:2s + & 
64 74 

A 63 cs* 

A:>. benzene hv - &+&A 
74 75 64 

B L  hv as)" S 

76 n = 1,2,3 

77 
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CLENNAN AND STENSAAS 

formation of simple reaction mixtures during photochemical activation is not realized in several other 
cases. Photochemical sulfuration of both cyclohexene, (76),90 and myrcene, (77)," give mixtures of 
polysulfane products. 

Sulfur transfer agents are attractive for sulfuration reactions since conceptually they should 
be able to deliver discrete sulfur atoms or molecules, Sn (n = 1,2,3..etc.). In practice, however, the 
smaller sulfur molecules such as S ,  are very reactive and will react in many cases with the initially 
formed sulfane to give polysulfane products?, 

Heating the sulfur transfer agents, 78a or 78b, at 100" in benzene resulted in very clean S ,  
transfer to acceptor olefins?' The reaction of 78a with norbomene was unaffected by the presence of 
the free radical inhibitor 2,4-di-tert-butyl-p-cresol ruling out a long chain length process involving a 
reactive free radical. In addition, trisulfane, 78a, does not undergo any decomposition at 100" in the 
absence of an acceptor implicating a bimolecular reaction. A kinetic analysis of the reactions of 78a 
and 78b with norbomene is consistent with this suggestion giving bimolecular rate constants of 2.02 x 
102 M-'min-l and 7.14 x 102 M-'min-l, respectively. The small rate enhancement for the reaction of the 
p-methoxyphenyl substituted sulfur transfer agent, 78b, is inconsistent with significant ionic character 
in the S ,  transfer transition state. The absence of any significant ionic character in the reaction is also 
supported by the fact that the bimolecular rate constant for the reaction of 7th with norbomene is 
identical in benzene (E = 2.5) and in nitrobenzene (E = 35). In addition, the activation parameters (Ea = 

27.8 kcal/mol and AS# = -2.9 eu) for the reaction of 78a with norbornene do not support a unimolec- 
ular dissociation to give S ,  followed by its reaction with norbomene. All of these results support a 
concerted transfer of S,  via a bimolecular process. 

78aR=H 
78b R = OMe Q 

I R 
R 

Trisulfanes 78a and 78b are far superior to trisulfane 79, which does not react as an S ,  donor 
at all, and to trisulfane 80, which only gives 14% S ,  transfer to norbomene under conditions where the 
transfer from 78a was quantitative. These results suggest that the electronic character of the aryl 
groups in 78a and 78b, rather than their steric bulk, is responsible for their donor properties. A brief 
examination of acceptor ability of various olefins reveals the following; norbornene > norbomadiene 
= benzonorbornene > 2-methyl-2-norbornene. 

Me 

79 
C02Me 

80 

514 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
6
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

The reactions of S, with strained olefins (e. g. 63, and 81) and some dienes (e. g. 82) have 
been reported to give moderate to very good yields of trisulfanes. A large number of S, transfer agents 
are available to accomplish these transformations?2. 94* 959 969 977 98 Evidence that S ,  rather than S, is the 
active species was provided by the observation that acenapthylene, (83) reacts with a S, transfer agent 
but not with molecular sulfur to give trisulfane 

63 

82 

83 

"S2" 

84 

Steliou and coworkers have suggested that S, mimics in many ways the reactivity of singlet 
oxygen. Consequently, they have proposed that S, adds to norbornene in a 2 + 2 cycloaddition to give 
a strained 1,2-dithietane, 85, which is converted to the trisulfane by reaction with a second molecule 
of S2.99 A similar insertion has been suggested to occur with the disulfane, 86, which forms by 4 + 2 
cycloaddition of S, to cyclopentadiene.w A subsequent [3.3] sigmatropic shift followed by loss of 
sulfur results in formation of the trisulfane. However, the involvement of a discrete S, molecule in 
these reactions is not universally accepted.Iw 

85 
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CLENNAN AND STENSAAS 

III. REACTIONS OF TRISULFANES 

1. Thennolysis 
For convenience we will discuss thermal reactions of trisulfanes in terms of 4 broad classifi- 

cations; (a) disproportionations and exchanges, (b) sulfur expulsions, (c) rearrangements, and (d) 
pyrolysis. 

a. Disproportionations and Exchanges 
Disproportionation of dimethyltrisulfane, (87), leads to 50% conversion after 5.2 hours and 

complete conversion to an approximately 1: 1 mixture of the disulfane and tetrasulfane after 500 hours 
at 80'.* Exchange reactions can occur in both inter- and intramolecular senses and are distinguishable 
from disproportionation reactions since they generate the trisulfanes exclusively. For example, 
diethyl- and di-n-propyltrisulfane undergo intermolecular exchange at temperatures between 130" and 
150" to give ethyl n-propyltrisulfane, (SS), in a reaction which appears to approach an equilibrium 
distribution of products.I0' Small amounts of di- and tetrasulfanes are also formed in a slower 
competing disproportionation reaction. Trisulfane 35 undergoes an intramolecular exchange reaction 
at 1 10" in 72 hours to give a statistical ratio of trisulfanes.'" Addition of AlBN to 35 allows this equi- 
librium to be established at 100" in a much reduced time of only 16 hours. 

