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Several reaction systems have been investigated as possible sources of diatomic 

sulfur (S2). Dialkoxy disulfides have becn shown to thermally decompose with the 

formation of sulfur likely as Sz which was successfully trapped in modest yield. 

Several other systems have been shown to decompose with a likely S2 interrnediate. 

The chemistry of the chloro(triphenylmethyl)sulfides was studied. The X-ray 

crystal structures of the first chlorodisulfide and chlorotrisulfide were obtained. The 

chlorotriphenylmethyl sulfides were found to decompose in the presence of 1,3-

dienes to yield products which are consistent with the trapping of diatomic sulfur. 

The reactions of the chloro(triphenylmethyl)sulfides were examined and used to 

prepare a series of mixed sulfides containing 1-4 sulfurs. A novel extrusion of sulfur 

in the reaction of chloro(triphenylmethyl)monosulfide with thiocarbonyl compounds 

was investigateù. The thermal decomposition of the sulfides as solids and in 

solution were cxamined. 

The solvent dependent desulfurization of sulfenic sulfonic thioanhydrides was 

investigated in the anticipation of discovering a diatomic sulfur intermediate. The 

extrusion was shown to involve the concatenation of sulfur atoms until a stable 

sulfur Iing could be extruded. 

The X-ray crystal structure of bis(triphenylmethyl)disulfide was determined and 

was discussed in relation to other hindered disulfides. 



ETUDE D'UN MECHANISME GENERAL 

D'EXTRUSION D'ATOME DE SOUFRE. 

L'IMPORTANCE DU SOUFRE DIATOMIQUE. 

RESUME 

ii 

Différentes classes de réaction ont été étudiées en tant que source possible de 

soufre diatomique. Il a été montré que les dialkoxy bisulfures se décomposent sous 

l'effet de la température et conduisent vraisemblablement à la formation de S2 qui a 

pu être piégé avec un rendement modeste. La décomposition d'autres classes a 

montré la présence d'un intermédiaire semblant être S2. 

La chimie des chloro(triphénylméthyl)sulfures a été étudiée. Les structures 

cristallines des premiers chlorodisulfures et chlorotrisulfures ont été obtenues par 

rayon X. En présence de diènes-l,3, le chloro(triphénylméthyl)sulfures se 

décompose en produits qui sont semblables à ceux obtenus lors du piégeage du 

soufre diatomique. La réactivité du ehloro(triphénylméthyl)sulfure a été étudiée et 

utilisée pour préparer differents types de sulfures mixtes de 1 à 4 atomes de soufre. 

Par l'addition de composés thiocarbonylés, une nouvelle méthode d'extrusion de 

soufre du chloro(triphénylméthyl)sulfure a été établie. La décomposition thermique 

des sulfures, à l'état solide et en solution, a été étudiée. 

Précédemment à l'idemification de l'intermédiaire de soufre diatomique, l'effet 

du solvent sur la désulfurisation des suIfé nie sulfonic thioanhydrides a été examiné. 

L'extrusion de soufre entraîne la concaténation d'atome de soufre jusqu'a ce qu'un 

cycle stable puisse être extrudé 

La structure cristalline du bis(triphénylméthyl)bisulfure a été obtenue par rayon 

X et comparée à d'autres bisulfures stérique ment encombrés. 
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CHAPTERI 

INTRODUCTION 

1.1 Sulfur Extrusion 

In the chemicaI sense, the term "sulfur extrusion" has been used to describe the 

10ss of any moiety containing a sulfur atom from a molecule. Sulfur extrusion 

reactioJ1..s have been successfully employed in organic synthesis, for example: Raney 

Nickel desulfurization, 1 and the Ramburg-Backlund rearrangement (loss of S02 to 

form alkenes).2 

There are innumerable examples in the literature where one of the products in 

a chemical reaction is elemental sulfur.3 The sulfur that is lost is often 

inappropriately represented as S, [S], SO or SI and the implication is often that 

atomic suIf? ir is produced in the process. The mechanism by which the sulfur is 

produced in these reactions is not weIl understood. Extrusion of elemental sulfur 

has been observed under many conditions: thermally, photochemically, base induced 

as weIl as solve nt induced. 

There have been four major reviews concerning sulfur extrusion in the literature 

but each was limited in scope. Two accounts which appeared in the 1960's by Dean 

and Stark4 and Loudons examined extrusions which resulted in stable aromatic 

systems. More recently a review by Radl6 reported extrusions which resulted in the 

formation of five-membered ring heterocycles and one by Guziec and Sanfilippo 7 

studied examples of the extrusion of sulfur, selenium and tellurium. No review 

examined the mechanism by which sulfur is produced in the extrusion reactions 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

J. Bougault, E. Catte1ain and P. Chabrier, Camp. Rend., 208, 657 (1939); Bull. soc. chim. 
France, 7,781 (1940). 

For example see: S. Yamada, H. Ohsawa, T. Suzuki and H. Takayama, J. Org. Chem., 51, 4934, 
(1986); W. L. Mock,J.Am. Chem. Soc., 97,3666 (1975). 

C. R. Williams and D. N. Harpp, Sulfur Reports, 10,103 (1990). 

B. P. Stark and A. J. Duke, "Extrusion Reactions", Pergamon Press, Oxford, England, 1967, p. 
72. 

J. D. Loudon, "Orgamc Sulfur Compounds", N. Kharasch (Ed.), Pergamon Press, Oxford, 
1961, Vol. 1, p. 299. 

S. Radl. Janssen Olim. Acta, 5, 3 (1987). 

F. S. Guziec, Jr and L. J. Sanfilippo, Tetrahedron, 44,6241 (1988). 
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except to say that the driving force for the extrusion is the formation of stable 

aromatic systems. The following sections will examine and relate the mechanistic 

information on the loss of sulfur found in the chemicalliterature. 

1.2 Sinilet Sulfur Atom 

In several instances, sulfur 10ss in organic reactions has been specifically 

proposed to proceed through r. cheletropic 10ss of a singlet sulfur atom which could 

th en combine to form elemental sulfur (S8)' Under most conditions, formation of a 

singlet sulfur atom is not a reasonable pathway for the loss of sulfur to occur. The 

energy of formation for a singlet sulfur atom Se02) has been determined to be 66.3 

kcal/mo1.8,9 The high energy value for this species suggests that decomposition 

pathways involving a singlet sulfur atom cannot be operative for the many observed 

sulfur extrusions that occur under mild conditions.3 The sulfur 10ss must proceed 

through a transient species of lower energy such as diatomic sulfur (Sz) or longer­

chain fragments. IO These transient species could then combine to form elemental 
sulfur, ultimately resulting in an overall lower energy pathway for the extrusion 

reaction. 

In Many examples of sulfur extrusion, thiirr.mes are the proposed intermediates. 

Thiiranes (or episulfides) are the sulfur analogues of oxiiranes (epoxides) and they 

undergo many of the normal reactions observed for oxiiranes, such as nucleophilic 

ring openingll or olefm formation with phosphorus nucleophiles.12 However, 

thiiranes will extrude sulfur under various conditions to form elemental sulfur 

(Scheme 1) whereas an analogous extrusion of oxygen is not found in the chemistry 

-A-- >=< 
Scheme 1 

8. "JANAF Thermochemical Tables", Dow Chemical Co., Midland Mich., 1966, plus later 
supplements to 1976. 

9. K. J. Miller, K. F. Moscbner and K. T. Potts,l.Am. Chem. Soc., 105, 1705 (1983). 

10. D. N. Harpp, Pel'Spectives in the Organic Chem;stry of Slllfur, B. Zwanenburg, A. J. H. K1under, 
(Ed.), Elsevier, Amsterdam, 1987, p 1-22. 

11. H. R. Snyder, M. Stewart and J. B. Ziegler, J. Am. Chem. toc., 69, 2637 (1947). 

12. D. B. Dennyand M. S. Boskin, J. Am. Chem. Soc., Il, 4736 (1960). 



3 

of oxiranes. There are many instances where thiiranes decompose directly to olefins 

and elemental sulfur.13 The mechanism for the thermal decomposition of thiliane 

to olefin and sulfur is often proposed to be a simple cheletropic 10ss of one sulfur 

atom. 

A recent study by Lutz and Biellmann14 has indicated that this may not be the 

case. They found that the loss of sulfur from the de composition of (1) did not have 

first-order kinetics (as would be expected for sulfur atom formation), thus a more 

complex mechanism may be involved, perhaps with a bridged sulfur species (2). 

- 7--lir--CI 

(1) (2) 

13. (a) C. G. Moore and M. Porter,/. Chem. Soc., 2062 (1958). 

(h) C. O. Guss and D. L. Chamberlain, Jr., 1. Am. Chem. Soc., 74, 1342 (1952). 

(c) E. P. Adams, K. N. Ayad, F. P. Doyle, D. O. Holland, W. H. Hunter, J. H. C. Nayler and 
A. Queen,/. Chem. Soc., 2665 (1960). 

(c) M. A. Youtz and P. P. Perkins, l. Am. Chem. Soc., 51, 3508 (1929). 

(d) M. Mousseron, M. Bousquet and G. Marett, Bu/l. Soc. Chim. France, 84 (1948). 

(e) D. Seyferth, W. Tronich, K. S. Mannor and W. E. Smith, 1. Drg. Chem., 37,1537 (1972). 

(t) H. Staudinger and J. Siegwart, He/v. Chim. Acta, 3, 833 (1920); H. Staudinger and J. 
Siegwart, Helv. Chim. Acta, 3, 840 (1920); A. Schonberg, Ber., 58, 1793 (1925); A. Schônberg 
and L. von Vargha, Ann., 483, 176 (1930); A. Schonberg and L. von Vargha, Ber., 648, 1390 
(1931); A. Schonberg, K. Fateen and M. A. Sammour, J. Am. Chem. Soc., 79, 6020 (1957); G. 
P. Hagen and R. M. Burgison, 1. Amer. Phann. Assoc., 39, 7 (1950). 

(g) T. Sato, Y. Goto, T. Tohyama, S. Hayashi and K. Hata, Bull. Chem. Soc.lapn., 40, 2975 
(1967). 

(h) G. A. Tolstikov, B. M. Lerman and L. 1. Umanskaya, Izv. Alcad. Nauk SSSR, Ser. J(Jz;m., 
1367 (1982); Chem. Abstr., 97 162438d (1982). 

(i) Y. Gao and B. Sharpless,/. Drg. Chem., 53, 4114 (1988). 

G) W. Ando, A. Itam~ T. Furuhata and N. Tokitoh, Tetrahedron Lett., 1787 (1987). 

14. E. Lutz and J.·F. BieUmann, Tetrahedron Lett., 2789 (1985); this process is being investigated 
in detail in our laboratory; W. Chew and D. N. Harpp (unpublished results). 
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An earlier study of sulfur extrusion in solution examined the pyrolysis15 of cis­
and trans-l,2-diethenylthiirane, (3) and (4) respectively. It was found th:.!t a 

competition between the observed sulfur extrusion and the thermal synthe sis of 

thienocyclobutadiene (S) occurred. Pyrolysis of the thiiranes at 100°C resulted only 

in formation of the corresponding desulfurized olefins 6 and 7. 

Il C> 
(3) (4) (5) 

(6) (7) 

The reaction initially exhibited second order kinetics but changed to first order as 

the reaction proceeded. These kinetic studies indicate that the extrusion of sulfur 

from thiiranes has a more complica ~ed mechanism than the simple cheletropic loss 

of an atom of sulfur. 

Thermal sulfur loss from dithiins to fonn thicphenes16 (Schemes 2 and 3) and 

from thiepins to form stable aromatic systems4,5 (Scheme 4) was thought to also 

proceed exclusively through loss of a singlet sulfur atom. 

() 
s 

- s o - ~s 

Scheme2 Scheme 3 

15. K. P. C. VoUhardt and R. G. Bergman,!. Am. Chem. Soc., 95, 7538 (1973). 

16. For example see: W. E. Parham and V. J. Traynelis, J. Am. Chem Soc., 77, 68 (1955) or R . 
Grigg. R. Hayes and J. L. Jackson, J. Chem. Soc. (D), 1167 (1969). 
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c> - o 
Scheme 4 

Mueller17 attempted to trap atomic sulfur 10 the reaction of a-chloro-p­

(acetylthio)propionitrile (8) and diethylamine with an alkene, but was unsuccessful. 

He proposed that this particular reaction proceeded through a thiirane intermediate 

which spontaneously lost atomic sul fur. Other researchers attempted to trap atomic 

sulfur in the sulfur loss which occurred when a phosphothiolate (9) was oxidized 

with a peroxy acid but were also unsuccessful.18 Thermal decomposition of 5-

substituted-l,2,3,4-thiatriazoles (10) in the presence of olefins gave no evidence for 

episulfide formation; however photolysis of the same species in the presence of 

olefins did produce the corresponding thiiranes, suggesting atomic sulfur formation. 

Under similar conditions the photolysis of isothiocyanates (11)19 resulted in the 

formation of sulfur atoInS which were successfully trapped as thiiranes. The results 

from the photolysis experiments were not surprising as the normal method for 
producing sulfur atoms is the photolysis of carbon oxysulfide (COS).20 'These results 

indicated that sulfur atoms would not form thermally. Therefore the mechanistic 

proposais involving a singlet ~uJfpr atom formation in thermal extrusions are likely 

incorrect. 

(8) (9) 

17. W. H. MueUer,J. 01'8. Chem., 34,2955 (1969). 

o 
1/ 0 

A-C-OOH. RO_W_OAr 
Ra ...... 

18. L. Field, N. E. Heimer, R. 1. McN::i1, R. A. Neal, J. SWÎnson and J. R. Van Wazer, Sulfur Lett., 
l, 135 (1983). 

19. R. Jahn and U. Schmidt, Monatsh Chem., 109,161 (1978) 

20. K. GoUnick and E. Lcppin, J. Am. Olem. Soc., 92, 2217 (1970); E. Leppin and K. Gollnick, J. 
Am. c..:nem. Soc., 91, 2221 (1970). 
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R-N=C=S 

(10) (11) 

1.3 Concatenation of Sulfur Atoms 

One possibility that has been proposed for the mechanism of sulfur extrusion is 

the concatenation of sulfur atoms with the formation and extrusion of a stable sulfur 

species. The initial step in such an extrusion would occur through the reaction 

between two sulfur species with the transfer of a sulfur atom to form a thiosulfoxide­

like intermediate 12. 

s 
Il 

................ 

(12) (13) 

Intermediate 12 could then further react with other rnolecules until the sulfur 

chain (13) was six or eight atoms long and could cyclize to S6 or, more likely, S8' 

The original concept can be credited ta Foss.21 A similar proposai was made by 

Davis22 to a.:count for the formation of elemental sulfur in acidified solutions of 

thiosulfate. Very recently, in an unrelated study of a novel reaction of sulfur cation 

radicals in solution, results were obtained that indicated a similar concatenation.23 

The formation of 5,6-diphenyl-l,2,3,4-tetrathietane (14) was observed when CIS- or 

trans-2,3-diphenylthiiranes (15) were mixed with a catalyti-:- amount of tris(p­

bromophenyl)aminium hexachloroantimonate in dichloromethane. The 

mechanistic23 proposaI was that the formation of a radical species was followed by 

the abstraction of a sulfur atom from an identical thiirane molecule forming the 

two-sulfur species 16 and alkene 17. The two-sulfur species would further abstract 

21. O. Foss, Acta Clzem. Scand., 4 (1950); O. Foss in "Organic Sulfur Compounds," N. Kharasch 
(Ed.), Pergamon Press, New York (1961), p. 75-77. 

22. R. E. Davis,J. Am. OJem. Soc., 80, 3565 (1958). 

23. M. Kamata, K. Murayama, T. Suzuki and T. Miyashi, l. Clzem. Soc., Clzem. Commun., 827 
(1990). 
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sulfur atoms until an amonic chain of four sulfur atoms 18 was obtained, which then 

cyclized. The formation of 14 was confirmed by X-ray analysis. 

(15) 

PlI 

"~'?' '. 
(14) 

.. 

.. 

PO» .. (po 
a-8 + 

Ph Ph 

(16) (17) , 
l 

pop. . 
8-8-S-S 

PIt 

(18) 

The formation of sulfides by the loss of sulfur from polysulfides has been shown 

to readily occur (Scheme 5). A common explanation for the observed conversion is 

the 10ss of sulfur from the thiosulfoxide-like intermediate,24,25,26,27 most probably 

formed via a rearrangement of the sulfide chain. The formation of a thiosulfoxide 

has been proposed in solvent mediated,24 photo-induced25 and in therrnally­

mediated extrusions.26 The branch-bonded arrangement is known and several 

stable derivatives containing it have been isolated and characterized.28,29 The 

formation of thiosulfoxides as intermediates has been supported by recent results of 

Strausz.30 

24. 
25. 

26. 

27. 
28. 

29. 

30. 

B. I. Stepanov, V. Ya. Rodionov and T. A. Chibisova, J. Org. Chem. USSR, 10,78 (1974). 

G. A. R. Brandt, H. J. Emeléus and R. N. Haszeldine,J. Chem. Soc., 2198 (1952). 

R. N. Haszeldine and J. M. Kidd,J. Chem. Soc., 3219 (1953). 

G. Hôlle and J. E. Baldwin, J. Am. Chem. Soc., 93, 6307 (1971). 

F. SeeJ and D. Gôlitz, Chimia, 17, 'llJ7 (1964). 

D. N. Harpp, K. Steliou and C. J. Cheer, J. Chem. Soc., Chem. Commun., 825 (1980). 

M. Green, E. M. Cown and 0 .. P. Strausz, J. Am. Chem. Soc., 106,6938 (1984). 
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Scheme 5 

Allylic disulfides 19 were observed to rearrange to new disulfides at ambient 

ternperature.25 The rearrangernents were again proposed ta occur through the 

thiosulfoxide interrnediate 20 via a 3,3-sigmatropic shift. For sterically hindered 

allylic disulfides only rearrangement to new disulfides was observed, while the Jess 

substituted disulfides rearranged to tbe corresponding suIfides 21 and suIfur. 

(19) (20) (21) 

A possible rationale for less substituted allylic disulfides rearranging to the 

suifides and suifur is the concatenation of sulfur atoms from the thiosulfoxide 

intermediate. The greater the steric repuision, the lesser the chance for the sulfur 

atoms to come into close enougb proximity for sulfur attack to occur. Once reacted, 

the sulfur species could extend to longer chain'i and ultimately lose elemental sulfur. 

Husigen and Rapp,31 in an unrelated experiment, succes:;fully trapped 

Molecules having a structure similar to the thiosulfoxide intermediate in the thermal 

decomposition of 3,3,5,5-tetraphenyl-l,2,4-trithiolane (22). They propose~ a 

mechanisrn involving a 1,3-dipolar cycIoreversion to tbe thiobenzophenone-S-suIfide 

23; in the absence of trapping agents further abstraction of sulfur atoms occurred 

31. R. Huisgen and J. Rapp, J. Am. Chem. Soc., 109, 902 (1987). 
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to fonn a species that could cyclize and ultimately fonn thiobenzophenone (24) and 

cyclooctasulfur (S8)' 

(22) (23) 

Ph 

)==8 + Se 
Pli 

(24) 

Miller and Potts9 carried out a theoretical study on the reaction of thieno[3,4-

c ]thiophenes (25) with dicyanoacetylene as a model for cycloadditions involving 

derivatives of this ring system. They eoncluded that extrusion of sulfur as an atomic 

species from the addition produet (Diels-Alder adduet) was energetieally 

unfavorable. Extrusion of sulfur as S6 or S8 was found to b,· an energetically more 

favorable process. Their mechanistic proposai involved a bridged su!fide 

intermediate 26 whieh could react with a second moleC1.l:le to fonn a compound with 

two sulfur atoms. The molecule would then further react until it contained a ehain 

of six or eight sulfur atoInS and then would cyclize with the elimination of the stable 

S6 or, S8 ring. 

• .ab:: 
(25) (26) 

A more recent paper by Gleiter32 summarized the thermal stabilities of 

monocyclic thiepins 27. By studying the loss of sulfur from thiepins using 

photoelectron spectroscopy Gleiter reached a similar conclusion as that obtained by 

Miller and Potts. The possibility of a species involving the concatenation of sulfur 

atoms from the thianorcaradiene (thiirane) intermediate 28 was proposed with 29, 

as a possible intermediate. This species would ultimately lose el~mental sulfur (S8' 

vide infra). 

32. R. Gleiter, G. Krennrich, D. Cremer, K. Yamamoto and 1. Murata, J. Am. Chtm. Soc., 107, 
6874 (1985). 
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s 
/-, 

+ ..... -

c· d - <-1 
(27) (28) (29) 

Concatenation has also been proposed to account for the formation of 

elemental sulfur in the decomposition of nitrile N-sulfides (30),33 in the observed 

sulfur 10ss during the oxidation of a phosphothiolate 9 with a peroxy acid18 and in 

the formation of elemental sulfur when dipyrido[1,2-a:l',2' -c)imidazolium-ll­

thiolate 31 was refIuxed with hydrobromic acid.34 Matturo35 recently concluded 

that a similar mechanism must be involved in the extrusion of sulfur from the 

addition adduct of dimethylthiophene and singlet oxygen. He proposed that the 

mechanism involved a concatenation of sulfur atoms or sulfur fragments such as S2 

or S3' Ali these examples indicate or suggest that the concatenation of sulfur is the 

likely mechanism for the formation of elemental sulfur. There is also a strong case 

for the thiosulfoxide as an intermediate. 

s-

6-0 
(30) (31) 

33. R. K. Howe and J. E. Franz, J. Org. Chem., 39,962 (1974); R. K. Howe and B. R. Shelton, J. 
0'8. Chem., 46, 771 (1981). 

34. J. T. Edward and R. H. Sheffler, J. Org. Chem.,50, 4855 (1985). 

35. M. G. Matturro, R. P. Reynolds, R. V. Kastrup and C. F. Pictroski, J. Am. Chem. Soc., 108, 
2775 (1986). 

• 
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1.4 Solvent Dependent Extrusion 

In the extru!iion of a singlet sulfur atom no eharged intennediate should be 

formed. In the absence of a charged intermediate solvent polarity would not be 

important in the mechanism and therefore should not have a great effeet on the 

kinetics of extrusion. If the meehanism of extrusion oecurs through a eharged 

intennediate, as proposed by Miller and Pous9 and Gleiter,32 then a solvent effeet 

should be observed. There have only been a limited number of examples where a 

solve nt effect on the extrusion of sulfur has been observed. The initial example was 

noted by Twiss36 on O-e:thylcarbonyItetra- and trisulfides, (32) and (33). Upon 

stirring in ethanol the sulfides were found to deeompose to the disulfide 34 and 
elemental sulfur. The conversion of bis(2,4-dinitrophenyl)disulfide (35) to the 

sulfide 36 has been observed in ethanol.24 The authors proposed a thiosulfoxide 
intennediate for the conversion. 

o 

EtOyS, /s, ~ 
S S OEt 

o 

(32) 

(35) 

(33) 

o 
EtO S Il y 'S~OEt 

o 

(34) 

(36) 

Markley and Dunbar37 noted that amÏnothiosulfonates 37 decomposed to the 

aminosulfonates 38 slowly at ambient temperatures and rapidly at high 

tempe ratures in polar soivents. A similar c(\"version has been noted by Harpp38 in 

the solvent mediated extrusion of sulfur from sulfenic sulfonic thioanhydrides 39. In 

polar solvents the se compounds extruded one atom of sulfur to form the 

36. D. Twiss, J. Am. Chem. Soc., 49, 491 (1927). 

37. L. D. Markley and J. E. Dunbar,!. Org. Chem., 37,2512 (1972). 

38. D. N. Harpp, D. K. Ash and R. A. Smith, J. O~. Chem., 44, 4135 (1979). 
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corresponding thiosulfonates 40. 

1\ o N-SS02R 

'----1 

(37) (38) 

(39) (40) 

Kinetic studies into these and other reactions should provide a c1ear indication 

of the mechanism involved in sulfur extrusion. With the sulfenic sulfonic 

thioanhydrides, extrusion en> ,sover experiments suggested that two moleeules were 

involved in the sulfur extrusion reaetions but the results were not c1ear. Other 

investigations have given mixed results as to the meehanism of sulfur extrusion. 

Roth39 obtained erratic results in attempted rate studies on the thermal extrusion of 

sulfur from 4-(phenacylthio)-2(1H)-pyrimidinones (R = H, R' = Br) (41) to form 

4(3H)-(benzoylmethenyl)-2( 1H)-pyrimidinones (42). Thiohydroxylamine-S­

monothiocarboxylates 43 are unstable and were slowly converted into 0-

alkylthiocarbamates 44 and sulfur at room temperature.4O The mechanism and rate 

of the extrusion was extensively studied and was found to be a intramolecular 

decomposition.41 

R'N~ 
R' R, 

~ 0 N 

.. O~N O~N~ S 
1 

0 H 
R' 

(41) (42) 

5 5 

N~, ,Jl .. 
NH2

Â OR 5 OR 

(43) (44) 

39. B. Roth, R. Laube, M. Y. Tidwell and B. S. Rauckman, J. Org. Chem., 45, 3651 (1980), 

40. R. Œ)s~Angew Chem.lnt. Ed. Engl., 1, 268 (1962). 

41. A. Holm and G. M. Jensen,Acla Chem. Scand., 25,339 (1971). 
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1.S Diatomic Sulfur S2 

The diatomic nature of elemental oxygen has been known for many years. Its 

ground stale was long ago confirmed to be the triplet state with one of the excited 

states being the singlet spin·paired species. Singlet oxygen chemistry is weIl 

developed and has been extensively studied.42 52 is isovalent with 02 and has a 

similar basic electronic structure. As with oxygen, the ground state is the triplet and 

the molecule is therefore paramagnetic. The singlet state has been calculated to be 

13 kcal above the ground state. The electronic spectra and electronic states have 

been weIl reviewed by Barrow;43 Freeman, Jones and Rogstad44 measured the 

rotational Raman spectrum of sulfur dîmer; while Riee and Ingallis45 recorded the 

absorption spectra. 

The S2 molecule has been produced thermally. The thermal decomposition of 

carbonyl sulfide46 between 1550 and 3200 K gives mainly Sz. When the reaction was 

studied above 4500 K, the 52 produced was found to dissoCÎate back into sulfur 

atoInS.47 52 has also been observed to be formed in the reaction of sulfur atoInS 

with thiirane.48 In the analytical determination of sulfur dioxide the characteristic 

blue color observed has been attributed to the formation of S2' A similar result was 

obtained when a sample of S02 was shock heated.49 S2 has also been identified in 

the products of the low temperature photolysis of disulfur dichloride.50 

The energy of dissociation of S~ was determined to be 101 Kcal/mol and the 

sulfur sulfur bond distance measured at 1.887 Â. The stability of IS2 is expected ta 

be less than that of singlet oxygen. Singlet oxygen i!; reported to have a half·life 

ranging from about 2 psec in water to 1000 Jl.sec in Freon 11.50 

The extrusion of diatomic sulfur in an organic reaction was first proposed in 

42. H. H. Wassennan and R. W. Murray, ·Singlet O'C}'gen," Academie Press, New York, 1989. 
43. R. F. Barrow and R. P. du Parcq, "Elemental Sulfur," B. Meyer (Ed.), Interscienee, New York, 

1965. 

44. P. A. Freeman, W. J. Jones and A. Rogstad, J. Chem. Soc. Faraday Trans. Il, 71,286(1975). 
45. F. O. Rice and R. B. Ingalls, J. Am. Chem. Soc., 81, 1856 (1959). 

46. A. J. Hay and R. L. Belford, J. Chem. Phys., 52,3545 (1970); H. G. Schecker and H., G. 
Wagner, [nt. J. '!-::hem. ](jnetics, l, 541 (1969). 

47. T. Higahihara, K Saito and 1. Murakam~ Bull. Chem. Soc. Japan, 53, 15 (1980). 

48. R. B. KJemm and D. D. Davis,/nt. J. Chem. J(jnetics, 5, 149 (1973). 

49. B. P. Levilt and D. B. Sheen, J. Chem. Soc., Trans Faraday Soc., 63,540 (1967). 

50. B. Meyer and J. J. Smith, VeRL report no. 18060 (1968). 
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1965 in the photoinduced dimerization of O-ethyl thioacetate (45) to form 2,3-

diethoxy-2-butene (46).51 There have been earlier reports where, although 52 was 

not indicated, the mechanistic proposaIs appeared to preclude the formation of 

sulfur in any other form except diatomic suifur as detailed below. These 

mechanistic proposaIs indicate that 52 may be an important intermediate in the 

extrusion of suifur. In 1928 Staudinger and Freudenberger52 studied the photolytic 

decomposition of thioketones to the corresponding ketones and elementai sulfur. 

They proposed a six-membered ring intermediate 47. The intermediate ring 

structure could undergo a cyclic reversion forming two molecules of the ketone and 

diatomic sulfur (which could combine to form elemental sulfur). 

Thompson53 proposed a similar six-membered transition ~tate (49) in the 

decomposition of dialkoxy disulfides containing an Q hydrogen 48 to the 

corresponding aIdehyde, alcohol and sulfur. 

S 

Ao/R 
(45) 

(48) 

>=< R-O O-R 

(46) (47) 

(49) 

51. U. Schmidt, and K. H. Kabitzke, Angew. Chem. [nt. Ed. Engl., 3, 641 (1964); U. Schmidt, K. 
Kabitzke, J. Boie and C. Osterroht, Chem. Ber., 98, 3819 (1965). 

52. H. Staudinger and H. Freudenberger, Ber., 61, 1576 (1928). 

53. Q. E. Thompson, M. M. Crutchfield, M. W. Dietrich and E. Pierron, J. 01'8. Chem., 30, 2692 
(1965). 
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Hansen and Petersen54 proposed a six-membered transition state in the 

conversion of the dithiocarbamic acid (50) to N-alkyl-N'-4-pyridylthioureas (51). 

The formation of ~ was proposed but no confirmatory evidence was presented. 

(01 ) - + s. 

(50) (51) 

There are examples where thioketones dimerize with the formation of olefins 

and elemental sulfur (Scheme 6).52,55 

s 

Â -
Scheme 6 

These extrusions may have resulted from a head-to-head dimerization to form 
the 1,2-dithietane species which could then lose sulfur as S2 with concomitant 

formation of olefine 1,2-Dithietenes may also dimerize, through a dithioketone 
intennediate, with the formation of 1,4-dithiins and sulfur in the form of S2 (Scheme 

7). 

)1] - x: - )(X 
Scheme 7 

54. E. T. Hansen and H. J. Peterseo, Synthe Commun., 14,537 (1984). 

55. (a) W. Manchot and C. Zahn,Ann., 345, 315 (1906); 

(b) S. K.. Mitra,J. Indian Chem. Soc., 9, 633 (1932); Chem. Abstr., 27,3922 (1933). 

(c) H. Staudinger and H. Freudenberger, Ber., 61,1386 (1928). 

(d) F. Arndt and P. Nachtwey, Ber., 56, 2406 (1923). 

(e) F. Arndt, E. Sebolz and P. Nachtwey, Ber., 57,1903 (1924). 
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The 10ss of sulfur has been proposed to occur via a Diels-Alder addition of one 

molecule of the 1,2-dithietane and a molecule of the 1,2-dithiin. 

Davis and Skibo56 studied the thermal de composition of N,N'-thiodiamines 52. 

In the absence of trapping reagents the isolated products were an azobenzene 53, an 

arylamine and sulfur. The initial step in the decomposition was proposed to be the 

fonnation of the arylamine and an N-thiosulfinylaniline via a hydrogen transfer. In 

the presence of a 1,3-diene, the N-thiosulfinylaniline was successfully trapped as a 

Diels-Alder adduct. The azobenzene was proposed to result from a head-to-head 

dimerization of the N-thiosulfinylaniline 54 to fonn the four-membered ring 

intermediate 55. This intermediate would lose two atoms of sulfur likely as S2 to 

fonn 53. 

X~H H~ 
tJr-N-S-N~X 

(52) (53) 

(54) (55) 

Cava studied57 the photolysis of dithiolone 56, which upon irradiation formed 

the 1,4-dithün 57. The authors proposed that loss of carbon monoxide to form 

acenapbtheneditbione (58) was the first step in this transformation. The epimeric 

1,2-dithietane 59 can undergo a Diels-Alder reaction with the dithione to give the 

proposed bridged disulfide 60 which would lose sulfur in the form of S2. Once 

again the formation of S2 was presented but not confinned. The reaction reported 

by Cava bas been proposed in the dimerization of other 1,2-dithioketones to form 

56. F. A. Davis and E. B. Skibo,l. 0'8. Chem., 41,1333 (1976). 

57. A. Orahovatz, M. J. Levinson, P. J. Carroll, M. V. Lakshmikantham and M. P. Cava, ,. Org. 
Chtm., 50, 1550 (1985). 
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1,2-dithiins. 

(56) (57) 

(58) (59) (60) 

Par.tor58 discovered that treatment of the sterically hindered sulfenyl chloride, 

3,5-di-t-butyl-4-hydroxybenzenesulfenyl chloride (61), with an amine resulted in 

dimerization. The dimerization occurred with the loss of sulfur to form 3,3',5,5'­

tetra-t-butyldiphenylquinone (62). Once again the proposed mechanism involved 

the head-to-head dimerization of a thioketcne to form a 1,2-dithietane 

intermediate, which could eliminate ~. 

HO SCI o 

(61) (62) 

58. S. D. Pastor,J. Org. Chem., 45, 5260 (1984). 
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The reaetion of a dithioamine 63 and alkyl xanthie acid disulfides 64 under basic 

conditions yielded N,N-disubstituted thionocarbamates 66.59 When this reaction 

was conducted in the absence of base the alkoxythiocarbonyl iminodisulfides 65 

were successfully isolated. These disulfides were uns table, and upon standing at 

room temperature for several days, decomposed to thionocarbamate and sulfur. 

The authors proposed that this decomposition resulted from a nucleophilic attack by 

the Ione-pair of electrons on nitrogen on the thiocarbonyl carbon concomitant with 

the elimination of two atoms of sulfur in the form of S2' 

\ / 
N-SS-N 

/ \ 

s s 
Il Il 

AO-C-SS-C-OA 

(63) (64) 

s 
Il / 

RO-C-SS-N 

\ 

s 
Il / 

RO-C,-N 

\ 

(65) (66) 

There are numerous example where S2 has been shown in the literature but 

these examples were not trapped or considered as precursors for trapping. We are 

attempting as part of the work described trying to exploit these opportunities for the 

trapping of S2' There were also several instances where the generation of S2 was 

proposed to oecur through transition states other than rings. The presence of ~ was 

proposed as one of the initial produets in the photolysis of triphenylmethanethiol 

(67)/".1 in the reaction between a ketoimine 68 and phenylisothiocyanate (69),61 and 

in the reaction of sulfur diimides "0 with 1,2,4-trithiaborolanes 71 to form 1,4-

dithia-2,6-diaza-3,S-diborinanes (72) and sulfur.62 

59. J. J. D'Amico, F. G. Bollinger and A. B. Sullivan, /nt. J. Sulfur Chem., 8, 229 (1973). 

60. J. K. S. Wan,J. Chem. Soc., Chem. Commum., 429 (1967). 

61. R. F. Hudson and H. Dj-Forudian, Pllosphorus and Su/fur, 4, 9 (1978). 

62. C. Habben, A. Meller, M. Noltemeyer and G. M. Sheldrick, J. Organ omet. Cltem., Z88, 1 
(1985); C. Habben and A. Meller, Z. Naturforsch, 39b, 1022 (1984). 
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PhaC-SH 

(67) (68) (69) 

A,..... .....6..... ,.A, 
N N 
1 1 

...... 1 .......... 8 ..... 
Aa S Aa 

(70) (71) (72) 

In 1987 And063 reported the synthe sis of novel fused cyclopolysulfides 73 and 

selenapolysulfides 74. He proposed that the photoinduced de composition of 73 and 

74 occurred through a diatomic sulfur intermediate. 

(73) (74) 

1.6 Metbods of ~ Formation and Examples of Isolation 

Metbods for the formation of singlet diatomic sulfur have gained prominence 

due to the importance of the S2 unit in many natural products such as the gliotoxins 

75.64 The importance of ~ in drug synthe sis has been reviewed by Steliou.65 

Attempts at forming many possible S2 precursors were investigated by Smith66 with 

no positive resuIts. 

63. 

64. 

65. 

66. 

W. Ando, H. Sonobe and T. Akasaka, Tetrahedron Lett., 28, 6653 (1987). 

A. Taylor, Microbial tcmns VII, S. Kadis, A. Ciegler and J. S. Ajl (Ed.), Academie, New York, 
(1971) p 337-376. 

K. Steliou, Y. Gareau, G. Milot and P. Salama, "Phosphorus, Sulfur and Silica," C. T. Pedersen 
and J. Becher (Eds.), Gordon and Breach, Science Publishers Inc., EDgland, (198Q), pp 209-
241. 

D. L. Smith, University Microfilins, ADn Arbour, Michigan 71-11, 451 (1973). 
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(75) 

The first successful trapping of S2 was reported by Jahn and Schmidt in 1975.67 

They isolated the addition adduct 77 of 1,2-dimethylenecyclohexane 76 and S2 

formed during the photolysis of O-ethylthioacetate. The isolated yield of 77 was 

only 2%. The otber isolated products were thiopbenes 78 and 79. The addition 

cbemistry of singlet oxygen with a 1,3-diene is weIl developed and documented;52 it 

was believed that similar results would be obtained from singlet sulfur. Evidence 

for the production of ~ bas been obtained through trapping experiments with 1,3-

dienes. In the absence of 1,3-dienes, S2 concatenates to elernental sulfur, S8' The 

successful isolation of 1,2-dithüns confirmed the formation of S2 as an interrnediate 

in the sulfur 10ss mechanisrn. Reactions of "activated" elernental sulfur with dienes 

bave also been studied.68 These reactions resulted in the formation of several 

sulfurated products including the 1,2-dithiin. The isolation of other sulfuration 

products in sulfur extrusion reactions indicated that the sulfur may not only be lost 

as Sz but also in otber forms of activated sulfur, the structure of which are unknown. 

0:: CX) oc> Q:)s 
(76) (77) (78) (79) 

Steliou69 reported the first synthetically useful diatornic sulfur precursor in 

1984. The reaction of triphenylmetal trisulfides 80 with triphenylphosphine 

67. R. Jahn and U. Schmidt, Chem. Ber., 108,630 (1978). 

68. J. A. Elvidge, S. P. Jones and T. L. Peppard, J. Chem. Soc., Perkin Trans l, 1089 (1982); R. 
Stl:ude~ Top. CU". Chem., 102,149 (1982). 

69. K. Steliou, Y. Gareau and D. N. Harpp,J. Am. Chem. Soc., 106,799 (1984). 
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dibromide (81) delivered ~, which was succ:~uiully trapped as a Diels-Alder adduct. 

There was no evidence at this time to support whether the S2 was delivered to the 

die ne from an intermediate such as 82 or if ~ was formed in solution as a discrete 

species. One mechanistic proposaI involved a thioozonide structure 82 acting as the 

~ source. Such a structure would be similar to the oxygen analogue (formed from 

the reaction of the phosphine with ozone) which is a known singlet oxygen source.70 

A six-membered transition state 83 was also proposed in the formation of Sz. 

R,M-SSS-tAR, + ~PBr2 • Ph,p=s + 2 R,M-Sr + Sa 

(80) (81) 

Ph 

Ph" Ph_P~ 

tls 
(82) (83) 

Two diatomic sulfur precursors were reported aImost simultaneously in 1987. 

Schmidt and Gôrl71 examined 5,5-dimethyl-l,2-dithia-3,7-diselenacyclopentane (84) 

as a stable source of S2. When heated to reflux in chlorobenzene, diatomic sulfur 

was successfully trapped as a Diels-AIder adduct along with the formation of 4,4-

dimethyl-l,2-diselenacycyclopentane (85) . 

• • 

(84) (85) 

70. P. D. Barlieu and C. M. Lonzetta, J. Am. Chem. Soc., 105, 1984 (1983). 

71. M. Schmidt and U. Gôr~ Angew. Chem.Int. Ed. Engl., 26,887 (1987). 



Steliou 72 has reported the most synthetically useful preparation of diatomic 

sulfur to dale. 2,2'-Dibenzoylbiphenyl (86), when heated under sulfurization 

corlditions, fonned 2,2'-bis(thiobenzoyl)biphenyl (87) which spontaneously 10st S2 to 

give (with C-C bond coupling) 9,lO-diphenylphenanthracene (88). When the 

reaction was conducted in the presence of a die ne, diatomic sulfur was successfully 

trapped. The cyclic disulfides were isolated in good yield. 

R R 

(86) (88) 

! t 
s-s 

• 

(87) 

The most recent synthetically useful preparation of ~ war t'ublished by Harpp 

and MacDonald73 in 1988. The reaction of dicyclodienylmeLal pentasulfides (89) 

with triphenylphosphine dibromide (81) produced S2 which was successfully trapped 

with 1,3-dienes. The intermediate in the formation of S2 could once again be the 

thioozonide (82). The yields of the Diels-AIder adducts are summarized below in 

Table 1. 

72. K. Steliou, P. Salama, D. Brodeur and Y. Gareau,J. Am. Cllem. Soc., 109, 926 (1987). 

73. D. N. Harpp and J. G. MacDonald, J. Drg. Chem., 53, 3812 (1988). 
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Table 1. Summary of Reported ~ Isolation Procedures 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Steliou Schmidt Steliou Harp~ 
Diene Isolated (1984) (1987) (1987) (1988 

Adduct 
Isolated Yields 

X IJ( 35 48 60 21 

X: I:r: 20 (42) 54 85 

n In 35 (65) 40 75 

0-0 6=b SO( 70) 48 70 

(NMR yields) 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

In 1987, Ando74 published a reported preparation of ~ from an epidithio 

intermediate 90 formed in the reaction of 9,lO-dihydro-9,lO-(1,3-epidithio-2-

methano-2-p-methoxyphenyl-l-oxide )propanoanthracene (91) with perchloric acid. 

It was not dear whether the Diels-Alder adducts were isolated or detected. The 

yields were based on isolated by-products making this daim tentative. This 

procedure had been attempted several years previously but was unsuccessful.66 

74. W. Ando, Y. Kumamoto and N. Tokitoh, Tetrahedron Lett., 28, 4833 (1987). 
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Bartiett and Ghosh 75 attempted to trap S2 :'1 the conversion of pentathiepins 92 

to trithiolanes 93 but were unsuccessful. 

H 

H 

(90) (91) 

X) 
(92) (93) 

Nicolaou76 reported that the first stable 1,2-dithietane, dithiatropazine (94) will 

transfer sulfur to suitable acceptors forming the alkene 95. The successful isolation 

of the species that would result from the trapping of singlet diatomic sulfur was 

described. He successfully isolated the trapped ad du ct from 2,3-diphenyl-l,3-

butadiene in a 25% yield. The formation of S2 may not be the sole mechanistic 

pathway as the tetrasulfide was also isolated, 28%. These reactions were conducted 

in a tenfold excess of 94. 

(94) (95) 

75. P. D. Bartlett and T. Gbosh, J. Org. alem., 52, 4937 (1987). 

76. K. C. Nicolaou, C.-K. Hwang, M. E. Duggan and P. J. Carroll, J. Am. ClJem. Soc., 109,3801 
(1987). 
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The presence of diatomic sulfur was observed by Rapoport TI in the conversion 

of 3-ethyl-2-methyl-l-monothiomaleimid~ (96) to the oxygen analogue, 3-ethyl-2-

methyl-l-maleimide (97). The proposed six-membered transition state 98 was 

similar to 47 as proposed by Staudinger and Freudenberger in the air oxidation of 

thioketones.63 Proton NMR evidence was obtained to support the formation of 

trapped diatomic sulfur but yields were too low to be isolated. 

