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INTRODUCTION 

Thiolsulfinates [RS(0)SR], and those compounds desig

nated in the earlier literature and known since 1912 as 

sulfenic anhydrides [RS-O-SRlt have been shown by Vinkler 
2 

and Klivenyi to be, in fact, identical and to possess the 

thiolsulfinate structure. Additional evidence that the 

structure is indeed that of a thiolsulfinate is provided 

by the infrared spectra of various representatives of the 

3 4 

series. Ghersetti and Modena ' have shown that these com

pounds possess a sulfoxide group by comparison of their 

spectra with those of sulfoxides, sulfinates, and sulfinyl 

chlorides. Sulfoxides have an intense band at about 1050 

cm , sulfinate esters at about 1130 cm , sulfinyl chlo

rides at about 1150 cm , sulfinic acids at about 1090 cm , 

and the thiolsulfinates have a comparable band at about 

1100 cm"-̂ . 
Thiolsulfinates were first prepared by Zincke and his 

coworkers by the hydrolysis of aromatic sulfenyl chlorides. ^ 
C 

It was not until 1947 that thiolsulfinates were obtained f 

via the oxidation of the corresponding disulfides. This 

followed the isolation in 1944 from natural sources of al-

licin, the monoxide of diallyl disulfide. Cavallito, Small 

R fi 7 

and their coworkers ' ' discovered that the active prin

ciple of garlic oil, which had a very great bacteriostatic 

effect, was allyl 2-propenylthiolsulfinate. They also 



converted several simple dialkyl disulfides to the corres

ponding S-oxides by treatment with organic peracids under 

controlled conditions. All the thiolsulfinates they prepared 

demonstrated antibacterial and antifungal action. This dis

covery led to a great deal of work on the biological acti-

8 
vity of thiolsulfinates. Michenor and his coworkers re
ported that thiolsulfinates reduce the heat resistance of 

Q 

bacterial spores. Sanner has suggested that thiolsulfi-

nates give protection against ionizing radiation ' ' 

13 14 15 Also, activity against tumors ' ' has been reported. 

This has been attributed to their ability to react rapidly 

with biologically essential -SH groups. Kice and Rogers 

have examined the mechanism of this rapid reaction between 

thiols and thiolsulfinates. 

Several methods for the preparation of thiolsulfinates 

2 18 19 

have been described. Vinkler ' and Kharasch prepared 

thiolsulfinates by mild hydrolysis of sulfenyl chlorides 

and suggested that the formation of the thiolsulfinate in-

volves the unstable sulfenic acid as an intermediate. Back- { 
20 21 ^ 

er ' prepared thiolsulfinates by the hydrolysis of sul- \ fenyl piperidides. As noted earlier. Small, Bailey and 

7 

Cavallito prepared several alkyl thiolsulfinates satis

factorily by oxidation of the corresponding disulfides with 

an organic peracid in an appropriate solvent. A number of 

peracids could be used, including peracetic, perbenzoic, 

perfuroic, perphthalic, and percamphoric. Thiolsulfinates, 

which possess an asymmetric center at the sulfinyl sulfur. 



have been prepared in optically active form by asymmetric 

oxidation of the corresponding disulfide with optically ac-
") n n "i n A 

tive percamphoric acid ' . Kice and Large prepared an 

optically active phenyl benzenethiolsulfinat (+)-PhS(O)SPh 

by asymmetric oxidation of phenyl disulfide with an optically 
25 active peracid. Colclough and Cunneen produced t-butyl t-

butanethiolsulfinate upon heating di(t-butyl) sulfoxide. 

39 In 1954, Backer and Kloosterziel prepared various 

aryl thiolsulfinates by reacting aryl sulfinyl chlorides 

with thiols in the presence of pyridine, (Eq. 1). This 

R-S(0)C1 + R'SH > R-S(0)SR' + HCl (1) 

method is still thought to be the most general and perhaps 

the best method, since it allows the preparation of unsym-

26 
metrical thiolsulfinates. Barnard has used this method 

35 to prepare specifically labelled phenyl ( S) benzenethiol-

35 ; 
sulfinate and phenyl benzenethiol ( S) sulfinate. J 

: 

The S-S bond of a thiolsulfinate is much more labile I 
27 

than the S-S bond of a disulfide. Block has determined 

a value of 46 Kcal/mol as the S-S bond energy for MeS(0)SMe, 

while the S-S bond energy in dimethyl disulfide was similar

ly determined to be 74.8 Kcal/mol. Thus the S(O)-S linkage 

is ~ 29 Kcal/mol weaker than the corresponding unoxidized 

27 S-S linkage. A possible explanation for the weakness of 



the thiolsulfinate S-S bond is reflected in a lengthening 

2 8 
of this bond compared to disulfide S-S bonds. Kice has 

suggested that part of the thermal instability of the thiol

sulfinate S-S bond may lie in the considerable stability of 
• • •• 

the sulfinyl radical, R-S-0: derived from hemolysis of the 
• • • 

thiolsulfinate S-S bond. The weakness of the S-S bond of 

a thiolsulfinate not only causes it to be thermally unstable 

but also causes that bond to be cleaved readily by attack of 

good nucleophiles on the thiolsulfinate. 

Reactions involving nucleophilic substitution at sulfur 

play a central role in organic sulfur chemistry. Both thiol-

sulfonates (ArSSO^Ar) and thiolsulfinates are oxidized forms 

of disulfides. Thiolsulfonates are known to react with nu

cleophiles which cleave the sulfur-sulfur bond as shown in 
-.29 Eq. 2 

O 
k ' 

Ar-S-S-Ar + Nu" ^ ArS02 + Ar-S-Nu (2) 

0 
r 

Nucleophiles usually attack a thiolsulfonate at the sulfenyl ' 

sulfur 0S) much faster than they attack at the sulfonyl ^ 

sulfur (>S02). The initial step of the alkaline hydrolysis 

of a thiolsulfonate, suggested by Savige as Bq. 3, is an 

example of attack by a nucleophile (in this case 0H~) on the 

sulfenyl sulfur. 

0 
II 

OH + PhSSPh > PhSOH + PhS02 (3) 

O 



There are probably two reasons that attack of nucleo

philes on thiolsulfonates occurs at the sulfenyl, rather 

than the sulfonyl, sulfur. First, a dicoordinate sulfur 

(such as -S-) is generally able to be attacked by nucleo

philes much more readily than a tetracoordinate sulfur 

(such as -SO2-) . Second, PhS02~, being much less basic than 

PhS , is almost certainly a better leaving group. Earlier 

31 work by Kice, Rogers and Warheit determined the rates of 

reaction, k , of 15 different nucleophiles with phenyl ben-

zenethiolsulfonate at 25°C in 60% dioxane by using both 

stopped-flow and conventional spectrophotometry. 

In the case of thiolsulfinates nucleophilic attack may 

occur at either the sulfinyl (^S=0) or the sulfenyl (-S) 

sulfur, as shown in Eqs. 4 and 5, respectively. The pre-

k^ 
^ ' ^ ArSO + Ar'SNu (4) 

Ar SSAr' + Nu 
k ^ 
^ •̂» ArSNu + Ar'S (5) 

O 

ferred site of attack is thought to vary with the nu-

32 

cleophile. Kice and Rogers reported that phenyl benzene

thiolsulf inate in alkaline solution, undergoes hydrolysis 

very readily to afford the aryl sulfinate ion and the aryl 

disulfide as the final products, as shown in Eq. 6. From 

O 
II 

3 PhSSPh + 2 OH ^ 2 PhSSPh + 2 PhS02 + H2O (6) 



their kinetic results they concluded that attack of O H " on 

PhS(O)SPh occurred somewhat faster on the sulfinyl sulfur 

than in the sulfenyl sulfur (k /k = 1.2 in Eqs. 7, 8) 
so' s ^ ' ' 

0 
II 

OH + PhSSPh 

> PhSOH + PhSO - ^ 2 PhSO (7) 

^^ ) PhS"+PhS02H ^ ^ PhS +PhS02' 

(8) 

although they also pointed out that they could not absolutely 

rule out a somewhat larger value of k /k , such as k /k = 
^ so' s so' s 

3 to 4. That this latter value may actually be more correct 
^ fi I P 

is suggested by some recent work by Oae using 0-labeling 

that seems to indicate that attack of OH on the > S=0 is 

quite strongly preferred over attack at other sulfur. In 

the alkaline hydrolysis of PhS(O)SPh, the Phs" formed by Eq. 

8 reacts rapidly with additional thiolsulfinate to give di

sulfide according to Eq. 9. 