S + Me/S\ /s\ ,Me Me\ /s\ ,Me - - Me,S/ \ Me s s  
80" 

s s  
87 

nPr, ,S, ,Et s s  
88 

Et, ,,S, ,Et + nPr, /S, ,nPr l3O0- I5O" - s s  s s  

toluene, 1 10" 

12 h + 

PhCHz, /S, ,CHZPh 
s s  

Steudel' has discussed in detail three mechanisms which have been considered for these 
reactions. Mechanism A (Fig. 9) is a free radical chain reaction. The exclusive formation of trisul- 
fanes in the exchange reactions requires that R S  attack solely at the central sulfur atom. At higher 
temperatures an increasing number of initiation steps, and an increased propensity to attack at the 
terminal rather than at the central sulfur, would lead to the thermodynamically defined disproportiona- 
tion reaction mixture. Steudel' has criticized this mechanism since experimentally derived activation 
barriers for S-S homolytic cleavage are considerably smaller than measured activation barriers for 
disproportionation and exchange reactions. (e. g. 29 kcdmole for the exchange to form 8S)'O' 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

A. 
R/s\ /s\ S R - R S *  + RSS initiation 

2RS ' 
RSSR } termination 

2RSS * RSSSSR 

B. 

C. 
R 
\ 
S 

'S / 

SNS S 
d 

R' 

' + s  
\ 

I 
R' 

R' 

89 

RSSSR - 
b 

SR' 

SSSR 

R' 
+,S-SSSR \o 
S Y  

\Rt -SR 

R' 

+,S-SSR 
\o 
s z  

\R8 SSR 

R'SSR' + RSSSSR - 

/ 

Mechanism B for the disproportionation reaction (e. g. the reaction of (87) at 80°2) involves 
prior isomerization to a thiosulfoxide-like intermediate 89. Bimolecular conversion to products can 
either proceed via 2 + 2 addition across the S=S bond to give a sulfurane (path a), or by nucleophilic 
attack at the central (path b) or terminal (path c) sulfur atoms. (Fig. 9) Path c in Fig. 9B could also 
serve as a mechanism for the exchange reaction if nucleophilic attack occurs at the boldface sulfur in 
the intermediate. Mechanism C for the exchange reaction does not require prior isomerization to a 
reactive intermediate but occurs by a direct insertion into the S-S bond. Pseudorotation of the sulfu- 
rane intermediate, 90, followed by decomposition would give a statistical mixture in either the inter- 
or intramolecular exchange reaction. 

b. SulJir Explusions 
Sulfur expulsions, often enhanced by increasing solvent polarity, have been observed for 

both trisulfanes and some of their oxidized derivatives. These reactions generally result in the precipi- 
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CLENNAN AND STENSAAS 

tation of S,. For example, trisulfane 9l1O3 and trisulfane-1,l-dioxide 921M spontaneously lose sulfur 
concomitantly with formation of the corresponding disulfane and disulfane-1,l-dioxide. HarppIo5 has 
suggested that these reactions proceed via a branched thiosulfoxide intermediate, 93, which can 
abstract sulfur and eventually decompose to either S ,  or S,.  

91 

0 
+s-s-&=+ 0 solvents 

92 

c. Rearrangements. 
Rearrangements by definition are molecular transformations which provide an isomer of the 

starting material. These reactions are rare for trisulfanes and their derivatives, however, the reactions 
of 94 and 95 provide two classic examples. 

Trisulfane 94 was separated by fractional recrystallizations into racemic and meso diastere- 
omers.IO6 The isomer of higher melting point (33.5- 34'), however, isomerizes at 75' into the original 
diastereomer mixture with a t,,* of 46.5 minutes. The reaction was characterized by several unique 
features including: (1) the absence of any di- or tetrasulfane formation, (2) no solvent effect as the 
solvent was changed from benzene to methanol, (3) no effect of added BHT (2,6-di-tert-butyl-p-cresol) 
or oxygen, (4) the absence of any trisulfane (e.g. W) from allylic rearrangement, and (5) the absence 

94 

97 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

of any concentration effect. These observations led to the suggestion that the reaction occurs by 
sequential 2,3-shifts via a thiosulfoxide-like intermediate, 97. Consistent with this suggestion was the 
observation that the activation entropy (AS* = -7 e.u.) for the reaction of 94 is very different from that 
expected for homolytic scission of the S-S bond ( A S  =+24.6 e.u.) but very similar to the entropy of 
activation observed for the sulfoxide-sulfenate rearrangement. In addition, the double bonds in trisul- 
fane 98 appear to isomerize with a rate constant very similar to that for the meso-racemic diastere- 
omer interconversion in 94. 