H 
\ 

0-0 N 0 

1 1 ~ 
H H 

(96) (97) (98) 

ln 198678 the presence of dinitrogen sulfide (N2S) in the thermal de composition 

of 1,2,3,4-thiatriazoles to a cyanate, nitrogen and sulfur was confirmed with the use 

of infrared spectroscopy (Scheme 8). 

- R-CN + NzS 

Scheme 8 

The reaction was later studied with photoelectron spectroscopy and ~ was 

identified as one of the decomposition products.79 The S2 was proposed to result 

from a dimerization of two dinitrogen sulfide molecules to ultimately give two 

molecules of nitrogen and one ot ~ (Scheme 9 and 10). 

+ 
,--- N=N-S-S-NEN 

Scheme 9 

• ~ + 

Tl. J. E. Bishop, S. A. Dagham and H. Rapoport, J. Org Chem., 54, 1876 (1989). 

78. C. Wentrup, S. FISCher, A. Maquestiau and R. Flammang, J. Drg. Chem., 51, 1908 (1986). 

79. H. Bender, F. Camovale, J. B. Peel and C. Wentrup, l. Am. Chtm. Soc., 110, 3458 (1988). 
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More recently Constabel and Towersso have proposed that singlet sulfur was 

the toxic product of Thiarubine A (99), a t,2-dithiin, although there is no evidenee 

for this claim. The results showed that Iight enhaneed conversion of 99 to the 

thiophene 100 caused toxie effects that were greater than those resulting from 

Thiarubine A or thiophene alone. This proposai was based on the fact the singlet 

oxygen had been shawn ta be the toxic species generated from peroxides.81 

CHa-C_c-O-C_C-C_c-ctt:CHa 
s-s 

(99) 

CHa -C.C-C).-C_C-C.C-CH:CHa 
(S 

(100) 

80. C. P. Constabel and G. H. N. Towers, Planta Medica, 55, 35 (1989). 

81. C. S. Foote, Ace. Chem. Res .• l, 104 (1968); T. Matsuura, Telrahedron, 33, 2869 (1977); A. 
Naqui, B. Chance, and E Cadenas,Ann. Rev. Biochem., 55, 137 (1986). 
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Of the possible mechanisms considered for the formation of sulfur in many 

sulfur extrusion reactions reported above, it appears that both loss of singlet 

diatomic sulfur and the concatenation of sulfur atoInS to ultimately form elemental 

sulfur are reasonable. The most likely mechanism for sulfur extrusion may be the 

concatenation of sulfur atoms to fonn a chain which would ultimately cyc1ize to 

fonn elemental suJ(ur. Singlet diatomic sulfur therefore may not be formed as a 

distinct species in any of the se reactions. 

From the many examples described above it appears that two sulfur atoms must 

be adjacent to each other in a mole cule in order for it to be considered a viable 

diatomic sulfur precursor. In aIl the synthetically use fuI preparations, the proposed 

intermediate for the generation of S2 was a four-membered ring spccies. These 

intermediates could provide direct S2 formation or the transfer of two sulfur atoms 

to a 1,3-diene. The presence of two adjacent sulfur atoInS make many molecules 
potential singlet diatomic sul fur precursors, these include disulfides and 

polysulfides. This work will consider severa! compounds of this type as viable si 
precursors. 



r 28 

CHAPTER2 

DIATOMIC SULFUR (SV 

2.1 Introduction 

The generation of S2 provides a logicaI one-step synthetic procedure for the 

preparation of cyclic disulfides via Diels-Alder additions to 1,3-dienes. Myrcene 

disulfide (lOt) was successfully synthesized from myrcene (102),82 by Steliou 72 and 

Schmidt and Gorl.71 

(lOI) (102) 

Steliou has used ~ methodology to prepare a series of substituted 1,2-dithiins 

derivatives 103 and 104, severa! of which exhibited anti-virai and anti-HIV activity.65 

R, 

~'C! ~{! 
(103a-t) (I04a-f') 

RI R2 RI R2 

a CH2C02H H CH2C02H H 
b CH2C02CH3 H CH2C02CH3 H 
C CH2CH20H H CH2CH2OH H 
d CH2CH2OAc H CH2CH2OAc H 
e CH2CONHCH2C02H H H CH2CH2OH 
r CH2CONHCH2C02CH3 H H CH2CH2OAc 

82. J. A. Elvidge, S. P. Jones and T. L. Peppard, 1. Chem. Soc. Perkin Trans./, 1089, (1982). 
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The most difficult step in the synthe sis of bridged bicyclic disulfides like 

gliotoxin (75) was the formation of the S-S bond.83 Diatomic sulfur methodology 

may offer an accessible synthetic route for tbis class of compounds. Attempts to 

prepare egosterol endodisulfide (105) from ergosterol (106) (a 1,3-diene) using 

known ~ methodology were attempted but were unsuccessfu1.84 

(75) 

HO 

(105) (106) 

The four known synthetic procedures69,71-73 for the generation of S2 described 

in Chapter 1 aIl have experimental limitations which must be considered. These 

limitations make the widespread application of tbese Methodologies difficult. 

Schmidt and Gorl71 synthesized 5,5-dimethyl-l,2-dithia-3,7-diselena-

83. Y. Kishi, T. Fukayama and S. Nakatsuka, J. Am. Chem. Soc., 95, 6490, 6492 (1973). 

84. Y. S. Tsantrizos, P. L. Folkins. J. F. Britten, D. N. Harpp and K. K. Ogilvie, Unpublished 
results. 
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cyclopentane (84). This compound, aIthough stable was difficult to prepare and 

isolate, as the synthe sis required high dilution conditions. The high temperature at 

which the formation of S2 was maximized (140°C) May be destructive to sorne 

substrates. 

The major limitation of the two procedures69,71 which require the use of 

triphenylphosphine dibromide (81) is this reagent. Compound 81 is light and 

moisture sensitive and reactive towards a wide variety of functionalities. The 

triarylmetal trisulfides (82)69 are also difficult to prepare. 

The procedure of Steliou9
72 which gives the highest yield of cyclic disulfides, 

must be conducted in the absence of most functionalities. The procedure used to 

produce the S2 uses an excellent method for the conversion of ketones to 

thioketones.85 The major sulfurating reagent, hexamethyldisilathiazine has a vile 

odor and readily reacts with moisture to produce hydrogen sulfide. Boron 

trichloride is a strong Lewis acid and readily conjugates with oxygen or other donor 

atoms to hamper Sz formation. 

Confirmation for the generation of Sz was the successful isolation of cyclic 

disulfides in the presence of 1,3-dienes. There was not, however, a standard 

procedure for the calculation of "percent yield" in the four Methodologies reported. 

Steliou was interested in the development of a method for the preparation of cyclic 

disulfides and bis experiments were performed using an excess of S2 precursor. 86 

Yields were based on the amount of diene in the reaction mixture, in this way high 

yields of disulfides were obtained. The trapping experiments of Harpp and 

MacDonald73 and Schmidt and Gorfl used the diatomic sul fur precursor as the 

limWllg reagent. Harpp and MacDonald73 used an excess of die ne while Schmidt 

and GarI71 used either an excess or equimolar amount of die ne. Ando 74 also 

reported the trapping of Sz but the results obtained were inconclusive because the 

yields were based on isolated side products and not the isolated disulfides. 

There are four reaction systems reported which successfully generated singlet 

diatomic sulfur (Sz) in synthetically useful yields.69,71-73 The formation of S2 as a 

intermediate has also been proposed in a number of systems (see introduction) but, 

such an intermediate was onJy confirmed in two instances. In the thermal 

85. K. Steliou and M. Mrani,J.Am. Chem. Soc., 104,3104 (1982). 

86. K. Steliou, University of Montreal, private communication. 
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decomposition of 5-substituted-l,2,3,4-thiatriazoles,77.78 the presence of S2 was 

confirmed by photoelectron spectroscopy, and in the conversion of 3-ethyl-2-methyl­
I-monothiomaleimide (96) to 3-ethyl-2-methylmaleimide (97),79 the S2 was 

successfully trapped as a Diels-Alder ad du ct. 

The central theme of this work is the identification of ~ as an intermediate in 
the extrusion of sulfur. In this respect several systems which resulted in the 

formation of elemental sulfur were examined for the formation of Sz. Other systems 
which could be induced to eliminate diatomic sulfur under appropriate conditions 
were synthesized and studied. The successful identification of S2 was realized when 
signaIs in the IH NMR spectrum corresponding to cyclic disulfides 1,2-dithia-4,5-
dimethyl-4-cyclohexene (107) or 1,2-dithia-4,5-diphenyl-4-cyc1obexene (108) were 

observed when the reaction was conducted in the presence of 2,3-dimethyl-l,3-
butadiene (109) or 2,3-diphenyl-l,3-butadiene (110) respectively. Once S2 was 

identified the reaction conditions were modified so that the yield of cyclic disulfide 

was maximized. It was hoped that the reaction could th en be considered as a viable 
source of S2 ta be added to the list of those already known. 

ex (x: 
(107) (108) 

x :x: 
(109) (110) 

There are many systems for which it is possible to visualize a sulfur-sulfur bond 

being lost as an S2 unit. Of the many known examples of sulfur extrusion3 in a 
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cbemical process (Chapter 1) it is reasonable to assume that a few of these 

extrusions could proceed tbrough an S2 intermediate. 

Reported below are tbose systems which were only considered as possible 

sources of S2' Tbose systems whicb were furtber investigated as to the chemistry 

and mechanism of the extrusion are included separately in latei Chapters. 

2.2 Experiments Towards the Identification of Diatomic Sulfur Precursors 

2.2.1 Sulfur Transfer Rea&ents 

"Sulfur Transfer Reagents" are mild reagents for the transfer of one or two 

atoms of sulfur to suitable substrates. The transfer of two atoms of sulfur could 

conc'!ivably under the correct conditions be in the form of 82' There were several 

examples where these reagents did not give the desired product but, instead, 

elemental sulfur was isolated along with an unexpected product. Two of these 

examples were investigated to de termine if S2 was an intermediate in the formation 

of the elemental sulfur. 

One such example was the reaction of N,N'-dithiobisbenzimidazole87 (111) with 

1,2-diphenylhydroazobenzene (112) in benzene which yielded a mixture of 

azobenzene (113), benzimidazole (114) and elemental sulfur (Scheme 11). 

(111) 

H H 
Ph-N-N-Ph 

(112) 

Scheme 11 

(113) (114) 

The mechanism of sulfur formation was originaUy thought to be the transfer of 

two sulfur atoms to form a four-membered ring intermediate (11S). This species 

could conceivably lose S2 via a 2,2-cycloreversion to form azobenzene 113. A 

similar intermediate was proposed in the sulfur extrusion which resulted from the 

87. D. N. Harpp, K. Steliou and T. H. Chan, J. Am. Chem. Soc., 100, 1222 (1978). 
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photolysis of N,N'-thiodiamines (52).56 

s-s 
1 1 

Ph-N-N-FtI 

(115) 

Attempts at trapping the proposed S2 intermediate from the reaction of 111 and 

112 using 2,3-dimethyl-l,3-butadiene (109) were unsuccessfi·~. The trapping 

experiments were conducted initiaIly in dichloromethane. A IH NMR spectra of 

the reaction mixture did not exhibit signaIs which corresponded to the trapped 

adduct of S2. Filtration to remove the benzimidazole 114 gave a solution which was 

chromatographed on silica gel to yield sulfur and azobenzene 113. No trapped 

DieIs-Alder adduct was detected on ne or in the lH NMR spectra. 

Changing to Jess polar solvents (benzene or carbon tetrachloride) had no effect 

on the isolated products. The trapping experiment was also conducted in 

dichloromethane-d2 but once again no trapped adduct was isolated or identified. 

The absence of successful S2 trapping indicates that the reaction may not 

proceed as proposed. The mechanism for the sulfur formation may not involve an 

~ intermediate but a step-wise process. Such a mechanism is a feasible process for 

sulfur transfer reagents, as the less reactive transfer reagent N,N'-thiobisphthalimide 

(116), on reaction with thiol, can be halted after the addition of one equivaJeot the 

thioI to give mixed disulfide 117.88 

o 

~N_'.' 
o 

o 

o 

(116) (117) 

The reaction of N,N'-dithiobisbenzimidazole87 (111) with 2-

mercaptobenzathiazole (118) did oot yield the expected tetrasulfide 119 but instead, 

disulfide 120 and elemental sulfur were isolated. It was again anticipated that the 

transfer of two sulfur atoms to form the tetrasulfide 119 as the intermediate. 

Tetrasulfide 119 could then decompose to yield disulfide 120 and sulfur. 

88. D. N. Harpp and T. G. Back, Tetrahedron Lett., 5313 (lm). 
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(118) (119) (120) 

Once again no evidence for the formation of S2 was obtained from trapping 

experiments. The reaction was attempted in several solvents (benzen'!. carbon 

tetrachloride and dichloromethane-d2) aU of which gave negative results. 

The lack of trapping in the ab ove example indicated that the sulfur was not lost 

as an S2 intermediate. The loss more likely followed a step-wise pro cess involving a 

thiosulfoxide intermediate. Such an intermediate has been used to account for the 

conversion of polysulfide to disulfides and monosulfides24-27 (for a review of the 

thiosulfoxide structure see Chapter 1). Decomposition would first give the trisulfide 

ut and th en the disulfide 120 which is stable (Scheme 12). 

5 
Il ·s 

R-S~·S-S-S-R R-S-S-S-R 

S 
-5 1/ 

R-S-S-R R-S-S-R R-S-S-S-R 

(121) 

Scheme 12 

2.2.2 Thermal Decomposition of Dialkoxydisulfides 

Dialkoxydisulfides have been of interest in our laboratory for several years. It is 

ambiguous whether the structure is the "linear" or the branched sulfur species. 

Evidence for the branched species was obtained when disulfur difluOlide (S2F2) was 
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conclusively shown to exist as both the linear and the bridged isomers.89 Harpp and 

Steliou90 isolated the branch-bonded alkoxy disulfide O,O-bicyclohexyl-l,l'-diyl 

thiosulfite (122), from the reaction of 1,1'-dihydroxybicyclohexane (123) and N,N­
thiobisbenzimidazole. It was expected that non-C}'clic dialkoxydisulfides may exhibit 

a similar structure. The X-ray crystal structure of 4-nitrobenzyloxydisulfide (124a) 

has been determined and found to exhibit the linear OSSO structure.91 

HO OH 

(122) (123) 

Thompson74 proposed that primary dialkoxydisulfides decomposed with the 

transfer of a hydrogen atom to form the alcohol, aldehyde and sulfur (Scheme 13). 

From the proposed mechanism, the sulfur could only be formed as S2' 

o 

" R-CH,C)H + R-C-H ... [~J 

Scheme 13 

Thermal experiments on 4-nitrobenzyloxydisulfide92 (124a), perfonned by 

heating a solid sample to the desired temperature, showed that this compound 

decomposed between 120°C and 150°C to form 4-nitrobenzyla1cohol (125) and 4-

nitrobenzaldehyde (126). The presence of sulfur was confirmed by TLC. The IH 

NMR spectra for the de composition of U4a are shown below in Figure 1 and 

clearly display the formation of 125 and 126. The lack of formation of other 

products indicate that the decomposition likely proceeds through the mechanism 

involving the formation of S2' 

89. R. L. Kuczkowski,J. Am. Chem. Soc., 86,3617 (1964). 

90. D. N. Harpp, K. Steliou and C. J. Cheer,J. OJem. Soc., Chem. Commun., 825 (1980). 

91. D. N. Harpp and S. Tardif, unpublished results. 

92. The initial sample of 124a was obtained from S. Tardif. 



Figure 1. lH NMR Spectra for the Thermal Decomposition of 4-
Nitrobenzyloxydisulfide (124a). Z = 4-nitrobenzylalcohol (125); X = 4-
nitrobenzaldehyde (126). 
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o 

-0-11 
N02 ~ Il C-H 

(125) (U6) 

When the decomposition was conducted in refluxing toluene the isolated 

compounds after chromatography were sulfur (89%), 125 (79%) and 126 (92%). 
The components were identified by comparison of the tH NMR spectra with those 

for the authentic compounds. 

The de composition of U4a appeared to proceed by the concerted mechanism 

proposed by Thompson.74 The formation of S2 was therefore a distinct mechanistic 

possibility as the intermediate in the formation of elemental sulfur. In attempts to 

isolate the sulfur formed as Sz, the de composition of 124a was repeated in the 

presence of 1,3-dienes. The results of these experiments are described below. 

A sample of disulfide 124a and 2,3-diphenyl-1,3-butadiene 110 was fused at 

15SoC for 10 min. A tH NMR spectra of the fused mixture indicated signais which 

corresponded to addition adduct, 1,2-dithia-4,S-diphenyl-4-cyclohexene (108). 

Chromatographyon silica gel resulted in the isolation of the addition adduct but in a 

yield of only Il %. 

A sample of disulfide 124a was decomposed by refluxing in toluene in the 

presence of either 109 or 110. Reaction 01' disulfide 124a in the presence of 2,3-

dimethyl-1,3-butadiene 109 gave the trapped adduct 107 in a isolated yield of 17%. 

The low yields were thought to result from the high tempe rature required for 

the decomposition. Careful de composition studies showed that the decomposition 

of the 4-nitro derivative 124a began on heating to 135°C. In order to find an alkoxy 

disulfide that was stable but decomposed at a lower temperature several other 

substituted benzyloxydisulfides were prepared. The melting points and ternperature 

of decomposition for each alkoxydisulfide are summarized in Table 2. The 

tempe rature at which the thermal de composition of the 4-methyl derivative 124d 

occurred was not determined as the product was a liquid at room temperature 
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making purificatil1n difficuIt. 

A , }c-'-O-S-S-O-CH'-o-• 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Table 2. 4-Substituted Dialkoxyc!isulfides (124): 
Melting Points and Decomposition Temperature . 

• • • • • • • • • • • • ••• • • • • • ••• • • • • •• • • • • •• •• • • • •• • • • • • •• •• • • • •• • • • • • • • • • • • • • • 
Compound Substituent Melting Point Decomposition Temp. 

(OC) eC) 

1248 N02 93-95 135 

124b H 52-55 135-140 

124c Cl 44-48 135-140 

U4d CH3 liquid 

124e ·CH3O 34-36 115 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

• Decomposes at -15°C after only 7 days . 
....•..•..••.••..•••...••..............•..•... ~ ....... ............... . 

The lower temperature at which the 4-methoxy derivative 124e was observed to 

decompose made it attractive as a possible Sz source. It was anticipated that since 

the 4-methoxy derivative decomposed at lower temperature, it might allow for a 

higher yield of the trapped adduct. The disulfide 124e and the diene 107 were 

refluxed in toluene with the reaction monitored by TLC. The decomposition was 

complete after 3 h. Chromatography gave a trace amount of sulfur and the cyclic 

disulfide 107 and the cyclic tetrasulfide 127 each in a yield of 21 %. 

i-S~ 
s-s~ 

(107) (127) 

Decomposition of 124e wm repeated in the presence of the diene 110. Column 
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chromatography gave two isolated fractions which were identified each as mixtures 

of two components. The first fraction con!;isted of unreacted diene and the 

tetrasulfide while the second was identified as disulfide 108 and a fourth product 

which was thought to have the structure 128. TIle mixture was purified by TLC to 

yield the disulfide, tetrasulfide and what was proposed to be 128. The assignment of 

128 was based on the fact that the 1 H NMR contained a singlet at 4.1 ppm and gave 

a electron-impact mass spectrum \vith a cluster near m/z = 470. The assignments 

are detailed in Chapter 6. 

(128) 

2.2.3 4-Methoxycarbonylsulfenic Sulfonic Thioanhydrides 

In the structure of sulfenic sulfonic thioanhydrides there are two adjacent non­

oxidized sulfur atoInS (see Chapter 3). To take advantage of this interesting 

structure a modification of 39 was prepared.38 The sulfenic tolyl substituent was 

replaced with methoxycarbonyl group, which in the presence of sodium methoxide 

might allow for the formation of sulfur as S2 (see below). Several derivatives of 129 

were synthesized by the condensation of methoxycarbonyl sulfenyl chloride93 with 

the corresponding potassium thiosulfonate in a non-polar solvent. The preparation 

is analogous 10 that used for thioanhydride 40.38 

o 0 
Il Il 

R-S-S-S-C-OCH, 

" o 

129a R = CH3~H4 

129b R = CI~H4 

129c R = CH3 

The 4-tolyl derivative 129a gave the cleanest preparation and it was therefore 

used for further study. This compound exhibited an interesting chemistry and the 

results are presented below. 

In the presence of methoxide anion, thioanhydride 129a decomposed in 

93. A. Granata, ''The Chemistrf of Sulfenylthiocarbonates," Ph.D. Thesis, McGill University, 
(19n). 
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methanol to form dimethyI carbonate (130) (confirmed by GC), sodium 4-

toIylsulfonate (131) and sulfur (both of which were isoIated). The identities of the 

isolated products were confirmed by comparison to the authentic compounds and 

the mass spectra. SuIfur was isoIated aImost quantitatively based on the formation 

of two atoms of sulfur per moIecuIe of thioanhydride 129a, (92%). The only 

merhanism for the sulfur formation that appeared feasible was through a 

nucleophilic attack of the methoxide anion on the carbonyl carbon resulting in the 

generation of the sulfur as S2 (Scheme 14). 

CH]O 

Scheme 14 

The reaction of 129a with sodium methoxide was repeated in benzene in the 

presence of 2.3-dimethyI-l,3-butadiene 109. The solve nt was changed because 

methanol is not known to enhance pericyclic reactions and may cause conversion of 

the S2 to the triplet state as bas been observed for singlet oxygen.42 No trapped 

adduct 107 was isolated in tbis reaction although the formation of 

dimethylcarbonate 130 was once again confirmed (GC). The reaction was followed 

using lH NMR spectroscopy and no signais were observed which corresponded to 

the trapped Diels-Alder adduct. 

The Iack of successful trapping indicates that the decomposition likely does not 

proceed through S2 but instead follows a step-wise mechanism to form an 

intermediate which could eliminate a stable sulfur species (S6. 57. or 58). The 

mechanism would be similar to that proposed for the sulfur loss from sulfenic 

sulfonic thioanhydrides (see Chapter 3). Such a mechanism is displayed below 

(Scheme 15) and would initially involve the nucleophilic attack of the methoxide 
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anion to form carbonate 130 and the sulfur anion 132. The sulfur anion could react 

in a similar fashion with another molecule of 1298 and eliminate the sulfonate and 

give the tetrasulfide. The tetrasulfide could then react with another methoxide 
anion and repeat the cycle. The reaction would continue until the sulfur chain was 6 

or 8 sulfurs long when cyc1ization and formation of S6 or S8 could occur. The 

mechanism would be more favored as S2 formation is highly endothermic whereas 

the formation of elemental sulfur as S6 or S8 is an exothermic process.10 The 
stepwise mechanism for the sulfur loss is supported by the work of Miller and Potts,9 

Glieter32 and by the work of Davis22 on acidifed solutions of thiosulfonates. 
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Ash94 had observed that the reaction of sulfenyl chlorides with potassium 

thiosulfonates could pro duce either the thioanhydride or the thiosulfonate by 10ss of 

a sulfur atom depending on the substitutents. Mass spectral analysis of 129a gave 

signaIs corresponding to both the thioanhydride and the thiosulfonate. From the 

NMR spectra it was impossible to confirm that the thioanhydride was indeed 

formed. The formation of 129a was confirmed from the correct elemental analysis 

and it was shown to consist of only one compone nt from the 13C NMR spectrum. 

The mass spectral fragmentation scheme for 1298 is presented below in Figure 

2. The signal at m/z = 278 corresponded to the molecular ion. The signal observed 

at m/z = 246 could correspond to the thiosulfonate but elemental analysis and 

NMR spectroscopy indicated that the original sample of 1298 was pure. The signal 

was therefore assigned to the loss of a sulfur atorn frorn 1298 in the rnass 

spectrometer. A similar extrusion was observed by Ash94 in mass spectral studies of 

4-tolylsulfenic 4-tolylsulfonic thioanhydride. 

AlI of the remaining rnass peaks can be accounted for by direct fragmentation 

of 129a, except for the signal at m/z = 214. The signal at m/z = 214 resulted from 

the loss of 64 mass units from the molecular ion, which may correspond to either the 

loss of S02 or two sulfur atorns. Direct 10ss of S02 or the two sulfur atoms while 

retaining the structural integrity of the mole cule was unlikely. A rearrangement of 

the mole cule with the formation of ~ seemed more likely. The loss of 52 in the 

mass spectrometer is a known process.95 

94. D. K. Asb, "The Chemistry of Organic Trisulfide and Related Derivatives,· Ph.D. Thesis, 
McGill University, (1973). 

95. A. Müller and W. Jaegermann, Inorganic Chem., 18, 2631 (1979). 
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Figure 2. Mass Spectral Fragmentation Pattern for Methoxycarbonylsulfenyl 4-
tolylsulfonylthioanhydride (129a). 
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2.2.4 3.S-Di-t-butyl-4-bydroxybenzenesulfenyl chloride (61) Reaction With Amines 

Pasto.,ss found that the chlorination of 3,3',5,5'-tetra-t-butyl-4,4'-

dihydroxyphenyldisulfide (133) provided the sterically hindered sulfenyl chloride, 

3,5-di-t-butyl-4-hydroxybenzenesulfenyl chloride (61). Treatment of (61) with an 

amine resulted in a dirnerization, with loss of sulfur to yield 3,3',5,S'-tetra-t­

butyldiphenylquinone (62) (Scherne 16). 

HO HO SCI 

(133) 

o o 

(62) 

Scherne 16 

Pasto..ss proposed that 61, in the presence of the amine, 10st a molecule of HCI 

to form the monothioquinone (134) which would dimerize via a free-radical 

rnechanisrn in a head to head fashion to form an interrnediate 1,2-dithietane (135). 

The intermediate was th en proposed ta lose sulfur, presurnably as ~ (Scherne 17) . 

-0 S· • s ~ .. 

(134) (135) 

Scherne 17 
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The reaction described above appeared ta be an excellent possibility for the 

formation of~. The proposed mechanism was sirnilar to the one described by 

Steliou for the production of ~ from biphenyl 86.72 The reaction of 61 with 

triethylamine was repeated in the presence of 2,3-dimethyl-1,3-butadiene 109. Ta 

limit the addition of the sulfur-chlorine bond to the diene, the amine and the die ne 

were added simultaneously. The reaction was stirred in the dark at room 

temperature for 48 h and a tH NMR spectrum of the reaction mixture was then 

acquired. The spectra exhibited signaIs that were consistent with the trapping of S2 

(the formation of 107) but the yield was low and the disulfide couid not be isolated 

from the reaction mixture. There were signaIs in the tH NMR spectra which 

corresponded ta the formation of the 1,2-addition product by the addition of the S­

Cl bond to one of the double bonds. 

2.2.5 Reaction of Xanthie Acid Disulfides with Amino Disuifides 

It was observed that the reaction of xanthie acid disulfides 63 with amino 

disulfides 64 in the presence a basic catalyst gave compound 65 (Scheme 18).59 ln 
the absence of the catalyst, the arnino xanthie disulfide 66 could be isolated. This 
compound was found ta decompose to 6S after standing for a few days. The authors 

proposed that the sulfur was lost as ~. 

5 5 
Il Il 

EtO-C-:;-S-C-OEt 
1\ 1\ o N-S-S-N 0 

\...J \...J 

(63) (64) 

o 

1\ " o N-S-S-C-OEt 

\...J 

S 

!\ Il o N-C-OEt 

\...J 

(65) (66) 

Scheme 18 

The above reaction was repeated at 50°C in the presence of diene 109. The 

reaction was aIso prepared in the absence of diene to monitor the yrogress of the 
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reaction. The two reactions were monitored simultaneously by IH NMR 

spectroscopy. After 5 days, the spectra showed that the formation of a new 

cumpound was complete which was identified as 65 from the spectra data. The 

reaction containing diene 109 gave no signaIs which would correspond to trapping of 

diatomic sulfur. The sulfur must therefore be formt!d through a mechanism that 

does not involve the formation of diatomic sulfur. The decomposition was not 

further studied. 

2.2.6 Conversion of Tetramethylthiuram Disulfide ta N.N-DirnethycarbamOll 
Chloride 

Cava96 found that the reaction between tetramethyIthiuram disulfide (136) and 

sulfuryl cbloride resulted in the formation of N,N-dimethycarbamoyl chloride (137) 

and chlorine. Since the de composition involved two sulfur atoms it was thought that 

the sul fur could be lost as S2 as indicated below (Scheme 19). Attempts to trap the 

sulfur formed as S2 using diene 109 were unsuccessful. A lH NMR spectrum of the 

reaction mixture acquired at three separate steps throughout the reaction gave no 

signais corresponding to trapped adduct. 

s s 
~CIt 

S 

\1 1\ Il 
""-2N-c-S-S-C-NMe, ... M~-C-CI 

~ / s 
Il 

(136) M~-C-S-CI (137) 

Scheme 19 

22.7 Attempted Isolation of Diatomic Sulfur From the Thermolysis of 2-Methyl-2-
pro.p.yItetrasulfide 

The de composition of 2-methyl-2-propyltrisulfide and tetrasulfide 138 and 139 

were investigated in our laboratory. The decomposition was shown ta form 2-

methyl-2-propanethiol, the suifide with 1-5 sulfurs, and presumably isobutyleneY7 

The de composition was thought to proceed through a free radical mechanism. The 

formation of the thiol wou Id result from the abstraction of a proton by the sulfur 

96. K.-Y. Jen and M. P. Cava,J. Org. Chem., 48, 1449 (1983). 

97. D. N. Harpp and R . .lackman, unpublished results. 
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radical and fonn sulfur as S2 (Scheme 20). To test this hypothesis suifide 139 was 

heated with diene 109 at 70°C and 140°C for 48 h and the mixture analyzed by lH 

NMR spectroscopy. The spectra displayed no signaIs which could correspond to the 

trap of diatomic suifur. The S2 may not be formed as a singlet but instead may be in 

the triplet form. 

+=+ +=+ 
(138) (139) 

+sr:4s-~r;-s+ 
t 

+SH + ==< + s=s + + ... 
Scheme 20 

2.3 Structure of the Addition Adducts. 

Th~ diatomic sulfur trapping experiments gave two different trapped adducts 

which were originally identified as the monomeric product, 1,2-dithia-4,5-dimethyl-

4-cyclohexene 107 and a polymerie fonn with an unknown structure but was 

proposed to be 140.73 There were difficulties in separating the trapped sul fur 

derivatives 107 and 140 thus a more detailed study of the two compounds were 
undertaken. 

(140) 

The 1 H NMR chemical shifts of the monomer was the basis for the 

identification of the successful generation of singlet diatomic sulfur.69,71-4,77 As 

with the lH NMR spectr~ the l3C NMR spectra of the disulfide and "polymer" also 
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differed; the NMR chemical shifts are summarized below in Table 3. From the 

NMR and mass spectral data the polymer was tentatively identified as the cyclic 

tetrasuifide, 1,2,3,4-tetrathia-6,7-dimethyl-6-cyclooctene (127). Nicolaou 76 reported 

the formation of cyclic di and tetrasulfides with identical structures as those below 

from the thermal decomposition of dithiatropazine (94) in the presence of diene 

108. 

(107) (127) 

...................................................................... 
Table 3. lH and BC NMR Chemical Shifts of the Trapped Adducts of 1S2 ...................................................................... 
Compound lH NMR shifts 13e NMR shifts 

Disulfide (107) 

Tetrasulfide (127) 

CH3 

1.75 

1.79 

CH2 

3.20 

3.64 

CH3 

20.80 

18.13 

CH2 

34.15 

42.78 

C (ene) 

125.13 

130.29 ...•......•..........•.........•.•.....•.............................. 

Harpp and Macdonald73 àcIllonstrated that 1,2-dithiane 141 in the presence of 

bis(l-cyclopentadienyI)titanium dichloride (142) decomposed; Jess than one-half 

survived at room temperature after 48 h. The major component of the 

de composition mixture was a compound which gave IH NMR signaIs sirnilar to 

those of a polymer. It was assumed that the electrophilic reagent 142 caused a 

dimerization of the 1,2-dithietane to a polymerized form. The lack of successful 

trapping in sorne reactions was thought to be a result of the disulfide 107 

decomposing under the reaction conditions. To test this hypothesis samples of 107 

were treated under a variety of conditions. 

0 
Cp 

CP ....... 1 
Ti-CI 

'CI 

(141) (142) 
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The disulfide 107 was unchanged after 48 h when heated to 60°C in the dark, 

with acetic acid in the dark at ambient temperature, and in ambient light at room 

temperature. A sm aIl amount of de composition was observed from the lH NMR 

spectra when the disulfide was treated with sodium methoxide at 60°C in the dark 

and when heated to 60°C in ambient light. The sample heated in ambient light 

showed signaIs in the aromatic region of the lH NMR spectra, these signaIs likely 

corresponded to the formation of thiophene. 

The electron impact mass spectrum of 127 is discussed below and the 

fragmentation pattern displayed in Figure 3. The signal at m/z = 210 corresponds 

ta the molecular ion. The mole cule fragmented with the 10ss of two sulfur atoms to 

give a signal at m/z = 146. Further loss of two more sulfur atoms gave the signal at 

m/z = 82 which corresponds ta the mas~ of the starting diene. lH NMR confirmed 

that no disulfide or diene were present in the original sample analyzed by mass 

spectroscopy. 

The tetrasulfide 127 was desulfurized by the addition of triphenylphosphine 

(143). The initial spectrum shows that the sample consists almost entirely of 

tetrasulfide (indicated by t) with a small amount of disulfide impurity (indicated by 

t). The addition of one equivalent of 143 resulted in a mixture consisting of roughly 

one-half tetrasulfide and one-half disulfide as determined by 1 H NMR. The 

addition of two equivalents of phosphine yielded a mixture consisting of 

triphenylphosphine sulfide (144) and 107. There was no evidence for the formation 

of the corresponding trisulfide 145 by the removal of one sulfur atom from the 

tetrasulfide. In our laboratory we have previously had difficulty in the synthesis of 

seven-membered ring cyclic trisulfides.98 The trisulfide 145 must form but its 

desulfurization to the disulfide 107 must be favored over that of the tetrasuifide 127. 

The lH NMR spectra for the desulfurizations are shown in Figure 4. In the 

presence of excess phosphine 143 no further desulfurization occurred (Scheme 21). 

98. D. N. Harpp, R. A. Smith and K. Steliou,J. Org. Clzem., 46,2072 (1981). 
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Scheme 21 
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Figure 3. Mass Spectral Fragmentation Pattern for 1,2,3,4-Tetrathia-6,7-dimethyl-6-
cyclooctene (127). 
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Figure 4. lH NMR Spectra for the Desulfurization of l,2,3,4-Tetrathia-6,7-
dimethyl-6-cyclooctene (U7) by Triphenylphosphine (143). t = Tetrasulfide 127; d 
= disulfide 107 
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CHAPTER3 

ATfEMPTS TO ELUCIDATE THE MECHANISM OF SULFUR EXTRUSION 
FROM 4-TOLYLSULFENIC"4-TOLYLSULFONIC THIOANHYDRIDE 

3.1 Introdyction 

The chemistry of 4-tolylsulfenic-4-tolylsulfonic thioanhydride (146) is unique. 

This compound extruded one atom of sulfur when dissolved in polar solvents 

forming the corresponding 4-tolylthiosulfonate (147) (Scheme 22).38 The extrusion 

was observed in methanol, ethanoI, 2-propanol, glacial acetic acid, 1:1 acetone­

water, acetonitrile (wet) and dimethylformamide (wet and dry). When 146 was 

dissolved in non-polar solvents no extrusion was observed. 

~ft ~ 
CH'~fi-s-S~CH, 

o 

(146) 

l 
~II~ 
CH'~n-S~CH, 

o 
(147) 

Scheme 22 

Initial experiments on this system showed that crossover may have occurred 

between different mole cules during the extrusion which indicated an intermolecular 

reaction. Labelling experiments showed that the central suifur atom was extruded. 

These observations Ied to a mecbanistic proposaI invoiving a thiosulfene 

intermediate 148. However su ch a species is unlikely as work on other systems bas 

shown that several mechanisms contribute to observed suifur extrusion.3 

o 
Il + 

R-S-S-R 
/\/ 

.0 5 

(148) 
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3.2 Mechanistic Proposais 

From the earlier experimental results38 and the known examples of sulfur 

extrusion,3 two possible mechanisms for the observed extrusion can be proposed. 

The first mechanism, proposai 1, is shown below (Scheme 23). The initial step 

involves a nuc1eophilic attack by the central sulfur of a molecule of 146 on a central 

sulfur atom of a second mole cule of 146, with concomitant cleavage of the sulfur­

sulfur bond to form charged interme\iiates. Such intermediates would be stabilized 

by polar solvents. The formation of 147 would then result from an attack of the 

sulfonate anion as shown in Scheme 23. This results in the formation of a bridged 

sulfur species such as 149, which has a thiosulfoxide like structure. Intermediate 149 

could then further react in a similar fashion until the sulfur chain that is formed 

allows the sulfur to be extruded as a stable species. The sulfur lost May he in the 

form of 52 or stable sulfur rings (56, S7 or 58)' Attempts to trap S2 in the extrusion 

were unsuccessful and have been discussed (see below). 

S 
/s 

s. 
1 

R-S-!-S02-A R-S02-S-R + R-S-S-S02-R --+ + 

11 / 1 5 

" R-S-S-SOz-R 
(147) + S:z (147) + s. 

(149) 

Scheme 23 

The above mechanism is supported by the faet that a neutral sulfur atom 

undergo nucleoflhilic reactions; for example sulfides react with methyl iodide to 
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form the corresponding methyl sulfonium salts (150) (Scheme 24).99 

R-S-R • 

Scheme 24 

+ 
R-S-R 

1 
CH! 

(ISO) 

ss 

Another example of a nuc1eophilic reaction of a neutral sllifur atom is the 

equilibrillm between two molecules of sllifenyi halide and the dimeric halonium ion 

(151) (Scheme 25),100 Convincing IH NMR evidence for the formation of 151 was 

offered. The forward reaction would result from the nllcleophilic attack of one 

mole cule of the sulfenyl halide on the sulfur of the second sulfenyl halide. 

-
CI 

+ 
R-S-CI .. R-S-S-R 

1 
Cl 

\ 1 (151) 

R-G-a 
1 
Cl 

Scheme 25 

The initial nucleophilic sulfur attack in the proposed mechanism woulct be it 
rate determining. Rate stlldies on the extrusion of sulfur from 146 would allow for 

an evaluation of the mechanistic proposaI. A kinetic study may also give insight into 

the mechanism by which the sulfur is formed. It may also give information by which 

the mechanism can be extended ta other solvent assisted extrusions. 

The initial step in the second mechanistic possibility, proposai 2, involves the 

c1eavage of the SoS bond in 146 ta fonn the thiosulfonate ion and the sulfenium ion 

99. A. CahoW"s, Compt. rend., 76, 133 (1873) 

100. (a) G. Capozzi, V. Lucchini and G. Modena, Chem. Inti (Milan), 54, 41 (1972); (b) G. 
Capozzi, V. Lucchini, G. Modena and F. Riveui, J. Cllem. Soc., Perkin Trans. Il, 361 (1975): 
(c) G. Capozzi, V. Lucchini, G. Modena and F. Rivetti, J. Chem. Soc., Perkin Trans. Il, 900 
(1975); (d) G. Capozzi, O. DeLucchi, V. Lucchini and G. Modena, Synthesis, 6n (1976) . 

- --- - --------------------- --------- --------------



S6 

(Scheme 26, step 1).101 The sulfenium ion would be solvated while the 

thiosulfonate ion undergoes further reactions. The formation of bath ions wou Id be 

stabilized by polar solvents. In non-polar solvents no stabilization of sulfenium ion 

would occur and the reaction would not be favored. The initial cleavage of the S-S 

bond would be the slowest step. 

In the second step of proposaI 2 the thiosuifonate anion reaets with a proton ta 

form the thiosulfonic acid (Scheme 26, step 2a). The proton would be obtained 

from the solve nt or may be presence in the form of a water contaminant. The 

extrusion was observed in dry DMF but it is difficult ta determine the extent of 

dryness. The negatively charged anionic sulfur of the thiosulfonate ion could react 

with the positively charged sulfur of the the thiosulfonic acid to lengthen the sulfur 

chain by one sulfur atom. The reaction would continue until the sulfur chain was six 

ta eight sulfur atoms long. Cyclization of the intermediates forms sulfur rings, the 

sulfonate anion and regenerates the proton. The sulfonate reacts with the proton or 

with sulfenium ion to generate thiosulfonate 147. 

An alternative ta step 2a invoives the reaction of the thiosulfonate ion with a 

molecule of 146 to lengthen the sulfur chain by one sulfur. The reaction continues 

unti1 the sulfur chain is seven ta nine sulfur atoms long. Cyclization forms the sulfur 

rings and a mole cule of 147. AlI of the above steps are reversible. 

Davis22 proposed a sirnilar mechanism ta account for the formation of 

elemental sulfur in an acidified solution of thiosulfate (~Oi-). The thiosulfate 

would become protonated and a reaction similar to proposaI 2 would result until the 

sulfur chain would cyclize. Recent work by Steudel102 on the formation of sulfur 

allotropes in inorganic reactions supported the mechanism proposed by Davis. 

101. This mechanistic possibility was suggested by Dr. Ralf Steudel. 

102. R. Steudel and H.-J. Mausle,Z. anorg. al/g. Chem., 451, 165 (1979)_ 
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3.3 Attempted Differentiation Between 146 and 147 

3.3.1 General Techniques 

In anticipation that rate studies would give an insight into the mechanism of the 

extrusion of sulfur from 146 several experimental techniques were investigated 10 

obtain a quantitative differentiation of 146 and 147. This would allow the loss of 

146 or the formation of 147 to be followed over time. Rate studies have been 

reported using a wide variety of experimental techniques. Although no method wa!' 

found feasible for the rate smdy of the conversion of 146 to 147; the results are 

presented below to indicate the difficulty involved in the differentiation. 

Gas chromatography did not allow for a differentiation of 146 and 1~7. Both 

146 and 147 (independently prepared) gave identical retention times on hoth 

packed and capillary columns. The identical retention times were thought to result 

from a decomposition of 146 to 147 under the chromatographie conditions. Heating 

a sample of 146 above 1500e resulted in decomposition to what appeared 10 be 1"'7 

as confirmed by 13e NMR spectroscopy. The thermal experiment indicated that 146 

was decomposing in the injection port of the gas chromatograph which is maintaineo 

at 240cC. The decomposition may have also occurreo on the column which was 

heated to 240°C during the analysis. Attempts 10 obtain a separation at lower 

tempe ratures of both the injection pon and columns were unsuccessful. 

NMR Spectroscopy was found to be unsuitable as a technique for the kinetic 

analysis. The NMR spectra of 146 and 147 do show sorne difference~ in the l H 

NMR chemical shifts of the methyl protons but the difference is slight and doe~ not 

aIlow for a quantitative identification. The spHtting pattern of the aromatic protons 

of 146 and 147 differed but allowed only enough for a qualitative identificatlOn. The 

two compounds did exhibit different l3e NMR spectra but this technique l~ not 

suitab!e for rate studies. 

