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Abstract approved 

Thiolsulfinates ( sulfenic anhydrides) have been found to react 

readily with sulfinic acids (equation 1) in acetic acid solvent. Kinetic 

O 
AASAr + 2 Ar'SO2H -> 2 Ar'SO2SAr + H20 

studies show that the reaction is first -order in thiolsulfinate and 

(1) 

first -order in sulfinic acid. The dependence of the rate on acidity 

and a solvent isotope effect of kH /kD 1. 27 suggest that the reac- 

tion is general acid -catalyzed. The results seem best accommo- 

dated by the mechanism shown in equation 2. 
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ArSOH + Ar'SO2H > Ar'SO2SAr + H20 

(2) 

Both the sulfinic acid- thiolsulfinate reaction and the dispro- 

portionation of thiolsulfinates, equation 3, can be markedly 
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accelerated by the addition of small amounts of organic sulfides. 

Both sulfide- catalyzed reactions have the same formal rate laws, 

O 
2 ArSSAr ArSO2SAr + ArSSAr (3) 

being first -order in catalyzing sulfide, first -order in thiolsulfinate 

and respond to acidity according to the Hammett acidity function, 

Ho. They show, however, a rather different dependence of rate on 

sulfide structure, k /k = 27, 000 for catalyzed reaction 1, but 
Et2S Ph2S 

only 47 for the catalyzed disproportionation. A plot of the loga- 

rithm of the rate constant for catalyzed reaction 1 versus o* gives 

p = -2. 0, indicating a substantial decrease in electron density on 

the sulfide sulfur in the transition state. This and correlation of 

rates with the rates of peroxide oxidation of sulfides, show that the 

sulfide acts as a nucleophile. 

Chart 1 is suggested as a general mechanism for the sulfide - 

catalyzed processes. Lack of dependence of the rate of catalyzed 

reaction 1 on sulfinic acid concentration suggests that this reagent 

acts simply to trap the thiosulfonium ion and sulfenic acid formed 

in the k2 step, i. e. , k4(Ar `SO2H) > k With no trapping agent, 

however, k > k3. 
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OH 
ArS-SAr 

® 
® 

R2SSAr + ArSOH 

e k3 
R2SSAr + ArSOH i "oxidized and reduced 

k4 (ArSO2H) 

intermediates" 
O 

k5(ArSSAr) 

Ar'SO2SAr + H20 (R2S) ArSSAr + ArSO2SAr 

Support for this mechanism has been gained through studies of 

the sulfide- catalyzed loss of optical activity of optically active phenyl 

benzenethiolsulfinate, equation 4. 

O k 9 
(+) - PhSSPh a > (t) - PhSSPh + PhSSPh + PhSO2Ph (4) 

As predicted by the mechanism proposed in Chart 1, the rate of sul- 

fide- catalyzed loss of optical activity in the absence of sulfinic acid 

parallels the rate of sulfide- catalyzed reaction 1, rather than the 

rate of the catalyzed disproportionation. The nature of the k3 step 

has not been determined. However, several possibilities are sug- 

gested and discussed. 

The kinetics of the uncatalyzed disproportionation of thiolsul- 

finates (equation 3) are complex. Mechanistic possibilities are pre- 

sented and discussed. 
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THE MECHANISMS OF SOME REACTIONS OF 
THIOLSULFINATES (SULFENIC ANHYDRIDES) 

INTRODUCTION 

Two types of compounds of the general formula R(S2O)R are 

referred to in the literature. The first are the anhydrides of sul- 

fenic acids, RSOH, formed by the hydrolysis of sulfenyl chlorides, 

equation 1 (112 -116, 53, 54), and the second are the esters of the 

2 RSC1 
H2O 

) 2(RSOH) > RS-0-SR + H2O (1) 
2 

hypothetical thiolsulfinic acid, R- S(0) -SH, called thiolsulfinates, 

formed by the oxidation of the corresponding disulfides (68, 94, 88, 

90, 50), equation 2, or by the coupling of a sulfinyl chloride with a 

mercaptan (5, 103, 12), equation 3. 

RSSR 
(0) 0 

> RSSR (2) 

O O 

RSCl + RSH > RSSR + HC1 (3) 

That these two types of compounds are one and the same was 

unequivocally shown by Vinkler and Klivényi in 1957 by direct com- 

parison of the products of the three reactions given above (103). 

Backer earlier had proof of this fact, but made little note of it (3, 

4). He showed that the hydrochloric acid hydrolysis of benzenesul- 

fenyl and p- toluenesulfenyl piperidides led to products identical with 

thiolsulfinates. Vinkler and Klivényi were led to postulate the 



thiolsulfinate structure as the true structure because they felt that 

it was unlikely that oxidation of a disulfide at room temperature 

would lead to cleavage or rearrangement of the sulfur - sulfur bond 

(103). Most importantly, Backer and Kloosterziel (5) had earlier 

shown that if two different groups are attached to the sulfur atoms, 

for example phenyl and p- tolyl, two isomeric forms are obtainable. 

In the example cited, these would be phenyl p- toluenethiolsulfinate 

(I) and p -tolyl benzenethiolsulfinate (II). Additional evidence that 

O 

CH3-COS -S-(12) \O>--- S -s 
I II 

CH3 

z 

the structure is indeed that of a thiolsulfinate is provided by the 

infrared spectra of various representatives of the series. Ghersetti 

and Modena have shown that these compounds possess a sulfoxide 

group by comparison of their spectra with those of sulfoxides, sul- 

finates, and sulfinyl chlorides (37, 38). Sulfoxides have an intense 

band at about 1050 cm. 1, sulfinate esters at about 1130 cm. 1, 

sulfinyl chorides at about 1150 cm. 1, sulfinic acids at about 1090 

cm. 1, and the thiolsulfinates have a comparable band at about 1100 

cm. -1 
(37; 38; 52, p. 48). 

Since sulfenic anhydrides and thiolsulfinates have been shown 

to be identical and to have the thiolsulfinate structure, regardless of 

the name given any particular compounds by authors, all compounds 
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of the general formula, R(S20)R will be referred to as thiolsulfinates 

in this thesis. 

Thiolsulfinates were first prepared by Zincke and his cowork- 

ers (112 -116) by the hydrolysis of aromatic sulfenyl chlorides. His 

structural assignments were made on the basis of elemental analy- 

sis and the fact that treatment of the thiolsulfinate with either con- 

centrated hydrochloric acid or phosphorous pentachloride in ether 

yielded the original sulfenyl chloride. Recently, doubts as to the 

validity of his claims have been raised by Oae (76), who found that 

Zincke's p- nitrophenyl p- nitrobenzenethiolsulfinate was really a 1:1 

mixture of the corresponding thiolsulfonate and disulfide, and that 

the o -nitro compound was a mixture of disulfide, thiolsulfinate, and 

thiolsulfonate. 

About this same time, Fries had reported that the hydrolysis 

of anthraquinone 1-sulfenyl chloride led to the isolable anthraquinone 

1- sulfenic acid (34). In attempts to prepare the anthraquinone 2 -sul- 

fenic acid, he could isolate only the thiolsulfinate (35). Hinsberg re- 

ported the preparation of 2- naphthyl 2- naphthalenethiolsulfinate and 

p- acetamidophenyl p -ac etamidobenzenethiolsulfinate by oxidation of 

the disulfides (46), but later withdrew his assertion (47) because the 

last mentioned compound gave thiolsulfonate and disulfide on heating 

with acetic acid. He may well have had the thiolsulfinate in view of 

the fact that thiolsulfinates are known to disproportionate under such 
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conditions. 

The chemistry of thiolsulfinates then received little attention 

for about 25 years. In 1944, Cavallito, Small, and their coworkers 

discovered that the active principle of garlic oil which had a very 

great bacteriostatic effect was allyl 2- propenylthiolsulfinate (24, 26, 

94, 95). This discovery has led to a great deal of work on the bio- 

logical activity of thiolsulfinates. There have been further reports 

of their bacteriostatic action (41, 72, 73, 83, 84, 96 -100). Also, activ- 

ity against tumors (49, 51, 109, 110) has been reported. There have 

been reports that thiolsulfinates reduce heat resistance of bacterial 

spores (69), give protection against ionizing radiation (82, 87) and 

have estrogenic activity (102). Calvin has suggested that thioctic 

acid monosulfoxide, which contains a five -membered cyclic thiol- 

sulfinate, may be an intermediate in the primary quantum conversion 

act in photosynthesis (7). 

Several methods for the preparation of thiolsulfinates have 

been described. Historically, the first method was the hydrolysis 

of sulfenyl halides (112 -116). Since Zincke's original observations, 

a number of other workers have prepared thiolsulfinates by this 

method (53, 54, 103, 106). Backer prepared thiolsulfinates by the 

hydrolysis of sulfenyl piperidides (3, 4). A second method involves 

controlled oxidation of a disulfide. The following oxidants have 

been used: perbenzoic acid (81, 103, 91, 94, 50), peracetic and 
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performic acids (88, 90), hydrogen peroxide (33, 1, 51), and mono - 

persulfuric acid (101, 88). Thiolsulfinates, which possess an asym- 

metric center at the sulfinyl sulfur, have been prepared in optically 

active form by asymmetric oxidation of the corresponding disulfide 

with optically active percamphoric acid (60, 89). Laakso has pre- 

pared some very hindered thiolsulfinates, namely 3 -(2, 2, 4, 4- tetra- 

methylpentyl) 3 -2, 2, 4, 4- tetramethylpentanethiolsulfinate and 2, 2, 6,6- 

tetramethylcyclohexyl 2, 2, 6, 6- tetramethylcyclohexanethiolsulfinate, 

by air oxidation of the corresponding mercaptan (67). Calvin pre- 

pared 1, 2- dithiolane -1 -oxide by photosensitized oxygen oxidation or 

ammonium persulfate oxidation of the disulfide (7). Thiolsulfinates 

have been isolated in the enzymatic hydrolysis of S -alkyl cysteine 

sulfoxides (100, 41, 24, 26). Zinner and Ritter have observed ethyl 

ethanethiolsulfinate as a product in the attempted coupling of tri- 
methyl hydrazine with ethanesulfinyl chloride (117). Colclough and 

Cunneen produced t -butyl t- butanethiolsulfinate upon heating di- 

(t- butyl) sulfoxide (27). 

The most general method and perhaps the best, since it allows 

the preparation of unsymmetrical thiolsulfinates, is the method first 
successfully accomplished by Backer and Kloosterziel (5). In this 

method, a mercaptan is coupled with a sulfinyl chloride in the pres- 

ence of pyridine in ethyl ether solvent. Other workers have further 

exploited this method (49, 103, 102, 68). Small found that the reaction 
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does not give thiolsulfinates in the absence of pyridine (94). Barnard 

has used this method to prepare specifically labelled phenyl (35S) 

benzenethiolsulfinate and phenyl benzenethiol (35S) sulfinate (12). 

One of the important reactions of thiolsulfinates is their dis- 

proportionation into thiolsulfonates and disulfides, equation 4. 

O 
2 RSSR > RSO2SR + RSSR (4) 

This reaction has been reported to occur under the following con- 

ditions: 

(1) upon drying samples of thiolsulfinates either with vacuum 

or with phosphorous pentoxide (8), 

(2) by initiation with arenesulfinyl radicals (13), 

(3) upon heating in hexane solution (5), 

(4) in aqueous solutions as a result of sulfenyl chloride 

hydrolysis (106), 

(5) upon gamma -ray irradiation (15). 

Barnard speculated that the mechanism of disproportionation involved 

radicals, basing his hypothesis on the first two conditions listed 

above (8). Vinkler and Klivényi reported that the disproportionation 

proceeds faster in acidic media than in neutral or basic solution (106). 

Other investigators have since used the existence of reaction (4) to 

explain products in a variety of reactions. Douglass (30, 31) postu- 

lates the formation and disproportionation of methyl 
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methanethiolsulfinate in the reactions of methanesulfenyl chloride. 

Ostermayer and Tarbell (78) have postulated the same reaction in 

the hydrolysis of S- methyl cysteine sulfoxide. Hirano (48) has re- 

ported the disproportionation of thiamine a -toluenethiolsulfinate 

and Kice (57, 61) has proposed the intermediacy of thiolsulfinates 

and their subsequent disproportionation in the reaction of sulfinic 

acids with disulfides. Small and Cavallito (94, 26) have reported 

that allyl 2- propenylthiolsulfinate disproportionates into allyl di- 

sulfide and sulfur dioxide, a result which has never been reported 

in any other system. 

A reaction related to the disproportionation is the basic hydrol- 

ysis of thiolsulfinates (equation 5) which like the disproportionation 

involves the thiolsulfinate as the only organic entity. Zincke 

O 
3 RSSR + H20 --> 2 RSSR + 2 RSO2H (5) 

reported this reaction 50 years ago and used it as a diagnostic test 

for thiolsulfinates (112 116). Burawoy (18, 19) has reported this 

reaction in the chemistry of aromatic o- mercaptoazo compounds. 

Vinkler and Klivényi report that this reaction is one of the pathways 

to disulfide in the sulfenyl chloride hydrolysis (106). 