Aryl trisulfane-2-oxide, 95, when irradiated at wavelengths greater than 300 nm undergoes a 
quantitative rearrangement to the tris~lfane-l-oxide.~~~ The reaction appears to occur via the excited 
singlet state since it is not quenched in the presence of the triplet quenchers, oxygen, 1,3-cyclohexa- 
diene, or 1,3-pentadiene. The reaction does not occur thermally or in the presence of a few drops of 
trifluoroacetic acid. Irradiation of oxygen-18 labeled 95 (R = Me) resulted in formation of the 2-oxide 
with quantitative retention of the labeled oxygen. The oxygen migration is intramolecular since 
photolysis of an eqimolar mixture of oxygen labeled 95 (R = Me) and 95 (R = Et) did not generate 
crossover product (i.e. oxygen labeled 95 R = Et). In addition, photolysis of the 1-oxide did not result 
in formation of the 2-oxide. A mechanism involving 1,Zmigration without cleavage of a S-S bond has 
been proposed for these reactions, however, mechanisms invoking S-S cleavage cannot be unambigu- 
ously ruled out.108 

d. Pyrolysis. 
Gas phase pyrolysis of both di-n-propyl-, (99),Io9 and di-n-butyl-, (100),'10 trisulfanes have 

been reported. The product distributions reveal a very complicated process which has not yet been 
explored in detail. Gas phase pyrolysis of diethyltrisulfane, (101), in the presence of acetylene gives 
an interesting mix of thiophene and fused bis-thiophenes."l 
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CLENNAN AND STENSAAS 

101 

2. Nucleophilit Cleavage 
Nucleophilic displacements in trisulfanes can occur by either C-S cleavage or more 

frequently by S-S cleavage. The S-S bond cleavage in unsymmetrical trisulfanes can potentially occur 
by attack at the central sulfur atom (paths a and b in Fig. 10) or at a terminal sulfur atom (paths c and 
d in Fig. 10). The initially formed products subsequently react in a manner dictated by the identities of 
the substituents R- and R -  and by the nature of the nucleophile. 

The propensities of nucleophiles to cleave the S-S bond in disulfanes, and to a lesser extent 
in trisulfanes, have been extensively examined. FieldI7 pointed out that the relative thiophilicity 
towards sulfur in a S-S bond decreases in the following order (EtO),P > R-; HS-; EtS- > PhS- > Ph,P ; 
C N  > SO2; > -OH > 2,4-(NO,),PhS- > N,- > SCN ; I- ; PhNH,. The complicated structural and envi- 
ronmental factors which dictate this reactivity order and the merits of different thiophilicity scales 
(correlation's) were examined in detail by Davis."* The rate of nucleophilic attack of course depends 
both on the nature of the nucleophile and the substrate. Even the reasonably non-thiophilic molecule 
NH, will attack a trisulfane which contains strong electron withdrawing substituents.' l 3  However, the 
most frequently utilized nucleophiles (thio~hiles)'~ for reactions with trisulfanes are the thiolates (RS-) 
and the trivalent phosphorus compounds &P). The unique features of nucleophilic cleavage reactions 
using these thiophiles and others thiophiles are examined in the following discussion. 

Fig. 10 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TFUSULFANES AND THEIR OXIDES 

Harpp and c ~ w o r k e r s ~ ~ ~ ' ~ ~ ~ ~  l 5  have suggested that phosphites (P(OR),), tris(dia1ky- 
laminophosphines ( P W ) , ) ,  and triaryl- and trialkylphosphines react with trisulfanes via attack at 
both the central and terminal sulfur atoms in a two step process to give disulfanes and phosphine 
sulfanes. The second step in reactions initiated by attack at the central sulfur atom (a and b in Fig. 10) 
involves collapse of the ion pair by attack of RS- at the S-S bond of \F+-SSR to give the disulfane 
RSSR and \P=S. The second step of the reactions initiated by attack at the terminal sulfur atom (c 
and d in Fig. 10) involves S,2 substitution at the R- group in R,P-SR to give the disulfane and 
\P=S. H q p  and Smith11s also pointed out that either step 1 or step 2 can be rate determining and 
discussed these reactions in terms of the qualitative reaction surfaces given in Fig. 11. 