The 33S NMR spectra of many compounds have been recorded with sulfone~ 

giving the best signals.103 The low natural abundance of the ~ulfur-33 i~otope 

(0.76%) made signal acquisition difficult. Both the thioanhydride and thjo~ulfonate 

did not give observable 335 NMR signaIs. To ensure that the technique was 

conducted correctly, the spectra of several known sulfones were obtained and the 

103. P. S. Bellon, 1. 1. Cox and R. K. Harris, J. CI/em. Soc. Faraday Trans. 2, 81, 63 (1985), R . 
Faure, E. J. Vincent, J. M. Ruiz and L. Léna, Org. Magn. Resoh., 15.401 (1981). 
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results agreed with those reported. 

Other spectroscopie techniques were also found unsuitable for the kinetic study. 

Both compounds gave near identical infrared spectra. lbere was a slight difference 

in the IR spectra but a quantitative separation was impossible. The uv-visible 

spectra of the compounds were identical. 

3.3.2 19F NMR Spectroscopy 

As a method to differentiate between 146 and 147 the use of 19p NMR 
spectroscopy was investigated. There are several advantages to 19f" NMR 
spectroscopy incl~ding the 100% natural abundance of the fluorine-19 isotope, its 

spin of 1/2 and the large range of chemical shifts observed for fluorine compounds. 

The abundance of the 19F isotope make acquisition of a signal simple. The 

limitation of 33S NMR is the low natural abundance of the 33S isotope. For IH 

NMR the chemical shift range is about 13 ppm while for 19F NMR the range is 

much larger, 200-300 ppm. This wide chemical shift range make small changes in 

chemical structure observable. 1~ NMR should therefore allow for a 

differentiation between fluorinated derivatives of 146 and 147. 

Attempts were made to prepare tbe fluorinated derivatives 4-

fluorobenzenesulfenyl-4-tolylsulfonyl thioanhydride (152) and 4-tolylsulfenyl-4-

fluorobenzenesulfonyl thioanhydride (153). It was anticipated that the 19f" NMR 
spectra of these compounds should have different chemical shifts from those of the 

corresponding thiosulfonates 154 and 155. Each thioanhydride was prepared 

following the same preparation that was used for thioanhydride 146 which involved 

the condensation of the potassium thiosulfonate 156 with the corresponding sulfenyl 

chlorides. The reaction did not give the expected thioanhydrides but instead yielded 

oruy the corresponding thiosulfonates 154 and 155. 

o 0 -0--II - -II -F-o-A "-s-s-Q-c ... CH,--Q-n-S-s ~ Il F 
o 0 

(152) (153) 
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(154) (155) 

The formation of 154 and 155 was not surprising as the earlier studies38 showed 

that attempted formation of the 4-chhJro derivatives yielded only the thiosulfonates. 

Confirmation of thiosulfonates 154 and 155 as the products of these reactions was 

obtained from the mass spectra; there was evidence for the formation of the 

thioanhydrides 152 and 153, however their signal was one one-thousandth of that for 

the corresponding thiosulfonate. The thioanhydrides likely formed but were 

unstable and immediately extruded a sulfur ta farm 154 or 155. Their identity WlliI 

further confirmed by the fact that sampI es of the proposed thioanhydrides were 

unchanged when dissolved in ethanol for 48 h (Be, 1 H. and 19F NMR). 

2.2.1.3 Attempted Trapping of fu from 4-Tolylsulfenic 4-tolylsulfonic 
thioanhydrides 146 

The initial mechanism (proposaI 1) suggested the possibility of the formation of 

the sulfur in the extrusion went through an intermediate such as S2' Attempts were 

made to trap the S2 intermediate and the results are presented below.104 

The sulfur extrusion reaction of 146 was repeated in the presence of 2,3-

dimetbyl-l,3-butadiene 107 to determine if 52 was generated. The solve nt (ethanol) 

was removed under reduced pressure and a 1 H NMR spectrum of the reaction 

mixture acquired. There was no evidence for the successful trapping of 52 (a signal 

at 3.20 or 3.76 ppm). The reaction was repeated in the presence of excess diene and 

with the diene as the Iimiting reagent but no cyclic disuIfide formation was indlcated 

(TLe, IH NMR). The reaction was repeated in deuterated methanol and followed 

in the IH NMR. There were no signaIs which corresponded to the trapping of 

diatomic sulfur . 

104. The initial' "apping experiments were conducted by J. Gavin MacDonald. 
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Two possible explanations may account for the lack of successful trapping of 

diatomic sulfur from the above extrusion. The reaction may not go through a 

mechanism which involves an S2 intermediate. This would lessen support for the 

mechanism proposed in Scheme 23 and support the alternative mechanism in 

Scherne 26. The second explanation is that any IS2 formed may be quickly 

isomerized to the triplet state. The lifetime of 02 is significantly less in polar 

solvents than non-polar solvents.42 

3.5 Hii:h Performance Liquid çhromatQ~avhy Analysis 

HPLC analysis of the sulfur isolated from this extrusion of 146 preforrned in 

ethar.ol showed that it consisted mainly of S8 with small amounts of S6 and S7 

\ combined 1 % of the SB mass). The sul fur was isolated as a semi-solid indicating a 

mixture of sulfur allotropes. The mixture is expected to convert to SB over time as 

sulfur allotropes (SJ have been to do tbis at 200C within a few days.I05 This is 

because the ooly stable allotrope of sulfur at STP is S8. The analysis was do ne in a 

distant laboratory thus there was a delay of several days between the isolation of the 

sulfur sample and the analysis by HPLC for the identification of the sulfur 

allotrope~. 

The transformation of 146 into 147 was initially followed by HPLC ta de termine 

the nature of the sulfur formed in the extrusion (Sx) but unexpected results were 

observed. After 10 days signal were obtained which were assigned to compounds 

have the structure R-SOrSx-R (X = 3 ... 11). The assignments were made based 

on a straight line for the plot of the natural logarithmln k' vs x + 1. This plot is 

shown in Figure 5. The data from the chromatograrn is summarized in Table 4. 

The straight line is not unexpected in that the introduction of addition sulfur atorns 

caused little structural change and thus the chromatography is dependent only on 

the molecular weight of each compound. If the compounds have a similar structure 

a linear plot should therefore result. 

105. B. Meyer, Chem. Re~'. 64, 429 (1964). The HPLC analysis was conducted by Professor R. 
Steudel (Berlin). 



Figure 5. Plot of Natural Logarithm k' vs X + 1 for the Sulfur Extrusion From 146 
in Ethanol. k' = capacity factor for the HPLC 

2.00 

+ 
1.30 + 

~ + 

É + + 
~ 0.60 

~ + 
...J + 
co -0.10 

+ ~ ... 
10 + z 

-0.80 + 

+ 

-1.50 
1 2 3 4 5 6 7 8 9 10 11 12 13 

X + 1 



\ 

63 

....................................................................... 
Table 4. Experimental and Calculated Data from the HPLC Analysis 
for the Sulfur Extrusion From 146 in Ethanol ....................................................................... 

Xa Retention Time k' (b) ln k' 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1l 

1.883 
2.131 
2.315 
2.587 
2.964 
3.470 
4.026 
4.745 
5.62 
6.78 
8.28 

0.299 
0.470 
0.597 
0.784 
1.044 
1.393 
2.087 
2.272 
2.876 
3.67 
4.710 

-1.21 
-0.756 
-0.516 
-0.243 
0.043 
0.332 
0.736 
0.821 
1.056 
1.302 
1.550 ..............•......•.......•............................•......•..... 

a X = No of sulfur atoms 
(b) (Tr - To) 

k' = -~-----------
k' = capacity factor 
T 0 = dead time of the column 
T r = retention time ....................................................................... 

From the chromatograms the largest component of the mixture was found ta be, 

as expected, thiosulfonate 147. The formation of 147 would be accompanied by the 

formation of sulfur. As previously indicated, sulfur has been successfully isolated 

from a solution of 146 in ethanol by filtration. In the original analysis of this system 

by Ash, the only reaction products isolated were 147 and sulfur. The presence of 

other compounds was not detennined. 

The formation of other compounds beside 146 and 147 was confirmed by 

acquiring a DC spectrum of the reaction mixture obtained after stirring a sample of 

146 in ethanol for 48 h. The spectrum displayed signais for the methyl carbons of 

147, the starting material 146 and a third set of signaIs was assigned ta the higher 

sulfides. The signaIs for 146 were the most intense indicating that it was the major 

component in the mixture. 

The results of the HPLC analysis appear to favor the second mechanism 

(Scheme 26). ProposaI 1 (Scheme 23) could still be considered presuming that the 

sulfur species isolated was formed by a rearrangement of the branched suifur 

compound (Scheme 27). 



- - R-S-S-S-SOz-R 

Scheme 27 

The major difference between the two proposed mechanisms is the acid 

catalysis of the second rnechanism (Scherne 26). If the rnechanism in Scheme 23 is 

correct the presence of acid should increase the rate of the reaction. The splitting 

pattern of the aromatic protons in the lH NMR spe .. ·ra allow for a qualitative 

differentiation between 146 and 147 and thus was used to determine the ('ffect of 

acid. 

For this purpose two identical samples of 146 were prepared. One sarnple was 

dissolved in absolu te ethanol while the second was dissolved in a solution of HCI in 

ethanol (made by bubbling dry HCI through absolute ethanol). The HCI ethanol 

solution of 146 developed a light yellow tinge after only 5 minutes. AIter 2 h an 

aliquot of each solution was removed frorn the reaction mixture. Each sarnple Wllil 

treated in the identicaI fashion. The solvent was removed under reduced pressure 

and the residue dissolved in deutereochloroform and a 1 H NMR spectrurn acquired. 

The sample of 146 dis.:-lved in the HCl-ethanol was almost totally converted to 147. 

while the sample in ethanol was virtuaIly unchanged. 

An acidified solution of potassium 4-tolylthiosulfonate (156) turned yellow !lfter 

only 5 minutes. Filtration of the solution gave a yellow solid identified as sulfur 

(98%). Such a result is expected as 156 in the presence of acid should decompose 

via a mechanism sim.ilar to that presented in Scheme 26. 

o 
~II­
CH3~"-S 

o 
(156) 

+ 
K 

These results of the acid catalyst make the second mechanism (proposaI 2) the 

most probable one. The lack of desulfurization of the nitro derivatives of 146 (in 
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the original work of Harpp, Ash and Smith38) can be accounted for by the fact that 

the electron withdrawing nitro groups would destabilize the formation of the 

sulfenium ion. AlI of the results support proposaI 2 as the mechanism of sulfur 
extrusion. 
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CHAPTER4 

CHLORO(TRIPHENYLMETHYL)SULFIDES: STRUcrURE AND CHEMISTRY 

4.1 Introduction 

The sulfur-chlorine bond has been the subject of several reviews106 and has a 

rich and weIl studied chemistry .107 Chlorosulfides are known to react with alkenes 

to give 1,2-addition prodllcts.106,108 In the work presented here, the reaction of 

chloro(triphenylmethyl)disulfide with 1,3-dienes did not yield 1,2-addition products. 

instead a prodllct consistent with the trapping of IS2 was obtained. As a resuJ' a 

more detailed study of this disllifide and related compounds was essenti • to 

understand the mechanism and chernistry of this addition. 

Chioromonosllifides (or sllifenyi chlorides) are a weIl known class of 

compounds that are easily synthesized by a variety of methodslO6,I09 and are 

relatively stable. The structures of a few chloromonosulfides have been investigated 

but these studies bave been limited to mainly small Molecules which allowed for 

easy spectroscopie analysis. The geometry of sllifur dichloride (SCI2) has been 

determined using microwave spectroscopy110,111 and electron diffraction. 112 The 

structure of methanesulfenyl chloride 113,114,115 (157) was also investigated by 

microwave spectroscopy, while the trichloro- (158)116 and trifluoro- (159)117 

derivatives were examined with electron diffraction. Electron diffraction has also 

been used to measure the geometry of benzeneslllfenyi chloride (160).118 The 

106. 

107. 

lOS. 

109. 

110. 

111. 

lU. 

113. 

114. 

115. 

116. 

117 . 
118. 

W. R. Hardstaff and R. F. Langler in "Sulfur in Organic and Inorganic ChemlStry," A. Senrung 
(Ed.), Marcel Deller Ine., New Yotk, Vol. 4, (1982), P 193. 

K. D. Gundermann,Angew Chem. Int. Ed. Engl., 2, 674 (1963). 

W. H. Mueller, Angew Chem. Int. Ed. Engl., 8,489 (1969); E. Kuhle, SyntheslS, 561 (1972). 

D. N. Harpp, and P. Mathiaparanam,J. Org. CIJem., 37,1367 (1972). 

J. T. Murray, W. A. Little, Q. Williams and T. L. Weatherly,J. Cllem. Plzys., 65, 985 (1976). 

R. W. Davis and M. C. L. Gerry, J. Mol. Spectrosc .. 65,455 (1977). 

Y. Morino, Y.Murata, T.Ho and J. Nakamura,J. Phys. Soc. Japon, 17, suppl. BIl, 37 (1962). 

A. Guarnieri, Z. NaturfoTSch, 23a, 1867 (1968). 

A. Guamieri, Z. NaturfoTSch, 25a, 18 (1970). 

A. Guamieri, L. Charpentier, and B. Kuek, Z. NatuifoTSch 28a, 1721 (1973). 

N. V. Alekseev and F. K. Veliehko, ZIz. Strurkt. Khim. , 8, 532 (1967). 

H. Oberhammer, W. Gombler and H. Willner,J. Mol stfllet. 70,273 (1981). 

N. M. Zaripov, M. V. Popik and L. V. Vilkov, ZIz. Strurkt. J(lzim. 21,37 (1980), . 
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sulfur-chlorine bond length was found to range between 2.006(4);\ for sulfur 

dichloride112 to 2.051(6);\ for benzenesulfenyl chloride. The carbon-sulfur bond 

length ranged from a low of 1.764(12)Â. in benzenesulfenyl chloride to a high of 

1.824(6)Â. found in trifluorometbylsulfenyl chloride.117 The C-S-CI bond angle 

varied from a low of 98.3(15)° for tricblorometbylsulfenyl chloride116 to a high of 

103.0(4)° for sulfur dichloride.l12 The compound of interest, 

chloro( triphenylmethy1)monosulfide, 119 bas been known for more than seventy 

years and has been widely employed as a protecting group in amine chemistry.l20 

s 
CH,/' 'CI 

S 
CCI,/" 'CI 

(157) (158) 

s 
CF,/' 'CI <-> \, 

(159) (160) 

Chlorodisulfides (also known as chlorodisulfanes or thiosulfenyl chlorides) are 
less weil known due to a lower stability. The preparation of a number of these 

compounds has been reported121 but there is little structural information available. 

The structure of disulfur dichloride (S2C1:z) \Vas determined in 1969 by electron 
diffractionl22 and more recently by microwave spectroscopy.123,124 The sulfur­

chlorine bond was longer than reported for any chloromonosulfide at 2.057(2);\ and 

the S-S-Cl angle was larger (108.2(3)°). RecentIy, the chemistry of the trifluorothio 

derivatives has received attention. The structure of chloro(trifluoromethyl)disulfide 
(161) has been studied using vibrational analysis.125,126 Overall, the chlorodisulfides 

exhibited bond angles larger than that of the corresponding chloromonosulfides and 

119. D. Volauder and E. Millag, Chem. Ber., 46, 3450 (1913). 

120. B. P. Branchaud,l. 018. Chem., 48, 3538 (1983). 

121. E. K.Moltzen and A. Senning, Su/fur Lett., 4, 169 (1976). 

122. B. Beagley, G. H. Eckersley, D. P. Brown and D. Tomlinson, J. Chem. Soc., Trans. Faraday 
Soc., 65, 2300 (1969). 

123. C. J. Marsden, R. D. Brown and P. D. Godfrey,J. Chem. Soc. Chem. Commum., 399 (1979). 

124. A. Yamazaki, K. Mogi, M. Koyama and 1. Yamaguchi, J. Mol. Struct., 55, 185 (1979). 

125. R. Minkwitz, R. Lekies, D. Lennhoff, J. Sawatzki, J. Kadel and H. Oberhammer,lnorg. Chem., 
29, 2587 (1990). 

126. C. O. Della Vedova,J. Raman Spectrosc., 10, 279 (1989). 
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longer sulfur-chlorine bonds. Chloro( triphenylmethyl)disulfide, 127 first synthesized 

in 1970, has received very little consideration. It was first employed as a reagent to 

prepare unsymmetrical trisulfidesl13 and later used to prepare di- and trisulfides in 

the synthesis of fungal metabolites.l28 

(161) 

Chlorotrisulfides were unknown as isolated compounds but severa} have been 

prepared in situ and used to synthesize hydrotetrasulfides (RSSSSH). No effort was 

made to isolate the chlorotrisulfides. l29 Chlorotrisulfides and disulfides are 

proposed intennediates in the preparation of tetra- and trisulfides from sulfur 

chlorides and thiols. The probable reaction mechanism for the preparation of the 

tetrasulfide is shown below, (Scheme 28). In the absence of additional thiol, the 

reaction would stop following the formation of the chlorosulfide. 

R-SH + ~C~ - R-S3-CI + HCI 

R-S3-CI + R-SH -

Scheme28 

4.2 Synthesis 

Chloro(triphenylmethyl)monosulfide (162a) was obtained by the direct 

chlorination of triphenylmethanethioI (163a) following the procedure of Vorlander 

and Mittig.119 The higher sulfides (162b and 162c) were isolated from the 

condensation of the thiol 163a with an excess of the inorganic sulfur chloride at low 

temperature (-78°C) (Scheme 29). The disulfide 162b was purified by a simple 

127. D. N. Harpp and D. K. Ash, Int. J. Sulfur Chem., A, 1, 211 (1971). 

128. R. M. Williams and W. H. Rastetter,J. 018. Chem.,45, 2615 (1980). 

129. H. J. Langer and J. B. Hyne, Cano J. Chem., 51, 3403 (1973). 
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recrystallization from hexanes. The reactants for the preparation of the trisuIfide 

162c were purified severaI times so that recrystallization of the product was 

unnecessary. Attempts to purify the trisuIfide by recrystallization in low boiHng 

pentane resulted in the isolation of triphenylchloromethane (164) and sulfur, this 

decomposition is discussed in detail in section 4.4.2. The tetrasulfide (162d) was 

prepared by the condensation of triphenylmethyl hydrodisulfide (163a)13O and an 

excess of disulfur dichloride. The physical properties of the suIfides are summarized 

in Table 5. 

-

Scheme 29 

162a X = 1 
162b X = 2 
162e X = 3 
162d X = 4 

•••••••••••••••••••••••••••••••••••••• 
Table S. Summary of Physical Properties for 
the Chlom( triphenylmethyl )sulfides . 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Sulfide Color rtj 
1628 light 135-137 

yellow 

162b dark 91-93.5 
orange 

162e light 76-78 
orange 

162d light 
orange 

•••••••••••••••••••••••••••••••••••••• 

130. This compound was supplied courtsey of Mr. Gerard Derbersy. 
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4.3 CQrstalloUaphjc Analysjs 

The sulfides were crystalline compounds, and the X-ray crystal structures were 

obtained in hopes of obtaining a greater understanding of their reactivity.131 

Careful recrystallization of 162a and 162b from hexanes yielded crystals suitable for 
analysis. On initial precipitation from ether 162e gave proper crystals. A crystal of 

162d suitable for analysis could not be obtained. 

The crystaJs of compound 162e showed extensive de composition (82%) after 12 

hours and therefore no high angle data was obtained. A decay correction was 

applied to the data. Sulfides l62a and l62b exhibited no decomposition during X­

rayanalysis. Compound 162a gave structural data for two independent molecules 

which were nearly identical. For 162c the chosen enantiomorph gave R-factors 
0.002 lower than the altemate solution. The ORTEp132 drawings of 162a-162c are 

shown in Figures 6-8 respectively. Selected bond lengths and angles are given in 

Table 6. 

131. The X-ray structures of bromo- and iodo(triphenylmethyl)monosulfide have been obtained. 
R. Minkwitz, U. Nass and H. Preut, Z. anorg. al/g. CJ,em., 538, 143 (1986): R. Minkwitz, H. 
Preut and J. Sawatzki, Z. Natuiforsch, 438,399 (1988). 

132. C. K. Johnson, ORTEPll, Report OR NL-5138, Oak Ridge National Laboratory, Tennessee, 
USA, (1976). 
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Table 6. Selected Bond Lengths and Angles from the X-ray Structures of the 
Chloro( triphenylmethyJ )sulffdes . 
• • • • • • • • • • • • • • • • • a ••••••••••••••••••••••••••••••••••••••••••••••••• 

Bond 

S-CI 
S-S 

C-S 
C(19)-C(6) 
C(19)-C(12) 
C(19)-C(18) 

Anglé 

S-S-CI 
S-S-S 
C-S-S 
C-S-CI 
C(6)-C(19)-S 
C(12)-C(1Q)-S 
C(18)-C(19)-S 

S-S Dihedral 

Bond Lengtbs (Angstroms) 

Monosulfide8 

(162a) 

2.018(3) 

1.854(6) 
1.511(7) 
1.546(8) 
1.529(7) 

Disulfide8 

(162b) 

2.073(2) 
1.975(2) 

1.912(4) 
1.529(6) 
1.523(6) 
1.538(5) 

Bond Angles (deg.) 

108.44(8) 

111.5(1) 
105.2(2) 
113.6(4) 110.6(3) 
109.6(4) 111.0(3) 
97.3(4) 97.5(3) 

99.3(2) 

Trisulfideb 

(162e) 

2.026(4) 
2.035(6) 
2.011(4) 
1.88(1) 
1.55(1) 
1.53(1) 
1.54(1) 

104.7(2) 
107.3(2) 
107.9(3) 

110.7(6) 
110.1(6) 
100.3(5) 

-80.2(3) 
-102.4(3) 

.................................•............................... 
8 Gave a satisfactory sulfur analysis using an Antek Sul fur Analyzer. 
b Correct elemental analysis. 
C The angle is that of the central atoms listed . 
• • • • • • • • • , • 0 ••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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Figure 6. ORTEP Diagram of Chloro(triphenylmethyl)monosulfide (162a). 
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Figure 7. ORTEP Diagram of Chloro(triphenylmethyl)disulfide (162b). 
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Figure 8. ORTEP Diagram of Chloro(triphenylmethyl)trisulfide (162c). 
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The sulfur-chlorine and carbon-sulfur bond distances for 162a were in the range 

of those obtained for other rnonosulfides as was the observed angle about the sulfur 

atom. The only crystal structure of a chloromonosulfide reported was the unusual cr­

chloro-a-chlorosulfenyl-4-nitro-2,5-dimethoxyphenylacetyl chloride 133 (165) which 

showed a sulfur-chlorine bond length of 1.98À, a carbon-sulfur bond length of 1.84Â 

and an angle about the sulfur atom of 99.42°. These measurements are in 

agreement with those rneasured for 162a only slightly srnaller. The smaller bond 

lengths and bond angles in 165 likely resulted from electronic effects from the 

strong withdrawing groups near the S-CI bond. 

(165) 

Surprising structural features were found in the X-ray crystal analysis of the 

intennediate sulfur chloride 162b. The length of the sulfur chlorine bond, 

2.073(2)À, is to our knowledge the longest bond of this type ever reported. The 

length of the sulfur-sulfur bond is one of the smallest ever reported, with only 

disulfur dichloride and cornpounds with known sulfur-sulfur double bonds being 

shorter. A comparison of bond lengths for compounds with known sulfur-sulfur 

double bonds with 162b is given in Table 7. Disulfur dichloride is included because 

it is known to exhibit sorne double bond character. The disulfide bond length of 

162b faUs between that of disulfur dichloride and normal ullen-chain disulfides. 

133. M. S. Sim'Jo, J. B. Rogers, 'V. Saenger and J. Gougoutas. Z.I. Am. Chem. Soc. 1967,89,5838 
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Table 7: Molecules with Sulfur-Sulfur Double Bonds. · ............................................. . 
Compound Bond length (Â) 

F2S=S 
S=S=O 
F-S-S-F 
S=S 
(ROhS=S 
R-N=S=S 
Ph3NSN=S=S 
CI-S-S-CI 
Disulfide 162b 
open chain CS-SC 

1.86088 

1.884134 

1.88888 

1.892135 

1.901136 

1.898137 

1.908138 

1.931122 

1.975 
2.02-2.06139 · ............................................. . 
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The observed angles about the sulfur atoms in 162b are two of the largest ever 

reported for a bivalent sulfur atom. The angle between C 19-5-S is 111.5( 1)° which 

is larber than the bond angles of S8 (108°) but smaller than the O-S-S bond angle of 

~02 (112.7°).140 The large angle in the structure of S202 led to a proposai of 

double bond cbaracter for the sulfur-sulfur bond. The short bond length coupled 

with the large sulfur dihedral angle suggested similar double bond character for 

162b. The dihedral or torsional angle (99.3°) is also larger than that of open chain 

disulfides which are normally in the range of 85_95°.140 The large ùihedral angle is 

likely a result of ste rie hindranee. Snyder reported the dihedral angle of di-/ert­

adamantyl disulfide (166) to be 110.5(9)°.141 The large dihedral was believed to be 

due to sterie hindranee. 

134. 

135. 

136. 

137. 

138. 

139 

140 . 

141. 

D. J. Meschi and R. Meyers,J. Mol. Spectrosc., 3, 409 (1959). 

S. C. Abrahams, Acta Crystal/ogr., 8, 611 (1955). 

D. N. Harpp, K. Steliou and C. J. Cheer,J. Chem. Soc., Olem. Commun., 825 (1980). 

F. Iwasaki.Acta Crystal/ogr. Sect. B., 35, 2099 (1979). 

T. Chivers, R. T. Gakley, A. W. Cordes and P. Swepston. J. Claem. Soc., Cllem. Commun., 35 
(1980). 

I. Hargittai, 'The Structure of Volatile Sulfur Compounds", Akadémiai Kiad6, Budapest, 
Hungary, 1985. 

F. J. Lovas, E. Tiemann and D. R. Johnson,J. Chem. Plrys., 60. 5005 (1974). 

G. Rindorf, F. S. J0rgensen and J. P. Snyder,J. Org. Cllem., 45, 5343 (1980). 
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tQ-s-s-Q 
(166) 

The S-Cl, S-S and C-S bond lengths for 162e are in the range measured for 
normal chloromonosulfides and dialkyldisulfides. l40 The angles about the sulfur 
atoms, a1though large, are in the range for SB. The d:hedl'al angles for the two S-S 
bonds differed greatly; the S-S adjacent to the triphenylmethyl group has a much 
larger dihedral angle than the S-S bond distant from the triphenylmethyl group. 
The reason for this difference is not known, but May be a result of the hindered 

rotation of the triphenylmethyl group. A similar structural arrangement of dihedral 
angles was observed in the X-ray crystal structures of organometallic trisulfides.142 

AlI of the sulfides ~xhibit a distortion in the tetrahedral arrangement about the 

central carbon (C-19). This distortion may be attributed to an interaction between 
the electron pairs on the a-sulfur and the 1I'-clouds of the aromatic rings, which 
would be intensified by rotational constraints of the triphenylmethyl group. 

4.4 Spectroscopie Analysis 

Like the results of the X-ray structure analysis, the 13C NMR spectrum of 162b 
differed from that of 1628 and 162e. The 13C NMR chemical shifts relative to 

tetramethylsilane are reported in Tabie 8. The carbon atoms were identified by the 

following numbering system. The NMR signals for 162d were identified from a 
mixture WÎth the decomposition product triphenylchloromethane (164). The 

chemical shifts for 164 are included here for comparison. 

142. A. Shaver, McGill University, private communication. 
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Table 8. Summary of the 13C NMR Chernical Shifts for the 
Chloro( triphenylrnethyl )sulfides . ....................................................... 
Sulfide 

162a 
162b 
162c 
162d 
164 

C-l 

72.21 
77.60 
74.36 
73.92 
81.32 

13C-NMR (pprn) 
C-2 C-3 

141.76 128.19 
142.17 128.08 
142.60 128.10 
142.45 128.12 
145.19 127.68 

C-4 C-5 

129.87 127.90 
130.58 127.65 
130.12 127.48 
130.12 127.44 
129.63 127.68 ....................................................... 
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The triphenylmethyl carbon (C-l) of 162b would be expected to resonate 

between that of 162a and 162c. It therefore should appear at about 73 ppm, 

hC"ve', er the signal was shifted about 4 ppm downfield from this expected value. 

Th~ ~ownshift of C-l in 162b can be partially attributed to the rotational constraints 

of the triphenylmethyl group. Su ch a rotational barrier has been proposed to 

explain the unusual shifts observed for the thiol proton in the IH NMR spectrum of 

hydro(triphenylrnethyl)disulfide as compared to the monosulfide and trisulfide. 143 

Similar rotagonal constraints were not as prevalent in 162c, which was less hindered 

because of the extra sulfur atom. 

A cornparison of the l3C NMR spectra of sulfides and disulfides revealed that 

the a-carbon is shifted downfield; with that of the disulfide being further downfield 

than that of the rnonosulfide.144 The introduction of the second sulfur atom in 162b 

can account for sorne of the downfield shift for C-l from the position of C-l in 162a. 

143. J. Tsurugi, Inl. J. Sulfur Chem., B, 7, 199 (1972). 

144. E. Pretsch, J. Sieb~ W. Simon and T. Clerc, "Tables of Spectral Data For Structural 
Determination of Organic Compounds, M Springler-Verlag, Berlin (1989), 2 cd, p CI80. 

.. 
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The double bond character of the S-S bond in 162b may account for the remaining 

downfield shift. A carbon atorn adjacent to carbon-carbon double bonds is shifted 

downfield and a similar effect should be observed in this system. 

The UV-Visible spectrum of ail three sulfides were determined in chloroform. 

Each sulfide exhibited two absorption maxima at 244 and 254 Dm. The absorption 

band at 244 nrn was assigned to the S-CI bond as the intensity of the signal 

decreased over time due to decomposition and loss of the S-CI bond. 

The IR spectra showed a variety of diverse peaks but, due to the similarity a 

c1ear differentiation between the sulfides was v~ry difficult. The S-S and S-H 

stretches are weak in the IR and are not always observed. Each suifide exhibited 

s.~"als corresponding to C-H aromatic and C-C double bond stretches and the C-H 

out-ot-~ ',,\ne bends. The only observable difference in the spectra was the S-CI 

stretching frequencies which corresponded c10sely to those observed in the Raman 

spectra. The S-CI frequencies were as follows: 162a = 487 cm-l, 162b = 482 cm-l 

and 162c = 488 cm-l. 

Raman spectroscopy has been used as a technique to obtain structural 

information; it was anticipated that the Raman spectra would give further insight 

into the molecular structure of the sulfides. The typical value for the usual S-S 

symmetrical stretch in a Raman speetrum is about 510 cm-1.145,146 There also 

appears to be an approximate linear relationship between the frequency of the S-S 

shi ft and the dihedral angle.147 The explanation for this was that as the dihedral 

angle decreased from 90° there was a greater p1l'-p7r interaction, which destabilized 

the S-S bond.147,148 This effeet was orny observable for compounds with dihedral 

angles below 60°. The effect May also become important in compounds with 

dihedral angles above 90°. There appears to be no correlation of the Raman shift 

and the dihedral angles above 60°. The stretching frequency for the S-S bond of 

CF3SSCI has be determined to be 528125 cm-1 and 535126 cm-l while that of disulfur 

dichloride149 was found to be 540 cm-1• These agree with the value of 543 cm-l 

measured for 162b. The stretching frequency for the S-el bond of CF3SSCI was 

145. 

146. 

147. 

148. 

149. 

S. G. Frankiss, J. Mol. Structure, 3,89 (1969). 

H. EVan Wart, F. Cardinaux and H. A. Scheraga,J. Chem. Phys., 80, 625 (1976). 

H. EVan Wart and H. A. Scheraga,J. Chem. Phys., 80,1823 (1976). 

H. EVan Wart, A. Lewis, H. A. Scheraga and F. D. Saeva, Proc. Natl. Acad. Sei. USA, 70, 
2619 (1973). 

E. B. Bradley, M. S. Mathur and C. A. Frenze~J. Chem. Phys, 47,4325 (1967). 
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found to be 474125 cm-l and 484126 cm-l . The S-CI stretching frequency in l62b was 

assigned to the peak at 483 cm-l . The Raman signals are summarized below in 

Table 9. 

The complex spectra of l62e may be a result of the presence of decornposition 

products. Decomposition of l62e has been observed at room temperaturl~ and is 

enhanced by light. The Raman spectra of various sulfur allotropes ha"e been 

measured.l5O 'The most stable sulfur allotropes 56 and S8 both have a base peak at 

472 cm- l . This signal may correspond to the signal at 470 cm- l in the sp(~ctra of 

l62e. 

. ..................•.......................... 
Table 9. Summary of the Raman signaIs for 
the Chloro( triphenylmethyl )sulfides . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 

monosulfide disulfide trisulfide 
(162a) (162b) (162e) 

520 543 519 
501 488 483 
487 422 470 
365 416 454 

402 449 
341 357 

346 
............•................................. 

4.5 Thermal Decomposition of the ChlorQsulfides 

4.5.1 In the Solid State 

Sulfides l62a, 162b and l62e were thermally unstable. Their stability appeared 

to decrease, as expected, with the increase in sulfur content of the Molecule. 

Samples of each sulfide decomposed when heated fur three minutes to their rnelting 

points. Each decomposition sample was analyzed by l3C NMR spectroscopy; 162b 

150. R. Steude~ D. Jensen, P. Gôbel and P. Hugo, Ber Bunsenges. Phys. Chem., 118,92 (1988). 
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and 162c yielded only triphenylchloromethane (164), while 162a gave a mixture of 

164 and starting material (Scheme 30). Sulfur was successfully isolated from the 

decomposition mixtures by extraction into chloroform followed by filtration. 

• 

Q o-C-CI -0 
+ s • 

(164) 

Scheme 30 

HPLC analysis of 162b after it had been heated above its melting point 

revealed the presence of a variety of products indicating that de composition 

occurred via a cornplex rnechanisrn. The chromatogram showed peaks for 

chloromethane 164, S6' S7' S8' and ~ rings and 10 other products, sorne of which 

were identified as bis(triphenylmethyl)sulfides (167) Assignments were made with a 

comparison of the chromatograms of a solution containing S6-S1O ri:lgS and a 

solution of 167, Ph3C-Sx-CPh3 (x = 3-12). The S6:S8 and S7:S8 concentration ratios 

were 0.31/1 and 0.33/1 respectively which are much higher than those obtained 

from liquid sulfur at 1200e (0.0054/1 and 0.033/1 respectively).151 Therefore the 

equilibrium between various sulfur rings in liquid sulfur is not found in this case. 

The formation of tre sulfides was not surprising, as they are identified in the 

decomposition in solution (see below) however, signaIs for these compounds were 

not observed in the 13e NMR spectrum of the decomposition mixture. The lack of 

identification of the isomers of 167 from the 13e NMR spectra indicates that they 

are in low concentration. The overall reaction is summarized below (Scheme 31). 

151. R. Steude~ R. Strauss and L. Koch,Angew Olem. Jill. ed. Ellgl., 24, 59 (1985); We are greatful 
lO Professor Steudel for tbis analysis. 



Ph,C-SS-CI S. + Ph,C-Cl + Ph,C-S.-CPh, 

(167) 

Scheme 31 

Sulfides 162b and 162c are also unstable in the soUd state at room temperature. 

Bath compounds exhibited a visible color change after 48 h. Analysis by l3e NMR 

of the resulting saUd showed it was a mixture of the sulfide anJ chloromethane 164. 

The decomposition was also enhanced by light as was proven in the following 

experiment. Two identical samples of 162c were prepared and kept under identical 

conditions except one was stored under ambient light while the second s<imple was 

kept in the dark. The sample maintained under ambient light showed 

decomposition after on1y 48 h as determined bath visibly and through a comparison 

of the 13e NMR spectra; the dark sample was unchanged. 

4.5.2 Thermal Decomposition in Solution 

The disulfide 162b, trisulfide 162c and tetrasulfide 162d also decomposed in 

solution. A sample of 162b was stirred with silica gel in chloroform and the 

resulting mixture was chromatographeà after 48 h to yield several compounds: 

bis(triphenylmethyl)sulfides (167), a trace amount of triphenylmethane (168), 

triphenylmethanol (169) (formed from the hydrolysis of 164 under the 

chromatographie conditions) and sulfur (Scheme 31). The hydrolysis of 164 to 169 

was confirmed in a separate experiment by treating a sample of 164 uoder 

chromatographie conditions identical to those used for the purification of the 

de composition mixture. The on1y compound isolated was 169. The hydrolysis of 

164 on silica gel was incomplete with a more polar solveot for the chromatography, 

indicating that the decomposition occurs slowly on the silica gel. 

The solvent used for the de composition experiments had a profound effeet 00 

the composition of the isolated mixture. The decomposition of 162b was condueted 

in several solvents using the same quanity of material for each de composition 
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experiment (0.17 g, 0.50 mmoI). The yields of the de composition products are 

summarized below in Table 10 . 

...................................................................... 
Table! O. Product Distribution for the Decomposition of 
Chloro(triphenylmethyl)disulfide (162b) at Ambient Temperature for 48 h in 
Various Solvents . ...................................................................... 

Solve nt Dipole Moment Yield of Components mg (%)a 
(Debye) 

Sulfurb (167)C (169)b 

CCl4 0 12 (36) 112 (73) 43 (33) 

CHCl3 1.01 23 (71) 69 (45) 54 (42) 

CH2C12 1.62 27 (83) 76 (50) 57 (44) 

THF 1.63 25 (78) 89 (58) 49 (38) 

Acetone 2.88 30 (94) 8 (5.5) 127 (97) ...........................................•.......................... 
a The yields are percent recovery. 
b Yields determined assuming an ionic decomposition with conversion of 162b to 
only sulfur and chlorometbane 164 (chloromethane 164 hydrolyzed ta 
triphenylmethanolI69). 
C Yield determined assuming a radical mechanism to yield only a mixture of 
bis( triphenylmethyl)sulfides (167) . ...............................................................•...... 

As anticipa te d, de composition in polar solvents resulted in the formation of 

mostly chloromethane 164 and sulfur, while non-polar solvents yield mostly a 

mixture of bis(triphenylmethyl)sulfides (167). The differences in product 

distribution likely resulted from a competition between an ionic and a radical 

mechanism. Polar solvents which stabilize ions would enhance the c1eavage of the 

carbon sul fur bond to give the triphenylmeLhyl cation and sulfur anion. The ions 

could then combine to yield sulfur and chloromethane 164. Less polar solvents 

would not favor the formation of ionic species thus a radical de composition would 

be favored. The possibility of a radical mechanism will be discussed in Section 4.4.4. 

In intermediate solve nt it is possible that both a radical and an ionic mechanism 

may account for the decomposition. 

The decomposition of 162c in chloroform gave similar products as those 
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obtained for 162b. The decomposition products isolated for 162c were in yields 

similar to that found in the decomposition of 162b: sulfur (64%), 169 (35%) and a 

mixture of sulfides 167 (50%). The yields were determined as described above in 

Table 10. 

The tetrasulfide 162d decomposed du ring 13e NMR analysis. The major 

product of the decomposition was shown in the initial 13e NMR spectra to be the 

chloromethane 164. An extensive decomposition study of the tetrasulfide was nnt 

performed as the pure compound could not be isolated. 

In order to fully understand the decomposition of 162b in solution and for the 

purpose of investigating the reactions of the sulfides, several substituted 

triphenylmethanes were prepared. Each derivative was prepared by following 

known reactions. The thiols, monosulfides and disulfides were aIl synthesized 

following the procedures used to prepare the unsubstituted compounds. The 

chloromethanes were synthesized from the corresponding alcohols using a known 

procedure.152 The melting points and important NMR ~hifts of these compounds 

are summarized in Table 11. AlI of the chiorodi- and monosulfides were light 

yellow to light orange. Dnly those compounds with substitution that was NMR 
observable were synthesized. 

Q 170 X = OH a R = 4-CH3 
R ~ 

171 X = SH b R = 4-F 'f }-c-x 
172 X = SCI c R = 2-CH3 -6 173 X = SSCI d R = 4-CH3O 

174 X = Cl 

The derivatives exhibited surprisingly !ittle physical ditference. The mono-2-

methyl derivatives (Xc) dispIayed chemical shifts in the lH and 13C NMR spectra 

that were further downfield than those of the parent compounds. These shifts likely 

resulted from the steric interaction between the 2-methyl group and the substituent 

(X). The 13e NMR shifts of the triphenylmethyl car bons also act as a strong 

indicator of molecular structure. The chemical shifts were directly related ta the 

electronegativity of the atorn bonded ta the carbon. 

152. N. N. Lichtin and M. J. Vignale,!. Am. ChC'1I. Soc., 79,579 (1957). 
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Table 11. Summary of Physical Data for Monosubstituted Triphenylmethanes . 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Compound Substitution m.p. 13CNMR IHNMR (X) (OC) (C-X) (X) 

OH 
(169) H 160-163 81.97 2.82 (170a) 4-CH3 79-&1 81.85 2.76 (170b) 4-F 120.5-122 81.57 2.84 (17Oc) 2-CH3 93-96 83.03 2.96 (170d) 4-CH3O 78·80 81.67 2.77 

SH 
(163a) H 105.5-106.5 62.77 3.07 (171a) 4-CH3 61-64 62.62 3.06 (17Ib) 4-F 89·89.5 62.29 3.08 (17Ie) 2.CH3 116-117 63.06 3.05 (171d) 4-CH3O 97-98 62.40 3.07 

sa 
(162a) H 135-137 72.21 
(172a) 4-CH3 87·89 72.05 
(172b) 4-F 107-109 71.61 

SSCI 
(162b) H 91·93 77.60 
(173a) 4-CH3 76.5-77 77.59 
(173b) 4-F 86.5-88 77.46 
(173c)a 2-CH3 79.16 
(173d) 4-CH3O 86·87 77.47 

Cl 
(164) H 110-112 81.32 
(174a) 4-CH3 90.5-92 81.45 
(174b) 4-F 87.0-89.5 80.75 ............................. '" .... " ............ '" ............... 
a The derivative decomposed on attempted recrystallization . 
..........•.•...........................••......•................... 
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4.5.3 Rate Studies of the Thennal Decomposition of 162b 

The products isolated from the de composition of 162b indicate that it may 

proceed through a complex mechanism. The ffiono-4-methyl and rnono-4-fluoro 

derivative of 162b was used to funher investigate the decomposition of the disulfide 

and other reactions of the monosulfide 162a and disulfides 162b (see below). The 

decomposition and reactions of these derivatives cou Id be followed by 1 H NMR. 

NMR spectrosccpy has been used in severa! investigations for the 

determÎnation of reaction kinetics.153 One limitation for the use of NMR for the 

purpose of studying reaction kinetics is that only a maximum of 3 half-lives can be 

followed due to the concentration limits of the instrument. In ali the data reported 

ther'! is an inherent 10% error factor due to measurement of the integration of the 

1 H NMR signaIs. 

A typicai de composition of chloro(mono-4-methyltriphenylmethyI)disuifide 

(173a) to rnono-4-methyltripheny1chloromethane (174a) resulted in a upfield shift of 

0.03 ppm for the aromatic tolyl protons which could be followed by lH NMR 

spectroscopy. This chemica! shift difference allowed the rate of disappearance of 

173a or the appearance of 174a. The change over time for the tolyl protons for a 

typical decomposition is shown in Figure 9. 