O 

PhS + PhSSPh ^^^^) PhSSPh + PhSO (9) 

The second much slower stage of the alkaline hydrolysis is 

presumed to be the disappearance of the sulfenate ion (PhSO~) 

formed in Eq. 7 and 9 through a series of reactions of as 

yet unknown mechanism but having the overall stoichiometry: 

3 PhSO" + H2O > PhSSPh + PhSO" + 2 0H~ (10) 



30 Savige and coworkers found that at pH 5-7 cystine 

monoxide (the thiolsulfinate) was more stable toward hy

drolysis than cystine dioxide (the thiolsulfonate). In 

fact, the thiolsulfinate was detected as an intermediate 

in the partial hydrolysis of the thiolsulfonate at these 

32 pH's. Kice and Rogers also found that the alkaline 

hydrolysis of PhS02SPh occurred more rapidly than that of 

PhS(O)SPh and that the thiolsulfinate could be detected as 

an intermediate in the hydrolysis of the thiolsulfonate. 

They established that the alkaline hydrolysis of the 

thiolsulfonate followed the course shown in Eqs. 11-16. 

O 
k' 

PhS-SPh + OH" — ^ ^ PhSO_" + PhSOH (11) 
!l 
o 

PhSOH + OH" —^ PhSO + H2O (12) 

O 

PhSO + PhS-SPh — Z ^ ^ i > PhS-SPh + PhSO^ (13) 
fast 11 2 ^ ' 

O O 



8 

O , > PhSOH + PhSO (14a) 
I' 

OH + PhS-SPh : 
I _ 

PhSO^H + PhS (14b) 

o 
I 

PhS + PhS-SPh > PhSSPh + PhS02 (15) 

O 

PhS + PhS-SPh > PhSSPh + PhSO (16) 

I 
O 

This mechanism agrees generally with the proposals re

garding the mechanism of alkaline hydrolysis of thiolsulfo-

30 nates and thiolsulfinates made by Savige and coworkers 

32 The work by Kice and Rogers also showed that certain claims 

33 34 made earlier by Oae and coworkers ' about the alkaline 

hydrolysis of PhS02SPh and PhS(O)SPh, both as regards rela

tive rates and method of formation of PhS(O)SPh during the 

hydrolysis of PhS02SPh, were incorrect. 

Thiolsulfinates react readily with thiols to produce 

disulfides: 



PhS-SPh + 2 PhSH > 2 PhSSPh + H2O (17) 

The mechanism of this reaction was studied by Kice and 

Rogers in various buffers and was shown to involve rate-

determining nucleophilic attack by the thiolate ion on the 

sulfenyl sulfur of the thiolsulfinate (Eq. 18), followed 

by conversion of the PhSO" produced in Eq. 18 to a second 

molecule of disulfide by reaction with additional thiol 

(Eq. 19) . 

PhS + PhS-SPh -3—r ^^^? > PhSSPh + PhSO (18) 
determining 

O 

PhSO — ^ PhSOH > PhSSPh + H2O (19) 

Although attack of PhS on the sulfinyl sulfur of 

PhS(O)SPh would not lead to any chemical change, if the 

thiolsulfinate used is optically active it will lead to 

loss of optical activity, since nucleophilic substitutions 

24 
at sulfinyl sulfur normally occur with inversion of con
figuration: 

PhS + ( + )-PhS-SPh ^^g^o^ ^̂ -̂  (-)-PhS-SPh -f PhS (20) 

0 O 



10 

By using optically active (+)-PhS(O)SPh and comparing the 

rate of loss of optical activity in the presence of Phs" 

to the rate of reaction of PhS" with PhS(O)SPh to give 

phenyl disulfide, Rogers""-^ found that with PhS" attack on 

sulfenyl sulfur is at least 5.5 times faster than attack 

on sulfinyl sulfur (Eq. 21 and 22). 

PhS + (+)-PhS-SPh 

k 
—^ ^ PhSSPh + PhSO (21) 

O k 
s=o 

-̂  (-)-PhS-SPh + PhS (22) 
!! 

6 

(k /k ) ̂ 5.5 
s so 

We see there that although a nuclephile like OH pre

fers to attack the^ S=0 sulfur of PhS(O)SPh one like Phs" 

prefers to attack the^S sulfur. It therefore seemed de

sirable to explore this matter further using other nucleo

philes, to see if there is any pattern to the manner in 

which k /k varies with nucleophile. It also seemed of 
s so ^ 

interest to determine how the reactivity (k + k ) of 
•^ s so 

PhS(O)SPh toward various nucleophiles would compare with 

the reactivity of PhSO^SPh toward the same nucleophiles 

under the same reaction conditions. 

The present work has therefore involved a study of the 

reactivity of phenyl benzenethiolsulfinate toward a variety 
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of different nucleophiles. Where possible it has also in

volved determination of whether the preferred site for nu

cleophilic attack was the sulfenyl or the sulfinyl sulfur 

of PhS(O)SPh. 

In Chapter II the results of these studies will be 

given and in Chapter III an attempt will be made to inter

pret the results and to see what significant conclusions 

one can draw from them. 



CHAPTER I 

EXPERIMENTAL 

Preparation of Phenyl Benzenethiolsulfinate 

This compound was prepared and purified according to 

39 the procedure outlined by Backer and Kloosterziel . Sodium 

benzenesulfinate (8.2 g, 0.05 mole) was suspended in 40 ml 

of hexane, and thionyl chloride was added slowly with stir

ring until gas no longer evolved, then 0.5 ml more of thio

nyl chloride was added. The mixture was stirred for another 

30 minutes at room temperature. The white precipitate of 

sodium chloride was filtered off, and the filtrate was con

centrated under reduced pressure. The last traces of hexane 

were removed under an oil pump vacuum (0.1 torr) at 50°C for 

30 minutes. 

The freshly prepared benzenesulfinyl chloride was used 

immediately. Benzenesulfinyl chloride (3.25 g, 0.02 mole) 

was dissolved in 30 ml of anhydrous ether. Then a solution 

of thiophenol (2.2 g, 0.02 mole) and pyridine (1.6 g, 0.02 

mole) in 30 ml of anhydrous ether was slowly added at 0°C 

while stirring. The reaction occurred and a white precipi

tate of pyridine hydrochloride formed. The pyridine hydro

chloride was filtered off and the ether solution was extrac

ted once with 1 N sulfuric acid, twice with 5% sodium bicar

bonate, and then twice with water; it was then dried with 

magnesium sulfate. The magnesium sulfate was filtered off, 

and the ether was removed under reduced pressure. The 

12 
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residue was recrystallized from chloroform-hexane, 2.26 g 

(48%), m.p. 69-70°C (Lit.^°, 69.5-71°C). 

Preparation of N-(Phenylthio)phthalimide 

This compound was prepared by the procedure outlined 

by Behforouz and Kerwood . Chlorine gas was bubbled at 

a moderate rate through a stirred solution of phenyl disul

fide (21.8 g, 0.1 mole) in 150 ml of distilled pentane for 

about 1.5 hours at room temperature in a reflux apparatus 

fitted with a drying tube. The chlorine flow was then 

stopped, and the red-orange solution was stirred overnight, 

resulting in intensification of the color. The resulting 

sulfenyl chloride solution was used immediately without re

moving solvent. 

The freshly prepared solution of benzenesulfenyl chlo

ride was slowly added dropwise to a stirred solution of 

phthalimide (29.4 g, 0.2 mole) in 125 ml of N,N-dimethylfor-

mamide containing triethylamine (27.7 ml, 0.2 mole). The 

resulting solution was stirred for another 30 minutes after 

the addition was complete. The reaction mixture was poured 

into one liter of distilled water, stirred, and the N-(phenyl

thio) phthalimide which precipitated was filtered off and re-

crystallized from large quantities of boiling ethanol, 41.0 g, 

yield 80%, m.p. 160-162.5°C (Lit."̂ -̂ , 160-161°C) . 

Preparation of N-(Phenylsulfinyl)phthalimide 

42 
The procedure given by Harpp and Back was used to 
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prepare N-(phenylsulfinyl)phthalimide. N-(phenylthio)phthali

mide (2.55 g, 10 mmoles) was dissolved in 40 ml of chloroform 

and a solution of 85% m-chloroperbenzoic acid (2.03 g, 10 

mmoles) in 20 ml of chloroform was added dropwise with stir

ring at 0-5°C. The resulting solution was stirred in the 

cold for another 30 minutes after the addition was complete. 

The chloroform solvent was evaporated on a rotary evaporator. 

The residual white solid was treated with 30 ml of ether 

and stirred vigorously for 10 minutes. The N-(phenylsul-

finyl)phthalimide was then filtered off and recrystallized 

from chloroform-petroleum ether, 1.83 g, yield 68%, m.p. 

154-156°C (Lit.̂ ^̂ , 150-153°C) . 

Preparation of N-(Phenylsulfinyl)piperidine 

This compound was prepared using the general procedure 

42 described by Harpp and Back for the synthesis of sulfina-

mides from N-(phenylsulfinyl)phthalimide. N-(phenylsulfinyl)-

phthalimide (1.35 g, 5 mmoles) was dissolved in 20 ml of dis

tilled benzene, and distilled piperidine (0.425 g, 5 mmoles) 

was added dropwise with stirring at room temperature. The 

mixture was then stirred for 2 hours. The insoluble material, 

which was identified as phthalimide, was filtered off, and 

the filtrate was evaporated on a rotary evaporator to give 

crude N-(phenylsulfinyDpiperidine. This residue was re

crystallized from benzene-hexane, 0.39 g, yield 37.5%, m.p. 