Kharasch (52, p. 392) has indicated that the so- called dispro- 

portionation of sulfenic acids, equation 6 , may really involve this 

basic hydrolysis in the following manner, equation 7. 



2 RSOH ---> RSH + RSO2H 

O 
2 RSOH RSSR + H20 RSH + RSO2H 

8 

(6) 

(7) 

Recent investigations in this laboratory lend a great deal of support 

to this hypothesis. 1 The facile formation of thiolsulfinates from 

sulfenic acid is also reported by Vinkler and Klivényi (106, p. 347) 

who state "die Hydrolyse in jedem Falle, unäbhangig von dem Substi- 

tuenten des Sulfenylchlorids -- entgegen der allgemein angenommenen 

Ansicht -- uber die Stufe des Thiolsulfinsáureester verláuft und bei 

dieser Phase abstellbar ist. " Thus it would appear that all reac- 

tions involving sulfenic acids probably, at one stage or another, 

proceed by the intermediacy of thiolsulfinates. 

The most studied of the thiolsulfinate reactions is their reac- 

tion with mercaptans to produce disulfides, equation 8. This reac- 

tion is the one to which biological activity is most frequently 

O 
RSSR + 2 RSH 2 RSSR + H20 (8) 

attributed (81, 82, 87, 26, 96), since it involves blocking sulfhydryl 

groups which may be essential to some life process. Reactions of 

thiolsulfinates with cysteine have been reported by many workers 

(26, 91, 92, 90, 17, 111), as has the reaction with thiamine (36, 41, 48). 

Pihl has substantiated the reaction of cystamine sulfoxide with 

1 Wayne H. Stanley, unpublished results. 

---- 

O. 

-- 
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enzymatic sulfhydryl groups (81). The most important organic 

chemical work is by Schóberl, who used the reaction as a general 

method for the preparation of unsymmetrical disulfides (92). Most 

preparative methods lead to mixtures of the unsymmetrical com- 

pound with both of the symmetrical compounds. He claims about 

80% yield of the unsymmetrical disulfides by this method. 

Other reactions which have been studied include (1) oxidation 

to thiolsulfonate (12, 103, 68, 1, 101, 71, 105) which probably proceeds 

through the a -disulfoxide (13, 68), (2) chlorination to sulfenyl chlor- 

ide plus sulfinyl chloride with molecular chlorine (105, 64), (3) chlor- 

ination with phosphorous pentachloride or concentrated hydrochloric 

acid to yield two moles of sulfenyl chloride (112 -116), (4) reduction 

to disulfide by iodide ion(11, 17, 94) or triphenylphosphine (22), (5) 

disproportionation with sulfenyl chloride to yield disulfide plus 

sulfinyl chloride (31), (6) reaction with benzyl Grignard reagent 

to yield various mixtures of sulfoxide, sulfide, thiolate, and sul- 

fenate (105, 107), (7) reaction with 2, 4- dinitro chloro- and fluoro- 

benzenes which lead to sulfoxide (12), sulfide (106), or mixtures of 

sulfoxide, sulfide, and sulfone (23), according to which set of work- 

ers performed the experiments, (8) reaction with aniline to form 

sulfenanilides (53), and (9) condensation with acetone to yield the 

ß -keto sulfide (53). 

One of the properties of thiolsulfinates which is of some 
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immediate practical value is their ability to retard autoxidation 

reactions (43, 44, 28, 9, 10, 14). Phenyl benzenethiolsulfinate inhib- 

its cumene autoxidation (43, 44), squalene autoxidation (14), and 

natural rubber oxidation (28, 9). Phenyl benzenethiolsulfonate and 

phenyl disulfide also inhibit these reactions, but only after an induc- 

tion period, while the thiolsulfinate is immediately effective. Hawkins 

and Sauter (43, 44) have postulated that the inhibition is due to sulfur 

dioxide because elemental sulfur is even more effective than the 

thiolsulfinate. They propose that the thiolsulfinate can be oxidized 

to give sulfonyl radicals, which decompose to give sulfur dioxide, 

faster than the other organic sulfur compounds. Bateman and his 

coworkers claim that the decomposition of the intermediate hydro - 

peroxides is responsible for the inhibition (14). Chain termination 

by formation of the stable sulfinyl radicals might be another explana- 

tion in view of the work of Kice and Pawlowski (63) who found that 

arenesulfinyl radicals were unusually stable. 

Until the present study, no one had systematically studied the 

mechanisms of thiolsulfinate reactions. Barnard had shown that the 

disproportionation involved more than simple oxygen transfer (13), 

and Vinkler and KlivÉnyi had hinted that the disproportionation was 

acid -catalyzed (106). Of the other reactions, nothing was known 

except the products. The importance of these compounds to organic 

sulfur chemistry in general and to sulfenyl chloride chemistry in 
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particular, prompted us to investigate in detail the mechanisms of 

some of the reactions of thiolsulfinates. 
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RESULTS 

Disproportionation of Thiolsulfinates 

The first reaction of thiolsulfinates studied was their dispro- 

portionation, equation 9. As mentioned in the Introduction, Barnard 

2 ArSSAr > ArSSAr + ArSSAr 
Ö 

(9) 

(8) has shown that the disproportionation involves sulfur - sulfur bond 

cleavage and Vinkler and Klivényi (106) have advanced evidence that 

the disproportionation can be acid -catalyzed. 

Acetic acid was chosen as the solvent for our studies for sev- 

eral reasons. The most important of these was the fact that this was 

the same solvent in which an extensive mechanistic study (57, 61) of 

the disulfide - sulfinic acid reaction had previously been carried out. 

This study had indicated the likelihood that a thiolsulfinate was an 

intermediate in this reaction. We hoped that study of the dispropor- 

tionation of the thiolsulfinate under these conditions would contribute 

to further understanding of some of the details of the disulfide -sul- 

finic acid reaction. There was also the additional consideration, 

given the probable acid - catalyzed nature of the disproportionation 

(106), that a Hammett acidity function, Ho, is known for sulfuric 

acid in this medium (86). We wished to use this mineral acid as a 

O 
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catalyst rather than perchloric or hydrochloric acids because the 

former might well oxidize the thiolsulfinate and the anion of the 

latter is rather nucleophilic and could lead to complications result- 

ing from the nucleophilic catalysis of reactions of the thiolsulfinate. 

Hydrochloric acid is also a rather weak acid in acetic acid. 

Phenyl benzenethiolsulfinate was chosen as the compound to 

be used in preliminary studies. The ultraviolet spectra of phenyl 

benzenethiolsulfinate, phenyl benzenethiolsulfonate, and phenyl di- 

sulfide were determined in acetic acid (Figure 1). From this corn - 

parison it appeared that following the simultaneous disappearance of 

the thiolsulfinate and appearance of the two products spectrophoto- 

metrically would provide a suitable method for following the reaction. 

Initial experiments to determine exact conditions for kinetic 

work were carried out. Essentially no reaction occurred at 65°C. 

in acetic acid -1% water. However, with 4M sulfuric acid in acetic 

acid -1% water, the reaction was complete in less than 30 minutes. 

The reaction ran to completion in less than 90 minutes at 86°C. in 

0. 20M sulfuric acid in acetic acid -1% water. The spectra of the 

completed reactions were identical with a 1 :1 mixture of thiolsulfonate 

and disulfide. 

Stoichiometry 

In order to determine the stoichiometry of the disproportionation 
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Figure 1. Ultraviolet Absorbtion Spectra of 
Phenyl Benzenethiolsulfinate (Curve 
A), Phenyl Benzenethiolsulfonate 
(Curve B), and Phenyl Disulfide 
(Curve C). 
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exactly, a solution after complete reaction was poured into water 

and the products extracted with ether. The ether was then removed 

under vacuum and the products chromatographed on acid -washed 

alumina. The disulfide eluted with hexane and the thiolsulfonate 

eluted with 1:1 hexane -benzene. Phenyl benzenethiolsulfinate (4. 00 

mmoles) yielded phenyl benzenethiolsulfonate (1.97 mmoles) and 

phenyl disulfide (2.09 mmoles). The stoichiometry as given in 

equation 9 is therefore correct. 

Kinetics of the Dis proportionation 

Kinetic investigations were carried out by following the change 

in the ultraviolet absorbtion at a given single wavelength. Although 

the runs are slightly curved at the beginning (circa 10 %) and again 

curve after 80 -90% reaction, the intermediate portion of the first - 

order plots are linear and yield the first -order rate constants, kobs. 

Each individual run appeared, then, to yield a first -order rate con- 

stant, but the first -order rate constant varied with the initial concen- 

tration of the thiolsulfinate. Data illustrating this phenomenon are 

presented in Table 1. That this variance in rate constants is not 

due to an impurity in the starting material was shown by the fact 

that kinetic runs on different batches of thiolsulfinate gave reproduc- 

ible rate constants. The effect of the products on the kinetic behav- 

ior of the reaction showed that in the quantities produced during the 
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course of the disproportionation, the products have no effect on the 

rate. A six -fold excess of thiolsulfonate had no effect on the ob- 

served first -order rate constant and a sixfold excess of the disulfide 

produced only a 15% increase in rate. 

Table 1. Variation of observed first -order rate constant with initial 
phenyl benzenethiolsulfinate concentration.a 

O 
Initial (PhSSPh) T, °C kobs. X 104, sec. 1 

0. 00859 M 40 0. 230 

0.0503 40 0. 878 

0.1000 40 1.37 

0.00756 60 1.14 

0.01802 60 1.70 

0.0400 60 3.16 

0.0594 60 4.27 

0.00850 70 2.32 

0 :0502 70 7.01 

aAll runs in 0. 20 M sulfuric acid -0.56 M water- acetic acid. 

The acidity dependence of the disproportionation can be esti- 

mated by comparison of the rate constants derived from the linear 

portion of each first -order plot at various strong acid concentra- 

tions. Such a comparison is shown in Table 2. If the first -order 

rate constants, kobs., are plotted against the Hammett acidity 
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function, -Ho, a straight line of slope 0. 89 is obtained (Figure 2), 

indicating that the reaction follows the proton donating property of 

the medium rather than the stoichiometric concentration of added 

sulfuric acid. 

Table 2. Acidity dependence of disproportionation of phenyl 
benzenethiolsulfinate in acetic acid at 60° C. a 

(H2SO4), M (H2O), M Ho kobs. 
X 104, sec. 1 

0,10 0. 56 -1. 13 0.42 

0.20 0. 56 -1.56 1.14 

0.40 1.12 -1.75 1.88 

0.40 0. 56 -2.08 3.06 

0.40 0. 28 -2.24 3.52 

0. 60 0. 56 -2.41 6.13 

aAll runs have initial (PhS(0)SPh) = 0.00755 M. 

The activation energy of the disproportionation reaction was 

also determined. It was found that the activation energy was 16.5 

kcal. /mole for an initial concentration of 0. 0085 M, and 15.1 kcal/ 

mole for an initial concentration of 0. 0500 M, both at 0.20 M sul- 

furic acid in acetic acid -1% water. 

p -Tolyl p- toluenethiolsulfinate was run under one set of condi- 

tions, i, e. , 0. 60 M sulfuric acid- 1% water at 40 ° C. Again the 

kinetics were curved at the beginning and at the end; the intermediate 
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portion of the curves yielded a rate constant of 1.19 X 10 -4 sec. -1, 

a value which is practically indistinguishable from the predicted rate 

constant for phenyl benzenethiolsulfinate, which is 1. 10 X 10-4 sec. 1. 

Because of the difficulty of explaining the complex behavior of 

the disproportionation, itwas decided to investigate other reactions 

of thiolsulfinates in order to obtain a better idea of the kinds of re- 

actions thiolsulfinates undergo. 

Sulfide- Catalyzed Disproportionation of Thiolsulfinates 

Given previous reports of nucleophilic catalysis of sulfur - 

sulfur bond cleavages (61), one might expect if sulfur - sulfur bond 

cleavage is indeed the slow step, that nucleophiles such as organic 

sulfides could catalyze the disproportionation of thiolsulfinates. For 

this reason the effect of sulfide nucleophiles on the disproportiona- 

tion was investigated. As expected, the nucleophiles accelerated 

the reaction, but the magnitude of this acceleration was entirely un- 

expected. Figure 3 shows the result of the addition of 2. 5 X 10-4M 

benzyl sulfide to a disproportionation run. With this small amount 

of added sulfide, phenyl benzenethiolsulfinate disappears 30 times 

faster than in its absence. In contrast to the kinetics of the dispro- 

portionation which were very complex, the kinetics of the sulfide - 

catalyzed reaction were very straightforward. Therefore, various 

features of this sulfide - catalyzed disproportionation were studied in 
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detail. 

Stoichiometry 

The products of the sulfide -catalyzed disproportionation were 

determined in the same manner as were the products in the uncata- 

lyzed reaction. Phenyl benzenethiolsulfinate (3.00 mmoles) gave 

phenyl benzenethiolsulfonate (1.51 mmoles) and phenyl disulfide 

(1.46 mmoles) in the presence of 0.00025 M benzyl sulfide, and 

phenyl benzenethiolsulfinate (3. 00 mmoles) gave phenyl benzene - 

thiolsulfonate (1.51 mmoles) and phenyl disulfide (1.49 mmoles) in 

the presence of 0.0099 M phenyl sulfide. In the case of phenyl sul- 

fide only, some phenyl sulfoxide was found and identified by compar- 

ison with an authentic sample. This amounted to only about 1% of the 

original thiolsulfinate. Thus, the sulfides act as true catalysts, and 

the stoichiometry of the sulfide -catalyzed disproportionation is given 

by equation 10. 