The data is limited because of several constraints: namely the unavailibility of a 

large nurnber of deuterated soivents suitable for the decomposition and the 

concentration limits of the instrument. Several NMR soivents were not suitable as 

disulfide 162b reacts with any nucleophilic solvent. At low concentration of 173a, 

the signal to noise ratio of the instrument become significant and a c1ean separation 

of the tolyl protons of 173a and 174a cannot be obtained. Due to the limitation 

above, an exhaustive kinetic stuày was not conducted but a few experiments were 

examined to give an insight into the rnechanism of the decomposition. 

153. D. H. R. Barllett and K. E. Howard, J. Chem. Soc., 155 (1949). 
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Figure 9. The Change in the lH NMR Signal for the Tolyl Protons Over Time for 
the Decomposition of Chloro(mono-4-methyltriphenylmethyl)disulfide (!7Ja). 
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The decomposition uf 173a was examined at three temperatures. The plot of 

(,.ollcentration vs time for the Idnetic rons at 30°C as determined from the NMR 
data is presented in Figure 10. The initial rate method was used to calculate the 
rate constants.154 The initial concentration, initial rates and rat..: constants are given 

in Table 12 . 

..........•........... ~ .........•.... , ................ .............. 
Table 12. Calculated Rates and Rate Constants for the Thermal 
Decomposition of (173a) in Chloroform-d solution . 
•••••••••••••••••••••••••••••••••• ~ •••••••••• ~ •••••••• •••••••••••• 0. 

temp run# conc Initial ral} Rate Constant k 
(OC) M Ms- l xl s-l x 104 

30A 0.070 0.90 1.30 
30 30B 0.097 1.05 1.08 

30C 0.112 1.81 1.61 

40 40A 0.019 2.00 2.78 
40B 0.072 2.11 2.93 
40C 0.150 3.31 2.21 
40D 0.210 5.00 2.38 

50 50A 0.104 2.58 2.78 
50B 0.104 3.13 3.00 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

The HPLC analysis of 162b in solution indicated that this compound contained 

sorne impurities. These impurities may have acted as a catalyst, or may have been 

directly involved in the decomposition. The mono-4-methyl derivative (173a) 

prepared by the same method as 162b is also expected to have similar impurities. 

The effect oÎ a nucleophile on the decomposition can be observed whf'n the 

de composition of 162b is repeated in unpurified ehloroform (eontaining 0.75% 

ethanol as a stabilizer). Decomposition was visibly mueh quicker in unpurified 

chloroform as compared to purified chloroform. The impuri es may have an effeet 

on the rate of de composition but the effect could not be quantized. 

The decomposition of 173a was enhaneed by the addition of a radical initiator 

154. T. H. Lowry and K S. Richardson, "Mechanism and Theory in Organic Chemistry," Harper 
and Row. New York, 2 ed., 1981, pl75. 
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and slowed by the addition of a radical inhibitor, thus suggesting a radical 

mechanism. The addition of 3-chloroperoxybenzoic acid (initiator) (175) increased 

the rate by aImost ten-foid while the addition of 4-t-butylcatechol (inhibitor) (176) 

slowed the reaction by three-fold. The plot of the naturai logarithm of the 

concentration vs time for the decomposition of 173a in the presence of inhibitor and 

initiator is presented in Figure 11. 

CI 

<_) to-~ 
(175) (176) 

Sulfur was found to be a contaminant in 173b. The mono-4-methyl derivative 

(173a) prepared by the same method as 162b is expected to have similar impurities. 

An experiment was conducted to see if the presence of sulfur had any effeet on the 

decomposition reaction. Two identical sample3 were prepared but elemental sulfur 

(S8) was added to one. The sample containing sulfur did not exhibit a rate 

efu1lanCement but the decomposition showed a minor inhibited effect (initial rate 1.7 

times slower then the sample with no sulfur). The comparison of the two rate 

profiles is shown in Figure ]2. The inhibiting effect on the rate of decomposition of 

173a by elemental sulfur was not surprising as this effect of sulfur on sorne radical 

reactions has been weil documented.155 This experiment was not conclusive as the 

suifur added was S8 while sulfur exists in many allotropes105 and one or more of 

these allotropes may have been catalyzing the decomposition. 

Arrhenius parameters can be deterrnined from the plot of ln k vs 1 fT. The 

energy of activ.::tion (Eact) was found to be 8 keal/mol. The low energy of activation 

indicates that the bond being broken is relatively weak. The entropy of activation 

(âS~) was determined from the Arrhenius plot to be -52 e.u .. The large âS:; gives an 

indication the the transition state is relatively stable. 

155. P. D. Bartlett and D. S. Trifan, J. Polymer Sci., 20, 457 (1956); P. D. BartleU and H. Kwart, J. 
Am. Chem. Soc., 72, 1051 (1950); P. D. Barlieu and H. Kwart, J. Am. Chem. Soc., 72, 1051 
(1950); J. L. Kice, J. Polymer Sci., 19, 132 (1956). 
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From a comparision of the initial rates to the concentration the order of the 

reaction was determined. The decomposition ùisplayed an erratic order of 1.5 at 

30<>C and 0.8 at 40°C. At lower temperatures the decomposition exhibits an 

induction period .1aking determination of the initial rates difficult. These orders 

suggest that a complex mechanism may be involved in the decomposition. 
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Figure 10. Plot of Concentration vs Time for the Decomposition of Chloro(mono-4-
methyltriphtnylmethyl)disulfide (173a) at 30°C. 
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Figure 11. Plot of Concentration vs Time for the Decomposition of Chloro(mono-4-
methyltriphenylmethyl)disulfide (173a) at 40°C. The Effect of Inhibition and 
Initiation. 
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Figure 12. Plot of Concentration vs Time for the Effect of the Addition of 
Elemental Sulfur on the Deco~position of (173a) 
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f'igure 13. Arrhenius Plot for the Decomposition of 173a. Determination of Eact 
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4.5.4 A Probable Radical Mechanism for the Decomposition of 
the Chloro(triphenylmethyl)disulfides and Trisulfides. 

95 

A radical mechanism can be proposed for the decomposition of the 

chloro(triphenylmethyl)sulfides (162a, 162b and 162c) to triphenylchloromethane 

(164). This mechanism is supported by the following observations: 

1. The identification of 164, several bis(triphenylmethyl)sulfides 167, and 

sulfur as decomposition products. 

2. Rate studies on the decomposition of chloro(mono-4-

methyltriphenylmethyl)disulfide (173a) showed induction periods which were more 

pronounced at lower temperatures. 

3. The rate of the decomposition was speeded by the introduction of a radical 

initiator or slowed by the introduction of a radical inhibitor. 

It is possible to propose three initiation pathways for such a decomposition to 

oceur. 

The mechanism shown below (Scheme 32) invo]ves scission of the carbon sulfur 

bond of the disulfide to form a chloroperthiyl radical < .SSel) and a triphenylmethyl 

radical (Ph3C.). 

~r 
~C-S-S-CI -~.... Ph,C. + .S-S-CI 

Scheme32 

The second pathway (Scheme 33) is similar except that the initial scission occurs 

at the sulfur cblorine bond to form a chlorine radical (Cl.) and a 

triphenylmethylperthiyl radical (Ph3CSS. ). 

---1..... Ph,C-s-s· + CI • 

Scherne 33 

Finally a mechanism involving the scission of the sulfur-sulfur bond to form the 

triphenylmethylthiyl radical (Ph3CS.) and the sulfur-chlorine radical (.S-CI) 
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(Scheme 34). 

--- Ph,C-s. + • S-Cl 

Scheme 34 

The distribution of the decomposition products indicated that Scheme 33 was 

most likely the correct mechanism since any free-radical mechanism must account 

for aIl the observed products. The bis(triphenylmethyl)sulfides 167 could have been 

formed by either radical terrnination reactions or by the attack of a 

triphenylmethylperthiyl radical on another sulfide. The tetrasulfide 167d could have 

been formed by the combination of two triphenylmethylperthiyl radicals. The 

trisulfide 167c could have been forrned by the radical attack of the 

triphenylmethylperthiyl radical on the Q-sulfur of the chlorodisulfide or a previously 

formed sulfide. The radical reactions that lead ta the se observed products are 

shown below (Scheme 35). 

Ph,C--.7~-CI 

Ph,C-S-S· ) 

-_ .. ~ Ph,C-S-S-S-S-CPh, 

Scheme 35 

Further evidence supporting this proposed mech:mism (Scheme 33) cornes from 

a semi-empirical study by Bergson 156 on the interaction between lone-pair electrons 

and the application of these results ta the structure and reactivity of sulfur chaim. 

Radical species with two sulfur aton1S (R-SS-) were found ta be more stable th an 

those with one sulfur atom (R-S.). This conclusion was based on the observation 

that the energy required to break the sulfur-sulfur bond in a disulfide was higher 

156. G. Bergson, Ark. Kem .• ] 8,409 (1962). 
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than that required to break a sulfur-sulfur bond within compounds comaining more 

than two su]fur atoms. 

It was shown that the rnethaneperthiyl radical (CH3S2.) does not add to 

cyclohexene whereas the methanethiyl radical (CH3S.) adds readily.157 This lack of 

reactivity is consistent with the ide a that CH3Sz. is a significantly more stable, and 

thus less reactive, radical than CH3S •. 

Support for tbis radical mechanism can aiso be found in decomposition studies 

of other disulfides. The photolysis of t-butyldisulfide,158,159 which gave a mixture of 

products has been proposed ta occur via a radical mechanism (Scheme 36). The 

identified products were proposed ta form from the initial scission of one sulfur­

carbon bond ta give the t-butyl ((CH3hC.) and the t-butylperthiyl «CH3hCSS.) 

radicals. Coupling of two perthiyl radicals gave t!-te tetrasulfide while the trisuifide 

formed from the attack of a perthiyl radical on a second disulfide. The butane and 

isobutylene formed as a result of a hydrogen abstraction by the t-butyl radical. 

Bennett and Bruntonl60 have acquired an ESR spectrum which was attributed to 

the t-butylperthiyl radical, from the photolysis of chloro(t-butyl)disalfide at -86°C in 

toluene. 

157. 

158. 

159. 

160. 

1 1 -c-s-s-c-
1 1 

1 
1 -c--sn-r- + + + 

n :z: 3,4 

Scheme 36 

A variety of other reactions proposed to involve radical mechanisms also lend 

1. Kende, T. L. Pickering and A. V. Tobolsky,l. Am. Chem. Soc., 87, 5582 (1965). 

D. Grant and J. Van Wazer, J. Am. Chem. Soc., 86, 3012 (1964). 

G. W. Byers, H. Gruen, H. N. Scott and J. A. Kampmeier, J. Am. Cllem. Soc., 94, 1016 (1972). 

J. E. Bennett and G. Brunton, J. Cllem. Srx. 01em. Commun, 62 (1979). These rcsults arc 
supported by molecular calculation on the bond energIes of disulfidcs, M. D. Ryan, 
"Organopolyca1cogenides, New Bond Energy Results and Synthesis Via The First Selenium 
Transfer Reagent," Ph.D. Thesis, McGill University (1988). 
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support to Scheme 33. Free-radicals have been proposed in the decomposition of 

methanesulfenyl ch: :dde (157) and methanesulfur trichloride,161 however, electron 

spin resonance studies of the de compositions were inconclusive. Zack and 

Shreeve162 have proposed a radical mechanism for the addition reaction of 

chloro(trifluoromethyl)disulfide (161) with ole fins, to yield t,2-addition products. 

The addition was observed to involve the chlorine radical and 

trifluoromethylperthiyl radical (CF3CSS.). Haszeldine and Kidd observed that 

bis(trifluoromethyl)trisulfide decomposed upon irradiation by a radical 

mechanism.161 

Many free-radical reactions exhibit induction periods. l64 The induction period 

observed for the decomposition of the chlorodisulfides in this study provided further 

evid~nce for the involvement of a radical mechanism. The induction period 

indicates that de composition of the chlorodisulfide proceeds through such a 

mechanistic patbway, and that a steady state concentration of radicals must be 

obtained before the decomposition can occur. 

It is also possible to envision the triphenylmethylperthiyl radical (Ph3CSS.) 

undergoing two types of decomposition, a p-elimination or an a-scission. The /J­
elimination would form singlet diatomic sulfur and the triphenylmethyl radical while 

the a scission would form triplet diatomic sulfur and the triphenylmethyl radical. 

These mechanisms have been discussed previously in connection to the generation 

of singlet sulfur (Section 37). 

~r 
Ph,C-S-S - • Ph,C Il + -s-s-

• 

Scheme37 

161. 1. B. Douglass. R. V. Norton, R. L Weichman and R. B. Clarkson, J. Org. Chem., 34, 1803 
(1969). 

162. N. R. Zad and J. M. Shreeve, J. Chem. Soc., Perkin Trans. /,614 (1975). 

163. R. N. Hazeldine and J. M. Kidd,J. Chem. Soc., 3219 (1953). 

164. E. S. Swinboume, "Analysis of Kinctic Data,· Thomas Nelson and Sons Ud, Don Mills, (1971). 
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4.6 Reactions of the Chloro(triphenylmethyl)sulfides 

The reactivities of compounds containing S-CI bonds have been extensively 

studied.107 It was therefore not considered necessary to do an exhaustive study of 

the sulfides l62a, l62b and l62e but, a few representative reactions were 

investigated. Many of the reactions were carried out only to show the typical 

reactivities of these chiorosulfides and hence they are presented only to show this 

facto If there were no unexpected results the reaction was discussed as succinctly as 

possible. 

4.6.1 Nucleophilic Displacements 

The chlorosulfides 162a, 162b and l62e underwent normal displacement 
reactions with a variety of nucleophiles. Reaction with butylmagnesium chloride 

gave the corresponding butyl(triphenylmethyl)sulfide (177) (Scheme 38). The 

reaction of l62b also led to the formation of a small amount of 

bis(triphenyimethyl)tetrasuifide 167d, as confirmed by comparison of the 13e NMR 

spectrum with that of the authentic compound.165 The reaction of 162a gave the 

expected sulfide but in a modest yield (17%) as compared to 162e and 162b. 

Ph,C-S.-CI + Bu-MgCl - Ph,C-s,.-Bu + MgCI, 

Scheme38 

Displacement of the chiorine atom of 162 with butyllithium aiso yieided sulfides 

177 (Scheme 39). The substitution did not appear to be 100% site selective as the 

product of 162b disulfide 177b was contaminated with a small amount of 

monosulfide 177a confirmed by the 13e NMR spectrum. 

Ph3C-S.-Ci + Bu-IJ _ Ph,C-S.-Bu + UCI 

Scheme39 

Harpp and Ash21 have previously prepa.. ed unsymmetrical trisuifides by the 

condensation of tbiois with l62b. Therefore the reaction of l62a and 162e with 

thiois shouid yieid di- and tetrasulfides, respectively. This was investigated by 

165. T. Nakabayashi, J. Tsurugi and T. Yabuta,./. Org. Clrem., 29, 1236 (1964). 
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carrying out a representative reaction. The sulfides were condensed with a sample 

of 1-butanethiol (Scheme 40). The reaction of 162a and 162b gave sulfides 177 

identical to those obtained in the reaction of 162b and 162c with either butyllithium 

of butylmagnesium chloride, as expected. The reaction of 162c yielded the 

tetrasulfide (177d). 

Ph,C-S.-CI + Bu-SH - Ph:!C-S, •• lj-Bu + HCI 

Scheme40 

The 13C NMR shifts for the isolated butyl(triphenylmethyl)sulfides (177) are 

summarized be!ow in Table 13. The arbitrary numbering of the carbon atoms is for 

ease of assignment and begins at the terminal methyl and proceeds consecutively. 

The introduction of an additional sulfur atom resulted in a downfield shift for 13C 

NMR signaIs for the carbons cr to the sulfur atoms, as expected . 

...................................................................... 
Table 13. Summary of the 13C NMR Chemical Shifts for the 
Butyl(triphenylmethyl)sulfides (177) (X = # of S atoms) ..................................•................................... 
X 13e NMR shifts (ppm) 

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 

1 13.62 22.12 30.65 31.69 66.31 145.06 127.75 129.57 126.45 

2 13.53 21.46 30.84 36.38 70.79 143.86 127.68 130.07 126.75 

3 13.6U 21.53 31.01 39.31 73.19 143.55 127.85 13ù.42 127.11 

4 13.62 21.49 30.98 38.86 73.50 143.08 127.93 130.28 127.19 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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The monosulfide (177a) was also prepared by the reaction of 164 with 1-

butanethiol (Scheme 41).166 The IH and 13C NMR spectra were identical ta those 

obtained from the reaction of 162a and either butyllithium or butylmagnesium 

chloride. 

+ Bu-SH --- Ph,C-S-Bu + HCI 

Scheme 41 

The condensation of 162b and 162c with triphenylmethanethiol (163a) also gave 

the expected products (Scheme 42). The reaction of 162b gave 

bis(triphenylmethyl)trisulfide (167c) (80%) while 162c yielded 

bis(triphenylmethyI)tetrasulfide (l67d) (88%). These compounds are examined in 

detail in Chapter 5. No reaetion was observed between 162a and 163a, presumably 

due ta sterie interactions. 

Scheme42 

The reaction of O-ethylxanthic acid potassium salt 178 with each suifide 162b 

and 162c gave the mixed suifide 179 and shawn below (Scheme 43). 

s 
Il 

EIO-C-S 
-+­

K -

Scheme 43 

S 

Il 
Ph,C-s( .. ,)-C-OEI + 

179a X = 3 

179b X = 4 

KCI 

It was anticipated that an easy route for the formation of the 177d would be the 

condensation of a sulfur chloride with hydro(triphenylmethyl)di- or trisulfides 180. 

There is one example where hydrosulfides were synthesized from chlorosulfides 

using hydrogen suifide gas.167 The major limitation of this method was the large 

166. E. von Meyer and P. Fischer,/. Prokt. Chem., (2),82,521 (1910); Chem. Abstr., S, 1595 (1910). 

167. H. J. Langer and J. B. Hyne, Cano J. Cllem., 51,3403 (1973). 
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excess of hydrogen sulfide gas required (4 moles of H2S for 0.02 moles of 

hydrosulfide produced). It was thougbt that perhaps that the hydrosulfides could be 

produced frorn the suifides by the nucleophilic displacement of the chlorine with an 

excess of sodium hydrosulfide (Scheme 44). 

Scheme 44 

The reaction did not yield the hydrosulfides, but instead gave mixtures. 

Reaction of 162a gave a mixture with the major products being 

bis(triphenylmethyl)trisulfide (167c), and appreciable concentrations of 164 and 

169. Reaction of 162b gave a mixture of bis(triphenylmethyl)tri- (I67c), penta­

(167e) and hexasulfides (1671). The largest component of the mixture 166e, was 

isolated by recrystallization. Reactjon of 162c also gave a complex mixture but 

bis(triphenyImethyl)hepcasulfide (167g) was isolated. The products isolated indicate 

that the hydrosulfide was likely fonned but, th en underwent a reaction with a second 

mole cule of the chlorosulfide (Scheme 45). This prop')sal is supported by the 

reaction of the chlorosulfides with 163a yielded the bis(triphenylmethyl)sulfides 

(167) (see above). 

+ Hel 

S.:heme 45 

The reaction with potassium phthalimide (181) with the sulfides 162b and 162c 

which yielded the corresponding phthalimido sulfides (182) (Scheme 46). The 

structure of I82a was identified from the 13C and lH NMR spectra and confirmed 

by elemental analysis . 
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0 0 

+ ~N_"_C"" K + Ph3C-S,- -CI -
0 

(181) (162) (182a) X ::;; 2 

Scheme 46 (182b) X = 3 

Reactions of 162b were studied further because of the ease of purification of 

this compound. Reduction of 162b with lithium aluminium hydride formed the 

thiol. The formation of hydrogen sulfide was also evident as detected by its strong 

odor. These products would form by the reduction of the sulfur-sulfur and sulfur­

chlorine bonds respectively. Substitution also occurs with ethoxide anion. In the 

presence of excess ethoxide 162b decomposed with the formation of 

ethyl(triphenylmethyl)ether (183), confirmed by comparison to an independently 

synthesized compound.l68 

(183) 

The difference in reactivities between 162a and 162b and 162c is Iikely a result 

of stene effects of the triphenylmethyl group. These effeets would be large for 162a, 

and smaller for 162b and 162c as the introduction of sulfur atoms would place a 

place a greater distance between the reactive S-CI group and the triphenylmethyl 

group. 

168. J. F. Noms and R. C. Young, J. Am. Cllem. Soc., 46, 2582 (1924) 

--- ------
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4.6.2. Reaction of ChloroCtriphenylmethyl)sulfides (162) With 1.3-Dienes. 

When in solution chlorodisulfide 162b sIowly decomposed with the formation of 

sulfur and triphenylchloromethane (164), along with several other products (see 

above). It is reasonable to propose the loss of two sulfur atoms from 162b to yield 

164 involves the generation of Sz as the intermediate sulfur species. 

Q o-C-SSCI -6 
(162b) (164) 

For the purpose of determining whether S2 was generated in the decomposition 

of 162b; a sample of 2,3-dimethyl-l,3-butadiene 109 and disulfide 162b were 

refluxed in chloroform-d for 2 h and a lH NMR spectrum of the reaction mixture 

acquired. The spectrum exhibited signaIs which corresponded to the trapping of S2 

with characteristic peaks for 1,2-dithia-4,S-dimethyl-4-cyclohexene (107), at 1.75 and 

3.20 ppm. The reaction was repeated on a larger scale in chloroform. Silica gel 

chromatography of the mixture with 20% chloroform in hexanes gave an isolated 

product which was consistent with a compound originally proposed to be a 

polymerie trap (140) of Sz, with lH NMR signaIs at 3.76 and 1.79 ppm.169 The 

polymerie species 140 was identified as the cyclic tetrasulfide, 1,2,3,4-tetrathia-6,7-

dimethyl-6-cyclooctene (127). The structural assignment for tetrasulfide U7 was 

described in Section 2.3. 

(140) (127) 

The successful isolation of the trapped adduct in any form was encouraging and 

the reaction was repeated severa! times until signaIs in the lH NMR spectrum 

169. D. N. Harpp and J. G. MacDonald, unpublished results. 
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consistent with the isolation of the cyclic disulfide (107) (1,2-dithia-4,5-dimethyl-4-

cyclohexene) were identified. The disulfide was initially obtained as a mixture with 

tetrasulfide 127, as indicated by the IH NMR spectrum. Chromatography with 20% 

chloroform in hexanes on silica gel did not allow for the separation of the disulfide 

from the tetrasulfide. The ove raIl reaction for the decomposition of disulfide 162b 

to form the two trapped adducts is shown below (Scheme 47). 

Ph~-SS-Cl + X - )) + B] 
Scheme 47 

A 1H NMR spectrum of the mixture of disulfide 107 and tetrasulfide 127 

isolated from the de composition of disulfide 162b is displayed in Figure 14. The 

signaIs at 3.20 and 1.75 ppm corrc~ponded to 107 (indicated by d) while those at 

3.76 and 1.79 ppm corresponded to 127 (indicated by t). 

The decomposition was further investigated by varying the reaction conditions. 

The sulfuration products were isolated as the mixture and no attempt was made to 

separate the disulfide from the tetrasulfide until the yieid was maximized. The 

reaction conditions and yields are summarized in Table 14. 

The initial experiments were conducted with the die ne in excess so that the 

gcneration of S2 could be confirmed. Once generation of S2 was demonstrated the 

diene was introduced as the limiting reagent (the S2 precursor was in excess) so that 

the maximum yield of the cyclic disulfide 101 could be obtained. 

The introduction of a radical inhibitor did not greatly effect the yields of 

trapped adducts, but a lower disulfide to tetrasulfide ratio was observed. Harpp and 

Macdonald73 reported that disulfide 107 could be was isolated by chromatography 

on alumina. Replacing alumina as the solid support did not al10w for separation of 

the disulfide from the tetrasulfide in this work. 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

"-
Table 14. Summary of S2 TraEPin~ Experiments of 2~3-Dimethyl-l,3-butadiene with 
Chloro(triphenylmethyl)disullde 162b) ..... ~ ............................................................... 
Ratioa Solvent Temp Time Yieldb Ratio Comments 

(OC) (h) (%) 107/127 

1:3 CHCI3 40 12 23 1:3 

1:3 CH2Cl2 reflux 1 22 1:3 

1:3 C4HSO reflux 1 20 1:6 

3:1 CH2Cl2 reflux 1 56 1:3.5 column silica 

3:1 CH2Cl2 reflux 1 52 1:4 column alumina 

3:1 CHCI3 reflux 1 44 1:6 with inhibitor 

3:1 CJI6 reflux 1 40 1:6 with inhibitor 

3:1 CH2CIZ reflux 8 49 1:4 

3:1 CH2Cl2 rt 8 52 1:2.5 

3:1 CH2CIZ rt 8 40 1:2.5 ambient light 

6:1 CH2C1Z reflux 1 61 1:3.3 

6:1 CH2CIZ reflux 12 52 1:3.3 

6:1 CH2Cl2 rt 12 58 1:2.5 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
a Ratio - refers to the molar ratio of chloro(triphenylmethyl)disulfide (9) 
b to 2,3-dimethyl-l~3-butadiene used in the reaction. 

Yields are based on the mass of the disulfide expected . 
• • • • • • • • • • • ••• • • • • • •• • • • • • • ••• • • • •••• • • • • •• • • • • • •• • • • • • • • • • • • ••••• • • • 

( 
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Figure 14. 1H NMR Spectrum of f;. Mixture of Disulfide 107 and Tetrasulfide 127 
from the Decomposition of Chlordisulfide 162b with 2,3-Dimethyl-l,3-butadiene 
109. d = disulfide 107 and t = tetrasulfide 127 
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The reaction was repeated in dichloromethane and the eluent used for the silica 

gel chromatography changed until a separation of the 107 from 127 was achieved. 

The separation was obtained with 5% chloroforrn in hexanes as the eluent, and the 

fractions collected from the chromatography were one-third the normal size. 

The major problem in obtaining a separation was the small difference in the Rf 

values (Rf difference 0.04; solvent system 5% chloroform in hexanes) for 107 and 

127. This small difference in Rf further supports a similar structure for the two 

sulfuration products. 

The reaction conditions were once again modified to obtain the maximum 

isolated yields of 107 and 127. The reaction conditions and yields are summarized 

in Table 15 . 

................................•......................•............. 
Table 15. Summary of S2 Trapping Experiments of2,3-Dimethyl-1,3-butadiene with 
Chloro(triphenylmethyl)disulfide (162b). Isolation of 107 and 127 . ..................................................................... 
Ratioa Solve nt Temp Time Yield 

(OC) (h) Disulfide Tetrasulfide 

3:1 CH2Cl2 50 1 27 32 

3: 1 CH2Cl2 50 2 29 35 

3:1 CH'2C1z rt 18 26 33 

3: 1 CH2Cl2 rt 18 23 36 

3:1 CH2Cl2 50 18 14 47 

..•.••.•.•.•....••......•.....•...•.•.•.• ~ ............ ........•...... 
a Ratio refer~ ta the molar ratio of chloro(triphenylmethyl)disulfide 
to the diene used in the reaction . 

••••••••••••••••••••••••••••••••••••••••••• œ ••••••••••••••••••••••••• 

The best yield of the cyclic disu.~fJ ~e was 29% which although not high was 

better than that obtained in the reaction of 89 and 81.73 The minor differences in 

the isolated yields above can be attributed ta chromatography. 

From the known S2 procedures and the properties of 162b it is possible to 

propose three mechanisms which could lead to the formation of the trapped adducts 
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(Scheme 48-50). 

A possible mechanism (Scheme 48) involves a concerted transfer of two sulfur 

atoms to the 1,3-diene with concomitant formation of chloromethane 164. The 

triphenylmethyl group is sterically hindered thus a concerted process is unlikely. It 

is unknown li S2 is actually formed as a discrete species in solution. A concerted 

transfer of the S2 unit is a distinct possibility in the four reported examples of 

successful S2 trapping 

- Ph,C 
1 
CI 

+ ex 
Scheme 48 

The formation of S2 as a discrete species was the mechanism proposed in a11 of 

the reactions reported. The second mechanism (Scheme 49) involves the formation 

of diatomic sulfur as a discrete species in solution. Formation of free S2 has been 

proposed to account for the isolation of cyclic trisulfide from the reaction of S2 with 

hindered alkenes.170 

ISslJ ...--.. ~ _ S!~I 
Ph,C-SS-CI - P113e-CI + , ~ ~ 

Scheme 49 

As indicated ab ove. a concerted reaction of disulfide 162b is unlikely so a step­

wise mechanism could account for the formation of the Sz as a discrete species. The 

initial step would be homolysis of the sulfur-chlorine bond in 162b to yield the 

triphenylmethylperthiyl radical (see section 4.5) and the chlorine radical. The 

perthiyl radical could then undergo a p-elimination to form diatomic sulfur and the 

triphenylmethyl radical (such a cleavage is likely as the triphenylmethyl radical is 

very stable). Reaction of S2 with the diene would yield the isolated products. The 

reaction of S2 with dienes to yield tetrasulfide hru; only been indicated in two 

170. K. Steliou, Y. Garneau, G. Milot, P. Salama,/.Am. Chem. Soc., 112,7819 (1990). 
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instances. Nicholau 76 isolated a tetrasulfide in the reaction of dithiatropazine (94) 

with die ne 110. Harpp and MacDonald73 found that a polymerie species (now 

shown to be tetrasulfide 127) was isolated in the reaction of pentasulfide 89 and 

dibromide 81 in the presence of 2,3-dimethyl-l,3-butadiene 109. Tetrasulfide 127 

has also been isolated in the decomposition of dialkoxydisulfides 124 (Section 2.3) 

The third mechanismic possibility (Scherne 50),the most probable, involves the 

formation of the l,4-addition product which would decompose to yield disulfide 107 

and 164. The mechanism is supported by work of MueHer and Butlerl71 on the 

reaction of sulfenyl halides with l,3-dienes. 

Ph3C-SS-CI + X -- a~ -- sir Ph3C-SS~ ~ 

Scherne 50 

The reaction of sulfenyl halides to conjugated dienes, under kinetic control 

initially yields one or both of the 1,2-anti-adducts, 184 and 185 (Scheme 51). The 

1,2-adducts would be in equilibrium with the thiiranium chloride intermediate (186). 

If the interconversion is slow, the thennodynamically more stable l,4-addition 

adduct 187 would be formed. A similar mechanism likely occurs for the addition of 

chlorodisulfide l62b ta 1,3-dienes as dC'lcribed below. 

R-S-CI + 

RS~ 

~CI 

R 

1+ 

- ~ 

/ 
J

CI 

RSJ '= 
Scheme 51 

11 

+ 

171. W. H. MueUer and P. E. Butler,!. Org. Chem., 33, 2642 (196R). 
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The initial reaction between chlorodisulfide 162b and diene wou!d involve the 

electrophilic attack of one double bond on the sulfur atom forming the 

corresponding 1,2-addition products 188 and 189 (as above). The l,2-addition 

adducts could then rearrange to the more stahle lA-addition adduct (190). 

Formation of the cyclic disulfide and tetrasulfide could be produced by the proces~ 

displayed below (Scheme 52). The l,4-addition adduct 190 could undergo a 

cleavage of the sulfur-carbon bond to form the stable triphenylmethyl cation and the 

sulfur anion. The sulfur anion could eliminate the chlorine atom to farm the 

disulfide. If the sulfur anion reacted with a second moleclile of 162b then the 

intermediate triphenylmethyl tetraslilfide (191) would be formed. Breaking of the 

sul fur carbon bond in 191 would give the sulfur anion which could once again 

elirninate the chlorine atom and give the tetrasulfide 127. 

CI Y CPh '-1'ss~ 3 

Ph3CSS-

K I-

I CI 

(188) (189) (190) 

There is proton NMR evidence ta support the proposaI displayed below 

involving the 1,4-addition product (Scheme 52). Shawn below in Figure 15 is the lH 

NMR spectra for the reaction of disulfide 162b with 2,3-dimethyl-I,3-butadiene 109 

followed over 96 h. The lA-addition adduct is indicated by "a" and the cyclic 

disulfide 107 by the "d"; the spectra are arranged chronologically. 

There was no signal in the initial spectra which carresponded to the cyc\ic 

disulfide. Over time the intensity of the signal assigned to the disulfide increased 

with a conesponding decrease in other signaIs which could be assigned to the 1,4-

addition adduct 190 which are described below. From NMR shift tablesl72 <;ignah 

can be assigned to aIl of the protons for the two 1,2-addition products and the 1,4-

addition product 190. The possible NMR assignments are displayed below. 

172. E. Pretsch, J. Seibl, W. Simon and T. Clerc, "Tables of Spectral Data for Structure 
Determination of Organic Compounds," Springler-Verlag. New York, 2 cd., (1989), P H16. 



( 

lU 

Figure 15. 1 H NMR Spectra for the Addition of 16lb to 2,3-Dimethyl-l,3-butadiene 
(109) Over 4 Days. The Spectra Ranging From 2.25-4.5 ppm. a = Proposed 1,4-
Addition Adduct; d = Cyclic Disulfide 107 
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... 

(190) 

)() 
(107) 

+ pt"C -CI ...... _-

Scheme 52 

The signal observed at 4.08 ppm in Figure 15 would correspond to a structure 

such as a ~·chloroalkene (192) which is similar to the proposed l,4·addition adduct. 

There is a signal observed at 4.04 ppm which would correspond to 192. 

~CI 

(192) 
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Estimated Chemical Shifts for Structures Related to Scheme 52 

315 40. , , 
Ph,C-SS-CH2 C~-CI 

K CH, CH, 

t t 
2.28 2.34 

S-S 

1 1 
s \ 

Hal CH, - 364 

CH';=<C'" 
t 
1.79 

2.87 5.25 370 525 , t t ~ 
Ph,e-SS-C~H. 

CH, CI CH, 

CI-C'\-('" 
Ph,css CH, CH, 

t t t t 
172 1.98 166 198 

H:zC C~ - 502. 511 

CH,H", 
t 

1.75 197 
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The shifts of the methyl groups for the l,4-addition adduct are proposed to be at 

2.28 and 2.34 ppm while signais are found at 2.33 and 2.41 ppm. 

The assignment of the proton alpha to the Ph3CSS group has to be considered 

carefully. The triphenylmethyl disulfide group has a profound effect on the shift of 

the proton on the carbons bonded directly to the sulfurs. The effect can be as seen 

in the IH NMR chemicai shifts of the butyl(triphenylmethyl)sulfides (177). The 

addition of a sulfur atom converting the monosulfide to the disulfide results in a 

shift uf 0.5 ppm upfield from 2.1 to 1.6 ppm. The proposed shifts from the chemicaI 

shift tables are based on aikyl sulfides with no effect for the additional sulfur atom 

or the effect of the triphenylmethyl group considered. 

AlI of the above signais decreased in intensity with the corresponding increase 

in intensity of the signal assigned to the cyclic disulfide. The NMR chemical shifts 

indicate that the formation of the cyclic disulfide must occur through the 1,4-
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addition product as the intermediate. 

It was anticipated that the reaction of cbloro(triphenylmethyl)trisulfide 1'2e 

with 1,3-dienes would be a direct route to the synthesis of cyclic trisulfides. The 

synthesis of cyclic trisulfides has not been successful in our laboratory using sulfur 

transfer reagents.l73 The reaction of 162e did not yield the trisulfide 145 but instead 

a 1:3 mixture of tbe 107 and 127 was isolated (35% yield) (Scheme 53). It would 

appear that the lack of formation of 145 is a direct result of stability. The trisulfide 

could not be obtained from the desulfurization of the tetrasulfide in the presence of 

triphenylphosphine (see Section 2.3). 

There was no reaction between 162a and diene 109 even when the mixture was 

refluxed for 72 h. The lack of reactivity of 162a must result from the steric effects of 

the triphenylmethyl group. 

~C·sss.CI + x * :(> 
(145) 

Scheme 53 

173. D. N. Harpp, R. A. Smith and K. Steliou, /. Org. Chem., 46, 'liJ72 (1981). 



( 

116 

4.6.3 Reaction Between ChloTOCtriphenylmetbyl)monosulfides and Thiocarbonyls. 

Reactions of various chloromonosulfide.: with thiocarbonyls usually led to the 

formation of the addition adducts, a-chlorodisulfides. (Scheme 54).174 However, 

when similar reactioDS were performed with l62a, no adducts were isolated (see 

below). 

R-S-CI + .. \ 
S-S-R 

1 
l'a 

Scheme 54 

When 162a and 4,4' -dimethoxythiobenzophenone (193) were mixed in 

chloroform at room temperature a yellow precipitate was observed almost 

immediately. The precipitate was identified as sulfur and was isolated in Deal 

quantitative yield (92%) as expected for the conversion of 1628 to 164. Analysis of 

the reaction mixture using 13C NMR spectroscopy showed the presence of only two 

components, the starting thioketone 193 and 164. The proposed reaction sequence 

is displayed below (Scheme 55). Silica gel chromatography of the reaction mixture 

resulted in the isolation of 193 and 169 in yields of 87% and 89% respectively. The 

hydrolysis of triphenylchloromethane (164) to triphenylmethanol (169) occurs 

du ring chromatography as independently verified. 

(169) 

174. The reaction of sulfenyl ch10rides with various thioketones bas been studied by Senning and 
co-workers For example see H. C. Hansen, B. Jensen and A. Senning, Sulfur Lett., 3, 181 
(1985); H. C. Hansen, B. Jensen and A. Senning, Sulfur Lett., 6, 59 (1987). 
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CH,q 

Q Q Q 
o-0-SCI + C=S • (193) .0-0-" -6 -6 

(162a) (193) (164) 

Scheme 55 

The reaction between l61a and 193 was further examined by high performance 

liquid chromatography. The chromatogram of the reaction mixture gave peaks 

which were identified to be sulfur allotropes S7' Sg and Sc.J. The precipitate formed 
in the reaction was only partially soluble in carbon disulfide and had a large melting 

point range, (95-125°C) indicating that it consisted partially of polymerie sulfur. 

The identification of the sulfur allotropes suggests that a concatenation of sulfur 

atoInS oecurred during the reaction; sulfur rings can be formed from sulfur 
ehains.22,l02 

The scope of the reaction was investigated by substituting, bis( 4· 

tolyl)trithiocarbonate (194) for 193. The reaction of 194 and 162a resulted in the 

precipitation of sulfur from the reaction mixture. The sulfur was once again isolated 

almost quantitatively for the conversion of 162a to 164, (89%) although its 

deposition appeared to be a slower process than in the reaction of 193 above. A 13C 

NMR spectrum of the reaction mixture gave signaIs confirming the presence of 

starting material194 and 164. Chromatography yielded 194 (83%) and 169 (75%), 

formed from the hydrolysis of 164. 
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(194) 

In order to investigate the possibile formation of stable intermediates, the 

addition was conducted at low temperature (-78°C). On addition of thioketone 193 

to 162a the blue of the thioketone dissipated to yield a red solution. During slow 

warming, the reaction did not appear to change until about -20°C, when the blue of 

the thioketone redeveloped. The sulfur precipitation was not observed until the 

solution reached tempe ratures of O-SoC. 

The regeneration of thioketone 193 or trithiocarbonate 194 indicate that the 

sulfur extrusion should be cataly-ic. In order ta test tbis hypothesis, 193 was added 

ta a large excess of 162a (75 equivalents). Once again a high yield of sulfur (98%) 

was isolated, as expected, in the conversion of 162a ta 164. Chromatography gave 

the starting thioketone «(i70/0) and the hydrolysis product 169 (85%). 

Several experimental techniques were used to study these reactions. 

Substitution of chloro(mono-4-fluorotriphenylmethyl)monosulfide (l72b) for 162a 

allowed the reactions to he followed using low temperature 19F NMR SPp.ctroscopy, 

as 172b would be converted ta mono-4-fluorotriphenylchloromethane (174b) under 

similar reaction conditions (Scheme 56). 
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(l72b) (174b) 

Scheme 56 

The Iow tempe rature NMR experiments were conducted by preparing a 

solution of each reactant in deuterated dichloromethane and cooling to -78°C. A 

solution of the fluoro derivative 172b and the appropriate thioketone were mixed by 

shaking and quickly transferred to a 5 mm NMR tube at -78°C. The sample was 

then introduced into the spectrometer probe which had been previously cooled to -

78°C. The spectrometer probe was slowly warmed to ambient tempe rature and 

spectra acquired at various tempe ratures following a 15 .lÏnute equilihration period 

at each temperature. The spectra for the reaction of 172b and thioketone 193 are 

presented in Figure 16 wbile tbose for the reaction of 172b with trithiocarbom.!.te 194 

are shown in Figure 17. 

The reaction hetween 172b and 193, (Figure 16) showed three signaIs in the 

initial spectra obtained at -68°C. The large signal (designated by m) corresponded 

to the starting mate rial monosulfide 172b; a smaller signal slightly upfield 

(designated by c) from tbis corresponded to chloromethane 174b; and a signal 

further upfield (designated by a) has been assigned to an addition complex. At-

50°C the signal corresponding ta 172b had decreased while those for 17/~ and 

addition complex have increased. A secondary signal near tiJe addition comp.:!x was 

observed indicating a complex mixture. Vlhen the solution had reached -40°C ail of 

172b and the addition complex have been converted to 174b. 

It is possible to envision two possible addition complexes 195 and 196 for this 

reaction. The salt 195 would he stabilized by resonance from the methoxy groups 

through the aromatic rings. Formation of an addition complex other th an the saIt 

would most likely involve the cr-chlorodisulfide (196). The reaction of other sulfenyl 
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chlorides with thiocarbonyl have been examined and an ct-chlorodisulfide 

isolated.174 Spectral anaIysis indicates that the addition complex appears to be 

stable only below -40oC, but was not stable enough for the detection in the 13e 
NMR spectrum. The mechanism by whieh this addition eomplex de composes will 

be discussed below. 

CH,O, Q~ 

Q .6-

~ !J -s-s-c-oÔ ( 6 + ~ 

- 1 
/) ~ 

CH,O CI 

(195) (196) 

The reaction of 194 and lUb, Figure 17, appears to either oecor via a different 

mecbanism tban the reaction of 193 and l7lb or the intermediate formed is short­

lived and not detectable on the NMR time-scale. The initial spectrum obtained at -

61°C shows two signaIs, the Jarger one (designated by m) corresponding to l72b and 

a smaller signal (designated by c) for 174b. Upon warming the mixture, the 

concentration of l72b decreased with a corresponding increase in 174b. There was 

no evidence for the formation of an addition complex in the reaction mixture. At-

40°C one-half of 17lb had been converted to 174b. Total conversion did not oecor 

until the mixture was warmed to -20°C,. There was a temperature dependent shift 

in the 19F NMR spectra for the reaction of both 193 and 194 with l72b. 

The mechanism for the decomposition of the addition eomplex (195 or 196) is 

an interesting one to eonsider. The 19f NMR spectral anaIysis showed that the 

addition complex was ooly stable below -40aC but sulfur precipitation was not 

observed until about OoC. These two observations suggest the formation of an 
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intermediate with an extra sulfur atom, such as sulfide 197 or dithiirane 198.175 A 

similar addition complex was proposed by Still176 in the reaction between 

thioketones and sulfur dichloride. He proposed that 193 and sulfur dichloride 

formed a complex at low temperature which decomposed to regenerate thioketone 

193 and sulfur. It was assumed that chlorine was also formed during the reaction. 

CH,O 

-
~ !J 

P 
CH,O 

(197) (198) 

A parallel set of decomposition intermediates May bt. 'ormed for the reaction of 

194 with 172b but there was no evidence for the formation of an initial addition 

complex. The lack of resonance stabilization due to the introduction of the sulfur 

atoms in 194 may make the formation of such an addition complex unfavorable. 