81-84°C (Lit."̂ ,̂ 82-83°C) . IR(KBr): 2940, 2830, 1440, 1210, 
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1080, 1050 cm" . NMR(CDCl2): 6 1.58 (m, 6H), 3.07 (m, 4H), 

7.35-7.88 (m, 5H). 

Preparation of N-(Phenylthio)piperidine 

This compound was prepared using the general procedure 

described by Harpp and Back^^ for the synthesis of sulfena-

mides from N-(phenylthio)phthalimide. N-(phenylthio)phthali

mide (2.55 g, 10 mmoles) was dissolved in 50 ml of methylene 

chloride, and distilled piperidine (0.85 g, 10 mmoles) was 

added dropwise with stirring at room temperature. The mix

ture was then allowed to stand for 6 hours. The insoluble 

material, which was identified as phthalimide, was filtered 

off, and the solvent was removed from the filtrate under re

duced pressure at room temperature. The resulting N-(phenyl

thio) piperidine was purified by vacuum distillation, 1.41 

g, yield 73%, b.p. 87°C at 0.4 mm (Lit."̂ ,̂ 109-110°C at 1.5 

mm). IR (neat): 2930, 2850, 2810, 1590, 1210, 1100, 1020 

cm"-'-. NMR (CDCl^) : 6 1.56 (m, 6H) , 2.96 (m, 4H) , 7.3-7.6 

(m, 5H) . 

Preparation of N-(Phenylsulfinyl)morpholine 

This compound was prepared using the general procedure 

42 described by Harpp and Back for the synthesis of sulfina-

mides from N-phenylsulfinyl)phthalimide. N-(phenylsulfinyl)-

phthalimide (1.35 g, 5 mmoles) was dissolved in 20 ml of dis

tilled benzene, and distilled morpholine (0.435 g, 5 mmoles) 

was added dropwise with stirring at room temperature. The 
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The mixture was then allowed to stand for 2 hours. The 

phthalimide which formed was filtered off and the filtrate 

was evaporated on a rotary evaporator. The residue of crude 

N-(phenylsulfinyl)morpholine was recrystallized from benzene-

hexane, 0.64 g, yield 61%, m.p. 81-84°C (Lit."*̂ , 80-82°C) . 

IR(Kbr) : 2820, 1440, 1250, 1050 cm""̂ , NMR(CDCl3) : 6 2.95-

3.24 (m, 4H), 3.64-3.90 (m, 4H), 7.64 (m, 5H). 

Preparation of N-(Phenylthio)morpholine 

This compound was prepared using the general procedure 

described by Harpp and Back for the synthesis of sulfena-

mides from N-(phenylthio)phthalimide. N-(phenylthio)phtha

limide (2.55 g, 10 mmoles) was dissolved in 50 ml of methyl

ene chloride, and distilled morpholine (0.87 g, 10 mmoles) 

was added dropwise with stirring at room temperature. The 

mixture was then allowed to stand for 6 hours. The insoluble 

phthalimide that formed was filtered off, and the filtrate 

was evaporated under reduced pressure at room temperature. 

The residue of N-(phenylthio)morpholine was purified by 

vacuum distillation, b.p. 124°C at 0.8 mm, 1.1 g, yield 51%. 

m.p. 35-36°C (Lit."̂ ,̂ m.p. 33-36°C) . IR(KBr) : 2960, 2850, 

1450, 1250, 1100 cm"-̂ . NMR(CDCl3) : 6 2.83-3.1 (m, 4H) , 

3.55-3.9 (m, 4H), 7.5 (m, 5H). 

Preparation of Phenyl thiocyanate 

The procedure used is from R. Pohloudek-Fabriri, K. 

Kolthe, and F. Friedrich, Pharmazie, 26, 283 (1971) . Phenyl-
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disulfide (4.36 g, 20 mmoles) was suspended in 100 ml of pure 

methanol saturated with potassium bromide, and potassium 

cyanide (8.0 g, 123 mmoles) was added with stirring at 

room temperature. The mixture was then allowed to stand 

for 20 minutes. The reaction mixture was cooled to 0°C 

and 3.6 ml of bromine was added slowly with stirring, and 

the mixture was then allowed to stand for 15 minutes. Af

ter 15 minutes, the reaction mixture was poured onto 60 g 

of ice. The mixture was then allowed to warm to room tem

perature and the suspension was extracted continuously with 

methylene chloride for a number of hours. The methylene 

chloride extracts were then dried over magnesium sulfate. 

The magnesium sulfate was filtered off, and the methylene 

chloride was removed by distillation at atmosphere pressure. 

The methanol in residue was removed by distillation at re

duced pressure after the methylene chloride had been removed. 

The residue was mixed with 20 ml of water and was then ex

tracted twice with 20 ml of methylene chloride. The methyl

ene chloride extracts were dried over magnesium sulfate, the 

magnesium sulfate was filtered off, and the mehtylene chlo

ride was removed under reduced pressure. The residue of 

phenyl thiocyanate was purified by vacuum distillation, 2.4 8 

48 
g, yield 46%, b.p. 45-46°C at 0.25 mm, (Lit. , 101-102°C at 

18 mm Hg). IR (Neat): 3070, 2140, 1580, 1480, 1440, 1020 

-1 cm 
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Preparation of Methyl Benzenesulfenate 

This compound was prepared by a procedure developed by 

Prof. David Harpp of McGill University, Montreal, Canada. 

N-chlorosuccinimide (6.46 g, 48.4 mmoles) was suspended in 

120 ml of carbon tetrachloride, and a solution of thiophenol 

(5.33 g, 48.4 mmoles) in 30 ml of CCl was added slowly with 

stirring at room temperature under an atmosphere of nitrogen. 

The mixture was stirred for another 24 hours. The solid 

which floated on the top of the reaction solution was fil

tered off, and the deep yellow filtrate was concentrated 

under reduced pressure. The crude benzenesulfenyl chloride 

was purified by vacuum distillation. 

Freshly prepared benzenesulfenyl chloride was used im

mediately. To a vigorously stirred solution of dry metha

nol (1.6 g, 50 mmoles) and pyridine (3.95 g, 50 mmoles) in 

100 ml of CCl. cooled in an ice-salt bath under an atmos

phere of nitrogen was slowly added benzenesulfenyl chloride 

(7.23 g, 50 mmoles) in 30 ml of CCl.. The reaction mixture 

was then allowed to react for 2 hours at room temperature 

during which time the color of the benzenesulfenyl chloride 

completely disappeared and precipitation of the pyridine 

hydrochloride was complete. The pyridine hydrochloride was 

filtered off and the resulting yellow filtrate was stripped 

of CCl. leaving an orange oil. The residue of methyl ben

zenesulf enate was purified by vacuum distillation, 2.91 g, 

yield 42%, b.p. 34°C at 0.3 mm (Lit.*̂ ,̂ 47°C at 0.25 mm). 



19 

IR (Neat) : 2930, 2820, 1585, 1480, 1440, 980 cm""*". 

NMR(CDCl3) : 6 3.74 (s, 3H), 7.36 (m, 5H). 

Preparation of Methyl Benzenesulfinate 

This compound was prepared using the general procedure 

described by Harpp and Back for the synthesis of sulfinate 

esters from N-phenylsulfinylphthalimide. A solution of so

dium methoxide (1.29 g, 24 mmoles) in 60 ml of methanol was 

slowly added to a vigorously stirred solution of N-phenyl 

sulfinylphthalimide (6.45 g, 23.8 mmoles) in 160 ml 

of methanol. After 0.5 hour of stirring at room tempera

ture under an atmosphere of nitrogen, the methanol was eva

porated in vacuo. The residue was then stirred vigorously 

with 30 ml of pentane which was subsequently decanted. The 

pentane extraction was repeated several more times and the 

washings were combined and evaporated under reduced pressure. 

The resulting clear oil was distilled by vacuum distillation, 

2.08 g, yield 56%, b.p. 55-56°C at 0.28 mm (Lit."^^, 43-44°C 

at 0.07 mm). IR (Neat): 2940, 2830, 1450, 1125, 1080, 950 

cm"-"-. NMR(CDCl3): 6 3.46(s, 3H) , 7.51(m, 5H) . 

Procedure for Kinetic Runs 

Runs in 60% Dioxane 

All solutions were prepared fresh immediately prior to 

use. The procedure for the stopped-flow runs was as follows. 

A stock solution of phenyl benzenethiolsulfinate in 60% diox

ane was prepared and placed in one of the reservoir syringes 

of a Durrum-Gibson Model D-110 stopped-flow spectrophoto-

— •• -A ^.u^^i^ solution of cyanide ion (or hydroperoxide 
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ion, trifluoroethoxide ion, or sulfite ion) in the desired 

buffer in 60% dioxane was prepared and placed in the other 

reservoir syringe. Upon mixing, the course of the reactions 

was then monitored at 285 nm on the storage oscilloscope. 