A (1st step rate determining) - - - - - - - n 

RSSR preferred RSSSR RSSR 
+ - + - +  

Ph3P=S PhsP PhaP=S 

RSSR RSSSR preferred RSSR 
+ - + - +  

Fig. 11 

Ph3P=S Ph3P Ph3P=S 

In those reactions in which the frst step is rate determining (A in Fig. 11) formation of RSS- 
is thermodynamically and kinetically preferred over RS- formation. Consequently, in these reactions 
the terminal sulfur ends up in the &P-S product. In contrast, in the reactions where the second step is 
rate determining (B in Fig. 11) nucleophilic attack to cleave the S-S bond in the ion pair is kinetically 
preferred over S,2 substitution at R to cleave a S-C bond. Consequently, in these reactions the central 
sulfur atom ends up in the R,P=S product. (Fig. 11) The use of radiolabeled dibenzyltrisulfane 
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CLENNAN AND STENSAAS 

(PhCH$-35S-SC&Ph) has allowed a determination of which of these mechanisms operates in a given 
situation. For example, aminophosphines ((&N)3P) in medium polarity solvents react via the reaction 
coordinate given in Fig. 11 A, while triphenylphosphine (Ph,P) reacts via the reaction coordinate 
giveninFig. 11B. 

These mechanistic conclusions were corroborated in several ways. For example, Ph3P 
catalyzes an exchange between dibenzyltrisulfane and di-n-propyltrisulfane to give trisulfane 102 prior 
to a slower formation of desulfurization products. This most likely occurs via equilibration of ion pairs 
formed prior to the rate determining second step. Consistent with the ability of ion pairs to equilibrate is 
the observation that 7% of a tetrasulfane, 103, is formed in the reaction of Ph,P with dibenzyltrisulfane. 

Ph3P 
PhCHzSSSCH2Ph + nPrSSSnPr - PhCH2SSSnPr 

102 
n 

$. 
PhCHpSSSSCHZPh + PhsP 

103 

The extent of central versus terminal sulfur removal is solvent independent for Ph3P. In 
contrast, the % incorporation of the central sulfur atom into tris(dimethy1amino)phosphine sulfide 
((Me,N),P=S) during the reaction of (Me,N),P with (+)-(R,R)-Bis( 1-phenylethy1)trisulfane is dramat- 
ically solvent dependent as depicted in Fig. 12. The gradual decrease in % central sulfur removal as 
the solvent is changed from acetonitrile (q = 46.0) to benzene (E, = 34.5) is disrupted at E, = 35, and 
a further decrease in solvent polarity actually produces an increase in % central sulfur removal. It was 
suggested that this deviation signaled a change in mechanism. Candidates for the new mechanism 
might involve a thiosulfoxide intermediate, 93, or a pentacovalent phosphorus intermediate formed 

90 

80 

2 70 
2 60 
3 50 

B 

vl 

20 

10 
30 35 40 45 50 

ET 

Fig. 12 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANFS AND THEIR OXIDES 

via insertion into the S-S bond. Biphilic insertions of phosphines into peroxide linkages have previ- 
ously been reported.'16 They are characterized by Hammett p+ values much smaller than observed for 
nucleophilic reactions consistent with little charge separation in the transition states for the reactions. 

Trivalent phosphorus compounds provide a convenient synthetic procedure for desulfuriza- 
tion of trisulfanes but suffer from a lack of selectivity. To address this concern the use of bis(tripheny1- 
stannyl)chalcogenides, 104, were introduced.' l7 The reactivity of these desulfurizing agents decreases 
in the order 104 (X = Te) > 104(X = Se) > 104 (X = S). Desulfurizing agent 104 
(X = Te) smoothly monodesulfurizes bis(p-methylphenyl) trisulfane in 4 hours at 
0" while 104 (X = S) did not react under identical conditions even in refluxing 
acetonitrile. Desulfurization of a mixture of two symmetric trisulfanes resulted in formation of the 
expected symmetric disulfanes and a considerable amount of the mixed disulfane revealing that the 
reaction occurs in an intermolecular fashion. 

Thiols when incubated with Calicheamicin yI, (l), have been shown to initiate the cleavage 
of double stranded The nucleophilic attack of the trisulfane functional group by a thiol initi- 
ates a series of reactions which culminates in the formation of a 1,4-diyl, 105, which interacts with 
DNA by hydrogen abstraction. 