The HPLC analysis supported the thiosulfine intermediate as concatenation would 

yield a mixture of stable sulfur aIlotropes, and should aIso result in the formation of 

polymerie sulfur. 

Attempts were attempted to follow the addition of 1628 to 193 using low 

tempe rature 13e NMR spectroseopy. Neither the spectra of either addition 

products 197 or 198 or the proposed thiosulfine product could be identified from the 

13e NMR spectra. 

175. A. Senning, H. C. Hansen, M. F. Abdel·Megeed, W. Mazurkiewicz and B. Jensen, 
Tetrahedron,42, 739 (1986). 

176. 1. W. J. Still, G. W. Kutncyand D. McLean,l 018. Chem., 47, 555 (1982). 
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Figure 16. 19F NMR Spectra for the Addition Reaction Between 4,4'­
Dimethoxythiobenzophenone (193) and Chloro(mono-4-
fluorotriphenylmethyl)monosulfide (172b). m = monosulfide 172b; c = 
chloromethane 174b; a = addition adduct. 
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Figure 17. 19F NMR S'pectra for the Addition Reaction Between Bis(4-
tolyl)trithiocarbonate (194) and Chloro( mono-4-fluorotriphenylmethyl)monosulfide 
(172b). m = monosulfide 172b; c = chloromethane 174b. 
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4.6.4 Chloro(triphenylmetbyl)disulfide: Attempted Preparation of a Thioozonide. 

It was anticipated that the reaction of 162b and 193 would give an addition 

complex sirnilar to that proposed above. It was hoped that the addition complex, 

once formed, would eliminate a rnolecule of 164 with the formation of a trisulfide 

which could cyclize to fonn a thioozonide (199). A thioozonide structure (82) has 

been proposed as the reactive intermediate in the formation of S2 from the reaction 

of triphenylphosphine dibrornide (81) with either bis(triphenylmetal)trisulfides (80) 

or dicyclopentadienyltitanium pentasulfides (89) (see introduction). It was hoped 

that tbis reaction would be an entry into thioozonide chemistry and thus a singlet 

diatomic source. The structure of the addition complex is discussed below. 

(199) 

The reaction between 162b and thiocarbonyls differed from that of 162a above. 

Upon addition of a solution of 193 to a solution of l62b the blue color was 

immediately dissipated with formation of a red solution. When the reaction was 

conducted at low temperatures the red color was stable undl the solution reached 

about 20°C when the blue was slowly regenerated in the reaction mixture. The 

temperature at which the addition complex decomposed was therefore much higher 

than that of the complex obtained in similar fashion from 162a. The greater 

stability would result from the addition of a third sulfur atom, which would greatly 

reduce the steric effects of the triphenylmethyl group. 

The reaction was examined using a variety of spectroscopie techniques, 13C, 19p 

and lH NMR spectroscopy, UV and IR spectroscopy. 
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4.6.4.1 NMR Analysis 

The 13e NMR chemical shifts of the isolated components plus those of the 

addition reaction mixture obtained at -40°C along with their structural assignments 

are reported in Table 16. The peak positions support the formation of an addition 

complex such as 200. If a salt formed then the shift likely would be observed at 

lower field. 

CH,Q CH,O 

(162b) (193) (200) 

......................................•............................. 
Table 16. 13e NMR Chemical Sbifts and Assignments for the Addition of 
Cbloro(triphenylmethyl)disulfide (162b) and 4,4-Dimethoxythiobenzophenone 
(193). 
• •••••••••••••••••••• " ••••••••••••••••••••••••••••••••••••••••••• .:0 ~ 

Assignmenta 162b and 193 Addition cornplex 

C-1 77.60 72.51 
C-2 142.16 142.73 
C-3 128.08 129.97 
C-4 130.58 130.36 
C-S 127.65 127.58 
C-6 233.27 
C-7 113.10 113.00 
C-8 132.07 127.03 
C-9 140.71 133.12 
C-10 163.06 159.27 
Coll 55.47 55.31 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• Il ••••••• 

a A signal corresponding the thioketone carbon could not be identified · .................................................................. . 
Several of the 13C NMR signals confirmed the formation of the addition 

complex (200). The triphenylmethyl carbon (C-l) had shifted from its position of 
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77.60 ppm in 162b ta 72.51 ppm in 200. This shift indicates that the sulfur-chlorme 

bond had been broken. The signal at 72.51 ppm corresponds to a triphenylmethyl 

carbon bonded ta a three sulfur chain like in the similar compound, 
bis(triphenylmethyl)trisulfide (167c) and butyl(triphenylmethyl)trisulfide (l77c) 

which had 13C NMR shifts for C-l at 72.55 and 73.19 ppm respectively. There was 

no signal corresponding to the thiocarbonyl carbon observed in the l3C NMR 

spectrum of the reaction mixture. 

The lH NMR spectrum of the reaction mixture of 193 and 162b also indicated 

the formation of an addition complexe The upfield shift of tbe aromatic AB 

quartets and the methoxy proton., resulted from an interruption in the resonance of 

the 1( system. Reaction at the C = S bond resulted in the disruption of the resonance 

between it and the aromatic rings. The 1 H NMR shifts are similar ta those for 

bis(4-methoxyphenyl)methanethioI (201), which also does not show any conjugation 

between the aromatic rings through C-l. The 1 H NMR shüts of the isolated 

components and the addition complex obtained at -40oC are summarized below in 

Table 17. 

CH,<> ( ~ CH-S' 

(201) 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Table 17. 1 H NMR Chemical Shifts for 200 from the Reaction of 
Chloro( triphenylmethyl )disulfide (162b) and 4,4-Dimethoxythiobenzophenone 
(193). 
• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

assignment starting material addition complex 

CH30 3.872 3.817 

aromatic 6.919 6.810 
6.964 6.854 

aromatic 7.748 under Ph3 peaks 
7.792 at 7.3 ppm 

• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

When the reaction mixture was allowed to warm to room temperature a 
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complex IH NMR spectrum was obtained. Four signaIs corresponding to the 

methoxy protons were observed indicating a complex decomposition mechanism 

which will be discussed below. 

4.6.3.2 Ultraviolet-Visible Spectroscopy 

The starting thioketone 193 exhibited two absorption maxima at 572 nm and 

358 nm; from the changes in the two absorption maxima it was anticipated that the 

formation of the addition complex could be observed. Two sets of solutions of equal 

concentration of 162b and 193 were prepared. Due ta the different extinction 

coefficients for the two adsorption maxima of 193 the spectra at 572 nm were 

examined with solutions in the concentration range of 4 X 10-3 M while those 

obtained at 359 nm used solutions at concentrations 4 X 10-5 M. 

The solutions of higher concentration were used for the analysis from 450 to 800 

run. When equal concentrations of 162b and 193 were mixed, the signal at 572 

which corresponded to 193, was eliminated with the formation of a new signal at 508 

run. When the mixture containing equal amounts of 162b and 193 was allowed to sit 

for 5 min and the spectrum reacquired, the signal at 508 nm disappeared. Similar 

samples prepared 15 min prior ta analysis exhibited no signal at 508 nm. When 

excess l62b as a solid was added to 193 the signal at 508 nm is once again observed. 

These results indicated that the addition complex was formed and had an absorption 

at 508 nm but quickly decomposed. Samples prepared which had less than one 

equivalent of the l62b showed a tinear reduction of the absorbance at 572 nrn when 

mixed with 27. Due ta the instability of the new signal, an exhaustive study was not 

undertaken but the spectra were taken as further confirmation for the formation of 

the addition adduct. 

4.6.3.3 IR Analysis 

The experiments for the IR analysis of the formation of the addition complex 

between l62a and 193 were conducted in solutions of carbon tetrachloride. The 

change in the spectra was ooly observable above 850 cm- l due to the strong 

absorption of carbon tetrachloride below this wave number. Several strong signais 

for 193 are observed at 1035, 1168, 1255, 1303, 1506 and 1599 cm- l . The addition of 

l62b to a solution of 193 showed an effect on several of the signaIs for 193. The 

signal at 1168 cm-1 was sbifted to 1179 cm-l while the signal at 1599 cm-l was shifted 
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to 1606 cm-1 and the signal at 1506 cm-1 was greatly reduced in intensity. The shift 

in the signal for C = C at 1599 cm-1 most likely resulted for the interruption in the 

conjugated 7r system of 193 by the formation of the addition complex 

4.6.3.4 Analysis Usini-19F NMR SpectroscoID' 

The formation of the addition complex was studied using the mono-4-fluoro 

derivative of l62b, chIoro(mono-4-fluorotriphenylmethyl)disulfide (173b). The 

reaction mixture was preparen as for l72b ab ove and the spectra obtained are 

presented in Figure 18. The addition complex (indicated by a) was formed even 

wh en the solution was analyzed at -78°C. AIso observed was a small signal 

corresponding to the starting material disulfide 173b (indicated by d). No change in 

the spectra was observed until the solution was warmed to about OOC. At this 

tempe rature new signaIs appeared which were assigned as de composition products 

of the addition complexe One signal corresponded to the chloromethane 174b 

(indicated by c). It was impossible to identify the other de composition products 

from the 19F NMR spectra. 

4.6.3.5 Thermal decomposition 

When the reaction mixture containing 193 and 162b was warmed to ambient 

tempe rature the blue color of 193 redeveloped. This was an indication that a 

decomposition of 200 had occurred. This decomposition was conducted in the 

presence of 2,3-dimethyl-l,3-butadiene 109 to see if diatomic sulfur was generated 

and could be trapped. The reaction resulted in the successful isolation of the cyclic 

tetrasulfide 127 but in modest yield. 

The reaction mixture was heated to completely decompose the addition 

cc!t1plex and chromatographed in order to isolate all the products. Chromatography 

on silica gel yielded several components: sulfur (isolated yield 44% based on the 

expected conversion of 162b to 164), a small amount of triphenylmethane, a mixture 

of bis(triphenylmethyl)sulfides (41%), the starting thioketone 27, 4,4'­

dimethoxybenzophenone (isolated yield 75%, formed from the hydrolysis of 193 on 

silica gel chromatography), and triphenylmethanol (169) (isolated yield 31%, 

formed from the hydrolysis of 169 on silica gel chromatography). The yields were 

based on the amount of the triphenylmethyl group due to hydrolysis on 

chromatography and are therefore approximate as the exact sulfur content of the 
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products is unknown. The formation of 193 is indicated by the appearance of the 

blue color but the col or faded upon chromatography. The decomposition is 

summarized below (Scheme 57). The products isolated do not differ greatly from 

those isolated from the decomposition of 162b. 

Two de composition patbways are possible. One might involve a reversai of the 

addition reaction to give back starting mate rials which could decompose thermally. 

The addition complex May also eliminate triphenylchlaromethane 164 fanning the 

thioozonide which May not be stable. decomposing to give 193 and sulfur. 

1 1 

Scherne 57 

The decomposition was repeated in the presence of diene 109 to determine if S2 

was produced as a sulfur intermediate in the decomposition. From the 

decomposition tetrasulfide was identified. The reaction was not followed-up as 

work on tbe decomposition of disulfide 162b showed that it decomposed with the 

formation of products consistent witb the trapping of S2' It is impossible ta 

de termine if tbe products result from the formation of the thioozonide or results 

from tbe reaction of diene 109 with 162b. 

From the data presented above there is clear evidence for the formation of the 

addition adduct. The most likely structures are those involving the addition of the 

S-CI bond of 162b across the C=S bond of 193. From the data it is impossible ta 

determine the mechanism by which the decomposition occurred. 



130 

Figure 18. 19p NMR Spectra for tbe Addition Reaction Between 4,4'­
Dim.ethoxythiobenzophenone (193) and Chloro(mono-4-
fluo(otriphenylmethyl)disulfide (172b). a = Addition Adduct; d = Disulfide 172b; c 
= Chloromethane 174b 
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CHAPTERS 

BIS(TRIPHENYLMETHYL)SULFIDES 

5.1 Introduction 

Thermal de composition of the chloro(triphenylmethyl)di- and trisulfides (162a 

and 162b) was thought to give a mixture of several bis(triphenylrnethyl)sulfides 167 

as sorne of the products. Identification of which suifides were formed was difficult 

as there was no simple method available for the identification the suifides. 

The bis(triphenylmethyl)sulfides 167 containing 1-4 sulfurs were originally 

exarnined by VorHinder and Mittag119 while the higher sulfides with 5-8 sulfurs were 

prepared by Nalmbayashi, Tsurugi and Yabutal65 who also compared an of the 

suifides from 1-8 mifurs (167a-1671). The suifides from 3-6 sulfurs (167c-1671) were 

found to have nearly identical physical properties. The identification of the pure 

suifides was confirmed by elemental analysis but this technique is not a routine 

process and is not feasible for mixtures. 13e NMR spectroscopy was thought to be a 

possible method of identification of the suifides as 1H NMR spectroscopy has been 

us(,d to distinguish between aikyl sulfides with 1-8 suifur atoms.l77 

167a X = 1 

167b X = 2 

167c X = 3 

167d X = 4 

167e X = 5 

167f X = 6 

167g X = 7 

167h X = 8 

ln. T. L. Pickering, K. J. Sanders and A. V. Tobolsky in 'The Chemislry of Sulfides," A. V. 
Tobolsky (Ed.), Interscience Publishers, N.Y. (1968). 
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As a relatively hindered disulfide, 167b has received little attention. Blicke178 

reported that 167b decomposed in air to form bis(triphenylmethyl)peroxide which 

was later confirmed by the experiments of Wood.l79 The thermal stability of 167b 

in comparison with bis(triphenylmethyl)tri- and tetrasulfide was determined by ESR 

and EPR spectroscopy. The order of stability decreased in the following manner 

trisulfide > tetrasulfide > disulfide.l'19 The reaction of 167b with diborane was 

observed to occur with carbon-sulfur bond cleavage and the formation of hydrogen, 

triphenylmethane and (HBS)x polymer.l80 The mono-, di- and higher sulfides were 

prepared and the series compared by UV spectroscopy; no anomalies were 

observed.165 

A spectrophotometric study of the oxidation of thiols to disulfide by iodine 

showed that the synthesis of 167b by this method was unfeasible.181 Sosonovsky and 

Krough182 reported that the disulfide could be isolated from a mixture of 

monosulfide (162a) and triethylamine after 24 h at room temperature. The 

disulfide 16Th was also reported to be synthesized from triphenylmethanethiol 

(163a) with the following reagents: Fe(NÛJh' 9H20 sUPll0rted on clay,183 VOCI3184 

and Feel3 with BU3SnOMe.185 

5.2 Synthesis 

The sulfides were prepared to allow conclusive evidence for their formation in 

the decomposition of (162a-162c) and allow for a reexamination of the phenomena 

of the reported nearly identical melting points for 167c··r. The thennolysis of each 

sulfide above its melting point was also examined and compared to the 

decomposition of 167b. Each sulfide containing 3-7 sulfurs was synthesized by 

different methods than the literature procedures and are discussed separately. 
Several attempts at a new synthesis of 1'7b are describ.!d. 

178. 
179. 
ISO. 

181. 
182. 
183. 

184. 
185. 

F. F. Blicke, J. Am. Chem. Soc., 45, 1965 (1923). 

R. D. Costa, J. Tanaka, and D. E. Woods,J. Phyl. Chem.,80, 213 (1976). 

J. Tanaka and A. Risch, J. Org. Chem., 35, 1015 (1970). 

J. P.Danehy, B. T. Doherty and C. P. Egau,J. Org. Chem., 36, 2525 (1971). 
G. SOSODOvsky and J. A. Krough, Liebir;r Ann. Chem., Ul (1982). 

A. ComElis, N. Depaye, A. Gcrstmans and P. Laszlo, Telrtlhedron Len., 24, 3103 (1983). 

F. Pruess and H. Noichl, Z. Natutforsch, 42b, 121 (1987). 

T. Sato, J. Otcra and H. Nozaki, Telrtlhedron Len. ,31, 3591 (1990). 
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The monosulfide (167a) was prepared according to the literature.119 The solid 

displayed identical properties as those reported in the literature. 

The disulfide (167b) has been of interest for several years as a very hindered 

disulfide. Although iodine oxidation was determined to be unfeasible, Robertsonl86 

examined the procedure as a possible source of the disulfide. A mixture of 163a and 

iodine refluxed in ethanol did not yield 167b but, instead 1678 and sulfur were 

isolated. 

To overcome the difficulty experienced with the iodine oxidation Bodzay187 

attempted a madified procedure. A sample of n-butyl triphenylmethylthiotin(IV) 

(202) was oxidized with either bromine or iodine. The oxidation produced an oily 

mixture which on addition of a 1:7 mixture of hexanes/'" ioromethane slowly 

crystallized. Recrystallization yielded a white saUd which was identified as 167a 

(43~ ~ . ~ sample of 202 was slowly oxidized by air depositing a small amount of a 

white solid which was once again identified as 167b. 

Ph,C-S-Sn-( Bu h 

(202) 

The direct condensation of thiol163a with monosulfide 162a gave no reaction. 

The reaction of the anion of triphenylmethane and 162b gave a mixture 

consisting of three components: the starting tripbenylmethane and 167b and 167c. 

The mixture of the sulfides could not be separated. Formation of disulfide 167b and 

trisulfide 167c were confirmed by comparison of the 13C NMR spectra with those of 

the authentic compounds. 

The disulfide was prepared by the method of Vorlander and Mittag.119 

Robertsonl86 attempted to prepare 167b in this way but after recrystallization from 

acetone isolated only 167a as confirmed by the elemental analysis. The therma! 

instability of 167b bas been reported.165 

186. J. Robertson and D. N. Harpp, unpublished results. 

187. S. J. Bod7..ay, "Organotin Reagents Toward the Preparation of Cyclic Disulfide and Re/ated 
Compounds" Ph.D. Thesis, McGill University, (1986). 
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The trisulfide (167c) was prepared by the reaction of N,N'­
thiobisbenzimidazolel88 with triphenylmethanethiol. The soUd obtained in this way 

was identical to a sample prepared by the Uterature procedure of condensing thiol 

with sulfur dichloride.16S Careful recrystallization from a chloroform/ ethanol 

mixture gave a white crystalline solid, m.p. 154,-157°C which was 7°C higher than 

that previously reported.119,16S 

The tetrasulfide (167d) was prepared by the same procedure as 167e by using 

N,N'-dithiobisbenzimadazole (116)188 in place of N,N'-thiobisbenzimadazole. Once 

again a comparison to the product obtained from the lite rature procedure16S of the 

thiol and diulfur dichloride showed the two compounds to be identical. The melting 

point corresponded with that previously reported.119,16S 

The pentasulfide (167e) was prepared by the condensation of two equivalents of 

chloro(triphenylmethyl)disulfide (162b) and one equivalent of 

hexamethyldisilathiane.l89 The formation of 167e was obtained in the reaction of 

anhydrous sodium hydrosulfide with 162b. 

The heptasulfide (167g) was prepared in the reactioll of 

chloro(triphenylmethyl)trisulfide (162e) and anhydrous sodium hydrosulfide. It 

likely was result of a coupling reaction between hydro(triphenylmethyl)tetrasulfide 

formed in the reaction and 162e. The reaction of l'2e and hexamethyldisilathiane 

also gave l67g. 

The melting points of the sulfides prepared above agreed relatively well with 

the values reported in the literature except for 167e which was higher. 

The hexasulfide (1671) and octasulfides (16Th) were identified in the 

de composition mixture for 167e, see below. 

5.3 Spectrosco.pjc Analysis 

AlI the sulfides showed similar 1H NMR spectra, a multiplet near 7.3 ppm as 

expected, but the 13C NMR chemical shifts were surprisingly düferent. The 13e 
NMR chemical shifts for sulfide l'7a-167h are summarized in Table 18. The effeet 

of the addition of a sulfur atom can be clearly se en to shift upfield the signal for the 

quatemary carbon, a similar trend is also observed for the other carbon signaIs. The 

188. D. N. Harpp, K. Steliou and T. H. Cban,J.Am. Chem. Soc., 100, 1222 (1978). 

189. D. N. Harpp and K. Stcliou, Synlhesis, 721 (1976). 
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only discrepancy in this effect can be observed for 167b. The discrepancy can be 

more clearly seen in a plot of chemical ;. 'lift for the quaternary carbon vs the 

number of sulfur atoms as seen in Figure 19. A similar effect i~ also observed in the 

13C NMR spectra of the chloro( triphenylmethyl)sulfides. The 13C NMR chemical 

shifts for the quatemary cartons in 162a-162c are included here for comparison. 

There are two competing lIl1'1uences on the 13C NMR chemical shift for the 

quaternary carbons which may account for the anomalous shifts observed for 167b. 

The addition of a sulfur atom causes an upfield shift of the 13C NMR signal. With 

167b and 162b there is also a steric e ffe ct due to the interaction of the 

triphenylmethyl group with a second in 167b and with the chlorine atom in 162b . 

••.............•......•..............•.................................. 
Table 18. Summary of l3C NMR chemical shifts for the 
bis( triphenylmethyl )sulfides . 
• • •••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • e , •••••••••••• 

sulfide C-S C-2 C-3 C-4 C-S 

mono (167a) 67.76 143.71 127.34 130.43 128.83 

di (167b) 73.53 143.84 127.47 130.58 126.97 

tri (167c) 72.55 143.45 127.81 130.25 126.95 

tetra (167d) 73.49 143.27 127.86 l30.33 127.13 

penta (167e) 73.66 143.10 127.93 130.30 127.21 

hexa (167f) 73.78 142.97 • (From decomp of SSS) 

hepta (167g) 73.80 142.86 128.01 l30.26 127.29 

oeta (167h) 73.80 142.83 • (From decomp of SSS) 

........................................................................ 
• The compounds were not directly synthesized but the signaIs could be identified 
in the 13C NMR spectra from the decomposition of 167c .•...................................................................... 
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Figure 19. Plot of 13C Chemical Shift for the Quatemary Carbon vs Number of 
Sul fur Atoms. "+" Chloro(triphenylmethyl)sulfide (162). "A" 
Bis( triphenylmethyl )sulfi<!es (167). 
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5.4 CO'stallographic Analysis of 167b 

The difficulty in the preparation of 167b was thought to be caused by steric 

problems thus an X-ray crystal structure was obtained. A sample of 167b, prepared 

by the procedure of Vorlander and Mittag,119 was recrystallized from 

dichloromethane to obtain a crystal suitable for analysis. The ORTEp132 diagram 

of 167b is shown in Figure 20 and selected bond lengths and angles are summarized 

in Table 19 . 

..••.................................................................... 
Table 19. Selected bond length and angles for 167b . ........................................................................ 

Bond lengths Bond angles 

S-S 2.006(1) C-S-S 112.5p~ 
C~19)-S 1. 939t 109.2 1 
C 38)-S 1.905 5) SoS torsional -111.4( 1) 
C(19)-C 1.525 4~ S-C(19)-C 111.5(2) 

1.5374 108.4(2~ 
1.533 

il 
101.8(2 

C(38)-C 1.529 S-C(38)-C 110.1(2) 
1.540 101.3(2~ 
1.532 109.9(2 

........................................................................ 
The angles about the sulfur atoInS in 167b appear to be the largest ever 

reported. The large angles imply an almost tetrahedral structure about the sulfur 

atoInS. The SoS dihedral angle (-111.4(1)°) is one of the largest ever measured with 

the notable exceptions of rigidly hydrogen bonded cysteine derivatives l90 and 

disulfides rigidly held in a protein.191 Dipyridyl disulfide was found to have a 

dihedral angle of 1800 in a copper complex. l92 Other complexed disulfides also 

have large dihedral angles.t93 The dihedral angle of 167b is close to that measured 

for di-teTt-adamantyl disulfide (166)141 (110.5(9)°) previously the largest free 

dihedral angle reported. 

The carbon-sulfur bond distances appear to be the largest ever reported. Those 

found in 166 were only 1.84(2)Â whereas those found in 167b were 1.939(3)Â and 

1.905(5)Â. The CoS bond length for normal open-chain sulfides hru, been measured 

190. H. L. Yakel and E. W. Hughes,Acta Chrystallogr., 7,291 (1954). R. E. Rosenfield, Je and R. 
Parthasarathy, Ac,.:- Chrystallogr., Sect. B, 831, 462 (1975). 

191. U. Ludenscher and R. Schwyzer, He/v. Chem. Acta, 54, 163a7 (1971). 

192. For example see J. A. Bertrand and J. L. Breece, Inorg. Chim. Acta, 8, 267 (1974). 

193. C. L. Simmons, M. Lundeen and K. Seff, l"org. Chem., 18, 3444 (1979). 
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in the range of 1.80A. 139 

Figure 20. ORTEP diagram of Bis( triphenylmethyl)disulfide (167b) . 
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s.s Thermal Decomposition 

On heating above their melting points 167c, 167d and 167e deeomposed into 

mixtures of four sulfides; 167c, 167d, 167e and 167f as confirmed from the l3e NMR 

spectrum of the decomposition mixture. When the sulfides were heated to higher 

temperatures appreciable amount of triphenylmethane was formed. The effeet of 

temperature on the produet distribution is shown below in Table 20. The most 

intense signal is indicated by "+ +" while confirmation of each suifide is indicated by 

a single "+". The thermolysis results confirm the earlier experiments of Wood who 

found that the trisulfide was the most stable. The major pcoduct of the 

deeomposition was the trisulfide as expected. The mechanism for the 

decomposition is discussed below . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Table 20. Products Distribution for the Thermolysis of the 
Bis(triphenylmethyl)sulfides From the 13e NMR Spectra 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• e ••• 

Sample Temp 
(OC) 

167c 160 ++ + 
165 ++ + + 
170 ++ + o!-

180 ++ + + + 
190 + ++ + + + + 

167d 145 + ++ + + + 
150 + ++ + + + 
160 + ++ + + + 
170 ++ + + + + 
190 + ++ + + + + 

167e 150 + + ++ + + + 
160 ++ + + + + + 
170 ++ + + + + + 

167b- 155 + ++ + + + 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

• NMR evidence for the formation of thiobenzophenone. 
& The symbols CH = triphenyImethane . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

-
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Thermolysis of 167b above its melting point under a nitrogen atmosphere gave 

a complex mixture of products. A 13C NMR spectrum of the crude de composition 

mixture gave signaIs corresponding to triphenylmethane, and bis 

(triphenylmethyl)di- (167b), tri- (167c) and tetrasulfide (167d) and at least four 

other components which could not he identified (Scheme 59). TLC of the 

thermolysis mixture separated a blue spot which corresponded to 

thiobenzophenone. The presence of sulfur was not observed. Chromatography of 

the mixture on silica gel with 20% chloroform in hexanes gave four fractions from 

which could be identified; triphenylmethane (10%), and a mixture of 167c and 167d 

(50%). Two other components could not be isolated in pure form but there were 

signaIs identified in the 13C NMR spectra corresponding to triphenylmethanol, 

thiobenzophenone and thiobenzophenone. 

Ph,C--S-s-CPh, • PhaC=S + "C-H + Ph,C-SSS-CP~ 

+ Ph,C-SSSS-CPH, + PhaC=O + Ph,C-OH 

Scheme59 

Taking an 13C NMR foIJowing the thermolysis was inconvenient so the 

bis(Ul\lno-4-fluorotripht:nylmetbyl)tri- and tetrasulfides were prepared. These 
compounds (due to the abundance of 19p) allowed for the analysis to be conducted 

on a much smaller scale. The NMR spectra was also obtained at a much quicker 
rate. As with the unsubstituted slllfides the 13C chemical shift~ of the sulfides differ 

as do the 19f' NMR chemical shifts. The chemicaI shifts are summarlzed below in 
Table 21. As can be seen the shifts allow for differentiation of the ~pecies. 



••••••••••••••••••••••••••••••••••••••••••••••• 
Table 21. lQf and 13C Chemical Shifts of 
Bis( mono-4-fluorotriphenylmethyl )sulfides 
••••••••••••••••••••••••••••••••••••••••••••••• 
Sulfide l3C shift l~ shift 

3 

4 

72.03 

72.88 

76.78 

77.19 

••••••••••••••••••••••••••••••••••••••••••••••• 
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From the thermolysis a mixture of tri-, tetra-, penta- and hexasulfides resulted 
along with the methane. The product distribution was identical to the found above 
for the unsubstituted compounds. 

5.3 A Probable Mecbanism for the Decompositions 

It is the long C-S bond which is responsible for the anomalous results observed 

for 1'7b. 

The greater stability of alkyl disulfides when compared to the corresponding tri 
and tetrasulfides is weIl known. The effect can c1early be seen in a comparison of 
sorne sulfur-sulfur bond dissociation energies (BOE), Table 22.1n 

•••••••••••••••••••••••••••••••••••••••••••••••• 
Table 22. Comparison of Selected Sulfur-Sulfur 
Bond Dissociation Energies 
•••••••••••••••••••••••••••••••••••••••••••••••• 
Compound 

MeS-SMe 
HS-SH 
MeS-S-SMe 
HS-S-S-SH 
MeSS-SSMe 
Ss( ring)-Ss( chain) 

Bond Dissociation 
Energy (Kcal/mol) 

69 
72 
46 
64 

37 
33 

•••••••••••••••••••••••••••••••••••••••••••••••••• 

From Table 22 the energy required to break the disulfide sulfur-sulfur bond is 
much greater than required to break the central sulfur-sulfur bond of the 
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tetrasulfide. The corresponding trisulfide has a BDE intermediate between that of 

the di- and tetrasulfide. The common explanation for the difference in the BOE is 

that the RSS. radical is much more stable than the RS. radical. 

Experiments of Wood179 on 167b, 167c and 167d showed that the disulfide is 

less stable than either the tri- or tetrasulfide. Since it is clear that sulfur-sulfur bond 

dissociation is not the preferred decomposition mode for 167b, the only possible 

explanation for the difference in stability found for 167b must be the BDE of the 

carbon-sulfur bonds. The X-ray structure of 167b showed the C-S bond to be 

exceptionally large (likely the result of sterie effects): the energy required to break 

tbis bond therefore must be lowered considerably. To account for the observed 

differences in stability the C-S BOE of 167b must be less than the SeS BOE found in 

either 167c or 167d. Similar large C-S bonds would not be found in 167c or 167d 

due to a lessening of steric hindrance by the inclusion of additional sulfur atoOlS 

(Scheme 60). 

Ph_C-~-""'" \f. "',0-5' + • a-CPt>_ 

~r 
PtI,C-S -S-CPh, ---I.~ Ph,C-S-S. + Ph,C • 

Scheme 60 

In the thermolysis of 167b, the formation of 167d would likely result from the 

direct coupling of two Pb3CSS. radicals or the reaction of the Ph3CSS. radical with 

a molecule of the disulfide 167b. The formation of 167c cou Id then result fron the 

reaction of a molecule of 167d with the Ph3CSS. radical. The formation of the 

tbennolysis products in 167c, 167d and 167e are likely from sulfur radical reactions 
(Scheme 61). 



1 .. 3 

~~ 
Ph,C-S-S • • S-S-CPh, ----I.~ Ph,C-S-S-S-S-CPh, 

Ph,C-S-S-CPh, :..;\:;; 
Ph.,C-S-S .) 

Ph,C-S-S-S-S-CPh, + PH.,C • • 

+ Ph,C-S • 

Scheme 61 

From the thermolysis of 167c, 167d and 167e these compounds decompose 

when heated above their melting points. The melting must therefore occur with the 

formation of sulfur radicals. The melting point of 167c was found to be 7°C higher 

than that of the other sulfide. The higher m.p. would be expected as cleavage of the 

trisulfide bond would be less likely than cleavage of the tetrasulfide bond (the 

formation of two Ph3CSS. radicals in 167d to only one Ph3CSS. radical in 167c). 

The mechanism to explain the formation of the tniobenzophenone is shown 

below (Scheme 62). The thiobenzophenone would result from the rearrangement of 

the radical. Other rearrangements would yield tetraphenylethylene and 

phenyldisulfide but the compounds could not be identified in the reaction mixture as 

a result of their low concentration. There was one 13C NMR signal at 137 ppm 

which corresponded ta the carbon of the aromatic ring directly bonded ta a sulfur 

atom illdicating the presence of either phenyldisulfide or tetrasulfide. The 

~riphenylmethane formed in the thermolysis of 167b would result from the direct 

abstraction of a proton from a phenyl ring. 
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o-i 
• Ph,C-H + • ~ Il y-x 

~) ",~r 
Ph-C-S-S. _-04." Ph-C-S,-S-Ph 

1 1 
Ph Ph 

~r 
Ph-C-S-$-Ph 

1 
Ph 

Ph , . 
C • 

r:I 

1 
)=( 

Scheme62 

Ph 

+ Ph-S • 

1 
+ Ph-SS • 

Ph-SS-Ph 

1 
Ph-SSSS-Ph 

S.7 Reaction of Bjs(triphenylmethyl)trisulfide 167e with Iriphenylphosphine 
Djbromide (81) 

Triphenylphosphine dibromide (81) in the presence of triarylmetal trisulfides 

(82) or di(cyclopentadienyl)titanium pentasulfide (89) generated S2' It was 

anticipated that bis(triphenylmethyl)trisulfide (l67c) would react in an analogous 

fashion with triphenylphosphine dibromide (81) to generate sulfur in the fonn of S2 
(Scheme 63).194 

oc 
Scheme 63 

A similar reaction of bis(triphenylmethylthia)phenylphosphine (203) and 

194. Preliminary work on the generation of S2 from this reaction were conducted by M. Bernstein 
andS. Chan. 
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dibromide (81) has yieided the thioxophosphanes (Ph-P=S) which was successfully 
trapped with 1,3-dienes.195 

(203) 

The reaction of trisulfide 167c and dibromide 81 in the presenct' of 2,3-

dimethyl-l,3-butadiene was conducted with dichloromethane as the solve nt. The 

reaction after removal of the solvent, gave IH NMR signaIs corresponding to the 

trapping of S2' AlI attempts to isolate the adduct in pure form were unsuccessful as 

the yield of the adduct was 10".. Silica gel column chromatography gave a mixture, 

by IH NMR spectroscopy, of the cyclic disulfide, the tetrasulfide and a signal which 

corresponded to brominated die ne. The brominated diene was identified by the 

reaction of bromine with the diene on an NMR scale. The expected si de products 

from the reaction of trisulfide 167c and dibromide 81, triphenylphosphine suifide 

(145) and the triphenylbromomethane (204) were also formed. 

The reaction of trisulfide 167b and dibromide 81 appears to be much slower 

than that of the dicyclopentadienyItitanium pentasulfide (89) and dibromide 81 

prepared using identical condition in both reactions. After 1 hr a strong lLe spot 

for triphenylphosphine sulfide is obtained for the reaction of 89 while the reaction 

of the trisulfide had only a small spot for the sulfide after 1 h and most of the 

trisulfide remained unreacted. 

The reaction was conducted in the absence of diene to ensure that the products 

of the reaction were the expected sulfur, triphenylphosphine sulfide and 

triphenylbromomethane. These products were successfully isolated in modest yield. 

195. P. L. Fo1kins and D. N. Harpp, unpublished results. 
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CONCLUSIONS AND CLAIMS TO ORIGINAL WORK 

A wide variety of substrates were investigated as possible sources of diatomic 

sulfur. Dialkoxy disulfides when decomposed in the presence of 1,3-dienes yielded 

products which were consistent with the trapping of diatomic sulfur. The cyclic 

disulfide and tetrasulfide, 1,2-dithia-4,5-dimethyl-4-cyclohexene and 1,2,3,4-

tetrathia-5,6-dimethyl-6-cyclooctene respectively were isolated in good yields. 

Several substrates were shown to decompose via a diatomic sulfur intermediate. 

Bis(triphenylmethyl)trisulfide rt;acted with tripbenylphosphine dibromide in the 

presence of a 1,3-diene to yield a product consistent with the generation of diatomic 

sulfur. but in mode st yield. 

The second sulfurated product of the reaction of 1,3-dienes with ~ precursors 

originally identified as a polymerie species by Harpp and MacDoflald73 was 

identified to be a cyclic tetrasulfide, 1.2.3,4-tetrathia-5.6-dimethyl-6-cyclooctene. 

The tetrasulfide was desulfurized directly to the disulfide by triphenylphospbine. 

The first X-ray crystal structures of chloro(triphenylmetbyl)disulfide and 

chloro( triphenylmethyl)trisulfide were obtained. The disulfide exhibited the 

smallest C-S bond distance ever reported. The first cblorotrisulfide was isolated in 

pure form. Evidence of the first chlorotetrasulfide was obtained but could not be 

isolated. The reaction of the chloro(tripbenylmethyl)sulfides were examined. The 

sulfides were used to syntbesize a series of mixed sulfides. 

butyl(triphenylmethyl)sulfide, with 1-4 sulfurs. 

A novel sulfur extrusion in the reaction of chloro(triphenylmethyl)monosulfide 

and thiocarbonyl was identified and examined. Indirect evidence for a thiosulfine 

intermediate for the extrusion was indicated from 19F NMR studies. 

The X-ray crystal structure of bis(triphenylmethyl)disulfide was obtained and 

showed the largest free S-S dihedral angle known. 

The mechanism of the solvent dependent sulfur extrusion from 4-tolylsulfenic 4-

tolylsulfonic thiûanhydride was examined. HPLC analysis demonstrated that the 

reaction occurred by a mechanism involving a concatenation of sulfur atoms and not 

diatomic sulfur as anticipated. 
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CHAPfER6 

EXPERIMENTAL 

6.1 General Procedures 

Reagents obtained from commercial sources were tested for purity before use 

using proton nuclear magne tic resonance spectroscopy, thin layer chromatography 

or gas chromatography. When necessary reagents were purified by knawn methods 

and these procedures are indicated where appropriate. 

Solvents were treated as follows: hexanes were distilled from concentrated 

sulfuric acid and passed through a column of deactivated aluminium axide prior ta 

use; dichloromethane (methylene chloride) was distilled over phosphorus pentoxide 

and stored over 3Â molecular sieves;l96 tetrahydrofuran was distilled over sodium 

metal using the blue ketal of thiobenzophenone as an indicator and used 

immediately; benzene and toluene were stored over metallic sodium; triethylamine 

was distilled from potassium hydroxide and stored over 3Â molecular sieves prior ta 

use; AlI other solvents were stored over 3Â molecular sieves. Molecular sieves 

were activé!,~d by ht'ating at 400°C ovemight and cooled in a desiccator before use. 

Petroleum ether was low boiling 35-60oC unless otherwise stated. Ether in aIl ca'ies 

refers to diethylether. 

Sulfur dichloride was distilled twice from 0.1 % phosphorus pentachloride and 

the fraction boiling 57-61°C collected. The red liquid was used immediately. 

Disulfur dichloride was distilled twice from a mixture of sulfur and chareoal and the 

fraction boiling 136-139°C collected. The orange liquid was uscd immediately. 

Thionyl chloride and sulfuryl chloride were distilled immediately prior to use. 

Melting points (m.p.) were obtained on a Gallenkamp rnelting point apparatus 

using open end capillaries and are uncorrected. Boiling points (b.p.) were measured 

directly and are uncorrected. 

Thin layer chromatography (TLC) was perfonned on silica gel backed with 

polyester and treated with a 254 nm fluorescence indicator. Preparative TLe plates 

were constructed on glass coated with a 0.75 mm layer of silica gel HF·256 + 366 

(EM Reagents). Column chromatography was performed using E. Merck SiIica Gel 

196. D. R. Burfield, G.-H. Gan and R. H. Smilhers,J. Appl. CIJem. Bioter:ltnol., 28, 23 (1978). 
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60 (230-400 l'm) or neutral alumina using flash chromatography conditions.197 AlI 
1LC and column chromatography solvent mixtures are volume/volume percentages. 

Gas chromatography was performed on a Varian Associates (VA) model 3700 gas 

chromatograph equipped with a model 4270 printing integrator and an FID 

detector. Separations were obtained using either a 2 m x 5 mm o.d. glass column 

packed with 3% silicone OV-17 on chromasorb HP 80/100 or a 15 m glass capillary 

column bonded with 3% silicone OV-IOt or a 30 m glass capillary column bonded 

with phenyl methyl ~ilica (SE-54). 

Proton nuclear magne tic resonance (1H-NMR) spectra were recorded on either 

a VA T-60, T-60a, XL 200-Ff, or XL 300-Ff spectrometer. Signais are reported as 

parts per million, 6 (ppm) relative to internaI tetramethylsilane (TMS) or 

referenced to the solvent peak. The spectra are reported according to: shift, 

multiplicity, and integration. The following abbreviations are used to indicate 

multiplicity: s = singlet, d = doublet, t = triplet, q = quarte t, p = pentet, m = 
multiplet. 

13e, 19f, 31p and 33S NMR spectra were recorded on a VA XL 300-Fr 
spectrometer and are reported in ppm and unless otberwise reported are proton 

decoupled. The 13e spectra were recorded in and are referenced to the deuterated 

solvent and reported relative to TMS. 19p spectra are reported relative to extemal 

dichlorodifluoromethane and were not proton decoupled. 31p spectra are reported 

in ppm relative to 85% phosphoric acid as an extemal standard. 33S spectra are 

reported relative to carbon disulfide as an extemaI reference. 

Infrared (IR) spectra were recorded on either a Perkin-Elmer model 297 

Grating Spectrometer (referenced to the 1602 enrl band of a polyethylene film) or 

on an Analect Instruments ASQ-18 FI1R Spectrometer equipped witb an Analect 

Instruments MAP-67 Data System and an AnaIect Instruments RAM-56 Color 

Display. The spectra are reported in wavenumbers (cm- l ). 

Raman spectra were measured on an Instruments S. A Ramonor Spectrometer 

equipped witb a U-tOOO double monochrometer and a Spectra-Physics Argon ion 

laser at 514.532 om. The spectra are reported in wavenumbers (cm-I ). 

Mass spectra (MS) were recorded on a Dupont Instruments 21-492B or on a 

Kratos MS25RFA Mass Spectrometer. The analysis of the spectra are reported 

197. W. C. Still, M. Kahn and A. Mitra,J. 018. Chtm., 43, 2923 (1978). 
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according ta: mass ta charge ratio (m/z), assignment, relative intensity. 

High performance liquid chromatography (HPLC) was perfonned courtesy of 

Dr. Ralf Steudel at the Institut für Anorganische and Analytische Che mie, Berlin 
Germany. Sulfur allotropes were identified by a comparison to authentic solution of 

each allotrope. 

Sulfur analysis was detetmined using an Antek model 714 Sulfur Detector 

coupled with an Antek model 771 Pyroreactor. Sulfur percentages were determined 

from a calibration curve of total counts against percentage of sulfur (w Iv), where 

counts refers ta the mtensity of the signal which results from the fluorescence of 

sulfur dioxide impinging on a photomultiplier tube. 

Elemental analyses were obtained from the laboratory of Dr. Charles Larsen at 

Kemisk Laboratorium II, University of Copenhagen, Denmark. 

Ultraviolet-Visible spectra (UV) were recorded on a Hewlett Packard 8451A 

Diode Array Spectrometer. 
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6.2 Experimental Procedures 

6.2.1 Djatomjc Sulfur Precursor Preparation and Trappinl: Experiments 

2,3-Dimethyl-l,3-butadiene was obtained from Aldrich Chemical Co. and stored 

at -15°C over molecular sieves. 2,3-Diphenyl-l,3-butadiene198 was obtained by the 

dehydration of 2,3-diphenyl-l,4-butanediol.l99 

Unless otherwise indicated all 1S2 trapping experiments were conducted in the 

dark. 