In all cases duplicate runs showed excellent reproducibility 

For the runs that were followed by conventional spectro

photometry 3.5 ml of solution of piperidine (or, morpholine, 

piperazine, hydrazine, azide ion) in the appropriate buffer 

in 60% dioxane was placed in a 1-cm spectrophotometer cell 

and thermostated at 25°C in the cell compartment of a Gary 

Model 17 spectrophotometer. Once the solution had reached 

thermal equilibrium, the reaction was initiated by the rapid 

mixing of 35 y£ of phenyl benzenethiolsulfinate (0.01 M) in 

pure dioxane with the solution in the cell, and the change 

in absorbance was followed at 285 nm. 

Pseudo-first-order rate constants for each run were 

determined from the slope of plots of log(A -A^) vs. time. 

Excellent linearity was observed in all the plots except 

for the runs with hydrazine. In this case, a rate constant 

was determined from the initial slope of plot of log(A -A^) 

vs. time. In the case of the runs with HO some initial 

curvature was noted. Here the final slopes were used. 

Runs in Methanol 

The procedure for the stopped-flow runs in methanol was 

generally the same for runs in 60% dioxane. The only 
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difference was that the stock solution of phenyl benzene

thiolsulf inate was prepared with 0.001 M of acetic acid in 

pure methanol instead of phenyl benzenethiolsulfinate in 

60% dioxane, and the stock solution of methoxide ion was 

prepared in neutral methanol instead of a solution in a 

buffer in 60% dioxane. In the cases of runs in 60% dioxane, 

the phenyl benzenethiolsulfinate was stable in 60% dioxane 

solution. Here the purpose of acetic acid is used to pre

vent the slow decomposition of phenyl benzenethiolsulfinate 

in methanol solution. 

Purification of Common Solvents 

The following common solvents were purified by the 

50 method described by Gordon and Ford 

1, 4-Dioxane 

A mixture of 300 ml water, 40 ml concentrated hydro

chloride acid and 3 liters dioxane was refluxed under an 

atmosphere of nitrogen for 12 hours. The solution was 

cooled down to room temperature, and then potassium hydrox

ide pellets were added until no more dissolved and a sepa

rate layer formed. The dioxane (upper) layer was decanted 

and dried with fresh potassium hydroxide. The dried diox

ane was then refluxed over sodium overnight until the metal 

was bright. The pure dioxane was distilled from sodium, 

b.p. 102°C. 
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Methanol 

A mixture of 50 ml methanol, 5 g magnesium turnings 

and 0.5 g sublimed iodine was refluxed until the iodine 

color disappeared, and hydrogen evolution occurred. After 

methoxide formation was complete 1 liter of methanol was 

added and the mixture refluxed for about 0.5 hour. The 

mixture was then fractionally distilled, b.p. 64.5°C. 

Piperidine 

Piperidine was purified by careful distillation from 

potassium hydroxide, b.p. 106°C. 

Morpholine 

Morpholine was purified by careful distillation from 

potassium hydroxide, b.p. 128''C. 

Product Study of the Reaction of 1 with Piperidine 

To 0.234 g (1.0 mmole) of phenyl benzenethiolsulfinate 

in 10 ml of 60% dioxane was rapidly added with stirring a 

solution of 1.28 g (15 mmoles) of piperidine and 5.0 mmoles 

of perchloric acid in 10 ml of 60% dioxane. The solution 

was allowed to stand at room temperature for one hour and 

then was poured into 100 ml of water. This solution was 

extracted with two 25 ml portions of ether. The ether ex

tracts were washed twice with water and then dried over an

hydrous sodium sulfate. The sodium sulfate was filtered 

off, and the solvent was removed under reduced pressure. 
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The residue was chromatographed on a column of silica gel 

using 1:1 ether-hexane as eluent. The fractions eluted 

early contained 0.166 g of mixture of phenyl disulfide and 

N-(phenylthio)piperidine; then came fractions containing 

0.037 g (0.17 mmole) of N-(phenylsulfinyl)piperidine. The 

0.166 g of the mixture was chromatographed again on silica 

gel using petroleum ether as eluent. The fractions eluted 

early contained 0.094 g (0.43 mmole) of phenyl disulfide 

then, came fractions containing 0.072 g (0.37 mmole) of N-

(phenylthio)piperidine. The identity of all of these com

pounds was proven by spectral and melting point comparisons 

with known samples. 

To check the stability of N-(phenylsulfinyl)piperidine 

and N-(phenylthio)piperidine under the reaction conditions, 

0.21 g (1.0 mmole) of N-(phenylsulfinyl)piperidine and 0.20 

g (1.0 mmole) of N-(phenylthio)piperidine in 10 ml of 60% 

dioxane was added to a solution of 15 mmoles of piperidine 

and 5 mmoles of perchloric acid in 10 ml of 60% dioxane. 

The solution was allowed to stand at room temperature for 

1 hour and then worked up in the same way as in the product 

studies. From the chromatography there was isolated 0.164 g 

(78%) of N-(phenylsulfinyl)piperidine and 0.161 g (79%) of 

N- (phenylthio)piperidine. 

Product Study of The Reaction of 1 with Morpholine 

To 0.468 g (2.0 mmoles) of phenyl benzenethiolsulfinate 

in 20 ml of 60% dioxane a solution of 1.31 g (15 mmoles) of 
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morpholine and 5 mmoles of perchloric acid in 10 ml of 60% 

dioxane, was rapidly added with stirring. The mixture was 

allowed to stir at room temperature for 7 hours, and then 

was poured into 100 ml of water. This solution was then 

extracted with two 25 ml portions of ether. The ether ex

tracts were washed twice with water and then dried over an

hydrous sodium sulfate. The sodium sulfate was filtered 

off, and the solvent was removed under reduced pressure. 

The residue was chromatographed on a column of silica gel 

using 1:1 ether-hexane as eluent. The fractions eluted 

early contained 0.125 g to 0.16 g (0.57-0.73 iranole) of 

phenyl disulfide; then came fractions containing 0.182 to 

0.192 g (0.93-1.00 mmole) of N-(phenylthio)morpholine. No 

trace of N-(phenylsulfinyl)morpholine was found. The iden

tity of all of these compounds was proven by spectral and 

melting point comparisons with known samples. 

To check the stability of the sulfinyl and thio mor-

pholines under the reaction conditions, 0.21 g (1.1 mmoles) 

of N-(phenylthio)morpholine and 0.22 g (1.0 mmole) of N-

(phenylsulfinyl)morpholine in 10 ml of 60% dioxane was 

added to a solution of 15 mmoles of piperidine and 5 mmoles 

of perchloric acid in 10 ml of 60% dioxane. The solution 

was allowed to stand at room temperature for 6 hours before 

being worked up in the same was as in the product studies. 

Chromatography on silica gel gave 0.0293 g (0.14 mmole) of 

phenyl disulfide, 0.14 g (0.73 mmole, 66.7%) of N-(phenyl-
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thio)morpholine and 0.082 g (0.38 mmole, 37.3%) of N-(phenyl

sulf inyl) morpholine . 

Product Study of the Reaction of I with Cyanide Ion 

A solution of 0.234 g (1.0 mmole) of phenyl benzene

thiolsulf inate in 4 ml of 60% dioxane was rapidly added 

with stirring to a solution of 4 mmoles of sodium cyanide 

and 2 mmoles of perchloric acid in 6 ml of 60% dioxane. 

The solution was allowed to stand at room temperature for 

5 minutes and then was poured into 50 ml of water. It was 

then neutralized (pH = 7) with dilute perchloric acid. The 

resulting mixture was continuously extracted with 300 ml of 

methylene chloride. The methylene chloride extract was 

washed 5 times with an equal volume of water, and then dried 

over anhydrous magnesium sulfate. The magnesium sulfate was 

filtered off, and the methylene chloride was removed under 

reduced pressure. The infrared spectrum of the residue 

(0.22 g) showed peaks at 3070, 2140, 1580, 1480, 1440, 1250 

cm" , indicating that it consisted almost exclusively of 

phenyl thiocyanate. Earlier work with an authentic sample 

of phenyl thiocyanate had shown that the very sharp peak at 

2140 cm" due to the -C^N group in phenyl thiocyanate can 

be used to determine quantitatively the amount of phenyl 

thiocyanate in the mixture. Accordingly, the amount of 

phenyl thiocyanate in the residue was calculated by Beer-

Lambert-Bougaet Law: A = -logT = ebc; where A = absor

bance, T = transmittance, ^ = molar absorptivity, b = 
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cell thickness, c = concentration. Where e and b are con

stant, then A is proportional to c. The procedure was the 

following. Several different amounts (0.0134 g, 0.0139 g, 

0.072 g, 0.0248 g) of known pure phenyl thiocyanate were 

dissolved separately in 0.3 ml carbon tetrachloride and the 

absorbance of each solution at 2140 cm~-̂  was determined. 