O R2 S O 
2 ArSSAr 2 > ArSSAr + ArSSAr 

Ö 

Kinetics of the Sulfide -Catalyzed Disproportionation 

Kinetic Order with Respect to the Catalyzing Sulfide. The 

sulfide does not become incorporated into the products, but has a 

profound influence on the rate of disproportionation. In order to 

(10) 



22 

determine the kinetic order of the rate law with respect to the added 

sulfide, the rates of disproportionation in the presence of different 

concentrations of benzyl sulfide were determined. The results are 

shown in Figure 4. Since the observed first -order rate constants 

plot linearly with the benzyl sulfide concentration, the reaction is 

first -order in added benzyl sulfide. Similarly, Figure 5 shows the 

results for n -butyl sulfide. 

Alternately, a second -order rate constant, kd, may be calcu- 

lated by dividing the first -order rate constant, kobs: corrected for 

the uncatalyzed disproportionation rate, by the concentration of the 

added sulfide; that is, kd - (kobs. - 
ko) /(R2S). This will be a con- 

stant for a given sulfide only if the reaction is truly first -order in 

the catalyzing sulfide. That kd is a constant for all eight sulfides 

tested is evidenced by the data in Table 3. This behavior and the 

fact that the observed first -order rate constants for n -butyl and 

benzyl sulfides plot linearly versus the sulfide concentration shows 

that the reaction is first -order in the catalyzing sulfide. 

Dependence of Rate on Sulfide Structure. As seen in Table 3, 

the second -order rate constants, kd, for the sulfide -catalyzed dis - 

proportionation are not too sensitive to changes in the sulfide struc- 

ture, there being a factor of 120 separating the least reactive sulfide 

from the most reactive. The most nucleophilic sulfides, ethyl, 

n- butyl, benzyl, and tetrahydrothiophene, have about the same rate 
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Table 3. Independence of second -order rate constant, kd, of catalyzing sulfide concentration. a 

Sulfide (R2S), M kobs 104 
-1 sec. Mil sec. -1 -1 

kd(aver. ) 

M-1 sec. -1 

Tetrahydrothiophenec 2.96 X 10_4 9. 51 3.15 3. 22 
1.47X 10 5. 05 3. 30 

Benzyl 3.50 X 10-4 8, 58 2. 39 2. 40 
2, 50 X 10_4 6. 20 2. 40 
1.50 X 10 3. 81 2.41 

n-Butyl 3.39 X 10_4 7, 94 2, 28 2. 30 
2.38 X 10 -4 5. 73 2.32 
0.30 X 10 0. 855 2. 18 

Ethylc 6.16 X 10_4 11.16 1. 78 1.80 

c Thiodipropionic acid 

2.08X 10 

7.00X 10_4 

5, 85 

9.31 

1.83 

1.30 1.30 
5,00 X 10 6. 76 1.31 

Benzyl phenyl 6.74X 10_4 6. 33 0. 910 0, 913 
3.37 X 10 3.30 0,917 

Phenyl 0. 0310 12.11 0. 0384 0. 0383 
0.0156 6. 24 0. 0383 

Thiodiglycolic acids 0. 0450 11. 04 0. 0241 0. 0243 
0.0286 7. 30 0. 0248 

aAll runs were in acetic acid -0. 20M sulfuric acid -0. 56M water at 40 °C. All runs 
phenyl sulfide run were at an init 1 phenyl benzenethi lsulfinate concentration of 

b eptio was at 0. 00800M. 
Jncatalyzed rate used to correct the observed first -order rate constant is 0. 20 X 

cRuns for these sulfides made by Mr. Leslie Heasley. 

except the 0. 0156M 
0. 00400M. The ex- 
10 -4sec. -1. 

X kd 
b 
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constants. The rate constants for the four remaining sulfides de- 

crease in the order expected from their nucleophilicities. 

Order with Respect to Thiolsulfinate. The data in all runs 

plotted cleanly first -order in thiolsulfinate. See Figure 3 as an 

example. In order to be sure that the anomalous behavior noted in 

the disproportionation was not operative here, runs at two different 

thiolsulfinate concentrations were made for both benzyl sulfide and 

phenyl sulfide. For benzyl sulfide, the second -order rate constant, 

kd = (kobs. - ko) /(R2S), is 2.40 M-1 sec. 1 for an initial phenyl 

- 1 

benzenethiolsulfinate concentration of 0.0040M and 2.42 M 
1 sec. 

for 0.0080M. For phenyl sulfide, kd is 0.0384 M 1sec. -1 starting 

with 0.0040M phenyl benzenethiolsulfinate and 0.0383 M 
1 sec. 1 

starting with 0. 0080 M. Since the data of each run plot first -order 

and doubling the initial concentration of the thiolsulfinate does not 

change the second -order rate constant, kd, it is concluded that this 

reaction is first -order in thiolsulfinate. 

Dependence of Rate on Strong Acid Concentration. The de- 

pendence of the rate of the sulfide -catalyzed disproportionation on 

the concentration of added sulfuric acid was studied for both benzyl 

and phenyl sulfides. The results are shown in Table 4. Figure 6 

shows a plot of kd for benzyl and phenyl sulfides versus the Hammett 

acidity function, Ho. Figure 7 shows a plot of the same rate con - 

stants versus the logarithm of the concentration of added sulfuric 
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Second -Order Rate Constants, kd' versus 
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+ 
acid, log al ). Both plots are essentially linear. However, the 

points for water concentrations other than 0. 56 M lie on the line 

in the Ho plot but not on the line in the log(H +) plot. For this rea- 

son, the correlation of the rates with the Ho acidity function is pre - 

ferred. 

Table 4. Dependence of kd on acidity. a 

(H2SO4) (H2O) Ho log(H+) kd log kd + Ho 

Benzyl sulfide 

0. 10M 0. 56M -1. 13 -1.00 0. 89 -1. 18 

0.20 1.14 -1.30 -0. 70 1.38 -1. 16 

0.20 0. 56 -1.56 -0. 70 2.40 -1. 18 

0.30 0.56 -1. 86 -0, 52 4. 74 -1. 18 

Phenyl sulfide 

0.10 0.56 -1.13 -1.00 0.0157 -2.93 

0.20 0.81 -1.44 -0. 70 0. 0290 -2. 98 

0.20 0.56 -1.56 -0. 70 0. 0383 -2.98 
0.30 0.56 -1.86 -0.52 0.0737 -2. 99 

aAll runs in acetic acid at 40° C. with an initial concentration 
of phenyl benzenethiolsulfinate of 0.0040M. 

Activation Energy. The activation energy of the benzyl sulfide- 

catalyzed disproportionation was determined in acetic acid -0.10 M 

sulfuric acid -0. 56 M water and found to be 12.7 kcal. /mole. 

Deuterium Isotope Effect. The rate of the benzyl sulfide - 

catalyzed disproportionation was determined in acetic acid -d -0. 10 M 

0 
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deuterium sulfate-0.56M deuterium oxide. The isotope effect was 

found to be kH /kD = 0.89/1.30 = 0.68. Alternately, kDOAc /kHOAc 

1.30/0.89 = 1.46. 

Chloride Ion Catalysis. In order to discover whether the nu- 

cleophilic catalysis of this reaction could be extended to other than 

organic sulfides, a run with 1.5 X 10-3M added potassium chloride 

was carried out. The reaction was again cleanly first -order in phenyl 

benzenethiolsulfinate and a catalytic constant of 0. 155 M -lsec. -I was 

determined for potassium chloride in acetic acid-0.10M sulfuric acid- 

0. 56 M water at 40°C. 

Sulfinic Acid - Thiolsulfinate Reaction 

As mentioned earlier, thiolsulfinates have been postulated as 

intermediates in the sulfinic acid -disulfide reaction (57, 61). Since 

the normal disproportionation of thiolsulfinates is not fast enough to 

account for the fact that they are not isolable in the sulfinic acid - 

disulfide reaction, it was felt that sulfinic acids might either cata- 

lyze the thiolsulfinate disproportionation or react directly with the 

thiolsulfinate. Thus, kinetic runs on the disappearance of thiol- 

sulfinate in the presence of sulfinic acid were carried out, and it 

was found that in the presence of 0.0454 M p- toluenesulfinic acid, 

phenyl benzenethiolsulfinate disappears 12 times faster than in its 

absence (see Figure 8). Such a reaction of a sulfinic acid with a 

thiolsulfinate had not been reported before and was accordingly 

studied in detail. 
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Stoichiometry 

One can reason that the reaction of a sulfinic acid with a thiol- 

sulfinate should have one of the three stoichiometries given in equa- 

tions 11, 12, or 13. In equation 11, the sulfinic acid acts simply as 

O ArSO2H O 

2 ArSSAr > ArSSAr + ArSSAr 
O 

ArSO2H + ArSSAr > ArSSAr + ArSO3H 

O 

2 ArSO2H + ArSSAr > 2 ArSSAr + H20 
O O 

(12) 

(13) 

a catalyst for the disproportionation. In equation 12 a simple oxygen 

transfer between the reacting species produces oxidized and reduced 

products. In equation 13, the thiolsulfinate acts as a "sulfenic an- 

hydride" and the product thiolsulfonate is essentially the mixed an- 

hydride of a sulfenic and a sulfinic acid. Unfortunately, the reac- 

tion does not assume any one of these stoichiometries exactly. Thus, 

one typical run gave the stoichiometry: 

O O 

1. 23 ArSO2H + 1.00 ArSSAr > 1.31 ArSSAr + O. 20 ArSSAr 
8 

The overall stoichiometry can, however, be fitted to a scheme which 

involves only two of the reactions, this being a weighted sum of 

equations 11 and 13. If a is the proportion of the reaction having 

O 

(11) 
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the stoichiometry of equation 11 and b is the proportion of the reac- 

tion having the stoichiometry of equation 13, the overall stoichiome- 

try is given by 

O O 
2b ArS02H + ( 2a+b) ArSSAr--> a ArSSAr + ( 2b+a) ArSSAr (14) 

O 

If (2a +b) is taken as equal to one, then the moles of products obtained 

per mole of thiolsulfinate consumed can be calculated from the moles 

of sulfinic acid consumed per mole of thiolsulfinate reacting. The 
O 

constant, b, is simply ArSO2H (consumed) per mole of ArSSAr/2, 

and a = (1-b)/2. Table 5 presents this kind of analysis for the p -tolyl 

p- toluenethiolsulfinate -p- toluenesulfinic acid reaction. The amount 

of disulfide recovered is on the average about 6% below the calcu- 

lated amount; the thiolsulfonate about 9% low. This is probably due 

to loss during the recovery operation. Although there is some scat- 

ter in the data, the proposed stoichiometric scheme accounts ade- 

quately for the measured values. 

Kinetics of the Sulfinic Acid -Thiolsulfinate Reaction 

Because the sulfinic acid -thiolsulfinate reaction is fast, one 

could not use conditions for kinetic runs which involved much greater 

than an eight to one ratio of sulfinic acid to thiolsulfinate. This is 

not a sufficient excess to assume that the sulfinic acid concentration 

is constant throughout the run. On the other hand, the variable 
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stoichiometry of the reaction makes a true second -order analysis 

of the kinetics extremely unwieldy. Under these conditions, the 

best method of determining rate constants was to plot the disappear- 

ance of thiolsulfinate as a pseudo first -order reaction and then to 

determine the rate constants by dividing these pseudo first -order 

rate constants by the average sulfinic acid concentration for the run. 

Table 5. Stoichiometry calculations based on equation 14 
á 

ArS02H b=ArSO2H/2 a=(1-b)/2 ArSSArb ArSO2SArb 

(cons td) 

1. 70 .85 .08 . 08(. 18) 1. 78(1.27) 

1.47 . 74 .13 .13(.13) 1.60(1.47) 

1.16 .58 .21 . 21(.19) 1.37(1.18) 

1.32 .66 . 1 7 .17(.15) 1.49(1. 16) 

1.43 . 72 .14 . 14(. 11) 1.57(1.50) 

1.26 .63 .18 .18(.16) 1.44(1.48) 

1.23 .62 .19 . 19(. 20) 1.42(1.31) 

1.25 .62 . 19 .19(.16) 1.44(1.3 7) 

aData in this table were obtained under a variety of conditions 
and are presented only to illustrate the stoichiometry calcu- 
lation. 

bExperimentally isolated amounts of the products are given in 
parentheses. 

Kinetic Order with Respect to Sulfinic Acid. Figure 9 shows a 

plot of the pseudo first -order rate constants versus the average sul- 

finic acid concentrations for a series of runs. Since these first -order 
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rate constants, kobs. , plot linearly versus the average sulfinic con- 

centration, the reaction is apparently first order in sulfinic acid. 