An ab initio study demonstrated that the gas phase reactions of thiols with trisulfanes occur 
with a preference for attack at the tenninal sulfur via an addition-elimination mechanism.ll* Attack at 
the terminal sulfur is kinetically preferred to attack at the central sulfur as a result of a less stencally 
demanding approach, and is thermodynamically favored as a result of the thiosulfenate being a better 
leaving group than the thiolate. Nevertheless, a detailed study of the reaction of 1 with glutathione has 
shown that nucleophilic attack occurs at all three  sulfur^.^'^ The energetic preference for terminal 
sulfur attack in the ab initio study, however, is small enough that solvation could easily result in 
competitive attack at all the sulfurs consistent with the experimental results. 

Ph$h-X-SnPha 

104 

U 

OR 

1 

0 

RSH 

OR 

t 
NHCOPCH~ 

@. Cyclization Bergman &; 
OR OR 

105 
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CLENNAN AND STENSAAS 

Nucleophilic cleavage of C-S bonds in trisulfanes is rare but does occur in trisulfanes and 
their oxides with very electrophilic substituents. For example, the reactions of CF,SSSCF, with either 
organolithiums'm or Grignard reagentsI2' has been suggested to occur with simultaneous cleavage of 
both C-S and S-S bonds. The authors have suggested that a single electron transfer process may play a 
role in these reactions. Another example involves the cleavage of the carbomethoxy group in trisul- 
fane-1,l-dioxide, 106, by methoxide.'22 

9, ,tBu F3c/s's/s\ tBu + F3C S 

tBuLi 28% 35% F3C\ /S, /CF3 s s  L 

S 
tBu/S'S/tBu + tBu/ \tBu 

17% 11% 

Me0 As/s,sDMe o" \\ 

0 

106 
3. Oxiddion 
Trisulfanes can be oxidized by many of the oxidants known to convert monosulfanes to 

sulfoxides and sulfones.Iz3 In the case of a symmetrical trisulfane twenty oxidized derivatives with up 
to four oxygen atoms can be envisioned including pairs of diastereomers for 109, 110, 117, and 118, 
and a set of three diastereomers for 113. In fact, trisulfane oxides are considerably less stable than the 
sulfoxides and sulfones isolated from monosulfanes and many of the trisulfane isomers have never 
been observed. Some have tenuous spectral data to support their existence, but only a few have actu- 
ally been isolated and their structures determined by X-ray crystallography. 

0 0 

t 
R/s, /s, 

.1 

t 
S R  R/s, /S' S R  

107 0 109 

R 

R/s, /S' 0 S R  

10s 110 

111 

0 0  

0 113 

i 
0 114 

115 
0 
t 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXJDES 

a. Trisulfane-monooxides I07 and 108. 
Acyclic trisulfane 1 - and 2-oxides are spectroscopically characterized compounds with 

limited thermal stability. These monooxides are stabilized by tertiary s~bstituents.'~~. 125 For example, 
di-terr-butyltrisulfane- 1-oxide requires 12 hours at 45" to completely decompose'25 while bis(p- 
methoxypheny1)trisuKane- 1-oxide has a half-life of only 69 minutes at room tem~era ture .~~ Di-iso- 
propyltrisulfane-2-oxide has a half-life of only 15 minutes at 100" while di-re~-butyltrisulfane-2-oxide 
has a half-life in excess of 22 hours at the same temperature.'" 

Steudel and Drozdova'26 reported ab initio calculated structures of various rotomers of 
dimethyltrisulfane-1- and 2-oxides. The most stable rotomer of the 1-oxide contains a helical CSSSC 
backbone with the two methyl groups in a "trans" relationship (i.e. the methyls are on opposite sides 
of a plane defined by the three sulfur atoms). The most stable rotomer of the 2-oxide has C, symmetry 
and contains a near planar CSSS chain with the second carbon rotated away from the plane by 75" and 
the oxygen by 54". The 2-oxide is less stable than the 1-oxide by 2.6 kcdmol. It is likely however 
that the relative stabilities of these isomers will be a sensitive function of the substituents. In the case 
of H2S30, the 2-oxide is more stable than the I-oxide by more than 7 kcal/mol.'26 

Trisulfanes are successfully oxidized with a variety of oxidants including metachloroperben- 
zoic acid (MCPBA),'27 dimethyldioxirane (DMD),3x trifluoromethyl methyl dioxirane (TFD),3x 
monoperphthalic acid,"7 trifluoroperacetic acid,IZ8 peracetic acid,'29 hydrogen peroxide,'3o and 
as shown by the following representative reactions. Acyclic trisulfanes, however, are not oxidized by 
singlet oxygen."' It appears that oxidative reactivity decreases with the increasing size of the sulfane 
chain; monosulfanes react with singlet oxygen with rate constants on the order of 106 to lo7 M-Is-' 
while disulfanes'32 react with much reduced rate constants of lo5 M-'s-'. This phenomenon of 
decreasing reactivity with increasing sulfane chain length has been noted with other substrates'33 and 
oxidants as well. For example, only the five-membered ring and not the seven-membered ring in 13q 
is oxidized with MCPBA.lM 