From these results a plot of absorbance vs. mg. of phenyl 

thiocyanate/ml. of CCl. was constructed. A known weight of 

the residue (0.018 g) was then dissolved in 0.3 ml of CCl^ 

and the absorbance of this solution at 2140 cm"-̂  was then 

determined. From its absorbance the amount of phenyl thio

cyanate in the 0.018 g of residue was determined and from 

this the percentage (100%) of the residue which was phenyl 

thiocyanate. The amount of phenyl thiocyanate isolated 

from the reaction is therefore 1.57 mmoles/mmole of phenyl 

benzenethiolsulfinate. 

To check the recovery of phenyl thiocyanate under the 

work-up procedure used, 0.145 g (1.07 mmole) of phenyl 

thiocyanate in 10 ml of 60% dioxane was poured into 50 ml 

of water and the mixture was continuously extracted with 

300 ml of methylene chloride. It was worked up in the 

same way as in the product studies and 0.121 g (83%) of 

phenyl thiocyanate was recovered. 
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Product Study of the Reaction of X with Methoxide Ion 

A solution of 0.468 g (2 mmoles) phenyl benzenethiol-

sulfinate in 4 ml of CCl^ was rapidly added with stirring 

to a solution of 2.5 mmoles of sodium methoxide in 10 ml 

of distilled methanol. The solution was allowed to stand 

at room temperature for 15 seconds and then was poured into 

a separatory funnel containing a mixture of 20 ml of CCl. 

and 100 ml of water. The CCl. layer was separated, washed 

several times with an equal volume of water, and then dried 

over anhydrous magnesium sulfate. The magnesium sulfate 

was filtered off, and the CCl. was removed under reduced 

pressure. The infrared spectrum of the residue (0.415 g) 

showed peaks at 2924, 1450, 1150, 1125, 1080 cm""*- and the 

NMR showed a sharp singlet at 6 3.4, indicating that it 

contained methyl benzenesulfinate. The procedure for de

termining quantitatively the amount of methyl benzenesul-

finate in the mixture was the following. The NMR spectrum 

of a mixture of 0.291 g of residue and 0.037 g (0.4 mmole) 

of pure toluene in CDCl^ was determined and the ratio of 

the integral of the signal at 6 3.4 (-OCH group in methyl 

benzenesulfinate) to the integral of the signal at 6 2.3 

(-CH- group in toluene) was determined. From this ratio 

the amount of methyl benzenesulfinate in 0.291 g of residue 

was determined and from this the percentage of the residue 

which was methyl benzenesulfinate. The amount of methyl 

benzenesulfinate isolated from the reaction as determined 
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in this way was 0.332 mmole or 0.166 mmole/mmole of 

PhS(0)SPh reacted. 

The other product study of the reaction of phenyl ben

zenethiolsulf inate with methoxide ion was the following. 

A solution of 0.468 g (2.0 mmoles) phenyl benzenethiolsul-

finate in 4 ml of CCl^ was rapidly added with stirring to 

a solution of 2.5 mmoles of sodium methoxide in 10 ml of 

anhydrous methanol. The solution was allowed to stand at 

room temperature for 15 seconds and then was poured into a 

separatory funnel containing a solution of 20 ml of CCl, 
4 

and 100 ml of water. It was worked up in the same way as 

before. The residue (0.38 g) was chromatographed on a 

column of silica gel using 1:1 ether-hexane as eluent. The 

fractions eluted early contained 0.292 g (1.34 mmole) of 

phenyl disulfide; then came fractions containing 0.037 g 

(0.24 mmole) of methyl benzenesulfinate. No trace of methyl 

benzenesulfenate was found. The identity of all of these 

compounds was proven by spectral and melting point compari

sons with known samples. 

To determine the recovery of methyl benzenesulfinate 

using the work-up procedure employed, 0.156 g (1.0 mmole) 

of methyl benzenesulfinate in 4 ml of CCl^ was rapidly ad

ded with stirring to a solution of 1.5 mmoles of sodium 

methoxide in 10 ml of methanol. The solution was allowed 

to stand at room temperature for 15 seconds and then was 

poured into a separatory funnel containing a solution of 20 
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ml of carbon tetrachloride and 100 ml of water. It was 

worked up in the same way as in the product studies and from 

the NMR spectrum of a mixture of the residue with a known 

amount of toluene, it was determined that there was 0.066 

g (0.43 mmole) of methyl benzenesulfinate in the residue. 

Thus, only 43% of the methyl benzenesulfinate originally 

taken is recovered when the ester is subjected to the reac

tion conditions and work-up procedure used for the reaction 

of methoxide ion with the thiolsulfinate. 

To check the stability of methyl benzenesulfenate under 

the reaction conditions, a solution of 1.5 mmoles of sodium 

methoxide in 10 ml of distilled methanol was rapidly added 

with stirring to a solution of 0.14 g (1.0 mmole) methyl 

benzenesulfenate with 0.234 g (1.0 mmole) phenyl benzene

thiolsulf inate in 4 ml of CCl.. The solution was allowed to 

stand at room temperature for 15 seconds and then was poured 

into a separatory funnel containing a solution of 20 ml of 

CCl. and 100 ml of water. It was worked up in the same way 

as in the product studies and from the NMR spectrum of a 

mixture of the residue with a known amount of toluene, it 

was determined that there was 0.061 g (0.39 mmole) of methyl 

benzenesulfinate in the residue. From the NMR spectrum of 

the residue, there was no detectable amount of methyl ben

zenesulf enate present in the residue. 



CHAPTER II 

RESULTS 

As mentioned in the Introduction, one of the important 

types of reactions that thiolsulfinates undergo is their 

reaction with a variety of different nucleophiles. Attack 

of the nucleophile on the thiolsulfinate can occur either 

at the sulfenyl (Eq. 1) or sulfinyl (Eq. 2) sulfur. 

O 
Ii 

RS-SR + Nu 

k 
^ > RSNu + RSO (1) 

-T- ^ RSNu + RS (2 ) 
^ s o II 

O 

In the present work the R group was phenyl. The rates 

of disappearance of phenyl benzenethiolsulfinate 1 in the 

presence of various nucleophiles, were measured under con

ditions where the nucleophile was present in large stoichio

metric excess over 1. In most cases a buffer consisting of 

both the nucleophilie and its conjugate acid was used. Most 

of the work was done using 60% dioxane as solvent, but in 

the case where the nucleophile was methoxide ion methanol 

was the solvent. 

Kinetics of the Reaction of Amines with 1 

The kinetics of the reaction of amines and phenyl ben

zenethiolsulf inate 1 were studied at 25°C in 60% dioxane. 

30 
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The rates of the reaction were measured in 1:1 amine : 

+ 2 
ammeH buffers in which the amine was present in from 10 

3 

to 10 times stoichiometric excess over phenyl benzenethiol

sulf inate. The- reactions were followed by observing the 

change in absorbance. A, at 285 nm, using conventional 

spectrophotometry. In every instance plots of log(A-A^) 

vs. time were nicely linear, showing that the disappearance 

of 1 followed good first-order kinetics. The slope of such 

a plot, k^, is equal to the experimental first-order rate 

constant under those conditions. The results are tabulated 

in Table 1. Figures 1 and 2, show plots of k vs. [amine]. 

The slope of each plot is equal to the second-order rate 

constant for the reaction of that particular amine with l. 

Kinetics of the Reaction of Hydrazine with 1 

The reaction of hydrazine did not exhibit the same 

kinetic behavior as the reactions of the other amines. 

Figure 3 shows a plot of log(A-A^) vs. time for the reac

tion of 0.04 M hydrazine with 9.1 x 10 M phenyl benzene

thiolsulf inate in 60% dioxane. The experimental first-

order rate constant is seen to continually increase. Just 

what causes the apparent rate to increase is not known. 

Presumably some product of the reaction, most likely a fur

ther decomposition product of the presumably initially-

formed PhS(0)NHNH2 or PhSNHNH2 can react with 1 and acceler

ate its disappearance. Because of this the rate constants 
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Figure 3. Plot of log(A-A^) vs. Time for Reaction of 

Hydrazine (0.04 M) with 1 (9.1 x 10~ M) in 60% Dioxane 
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k^, for the reaction of hydrazine with 1 were estimated by 

taking the initial slope of plots of log (A-A ) vs. time. 
CO 

The results of the kinetic runs are shown in Table 2. With 

hydrazine as the nucleophile, it appears that k.̂  is given 

by an expression of the form: 

^1 = ^^^2^"2^^^Nu "• k^[NH2NH3-'] + kg[NH2NH2]) 

where k^ and k^ represent rate terms for catalysis of the 

reaction of hydrazine with 1 by N H „ N H / and NH^NH^, res-

pectively. Presumably, this is general acid catalysis in 

the case of NH2NH3"^ and general base catalysis in the case 

of NH2NH2. To get k^^, the rate constant for the uncata-

lyzed reaction of hydrazine with 1, one plots values of k / 
~ 1 

[NH2NH2] for runs at a given NH2NH3''" : NH2NH2 

vs. [hydrazine] ̂ ^^^^r k^^ is the intercept on the k,/ 

[NH2NH2] axis of the straight line through the data points. 