Another way to check whether the reaction is first order in sulfinic 

acid is to see if the second -order rate constant, k2 
= (kobs. -ko) / 

(ArSO H) 
2 ay. , is a constant independent of sulfinic acid concentration. 

Table 6 shows that k2 is indeed a constant for the p- toluenesulfinic 

acid- phenyl benzenethiolsulfinate reaction. Therefore, the reaction 

is first -order in sulfinic acid. 

Table 6. Independence of second -order rate constant, k2, of 
sulfinic acid concentration, a 

(ArSO2H)init, (ArSO2H)av. kobs 
X 104 

sec. 1 

k2 X 102 

M-lsec.'1 

(1)0.0300 0. 0266 2.47 0. 90 
0. 0600 0. 0566 5. 10 0. 89 
0. 0900 0. 0866 7.66 0. 88 

(2)0. 0300 0. 0266 4.30 1.54 
0. 0600 0. 0566 9. 01 1.55 

(3)0.0300 0. 0240 4.13 1.63 
0. 0600 0. 0540 8. 90 1.61 
0. 0900 0. 0840 13.2 1.55 

aConditions for these runs are as follows: (1) 40 °C., acetic 
acid -0. 10 M sulfuric acid -0. 56 M water, (PhS(0)SPh)init. _ 
0.0038M, (2) 50° C., 0. 10 M sulfuric acid - 0. 56 M water, 
(PhS(0)SPh)init. = 0.0038 M, (3) 50 ° C. , 0. 10 M sulfuric ac- 
id- 0. 56 M water, (PhS(0)SPh)init. = 0. 0076 M. 

bk 
2 

= k obs. -k 
o 

/(ArSO H) 
2 ay. , k 

o 
= 0.07 X 10for set (1), 

0. 20 X 10 -4 for sets (2) and (3). 

Effect of Changing Sulfinic Acid Structure. The reaction of 

b 
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phenyl benzenethiolsulfinate with four different para- substituted 

benzenesulfinic acids was studied. The reaction was not very 

sensitive to the nature of the substituent. Table 7 presents the rate 

constants for the four sulfinic acids under the same conditions. The 

rate constants, k2, plot fairly linearly versus the Hammet o- values, 

giving a slope of p = +. 66 (see Figure 10). Figure 11 is a plot of 

k2 for the different sulfinic acids versus their pKa's (85). This also 

is linear, with the more acidic sulfinic acids having the larger k2's. 

Both of these correlations indicate that electron withdrawal from the 

sulfinic acid sulfur facilitates the reaction, that is to say, that the 

sulfinic acid sulfur is less positive in the transition state than it is 

in the ground state. 

Table 7. Effect of para substituent on the rate of the p -X benzene - 
sulfinic acid - phenyl benzenethiolsulfinate reaction. a 

X- k2 x 102 o- pKa 
M lsec.-1 

CH3- 0. 90 -. 1 7 1. 24 

H- 0. 95 0 1. 21 

Br- 1.41 .23 1. 09 

NO2- 3. 16 . 78 0. 64 

aAll runs in acetic acid-0.10M sulfuric acid-0.56M water 
at 40°C. with (PhS(0)SPh)init. 

= 
0.0038M and (ArSO2H)init. 

0. 0300M. 
_ 

init. - 
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Order with Respect to Thiolsulfinate. If sulfinic acid were 

present in sufficient excess, each kinetic run plotted cleanly first- 

order in thiolsulfinate (see for example, Figure 8). Table 8 pre- 

sents data showing the constancy of the calculated k2 for different 

initial thiolsulfinate concentrations. These two facts conclusively 

show that the reaction of sulfinic acids with thiolsulfinates is first - 
order in thiolsulfinate. 

Table 8. Independence of second -order rate constant, k2, of 
phenyl benzenethiolsulfinate concentration, a 

(PhS(0)SPh) (ArSO H} k X 104 k2 102 init. 2 av, obs, 
_l ? 1 -1 sec. M sec. 

0. 003 77 M 0.0566 M 9. 01 1.56 
0. 00756 0.0532 8. 90 1.63 
0.01502 0. 0465 7.37 1.54 
0. 01496 0, 0465 7. 25 1.52 

aAll runs in acetic acid-0.10M sulfuric acid-0.56M water 
at 50°C. with initial p- toluenesulfinic acid concentration 
equal to 0. 0600M. 

Effect of Thiolsulfinate Structure on Rate. Although no general 

study of changing thiolsulfinate structure was carried out, the 

rates of reaction of four different thiolsulfinates with p- toluenesul- 

finic acid were determined. The results are shown in Table 9. 

These limited data suggest that both the sulfenyl sulfur and the 
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sulfinyl sulfur are slightly more positive in the transition state than 

in the ground state. 

Table 9. Dependence of rate on thiolsulfinate structure. a 

Thiolsulfinateb kobs,X 104 k2 X 102 k X 102 

-1 sec. M -1 sec. -1 - (calculated)c 

PhS(0)SPh 4.55 1.62 

PhS(0)SAr 5.46 1.95 

ArS(0)SPh 5.78 2.07 

ArS(0)SAr 7.01 2.53 2. 50 

aAll runs in acetic acid-0.10M sulfuric acid-0.56M water 
at 50° C. (RS(0)SR) = 0.0038M. (ArSO H) = 

2 init. 0.0300M. 

bPh = phenyl, Ar = tolyl 
c Using p- values determined from the first three points, k2 
for p -tolyl p- toluenethiolsulfinate was calculated from 
the equation log (k2 X 102) = 0.470- -0.62 O- -S -+ . 210. 

O 

Dependence of Rate on Sulfuric Acid Concentration. The de- 

pendence of the rate of the sulfinic acid -thiolsulfinate reaction on 

changing sulfuric acid concentration is quite different from that of 

any of the other reactions presented in this thesis. Although the 

logarithm of the second - order rate constant plots linearly versus 

the Hammett acidity function, Ho, the slope of such a plot is only 

0. 56, deviating quite badly from the theoretically expected value 

- 

-5- 
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of 1.0 (see Figure 12). Unlike all of the other reactions, if a plot 

of k2 versus the sulfuric acid concentration is constructed, it is 

linear, k2 X 102 being equal to 7. 2 (H2SO4) + 0. 19 (see Figure 13) 

for the phenyl benzenethiolsulfinate -p- toluenesulfinic acid reaction. 

Table 10 shows the dependence of k2 on the concentration of sulfuric 

acid. Again, unlike the other reactions, notice that there is a large 

residual rate, 0. 19 X 102 M lsec. -1, even in the absence of added 

sulfuric acid. The dependence of this reaction on changing water 

concentration is also peculiar when compared to the other reactions. 

The rate of the sulfinic acid -thiolsulfinate reaction is practically 

independent of the water concentration. Thus, the points for chang- 

ing water concentration do not fall on the straight line in the Ho plot, 

Figure 12, but do come very close to falling on the line in the plot 

of k2 versus the sulfuric acid concentration, Figure 13. Table 11 

presents data evidencing this relative independence of k2 on the 

water concentration. The linear dependence of k2 on the sulfuric 

acid concentration, the relatively large rate in the absence of added 

sulfuric acid, and the insensitivity of the rate to changing water con- 

centration all argue that this reaction is a general acid -catalyzed 

process, whereas the other reactions are specific acid -catalyzed 

processes. 

Deuterium Isotope Effect. A kinetic run in acetic acid -d -0. 10 

M deuterium sulfate -0. 56M deuterium oxide at 40°C showed that this 

0 
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Table 10. Dependence of k2 on sulfuric acid concentration. a 

(H2SO4) 
Ho kobs. 

X 104 k2 X 102 k2 X 102(cal'd)b 

M 
-1 sec 

-1 -1 
M sec. 

-1 -1 
M sec. 

0.10 -1.13 2.47 0. 91 0. 91 

0. 20 -1.56 4.55 1. 63 1.63 

0.30 -1.86 6. 60 2. 33 2.35 

0.40 -2. 08 8. 85 3. 08 3.07 

aAll runs at 40°C. in acetic acid -0. 56M water, with 
(PhS(0)SPh). = 0. 0038 and (ArSO H). = 0. 0300 M; 

2 init. in t. 
b(ArSO 'Hay. _ b. 0266 M. 

Calculated from the expression k2 X 10 = 7. 2 (H2SO4) 
+ 0.19. 

Table 11. Effect of water concentration on k a 

(H20) Ho 
4 

kobs. 104 

-1 sec. 

k2 x 102 
2 

-1 -1 
M sec. 

0. 28 -1. 75 4. 20 1.50 

0. 56 -1.56 4. 55 1.63 

1.16 -1.30 4.62 1.66 

0.56 -1.56 7. 00 2.52 

1.13 -1.30 7. 28 2.62 

a All runs at 40' C. in acetic acid -0. 20 M sulfuric acid with 
initial _p-- toluenesulfinic acid concentration 0.0300M and 
initial thiolsulfinate concentration 0.0038M. The first 
set of three runs are for phenyl benzenethiolsulfinate reac- 
tion; the second set of two, for p -tolyl p- toluenethiol- 
sulfinate. 

44 
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reaction proceeds more slowly in the deuterated solvent, in contrast 

to the sulfide- catalyzed disproportionation, which is faster in the 

deuterated medium. The solvent isotope effect was kH /kD = 2.50/ 

1.97 = 1. 27, or 
kDOAc /kHOAc =0. 79. This isotope effect is also 

suggestive that the sulfinic acid -thiolsulfinate reaction is general 

acid-catalyzed. 

Activation Energy. The activation energy of the p- toluene- 

sulfinic acid -phenyl benzenethiolsulfinate reaction was found to be 

12. 7 kcal. /mole in acetic acid-0.10M sulfuric acid -0. 56M water. 

Sulfide -Catalyzed Sulfinic Acid - Thiolsulfinate Reaction 

Since both the disulfide - sulfinic acid reaction (57, 61) and the 

thiolsulfinate disproportionation are catalyzed by added organic sul- 

fides, it might be suspected that the sulfinic acid -thiolsulfinate reac- 

tion would also be catalyzed by these nucleophiles. This is indeed 

the case. Figure 14 shows the catalytic effect of 1.0 X 10-5M n -butyl 

sulfide. This small amount of sulfide increases the rate of disappear- 

ance of thiolsulfinate by a factor of seven. Since it would be of inter- 

est to compare the catalysis in this system with the behavior of other 

systems, the sulfide -catalyzed sulfinic acid -thiolsulfinate reaction 

was studied in detail. 

Stoichiometry 

Unlike the uncatalyzed sulfinic acid -thiolsulfinate reaction, the 
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sulfide -catalyzed reaction has a very clean stoichiometry, as given 

in equation 14. Data for the products of the benzyl sulfide catalyzed 

O R2S 
2 ArSO2H + ArSSAr >2 ArSO2SAr + H20 

reaction are presented in Table 12. Under the conditions of the 

product studies, rate measurements showed that 92% of the reac- 

tion was the sulfide -catalyzed portion. The yield of thiolsulfonate 

was 15% below that theoretically predicted, probably due to loss in 

the recovery procedure. The small amount of disulfide recovered 

indicates that the thiolsulfonate is essentially the only product. One 

can thus be reasonably sure that the stoichiometry is as shown 

above. 

Table 12. Products of benzyl sulfide- catalyzed _p- toluenesulfinic 
acid -p -tolyl p- toluenethiolsulfinate reaction. reaction.. 

O 
moles /mole ArSSAr 

ArSO2H(cons'd) ArSO2SAr(pro'd) ArSSAr( pro 'd) 

1, 94 1.71 0.02 

1.99 1,71 0.04 

aThe two runs are under the same conditions, 25°C. in acetic 
acid -0. 10 M sulfuric acid-0.56M water with 5 X 10-4M benzyl 
sulfide catalyst. (ArS® H), = 0. 1000 M. (ArS(0)SAr) 

2 mgt. init. 
0.100M. (ArS(0)SAr). = Ù 0200M. init. - 

. _ 

. 

- 
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Kinetics of the Sulfide -Catalyzed Sulfinic 
Acid - Thiolsulfinate Reaction 

Order with Respect to Sulfide. The kinetic order of the sulfide - 

catalyzed sulfinic acid -thiolsulfinate reaction with respect to the cata- 

lyzing sulfide was determined by comparing runs in which only the 

sulfide concentration had been changed. Figures 15 and 16 present 

data of this type for benzyl phenyl sulfide and thiodipropionic acid 

respectively. 

Alternately, the first -order observed rate constant, kobs.' 

corrected for the rate of the uncatalyzed reaction, can be divided by 

the concentration of the catalyzing sulfide, giving a second -order 

rate constant, kc - kobs. - k2 (ArSO2FI)ay. /(R2S). Data of this type 

for the eight sulfides studied are presented in Table 13. It can eas- 

ily be seen that this calculated second -order rate constant is indeed 

independent of the concentration of the sulfide. This and the linear- 

ity of the plot of the first -order observed rate constant versus sul- 

fide concentration shows that the reaction is first -order in the cata- 

lyzing sulfide. 