R = Me, Et, nPr, tBu, CH2Ph 
0 

0 
t 
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CLENNAN AND STENSAAS 

These reactions exhibit a dramatic regioselectivity for oxidation at the electron rich133 
terminal sulfur. Oxidation at the central sulfur is only observed in 5-membered ring trisulfanes (e. g. 
13q and 64).81 Oxidation at the central sulfur atom of 64 occurs from the sterically less demanding 
endo direction to give only one, 121, of the two possible dia~tereomers.9~ Steric shielding of the endo 
face with the phenyl ring in 78a completely inhibits oxidation at the central sulfur atom. During the 
course of this study an unusual oxygen catalyzed epimerization of the endo-Zoxide, 121, to the exo- 
2-oxide, presumably via the novel trioxide, 122, was also observed. 

&S\ s-s + h Y - 7  s-s + +TS 
1 

&:s mCPBA * 

64 121 r, 0 

MCPBA oxidation of 1% gave a mixture of two 2-oxides (123 and 124), and two 1-oxides 
(125 and 126).134 The existence of two diastereomers for both the 1- and 2-oxides is a result of a high 
barrier for inversion of the petathiepin ring.134 The activation free energies for inversion at 298 K in 
CHCl, were experimentally determined to be 23.8fl.1 kcaVmol in 123, 23.94.1 kcdmol in 124, 
2 4 . M .  1 in 125, and 24.1 kcdmol in 126. 

Trisulfane-2-oxides are more conveniently available by the reactions of thiols with 
thionylchloride (SOC1,) in the presence of a base rather than by 0xidation.l" This procedure has 
recently been utilized to prepare the unusually stable bis(triphenylmethyl)trisulfane-2-oxide, 9c.135 

Unsymmetrical trisulfane-2-oxides are easily prepared using this procedure since the acid chloride, 
RSS(O)Cl, is a discrete intermediate formed upon addition of 1 equivalent of thiol, and can be 
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SYNTHESIS, PROPERTIFS AND REACTIONS OF TRlSULFANES AND THEIR OXIDES 

prepared in situ in high yields.Iz4 These reaction conditions can also be utilized to prepare cyclic 
trisulfane-Zoxides from the sodium salts or titanocene derivatives of dithiols. 

rnCPBA - 
CH2C12 

123 124 

126 125 

The often facile thermal decompositions of msulfane-1-oxides have been examined with 
difficulty under a variety of conditions. Thermal decomposition of bis@-methoxypheny1)tsulfane- 1 - 
oxide, (lB)-l-oxide, generated a 1 : 1 mixture of bis@-methoxypheny1)disulfane-1,1-dioxide and bis(p- 
methoxypheny1)tetrasulfane while decomposition of di-tert-butyltrisulfane- 1-oxide, (127), produced a 
more complex reaction mixture. 

18-1-oxide I 1 

0 - 
t 30% 40% 
I 

,s, /s\ 
- 

tBu s tBu 

127 

30% 

In both of these cases it has been proposed that the decomposition is initiated by heterolytic 
cleavage of the 1-oxide to give a sulfinyl cation and disulfane anion, and that the tetrasulfane is 
formed by subsequent reaction of the disulfane anion with substrate. (Fig. 13A) In the case of bis(p- 
methoxypheny1)trisulfane- 1 -oxide the small size of the sulfimyl cation and anion allows dimerization 
to give the disulfane-1,l-dioxide. (Fig. 13B) In contrast, it has been suggested that the larger size of 
tert-butylsulfinyl cation and anion precludes dimerization, and consequently, a more complicated 
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CLENNAN AND STENSAAS 

reaction path is followed. (Fig. 13C) It is not immediately obvious, however, that the alternative 
mechanism shown in Fig. 13C is less sterically demanding than the dirnerization. Perhaps the forma- 
tion of the trisulfane-1,l-dioxide in the decomposition of 127 is a result of a more electrophilic 
sulfiiyl group in 127 than in 18-1-oxide that is better at abstracting an oxygen atom from the sulfiiyl 
anion intermediate. Additional studies of bisaryl trisulfanes with different substituents may shed 
further light on these complicated reactions. 