As required by this interpretation of the rate behavior, 

the same intercept was obtained for sets of runs at different 

buffer ratios. A plot of this type is shown in Figure 4. 

Because k^ = k^ the data for different buffer ratios fall 

on the same straight line. From these data k is estimated 

to be 2.37 x lO""̂  M"-'-sec~-'-. 

Kinetics of the Reaction of Anionic Nucleophiles with 1 

The reactivity of OH and PhS toward 1 had already 

been determined by Kice and Rogers . In the present work 
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Figure 4. Dependence of k,/[NH2NH2] on Total 

Hydrazine Concentration 
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we have examined the kinetics of the reaction of following 

additional anionic nucleophiles toward phenyl benzenethiol

sulf inate—CN~ , S03~, N3", HOO", CF3CH2O", and CH3O". The 

reactions were followed by monitoring the change in optical 

density with time at 285 nm. In all cases the nucleophile 

was present in large stoichiometric excess over 1 so that 

the disappearance of 1 would follow pseudo-first-order kine-

tics. 

The runs with cyanide ion were carried out in 1:1 CN 

:HCN buffers using stopped-flow spectrophotometry to follow 

the reaction. The kinetic behavior was straightforward and 

unexceptional, plots of log(A-A ) vs. time showing excellent 

linearity with no drift in A with time. The results, which 
•* 00 

are shown in Table 3, indicate that the experimental first-

order rate constant, k^, varies linearly with cyanide con

centration. 

The reaction of sulfite ion, SO- , with 1 was also 

followed using stopped-flow techniques at 285 nm and was 

carried out in 1:1 S0-~: HSO" buffer. A stable A was ob-
33 °° 

served and plots of log(A-A ) vs. time showed excellent 

linearity. The results, which are shown in Table 3, reveal 

that the experimental first-order rate constants vary li

nearly with sulfite concentration. 

The reaction of azide, N. , with 1 was followed at 285 

nm in 60% dioxane at 25°C using conventional spectrophoto

metry. Plots of log(A-A^) vs. time were used to estimate 
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the rate of reaction of azide with 1. The data are in 

Table 3. They indicated that k., - is 5.8 x lO'̂ '-'-sec"-'-
N3 

at 25°C in 60% dioxane. 

The reaction of hydroperoxy anion, H02~ with 1, was 

followed at 285 nm using stopped-flow methods and was 

carried out in solutions where hydrogen peroxide was pre

sent in considerable excess over the concentration of the 

HO2 . Two problems were encountered in these runs. First, 

there was a slight drift in A^ with time, although it was 

slow enough and small enough that an accurate estimate of 

A at the end of the reaction of 1 with HO^" could be made. 

Second, plots of log(A-A ) vs. time tended to show some 

initial acceleration, finally leveling off at a steady 

value. The slope of the latter stages of each run where 

there was no curvature was used to evaluate the k̂  values 

shown in Table 3. From these one sees that the experimen

tal rate constant, k,, is directly proportional to the con

centration of the anion present and is not related to the 

amount of undissociated hydrogen peroxide present. Thus, 

the reactive nucleophile must be HO2 . 

The reactivity of trifluoroethoxide ion, CF3CH2O , 

toward 1 was studied at 290 nm in 60% dioxane. Trifluoro

ethoxide solutions were made up by adding 0.01 or 0.005 N 

0H~ to a 0.1 N trifluoroethanol solution. Since the pKa 
35 

of the trifluoroethanol in water is 12.37 , the hydroxide 

ion added will be consumed by an equimolar amount of 
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trifluoroethanol to produce CF3CH2O". In this run there 

was an initial, rapid decrease in absorbance which was 

followed by a considerably slower decrease in absorbance. 

We assume that the rapid initial decrease is due to the 

reaction of CF3CH2O" with 1 to form an unidentified initial 

product (step k-ĵ) , and that the subsequent slower decrease 

is due to the reaction of the initial product with excess 

of CF3CH2O (step k2) to form a final product. Under the 

reaction conditions used k2 is much smaller than k,. Be

cause k2 is so much slower than k,, it was possible to 

estimate the absorbance of the solution at the end of the 

first stage of the reaction, A''"̂''' , quite accurately. Plots 

of log(A-A ) vs. time for the absorbance of the solution 

during the first stage at the reaction were nicely linear. 

The slopes of such plots were taken to be k^, the rate con

stant for the first stage of the raction. Since we did not 

investigate the nature of the final reaction product, we 

will not speculate on the course of the latter reaction. 

The apparent first-order rate constant for the initial phase 

of the reaction was 1.29 sec" for a run 0.005 M in CF CH20~ 

and 2.57 sec" for a run 0.01 M in CF3CH20~ , indicating a 

second-order rate constant for reaction of CF3CH2O with 1 

2 -1 -1 of 2.6 X 10 M sec . 

The reaction of methoxide ion, CH3O , toward 1 was 

studied at 285 nm in methanol by stopped-flow spectrophoto

metry. There was no definite drift in A^ with time in high 
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concentration ([CH3O"] = 0.0165 M ) , but there was a detec

table drift in A^ in runs at a lower CH 0~ concentration 

(0.00775 M ) . It appears that the lower the methoxide con

centration the faster the second stage of the reaction takes 

place. Although the drift in A at [CH-O"] > 0.00775 M) 

was slow enough that an accurate estimate of A^^^^ was pos

sible, it appeared that in runs with [CH30~]<0.007 M it might 

be difficult to determine A^^^^ with high accuracy. For this 

reason no runs were done at lower methoxide concentrations 

than 0.0078 M. The results for the runs are shown in Table 3, 

Products of the Reaction of Piperidine with 1 

The reaction of phenyl benzenethiolsulfinate (1.0 

mmole) with piperidine (15.0 mmoles) was carried out in 20 

ml of 60% dioxane containing 5.0 mmoles of perchloric acid 

at room temperature for 1 hour. Upon work-up of the reac

tion solution, there was obtained 0.43 mmole of diphenyl 

disulfide, 0.37 mmole of N-(phenylthio)piperidine 2, and 

0.17 mmole of N-(phenylsulfinyl)piperidine 3. 

O 

CD>-S-N^ 

Both 2 and 3 were shown to be stable to the reaction 

conditions used for the reaction of piperidine with the 

thiolsulfinate in that both could be recovered unchanged 

in about 80% yield when allowed to stand in the piperidine 

buffer for the period of time used for the reaction. 
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Products of the Reaction of Morpholine with 1 

Reaction of phenyl benzenethiolsulfinate (2.0 mmoles) 

with morpholine (15.0 mmoles) was carried out in 30 ml of 

60% dioxane containing 5.0 mmoles of perchloric acid at 

room temperature for 7 hours. Upon work-up of the reaction 

mixture the only ether-extractable products that were ob

tained were diphenyl disulfide (0.66 mmole) and N-(phenyl

thio) morpholine 4 (0.98 mmole). There was no detectable 

amount of N-(phenylsulfinyl)morpholine 5. 

O 

0)-S-N. O 

5 

Although 4 and, particularly, 5 could not be recovered as 

quantitatively as 2 and 3 after standing in a morpholine 

buffer for the reaction time (7 hours) required for the 

complete reaction of the thiolsulfinate with morpholine, 

the amounts that could be recovered, 67% of 4 and 38% of 

5, were sufficient in each case to indicate that a signi

ficant portion of any 5 formed by reaction of morpholine 

with 1 should still have been present at the end of the 

reaction. The failure to isolate any 5 as a product indi-

cates that very little, if any, must have been formed. 
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Products of the Reaction of Cyanide Ion with 1 

Treatment of phenyl benzenethiolsulfinate (1.0 mmole) 

with excess sodium cyanide in a 1:1 CN":HCN buffer in 60% 

dioxane led to the formation of a large amount of phenyl 

thiocyanate, PhSCN. To isolate the thiocyanate as com

pletely as possible a work-up procedure involving conti

nuous extraction of the final reaction solution with methyl

ene chloride was employed. The amount of PhSCN in the re

sidue remaining after removal of the methylene chloride was 

then determined by an infrared method based on the inten

sity of the very sharp absorbance for the -SCEN group at 

2140 cm . This infrared method had been calibrated using 

solutions of PhSCN of known concentration, as shown in 

Figure 5. 

The amount of phenyl thiocyanate formed in the reac

tion of CN~ with PhS(O)SPh as isolated and determined in 

this manner was 1.57 mmoles/mmole of PhS(0)SPh reacting. 