Attempted Trappin~ of Diatomic Sulfur in the Reaction of 1.2-
Djphenylhydrazobenzene (112) and N.N'-Dithiobjsbenzimidazole (111) 

To a mixture of 112 (0.90 g, 5.0 mmol) and 2,3-dimethyl-l,3-butadiene (1.23 g, 

15.0 mmol) in 100 mL of dry ether was added III (1.49 g, 5.0 mmol) as a fine 

powder. The mixture was stirred at room tempe rature for 90 h, during which time 

the solution turned from colorless to orange. Filtration to remove the 

benzimidazole 114 gave a bright orange solution. A lH NMR spectrum of the crude 

filtrate showed no signais which would have corresponded to the Diels-Alder adduct 

of diatomic sulfur (3.20 ppm). Chromatography of the fiItrate on neutral alumina 

with 5% ethyl acetate in hexanes gave only unreacted diene (IH NMR), trans­

azobenzene (IR, IH NMR, MS) 113 and sulfur (TLe). No evidence for the Diels­

Alder adduct was observed in the IH NMR spectra when carbon tetrachloride, 

dichloromethane or deuterated dichloromethane were substituted for ether as the 

reaction medium. 

Attempted Trappjnl: of Diatomic Sulfur in the Reaction of 2-
Mercaptobenzothiazole (U8) and 111 

To a solution of 118 (1.67 g, 10.0 mmol) and 2,3-dimethyl-l,3-butadiene (1.23 g, 

15.0 mmol) ln 50 mL of benzene was added 111 (1.49 g, 5.0 mmol) as a powder. 

The mixture was stirred at room temperature for 1 h under nÏtrogen. Filtration gave 

a white solid (1.18 g, 100%) identified as benzimidazole 114 eH NMR), m.p. 150-

155°C (lit. 170.5°C) and a yellow filtrate. IH NMR analysis of the filtrate sho\\tl!d 

no evidence of the formation of a Diels-Alder adduct. Chromatography of the 

198. M. S. Newman, J. Orge Chem., 26, 582 (1961). 

199. K. AIder and J. Haydn, Justus Liebigs Ann. Chem.,570, 201 (1950). 
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filtrate on neutral alumina with 5% ~thyl acetate in hexanes gave only sulfur and 

benzathiazole disulfide 119, identified by comparison to the authentic compounds 

(m.p., 1H NMR). No evidence for the Diels-Alder adduct was observed in the 1H 

NMR spectra when carbon tetrachloride, dichloromethane or deuterated 

dichloromethane were substituted for ether as the reaction medium. 

Preparation of Bis' 4-nitrobenzyloxy)disulfide200 (124a) 

The preparation was based on that of -0- ~ 
ThompsonS3 who prepared other NO. , _ " CHI-OSSO-C~~-J'"""2 
alkoxydisulfides. To a solution of 4-

nitrobenzylalcohol125 (6.6 g, 0.043 mol) and 

triethylamine (4.4 g, 0.043 mol) in 100 mL of ether maintained at 5°C was slowly 

added disulfur dichloride (2.91 g, 0.022 mol). The resulting mixture was stirred for 2 

h at 5°C, a1lowed to warm slowly to ambient temperature. The solution was washed 

with water separated dried over anhydrous sodium sulfate and the solve nt removed 

under reduced pressure. The orange solid was chromatographed on silica gel with 

40% ethyl acetate in chloroform and the major component isolated. 

Recrystalli:z:ation from the same solvent system yielded an orange solid, (3.5 g, 44%), 

m.p. 93-95°C; Rf = 0.52 (40% ethyl acetate in chloroform). lH NMR (CDCI3) 6: 

4.84,4.90,4.97, 5.03 (dd, 2H); 7.45, 7.50 (d, 2H); 8.18,8.23 (d, 2H) ppm. 13C NMR 

(CDC13) 6: 75.05 (CH2); 123.70; 128.61; 143.55; 147.77 ppm. Elemental analysis: 

card %C = 45.64, %H = 3.29, %N = 7.60: found %C = 45.53, %H = 3.07, %N = 
7.23. 

Bis(beœyloxy)disulfide (124b) 

This was obtained as a tan solid m.p. 54-56°C (lit53 59-60°C); Rf = 0.69 (40% ethyl 

acetate in chloroform). 1H NMR (CDCI3) 6: 4.78,4.84,4.90,4.96 (dd, 2H); 7.36 (s, 

5R) ppm. 13C NMR (CDCI3) &: 76.58 (CH2); 128.48; 128.52; 128.64; 136.53 ppm. 

200. The initial sample of the compound was obtained courtcsy of S. Tardif. 
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freparation of Bis! 4-methylbenzyloX):)disulfide (124ç) 

The procedure used was identical as that 

used ta prepare the 4-methoxy derivative. cHs-oCHa-OSSO-CHa{ ) CH, 

The beige liquid was dissolved in 40% ethyl -

acetate in chloroform and permitted to 
crystallize at -15°C. Long needle like crystals forrned in solution which on 

attempted isolation by filtration liquified. A small amount of solid was isolated by 
filtration at OOC; on warming to ambient temperature it liquified. Rf = 0.69 (40% 

ethyl acetate in chloroform). IH NMR (CDCI3) &: 2.38 (s, 3H); 4.76, 4.82,4.88,4.94 
(dd, 2H); 7.18, 7.22 (d, 2H); 7.26, 7.30 (d, 2R) pprn. 13C NMR (CnCI3) &: 21.23 

(CH3);76.59 (CH2); 128.77; 129.18; 133.55; 138.31 ppm. 

Preparation of Bis' 4-cblorobenzy1m)disulfide (124d) 

The procedure used was identical as that 0-
used to prepare tbe 4-metboxy derivative. CI (}CHa-OSSO-CHa ~ - D CI 

The beige solid was dissolv,=d in 40% ethyl 
acetate in cbloroform and permitted to 
slowly crystallize at -15°C. Filtration gave a tan solid (3.2 g, 41%), m.p. 44-48°C; Rf 

= 0.69 (40% ethyl acetate in chloroform). IH NMR (CDCI3) &: 4.72,4.78,4.84,4.90 
(dd, 2H); 7.24-7.36 (m, 4H) ppm. 13C NMR (CDCI3) 6: 75.76 (CH2); 128.72; 129.91; 

134.40; 134.93 ppm. 

Preparation of Bis' 4-methoxybeœyloX)!)djsulfide (124e) 

To a solution of 4-methoxybenzyla1cohol 
(6.6 g, 0.051 mol) and triethylamine (5.1 g, 
0.050 mol) in 100 mL of ether maintained at 
SOC was slowly added disulfur dichloride 

C~O-< >-CHI-œso-cHa{ }-OCH, 

(3.37 g, 0.025 mol). The resulting mixture was stirred for 2 h at 5°C, allowed to 
warm slowly to ambient temperanue and tbe solvent removed under reduced 

pressure to yield a tan colored liquid. The liquid crystallized at -15°C for 24 b. 
Recrystallization of 1/2 the solid from 40% etbyl acetate in chloroform gave a tan 

solid (1.6 g, 42%) m.p. 34-36°C; Rf = 0.57 (40% ethyl acetate in chloroform). IH 

NMR (CDCI3) 6: 3.81 (s, 3H); 4.69,4.75,4.82,4.87 (dd, 2H); 6.86,6.90 (d, 2H); 7.26, 

7.30 (d, 2H) ppm. 13e NMR (CDCI3) 6: 55.22 (CH30); 76.42 (CH2); 113.85; 128.68; 
130.43; 159.78 ppm. 
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Thermal Decomposition of Solid Samples of Bis(benzyloxy)disulfides (124) 

Samples of the disulfide were placed into melting point capillaries and heated 

to the desired temperature using a melting point apparatus. Samples were heated to 

the foUowing temperatures 60°C, 90°C, 120°C and 150°C. Each sample was 

dissolved into CDCl3 and a lH NMR spectrum acquired. Once the initial 

decomposition temperature range was identified the alkoxydisulfide was heated at 

5°C increments. From the lH NMR spectra the temperature of decomposition was 

determined. The formation of sulfur was confirmed hy TIC. For 124a the 

de composition \Vas observed to occur at 135°C. 

Thermal Decomposition of So1id 124a with 2,3-Diphenyl-l.3-butadiene 

A mixture of 124a (0,080 g, 0.20 mmol) and 2,3-diphenyl-l,3-butadiene (0.40 g, 

0.20 mmoI) were heated neat to IS5°C for 10 min. A lH NMR spectrum of the 

reaction mixture was acquired and gave signaIs corresponding to the a1cohol, 

aldehyde, unreacted diene and trapped adduct (3.76 ppm) were identified. 

Chromatography with 20% chloroform in hexanes and then changing to 10% ethyl 

acetate hexanes gave several components. Isolated products were elemental sulfur 

(TLC) (5.9 mg, 42%), unreacted diene (TLC, lH NMR) (14.2 mg, 36% recovered), 

trapped product (6.1 mg, 12%), and a 1:1 mixture of 4-nitrobenzylalcohol and 4-

nitrobenzaldehyde by lH NMR. Also isolated was a compound assigned to 

structure 128. lH NMR (CDCI3) 6: 4,10 (s,2H); 6.95 (m, 5H) ppm. 

Thermal Decomposition of 1243 in Solution. 

A sample of 124a was refluxed in toluene for 72 h, allowed to cool to ambient 

temperature and the solvent removed under reduced pressure. The resulting 

reddish ail was separated by chromatography on silica gel with 10% ethyl acetate in 

hexanes to yield sulfur (16 mg, 89%), alcohol (60 mg, 79%), aldehyde (70 mg, 92%) 

and unreacted U4a (11 mg, 6%). 

Thermal Decomposition of (1243) \Vith 2.3-Dimethyl-1.3-butadiene in Benzene 

A solution of 124a (0.368 g, 1.0 mmol) and 2,3-dimethyl-1,3-butadiene (0.041 g, 

0.5 mmol) was prepared in 25 ml dry benzene. The mixture was heated to reflux 

under nitrogen and the de composition was foUowed by TLC using 40% ethyl acetate 

in hexanes. After 72 h no starting material 124a remained and the decomposition 
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was deemed complete. The 1 H NMR spectrum of the reaction mixture showed 

signais corresponding to the trapped adduct. The solution was chromatographed on 

silica gel with 5% chlorofonn in hexanes to yield a product consistent with the 

trapping of S2' The yield of cyclic disulfide 107 was only 5%. 

Thermal Decomposition of 1248 with 2.3-pimethyl-1.3-butadiene in ToJuene 

A solution of 124a (0.368 g, 0.10 mmol) and 2,3-dimethyl-l,3-butadiene (0.041 g, 

0.05 mmol) was refluxed for 36 h in 50 mL of toluene. The solvent was removed 

under reduced pressure and the residue chromatographed with 5% chloroform in 

hexanes to yield three fractions, sulfur (48 mg, 75%), a product consistent with 

dimerized die ne and cyclic disulfide (17 mg, 12%). The column was flushed with 

ethyl Acetate ta yield a 1:1 mixture of 4-nitrobenzyl alcohol and 4-nitrobenzaldehyde 

(0.281 g, 92%). The products were identified from the 1H NMR spectra 

Thermal Decomposition of (124e) witb Excess 2.3-Dimethyl-1.3-butadiene in 
Toluene 

A sample of 124e (0.169 g, 0.50 mmol) and 2,3-dimethyl-1,3-butadiene (0.121 g, 

1.5 mmol) in 50 mL of toluene were heated to reflux for 3 h. A TLC of the reaction 

mixture indicated the de composition of 124e. The solvent was removed by reduced 

pressure in the presence of silica gel and the residue chromatographed on silica gel 

with 5% chloroform in hexanes. Chromatography yielded three fractions, a trace of 

sulfur (TLe), cyclic disulfide (13.0 mg, 17%) and cyclic tetrasulfide (17.0 mg, 17%). 

The column was flushed with ethyl acetate to yield a red oil which gave a IH NMR 

spectra consistent with a '11ixture of the alcohol and the aldebyde. 

Preparation of Methoxycarbonylsulfenjc 4-tolylsulfonjc thioanbydride (129a) 

This compound was prepared by the -0-" ft 
method of Brooker, Child and Smiles.201 To CH] r ~ ft-S-S-C- OCH3 

a solution of methoxycarbonylsulfenyl - 0 

chloride93 (4.0 g, 31 mmol) in 100 mL of 

ether was added in one portion, potassium 4-toluenethiosulfonate202 (7.2 g, 32 

mmol) as a fine powder. The mixture was stirred for 3 h at room temperature, 

201. L. G. S. Brooker, R. Child and S. Smiles,J. Q,em. Soc., 1384 (1927). 

202. B. G. Boldyrev, L. M. Grivnak, S. A. Kolesnikova, L. E. Kolmakova and G. A. Voloshin, ZIJ. 
Org. Kh;m., 3, 37 (1967); Q,em.Abstr .• 66,94769v (1967). 
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during which time the yellow color of the sulfenyl chloride dissipated. Filtration of 

the mixture gave a white solid (2.2 g) identified as KCl (IR). Removai of the solve nt 

under reduced pressure gave a faint yellow soUd (8.82 g, 99%), m.p. 46-51°C. 

Repeated recrystallizations from ethanol gave an analytical sample, m.p. 52.5-54°C; 

Rf = 0.49 (1:1 chloroform hexane). lH NMR (CDCI3) 6: 2.46 (s, 3H); 3.78 (s, 3H); 

7.36 (d, 2H); 7.84 (d, 2H) ppm. 13C NMR (CDC13) 6: 21.71 (CH3); 56.34 (CH30); 

128.26 (CH); 129.78 (CH); 139.12 (C); 145.85 (C); 165.17 (C=O) ppm. IR (KBr) 

cm-1: 3034; 3014 (H aromatic); 2960; 2928 (H aliphatic); 1752 (C=O); 1431; 1332: 

1195; 1144; 954; 811; 740; 613; 551. MS (El, 70 eV, 45°C) mjz: 278 (M +·,0.3); 246 

([M - S or 20] +,2.3); 214 ([M • Si] + ., 6); 182 (3); 170 (3); 155 ([CH3C6H4SO:!l +, 

34); 139 (40); 123 (35); 91 ([C7H7]+ , 100). Elemental analysis: cal'd: %C = 38.81. 

%H = 3.62: found %C = 38.96, %H = 3.65. 

Preparation of Methoxycarbonylsulfenic 4-chlofobenzenesulfonic thioanhydride 
(129b) 

To a solution of methoxycarbonylsulfenyl 

chloride93 0.95 g (7.5 mmol) in ether was 

added in one ponion, potassium 4-

chlorobenzenethiosulfonate202 (2.0 g, 

o 0 

CI~~-S-S-~-OCH) 
~_ Il 

o 

8.0 nunoI) as a fine powder. The mixture was stirred for 4 h filtered and the solvent 

removed under reduced pressure to yield a faint yellow liquid which crystallized on 

standing. Recrystallization from ether gave a white soli d, (0.69 g, 31 %), m.p. 58-

61°C; Rf = 0.49 (1:1 chloroforrn hexane). TLC of the solid showed an impunty 

which could not be removed be several recrystallizations. tH NMR (CDCI3) 6: 3.79 

(s, 3H); 7.51-7.55 (dt, 2H); 7.85-7.90 (dt,2H) ppm. 13C NMR (CDCI3) 6: 56.56; 

129.50; 129.65; 140.22; 14l.35 ppm. MS (El, 70 eV, 60°C) m/z: No M+; 177 

([37CI~H4S02)+·' 16); 175 (eSClC6H 4S02] +., 41) 113 ([37CIC6H41 +., 24) 111 

([35Cl~H4S02]+·' 60). IR (KBr) cm-1: 3093 (H aromatic); 2960 (H aliphatic); 

1756 (C=O); 1157; 1139; 1091; 1074; 807; 751; 605. 

Preparation of Methoxycarbonylsulfenic methylsulfonic thioanhydride (129c) 

To a solution of methoxycarbonyisulfenyi 

chloride93 (6.3 g, 50 mmol) in 25 mL of ether 

was added in one portion, potassium 

methanethiosulfonate202 (7.8 g, 52 mmol). 

o 0 
\1 Il 

CH!-S-S-~-C-OCH! 

Il 
o 
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Filtration followed by removal of the solvent under reduced pressure gave a light 

yellow liquid (7.3 g, 72%). Attempts to purify the liquid by distillation (direct, 

vacuum or Kugelrhor) were unsuccessful. 1H NMR (CDCI3) &: 3.36 (s, 3H); 3.96 (s, 

3H) ppm. 13C NMR (CDCl3) &: 56.72; 49.08; 166.18 ppm. MS (El, 70 eV, 40°C) 

m/z: No M+· ; 171 ([M-CH30] +, ); 138 ([M-2S] +, ); 79 ([CH3S02]+ , ); 64 (S02 or 

2S, ); 59 ([CH30C=O] +,). IR (neat) cm-1: 2954 (H aliphatic); 1761 (C=O); 1423; 

1333; 1188; 1147; 1132; 1075; 667; 521. 

The Reaction Between 129. and Sodium Methoxide in Methanol 

To a solution of U9a (0.6 g, 2.2 mmol) in 25 mL of Methanol was added, in 

excess, sodium rnethoxide (0.2 g, 3.7 mmol) as a fine powder. The mixture was 

stirred at room temperature for 48 h. GC analysis of the reaction mixture showed 

the presence of dimethylcarbonate by a comparison of the retention time with an 

authentic sample. The solvent was removed under reduced pressure and the 

resulting yellow solid extracted with two 25 mL portions of carbon disulfide. 

Removal of the carbon disulfide under reduced pressure left a yellow soli d, 

identified as elemental sulfur, (0.12 g, 87%) (TLC, MS, m.p. 110-111°C (lit203 

112°C». The residue contained a mixture of sodium 4-tolylsulfonate dihydrate and 

excess sodium methoxide, totaI mass (0.56 g, 104%). 

Attempted Trappin~ of Djatomic Sulfur from 129. 

To a solution of 129a (0.6 g, 2.2 mmol) and 2,3-dimethyl-l,3-butadiene (0.58 g, 

6.6 mmol) in 15 mL of beoz('ne was added, in excess, sodium methoxide (0.2 g, 3.7 

mmol) as a fine powder. The reaction was refluxed for 48 h with stirring, under 

nitrogen. The solvent was removed under reduced pressure and the resulting 

mixture analyzed by IH NMR spectroscopy. The IH NMR spectrum exhibited no 

signaIs which corresponded to the Diels-AIder adduct for diatomic sulfure 

Chromatography of the mixture gave no trapped adduct, but sulfur was isolated, (47 

mg, 67%). 

~g~C:ffe~r~~8~~ of Diatomic Sulfur in the Thermal Decomposition of 2-Methyl­

Equal mixtures of 2-methyl-2-propyltetrasulfide and 2,3-dimethyl-l,3-butadiene 

203. "CRe Handbook Of Cbcmistry and Physics·, R. C. Weast (Ed.), CRC Press, Boca Raton, 
Aordia, 60th Ed., 1979. 
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were beated in sealed tubes at 700C and 160°C for three days. 1H NMR analysis of 

the resulting mixtures exhibited no signais corresponding to the Diels-AIder adduct 

of singlet diatomic sulfur. The presence of sulfur and 2-methyl-2-propanethiol were 

confirmed by 1LC and GC respectively. 

Attempted Trappin~ of DiatomÎc Sulfur in the Reaction of Morpholine Disylfide 
(63) and Di(etbylthlOcarbonyl)disulfide (64) 

Two identical sampI es of 63204 (0.118 g, 0.50 mmol) and (;4205 (0.121 g, 0.50 

mmol) were prepared in 2 mL of chloroform-d. To one sample was added 2,3-

dimetbyl-l,3-butadiene (0.121 g, 1.50 mmol). The reaction was heated to 50°C and 

followed by acquiring 1 H NMR spectra over 5 days. 

To a solution of 136 (0.480 g, 2.0 nunol) and 2,3-dimethyl-l,3-butadiene (0.240 

g, 6.0 mmol) in 25 mL of carbon tetrachloride was added sulfuryl chloride (0.270 g, 

2.0 mmol). The resulting mixture was stirred under a nitrogen atmosphere at room 

temperature for 3 h. A 1H NMR spectrum of an aliquot of the solution showed no 

evidence of trapped Diels-AIder aùduct indicating the presence of S2. An aliquot of 

the mixture stirred for a further 18 h gave the same resuIt. Heating the solution to 

reflux for 0.33 h resulted in the precipitation of sulfur (lLC) but gave no evidence 

of trapped product in 1H NMR spectrum. The product was isolated as reported and 

identified to be 137. 

A sample of the trapped adduct 107 isolated from the decomposition of l62b in 

the presence of diene 109 was divided into seven sampI es. A standard samp]e was 

stored in the freezer at -15°C. The remaining samples were treated as follows: 

heated to 60°C in the dark; heated to 60°C with sodium methoxide in the dark;. 

heated to 60°C in ambient light; stored at room tempe rature in the dark with acetic 

acid; stL'red as room tempe rature in ambient light: stored at room tempe rature in 

the dark with silica gel. After 48 h a 1H NMR spectrum of each sample was 

204. Preparcd from SlCb and morpholine. 

205. G. Barany, A. L. Scholl, A. W. Molt and D. A. Halsrud,J. D'K. Chtm., 48, 4751 (1983). 
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acquired and analyzed. 

The sample ex~ed in the dark were virtually unchanged. The sample heated 

to 600C in ambient Iight displayed the development of signal in the 1 H NMR 

corresponding to aromadc protons 

Desulfurizatjon of the 1.2,3.4-Ietrathia-6.7-dimethyl-6-çyclooctene (127) with 
Tripheoylphosphjne (143). 

Io a solution of U7 (48 mg, 0.23 mmol» in CnCl3 was added 143 (85 mg, 30 

mg) as a solid. A 1H NMR spectra of the mixture was obtained after 3 h. TInee 

signaIs were observed in the mixture, U7, 107 and triphenylphosphine sulfide (144). 

Io a solution of U7 (48 mg, 0.23 mmol) in CnCl3 was added 143 (170 mg, 60 

mrnoI) as a solid. A 1H NMR spectra of the mixture was obtained after 3 h. Iwo 

signais were observed in the mixture; disulfide 107 and 144. Addition of two more 

equivalents of triphenylpbosphine had no effect on the dÏsulfide. 

6.2.2 Sulfenic Sulfonic lbioanbydrides 

Preparation of 4-Tolylsulfenjc 4· Iolylsulfonic Thjoanbydride (146) 

Ibis compound was prepared using the 

procedure of Harpp, Ash and Smith.38 The 

spectra data is included here for 

completeness. Rf = 0.54 (50% chloroform in 
hexanes). IH NMR (CDeI3) 6: 2.33 (s, 3H); 2.42 (s, 3H); 7.05-7.81 (m, 8H) ppm. 

13C NMR (CDCI3) 6: 21.16 (CH3); 21.66 (CH3); 128.06; 129.68; 129.91; 130.64; 

139.37; 139.96; 145.26 ppm. 

Preparation of Bis( 4-tolyl)thiosulfonate (147) 

Io a solution of 3-chloroperoxybenzoic 

acid (8.65 g,42 mmol, 85% preparation) in 

50 mL dichloromethane was slowly added 4-

tolyl disulfide (5.2 g, 21 mmol) in 25 mL 

dichloromethane. Addition time was 1 h and the reaction was followed by lLC. 

The mi- ture was stirred for a further 2 h and then cooled to OOC to precipitate 3-

chlorobenzoic acid, which was removed by filtration. The filtrate was washed three 

times with 15% sodium bicarbonate, once with water, separated and dried over 



, 
( 

;. 

) 
1 

~ 

, .... 

159 

anhydrous magnesium sulfate. RemovaI of the solve nt under reduced pressure gave 

a light yellow solid. Chromatography on silica gel with 20% chloroform in hexanes 

yielded a white solid, m.p. 73.5-75°C. Recrystallization from ethanol gave white 

crystaIs, rn.p. 77-77.50C (lit.206 78.5-79.5); Rf = 0.54 (50% chloroform in hexanes). 

lH NMR (CDCl3) &: 2.37 (s, 3H); 2.42 (s, 3H); 7.12-7.48 (m, 8H) ppm. 13C NMR 

(CDCI3) 6: 21.36 (CH3); 21.54 (CH3); 124.35; 127.40; 129.27; 130.09; 136.32; 140.18; 

141.95; 144.56 ppm. 

Isolation of Sulfur frOID 146 in Ethanol. 

A sample of 146 (0.16 g,0.53 mmol) was dissolved in 25 mL of ethanol and 

stirred for 24 h. Over the reaction time mixture became cloudy and the formation 

of sulfur was confirmed by 11..C. The precipitate was dissolved by the addition of 50 

mL of chlorofonn. The solution was absorbed ooto silica gel by removing the 

solve nt under reduced pressure in the presence of about 0.5 g silica gel. The solid 

was chromatographed on silica gel with 20% chloroform in bexanes to yield sulfur 

(6.3 mg, 40%), m.p. 90-112°C and 141. The isolated sulfur was anaIyzed by HPLC 

and found to consist primarily of S8 with traces of ~ and ~. 

Cbromato&rswhy of 146 on Silica Gel. 

A sample of 146 was chromatographed on silica gel with 20% cbloroform in 

hexanes. A single compone nt was isolated which gave 1H and De NMR spectra 

consistent with 147. 

Effect of Acid on tbe Rate of Sulfur Extrusion From 146 

Two equaI samples of 146 (0.075 g, 0.25 mmol) were prepared. One sample was 

dissolved in absolute ethanol and the second in 2.9 N HCI in etbanol. After 2 h and 

12h equaI aliquots of each sample were removed. The solvent was removed under 

reduced pressure and the residue dissolved in chloroform-d and analyzed by 1 H 

NMR spectroscopy. After 2 h the sample dissolved in HCl/ethanol was almost 

totally converted into 147. The sample in ethanol was virtually unchanged after 2 h. 

Effect of Acid on Potassium 4-TolylthiosuJfonate (156) 

A sample of 156 (0.953 g,4.21 mmol) was dissolved in 20 mL of distilled water 

206. L. Field, J. Am. Chem. Soc., 74, 394 (1952) 
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and 0.5 mL of cODcentrated HCI (12 N) added. The solution tumed yellow on 

standing for live minutes. The reaction mixture was stirred for 24 h and filtered to 

yield a yellow solid identified as sulfur (13 mg, 98%) (lLC, m.p. 96-1110C). 

Preparation of Potassium 4-F1uorobenzenethiQSUlfonate. 

Prepared by the method of Boldyrev202 to yield a white powder, m.p. 312°C 

(decomposition). 

Attempted Pn;paration of 4-To}ylsuJfenic-4-fluorobenzenesulfonic Ihioanbydride 
am 

To a solution of 4-tolylsulfenyl 0 

-0-" ~ chloride109 (1.34 St 8.45 mmol) in 25 mL of CH, ~ A s-s-s~ 
ether was added potassium 4-f1uoro·benzene· 9 
thiosulfonate202 (2.29 g, 9.5 mmol) as a fine powder. The mixture was stirred for 2 b 

over which time the orange color of tbe sulfenyl cbloride dissipated. The Ka 
produced was separated by filtration and the solvent rernoved under reduced 

pressure. RecrystallizatioD from hexanes gave a white solid (1.14 g, 43%), rn.p. 98-

lOOOC; Rf = 0.58 (50% chloroform in bexanes). 1H NMR (CDCI3) &: 2.38 (s, 3H); 

7.05-7.25 (m, 6H); 7.54-7.61 (m, 6H) ppm. 13C NMR (CDCI3) 6: 21.42 (CH3); 

115.83, 116.13 (d); 124.14; 130.30; 130.42; 136.40; 138.99, 139.03 (d); 142.32; 163.71, 

167.11 (d) ppm. MS (El, 70 eV, 400c) m/z: 282 (M+, 6.4); 139 (F~H4S02 +, 100); 

123 (CH3C6fl4S+, 89); 91 (CH3~+, 14). The soIid was identified to be 4-

f1uorobenzene-4-tolyltbiosuJfonate 154 from the mass spectral data. 

Attempted Preparation of 4-Fluorobenzene-4-to1ylsulfenic sulfonic tbioanbydride 
am 

To a solution of 4-f1uorobenzenesulfenyl 0 

chloride207 (20.0 mmol) in 2S mL of ether F-{ }-~-S-S--Q-cHs 
(prepared in situ frorn 4-f1uorotbiophenol 0 

(2.56 g, 20.0 mmol) al!d N-cblorosuccinimide (2.69 g, 20.0 mmoJ» was added 

potassium 4.tolylthiosulfonate (4.75 gf 21.0 mmol) as a fine powder. The mixture 

was stirred for 4 h over which time the color of the sulfenyl cbloride dissipated. The 

KCI produced was removed by filtration and the solvent removed under reduced 

pressure. Crystallization of a white soIid occurred slowly over 48 h. 

1JJ7. Prepared using tbe procedure of Harpp and Mathiaparanam Ref 109. 
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RecrystaIlization from hexanes gave a white solid (1.04 g, 16%), m.p. 82-84°C; Rf = 
0.59 (50% chloroform in hexanes). lH NMR (CDCI3) : 3.23 (s. 3H); 6.98-7.46 (m. 

6H) ppm. 13C NMR (CDC13) ô: 21.63 (CH3); 116.55, 116.84 (d); 123.49; 113.53; 

127.54, 129.44 (d); 138.71, 138.83 (d); 139.93; 144.92; 163.02, 166.38 (d) ppm. MS 

(El, 70 eV, 40°C) m/z: 282 (M+, 7); 155 (CH3C6H4502 +, 75); 139 (CH3C6H450+, 
39); 127 (FC6H 45+ , 27); 91 (CH3C6H4 +, 100). The solid was identified to be 4-

toIyI-4-fluorobenzenethiosulfonate 155 from the mass spectral data. 

Attempted Sulfur Extrusion From 152 and 153 

A sample of each thioanhydride was dissolved in ethanol and stirred at ambient 

tempe rature for 48 h. The soivent of each was removed under reduced pressure and 

13C 19F and lH NMR spectra obtained. The spectra showed only the presence of 

starting material after 24 h' 

Preparation of 4-FJuoro-4-tolyl Thiosulfonate 155 

To a solution of 4-tolylsulfenyl chloride (1.00 g, 6.3 mmol) in 25 mL of ether was 

added sodium 4-fluorobenzenesulfonate (2.0 g, 9.2 mmol). The mixture was stirred 

for 12 h, dried over anhydrous sodium sulfate and filtered. Removal of the solvent 

under reduced pressure followed by recrystaIlization from hexanes gave a light 

yellow solid (1.37 g, 76%), m.p. 75.5-78°C; Rr = 0.57 (50% chloroform in hexanes). 

The solid gave NMR spectra corresponding ta those thiosulfonate isolated above. 

Attempted Isolation of Diatomic Sulfur from the Sulfur ExtruSIOn from 
Thioanhydride 146. 

Ta a solution of 146 (0.306 g, 1.0 mmol) in 25 mL of ethanol was added 2,3-

dimethyl-l,3-butadiene (0.024 g. 3.0 mmoi). The solution was stirred for 24 h at 

ambient tempe rature under a nitragen atmosphere. The solvent was removed 

under reduced pressure and the residue taken up into chloroform-d. The lH NMR 

spectra of the residue displayed no signais which could correspond to the trap of 

diatomic sulfur (a signal at 3.20 ppm). The thiosulfonate was isolated (0.22 g. 79%). 

Repeating the experiment in methanol-d4 using one-tenth the amounts and 

following it by IH NMR spectroscopy gave no indication of 52 trapping. 
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6.2.3 Syntbesis of Chloro(tripbepylmetbyl)sulfides 

Iripbepylmetbanctbiol (163a) 

A modification of the procedure of 

V orUinder and Mittag119 was used to prepare 

163a Hydrogen sulfide gas was passed 

tbrough a suspension of tripbenylmetbanol 

(78 g, 0.30 mol) in 250 mL glacial acetic 

161 

acid containing 1 mL concentrated sulfuric acid. Hydrogen sulfide gas addition was 

balted witb tbe disappearance of the yeIIow color. The resulting mixture was 

flushed with nitrogen and treated with 500 mL distilled water to precipitate tbe 

products, tbe solution was filtered and the solid washed twice with about 250 mL of 

water. Iwo recrystallizations from Acetone gave a white crystalline solid (57.8 g, 

74%), m.p. 105.5-106.5°e (lit.119 107°C). 1H NMR (CD03) 6: 3.07 (s, IH); 7.21-

7.27 (m, 15H) ppm. 13e NMR (CDCI3) &: 62.77 (C-SH); 126.79; 127.74; 129.25; 

147.07 ppm. 

Iriphepylmetbyl Hydrodisulfide 163b 

The disulfide 163b was prepared by Gerard Debersy208 according to the 

literature.l65 m.p. 1l0-112OC (lit. l6S 114°C). lH NMR (eDeI3) 6: 2.76 (s, IH); 7.35 

(m, 15H) ppm. 13ç NMR (CDCl3) &: 70.32 (C-SH); 127.12; 127.99; 129.95; 143.49 

ppm. 

Preparation of Chloro(tripben.vlmetbyDmonosulfide (1628) 

The monosulfide was prepared by the 

method of V:>rlânder and Mittag.119 The 

spectral data is incJuded here for completeness. 

Recrystallization from a petroleum ether 

cbloroform mixture yielded a yeUow solid, m.p. 

135-1370C (lit 137OC). lH NMR (CDC13) 6: 7.28 

(m). 13C NMR (eDCI3) ppm: 72.21 (C-S); 127.90; 128.19; 129.87; 141.76. IR (KBr) 

cm-l: 3056; 3030 (H aromatic); 1494; 1489; 1440; 1033; 1000; 754; 743; 691; 674; 

626; 616; 520; 498; 487. Raman (solid) cm-1: 520; 501; 488; 365. 

208. The sample of 164b wu provides by Gerard Debersy. G. Debersy and D. N. Harpp, 
unpublished results. 



Preparation of Çhloro(triphenylmethyl)disulfide (162b) 

Chloro( triphenylmethyl )disulfide was 

prepared according to the procedure of Harpp 

and Ash.127 To a stirred solution of sulfur 

dichloride (3.60 g, 35.6 mmol) in 50 mL 

anhydrous ether under a nitrogen atmosphere at 

-78°C was slowly added a solution of 163a (7.61 

g, 26.1 mmol) in 80 mL of anhydrous ether. 

Q 
Q--'C-SSCI -6 
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The addition time was 1 h during which an orange-yellow precipitate formed in the 

reaction flask. The mixture was warmed to ambient tempe rature, concentrated to 

30 mL under reduced pressure and the solid separated by filtration. Crystallization 

from hexanes gave an orange solid (6.54 g, 73%), m.p. 91-93.5°C (lit. Il7 91-93°C). 

Once initial crystallization had occurred the solution was cooled ta -15°C. Storage 

of the solution at ambient tempe rature for more than 12 h resulted in a 

de composition, as evidenced by a brown col or. The products of the decomposition 

were not identified. Caution is required during recrystallization as excessive heating 

of the hexanes solution results in the formation of a yellow precipitate, identified as 

sulfur (TLC). lH NMR (CDCI3) 6: 7.34 (m) ppm. 13C NMR (CDCl3) 6: 77.60 (C­

S); 127.65; 128.07; 130.58; 142.17 ppm. IR (KBr) cm-1: 3048; 3032; 3019; 1486; 

1438; 1000; 974; 890; 758; 728; 699; 661; 626; 616; 507; 482. Raman (solid) cm-1: 

534; 483; 422; 416; 402; 341. Sulfur analysis: cal'd %S = 18.69: found %S = 18.06. 

Preparation of Chloro(triphenylmethyl)trisulfide (162c) 

The procedure used was similar to that for 

the preparation of 162b except disulfur 

dichloride was substituted for sulfur dichloride. 

To a stirred solution of disulfur dichloride (2.70 

g, 20 mmol) in 50 mL anhydrous ether at -78°C 

under a nitrogen atmosphere was slowly added a 

solution of 163a (4.1 g, 15 mmol) in 80 mL 

Q Q-c-sssa 
-6 

anhydrous ether. The reaction mixture was allowed ta warm slowly ta room 

tempe rature and concentrated ta 30 ml under reduced pressure. Crystallization 

resulted on cooIing at -15°C for 24 h. Filtration yielded a light orange solid (3.4 g, 

61%), m.p. 76-78°C. 13e NMR (CDCI3) 6: 74.36 (C-S); 127.48; 128.10; 130.12; 

142.61 ppm. IR (KBr) cm-1: 3056; 3029; 1489; 1440; 1000; 756; 735; 694; 669; 626; 
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616; 488; 472; 459. Raman (solid) cm-1: 519; 487; 470; 454; 449; 357; 346. 

Elemental analysis: cal'd %C = 60.96, %H = 4.01: found %C = 61.02, %H = 4.01. 

In a separate experiment a solution of 163a (2.60 g, 0.010 mol) in 50 mL of 

ether was added dropwise ta disulfur dichloride (1.6 g, 0.0119 mol) in 50 mL ether 

at -78°C. The reaction mixture was warmed to room temperature and the ether was 

removed under reduced pressure leaving a gummy yellow solid, (4.4 g). The solid 

was triturated with hot pentane, but only 2.5 g dissolved. Crystallization of the 

pentane solution at -15°C yielded a light yellow solid (1.2 g), identified as 164 (13C 

NMR, m.p. 109-111°C (lit2D3 1l0-112°C». The residue was extracted with ether and 

the remaining solid collected (0.58 g) identified as sulfur (m.p. 107.5-110oC, TLC, 

MS). 

Preparation of Chloro(triphenylmethyl)tetrasulfide (162d) 

To a stirred solution of disulfur dichloride in 

50 mL of ether at -78°C was slowly added 

dropwise a solution of hydrosulfide 163b in 50 

mL of ether. The solution was stirred was 

concentrated to 10 mL under reduced pressure 

and stored at -15°C. A yellow precipitate was 

Q o-C-SSSSCI -6 
removed from the solution after 24 h and was identified ta be sulfur, m.p. lOO-114°C 

(lit.203 112). Ail attempts to precipitate the tetrasulfide were unsuccessful. 

A small aliquot of the original solution was removed and the solve nt removed 

under reduced pressure to dryness. The gummy solid was taken up in COC!3 and a 

13C NMR spectra acquired. The spectra had signaIs corresponding to 162d but was 

contaminated with triphenylchloromethane. 13C NMR (CDCI3) 6: 73.92 (C-S); 

127.44; 128.12; 130.13; 142.45 ppm. The sulfide 162d decomposed in solution as the 

signaIs for 164 increased in intensity as the spectrum was acquired over time. A 

yellow precipitate formed in the NMR solution that was identified as sulfur (lLC). 

6.2.4 çQ'stallo~aphjc Analysis of the Chloro(triphenylmethyl)sulfides 

A single crystal of the sulfide was mounted on a glass fiber. AlI measurements 

were made on a Rigaku AFC6S diffractometer with graphite monochromated Cu-K:x 

radiation at 1.75kw (À = 1.54178Â). The structures were obtained at either 20 or 

21°C using w-29 scan type and a scan rate of 32.0o/min. The structures were solved 
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by either direct methods or tbe Patterson method and refined using full-matrix least 
:.. squares. The crystal parameters are given in Table 23. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Table 23. Crystal and Data Collection Parameters 
\ •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

162a 162b 162e 

empirieal formula Cl~15SCI C19H15~Cl Cl~15S3CI 
formula weight 310.84 342.90 374.96 
crystal system trielinie triclinic orthorhombic 
lattice parameters 

a(Â) 10.792(2) 9.758(1) 9.224(1) 
b(Â) 15.090(2) 10.426(2) 19.196(3) 

, c(Â) 10.027(2) 9.1691(6) 10.308(1) 
~. o(deg) 100.15(1) 97.52(1) 
~ 
f ~(deg) 103.12(1) 90.116(8) ! 

\.' 1(d1) 88.80(1) 116.750(9) [, 
~ vol( 3) 1565.1(4) 823.9(2) 1825.0(8) r. 
! space group Pl (#2) Pl (#2) Pna21 (#33) 
.- Zvalue 4 2 4 t 
1 Dcalc(g\cm3) 1.319 1.382 1.365 

Fooo 648 356 776 
JI (CukJ (cm-l ) 33.13 43.42 50.00 
no. of observations 3020 2083 869 
no. of variables 379 259 82 
residuals: R; Rw 0.062; 0.052 0.049; 0.047 0.053; 0.074 
goodness of fit 2.30 4.30 1.38 

••.••..•.•...... ~ ..••.•....•........•...••••.•..•.•... ................ 
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Thermal DecompQsition of SoUd Sampi es of 162a. 162b and 162e 

A sample of each sulfide 162 was heated to its rnelting point and the 

temperature maintained for three minutes. The resulting soIids were dissolved in 

CDC13 and anaïyzed by 13C NMR spectroscopy. The spectrum for each sulfide 

showed the oruy decomposition product to be 164. The 13C NMR spectrum of 162a 

showed the presence of sorne starting material. The NMR solutions were filtered to 

yield a yellow solid identified as sulfur (1LC, m.p. 116-119°C, (lit.2U3 112°C) 

m.m.p.). 

Effect of Arnbjent Lieht on the Room Temperature Decomposition of Solid 162c 

Two samples of l62e were prepared; one sample was maintained in the dark 

and the other in ambient light. After 48 h the samples were dissolved in CDCl3 and 

the 13ç NMR spectra acquired. The sample maintained in light showed 

considerable amount of chloromethane 164 which was not present in the sample 

maintained in the dark. The sulfur formed in the de composition (TLC) was isolated 

by filtration of the NMR solution. 

Column Chromato&Taphy of a Sample of Tripheny1chloromethane (Trityl Cbloride) 
(W1 

A sample of 164 (0.085 g, 3.05 mmol) was chromatographed on silica gel with 

10% ethyl acetate in hexanes. The column yielded two fractions both of which were 

eleuted quickly. Fraction A: was a white soIid which showed oruy aromatic protons 

in the IH NMR spectrum identified as triphenylmethanol 169 (0.0229 g, 29%). 

Fraction B: wbich was a light yellow solid which was identified as 164 (TI..e, 1H 

NMR and 13e NMR) (0.0466 g, 55%). After 48 h open to the atmosphere at 

amb~ent temperature fraction A had decomposed to 169 eH NMR, ne). 

Chromatography of a sample of 164 (0.135 g, 0.48 mmol) on silica gel with 20% 

chloroform in hexanes )ielded only one compound which was identified as 169 

(0.108 g, 89%) (TLC, tH NMR and 13C NMR). 

Isolation Qf tbe Products of the Thermal Decomposition of 1Gb at Ambient 
Thmperature. Cata)yzed Dy Silica G,l 

A sample of 162b (0.329 g, 0.96 mmol) was stirred with sHica gel for 12 h in 

chloroform at arnbient tempe rature under a nitrogen atmosphere. The resulting 

mixture was chromatographed on silica gel with chloroform in hexanes (the 
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chloroform concentration was increased from 20% to 100% as the chromatography 

was conducted) to yield four fractions: sulfur (0.0264 g, 86%», triphenylmethane 

168 (0.0358 g) (TI..e, 1H NMR, 13e NMR, G.e.), a mixture of 167c and 167d 

(0.0338 g) (TLC, IH NMR, 13e NMR, G.e.), and 169 (0.1886 g, 72%) (TLC, IH 

NMR, 13e NMR, a.c.). The carbinol169 was formed as a result of the hydrolysis 

of lM on chromatography. Calculation of the yield based on the triphenylmethyl 

group indicated a recovery rate of 96%. 