Dependence of Rate on Sulfide Structure. In order to elucidate 

the role of the sulfide in this reaction, the second -order rate con- 

stants, k 
c 

, were determined for nine sulfides. The results for 

0.10M sulfuric acid-0.56M water at 40°C. are summarized in 

Table 13. The logarithms of these rate constants were plotted versus 



Table 13. Independence of second -order rate constant, kc, of sulfide concentration. a 

Sulfide (R2S), M 
4 

kobs. -X110 

sec. - 

-1 

sec. -1 
kc 

ay. 

T etrahydrothiophenec 

Ethylc 

n-Butyl 

Benzyl 

c 
Thiodipropionic acid 

Benzyl phenyl 

p -Tolyl 

Phenyl 

Thiodiglycolic acidc 

0.392 X 10-6 
1.96 X 10-6 

1.04 X 10-6 
2.08 X 10 -6 

2.00 X 10-6 
2.40 X 10 

10.00 x 10-6 

1.00 x 10-5 
2. 00 X 10-5 

1.00 X 10-4 
2.00 X 10 _4 

10.00 X 10-4 

0.50 X 10_3 
1.00 X 10 

1.50 X 10-3 

0.02001 

0. 00950 
0.01991 
0. 0300 
0. 0600 

3.97 
9.52 
4.54 
6.84 

5. 77 
6.57 

18.2 

4. 54 
6. 39 

5.11 
8. 72 

33. 4 

4.47 
6.45 
8. 30 

4.97 
3. 20 
4. 18 

4. 24 
5.66 

380. 
365. 

198. 
210. 

166. 
170. 
159. 

20. 6 
19.6 

2. 63 
3.12 
3. 09 

0. 400 
0. 398 
0. 388 

0. 0125 

0. 0076 
0. 0085 
0. 00553 
0. 00530 

373. 

204. 

165. 

20. 2 

2.95 

.395 

0125 

.0083 

. 00541 

a All runs in acetic acid-0.10M sulfuric acid -0. 56 water at 40°C. with 
finir acid 0.0300M and phenÿl benzenethiolsulfinate equal to either 0. 00 38M 

b k' (kobs. )- k0) /(R2S). For runs under the conditions given in a, ko= k2(A rSO2H)ay.= 
initial concentrations, 

or 0. 0040 
2.47X 10- 

sul- 
ec. -1. 141- 

c Kinetic data for these sulfides was obtained by Mr. Leslie Heasley. 

M kc, 
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for those compounds for which o-* data were available (75, p. 

619). The relationship is represented in Figure 17. The slope of 

this plot, that is p* for the reaction, was -2. 0, indicating a substan- 

tial amount of positive charge built up on the sulfide sulfur in the 

transition state. The two sulfides that deviate from the relationship 

are the only two which possess an aromatic ring attached directly 

to the sulfur atom, namely phenyl sulfide and benzyl phenyl sulfide. 

Since they are below the line, that is slower than predicted, the 

ground state of the sulfide must be more stabilized by the adjacent 

ring than the positively charged transition state. 

A plot of the logarithm of k versus the logarithm of k , the 
c ox. 

rate constant for the oxidation of the corresponding sulfide with 

acidic solutions of hydrogen peroxide (70) is presented in Figure 18. 

This relationship is also a linear one, the sulfinic acid -thiolsulfinate 

reaction being 2. 6 times more sensitive to the sulfide structure than 

the oxidation reaction. The linearity of the plot suggests that the 

role of the sulfide is similar in each mechanism. 

Order with Respect to Thiolsulfinate. Again all reactions 

plot linearly as pseudo first -order reactions, indicating that the 

reaction is first -order in thiolsulfinate. Also, the second -order 

rate constant, k, does not change upon doubling the initial concen- 

tration of the thiolsulfinate. Under the conditions, 2. 00 X 10-5M 

benzyl sulfide in acetic acid-0.10M sulfuric acid-0.56M water at 

cr* 

c 
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Figure 17. Correlation of k 
c 
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40° C., k 
c 

= 20.2M 1 sec. -1 for an initial phenyl benzenethiolsulfinate 

concentration at 0.0038M and 21. 6 M 1 sec. -1 for an initial concen- 

tration of 0. 0077M. This reaction, therefore, is also first -order in 

thiolsulfinate. 

Dependence of Rate on Sulfinic Acid Concentration. The de- 

pendence of the rate of the sulfide -catalyzed sulfinic acid- thiolsulfin- 

ate reaction on the concentration of the sulfinic acid was determined 

by comparison of the second -order rate constants, k 
c 

, obtained for 

a series of kinetic runs in which only the sulfinic acid concentration 

had been changed. The data shown in Table 14 indicate that these 

second -order rate constants are sensibly constant for benzyl, phenyl, 

and n -butyl sulfides. Thus, the rate of the sulfinic acid- thiolsulfin- 

ate reaction catalyzed by these sulfides is independent of the sulfinic 

acid concentration. However, in the case of phenyl benzyl sulfide 

catalysis, there seems to be some dependence of the rate constant, 

k, on the sulfinic acid concentration, although the data are not suf- 

ficiently accurate to determine the exact nature of this dependence. 

Table 15 shows that kc for phenyl benzyl sulfide seems to increase 

with increasing sulfinic acid concentration, being 50% higher at 

0. 0900 M than at 0. 0300 M. Although this is true, near 0. 0300 M 

the rate is very nearly independent of the sulfinic acid concentra- 

tion. 

Dependence of Rate on Sulfinic Acid Structure. Since the data 

c 
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Table 14. Independence of second -order rate constant, k , 
c 

of 
sulfinic acid concentration. a 

(ArSO2H)b kc(benzyl) kc(phenyl) kc(n- butyl) 

0.0300 20.2 0.0081 166 

0. 0500 23.5 0. 0083 -- 
0. 0600 23.1 167 

aAll runs in acetic acid-0.10M sulfuric acid-0.56M water at 
40 °C., k 's are for the sulfides named in parentheses. 

b c Initial concentration in moles /liter. 

Table 15. Dependence of k 
c 

for phenyl benzyl sulfide on sulfinic 
acid, a 

(ArSO2H)init. kc(phenyl benzyl sulfide) 

0.0300M 0.395M 1 sec. 1 

0. 0450 0.426 

0. 0600 0.395 

0.0750 0.509 

0.0900 0.599 

aAll runs in acetic acid-0.10M sulfuric acid -0. 56M water at 
40 ° C. with (PhS(0)SPh) init. =0. 0038M. - 
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presented above for benzyl, phenyl and n -butyl sulfides indicate 

that the reaction rate is independent of the sulfinic acid concentra- 

tion, the rate should also be independent of the sulfinic acid struc- 

ture. A run using p- bromobenzenesulfinic acid was carried out in 

order to test this hypothesis. Although the p -bromo acid is 1.5 

times more reactive than the p- toluenesulfinic acid in the uncatalyzed 

reaction, both sulfinic acids give the same second -order catalytic 

constant in the phenyl benzyl sulfide catalyzed reaction; k 
c 

= 0. 39 

M -1 sec. 1 for the p- toluene acid and 0.37 M l sec, l for the p -bro- 

mo acid under the same conditions. This result, taken together with 

the lack of dependence on sulfuric acid concentration, shows that the 

sulfinic acid only becomes involved after the rate -determining step 

in the sulfide -catalyzed sulfinic acid -thiolsulfinate reaction. 

Dependence of Rate on Acidity. The dependence of the rate of 

the sulfide -catalyzed sulfinic acid -thiolsulfinate reaction on acidity 

was studied by changing the concentration of sulfuric acid and water 

keeping all other variables constant. There appears to be some 

scatter in the data. This is due to the fact that in many of the runs a 

veryfast rate was necessarily obtained leading to larger inaccuracies in 

the observed first -order rate constant than were obtained in other 

systems. Magnifying these errors further, a rather large first - 

order rate constant for the uncatalyzed reaction had to be subtracted 

from the observed first -order rate constant in order to calculate the 
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second -order rate constant, kc. Despite these problems, one can 

see from Table 16 that the reaction sensibly follows the Hammett 

acidity function, Ho, in the cases of benzyl phenyl sulfide, p -tolyl 

sulfide, and phenyl sulfide, the logarithm of kc + Ho being a con- 

stant with varying acidity. The column labelled log kc refers to 

the logarithm of the ratio of kc for a particular sulfide at 0.20M - 
sulfuric acid to the kc for the same sulfide at 0.10M sulfuric acid. - 
The theoretical °log k 

c 
for these two sets of conditions is 0.43, 

which is Ho(0.10M) - Ho(0. 20M) = -1. 13 + 1.56. Again, although 

there is scatter, the numbers do cluster about the theoretical value 

of 0.43. If the reaction had an acidity dependence similar to the 

uncatalyzed reaction, log kc could not be greater than log 2 or 0.30. 

The runs in Table 16 for changes in the stoichiometric water con- 

centration fit well with the Ho correlation. The rate of this reac- 

tion then, follows the acidity of the medium rather than the concen- 

tration of proton donors, in contrast to the uncatalyzed reaction. 

Deuterium Isotope Effect . A kinetic run for the benzyl sul- 

fide catalyzed p- toluenesulfinic acid -phenyl benzenethiolsulfinate 

reaction was carried out in acetic acid -d -0. 10 M deuterium sulfate - 

0. 56 M deuterium oxide at 40° C. , and an isotope effect similar to 

that of the sulfide -catalyzed disproportionation was obtained, kH/ 

kD = 20.2/27.8 = 0. 72 or kDOAc /kHOAc 
1.39. This, the kinetic 

rate law, and the acidity dependence indicate that the 

c 

c 

c 

c 

0 
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Table 16. Dependence of k 
c 

on acidity. a 

Sulfide (H2SO4) (H2O) Ho kc, log kc +Ho slog kc 

- sec. -1 
M 

Tetrahydro- 
thiopheneb 

0.10M 
0.20- 

0,56M 
0.56- 

373, 
898. 

0.38 

Ethylb 0,10 0.56 204. 0.48 
0.20 0.56 620, 

Benzyl 0.10 0.56 20.2 0.42 
0.20 0,56 53.8 

Thiodipro- 0.10 0.56 2.95 0,39 
pionic acid 0. 20 0. 56 7. 23 

Benzyl 0.10 1, 1 2 -0.88 0.276 -1.44 0.49 
phenyl 0.10 0.56 -1_, 13 0.395 -1.53 

0.20 0.56 -1.56 1.227 -1.47 
0.30 0.56 -1.86 2.51 -1.46 

p -Tolyl 0.10 0.56 -1.13 0.0125 -3.03 0.49 
0.20 0,56 -1.56 0.0390 -2.97 
0.30 0. 56 -1.86 0.0778 -2.97 

Phenyl 0.10 0.56 -1. 13 0.0083 -3.21 0.44 
0,20 1.15 -1. 30 0,0134 -3, 17 

0. 20 0. 56 -1, 5c 0. 0228 -3. 20 

0, 30 0. 56 -1. 86 0. 0496 -3. 18 

0.40 0, 56 -2. 08 0. 0 700 -3, 23 

Thiodigly- 0.10 0, 56 0.00541 0, 36 

colic acidb 0,20 0,56 0, 01245 

aAll runs in acetic acid at 40 °C, (PhS(0)SPh) nit. = 0. 0038M - 
or 0.0040M., (ArSO H). 

2 z nit. = 0.0300 M. - - 
b Kinetic runs for these sulfides carried out by Mr. Leslie 

Heasley. 

c 

" 
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sulfide -catalyzed sulfinic acid -thiolsulfinate reaction is more closely 

related to the sulfide -catalyzed disproportionation than to the uncata- 

lyzed sulfinic acid -thiolsulfinate reaction. 

Activation Energy. The activation energy for the benzyl sulfide - 

catalyzed p- toluenesulfinic acid - phenyl benzenethiolsulfinate reaction 

was determined to be 12.7 kcal. /mole in acetic acid -0. 10M sulfuric 

acid -0. 56M water. 

Chloride Ion Catalysis 

If the catalysis of the sulfinic acid -thiolsulfinate reaction by 

sulfides is nucleophilic, then other nucleophiles ought to catalyze 

the reaction. Chloride ion is a reasonably good nucleophile and its 

catalysis of the reaction was attempted. It does indeed catalyze the 

sulfinic acid -thiolsulfinate reaction. 

Kinetics of Chloride Ion Catalysis. All runs for chloride ion 

catalysis plotted cleanly first -order in thiolsulfinate. The catalyzed 

reaction is first -order in added potassium chloride, as evidenced by 

the constancy of the second -order rate constant, k . In acetic acid - 

0.10M sulfuric acid -0. 56M water at 40°C., k = 0.84 M 1 sec. 1 

for 3.43 X 10 -4M potassium chloride; 0. 75 M sec. 1 for 6. 86 X 

10 4M; and 0. 75M -1sec. -1 for 7. 73 X 10-4M. One run, in which 

both the initial sulfinic acid concentration and thiolsulfinate con- 

centration were doubled gave this same rate constant of 0. 75M 
-1 

sec. 1. The chloride catalyzed sulfinic acid -thiolsulfinate reaction 

c 

c - - - 
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is not very sensitive to strong acid concentration, k = 0.84M-1 

sec. 1 for 0.10M sulfuric acid and 0. 94 M 1 sec. 1 for 0. 20M sul- 

furic acid. This is only a 10% increase in rate although the acid 

concentration has been doubled and the acidity of the medium nearly 

tripled. This is probably due to the lack of dissociation of hydro- 

chloric acid in this medium. Although increasing acid protonates 

a larger proportion of the thiolsulfinate, it represses the formation 

of the chloride ion necessary to perform the nucleophilic attack. 