Since a subsequent experiment with a known amount of 

PhSCN indicated that recovery of the thiocyanate from the 

cyanide buffer by the continuous extraction process was 

only about 85%, the actual yield of the thiocyanate produced 

in the reaction of CN" with PhS(O)SPh is probably somewhat 

higher than 1.57 mmoles/mmole of PhS(0)SPh, probably being 

at least 1.8 mmoles/mmole of PhS(O)SPh reacting. Clearly, 

the thiocyanate is being produced by some process in addi

tion to: 
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PhS (O) SPh + C N " > phso" + PhSCN (3) 

The most likely possibility is that the benzenesulfenate 

(PhSO ) produced in Eq. 3 is also being converted to PhSCN, 

most likely by a sequence such as: 

PhSO" ^ > PhSOH — ^ 1 > PhSCN + H.O 
H ^ 

Products of the Reaction of Methoxide Ion with 1 

The reaction of phenyl benzenethiolsulfinate 1 with 

methoxide ion was expected to form methyl benzenesulfinate 

6 and methyl benzenesulfenate 7. Since the -CH- group of 
~ ~ 3 

O 

(3 >-S-0CH3 /QVs-OCH 3 

6 has its singlet in the NMR at 6 3.4 while that for the 

methyl group of 7 is found at 6 3.7, the relative amounts 

of 6 and 7 in a mixture containing the two should be able 

to be determined by NMR. 

The reaction of PhS(0)SPh (2.0 mmoles) with methoxide 

ion (2.5 mmoles of CH-ONa) was carried out in methanol. 

Upon work-up of the reaction solution there was obtained 

1.34 mmoles of phenyl disulfide and 0.24 mmole of 6 from 

chromatography. There was no detectable amount of 7. 

The amount of PhS(0)0CH3 in the product mixture of 

another reaction of PhS(O)SPh (2.0 mmoles) with CH3O 
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(2.5 mmoles) was determined by an NMR method in v;hich a 

known weight of toluene was added to a known weight of the 

products and the ratio of intensity of the integral of the 

signal at 6 3.4 (-OCH3 group in PhS(0)0CH3) to the integral 

of the signal at 6 2.3 (-CH3 group in PhCH ) was measured. 

The amount of methyl benzenesulfinate formed in the reaction 

of CH30~ with PhS(O)SPh determined in this manner was 0.332 

mmole or 0.166 mmole/mmole of PhS(0)SPh. Since a subsequent 

experiment in which a known amount of PhS(0)OCH_ was dis

solved in methanol containing sodium methoxide and then 

subjected to the work-up procedure indicated that recovery 

of this compound from an aqueous solution containing some 

methanol by extraction with CCl. was only 43%, the actual 

yield of the methyl benzenesulfinate produced in the reac

tion of MeO" with PhS(O)SPh is higher than 0.166 mmole/ 

mmole of PhS(O)SPh, probably being at least 0.38 mmole/ 

mmole of PhS(O)SPh reacting. In the NMR examination of 

the products from the reaction of PhS(O)SPh with MeO there 

was no detectable signal at 6 3.7, indicating the complete 

absence of any PhS0CH3 7 in the final products. However, 

whether or not this means that no 7 is formed in the reac-

tion initially is not clear, as the experiments on the 

stability of 7 under the reaction conditions to be described 

in the next paragraph will illustrate. 

To check the stability of 7 under the reaction condi

tions, 1.0 mmole of PhS0CH3 was added to a methanol solu

tion of PhS(O)SPh (1.0 mmole) and 1.5 mmoles of CH3O Na 
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im methanol was then added and the reaction of the methoxide 

with the thiolsulfinate then allowed to proceed in the same 

fashion as before. The final solution was then worked up 

in the same way as in the earlier product studies and the 

NMR of the products examined. There was no detectable peak 

at 6 3.7, showing the absence of any 7 in the final residue. 

In addition from the intensity of the peak at 6 3.4 , the 

amount of PhS(0)0CH3 6 (estimated to be in the residue) 

(0.39 mmole) was considerably larger than the amount found 

at the end of the reaction of CH3O" with PhS(0)SPh in the 

absence of added 7. Two points are evident. First, the 

sulfenate ester PhSOCH- 7 is not stable under the condition 

used for reaction of PhS(O)SPh with CH_0 . Second, in un

dergoing decomposition under such conditions it can ap

parently form significant amounts of the sulfinate ester 

6 (or of some other compound that also has sharp NMR signal 

at 6 3.4 ) . 



CHAPTER III 

DISCUSSION 

One of the principal aims and goals of the reseaxch 

was to obtain a comparison of nucleophilic reactivity for 

an aryl thiolsulfinate (PhS(0)SPh) vs. the corresponding 

thiolsulfonate (PhS02SPh). Using data obtained by Kice, 

31 Rogers and Warheit for nucleophiles reacting with phenyl 

benzenethiolsulfonate (Eq. 1) and the data gathered in this 

work for phenyl benzenethiolsulfinate (Eq. 2 and 3) toward 

the same nucleophiles,a direct comparison can be made. 

O 

Nu + PhS-iS-Ph 

II 
O 

k ' s -> PhSNu + PhSO. (1) 

O 

Nu + PhS-S-Ph-

k 
•̂  PhSNu + PhSO 

0 

^^ > PhSNu + PhS' 

(2) 

(3) 

Table 4 lists the rate constants, (k^ + k^^), for reaction 

of various nucleophiles with phenyl benzenethiolsulfinate 

at 25°C. All data are for 60% dioxane as solvent except 

that for Meo", which are for methanol as solvent. The 

second column in Table 4 gives the rate constants, k^', 

obtained for the reaction of the same nucleophiles with 

phenyl benzenethiolsulfonate under exactly the same condi

tions. So that one may easier visualize the comparison 

49 
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a ratio of k '/(k + k \ v. = o w 
s ^ ̂  s^ ^so^ ^^^ ^^^^ listed in the last column 

of Table 4. 

On comparing these rate constants one sees that the 

different nucleophiles can be approximately divided into 

three groups according to the ratio of k '/(k +k ) 
s s so 

These are: 

(a) ^s'^^^^s'^^so^ = ••-' oxyanion nucleophiles, 

0H~, HO2, CH3O", CF3CH2O". 

(b) J^s'/^^c,+^co) = 20-40, polarizable anionic 
s so 

nucleophiles, CN , SO3 , Phs' 

(c) ^s'/^^s"^^so^ = 100-800, amines and N3~. 

Before considering and discussing these differences 

in reactivity and how they may be explained it will be 

helpful to discuss what the various product studies that 

have been carried out for the reaction of PhS(O)SPh with 

different nucleophiles have indicated about the preferred 

site of attack of nucleophiles on this molecule. 

In the case of cyanide (one of group (b) nucleo

philes) the product studies have shown a yield of PhSCN 

(-1.8 mmoles PhSCN/mmole of PhS(0)SPh reacted) so large 

as to be compatible only with essentially exclusive initial 

attack of C N " on the sulfenyl sulfur: 
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TABLE 4 

Summary of Rate Constants for Reaction of Nucleophiles 

with Phenyl Benzenethiolsulfinate and Phenyl 

Benzenethiolsulfonate at 25°C in 60% Dioxane 

Except MeO" in Methanol 

1 

Nucleophile 

OH" 

HOO" 

CH3O-

CH3CH2O" 

Piperidine 

Morpholine 

Piperazine 

NH2NH2 

^3~ 

Phs" 

CN~ 

SO3-

V^so^^^-2,3) 

M sec 

3.1 X 10^ 

3.2 X 10"̂  

7.0 X 10^ 

2.6 X 10^ 

0.047 

0.00046 

0.0057 

0.0024 

0.0058 

1.0 X 10^ 

1.9 X 10^ 

4.1 X 10^ 

k'(Eq.l) 

M sec 

4.4 

1.8 

3.8 

5.0 

27 

X 

X 

X 

X 

0.33 

3.0 

0.9 

0.7 

3.2 

7.8 

7.8 

X 

X 

X 

10^ 

10^ 

102 

10^ 

10^ 

10^ 

10^ 

k'/(k +k ) s' s so 

1.4 

0.56 

0.55 

1.9 

5.7 X 

7.2 X 

5.3 X 

3. 8 X 

1.2 X 

32 

41 

19 

102 

102 

10^ 

10^ 

102 

Data for phenyl benzenethiolsulfinate are from the present 
work; except for 0H~ and PhS" which were measured by Kice 
and Rogers^^. Data for phenyl benzenethiolsulfonate are 
from Kice, Rogers and Warheit^l. 
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CN + PhSSPh ^ PhSCN + PhSO" 

0 

with the benzenesulf enate (PhSO") formed in this step by 

being converted to PhSCN, probably by a reaction sequence 

such as: 

+ 
PhSO ^ ^ PhSOH "^^> PhSCN + H2O 

17 Earlier work by Rogers has also shown that for PhS 

(another group (b) nucleophile) that attack on the sulfenyl 

sulfur of phenyl benzenethiolsulfinate is preferred over 

attack on the sulfinyl sulfur by a factor of at least six 

to one. 