P 0 

- ,/so os/s'R t A 
/\ /s\ 

S R  

0 0 B 

Fig. 13 

The decompositions of trisulfane-Zoxides have been investigated in detail by Field and Lace- 
field.lZ4 The salient experimental observations which must be explained by any successful mechanism 
include: (1) the stoichiometry is 2(RS),SO + RSSR + RSSSR + SO,, (2) the disappearance of the S=O 
IR band in trisulfane-Zoxides is first order, (3) if the R groups in the substrate, or if two different 
substrates are used, scrambling of groups in the products are observed, (4) thermal but not photochem- 
ical initiation of the reaction is required, ( 5 )  the reaction is catalyzed by SO,, and (5 )  tertiary alkyl 
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SYNTHESIS, PROPERTIES AND REACTIONS OF TRISULFANES AND THEIR OXIDES 

groups stabdue the trisulfane-Zoxide towards thermal decomposition more than either secondary or 
primary groups. A mechanism consistent with all of these observations is shown in Fig. 14. 

RSSR 

Fig. 14 

b. Trisulfane-dioxides (109-112) 

All four of the trisulfane-dioxides have been either observed or implicated as reactive inter- 
mediates, and they exhibit a remarkable spectrum of stability. 

Trisulfane 1,l-dioxides form in both the dimethyldioxirane and MCPBA oxidations of 
trisulfane-1- and 2-0xides.~, 38, 'j6 For example, oxidation of di-fert-butyltrisulfane-2-oxide, (9d), with 
either MCPBA or dimethyldioxirane generates the trisulfane 1,l -dioxide.136 Examination of the reac- 
tion mixture by NMR at -60" allowed spectroscopic detection of the marginally stable di-terf-butyl- 
trisulfane- 1 ,Zdioxide which is presumably a precursor of the 1,1 -dioxide. Di-fert-butyl-trisulfane-1 ,1- 
dioxide, (lo), itself is sufficiently stable to be isolated and its X-ray structure determined.136- 137 

0 0 

t [ox1 

10 

mu, /s, /tBU - s s  
9d 

110( R = tBu) 

10% 5 %  
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CLENNAN AND STENSAAS 

Clenna~~ '~  and Freeman5 both reported that oxidation of a trisulfane- 1-oxide generated the 
1,l-dioxide. The 1,l-dioxide could presumably form in these reactions by direct oxidation at the 
sulfinyl sulfur, by oxidation at the central sulfur followed by rearrangement, or by oxidation at the 
terminal sulfenyl sulfur to form the 1,3-dioxide followed by rearrangement. ClennaP reported exper- 
imental evidence for the formation of the 1,3-dioxide which was shown to be stable under the low 
temperature reaction conditions. The experimental results necessary to distinguish between the other 
two possibilities are not available. 

Trisulfane-1,l-dioxides, 111, can be synthesized in isolable quantities by the reaction of 
potassium thiosulfates, 128, with sulfenyl chlorides.lw Alternatively, the reactions of hydrodisulfides 
with sulfonyl chlorides, 129, have also been used to make these trisulfane oxides.136 The stability of 
trisulfane- 1,l -dioxides can be enhanced by electron withdrawing groups such as 2,4-dinitrophenyl- on 
the sulfenyl sulfur. The lifetime of these species is limited by an intermolecular sulfur expulsion reac- 
tion which generates thiosulfonate products.lM 

0 0 
R-S-S- K+ + CISR' - R,S,S,S,R, - R'SSH + R-S-CI 

II It 
0 0 

111 
128 129 

II o,\ p I1 

Trisulfane- 1,3-dioxides, 110, are less stable than the 1,l -dioxides, nevertheless they have 
been observed and spectroscopically characterized. Derbesy and H a ~ p p l ~ ~  reported that di-tert-butyl- 
trisulfane-1,3-dioxide, (110) (R = mu) can be isolated at room temperature and requires 12 hours to 
decompose. (vide supra) In addition, they report that di-tert-butyltrisulfane- 1-oxide, (127), can be 
oxidized with several different oxidants at -40" to give only one of the two possible diastereomers. 
After 6 hours they report that a rearrangemeant occurred to give a mixture dominated by the other 
diastereomer. They suggest that the kinetic product is the d,l-diastereomer and that the thermody- 
namic product is the meso isomer. Steudel and DrozdovalZ6 have computationally examined the two 
diastereomers presumably formed in the oxidation of 127 and point out that their results do not 
support the results of Derbesy and Harp~ . I '~  The two diastereomers have very similar geometries 
which does not provide a justification for preferential formation of one over the other. Furthermore, 
the diatereomers only differ in energy by 0.4 kcdmol precluding complete interconversion of one 
into the other. 