Thiol - Thiolsulfinate Reaction 

As previously mentioned in the Introduction, thiols react 

readily with thiolsulfinates to produce disulfides. This reaction 

probably proceeds through nucleophilic attack of the thiol on the 

thiolsulfinate, cleaving the sulfur - sulfur bond. Since, in acid solu- 

tion, both sulfinic acids and sulfides can act as nucleophiles to 

cleave the sulfur - sulfur bond of thiolsulfinates, it would be inter- 

esting to compare these two reactions to the thiol -thiolsulfinate re- 

action. Also, although this reaction is the most frequently studied 

reaction of thiolsulfinates, no detailed mechanistic study of the re- 

action has been undertaken prior to this work. 

Stoichiometry 

Phenyl benzenethiolsulfinate (2.00 mmoles) and thiophenol 

c - 
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(10.00 mmoles) were mixed together in acetic acid-0.10M sulfuric 

acid -0. 56 M water at 25°C. and allowed to react for one hour. At 

the end of the reaction, the remaining thiophenol was titrated against 

standard iodine solution, and it was found that 4. 08 mmoles of thio- 

phenol had been consumed. The products of the reaction were re- 

covered by ether extraction from water. Only phenyl disulfide (3.98 

mmoles) was found. Hence, the stoichiometry of equation 15 was 

demonstrated. 
O 

PhgSPh + 2 PhSH > 2 PhSSPh + H20 

Kinetics of the Thiol - Thiolsulfinate Reaction 

(15) 

The kinetic behavior of the reaction is complex and has not 

been fully worked out. However, certain conclusions are obtainable 

from the kinetics. First of all, the kinetics do not fit the simple 

first -order analysis which might be expected in light of the kinetic 

behavior of the other reactions involving nucleophilic attack. When 

plotted as a pseudo first -order reaction, there appears to be an ac- 

celeration, the experimental data curving downward. Checks were 

made for catalysis by the products. Under conditions where only 

a 0.0003M concentration of disulfide would be produced, 0,00116M 

added disulfide had no effect on the rate, as evidenced in Figure 19. 

Products produced in amounts which might not be isolable in a 

product study, could also account for the acceleration, However, 
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when the totally reacted mixture from one run is used as the solvent 

for another run, no such effect shows up, the initial first -order rate 

constant divided by the thiophenol concentration being 0.181M -1 sec. 1 

in the first run and 0.190M-1 in the second. The final first -order 

rate constant divided by the final thiol concentration is O. 340M -1 

sec. -1 in the first run and 0.323M 1 in the second. 

From the curved plots, two perhaps meaningful rates can be 

extracted, the pseudo first -order initial rate constant and the pseudo 

first -order final rate constant. For changing initial thiophenol con- 

centration, these pseudo first -order rate constants and calculated 

second -order rate constants, km 
= kobs. /(PhSH), are tabulated in 

Table 17. Table 18 shows the same data for changing initial phenyl 

benzenethiolsulfinate concentration at constant thiophenol concentra- 

tion. In both cases it appears that the calculated final second -order 

rate constant, km , is indeed a constant, indicating that toward the 

end of the reaction at least, the reaction is first -order in thiol and 

first -order in thiolsulfinate. However, the initial second -order rate 

constants, km , vary in a predictable manner. As the ratio, (PhSH) / 

(PhSSPh), increases, k increases. This is consistent with the 
O mi 

fact that the data for a particular run give an accelerating first- 

order plot, since the ratio of thiol to thiolsulfinate is steadily in- 

creasing throughout the reaction. One would expect that as the ratio 

approached very large numbers, km would approach km 
i f 

i 

it 

mi 



Table 1 7. Rate constant summary for changing thiophenol concentration. a 

Initial conditionsa Final conditions 
(PhSH) kobs. (PhSH) kmi, M -1 (PhSH) kobs. kmf, 

M -1 - M x 104 (PhSSPh) 4 
-1 M x 10 

-1 - sec. - sec. sec. - sec. 

0. 00156 2.31 10. 3 0. 148 0. 00126 4. 68 0. 372 
0. 00311 6. 80 20. 6 0. 218 0. 00281 11. 0 0. 392 
0. 00369 9.36 24. 6 0. 252 0. 00339 13. 1 0.385 

aAll runs in acetic acid -0. 10M sulfuric acid -0. 56 M water at 20° C. with (PhS(0)SPh). _ 
initial 0. 00015M. 

Table 18. Rate constant summary for changing phenyl benzenethiolsulfinate concentration. a 

Initial conditionsa Final conditions 
(PhSSPh) k (PhSH) k M -1 (PhSH) k obs, 

) 

mf - k , M -1 obs. 
(PhSSPh) mi M 

M X 104 Ö sec. -1 X 104 - 
-1 sec. -1 sec. 

0. 000150 
0. 000326 
0.000546 

6. 80 
5. 77 
4. 50 

20. 6 

9. 6 

5. 7 

0. 218 
0. 185 
0. 145 

0. 00281 
0. 00246 
0. 00202 

11. 0 

8.46 
7.55 

-1 sec. 

0. 392 
0. 344 
0. 3 78 

aAll runs in acetic acid -0. 10 M sulfuric acid -0. 56 M water at 20 ° C with (PhSH) = 0. 00311 M. o, - initial 

- - 

obs. 

O 

O 

- 
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as a limit. The rate constant, k , also depends on the initial m. 
i 

concentrations since at different initial conditions, the same ratio 

of thiol to thiolsulfinate gives a different k (compare the first mi 

run in Table 17 with the second run in Table 18). The exact nature 

of this dependence must await further investigation. 

The acidity dependence of the thiol -thiolsulfinate reaction was 

investigated briefly. In doubling the sulfuric acid concentration 

from 0.10M to 0. 20 M, the acidity function, Ho, decreases by 0.43, - 
corresponding to a rate increase of a factor of 2. 7. Experimentally, 

this increase in acidity gives a ratio of half -times of 38.3 min. /12.6 

min. = 3. 04, and a ratio of nine - tenths -times of 104.5 min. /33.5 
l. 1 

min. = 3. 12. These numbers correspond to a correlation with ho, 
a reasonable fit to the Ho function. 

Sulfide -Catalyzed Thiol - Thiolsulfinate Reaction 

Although the thiol -thiolsulfinate reaction is fast, it should be 

possible to catalyze the reaction with one of the more reactive sul- 

fides, if higher concentrations are used than are used in the other 

reactions. Several runs using benzyl sulfide were conducted and 

indeed, this reaction can also be catalyzed by added organic sulfides. 

Here again the sulfide simplifies the kinetics, giving cleanly pseudo 

first -order plots. Since the kinetics of the uncatalyzed reaction are 

not very well known, runs varying only the thiol concentration were 

i 

0 
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run in acetic acid-0.10 M sulfuric acid-0.56M water at 20°C. and 

their rates plotted versus the average thiol concentration for the run 

(see Figure 20). The plot was linear, the line being described by 

the equation, kobs. ks + kn(PhSH). From the graph, ks = 21.0 

10 4sec. 1 , and k = O. 795 M 1 sec. -1. Since ks is the rate at (PhSF )= 
n - 

0. 00000 M, it must represent the rate of the sulfide catalysis. If 

ks is divided by the benzyl sulfide concentration, a second -order 

rate constant, ks, is obtained. For benzyl sulfide at 20°C., ks = 

6. 56 M 1 sec. 1. This compares to the second -order rate constant 

for the benzyl sulfide- catalyzed sulfinic acid -thiolsulfinate reaction, 

extrapolated to 20°C. of k 
c 

= 5.00 M 1 sec. -1. Although the rate 

constants for the two processes are not quite the same, they are 

close enough to encourage one to believe that these rate constants 

are measuring very similar processes in the two cases. 

= 

s 

s s 
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DISCUSSION 

The reactions presented in this thesis are related and therefore 

will be discussed under a single chapter title. Probably the most in- 

teresting results are those involving the tremendous catalytic effect 

of organic sulfides on the reactions, and it is with these processes 

that the discussion will begin. 

Sulfide -Catalyzed Processes 

As shown in the Results, the sulfide -catalyzed disproportiona- 

tion and the sulfide- catalyzed sulfinic acid -thiolsulfinate reaction 

have formally the same rate laws. For the sulfide -catalyzed dis- 

proportionation, 

O 
Rate = kd (R2S) (PhSSPh) ho, kd = kd ho, and for 

the sulfide -catalyzed sulfinic acid -thiolsulfinate reaction, 

O 
Rate = kc (R2S) (PhSSPh) ho, kc = kc ho. 

This same form of the rate laws requires that the transition state 

in both cases be composed of the same elements, namely one mol- 

ecule each of sulfide and thiolsulfinate plus a proton. On the basis 

of this, one might expect that k 
c 

for the sulfide -catalyzed sulfinic 

acid -thiolsulfinate reaction would be equal to kd for the sulfide- 

catalyzed disproportionation for the same sulfide under the same 
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conditions, but, as can be seen from the data in the Results, this 

is far from correct. Table 19 presents a comparison of the two rate 

constants for eight sulfides. For several sulfides, kinetic experi- 

ments on the sulfide -catalyzed loss of optical activity of optically 

active phenyl benzenethiolsulfinate have been carried out in this 

laboratory. 2 The rate of such a process is the sum of two compo- 

nents, the rate at which the optically active thiolsulfinate is con- 

verted into optically inactive products, that is the rate of the sulfide - 

catalyzed disproportionation, plus the rate of any process which 

racemizes the thiolsulfinate, equation 16. 

O R2S O 
(+) - PhSSPh > (5) PhSSPh (16) 

For the sulfide -catalyzed loss of optical activity, it is again found 

that the rate of the process is first -order in both the thiolsulfinate 

and the sulfide. Limited data suggest that this process follows the 

Hammett acidity function. Thus, the rate law is 

O 
I 

I 

Rate = ka ( R2S) ( PhSSPh) ho, k = ka ho. 

The second -order rate constants for this process, k , are shown 
a 

in Table 19 also. One polarimetric rate study with added benzene- 

sulfinic acid 2 gave a second -order rate constant, k , 
s 

which was 

2Experiments by Mr. George B. Large. 

a o 



Table 19. Comparison of rate constants for sulfide- catalysis of various thiolsulfinate reactions. a 

Sulfide 
b 

kc' 

M sec. -1 

c 
kd' 

-1 sec. -1 

d k 

-1 sec. -1 

e 
s 

M-lsec. sec. -1 

Tetrahydrothiophene 

Ethyl 

n -Butyl 

Benzyl 

Thiodipropionic acid 

Benzyl phenyl 

Phenyl 

Thiodiglycolic acid 

898, 

620. 

445. 

53.8 

7.23 

1.23 

0.0228 

0.0125 

3. 22 

1.80 

2.30 

2.40 

1.30 

0. 913 

0.0383 

0.0243 

80.3 

11., 8 

2. 12 

0.0442 

- 

80. 

aAll runs in acetic acid -0. 20M sulfuric acid -0. 56M water at 40°C. with phenyl benzenethiolsulfinate. 

`'Sulfide- catalyzed sulfinic acid -thiolsulfinate reaction. 

cSulfide- catalyzed disproportionation of thiolsulfinate. 

dSulfide- catalyzed loss of optical activity. 

Sulfide - catalyzed loss of optical activity in the presence of benzenesulfinic acid. 

a 

- - 

- --- 

-4 0 

k 
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essentially equal to the k 
a 

obtained in the absence of the sulfinic 

acid in the benzyl sulfide case. Having data for these four reac- 

tions, a mechanism must now be proposed which will accommodate 

all of the processes. 

Acidity Dependence 

The dependence of the rate on the Hammett acidity function, 

Ho, suggests that the first step of the reactions is an equilibrium 

protonation of the thiolsulfinate. 

The deuterium isotope effects observed in these reactions also 

argues for equilibrium protonation of the thiolsulfinate. The isotope 

effect, k /k is 0.68 in the sulfide -catalyzed disproportionation, 

and 0.62 in the sulfide -catalyzed sulfinic acid -thiolsulfinate reac- 

tion. Comparison of these isotope effects with that for the uncata- 

lyzed sulfinic acid -thiolsulfinate reaction (kH /kD =1, 27), a reaction 

which in all its other properties appears to be a general acid -cata- 

lyzed reaction, indicates that the sulfide-catalyzed reactions are 

specific acid -catalyzed, that is, they involve prior equilibrium pro - 

tonation of the thiolsulfinate. 

There are two sites in the thiolsulfinate molecule which might 

be basic enough for protonation, the sulfenyl sulfur and the sulfinyl 

oxygen. The two protonations are represented in equation 17. 



O® Q QH 
PhSSPh + H® \ PhS- SPh 

H ® 

(17) 

Protonation on the sulfenyl sulfur to yield ion (I), rather than on the 

sulfoxide oxygen to yield ion (II), is extremely unlikely. Sulfoxides 

are orders of magnitude more basic than sulfides (dimethyl sulfide 

has pK 
a = -5. 7, dimethyl sulfoxide has pK 

a 
= 0. 0.) (2, p. 388, 390). 