In the case of the two amines, morpholine and piperi

dine (members of the (c) group of nucleophiles), whose 

reaction products with PhS(O)SPh were studied in the cur

rent work, the results suggest that although in the piperi

dine case there is some attack on the sulfinyl sulfur (iso

lation of some PhS(0)N^J> as a product), the attack of 

this nucleophile is predominantly at the sulfenyl sulfur 

(greater yield of PhSN,^ than of PhS(0)N^^ ). In the 

case of morpholine no product, PhS(0)l^_J), corresponding 

to attack of the amine at the sulfinyl sulfur was isolated 

so that with this amine there is apparently an even stronger 

preference than with the more basic piperidine for attack 

of the amine to occur preferentially at the sulfenyl sulfur. 
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In contrast to these nucleophiles from group (b) and 

(c) which appear to attack PhS(0)SPh either predominantly 

or exclusively at the sulfenyl sulfur, the product studies 

with methoxide ion (one of the group (a) nucleophiles) show 

that attack of this nucleophile occurs predominantly (>75%) 

on the sulfinyl sulfur. Two earlier researches'^'^^ have 

also indicated that with O H " (another oxyanion) attack on 

PhS(O)SPh occurs either predominantly'^ or exclusively^^ on 

the sulfinyl sulfur. Thus it appears that in contrast to 

the group (b) and group (c) nucleophiles, group (a) nucleo

philes strongly prefer to attack PhS(0)SPh on the sulfinyl 

sulfur. 

One does not know for certain why group (a) nucleo

philes prefer to attack the sulfinyl sulfur of PhS(O)SPh 

whereas the other nucleophiles prefer to attack the sulfenyl 

group of the same molecule. One possible explanation is the 

following. 

In the Theory of Hard and Soft Acids and Bases (HSAB) 

37 - -as developed by Pearson and Songstead CN and PhS are 

classified as soft nucleophiles, while MeO and O H " are 

classified as hard nucleophiles. The dicoordinate sulfenyl 

sulfur center of the thiolsulfinate would be expected to be 

a soft electrophilic center, with the sulfinyl sulfur of the 

same molecule definitely being a harder electrophilic center 

37 
than the sulfenyl sulfur. Pearson and Songstad have shown 

that in nucleophilic substitution reactions, soft nucleo

philes appear to react to particular advantage with soft 
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electrophilic centers, while hard nucleophiles are thought 

to enjoy a special advantage in reaction with hard electro

philic centers. Therefore, one can understand why hard 

nucleophiles, such as MeO and OH , would react preferen-
i 

tially at sulfinyl sulfur, the harder of the two electro-
I 

philic centers in PhS(O)SPh, while soft nucleophiles like 

CN and PhS" will react with PhS(0)SPh preferentially at 

the softer sulfenyl sulfur. Nucleophiles of intermediate 
character, such as piperidine, might be expected to show 

I 
less preference for reaction at one center or the other 

i 

and to give some product from reaction at each center, as 

is indeed found. Thus HSAB appears to provide a convenient 

qualitative rationalization for the product study results. 

Let us return now to consideration of the ^g'^ ̂ ŝ'*'̂ sô  

ratios for the different nucleophiles and their possible 

explanation. The group (a) nucleophiles, the various oxy-

anions, presumably (see previous discussion of product 

studies) attack the thiolsulfinate primarily at the sulfinyl 

sulfur. The rate constant ratio that one measures in such 

a case when one determines the total reactivity of the 

thiolsulfonate as compared to the thiolsulfinate is there

fore - k V k . On the other hand, with the group (b) nu-
~ s so 

cleophiles (like CN", Phs", etc.) that preferentially attack 
the sulfenyl sulfur in PhS(O)SPh the rate constant ratio 

will be given by k '/k^. Arguments have also been given in 
-̂  s s 

the preceding paragraph why one might expect hard nucleo

philes like O H " and MeO" to react particularly readily with 
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a sulfinyl center as compared to a sulfenyl one. One can 

see from these arguments why one might expect, not only 

^^^^ ^so ^ ° ^ nucleophiles like MeO" and OH" would be much 

larger relative to k^ than for other types of nucleophiles, 

but also why k^'/k^^ for nucleophiles like MeO" and O H " would 

be much smaller than k '/k for other types of nucleophiles. 

Thus it is not surprising that k. , . T ,. ^ A^, . , -, ̂ . ^ 
thiolsulfonate thiolsulfinate 

should be much smaller for hard base nucleophiles like MeO" 

and OH . In the thiolsulfonate case one is measuring a rate 

for attack of a hard nucleophile on a soft electrophilic cen

ter (the sulfenyl sulfur of PhS02SPh); with the thiolsulfinate 

one is measuring a rate for attack of a hard nucleophile on 

the considerably harder sulfinyl sulfur center of PhS(O)SPh. 

With the group (b) nucleophiles like CN and PhS 
k. T-• n T^ . /k^, . T T^. . measures k^'/k^, i.e., both thiolsulfonate thiolsulfinate s s 

reactions involve attack of the nucleophiles on a sulfenyl 

sulfur, the one in PhS02SPh in the k^' case and the one in 

PhS(O)SPh in the k case. If we assume that in the case of 
s 

the group (b) nucleophiles in each case attack of the nucleo

phile on sulfenyl sulfur is rate-determining, then the fact 
that k '/k is in the range of 20-40 would appear to indicate 

s s 

that the sulfenyl sulfur of PhS02SPh is generally attacked 

about 20-40 times faster than the sulfenyl sulfur in 

PhSCO)SPh. 

But if that is true for nucleophiles generally, how 

can one explain the still larger k^'/k^ ratios observed 
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when the amines or azide ion are the nucleophile? One way 

that one could do this would be to assume that all the sub

stitutions at the sulfenyl sulfur atoms of both PhS02SPh 

and PhS(O)SPh take place via mechanisms where an interme

diate (either 9 or 10) is present on the reaction coordinate, 

and which can be formulated generally as shown in Eq. 4 and 5 

I ^ 1 - ^ 2 Nu +R-S-S-R^ : Nu-S-SO^-R—^ > Nu-S-R + R-SO (4) 
J k ' I 
O ^ -1 ' 

R 
9 

11 k _ k 
Nu +R-S-S-R^ -> Nu-S-SO-R —^ ^ Nu-S-R + R-SO (5) 

k_i R 

10 

The sulfinate ion, PhSOp / should be a considerably 

better leaving group than PhSO . That being the case k^' 

for ^ should be much greater than k- for 10. Let us assume 

that for nucleophiles in group (b), such as CN , PhS 

and S0-~, that for both ^ and l^fk2' and k2 are greater 

than k_,' and k_,, respectively, and therefore for those 

nucleophiles with both the thiolsulfinate and the thiolsul

fonate attack of the nucleophile on the sulfur compound 

(k ' and k ) is rate determining. In analogous substitutions 

3 8 
of carboxylic acid derivatives, Gravitz and Jencks have 

- ^ 5 
shown that k_, for amines (Nu = —N:) is 10 times larger 
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than k_^ for oxyanions (Nu" = -o") of equivalent basicity. 

If k_^ (or k'_^) for amines is generally large here too 

then one could conceivably have the following situation. 

With PhS02SPh as the substrate k^ for 9 would be larger 

than k_;̂^ for all nucleophiles in Table 4, including the 

amines and N3 , and for PhS02SPh k'-ĵ  (the attack of the 

nucleophile on the thiolsulfonate) would be rate-determi

ning in all cases. On the other hand, with PhS(O)SPh as 

substrate, because k2 for 10 is presumably considerably 

smaller than k'2 for 9, although one would still have 

^2 ^ ^-1 •̂ •̂'̂  nucleophiles like CN", PhS" and S0-~, with 

the amines and N3 , where k_, was much larger, one could 

have the opposite situation where kp << k_w and the 

measured rate constant, which would now be given by k^(k-/k_,)/ 

could be smaller than that found for PhSO^SPh, by a consider

ably larger factor than the factor of 20-40 that has been 

suggested earlier as generally being the difference between 

k' and k, for a nucleophile. 

To summarize the important findings of this research, 

it is quite clear, in the reaction of thiolsulfinate with 

nucleophiles, that except for oxyanion nucleophiles (such 

as OH", Meo", etc.), most of the other nucleophiles (group 

(b) and group (c) nucleophiles) studied prefer to attack 

sulfenyl C: S) center rather than to attack sulfinyl (> S=0) 

center. Besides being the one type of common nucleophiles 

which prefers to attack sulfinyl sulfur, oxyanion 
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nucleophiles are also the one type of nucleophile that ex

hibits reactivity toward thiolsulfinate (PhS(0)SPh) that is 

comparable with the reactivity toward thiolsulfonate 

(PhS02SPh) (kg'/kgQ = 1). All the other nucleophiles, 

group (b) and group (c), are much less reactive toward 

thiolsulfinate than toward thiolsulfonate (k* /k = 20-40 
s s 

for group (b) nucleophiles, k '/k = 100-800 for group (c) 

nucleophiles). The very low reactivity of amines and ^~ 

toward the thiolsulfinate, as compared to their reactivity 

toward the thiolsulfonate, may be due to the fact that the 

attack of such nucleophiles is not the rate-determining 

step. In these particular substitutions, in contrast to 

the reactions of other nucleophiles with PhS(0)SPh the 

breakdown of an adduct formed by addition of the nucleo

phile to PhS(O)SPh (step k2) is the rate-determining step. 
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