Clennan and S t e n s a a ~ ~ ~  have suggested that a trisulfane-2,2-dioxide, 112, is formed in the 
low temperature oxidation of bis(p-methoxyphenyl)trisulfane-2-oxide, (18)-2-oxide, with trifluo- 
romethyl methyl dioxirane. The formation of bis(p-methoxyphenyl)trisulfane-2,2-dioxide, (18)-2,2- 
dioxide, was deduced from the formation of bis(p-methoxyphenyl)disulfane, (130), as the only 
product of the oxidation at -80". It was not possible to determine if the trisulfane-2,2-dioxide was 
formed via a trisulfane-l,2-dioxide, 109, by an established rearrangement mechanism, or by direct 
oxidation at the sulfinyl (SO) sulfur. 
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(R = pMeOPh-) 

0 
\ 

0 
\ 

+ u - - P  OH 

MCPBA 

excess 
S s, /s 

I OH 

c. Trisulfane-tri- and tetraoxides (113-120). 
The chemistry of the higher order trisulfane-tri- and tetraoxides is far less established than 

that of the lower order mono- and dioxides. Only trisulfane- 1, 1,3-trioxide, 115, and trisulfane-1 , I  ,3,3- 
tetraoxide, 120, are well documented materials. 

Clennan and Stens=?* reported that oxidation of bis(p-methoxypheny1)trisulfane-1-oxide 
with dimethyldioxirane resulted in the formation of a complex reaction mixture which included the 
corresponding 1,1,3-trioxide. The assignment of the 1,1,3-trioxide was based upon comparison of the 
methoxy chemical shifts to corresponding shifts in other oxidized derivatives. 

Derbesy and HarppIz9 reported that oxidations involving di-tert-butyltrisulfane and several of 
its oxidized derivatives resulted in isolation of the trisulfane-l,l,3-trioxide, 11, which was confirmed 
by an X-ray structure. (Fig. 15) Examination of the oxidation of the 13-dioxide (C in Fig. 15) by 
NMR at -40" did not reveal the presence of an intermediate. This observation led to the suggestion that 
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Kato, and Hashimoto*' have also suggested loss of SO, from a trisulfane-2,2-dioxide as a 
key step in the oxidative conversion of a trisulfane to brugierol, (131), and isobrugierol, 132. The 
reaction is suggested to involve an unusual oxidation at the central sulfur atom of the trisulfane and 
oxidation of the resulting disulfane (vide supra). 
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oxidation occurs directly at the sulfiyl sulfur to give 11 rather than at the sulfenyl sulfur to give a 
1,2,3-trioxide which rearranged to 11. This suggestion was supported by the observation that oxidation 
of di-tert-butyltrisulfane-2-oxide with 2 equivalents of oxidizing agent did not give the 111,3-trioxide. 

tBu/S'S/S'tBu 

A 
0 
t 

D Fig. 15 
The trioxide 11 is more stable than its disulfane analogue reflecting the presence of an addi- 

tional sulfur atom which reduces the steric interactions between the two tert-butyl groups. The 
trioxide decomposes after approximately 2 weeks at room temperature to give a mixture consisting of 
63% di-tert-butyltetrasulfane-1, 1,4,6tetraoxide, 28% di-tert-butylthiosulfinate, 3% of di-tert-butylth- 
iosulfonate, and traces of di-rert-butyltrisulfane- 1,1,3,3-tetraoxide, tert-butyl sulfinic acid, tert-butyl 
sulfonic acid, and the anhydride 133. The authors suggest that the decomposition is initiated by 
homolytic cleavage to give tert-butyl sulfiiyl cation and tert-butyl thiosulfonate anion. Reaction of 
the tert-butyl thiosulfonate anion with 11 would generate the di-rert-butyltetrasulfane-1,1,4,4- 
tetraoxide and a tert-butyl sulfinyl anion which can react in a complicated process similar to that 
described earlier (Fig. 1 3) to give di-tert-butylthiosulfonate. 

0 0 
0 0  o,\p t 2 months \\ // t \\ I/ 

0 0  

tBu/S'S/S\S/tBu + tBu/S'S/tBu + tBu/S'S/tBU 
tBu/S'S/S'tBu RT, CDC13 // \\ 

11 63% 28 % 3% 

I 

Trisulfane-l,l,3,3-tetraoxide, 120, can be synthesized by oxidation of trisulfanes, trisulfane- 
1,3-dioxides, or trisulfane- 1,1,3-trioxides with the appropriate number of equivalents of per acid^,"^ or 
dimethyldioxirane. Di-tert-butyltrisulfane-l,l,3,3-tetraoxide is sufficiently stable to allow recrystal- 
lization from n-pentane and structure determination by X-ray c~ystallography.'~~ 
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