Decomposition of l62b al Ambient Temperature 

A sample of l62b (0.17 g, 0.50 mmol) was dissolved in chloroform and the 

solution stirred for 48 h in the dark. The mixture was adsorbed onto silica gel and 

chromatographed (silica gel) with 20% chloroform in hexanes to yield sulfur (22.7 

mg), a mixture of 167c-e (76 mg, 50%), and 169 (54.1 mg, 42%). The reaction was 

repeated in acetone, carbon tetrachloride, dichloromethane and tetrahydrofuran 

using the above procedure. The same products were isolated in each case but in 

varying yields as shown in Table 10. 

Decomposition of l62e at Arnbient Temperature 

A sample of l62e (0.095 g, 0.25 romol) was dissolved in 25 mL of chloroform. 

The procedure was repeated as above yielding after chromatographed on silica gel 

with 20% chloroform in hexanes; sulfur (24 mg, 64%), l67c-r (43.2 mg, 35%), and 

169 (22.9 mg, 50%). 

6.2.S Preparation of Substituted Triphenylmethanes 

Mono-4-fluorotriphenylmethanol (l70b) 

The Methanol was prepared by the addition 

of thiobenzophenone (36.0 g, 0.20 mol) in 100 

mL dry benzene to a solution of 4-

fluorobenzenemagnesium bromide (made fro~ 

4-fluorobromobenzene (35.0 g, 0.20 mol) and 

magnesium turnings (4.6 g, 0.20 mol» in 200 mL 

Q 
F--O-C-~ -6 

of ether. The resulting solution was neutralized with a sulfuric acid-crushed ice 

mixture, washed with water, 5% sodium carbonate and finally with water. Removal 

of the solvent under reduced pressure left a yellow liquid which was steam distilled 
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to remove volatile impurities. Recrystallization of the residue from methanol 

yielded a white solid, 37.8 g (69%), m.p. 120.5-122.0°C, 1H NMR (CnCI3) &: 2.84 

(s, IH); 6.94-7.03 (m, 2H); 7.21-7.341 (m, 12H) ppm. 13e NMR (CDCI3) &: 81.57 (C­

OH); 114.41, 114.678 (d); 127.29; 127.77; 127.92; 129.61, 129.72 (d); 142.66, 142.70 

(d); 146.69; 160.17, 163.44 (d) ppm. IR (nujol) cm-1: 1653.9; 1558.7; 1539.5; 1506.6; 

667.7; 636.9. MS (El. 70 eV. 60°C) m/z: 278 (M+, 30); 261 ([M - OH] +.4); 201 ([M 

- (1,H5] + , 1(0); 183 ([M - q,~O]+, 28). 

6.2.5.1 Preparation of Thiols 

Q.e.neral Procedure for the Preparation of 4-Substituted Triphenylmethanethiols 
UZll 

The procedure followed was similal' to the preparation of 163a prepared above. 

A sample of the corresponding aleohol was dissolved in 100 mL glacial acetic acid 

and 10 drops of coneentrated sul furie acid were added giving an immediate color 

change. Hydrogen sulfide gas was bubbled into the reaction mixture through an 

inlet below the surface of the liquid during which time the color was observed to 

gradually change to light yellow. Addition of H2S was continued for a further 0.5 h 

after the color change and the mixture purified as indicated. 

Iri-4-chlorophenylmethanethiol 

The thiol was prepared from tri-4-

chlorophenylmethanol209 (8.0 g. 0.022 mol). The 

addition of the sulfuric acid resulted in the 

9 CI-Q-t-SH -9 formation of a red solution. A white precipitate 

formed after 1 h but the addition of H2S was 

continued for an addition al 0.5 h. The mixture 
CI 

was poured into 500 mL water, filtered and air dried for 2 h. The resulting off-white 

solid was recrystallized from acetone to yield (3.5 g, 42%) as a white solide TLC 

indicated the presence of two small impurities. Column chromatography of the 

solid on silica gel using 20% chloroform in hexanes yielded a fluffy white solid (3.00 

g. 39%) m.p. 133-135°C, 1H NMR (CnCI3) &: 3.03 (s, IH); 7.13-7.16 (dt, 6H); 7.24-

7.28 (dt, 6H) ppm. 13e NMR (CDC13) &: 61.38 (C-SH); 128.56; 131.65; 134.22; 

140.03 ppm. IR (nujol) cm-1: 3023 (H aromatic); 1377; 1117; 1095; 1011; 801. MS 

(El, 70 eV, 100°C) m/z; 345 ([M - SH]+·, 98); 347 ([M + 2 - SH]+, 100); 349 ([M + 

209. N. N. Lichtin and M. J. Vignale, J. Am. Chem. Soc., 79, 579 (1957). 



4 - SH]+, 36). 

Mono-4-methyltriphenylmethanethiol (17la) 

The thiol was prepared from mono-4-

methyltriphenylmethanol209 (10.0 g, 0.034 mol). 

Addition of sulfuric acid to the acetic acid 

solution resulted in the formation of a dark 

green solution. No precipitate formed over the 

1.5 h addition time. The reactÎon mixture was 

169 

Q C..,--Q-C-SH -6 
poured into 500 mL water and the resulting c10udy solution extracted with ether. 

The ether layer was washed twice with 100 mL water. twice with sodium bicarbonate 

solution and finally once more with 100 mL water. The ether layer was separated 

dried over anhydrous sodium sulfate, filtered and the solvent rernoved under 

reduced pressure to yield a light yellow solid (8.0 g, 76%). TLC of the so!id 

indicated the presence of several irnpurities. Chromatography on silica gel with 

hexanes gave a colorless liquid which on standing solidified to a white solid (5.5 g, 

54%), m.p. 61-64°C. IH NMR (CDCI3) cS: 2.34 (s, 3H); 3.06 (: 1H); 7.06-7.17 (dd, 

4H); 7.24-7.29 (m, lOH) ppm. 13e NMR (CnCI3) cS: 22.38 (CH3); 62.62 (C-SH); 

126.74; 127.73; 128.47; 129.12; 129.27; 136.46; 144.20; 147.30 ppm. IR (KBr) cm-1: 

3018 (H aromatic); 2914; 2867 (H aliphatic); 2547 (SH, weak); 1596; 1507; 1442; 

1186; 1034; 743; 697. MS (El. 70 eV, 30°C) m/z: 257.2 ([M-SH]+, 100); 179.1 ([M­

SH-C1;H:;]+ , 30); 165.1 ([M-SH-CH3C~4, 66). Sul fur analysis: cal'd %S = 10.93: 

found %S = 11.03. 

Mono-4-fiuorotriphenylmethanethiol (l7Ib) 

The thiol was prepared from 170b (16.3 g 

58.6 rnmol). Addition of sulfuric acid to the 

alcohol solution resulted in the formation of a 

red solution. Addition of water gave an off-white 

solid which was isolated by filtration and air 

dried for 2 h. Recrystallization from acetone 

Q F-o-C-SH -6 
yielded a white solid (12.8 g. 74%), m.p. 89.0-89.5°C. IH NMR (CDCI3) 6: 3.08 (s, 

1H); 6.92-7.00 (m, 2R); 7.20-7.27 (m, 12H) ppm. 13e NMR (CDCI3) 6: 62.29 (C· 

SH); 114.37, 114.65 (d); 129.96; 127.88; 129.16; 131.02, 131.12 (d); 142.97, 143.02 

(d); 146.96; 159.83. 163.10 (d) pprn. IR (nujol) cm-1: no SH; 1559; 1654; 668; 637. 
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MS (El, 70 eV, 30OC) m/z: No M+; 261 ([M - SH]+, 1(0); 183 ([M - C6H6S]+, 54). 

Sul fur analysis: cal'd %S = 10.88: found %S = Il.55. 

Mono-2-methyltdphenylmethanethiol (17Ie) 

The thiol was prepared from 17Oc209 (6.00 g, 

0.021 mol). Addition of sulfuric acid resulted in 

the formation of an orange-red solution which 

tumed pink upon addition of hydrogen suIfide 

gas. Addition of water to the alcohol solution 

gave an off-whit~ solid which was isolated by 

filtration and air dried. Recrystallization from acetone yielded a white solid (5.66 g, 

89%), m.p. 116-117°C. IH NMR (CDCI3) 6: 2.07 (s, 3H); 3.05 (s, 1H); 6.98-7.33 (m, 

14H) ppm Oc NMR (eDC}3) 6: 23.22 (CH3); 63.06 (C-SH); 125.14; 126.72; 

127.37; 127.78; 129.35; 129.44; 132.75; 137.84; 144.83; 146.58 ppm. IR (nujoI) cm-1: 

no SH peak; 3030; 3024; 2956; 1182; 1033; 761; 751; 738; 699; 667; 624. MS (El, 70 

eV, 30°C) m/z: No M+; 257 ([M - SH]+, 76); 179 ([M - (4H5 + SH)]+, 93); 165 

([M - (CH34HS + SH)]+, 1(0). 

Mono-4-methoxytriphenylmethanethiol (17Id) 

The thi01 was prepared from 170d209 (3.00 g, 

0.0104 moJ). Addition of sulfuric acid to the 

alCOL_i solution resulted in the formation of a 

red solution. Addition of water form~d a white 

precipitate which was separated by filtration and 

air dried. Recrystallization from acetone 

Q CH,0-o-C-SH -6 
yielded a white solid (2.47 g, 79%), m.p. 97-98°e. IH NMR (eDC}3) 6: 3.07 (s, 1H); 

3.79 (s, 3H); 6.78, 6.82 (d, 2H); 7.14-7.26 (m, 12H) ppm. 13e NMR (CDCI3) 6: 

55.19 (CH30); 62.40 (C-SH); 113.00; 126.74; 127.74; 129.22; 130.46; 139.24; 147.42; 

158.22 ppm. IR (KSr) cm-1: 3008; 2961; 2837; 2575 (SH, weak) 1443; 1255; 1188; 

1031; 746; 701; 578. MS (El, 70 eV, 300C) m/z: no M+ peak, 273 ([M - SH]+, 100). 



6.2.5.2 Pre.paration of Substituted Chloro(ttiphenylmethy1)monosulfides 

Cbloro(rnono-4-methyltriphenylmethyl)monosulfide (Ina) 

The thiol 171a (0.76 g, 2.6 nunol) and 

sulfuryl chloride (0.45 g, 3.0 mmol) were mixed 

in SC mL ether for 24 h under nitrogen. 

Removal of the solvent under reduced pressure 

followed by recrystallization from pentane 

yielded a light yellow solid (0.44 g, 51 %), m.p. 

Q 
C"'-o-C-SCI -6 

171 

89-92°C. lH NMR (COCI3) 6: 2.12 (s, 3H); 6.98-7.07 (m, 2H); 7.18-7.37 (m, 12H) 

ppm. 

Chloro(rnono-4-fluorotri~;henylmethyl)monosulfide (l72b) -
The thiol 17lb (1.00 g, 3.4 nunol) and 

sulfuryl chloride (0.52 g, 4.0 nunol) were stirred 

in 50 mL of ether for 24 h under a nitrogen 

atmosphere. Removal of the solvent under 

reduced pressure followed by recrystallization 

from pentane yielded a light yellow solid (0.81 g, 

Q F-o-C-sa -6 
72%), m.p. 86.5-88°C. 1H NMR (CDCI3) 6: 2.36 (s, 3H); 7.12-7.35 (m, 14H) ppm. 

13e NMR (CDCI3) 6: 71.61 (C-S); 114.86, 115.15 (d); 128.08; 128.32; 129.67; 131.78, 

131.89 (d); 137.61, 137.65 (d); 141.61; 160.44, 163.73 (d) pprn. 

6.2.5.3 Preparation of Substituted Chloro(triphenylmethyl)disulfides 

Chloro(rnono-4-methyltriphenylmethyl)disulfide (173a) 

The disulfide was prepared in similar fashion 

to 162b above. To a stirred solution of sulfur 

dichloride (1.24 g, 12.0 mmol) in 50 mL of 

anhydrous ether at -78°C under a nitrogen 

atmosphere was slowly added a solution of 1718 

(2.90 g, 10.0 mmol) in 100 mL ether. After the 

Q C"'-Q--C-SSCI' -6 
addition (1 h) the mixture was allowed to warm to room temperature and 

concentrated to 5 mL under reduced pressure. The solution stored at -15°C for 24 h 

yielded a bright orange crystalline solid which was separated by filtration (3.06 g, 
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86%), m.p. 75.5-78.0oC. A sample of the solid was recrystallized from hexanes to 

give fine orange crystals, m.p. 76-77°C. 'H NMR (CDCI3) cS: 2.36 (s, 3H); 7.15 (s, 

4H); 7.25-7.30 (~ 10H) ppm. Oc NMR (CDCI3) 6: 21.04 (CH3); 77.59 (C-S); 

127.61; 128.04; 127.81; 130.49; 130.62; 137.51; 139.29; 142.37 ppm. IR (KBr) cm-1: 

1506; 1442; 1192; 756; 731; 712; 696. MS (El, 70 eV, 75°C) m/z: No M+·; 257 ([M 

- SSCl]+, 51); 179 ([CH3Ph2C]+, 16); 165 ([Ph2C - H]+, 25). 

Chloro(mono-4-fJuorotrjphenylmethyl)disulfide (l73b) 

The disulfide was prepared from 17lb (3.00 

g, 10.2 mol) in 50 mL of ether and sulfur 

dichloride (1.30 g, 12.5 mmol) in 50 mL of ether 

as above. The solution was concentrated to 10 

mL under reduced pressure and on cooling at -

15C1e for 24 h followed by filtration yielded a 

Q F-o-C-SSCI -6 
yellow solid, (2.34 g, 64%), m.p.81.0-83.5°C. Recrystallization from pentane gave 

an orange solid, m.p. 86.5-88.0°C. 1H NMR (CDCI3) cS: 6.98-7.06 (m, 2H); 7.22-7.36 

(~ 12H) ppm. 13C NMR (CD1CI2) 6: 77.46 (C-S); 115.11, 115.40 (d); 128.23; 

128.63; 130.78; 132.98, 133.09 (d); 138.33, 138.38 (d); 142.61; 160.85, 164.14 (d) ppm. 

IR (nujol) cm-1: 1506; 1163; 1103; 736; 699; 636. MS (El, 70 eV, 300C) m/z: No M+ 

peak; 261 ([M - SSCl]+, 1(0). Sulfur analysis: cal'd %S = 17.75: found %S = 17.41. 

The solid was unstable as 13e NMR analysis over 5 h uldicated decomposition to 

mono-4-fJuorotriphenylchloromethane. 

Chloro(mono-2-methyltriphenylmethyl)disulfide (173e) 

The disulfide was prepared from 171e (3.00 

g, 10 mmol) and sul fur dicr~oride (1.40 g, 14 

mmol) in 50 ml of ether. Upon addition of the 

sulfur dichloride no precipitate formed in the 

reaction mixture. The solvent volume was 

reduced to 10 mL under reduced pressure but no 

~ 
'('CH o-c-ssa · -6 

crystallization resulted at -15°C for 24 h. The solvent was allowed to slowly 

evaporate at -15°C over 72 h over which time an orange solid formed in solution 

which was isolated by filtration. The material decomposed before a tH NMR 

spectra '~ould be obtained. 13e NMR (CDC13) cS: 23.22 (CH3); 79.16 (C-S); 125.66; 

127.58; 12~ .79; 128.16; 130.49; 131.51; 132.72; 138.43; 139.77; 140.92 ppm. 

----~~----~ 



Chloro(rnono-4-methoxytriphenylmethyDdisulfide (173d) 

The disulfide was prepared from (1.53 g, 5.0 

mmol) in 50 mL of ether and sulfur dichloride 

(0.72 g, 7.0 mmol) in 50 mL Cl ether as above. 

Upon addition of the thiol ta ~ulfur dichloride a 

yellow precipitate formed in the reaction 

Q 
CH,o-o-C-SSCl 

6 mixture. The solution was concentrated to 1/2 
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volume and stored at -15°C for 24 h. Filtration gave a yellow solid (1.4 g, 76%), 

m.p. 85-87°C. Recrystallization from pentane gave a light orange solid, m.p. l'I()-

87°C. IH NMR (CDCI3) 0: 3.82 (s, 3H); 6.84, 6.88 (d, 2H); 7.15. 7.19 (d, 2H); 7.254-

7.309 (m, 10H) ppm. 13C NMR (CDCI3) 0: 55.21 (CH30); 77.47 (C-S); 113.34; 

127.61; 128.04; 129.62; 130.52; 131.95; 142.55; 158.92 ppm. IR (KBr) cm- l : 3006; 

2959; 2836; 1506; 1490; 1440; 1251; 1030; 740; 715; 700; 582. MS (El, 70 eV. IS0°C) 

rn/z: 273 ([M - SSCl] + , 100); 258 ([M - SSCl - CH3]+' 63). 

6.2.5.4 Preparation of Substituted Triphenylch}oromethanes 

Mono-4-methyItriphenylchloromethane (174a) 

The preparation is based on the similar 

preparation of mono-4-

chlorotriphenylchloromethane.152 To mono-4-

methyltriphenyimethanoi (1.5 g, 5.6 mmol) was 

added 3 mL acetyl chloride and the mixture 

heated to reflux for 1 h. To the hot mixture was 

Q CH,-o-C-CI -6 
added 10 mL petroleum ether and the mixture allowed to cryst<.l.1lize at -15°C for 24 

h. Filtration followed by vacuum drying gave a light yellow soIid (0.91 g, 57%). m.p. 

90.5-92.0°C. IH NMR (CDCI3) 6: 2.35 (s, 3H); 7.11 (s, 4H); 7.25-7.29 (m, lOH) 

ppm. 13C NMR (CDC13) 0: 20.99 (CH3); 81.45 (C-CI); 127.65; 127.86; 128.38; 

129.57; 129.64; 137.56; 142.38; 145.39 ppm. MS (El, 70 eV. 100°C) m/z: 257 «(M -
Cl] +, 28); 241 ([M - CH4CI] +, 12); 179 ([M - C7H7Cl] +, 10); 165 ([M - CgH9Cl] +, 

17). 
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Mono-4-fluorotripbenylcblorometbane (l74b) 

The chloromeùèane was prepared from the 

170b (3.00 g, 10.8 mmol) and 4.0 mL of acetyl 

chloride, following the procedure above yielded 

after recrystallization from petroleum ether, a 

light yellow soUd (2.39 g, 75%), m.p 87.0-89.5°C. 

lH NMR (CDCI3) 6: 6.94-7.03 (m, 2H); 7.18-7.33 

174 

(m, 12H) ppm. Oc NMR (CD03) &: 80.75 (C-CI); 114.38, 114.67 (d); 127.80; 

127.90; 129.55; 131.46, 131.57 (d); 141.22, 141.26 (d); 145.07; 160.41, 163.76 (d) ppm. 

IR (nujol) cm-1: 1506; 1458; 1162; 1103; 743; 697; 643; 636; 615. MS (El, 70 eV, 

30°C) m/z: 261 ([M - CI]+, 1(0); 183 ([M - C6H6CI]+, 51); 165 ([M - C6HSC1F]+, 

39). 

Determination of the Kinetics of tbe Thermal Decomposition of l73a in Solution. 

The de composition kinetics of 173a were followed by examining the decrease 

in tbe area of the IH NMR signal assigned to the aromatic protons of the tolyl 

group. The areas were measured relative to the methyl protons which did not 

exhibit a shift on conversion from disulfide to chloromethane. The kinetic 

experiments for the thermal de composition of l73a were conducted as follows: 

exactly 1 mL of dry deuterated chloroform was added to a known mass of 173a; 

once dissolution was complete (1 min) a portion of the solution was transferred to a 

5 mm NMR tube and the sample introduced into the spectrometer which had been 

previously warmed to the desired temperature. The spectra were then acquired at 

set time intervals. The signal cf the aromatic tolyl protons for the chlorodisulfide 

were observed at 7.14 ppm while those of the product of the decomposition 

chloromethane at 7.11 ppm. Each ron was an NMR experiment with an array of a 

pre-acquisition delays (PAO) to allow for observations of changes in the spectra, 

Effect of a Radical Inhibitor or Initiator on the Rate of Decomposition of 173a at 
JDOC 

A) Inhibition -p-Hydroquinone (175) 

Ta the solid l73a (31.6 mg, 0.88 mmol) was added 175 (4.6 mg, 0.41 mmol). To 

this mixture was added 1 mL CDC13 and a spectra obtained immediately and at 10 
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minute intervals. The concentration of 175 was low due to low solubility in 

chloroform. nie rate of the reaction was found to roughly 1/3 that of the non 

inhibited rate. 

B) Initiation - m-Chloroperoxybenzoic acid (176) 

To the solid 173a (32.6 mg, 0.89 mmol) was added 176 (1.0 mg, 0.006 mmol). 

To this mixture was added the CDCI3 and a spectra obtained immediately. The rate 

of decomposition was greatly enhanced with an observed rate that was almost a ten 

foid increase. The increase was dîffieult to measure as a limited number of data 

points were obtained due to the rapid deeomposition. There was no initiation 

period observed for the decomposition. 

Effect of Elemental Sulfur on the Rate of Decomposition of 173a. 

A solution of 173a (0.0292 g, 0.0823 mmol) prepared in 1 mL deuterated 

chloroform, divided into two equal portions and stored at -10°C for 20 min. To the 

fust sample was added 0.1 mL of a sulfur suspension in CDCI3. The decomposition 

was then studied in the NMR at 40 oc. The rate of the decomposition was found to 

be 8.9 X 10-6. The second sample was run with no sulfur at 40°C and the rate 

determined to be 1.5 X 10-5. 

6.2.6 Reactions of Chloro(triphenylmethyl)sulfides 

6.2.6.1 With Nucleophiles 

Preparation of Butyl{triphenylmethyl)sulfides (177). 

Reaction of the 162a-ç with Butylmal:nesium Chloride: General Procedure. 

To a solution of the sulfide (1 mmol) in ether at OOC under nitrogen was added 

butylmagnesium chloride 0.5 ml of a 2.0 M solution in ether. the mixture was stirred 

for 1 h over which time the yellow color of the sulfide solution dissipated. Column 

chromatography with 20% chloroform in hexanes yielded 177. The reaction with 

either di- or trisulfide also yielded mixtures of 167c-d. The 13C NMR chemical 

shifts for 177a-d are summarized in Table 13. 

Butyl(triphenylmethyl)disulfide (l77b) (0.167 g, 46%): lH NMR (CDC]3) 6: 

0.731,0.766, 0.801 (t, 3H); 1.13-1.34 (m, 4H) 1.64, 1.68, 1.71 (t, 2H); 7.23-7.48 (m, 

15H) ppm. 13C NMR (CnC13) 0: 13.53 (CH3); 21.46 (CH2); 30.84 (CHÛ; 36.38 
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(CH2); 70.19 (C-S); 126.75; 127.68; 130.07; 143.86 ppm. MS (El, 70 eV, 300C) m/z: 

243 (Ph3C+, 100); 165 ([Ph2C - H] +, 41); 51 ([C4~]+' 11). A second fraction was 

isolated which was identified as 167d. 

Butyl(triphenylmethyl)trisulfide (177c) (0.23 g, 58%): 1H NMR (CDC13) 6: 

0.821,0.858, 0.894 (t, 3H); 1.25-1.56 (m, 4H); 1..58, 2.61,2.65 (t, 2H); 7.17-7.35 (m, 

15H) ppm. 13C NMR (CDC13) &: 13.60(CH3); 21.53(CH2); 31.01(CH2); 

:Q.31(CH2); 73.19(C-S); 127.11; 127.85; 130.42; 143.55 ppm. A second impure 

fraction was obtained which was identified to be a mixture of 177c, 167c and 167d . 

Reaction of 1Gb with n-Butyl Uthium. 

To a solution of 162b (0.68 g, 2.0 mmol) in 25 mL of ether at -78°C under 

nitrogen was added (0.8 mL) a 2.5 M solution of n-butyllithium. The resulting 

solution was stirred at -78°C and a1lowed to warm slowly to ambient temperature. 

The mixture was washed with water and filtered to remove a yellow precipitate (9.1 

mg) identified as sulfur (TLC). The mixture was separated and the ether layer dried 

over anhydrous sodium sulfate and after removal of the solvent under reduced 

pressure chromatographed on silica gel with 20% chloroform in hexanes to yield a 

smaIl amount of sulfur (TLC) 4.5 mg and two other fractions. The second fraction 

was identified as 177b (0.291 g,40%) and the third fraction a mixture of the 167d 

and 167c which on removal of the solvent was a brittle foam. 

Butyl(triphenylmethyl)sulfide (1778) (0.12 g, 36%): IH NMR (CDCI3) 6: 0.780, 

0.809, 0.844 (t, 3H); 1.28-1.42 (m, 4H); 2.14, 2.18, 2.21 (t, 2H); 7.19-1.48 (m, 15H) 

ppm. 13C NMR (C003) 6: 13.62 (CH3); 22.12 (CH~; 30.65 (CH2); 31.69 (CH2); 

66.31 (C-S); 126.45; 126.75; 129.57; 145.06 ppm. 

Reaction 162a-c wjth I-Butanethiol: General Procedure. 

To a solution of the sulfide (0.10 mmol) in 25 ml ether was added I-butanethiol 

(0.80 g, 0.10 mmol). The resulting mixture was stirred in the dark for 48 h under 

nitrogen. TLC showed a mixture of four components identified as sul fur, 1-

butanethiol, and a mixture of 167 and 177. Chromatography of the resulting mixture 

on silica gel with 20% chloroform in hexanes yielded the sulfide. 

Tetrasulfide (177d): (0.245 g,62%) 13C NMR (CDCl3) 6: 13.62 (CH3); 21.49 

(CH~; 30.98 (CHÛ; 38.86 (CH2); 73.50 (C-S); 127.19; 127.93; 130.28; 143.08 ppm. 
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Trisulfide (177c): (0.284 g, 72%) spectra identical to that obtained in the 

reaction of 162c and butylmagnesium chloride. 

Disulfide (l77b): (0.184 g, 52%) spectra identical to that obtained in the 

reaction of 162b and butylmagnesium chloride. 

Preparation of Butyl(triphenylmethyl)monosulfide (177a) 

In 50 mL of toluene was mixed 164 (2.78 g, 1.0 mol) and I-butanethiol (0.080 g, 

1.0 mol). The solution was refluxed for 24 h under a nitrogen atmosphere. The 

solution was allowed to cool to ambient temperature and the solvent removed under 

reduced pressure. Recrystallization from ethanol gave a brown crystalline solid m.p. 

62-64°C. 

Reaction of 162a·ç with triphenylmethanethiol 163a 

A mixture of the sulfide (0.10 mmol) and 163a (0.276 g, 0.10 mmol) in 25 mL of 

ether was stirred for 24 h in the dark under nitrogen. The resulting mixtures were 

analyzed by 13e NMR. The sulfides were isolated hy removal of the solve nt 

followed by drying under vacuum to give brittle foams. The sulfides were identified 

by comparison of the 13e NMR spectra with those of the authentic compounds. 

Reaction of 162c yielded 167d, (0.56 g, 88%) while the reaction of 162b yielded 167c 

(0.49 g, 80%). The monosulfide did not reaet. 

Reaction of 162a·ç with Anhydrous Sodium Hydrosulfide (NaSH). 

To each sulfide in 25 ml of ether at OOC was added NaSH (2 equivalents) as a 

fine powder. The mixture was stirred under nitrogen for 24 h al ambient 

temperature. The mixture was filtered and the solve nt removed under reduced 

pressure to yield a brittle foam. Chromatography on silica gel with 20% chloroform 

in hexanes gave the bis(triphenylmethyl)sulfide. Reaction of 162a (0.310 g, l mmol) 

gave 167ç (0.11 g, 38%). Reaction of 162b (0.342 g, 1 mmol) gave 167d (0.19 g, 

58%). Reaction of 162c (0.187 g, 0.5 rnrnol) pave 167e (0.082 g, 46%). 



Reaction of 1Gb with Potassium Phthalimide: Preparation of 
Pbtbalimido(tripbenylmetbyl)disulfide (l79a) 

The preparation of 1798 is a 

modification of the procedure of 

McCIaskey, Kohn and Moore2lO who 

prepared otber phtbalimido disulfides. 

To a solution of potassium phthalimide 

(0.93 g, 5 mmol) in 10 'illL water was 
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added 10 g of crusbed ice and a solution of chloro(triphenylmethyl)disulfide (1.71 g, 

5 mmol) in 20 mL of hexanes. The reaction mixture was stirred vigorously for 2 h. 

Within 10 min of mixing, the color of the chlorodisulfide dissipated and a white 

precipitated was formed. The precipitate was isolated by filtration, wasbed with 

water and air dried to yield a white solid, (1.93 g) m.p. 145-1590 C. Recrystallization 

from ethanol gave an analytical sample m.p. 187-193 oC d; Rf = 0.51 (chloroform). 

IH NMR (CDCI3) &: 7.14-7.18 (m, 9H); 7.32-7.37 (m. 6H); 7.79 (s, 4H) ppm. 13C 

NMR (CDCI3) &: 72.46 (C-S); 123.73; 127.26; 127.84; 130.11; 132.04; 134.47; 143.00; 

166.35 (C=O) ppm. MS (El, 70 eV, 205°C) m/z: No M+o244 (82.2); 243 (Ph3C+, 

74.7); 166 (PhzC+, 71.7); 165 ([Ph2C-H]+ , 100); 104 (56.2). Elemental analysis: 

cal'd %C = 71.52, %H = 4.19, %N = 3.09: found %C = 71.57, %H = 3.93, %N = 
3.00. 

Reaction of 162e with Potassium Phthalimide: Preparation of 
Phthalimido(lriphenylmetbyl)trisulfide (179b) 

To a solution of 162e (0.187 g, 0.5 

mmol) in 2S mL ether was added 2 

equivalents of potassium phthalimide 

(0.186 g, 1.0 mmol) as a fine powder. The 

heterogeneous mixture was stirred for 4 h 

under nitroge~ over which time the 

yellow color of the trisulfide dissipated. The reaction was filtered to remove excess 

potassium phthalimide and KCI. TLC with 20% chloroform in hexanes shows a 

product and a small amount of a mixture of 167. Removal of the solvent under 

reduced pressure followed by recrystallization gave a white solid, (0.11 g, 47%), m.p. 

128-134°C d; Rf = 0.64 (chloroform). lH NMR (CDCl3) 6: 7.22-7.41 (01, 15H); 

210. B. L. Mccaskey, G. K. Kohn and J. E. Moore, U. S. Paient 3,356,~72, (1968); Chem. Abstr., 68, 
29441j (1968). 
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7.74-7.92 (m, 4H) ppm. 13e NMR (CDCI3) &: 73.93 (C-S); 123.97; 127.27; 127.81; 

130.29; 132.10;134.68; 142.74; 166.81 (C=O) ppm. 

Reaction of l'lb with Xanthie Acid Potassium Salt: Preparation of Q. 
EthylthjoearbonyJCtriphenylmetbyl)trisuifide 

A mixture of 162b (1.71 g, 5.0 nunol) and Âa.."':thic acid potassium salt (0.160 g, 
10.0 rnrnol) as a fine powder was stirred in 50 mL ether under nitrogen for 24 h. 

The mixture was filtered to remove any unreacted xanthie acid potassium salt and 

potassium chloride. Removal of the solvent under redueed pressure followed by 

recrystallization from ether yielded a light yellow soHd (0.80 g, 40%), m.p. 107-

108.SoC. 1H NMR (CDCI3) 6: 1.35,1.39, 1.42 (t, 3H); 4.49,4.52,4.56,4.593 (q, 2H); 

7.25-7.34 (m, lSH) pprn. De NMR (CDCI3) &: 13.58 (CH3); 71.36 (CH2); 73.43 (C­

S); 127.42; 128.06; 130.21; 142.87; 210.65 (C=S) ppm. MS (El, 70 eV, 150°C) m/z: 

243 (Ph3C+, 63); 165 ([Pb2C - H]+', 1(0); 150; 76 (CS2+, 49); 60 (COS+, 90); 45 

(EtO+, 42). 

Reaction of 16lb with Uthium Aluminium Hydride 

To a stirred solution of l62b (0.17 g, 0.50 nunol) in 25 mL ether was added 

lithium aluminium hydride (0.019 g, 0.50 nunol). The evolution of a gas with a fouI 

odor was deteeted, H2S. The mixture was stirred for 0.12 h and then filtered to yield 

a eolorless solution. Rernoval of the solvent under reduced pressure yielded a foam 

which was chromatographed on silica gel with 5% chloroform in hexanes. Two 

fractions were identified as, 163a (45.6 mg, 31%) (DC and tH NMR) and 167d (64.7 

mg, 42%) (13e NMR and comparison to the actual compound). 

Reaction of 16Zb with Triphenylphosphine (143) 

A sample of 16Zb (0.345 g, 0.0010 mol) and 143 (0.262 g, 0.0010 mol) were 

stirred in 15 mL chloroform at room temperature under a nitrogen atmosphere. 

The reaction was monitored by GC and after 12 h all of 143 was consurned and 

formation of triphenylphosphine sulfide was indicated. Chromatography of the 

mixture on silica gel with 20% chloroform in hexanes gave four fractions: sulfur (4.8 

mg) (TLC), 167c (0.165 g); 144 (0.271 g) (GC, TLC, m.p., 1H NMR); and 

triphenylphosphine oxide (0.056 g) (GC, l'LC, m.p., IH NMR) . 
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Reaction of 1Gb with Ethanol 

A sample of 162b (0.342 g, 0.001 mol) was stirred in 10 mL absolute ethanol 
under a nitrogen atmosphere. After 1 h the yellow color of the chlorodisulfide had 
dissipated. After 24 h a white precipitate has formed in solution which was isolated 
by filtration (0.082 g). TI..C indicated that it was one compone nt, lH NMR 
indicated only aromatic protons. Both 1LC and Ge revealed that the soUd was not 
ethyl triphenylmethyl ether (183). After 24 h in a chloroform solution the solid has 
decomposed to sulfur (lLe), and ethyl triphenylmethyl ether. The solid obtained 
from the filtrate contained 183, sulfur and two slower moving components (~C). 

Reaction of 162b with Sodium Ethoxide 

A sample of 162b (0.342 g. 0.001 mol) and potassium methoxide were stirred in 
10 mL absolute ethanol under a nitrogen atmosphere. The active species was 
therefore potassium ethoxide. After 0.5 h the yellow color of the chlorodisulfide 
had dissipated. After 24 h a light yellow precipitate has formed in the reaction 
mixture. Filtration gave (0.182 g) of a light yellow solid which was indicated by ne 
to consist of only one component. The ethanol solution consisted of several 
components identified as sulfur and 183 (TLC, Ge). The solid was aIso identified 
as 183 by a comparison of the spectra of the authentic compound. 

In a separate experiment, the ethanol solution was washed with ether and water 
and then separated by 1LC plates ,dth hexanes as the eluent to yield four 
components, sulfur (TLe), 183 (TLC, lH NMR, 13C NMR, m.p. 79.5-80oC (lit211 

82-830 C), m.m.p. 77.5-79.50 C», bis(tripheilylmethyl)trisulfide eH NMR, 13c NMR, 
GC) and triphenylchloromethane. 

6.2.6.2 Reaction Qf 162a. 162b and 162c With 1.3-Dienes 

IrappinK of S:z from tbe Decomposition of 1'2b: Rçpresentative Experimenta 

To a solution of 162b (0.51 g, 1.5 mmol) in 25 mL of dichloromethane was 

added 2,3-dimethyl-l,3-butadiene (0.041 g, 0.5 mmol). The solution was heated to 
reflux under nitrogen for 2 h, cooled to ambient temperature and the mixture 
adsorbed on silica gel. Chromatography on silica gel with 20% chlorofonn in 

hexanes yielded two isolated components identified as sul fur (lLC) and a pungent 

211. H. A. Smith and R. J. Smith J. Am. Chem. Soc., 70, 2400 (1948). 
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yellow oil (44 mg, 61%). The oil gave a IH NMR spectrum with signais 

corresponding to a 1:2.5 mixture of tetrasulfide and disulfide. 

The reaction was conducted by varying solvent, reaction time, temperature and 

ratio of the reactants. The results of tbese experiments and the condition are 

summarized in the main text (Table 14). 

The reaction above was repeated and chromatography with alumina as the solid 

support with 20% cbloroform in hexanes. No separation of the disulfide from the 

tetrasulfide was obtained. 

The above reaction was repeated and the chromatography conducted on silica 

gel using 5% chloroform in hexanes as the eluent. The chromatography fractions 

collected were one-third normal size. Three components were isolated and 

identified as: sulfur, the cyclic disulfide and cyclic tetrasulfide. Disulfide (21.6 mg, 
29%) 1H NMR (CDCI3) 6: 1.75 (s, 3H); 3.20 (s, 2H) ppm, 13C NMR (COC13) 6: 

20.80 (CH3); 34.15 (CHz); 125.13 (C=C) ppm. Tetrasulfide (25.4 mg, 35%), lH 

NMR (Cnel3) 6: 1.79 (s, 3H); 3.66 (s, 2H) ppm, 13C NMR (CDC13) 6: 18.13 (CH3); 

42.78 (CH2); 130.29 (C=C) ppm. 

Trap.pini of S:z from the Decomposition of 162b in the Presence afp-Hydroquinone 
am 

To a solution of 162b (0.51 g, 1.5 mmoI) and 175 (10 mg, 0.01 mmol) in 2S mL 

of chloroform was added 2,3-dimethyl-l,3-butadiene (0.041 g, 0.5 mmol). The 

solution was refluxed for 1 h under nitrogen and allowed to cool to ambient 

temperature. Chromatography on silica gel with 20% chloroform in hexanes gave a 

1:6 mixture of trapped adducts (32 mg, 44%). 

Changing the solvent system from chloroform to benzene gave a 40% yield of a 

1:6 disulfide to tetrasulfide mixture 

Atte~ted Trappin~ of Diatomic Sulfur from the Thermal Decomposition of 162b 
in the resence of Inhibitor 175. Separati?n with TLC Plates. 

A mixture of 162b (0.102 g, 0.300 mmoI), 2,3-dimethyl-1,3-butadiene (0.100 g, 

1.20 mmol) and 175 (0.005 g, 0.045 trur'll) was heated at 40°C ill 10 mL of 

chloroform, under nitrogen for 12 b. The solvent was removed under reduced 

pressure and the mixture chromatographed on silica gel TLC plates. The plates 

were developed twice with hexanes to yield a band below sulfur which corresponded 
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to a trapped ad de ct. Extraction of the silica gel with chloroform and filtration 

followed by removal of the solvent under reduced pressure gave a yellow oil (10.0 

mg, 22.8%). The IH NMR spectrum indicated the ail ta be a 1:3 mixture of 

disulfide ta tetrasulfide. 

A mixture of 162b (0.102 g, 0.300 mmol), 2,3-diphenyl-l,3-butadiene (0.1:!4 g, 

0.600 mmol) and 175 (0.005 g, 0.045 mmol) was heated at 40°C in 10 ml of 

chloroform, under nitrogen for 12 h. The solvent was removed under reduced 

pres:;ure and the mixture chromatographed on silica gel TLC plates with hexanes. 

The fraction from Rf 0.1-0.3 was collecte d, extracted with chloroform and 

chromatographed for a second time using the same conditions. The 

chromatOgraphy yielded two fractions, the disulfide (3.0 mg, 4%), lH NMR (CDCI) 

6: 3.67 (s, 2H); 7.20 (m, 5H) and the tetrasulfide (9.0 mg, 11%). 

Attempted Trapping of DiatoTl)ic Sulfur from the Decomposition of 173a 

a) 2,3-Dimethyl-l,3-butadiene 109 

To a solution of 173a (0.0494 g, 0.139 mmol) in 5 mL of chloroform was added 

three equivalents of 2,3-dimethyl-l,3-butadiene (0.0340 g, 0.417 mmol). The 

mixture was heated to 50°C for 2 h, cooled ta ambient temperature and the solvent 

removed under reduced pressure to near dryness. Chromatography of the residue 

on TLC plates with 2% chloroforn' in hexanes yielded a band corresponding ta 

tetrasulfide (4.6 mg, 22.7%). IH NMk. (CDCI3) 0: 3.64 (s, 2H); 1.79 (s, 3H). 

b) 2,3-Diphenyl-l,3-butadiene 110 

The above reaction repeated using 110 (0.086 g, 0.43 mmol) for 109 gave a 

complex mixture which could not be separated by TLC. The 1 H N MR spectrum of 

the crude reaction mixture exhibited a small signal which corresponded to the 

trapped adduct, 3.67 ppm. The material could not be isolated. 

Attempted Trapping of Diatomic Sulfur from the Thermal Decomposition of 173a 
in the Presence of 175 

A mixture of 173a (0.070 g, 0.200 mmol), 2,3-dimethyl-l,3-butadiene (0.050 g, 

0.600 mmol) and 175 (0.010 g, 0.090 mmol) in 10 ml of chloroform was heated at 

50°C, under nitrogen for 12 h. The solvent was removed under reduced pressure 

and the residue chromatographed on silica gel TLC plates using hexanes as the 

eluent. A band below sulfur was isolated which corresponded trapped adduct, 6.6 
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mg (23.1 %). 1 H NMR indicated al: 1 mixture of disulfide and tetrasulfide. 

Reaction of 1628 with 2.3-Dimetbyl-1,3-butadiene. 

To a solution of l62a (0.620 g, 2 mmol) in 25 mL of dry dichloromethane was 

added 2,3-dimethyl-1,3-butadiene (0.242 g, 3.0 mmol). The mixture was heated to 

reflux in the dark for 72 h and th en chromatographed on silica gel with 5% 

chloroform in hexanes; small amount of sulfur was obtained. No 107 or 127 were 

indicated. 

Reaction of 162e with 2.3-DimetbyJ-l.3-butadiene. 

To a ~olution of l62e (0.187 g, 0.50 mmol) in dry dichloromethane was added 

2,3-dimethyl-l,3-butadiene (0.121 g, 1.50 mmol). The mixture was heated to reflux 

in the dark for 2 h and then chromatographed on silica gel with 5% chloroform in 

hexanes to yield a 1:3 mixture of 107 and 127 (12.6 mg, 17%) 

6.2.6.3 Reaction of Chloro(triphenylmethyl)moDosulfide with Thiocarbonyl 
Compounds. 

Purification of 4.4' -DimethrnçythiobenzO,pheooue (193) 

Technical grade 193, obtained from Aldrich 

C~lemical Company, was purified using the 

procedure of Steliou and Mrani.88 To the 

thioketone-ketone mixture eH NMR) (3.68 g) in 
25 mL of dry toluene was added 

hexamethyldisilathiane (3.53 ml, 0.015 mol). To 

this mixture was added 9 mL of a 1 M baron 

trichloride solution in dichloromethane and the resulting mixture was refluxed for 4 

h. The solution was extracted with water and toluene and separated. The organic 

layer was dried with anhydrous sodium sulfate and the solvent removed under 

reduced pressure. Two recrystallizations from absolute ethanol gave 2.71 g (74%) 

of blue needle like crystals, m.p. 119-119.50 Ç (Iit.212 115°C); Rf = 0.04 (20% 

chloroform in hexanes, 0.64 (chloroform). lH NMR (CDeI3) &: 3.87 (s,6H); 6.87 

(d~ 4H) 7.72 (dt, 4H) ppm. 13e NMR (COC13) &: 55.47 (CH30); 113.10 (CH); 

212. L. Gattermann, Chem. Ber., 28, 2869 (1895). 
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132.07 ~CH); 140.71 (C-O); 163.06; 233.27 (C=S) ppm. 