Adding to this difference is the fact that protonation of the sulfoxide 

(II) would be stabilized by the attached sulfur group, while sulfur 

protonation (I) would be made more unfavorable by the presence of 

the sulfoxide group. Although the aromatic rings of phenyl benzene - 

thiolsulfinate should decrease the basicity at either site, one would 

expect that the difference in pKa's should be at least 6. 0. Thus, 

it appears unlikely that protonation of the sulfenyl sulfur would be 

mechanistically important since the concentration of the sulfenyl- 

protonated conjugate acid (I) would be at least one million times 

smaller than the concentration of the corresponding sulfinyl-proton- 

ated form (II). Thus, the equilibrium protonation leads to the forma- 

tion of (II) in the mechanism of the sulfide -catalyzed processes. We 

have now only to involve the sulfide in the next step to achieve the 

correct transition state stoichiometry. 
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Mechanism of the Sulfide -Catalyzed Sulfinic 
Acid - Thiolsulfinate Reaction 

That the sulfide is involved as a nucleophile in the sulfide -cata- 

lyzed sulfinic acid -thiolsulfinate reaction was shown in the Results. 

The fact that the logarithm of k 
c 

plots linearly versus the Taft v *'s 

and gives a p* of - 2.0 indicates a large decrease in electron density 

on the sulfide sulfur in the transition state, which one would expect 

in a nucleophilic attack. Also, the linearity of the plot of the loga- 

rithm of c k versus the logarithm of k , the rate constant for the oxi- ox 

dation of sulfide by hydrogen peroxide in acid solution, argues that 

this reaction is a nucleophilic attack. The mechanism of the oxida- 

tion reaction has been proposed to be, 

R2S: + O -H Q- R2SO + HX + H20 
H 

.X/ 

(18) 

the sulfide acting as a nucleophile to cleave the oxygen- oxygen bond 

of the peroxide ( 70 ). Thus, it is almost certain that the sulfide per- 

forms a nucleophilic attack on the protonated thiolsulfinate in the 

rate -determining step of this reaction. 

There are two centers in the protonated thiolsulfinate which 

could be attacked by the sulfide, however, the sulfenyl sulfur and 

the sulfinyl sulfur. Protonation on sulfenyl sulfur and then nucleo- 

philic displacement at the sulfinyl center to produce an 
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oxythiosulfonium ion and mercaptan is both unlikely on the basis of 

the very low concentration of the sulfenyl protonated species, (I), 

in equation 1 7, and it is also ruled out by the products of the sulfide - 

catalyzed sulfinic acid -thiolsulfinate reaction. In connection with 

other investigations, this author showed that under the reaction con- 

ditions used in the study of the sulfide- catalyzed sulfinic acid- thiol- 

sulfinate reaction, benzenethiol reacts 60 times faster with phenyl 

benzenethiolsulfinate to produce disulfide than it does with benzene - 

sulfinic acid to produce thiolsulfinate. Since very little disulfide is 

formed in the sulfide -catlayzed sulfinic acid- thiolsulfinate reaction, 

production of significant amounts of benzenethiol during the course 

of the reaction is ruled out. Keeping in mind that benzenethiol can- 

not be produced in the reaction, there are two possible rate- deter- 

mining steps (equations 19 and 20 ) consistent with the various kinetic 

data. Several factors, however, argue against mechanism 20. 

OH 
R2S + PhSSPh 

® 

® 
PhSSR2 + PhSOH ( 19) 

H 

R2S + PhOSSPh 
slow 

> P14-SPh fast 
®R2 + H20 + A (20) 

® SR2 
® 2 

HA 
+ PhS® 

Kice and Guaraldi (58) have recently reported the nucleophilic 

catalysis of the solvolysis of sulfinyl sulfones, equation 21. This 

reaction is first -order in the substrate, first -order in nucleophile, 

--j 
, 



and follows the Hammett acidity function, Ho. Here, however, in 

00 
Ar-S-S-Ar + H20 

0 
:Nu > 2 ArSO2H 

75 

(21) 

contrast to the thiolsulfinate case, attack must certainly take place 

at the sulfinyl center. Figure 21 shows a plot of the logarithm of 

k 
c 

for the sulfide - catalyzed sulfinic acid -thiolsulfinate reaction 

versus the logarithm of k 
s 

, the second -order rate constant for the 

sulfide -catalyzed sulfinyl sulfone solvolysis. The rate constants for 

potassium chloride are also included. The data used for this graph 

are presented in Table 20. If a straight line is drawn through the 

four points which lie on the log k versus o-* plot in both the cases, 

it will be noticed that two points deviate from the line. Both tetra - 

hydrothiophene and potassium chloride are relatively faster in the 

sulfinyl sulfone solvolysis than in the sulfinic acid -thiolsulfinate 

reaction. Potassium chloride is less than 1% as reactive in the 

sulfide -catalyzed sulfinic acid -thiolsulfinate reaction as would be 

predicted from the sulfide - catalyzed sulfinyl sulfone solvolysis, and 

tetrahydrothiophene is about 10% as reactive as would be predicted. 

Tetrahydrothiophene is 5. 5 times more reactive than ethyl sulfide 

in the sulfinyl sulfone hydrolysis, but only 1. 8 times as reactive in 

the sulfinic acid -thiolsulfinate reaction. This unusual reactivity of 

tetrahydrothiophene in the sulfinyl sulfone system was ascribed to 

steric hindrance to attack in ethyl sulfide which was removed when 
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Figure 21. 

4. 00 

2, 00 

0. 00 

- 2. 00 

-4. 00 

-6.00 

(PhCH2)2S 

(CH2CH2) 
2 

COOH 

Et S 

(CH2)4E 

o 
-Bu2S - 

KC1 - 

(HOOCCH2) 2S 

-4.00 -2.00 0 

log ks 
-3. 00 

Comparison of the Rate Constant, k , for the 
Sulfide- Catalyzed Sulfinic Acid- Thioclsulfinate 
Reaction to k , the Rate Constant for the Sulfide - 
Catalyzed Sul1inyl Sulfone Hydrolysis. 

76 



77 

the four carbon atoms are tied back in tetrahydrothiophene (58). 

Thus, there appears to be much less severe steric requirements in 

the sulfinic acid -thiolsulfinate reaction. Since formation of the co- 

valently bonded intermediate in mechanism 20 would most certainly 

involve a great deal of steric interference, it is unlikely that the 

mechanism of the sulfide -catalyzed sulfinic acid -thiolsulfinate reac- 

tion involves such an intermediate. 

Table 20. Comparison of sulfides as catalysts in sulfinyl sulfone 
solvolysis and sulfinic acid -thiolsulfinate reaction. 

Sulfid e k a k b 
c 

M lsec. 
s 

1 
M lsec. -1 

Tetrahydrothiophene 373. 3 7. 5 

Ethyl 204. 6.85 
n -Butyl 165. 7.5 

Benzyl 20.2 0.45 

Thiodipropionic acid 2. 95 0. 135 

Thiodiglycolic acid 0. 00541 0, 0014c 

Potassium chloride 0.75 11.0 

a Phenyl benzenethiolsulfinate -benzenesulfinic acid reaction in acetic 
acid-0.10M sulfuric acid-0.56M water at 40°C. 

b 
2 -Tolyl p- toluenesulfinyl sulfone solvolysis in acetic acid-0.10M 
sulfuric acid-0.56M water at 21 ° C. 

cExtrapolated from 0.20M sulfuric acid as in reference 58. 

The fact that potassium chloride is a better catalyst than either 

ethyl or n -butyl sulfides in the sulfinyl sulfone solvolysis, and yet is 
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250 times less reactive than either of the sulfides in the sulfide - 

catalyzed sulfinic acid -thiolsulfinate reaction suggests that the nu- 

cleophilic attack probably takes place at two different centers in the 

two molecules. According to Edwards and Pearson (32) the polariza- 

bility of a nucleophile is much more important than its basicity when 

the nucleophilic attack is on bivalent sulfur, whereas it is less im- 

portant than the basicity in attack on tetravalent sulfur. Since chlor- 

ide ion is much less polarizable than sulfide sulfur, but more basic, 

the large difference in the relative reactivity of chloride ion in the 

sulfinyl sulfone hydrolysis and the catalyzed sulfinic acid- thiolsul- 

finate reaction can be attributed to the fact that the reactions are oc- 

curring at different centers in the two cases. Thus, chloride ap- 

pears to be a good nucleophile compared to sulfides in the attack at 

the sulfinyl sulfur in the sulfinyl sulfone hydrolysis, but is relatively 

much less effective in the attack on the sulfenyl sulfur of the pro - 

tonated thiolsulfinate. 

Both the difference in potassium chloride reactivity and the 

lack of a significant rate dependence on the steric requirements of 

the catalyzing sulfide support mechanism 19 as the rate determining 

step in the sulfide -catalyzed sulfinic acid -thiolsulfinate reaction. 

The product- forming fast step would then involve the reaction of 

either the sulfenic acid or the thiosulfonium ion or both reacting 

with the sulfinic acid to produce the product thiolsulfonate. This 
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mechanism is consistent with the fact that the rate of the sulfide - 

catalyzed sulfinic acid -thiolsulfinate reaction is independent of the 

concentration or the nature of the sulfinic acid. The proposed mech- 

anism is shown in Chart 1. 

O k OH 
PhSSPh + H®` 1 PhS-SPh 

k-1 ® 

OH k2 
PhS-SPh + R2S > 

® 

se Ph 60 
PhS---S---SR2 

OH S® 

® 
PhSOH+ PhSSR2 

® fast PhSOH(PhSSR2) + ArSO2H ArSO2SPh + H2O(R2S) 

Chart 1. Mechanism of the sulfide - catalyzed sulfinic acid - 
thiolsulfinate reaction. 

Mechanism of the Sulfide -Catalyzed 
Dis proportionation 

Since kd differs so markedly from kc with respect to the depen- 

dence of rate on sulfide structure, we must modify this mechanism 

in order to account for the rate of the sulfide -catalyzed dispropor- 

tionation reaction. Although it is possible that the mechanisms of 

the two reactions are unrelated, it does not seem reasonable to as- 

sume this without evidence directly ruling out such a relation. In 

fact, the less reactive sulfides, benzyl phenyl sulfide, phenyl sul- 

fide and thiodiglycolic acid, provide a suggestion that there is a 

relationship between the two processes. In these three cases, k 
c 

t 
j 

> 
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is practically equal to kd. It is unlikely that this fact is entirely 

fortuitous. If the k2 step in the mechanism of the sulfide -catalyzed 

sulfinic acid -thiolsulfinate reaction is reversible, then the sulfide - 

catalyzed disproportionation can be nicely accommodated by the 

same mechanistic scheme. In addition, some new reaction will have 

to be postulated which will lead to the disproportionation products 

in the absence of sulfinic acid or any other trapping agent for R2S- 

SPh and /or PhSOH. In Chart 2, the mechanism of the sulfide -cata- 

lyzed sulfinic acid -thiolsulfinate reaction is reproduced alóng with 

the most plausible course of the sulfide -catalyzed disproportionation. 

The intermediates formed in the k2 step, which are in the sulfenyl 

oxidation state,react in some process to produce other intermediates 

which are oxidized and reduced with respect to the sulfenyl state. 

These then can react with another molecule of thiolsulfinate to form 

the observed disproportionation products. 

O K1 
PhSSPh + H® 1 Ph-SPh 

® 
OH k2 ® 

PhS-SPh + R2S PhSOH + PhSSR2 
® k_2 

® k3(ArSO2H) ArSO SPh + H O (R S) PhSOH + PhSSR2 2 2 2 

"oxidized and reduced 
intermediates" 

O 
ii 

PhSSPh PhSO2SPh + PhSSPh 

Chart 2. General mechanism for sulfide -catalyzed processes. 

k4 

OH 
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One requirement of such a mechanism is that, with k2 as the rate - 

limiting step, kd = 2 kc, that is, that two molecules of thiolsulfinate 

are consumed for every k2 event in the sulfide -catalyzed dispropor- 

tionation, while only one is consumed in the sulfide - catalyzed sul- 

finic acid -thiolsulfinate reaction. This case is nearly reached for 

phenyl sulfide. Here, kd = 1. 68 kc. For the thiodiglycolic acid 

case, k2 is truly rate -determining, kd = 1. 95 kc. The fact that 

kd = 2 kc for the cases where k2 is rate - determining points out that 

k3 (ArSO2H) » k4 even in these cases. As can be seen from the 

comparison of data presented in Table 19 (page 70), for the first 

four sulfides, kc exceeds kd by at least a factor of 20. If the k2 

step in Chart 2 is indeed reversible, then in these cases equilibrium 

is certainly established. Here, then, a new rate determining step, 

k4, must be postulated. Since the rate law for the sulfide- catalyzed 

di4proportionation depends in the same manner on the concentrations 

of the reacting species as the sulfide - catalyzed sulfinic acid -thiol- 

sulfinate reaction, one obvious possibility is that the two intermedi- 

ates, R2SSPh and PhSOH, formed in the K2 equilibrium react in a 

manner different from that of the k 
2 

step to form other intermedi- 

ates which then react further to give the observed disproportionation 

products. Two mechanisms of this type can be proposed, mechan- 

isms 1 and 2 below. Mechanism 1 involves a one -electron transfer 

from the sulfenic acid to the positively charged thiosulfonium ion. 