Test of Photosensitivity of 193 

Two identical samples of 193 in chloroform-d were prepared in 5 mm N MR 
tubes. One sample was maintained in ambient light while the second sample was 

kept in the dark by wrapping foil. After 2 days the intense blue color of the Iight 

sample had t.iecreased but no change was observed in sample maintained in the 

dark. After 5 days the IH NMR spectrum of the light sample showed signais 

corresponding to the formation of 4.4' -dimethoxybenzophenone, whereas the dark 

sample exhibited no de composition either visually or in the 1 H NMR spectrum. 

After 8 d the sample maintained in ambient light was almost totally converted into 

the ketone as determined from the 1 H NMR spectrum. 

Preparation of Bis( 4-toly1)trithiocarbonate (194) 

To a mixture of 4-methylthiophenol (3.72 g, 

0.030 mol) and trietbylamine (4.04 mL, 0.030 mol) 

in 100 mL of ether at OOC was slowly added 

thiophosgene (1.73 g, 0.015 mol). Immediately 

upon the addition of the thiophosgene a white 

precipitate formed in the reaction flask. The addition time was 0.5 h and the 

reaction was stirred for a further 24 h at ambient temperature. The reaction 

mixture was filtered and the isolated solid washed with ethe~. The ether extracts 

were combined and the solvent removed under reduced pressure. Two 

recrystallization from hexanes gave a bright yellow solid (2.1 g, 46%), m.p. 114-

114.50 C (lit.213 115°C); Rf = 0.22 (20% chlorofonn in hexanes, 0.79 (cilloroform). 

lH NMR (CDCI3) 6: 2.43 (s, 6H); 7.28, 7.32 (d, 4H); 7.42, 7.46 (d, 4H). 13e NMR 

(CDCI3) 6: 21.44 (CH3); 127.12; 130.26; 135.30; 141.08; 226.21 (C=S) ppm. 

Preparation of Bis( 4-methoxyphenyl)thiocarbonate 

The preparation was analogous for the trithiocarbonate above except the 4· 

methoxyphenol (3.72 g 0.030 mol) replaced 4-methylthiophenol. Recrystallization 

from methanol yielded a flaky off white solid rn.p. 151-156°C, (1.6 g, 36%); Rf = 
0.04 (20% chloroform in hexanes, 0.57 (chloroform). 1H NMR (CDCI3) 0: 3.81 (s, 

213. W. Autenrieth, and H. Hefner, Chem. Ber., 58, 2151 (1925). 
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6H); 6.92, 6.97 (d, 4H); 7.11, 7.15 (d, 4H) ppm. 13C NMR (CDCl3) 0: 44.50 

(CH30); 114.47; 122.49; 147.16; 157.80; 195.92 (C = S) ppm. 

Reaction of 193 and 162..a 

To a flask containing 193 (0.183 g, 0.71 mmol) in 25 mL chloroform was added 

162a (0.210 g, 0.71 romol) as a soIid. The solution was stirred for 1 h over which 

time a precipitate formed in solution. The solution was filtered to leave a yellow 

solid which was washed with acetone and identified as sulfur (TLC), (0.207 g, 92%). 

Chromatography of the filtrate with 10% ethyl acetate in hexanes on silica gel 

yielded four components; trace amounts of sulfur, and 163a (an impurity in the 

sulfenyl chlorirle), starting mate rial 193 (0.161 g, 89%) and 169 (0.155 g, 87%) 

(formed from the hydrolysis of 164). 13e analysis of the cru de reaction mixture 

showed the presence of 164 and 193. 

Reaction of 193 and 172b for NMR Analysis 

A solution of 193 (0.0258 g, 0.01 mmol) and 172b (0.0310 g, 0.01 mmol) were 

prepared in dichloromethane-d2 and cooled to -78°C. The two solution were mixed 

in a 5 mm NMR tube at -78°C. The resulting solution was analyzed by 19F NMR, as 

described above. 

Reaction of 1623 and 194 

To a flask containing 194 (0.145 g, 0.50 rnrnol) in 20 mL chloroform was added 

l62a (0.155 g, 0.50 rnrnol) as a solid. The reaction mixture was stirred for 1 h over 

which time a yellow precipitate formed. Filtration yielded a yellow solid identified 

as sulfur (nC) (17.0 mg, 106%). On melting the yellow solid expands 60-700C, 

and finally melts lOO-110°C. Chromatographyon the filtrate with 20% chloroform 

in hexanes on silica gel yielded two components; starting material 194 (0.120 g, 

83%) and 169 (0.097 g, 75%) (formed in the hydrolysis of 164). 

Reaction of 194 and 172b for NMR Analysis 

A solution of 194 (0.029 g, 0.01 mmol) and l72b (0.0310 g, 0.01 mmoI) were 

prepared in dichloromethane-d2 and cooled to -78°C. The two solution were mixed 

in a 5 mm NMR tube at -78°C. The resulting solution was analyzed by 19F NMR, 

as described above. 

., 
• 



186 

Reaction of 1623 and 193 for Catalytic Determination 

To a solution of 193 (1.55 g, 50 mmol) in 50 mL of dry dichloromethane \Vas 

added 162a (0.017 g, 0.067 mmol). The blue color of the thioketone remained and 

the formation of a precipitate was observed. The mixture \Vas stirred for 8 h. 

Filtraùon yielded a yellow solid identified as sulfur, (0.157 g, 9R%). 

Chromatography of the filtrate with 20% chioroform in hexanes on silica gel yielded 

three components; a trace of sulfur (TLC), the starting thioketone 193 (0.011 g. 

65%) and triphenylmeth~nol169 (1.102 g, 87%). 

6.2.6.4 Reaction of 162b with ThiocarbQnyl Compounds: Attempted Preparation of 
a Thioozonide. 

To a stirred solution of 162b (0.172 g, 0.500 rnrnol) in 10 mL Jry 

dichloromethane at -78°C under a' nitrogen atmosphere was added dropwise a 

solution of 193 (0.129 g, 0.500 mmoI) in 5 mL of dry dichloromethane. Upon 

addition. the biue color of the thione immediately dissipated forming a yellow 

solution on further addition solution slowly darkened to orange. As the reaction 

mixture warmed to room temperature the orange solution changed to cherry-red 

between (-25°C to -15°C). No other change was observed on warming to ambient 

temperature. 

A sample of the red solution shaken in air converts to the blue of the thioketone 

over a period of five minutes. To determine the cause of the col or change two 

experiments were conducted. A sample of the red solution was flushed with dry 

oxygen (over phosphorus pentoxide) and no change was observed. A small sample 

of the red solution was shaken with deaerated water (boiled, cooled under nitrogen) 

under a nitrogen atmosphere reverts to the blue of the thione. The original change 

is thus attributable to moi sture in the air. 

Reaction of 162b and 193 for NMR Analysis. 

The above reaction was repeated at -40°C using one-tenth the reagent in 

deuterated chloroform. The solution was analyzed by 13C and IH NMR 

spectroscopy. IH NMR (CDC13) d: 3.82 (s, 6H); 6.81, 6.85 (d, 4H); 7.31 (m, 19H) 

ppm. 13C NMR (CDC13) d: 55.31 (CH3); 72.51 (C-S); 113.00; 127.03; 127.58; 

129.97; 130.36; 133.12; 142.73; 159.27 ppm. 
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Preparation of bis' 4-methoxyphenyl)methanethiol (200) 

To a stirred suspension of lithium aluminium 

hydride (0.046 g, 1.20 mmol) in 10 mL of 

anhydrous ether was added dropwise 1930.310 g MIIO--( }-12CH-SH 

(1.20 mmol) in 10 mL of anhydrous ether. Upon 

addition the blue color of the thiobenzophenone 
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dissipated. The mixture was stirred at room temperature for 3 h, poured onto ice 

water and neutralized with 10% sulfuric acid. The mixture was separated and the 

aqueous layer washed twice with 50 mL ether. The ether extracts were combined 

and dried over anhydrous sodium sulfate. The solvent was removed in vacuo and 

the resulti!1g light blue solid chromatographed on silica gel witb 20% chloroform in 

hexanes to yield a white soIid, (0.135 g, 43%) m.p. 77.0-78.rPC. lH NMR (CDCI3) 

6: 2.20, 2.23 (d, 1H); 3.76 (s, 6H); 5.37,5.39 (d, 1H); 6.80-6.84 (dt, 4H); 7.26-7.32 (dt, 

4H) ppm. 13C NMR (CDCI3) 6: 46.50 (CH-SH); 55.21 (CH30); 113.78; 128.73; 

135.82; 158.53 ppm. IR (KBr) cm- l : 3006; 2961; 2931; 2902; 2836; 1511; 1457; 1258; 

1234; 1174; 1024; 808. MS (El, 70eV, 80°C) m/z: No M+· ; 227 ([M - SH]+, 100); 

211 ([M - (H2S + CH3)+, 39); 170 (45); 169 (12); 152 (19); 141 (18); 121 (33) .. 

Reaction of 193 and 173b for 19F NMR Analysis. 

Solutions of 193 (0.029 g, 0.01 mmoI) and l73b (0.0310 g, 0.01 mmol) were 

prepared in dichloromethane-d2 and cooled to -78°C. The two solution were mixed 

in a 5 mm NMR tube at -78°C. The resulting solution was analyzed by 19p NMR, 

as described previously. 

uv analysis of reaction of 162b and 193. 

Stock solutions of l62b and 193 were prepared in chloroform. The reagents 

we:e mixed in the desired ratio and the solution analyzed in the UV spectrometer 

with or with-out a delay period. The results are ?resented in the main text. 

Purification of the Decomposition Products of the Adduct of l'2b an.d..l2l 

The adduct was prepared at -40 oC in chloroform from 193 0.129 g (0.50 mmol) 

and 162b (0.171 g, 0.50 mmoI). The solution was allowed to warm to room 

tempe rature and th en heated to 50°C for 48 h in the absence of light. The resulting 

blue solution was chromatographed on silica gel with 20% chloroform in hexanes 

,. 
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and tben the eluent was changed to 10% ethyl acetate in hexanes. At the start of 

the column a blue band which corresponded to 193 was observed but quickly faded. 

The initial elution with 20% chloroform in hexanes gave three fractions. The first 

was a yellow soli d, id~ntified to be sulfur (0.0140 g) (TLC, rn.p. 116-116.S0 C). The 

second fraction W&s a white solid (0.0251 g), identified to be triphenylmethane (tH 

NMR, 13e NMR, TLC, m.p. 9Q..93°C). The third fraction was identified to be a 

mixture of bis(triphenylmethyl)sulfides (13e NMR). Changmg the solvent to 10% 

ethyl acetate in hexanes yielded two further components. The first was 169 and t~le 

final product was a white soli d, (0.0913 g), identified to be 4,4-

dimethoxybenzophenone eH NMR, 13c NMR, TLC). 

Attempted TrappinK of Diatomic Sulfur from the 1; 1 Addition Adduct of 162b and 
193: NMR Seale. 

A sample of the 1:1 addition product of addition adduct of 162b and 193 and 

2,3-dimethyl-1,3-butadiene in 5 mL of chloroform-d was heated to 50°C for 3 days. 

The colorless solution tumed blue during the heating period. lH NMR analysis of 

the mixture showed signaIs corresponding to the tetrasulfide. 

Attempted TrappinK of Diatomic Sulfur frOID the Crude 1; 1 Addition Adduct of 
1'2b and 193 in the Presence of an Inhibitor. 

The adduct was prepared as ab ove from 162b (0.061 g, 0.178 rnrnoI) and 193 

(0.044 g, 0.171 mmol). To the mixture at room tempe rature was added 175 (0.020 g, 

0.02 mmol) and 2.3-dimethyl-l,3-butadiene (0.075 g, 0.915 mmol) in 20 mL of 

dichloromethane_ The mixture was heated to 50°C for 12 h under nitrogen. The 

solvent was removed under reduced pressure and the blue mixture 

chromatographed on silica gel TLC plates using hexanes. Each plate was developed 

twice to yield a band below that of sulfur. lbe fraction was removed and extracted 

with chloroform to yield the tetrasulfide (5.0 mg, 19.2%). 

6.2.7 preparation and Reaction of Bis(triphenylmethyl)sulfides 

Preparation of Bis(triphenylmethyl)monosulfide (167a) 

To a stirred solution of triphenylmethane (1.22 g, 5.0 mmol) in 50 mL THF at 

OOC under nitrogen was added (2.0 mL, 5.0 mmol) of a 2.5M n-butyllithium solution 

in ether. The resulting red solution was stirred for 0.25 h and 162a added as a solid. 

The red color dissipated and the light brown solution stirred for 1 h. The solvent 
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was removed under reduced pressure to leave a gummy yellow solid. Analysis of the 

crude mixture by 13C NMR indicated the presence of the monosulfide, trisulfide, 

tetrasulfide and the starting Methane. Recrystallization from acetone gave a light 

yellow solid (0.13 g, 5%). m.p. 161-163°C (lit165,1l9 165°C, 182°C dl. 13C NMR 

(Cnel3) &: 67.76, 126.83,127.34,130.43, 143.71 ppm. 

Preparation of Bjs(triphenylmethyl)disulfide (167b) 

The disulfide was prepared by the procedure of Vorlander and Mittag.119 13e 

NMR (CnC13) 6: 73.53; 126.97; 127.47; 130.58; 143.84 ppm. 

Attempted Preparations of 167b from 1628 and the Anion .2f.Jü 

To a solution of 164 at -20°C was slowly added a solution of n-butyllithium in 

hexanes. The resulting mixture was stirred for 10 min and a solution of 162a was 

slowly added dropwise and the solution allowed to stir for 1 h at ambient 

temperature. 13C analysis of the crude mixture showed the presence of three 

eomponents, 167b, 167c and 164 and the starting chloromethane. 

X-ray Analysis of 167b. 

A colorless parallelpied crystal of C38H3QS2 recrystallized from 

dichloromethane having approximate dimensions of 0.40 X 0.40 X 0.50 mm was 

mounted on a glass fiber. AlI measurements were made on a Rigaku AFC6S 

diffractometer with graphite monochromated Cu Ka at 1.75 Kw. The monoclinie 

eell parameters and calculated volume are a = 14.006(2), b = 12.173(1) and e = 

17.415(2)Â, fJ = 103.808°, V = 2883.4(5)A3. For Z = 4 and F.W. = 550.78 the 

ealculated density is 1.269 g/cm3. The space group was detemIined to be P21/e 

(#14). The data was coUected at a temperature of 20 ± 1° using the w-28 scan 

teehniqut; to a maximum 28 value of 110.0°. A total of 4019 reflections were 

coUected of which 3836 were unique. The structure was solved by direct mel hods 

The non-hydrogen atoms were refined anisotropically. The final cycle of full-matrix 

least-squares refinement was based on 2855 observed reflections (1 > 3.000(1» and 

482 variable parameters and converged (Iargest parame ter shift was 0.03 times its 

esd) with unweighted and weighted agreement factors of R = l Il Fo 1 - 1 Fe Il / l 
!Fol = 0.041, Rw = [( l w (IFol - 1 Fel) / l wF02)]1/2 = 0036. The standard 

devi2.~ion of an observation unit weight was 2.42. AlI calculations were performed 

using the TEXSAN crystallographic software package of Molecular Structure 



190 

Corporation. 

Thermolysis of 167b. 

A sample of 167b (0.203 g, 0.37 mmol) was heated slowly (5°C/min) to a 

temperature of 165°C under nitrogen. The mixture was then allo~' ';!d to slowly cool 

ta ambient temperature. The residue was dissolved in Cnel) and analyzed by Be 
NMR. TLe of the mixture indicated the presence of thiobenzophenone and no 

sulfur. Chromatography on silica gel with 20% chloroform in hexanes yielded three 

compounds. Changing tL": solve nt to 1:1 chloroform/hexanes yielded one further 

fraction. Fraction 1 was id~ntified as triphenylmethane (19 mg, 9%); fraction 2 was 

identified as a mixture of 167c and 167d (106 mg, 50% (of the isolated material hy 

weight», 167d was the predominant component of the mixture; Fraction 3 was a 

mixture of several components that cou Id not be identified (71 mg, 34% (of the 

isolated material by weight»; Fraction 4 was identified as a mixture of 169, 

thiobenzophenone and thiobenzophenone (17 mg, 8% (of the isolated mate rial hy 

weight». The identifications were made on the ba.!lis of the l3C NMR spectra. 

Preparation of Bis(triphenylmethy!)trisulfide (167c). 

To a stirred suspension of N,N'-thiobisbenzimidazole26 (2.66 g, 10 mmo!) in 50 

mL benzene was slowly added 1633 (5.52 g, 20 mmol) in 50 mL benzene. Addition 

time was 0.5 h and the mixture stirred for a further 24 h. The benzimidazole was 

removed by filtration and the solvent removed under reduced pressure to give a 

brittle foam. Recrystallization from benzene-petroJeum ether gave a white solid 

(1.87 g, 32%), rn.p. 154-156°C (lit165 146-148°C).214 IH NMR (CnCl3) 0: 7.238-

7.359 (m) ppm. 13C NMR (CDCI3) 6: 72.55; 126.95; 127.81; 130.25; 143.45 ppm. 

Preparation of Bis(triphenylmethyl)tetrasulfide (167d), 

The tetrasulfide was prepared as for the 167c except N, N'­

dithiobisbenzimidazole26 (2.99 g, 10 mmol) was replaced for N, N'­

thiobisbenzimidazole. Recrystallization of the brittle foam from chloroform-ethanol 

214. Nabakayshi, ref. 165, synthesized the sulfides from 3-7 sulfurs and found that they ail had 
nearly identical melting points. Careful recrystallization of 167c gave a solid whlch had a 
higher melting point. A mixed melting W1th the soùd prepared by the method of Nabakayshi 
and the sample of 167,e showed no de pression of the melting pOInt. This mdicated that the 
melting point reporte,d was incorrect. The difference in melting point is reasonable in 
consideration of the bond dissociation energies of di-, tri· and tetrasulfides. 
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yielded a white solid (0.55 g, 18%) m.p. 141-143°C (lit16S 146-141>C). Mixed 

meltingpoint with 167e 132-142°C IH NMR (CDCI3> 6: 7.238-7.359 (m) ppm. 13e 

NMR (COCI3> &: 73.49; 127.13; 127.86; 130.33; 143.27 ppm. 

Preparation of Bis(Irjphenylmetby1)pentasulfide (167e). 

To a solution of 162b (1.75 gJ 5.0 mmol) in 50 mL ether was added 

hexamethyldisilathiane215 (0.45 g, 2.5 mmol). The mixture was stirred under 

nitrogen for 18 h and extracted with a chloroform water mixture and separated. The 

organic layer was dried over anhydrous magnesium sulfate and the solvent removed 

under reduced pressure. Recrystallization from chloroform-ethanol gave a Iight 

yellow solid (0.41 g, 25%) m.p. 141-143°C (lit165 146-147°C). IH NMR (CnCI3> &: 

7.238-7.359 (m) ppm. 13C NMR (CnCI3) 6: 73.66; 127.12; 127.93; 130.30; 143.10 

ppm. 

Preparation of Bis(Triphenylmetby1)heptasulfide (167.:). 

To a solution of 162e (0.376 g, 1.0 mmol) in 50 mL ether was added 

hexamethyldisilathiane215 (0.090 mL, 0.50 mmol). The mixture was stirred under 

nitrogen for 18 h and extracted with a chloroform water mixture. The organic layer 

was separated, dried over anhydrous magnesium sulfate and the solvent removed 

under reduced pressure. Chromatogr(l.phy on silica gel with 20% cbloroform in 

hexanes gave a light yellow solid (0.156 g, 51%) m.p. 146-148°C (lit165 146-147°C). 

IH NMR (C003) 6: 7.238-7.359 (m) ppm. DC NMR (CnCI3) &: 73.80; 127.29; 

128.01; 130.26; 142.86 ppm. 

Preparation of bis(mono-4-fluorotdphenylmethyl)tdsulfide 

To a suspension of N,N'-thiobisbenzimadizole (0.904 g, 0.0034 mol) in 50 mL 

benzene under nitrogeil was slowly added mono-4-fluorotriphenylmethanethiol (2.0 

g, 0.0068 mol) in 50 mL of benzene. Addition time was 0.5 h and the mixture stirred 

for a further 24 h. The reaction was filtered to remove benzimidazole and the 

solvent removed under reduced pressure to leave a brittle foam. Recrystallization 

from a mixture of petroleum ether chlorofOIm yielded a white solid 0.15 g, (66%), 

m.p. 145-148°C. lH N~m (CnCI3) 6: 6.90, 6.95, 6.99 (1, 2H); 7.16-7.26 (m, 12H) 

ppm. 13C NMR (COCI3) S: 72.03 (C-S); 114.48, 114.77 (d); 127.15; 128.00; 130.03; 

215. D. N. Harpp, and K. Steliou. Synthesis, 721 (1976) . 
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132.03, 132.14 (d); 139.10, 139.14 (d); 143.33; 160.03, 163.32 (d) ppm. 

Preparation of bis(mono-4-fluorotriQhenylmethyl)tetrasulfide 

The tetrasulfide was prepared as the trisulfide except N,N'-

dithiobisbenzimadizole (0.99 g, 0.0034 mol) was replaced for N,N'­

thiobisbenzimadizole. The foam was recrystallized from a mixture of ethanol and 

chloroform to yield a white solid, m.p 126-128°C. IH NMR (CDCI3) 6: 6.89, 6.93, 

6.97 (t, 2H); 7.14-7.29 (m. 12H) ppm. BC NMR (CDC13) 6: 72.88 (C-S); 114.55, 

114.82 (d); 127.31; 128.01; 130.08; 132.15, 132.25 (d); 138.86, 1.38.90 (d); 143.18; 

160.06, 163.34 (d) ppm. 

Thennolysis of 167c-e 

A sample of the each sulfide was heated in open-end capillary melting point 

tube. The resulting mixtures were analyzed by l3C NMR for the unsubstituteu 

sulfides and by 19F NMR for the substituted sulfides. The results are reported in 

the main text. 

Preparation of Triphenylphosphine dibromide (811 

The following procedure was conducted 

employing vigorously dry conditions. To a solution 

of triphenylphosphine (0.270 g, 1.05 mmol) in 5 

mL of dichlorometha:te at OOC under nitrogen was 

y O-P_81. 
-6 

slowly added bromine (0.160 g, 1 mmol). The solution was surred and over 5 min a 

precipitate was formed in tbe reaction mixture. The mixture was used immediately. 

Isolation of the products from the reactlOn of bi~(triphenylmethyl)tn<.;ulfide 

To a solution of 167c (0.582 g. 1.0 mmol)in 25 mL of dry dichloromethane wa~ 

slowly added a slurry of triphenylphosphine dibromide (1.0 mmol) in 1 mL of 

dicbloromethane. The reaction mixrure was ~tirred and the progre~~ followed by 

TLC. After 2 h the solve nt was removed under reduced pressure and the mixture 

chromatographed on silica gel with 10% ethyl acetate in hexanes and then flu~hed 

witb metbylene chloride. Isolated components included sulfur (19 mg, 30%), 

triphenylphosphine sulfide (213 mg, 72%) triphenylbromomethane (395 mg, 61%) 

and unreacted starting material (175 mg, 30%). The total recovery of matenal wa~ 
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Attempted Trapping of $2 from the Reaction of Bis(triphenylmethyl)trisulfide 
(167c) and Triphenylphosphine dihromide (8Il. 

193 

To a solution of 167c (0.582 g, 1.0 mmol) and 2,3-dimethyI-1,3-butadiene (0.041 

g, 0.50 mmol) in 25 mL of dichioromethane was slowIy added a slurry of 

triphenylphosphine dibrornide (1.0 mmoI) in 1 mL of àichloromethane. The 

reaction mixture was stirred and the progress followed by TLC. The reaction was 

stirred for 72 h and then chromatographed on silica gel with 5% chlorofonn in 

hexanes. The fraction below sulfur was collected and a IH NMR spectrum 

acquired. The spectrum gave signaIs indicating a mixture of three components, 

disulfide. tetrasulfide and brominated diene. The brominated diene was identified 

by the reaction of a sample of the diene with bromine. 
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APPENDIX 

Atomic Coordinates (x,y,z) and Temperature Factors (Beq. A2) for 162a. 

atom x y z B (eq) 

Cl. (A) 0.1803(2) 0.5667 (1) 0.4639(2) 5.6(1) 
S (lA) 0.2243(2) 0.5201(1) 0.6435 (2) 4.00(6) 
C (lA) 0.4133(6) 0.7218(4) 0.9404(6) 3.2 (3) 
C (2A) 0.5271(6) o .7722 (4) 0.9684 (7) 3.9 (3) 
C (3A) 0.5932(~) 0.7727 (5) 0.6664 (8) 4.1(3) 
C (4A) 0.5461(6) 0.7242 (5) 0.7360(7) 4.3 (3) 
C (SA) 0.4327(6) 0.6726(4) 0.7064(6) 3.7(3) 
C (6A) 0.3643(6) 0.6721(4) 0.8091 (6) 2.7(2) 
C (7A) 0.0016(6) 0.6429(4) 0.6991(7) 3.6 (3) 
C (8A) -0.1056(6) 0.6949(5) 0.6702(7) 4.3(3) 
C (9A) -0.0920 (7) 0.7872 (5) 0.6943 (7) 4.5 (3) 
C (10A) 0.0277(7) 0.8275 (4) 0.7446(7) 4.0(3) 
C (11A) 0.1351(6) 0.7737(4) 0.7708(6) 3.4 (3) 
C (12A) 0.1242(6) 0.6817(4) 0.7504(6) 2.7(2) 
C (13A) 0.3294(6) 0.5059 (4) 0.9326(7) 3.4 (3) 
C (14A) 0.3298(6) 0.4583 (4) 1.0369(7) 4.1(3) 
C (15A) 0.2391(7) 0.4734 (5) 1.1153 (7) 4.2(3) 
C (16A) 0.1506(6) 0.5394(5) 1.0909(7) 4.0(3) 
C (17A) 0.1485(6) 0.5873(4) 0.9853(6) 3.3(3) 
C (16A) 0.2378(6) 0.5710 (4) 0.9028(6) 2.8 (2) 
C (19A) 0.2400(6) 0.6206(4) 0.7829(6) 2.7(2) 
H (lA) 0.3676 0.7230 1. 0128 7.: 
H (2A) 0.5580 0.8067 1.0604 17.3 
H (3A) 0.6699 0.8064 0.8853 10.2 
H (4A) 0.5914 o .7223 0.6627 8.7 
H (SA) 0.4010 o . 6385 0.6151 4.8 
H (6A) -0.0078 o . 5772 0.6816 6.6 
H (7A) -0.1878 O. 6664 0.6351 6.1 
H (SA) -0.1653 0.8237 0.6747 7.7 
H (9A) 0.0371 0.8918 0.7609 11. 4 
H (10A) 0.2171 0.8026 0.8075 4.5 
H (11A) 0.3935 0.4950 0.8772 3.5 
H (12A) 0.3936 o .4131 1.0554 6.1 
H (13A) 0.2396 0.4405 1.1885 10.1 
H (14A) 0.0854 o .5497 1.1433 3.2 
H (15A) 0.0853 0.6317 0.9652 2.1 
Cl (B) 0.3280(2) 0.9407(1) 0.1029(2) 5.7(1) 
S (lB) 0.2848(2) 0.9832 (1) 0.2885(2) 4.02 (6) 
C (1.B) 0.0857(6) 0.7817(4) o .3702 (6) 3.3 (3) 
C (2B) -0.0292(7) 0.7324 (4) 0.3132(8) 4.3 (3) 
C (3B) -0.0913(7) 0.7328 (5) O.1771(8} 4.8 (3) 
C (4B) -0.0416(7) 0.7822(5) 0.0995(7) 5.0 (4) 
C (SB) 0.0740«(j) 0.8318(5) 0.1560 (7) 3.8 (3) 
C (6B) 0.1377(6) 0.8312(4} 0.2927(6) 2.8 (2) 
C (7B) 0.5028 (6) 0.8529(4) 0.3820(6) 3.4 (3) 
C (SB) 0.6064(6) 0.7968 (5) 0.3795 (7) 3.9(3) 
C (9B) 0.5880(7) 0.7051 (5) 0.3450 (7) 4.2(3) 
C (lOB) 0.4655(7) 0.6682(4) 0.3122(7) 4.1 (3) 
C (llB) 0.3619(6) 0.7253 (4) 0.3138(6) 3.4 (3) 
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Atomic Coordinates (x,y,z) and Temperature Factors (Beq, A2) for 162a . . 

atom x y z 8(eq) 

C (128) 0.3780(6) 0.8173(4) 0.3483 (6) 2.7(2) 
C (138) 0.1709(6) 0.9897(4) 0.5290(6) 3.4 (3) 
C (148) 0.1692(6) 1.0355(4) 0.6586(7) 3.9(3) 
C (158) 0.2608(7) 1.0203(5) 0.7732 (7) 4.2(3) 
C (168) 0.3530(6) 0.9567 (5) 0.7551 (6) 3.7(3) 
C (178) 0.3560(6) 0.9117(4) 0.6232 (6) 3.1(3) 
C (188) 0.2658 (6) 0.9270(4) 0.5068 (6) 2.6(2) 
C (198) 0.2660(6) 0.8800(4) 0.3595 (6) 2.6(2) 
H(18) 0.1287 0.7794 0.4657 5.3 
H(28) -0.0626 0.6975 0.3693 5.8 
H(38) -0.1688 0.7002 0.1385 11.5 
H (4B) -0.0838 0.7846 0.0041 15.6 
H (SB) :).1074 0.8664 0.1004 4.5 
H (68) 0.5161 0.9175 0.4066 6.5 
H (7B) 0.6907 0.8227 0.4031 6.4 
H(8B) 0.6586 0.6662 0.3435 6.0 
H (9B) 0.4517 0.6044 0.2873 10.1 
H (lOB) 0.2771 0.6992 0.2908 5.6 
H (118) 0.1065 1.0002 0.4482 3.2 
H (128) 0.1031 1.0782 0.6713 5.7 
H (138) 0.2591 1.0516 0.8641 6.0 
H (148) 0.4184 0.9469 0.8337 5.3 
H (158) 0.4218 0.8688 0.6106 2.2 
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Atomic Coordinat es (x,y,z) and Temperature Factors (Beq, A2) for 162b. 

atom x y z B(eq) 

Cl 0.7196(2) 0.0362(1 ) 1 ~j"'("'" 
• - ~ - \ - 1 5.54(6) 

5 ( 1 ) 0.7928(1) 0.2395( 1) !'.f)EB(.~.' 3.53(5) 
5 ( 2 ) 0.8616(2) 0.2364(1) 1.::850(1.) 4.27(5) 
C(l) 0.3800(6) 0.2104(5) 1.0~'7?(5) 3.5 ( 2 ) 
C(2) 0.2286(6) 0.1263(5) ~.~:::(~\ 4.5 ( 2 ) 
C(3) 0.1975(7) 0.0672(6) 1..~~I):(-\ 4.5 ( 2 ) 
C(4) 0.3194(7) 0.0944(6) 1.:768('; .. 1.5(2) 
C(5) 0.4702(6) 0.1790(6) 1..2457 1 6' 3.8 ( 2 ) 
C(6) 0.5026(5) 0.2376(4) 1.1149(5) 2.7(2) 
C(7) 0.8956(6} 0.5644(6) !..2226''5~ 3.7(2) 
C(8) 0.9526(7) 0.6941(6) 1..3192(7' 4.6(2) 
C(9) 0.8577(6) 0.7413(6) 1.3S'14(5) 4.3(2) 
C(10) 0.7014(6) 0.6571(6) 1.3658(6) 4.2 ( 2 ) 
C(ll) 0.6412(6) 0.5266(5) 1.2707':3) 3.3(2} 
C ( 12 ) 0.7367(5) 0.4768(5) 1.1.984(3) 2.6(2) 
C(13) 0.6425(6) 0.2525(5) 0.6121(:;) 3.5 ( 2 ) 
C(14) 0.6595(6) 0.2783(7) 0.66531:;) 4.1 ( 2 ) 
C(15) 0.7154(6) 0.4170(7) 0.E341('5) 4.3(2) 
C ( 16 ) 0.7552(6) 0.5312(6) 0.7445(6) 3.8(2) 
C( 17 ) 0.7406(5) 0.5076(5) 0.8909(5) 3.1 ( 2 ) 
C(18) 0.6858(5) 0.3689(5) 0.9262(5) 2.7(2) 
C(19) 0.6686(5) O.3385(4) 1.0655(4) 2.5(2) 
H(l) 0.399(4) 0.255(4) 0.935(4) 3 ( 1 ) 
H(2) 0.142(6) 0.107(5) 0.978(6) 7(2) 
H(3) 0.092(6) 0.017(6) 1.208(5) 8 (2) 
H(4) 0.312(5) 0.064(4) 1.352(4) 2(1) 
H(5) 0.550(5) 0.195(4) 1.316(4) 4 (1) 
H(6) 0.965(4) 0.531(4) 1.170(4) 3 ( 1 ) 
H(7) 1.041(5) 0.742(5) 1.323(5) 4 ( 1 ) 
H(8) 0.906(4) 0.840(4) 1.452(4) 2.4(9) 
H(9) 0.636(5) 0.691(5) 1.408(5) 4(1) 
H(10) 0.532 ( 5) 0.471(5) 1.259(5) 5(1) 
B( 11) 0.591(4) 0.143(4) 0.830(4) 3(1) 
H( 12) 0.619(5} 0.193(5) 0.590(5) 4 ( 1) 
B(13) 0.708(6) 0.423(5) 0.537(5) 6(1) 
H(14) 0.777 ( 5) 0.629(5) 0.723(4) 4 ( 1) 
H( 15) 0.760(4) 0.582(4) 0.965(4) 2 (1) 
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Atomic Coordinates (x,y,z) and Temperature Factors (Beq, A2) for 162c. 

atom x y z B (eq) 

Cl 1.0536(3) 0.1829(2) 0.4255 6 • 7 (2) 
S (1) 0.8698(3) 0.3236(1) 0.1890(5) 4.2(1) 
S(2) 0.9623(3) 0.3402 (1) 0.3655 (5) 4.8(1) 
S (3) 1.1360 (3) 0.2773 (1) 0.3781(5) 4.8(1) 
C (19) O. 923 (1) 0.3976(4) 0.080(1) 3.1(4) 
C(18) 0.8828(7) 0.3667 (3) -0.0527 (7) 3.6(2) 
C(17) 0.9838 (6) 0.3597 (3) -0.1525(8) 4.7(2) 
C (16) 0.9435 (8) 0.3288 (4) -0.2695(7) 6.0(3) 
C(lS) 0.8020(9) 0.3048(4) -0.2867 (7) 7.7(4) 
C(14) 0.7009(6) 0.3118 (4) -0.1869 (9) 6.6(3) 
C (13) 0.7413(6) 0.3427 (4) -0.0699(8) 5.4(3) 
H(1S) 1.0802 (6) 0.3761 (5) -0.141(1) 6.8 
H(14) 1.012(1) 0.3240 (6) -0.3375 (8) 6.8 
H (13) 0.775(1) 0.2837(6) -0.3664 (9) 6.8 
H (12) 0.6046(7) 0.2954(6) -0.199(1) 6.8 
H (11) 0.6724 (8) 0.3474 (6) -0.002 (1) 6.8 
C(12) 1.0848 (5) 0.4133 (3) 0.0947(8) 3.5(2) 
C (7) 1.1832 (6) 0.3582 (2) 0.0880(8) 3.8(2) 
C (8) 1.3313 (6) 0.3708 (3) 0.1024 (9) 5.0(2) 
C (9) 1.3809 (5) 0.4385 (3) 0.123 (1) 6.0(3) 
C (10) 1.2825 (7) 0.4936 (3) 0.130(1) 5.8(3) 
C (11) 1.1345(6) 0.4810 (2) 0.1157(9) 4.5(2) 
H (6) 1.1494(8) 0.3121 (3) 0.074(1) 5.1 
H(7) 1.3983 (7) 0.3333 (4) 0.098(1) 5.1 
H (8) 1.4818 (5) 0.4472 (5) 0.133(1) 5.1 
H (9) 1.316(1) 0.5397 (3) 0.144(1) 5.1 
H (10) 1.0674(8) 0.5185 (3) 0.120 (1) 5.1 
C (6) 0.8260(6) 0.4620 (3) 0.1057(8) 4.2(2) 
C (1) 0.7923(7) 0.5052 (4) 0.0012 (7) 5.0(2) 
C (2) 0.7114 (8) 0.5656 (3) 0.0211(8) 6.3(3) 
C (3) 0.6642 (8) 0.5829 (3) 0.1457 (9) 6.0(3) 
C (4) 0.6980 (8) 0.5397 (4) 0.2502 (7) 5.7(3) 
C (5) 0.7789 (7) 0.4792 (3) 0.2302 (7) 4.6(2) 
H (1) 0.824(1) 0.4934 (5) -0.0836 (7) 5.9 
H (2) 0.688(1) 0.5951 (5) -0.0500(9) 5.9 
H (3) 0.609(1) 0.6240 (4) 0.159(1) 5.9 
H (4) 0.666(1) 0.5514 (5) 0.3350(8) 5.9 
H (5) 0.802(1) 0.4498 (4) 0.3014(8) 5.9 

r 
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Atomic Coordinates (x,y,z) and Temperature Factors (Beq, A2) for 167b. 

atom x y z B (eq) 

5(1) 0.76908(6) 0.20102(7) 0.29014(5) 3.42(4) 
5 (2) 0.62789 (6) 0.15521 (7) 0.27232(5) 3.07(4) 
C (1) 0.7433(3) -0.0502 (3) 0.3644(2) 3.5(2) 
C(2) 0.6928(3) -0.1262 (3) 0.3982(3) 4.4(2) 
C (3) 0.6972(3) -0.1218 (3) 0.4777(3) 4.7(2) 
C(4) 0.7520(3) -0.0418 (4) 0.5226(3) 4.3(2) 
C(5) 0.8025(3) 0.0356 (3) 0.4887(2) 3.3(2) 
C (6) 0.7984(2) 0.0325 (3) 0.4089(2) 2.5(1) 
C (7) 0.9591(3) -0.0540 (3) 0.3503(2) 3.4(2) 
C (8) 1.0310(3) -0.1036 (3) 0.3187(2) 4 • 3 (2) 
C (9) 1.0727(3) -0.0484 (4) 0.2671(2) 5.1(2) 
C(10) 1.0435(3) 0.0575 (4) 0.2466(3) 5.4(2) 
C(11) 0.9715 (3) 0.1070 (4) 0.2772 (2) 4.3(2) 
C(12) o . 9276 (2) 0.0511 (3) 0.3296(2) 2.8(1) 
C(13) 1.0128(3) o .2000 (3),. 0.4510(2) 3.4(2) 
C(14) 1.0623(3) 0.2778 (3) 0.5034 (2) 4.5(2) 
C (15) 1.0107(3) 0.3578 (4) 0.5320(2) 4.8(2) 
C (16) 0.9099 (4) 0.3580 (4) 0.5090(2) 4.8(2) 
C (17) 0.8607(3) 0.2806(3) 0.4568(2) 3.7(2) 
C(18) 0.9114 (2) 0.1994 (3) 0.4261(2) 2.6(1) 
C (19) o . 8560 (2) 0.1118 (2) 0.3693(2) 2.6(1) 
C(20) 0.6101(3) -0.1151 (3) 0.1695(2) 4.3(2) 
C(21) 0.6681(4) -0.2082(4) 0.1672(3) 5.9(2) 
C(22) 0.7633(4) -0.1953 (4) 0.1588(3) 6.2(3) 
C(23) 0.7994 (3) -0.0925 (4) 0.1520(2) 4.9(2) 
C (24) 0.7417(3) -0.0011 (3) 0.1539(2) 3.5(2) 
C(25) 0.6459 (2) -0.0108 (3) 0.1635(2) 3.1(2) 
C (26) o .4474 (3) 0.0213 (3) 0.2294(2) 4.1(2) 
C(27) 0.3492 (3) -0.0025 (4) 0.2243 (3) 4.7(2) 
C (28) 0.2800 (3) 0.0178(3) 0.1558(3) 4.4(2) 
C (29) 0.3080 (3) 0.0629(3) 0.0926 (2) 3.9(2) 
C (30) 0.4056 (2) 0.0888 (3) 0.0978(2) 3.1(2) 
C(31) 0.4770 (2) 0.0683 (3) 0.1658(2) 2.7(1) 
C(32) O. 6052 (3) 0.1458 (3) 0.0327(2) 3.5(2) 
C (33) o .5994 (3) 0.2223(4) -0.0274(2) 4.1(2) 
C (34) 0.5816 (3) 0.3302 (4) -0.0166(3) 4.5(2) 
C(35) 0.5688 (3) 0.3635 (3) 0.0561(3) 4.5(2) 
C (36) 0.5738(3) 0.2883 (3) 0.1163(2) 3.6(2) 
C(37) 0.5926(2) 0.1783 (3) 0.1067(2) 2.7(1) 
C (38) 0.5860(2) 0.0925 (3) 0.1696(2) 2.7(1) 
H (1) 0.742(2) -0.060 (2) 0.314(2) 3.1(8) 
H (2) 0.650(2) -0.183(3) 0.363(2) 6(1) 
H (3) 0.663(2) -0.177 (3) 0.498 (2) 4.4(9) 
H (4) 0.760(2) -0.035 (3) 0.578(2) 4.3(9) 
H (5) 0.840(2) 0.089(2) 0.518(2) 2.7(8) 
H (6) 0.930(2) -0.093 (2) 0.380(2) 3.1(8) 
H (7) 1.051(2) -0.174 (3) 0.333 (2) 4(1) 
H (8) 1.126(3) -0.081 (3) 0.242(2) 7(1) 

, .... H (9) 1.076(3) 0.099(3) 0.217(2) 7(1) 
H(lO) 0.958(3) 0.180(3) 0.266(2) 5(1) 
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. Atornic Coordinates (x,y,z) and Temperature Factors (Beq, A2) for 167b . 
, 
~ 

atom x y z B (eq) 

H (11) 1.049(2) 0.146(3) 0.434(2) 4 (1) 
H (12) 1.132(3) 0.271(3) 0.520(2) 7 (1) 
H (13) 1. 043 (2) 0.413(3) o .572 (2) 5 (1) 
H (14) 0.874 (2) 0.406(3) 0.524(2) 5 (1) 
H (15) 0.792(2) 0.280(2) o . 442 (2) 3.6(8) 
H (16) 0.548('3) -0.134 (3) 0.183(2) 6(1) 
H (17) 0.639 (3) -0.277 (3) ù.J.78(2) 7 (1) 
H (18) 0.800 (3) -0.257(3) 0.155(2) 7 (1) 
H (19) 0.868 (2) -0.084(3) 0.146(2) 4.2(9) 
H (20) 0.769(2) 0.072(2) 0.148(2) 3.3(8) 
H (21) 0.496 (2) 0.009(3) 0.281(2) 4.5(8) 
H (22) 0.335 (3) -0.029(3) 0.271(2) 6(1) 
H (23) 0.215(2) 0.001(3) 0.153(2) 3.7(8) 
H (24) 0.261 (2) 0.078(3) 0.044(2) 4.6(9) 
H (25) 0.423(2) 0.119(2) 0.054(2) 3.3(8) 
H (26) 0.615 (2) 0.072(3) 0.026(2) 4 (1) 
H (27) 0.606 (2) 0.196(3) -0.078 (2) 4.3(9) 
H (28) 0.576(3) 0.384(3) -0.057 (2) 8(1) 
H (29) 0.553(3) 0.440(3) 0.065(2) 6 (1) 
H (30) 0.564 (2) 0.310(3) 0.166(2) 4.5(9) 

{ 