There is precedent in the literature for this type of process. 

®SPh OH SPh 
R-S: + + PhSO" + H 

R R 

SPh 
R-S. 
R/ 

> R2S + PhS' 

O 
PhS + PhSSPh 

2 PhSO 

PhSSPh + PhSO' 

O 
PhSSPh 

O 

Mechanism 1 

SPh OH SPh® Hg)Ph 
+ S -Ph >R S - R-S-S-Ph 

R R ÓH R 
e 

HSPh 
R-SS-S-Ph + H2O > PhSH + PhSO2H + R2S + H® 
RO 

Mechanism 2 

McEwen and co- workers ( 65 ) have postulated that the decomposi- 

tion of triarylsulfonium alkoxides occurs by the transfer of one 

electron from the alkoxide anion to the triarylsulfonium ion, equa- 

tion 22, The ionic mechanism is simply a sulfide catalyzed 

Ar3Se eOCHR2 A r 3S' R.2CHO' 

disproportionation of benzenesulfenic acid. 

(22) 

82 

' 

S-Ph-R S: 

--> 

R-S: 
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The principal question about the free radical mechanism would 

seem to be the fact that one might expect that the presence of sul- 

finyl radicals in the reaction solution would lead to a rapid chain - 

type racemization, equation 23, i. e., that for sulfides such as 

n -butyl sulfide, k s would be much larger than K1k2, and accord- 

ingly much larger thank 
c 

for the same reaction conditions. Al- 

though examination of the data in Table 19 (p. 70) reveals that k 

O O 
PhSO + (+)-PhgSPh-(±)-PhgSPh + PhSO- (23) 

for the loss of optical activity is indeed larger thank 
c 

, the effect 

is relatively small. 

Mechanism 2, involving the production of thiol during the 

course of the reaction, suffers from the following problems: Experi- 

ments conducted in this laboratory3 show that small amounts of added 

benzenethiol cause considerably more racemization than can be ac- 

counted for by the conversion of the thiolsulfinate to disulfide by 

the thiol -thiolsulfinate reaction. Thus, any mechanism, such as 

mechanism 2, which produces benzenethiol in the course of the re- 

action is at best on shaky ground. Another problem with mechanism 

2 is that in the case of such sulfides as phenyl, where there is little 

or no significant return to starting materials, i. e. k -2< k4, it re- 

quires that the attack of the sulfenic acid on the trivalent sulfonium 

3 George B. Large, unpublished results. 

a 



sulfur of ion III in equation 24 (path a) be faster than the attack on 

the sulfenyl sulfur (path b). This seems unreasonable given what 

R-5: a:S-Ph 
OH Ph-S 

III 
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(24) 

is known in general about the relative ease of substitution at sulfenyl 

and trivalent sulfur, 

Another mechanism which otherwise might be considered is 

one in which the K2 step of Chart 1 is extraneous to the sulfide cata- 

lyzed disproportionation, and where the rate -determining step of 

the catalyzed disproportionation is attack of the sulfide nucleophile 

on the sulfinyl center to produce effectively benzenethiol and ben - 

zenesulfinic acid. Besides the fact that benzenethiol is produced., 

the dependence of rate on sulfide structure should parallel the re- 

sults of Kice and Guaraldi (58) on the sulfide- catalysis of the sul- 

finyl sulfone hydrolysis because both reactions involve attack at 

sulfinyl sulfur. Since the sulfinyl sulfone hydrolysis data plot 

linearly versus CT and the data for the sulfide -catalyzed dispro- 

portionation do not;, attack of the sulfide at the sulfinyl center is 

ruled out as the rate -determining step, 

One possible mechanism which avoids the production of 

R 

1 

b 
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benzenethiol during the course of the reaction is shown below (Mech- 

anism 3). Since the k4 and k5 steps involve the thiosulfonium ion as 

a sulfenylating agent, one might ask why the sulfenic acid does not 

undergo analogous reactions. It undoubtedly does, but the thiosul- 

fonium ion is such a better sulfenyl cation donor than the sulfenic 

acid that analogous reactions of the latter species would be unim- 

portant in the present system. Most of the sulfenic acid therefore 

disappears either by k or by conversion to the thiosulfonium ion 

in the k3 step. Douglass (31) has shown that good sulfenylating agents 

can react readily with thiolsulfinates to effect a formal oxygen trans- 

fer, e. g. ethyl sulfenyl chloride reacts readily with ethyl ethane 

thiolsulfinate to give ethyl sulfinyl chloride and ethyl disulfide. 

ÓH 9 k , 

PhSSPh + H 1 PhS SP'_i 

k e 
-1 

ÓH k2 a 
P ®SPh + R2S 

k 
R2SSPh + PhSOH 

-2 c. 

k 
3 

C+) 

PhSOH + R2S+ HO - R2SSPh+ 
k-3 

C+3 O k4 
R2SSPh + PhSSPh + H2O >R2S + PhSO2H + PhSSPh 

e k, 
R2SSPh + PhSO2H > R2S ± PhSO2SPh + I-i:[ 

cp f, 

Rate = KIk2(R2S)(Ph3(0)SPh)ho + k4(R2SSPh)(PhS(0)SPri) 

-k_2(R?SSPh)(PhS0H) 

Mechanism ,, 3 

(25) 

HzO 
- 

O 

2 
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Although the complete analysis of this mechanism is extremely com- 

plex, making steady state assumptions for the three intermediates, 

the thiosulfonium ion, the sulfenic acid, and the sulfinic acid, sim- 

plifies the mathematics considerably. The analysis with these as- 

sumptions is shown below. 

Steady State Concentrations of Intermediates 
O O 

(PhS02H)s. = k4 (R2SSPh)(PhS(0)SPh) /k5(R2SSPh) 

= k4(PhS(0)SPh) /k5 

K1k2(R2S)(PhS(0)SPh)ho + k- 3(H20) 

s. s, k -2 (R 2SSPh) + k3(R2S)ho (PhSOH) 

O K1k2(R2S)(PhS(0)SPh)ho + k3(PhSOH)(R2S)ho 
(R2SSPh)s. s. k-2(PhSOH) + 2k4(PhS(0)SPh) + k- 3(H20) 

O 

Substituting (R SSPh) 
2 s, s. 

one obtains 

(PhSOH) 
s. s. 

k4(PhS(0)SPh) 

2k 

4Klkck-2 
1 + k3k4 

into (PhSOH) and solving for (PhSOH) 

If it should be the case that k 
3 
« k4(PhS(0)SPh), then the 

expression reduces simply to a constant times the thiolsulfinate 

k-3 l 
l 

i 
z 

+ k4(PhS(0)SPh)) 

s 

- 

_ 

-1 
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concentration. 

( PhSOH) 

ak4( PhS(0)SPh) 

s. s. 2k 

e (R2S)ho(Klk 2+ 
a k 3k4 / 2k-2) ß(R2S)ho 

(R25SPh)s, s. k4(2+a/2) k4 

and 

Rate = (PhS(0)SPh)(R2S)ho(K1k2 +p +a p /2k -2) 

A mechanism of this type can therefore lead to the kinetic behavior 

observed for the sulfide- catalyzed thiolsulfinate disproportionation 

without involving benzenethiol as an intermediate. Also, note 

that in the presence of added sulfinic acid, k5(PhSO2H) becomes 

more important than either k (PhSOH) or k4 (PhS(0)SPh) for 

the removal of the thiosulfonium ion formed in the k2 step. This 

accounts for the lack of disproportionation products in the presence 

of sulfinic acid. It should also be pointed out, that for sulfides 

such as n- butyl, the rate expression given by equation 25 (page 85) 

reduces to 
O 

Rate _ 2k4 .R2 SPh)(PhS(0)SPh) 

since the K2 equilibrium is established in these cases. 



One possible way in which the k4 step can be accomplished 

is represented in equation 26. This is a nucleophilic displacement 

® O e O H20 
R2S-SPh + PhS-SPh R2S + PhS-S-SPh ---> PhSSPh 

Ph 

+ PhSO2H + H 

88 

( 26) 

at bivalent sulfur much like many of the other reactions discussed 

here, but with the thiolsulfinate performing the nucleophilic at- 

tack. At the present time, mechanism 3 is preferred, but mech- 

anisms 1 and 2 cannot be definitely ruled out. 

Mechanism of the Sulfide -Catalyzed 
Loss of Optical Activity 

The sulfide- catalyzed rate of loss of optical activity of 

optically active phenyl benzenethiolsulfinate provides a conven- 

ient test of the proposed general mechanism. For the sulfide -cata- 

lyzed sulfinic acid- thiolsulfinate reaction we have proposed that 

the nucleophilic attack by the sulfide on the protonated thiolsul- 

finate is the rate - limiting step, the sulfinic acid serving simply 

as a trapping agent for the intermediates formed by the attack. 

Hence, in all cases, KlkZho 

e 

kc = 



In cases where kc > k sulfide -catalyzed rate of loss 

of optical activity in the absence of sulfinic acid should parallel 

kc rather than kd. In chart 2 (page 80), performance of the nu- 

cleophilic attack, the k2 step, destroys the sulfinyl center and 

thereby causes loss of optical activity. In addition, consumption 

of thiolsulfinate by reaction with the "intermediates" formed by 

the k4 step leads to loss of optical activity. 

Rate = Kik2(R2S)(PhS(0)SPh)ho + k4 f(sulfenyl intermediates) 

In the case of the sulfides for which kc > kd, kd = 2k4 f(sul- 

fenyl intermediates) /(R2S)(PhS(0)SPh) and kc = Klk2ho, Thus, the 

second -order rate constant for the sulfide -catalyzed loss of op- 

tical activity is given by, 

ka= kc+ zkd. 

For sulfides such as phenyl, k2 is rate -determining in both the 

sulfide -catalyzed disproportionation and sulfide -catalyzed 

acid -thiolsulfinate reaction, giving kd = 2Klk2ho and kc 

sulfinic 

= Klk2ho. 

Here, ka = 2Klk2ho = kc + Zkd. Thus, in all cases, k should 

equal kc + 2kd. 

As can be seen by reference to Table 19 (page 70), k 
e 

is 

89 
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larger than kc and by an amount which is greater than --a-k d. There 

are two possible explanations for this. First, it may be that some 

other process, independent of the reaction scheme given for the 

sulfide -catalyzed reactions, occurs which racemizes the starting 

material. This could be due to reactions with intermediates in 

which no chemical change takes place, but in which racemation of 

the asymmetric center occurs. One example of such a process is 

the reaction of thiolsulfinate with sulfenic acid, in which the sul- 

finyl fragments are exchanged, equation 27, The other way in 

which ka can exceed kc by more than i kd is the possibility that 

O O 

d - PhSSPh + Ph SOH d, 1 - PhSSPh + PhSOH (27) 

the sulfinic acid is not as efficient a trapping agent as it appears 

to be from the kinetic rate law. In other words, some of the inter- 

mediates formed in the nucleophilic attack do actually return to 

starting materials even in the presence of sulfinic acid. Now this 

should lead to a dependence of the rate of the reaction on the sul- 

finic acid concentration, a result which has not been observed in 

the case of most of the sulfides. Referring to the rate constants 

of mechanism 3, and taking K1 k.2 to be ka -11(d, kc /Klk2 k5(PhSO2H)/ 

(k- 2(PhSOH) + k5(PhSO2H)). For benzyl sulfide kc /K1k' = 0. 70, for 

= 
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(PhSO2H) = 0. 030 M. Keeping everything else constant and doub- 

ling the sulfinic acid concentration leads to a calculated kc /Klk2 

of 0.82. Thus, the measured kc should be about 10% larger when 

the sulfinic acid concentration is doubled. This small a difference 

is approaching the experimental accuracy of calculating k , and 

may not be noticeable. Of course, if some excess independent 

racemization is taking place, this difference would be even smaller. 

The rate constant for the sulfide - catalyzed thiol -thiolsulfinate 

reaction has some bearing on this problem. At 20°C., the rate 

constant for the benzyl sulfide -catalyzed thiol -thiolsulfinate reac- 

tion is 6. 56 M -lsec. -1. If the rate constants for the sulfide -cata- 

lyzed sulfinic acid -thiolsulfinate reaction and the sulfide -catalyzed 

loss of optical activity are extrapolated to 20°C. using the Arrhenius 

equation, these rate constants turn out to be k 
a 

= 7. 00 and k 
c 

= 5.00. 

Since the thiol acts only as a trapping agent in the same manner as 

the sulfinic acid, one would expect that the rate constant for this 

reaction would also be a measure of Klk2. Again the measured 

rate constant is smaller than the rate constant for the loss of optical 

activity. Here, however, the correspondence is much closer, that 

is, the thiol is a more efficient trapping agent than the sulfinic acid. 

The approach of using other trapping agents may prove fruitful in 

c 
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deducing the true value of Klk2. 

Mechanism of the Sulfinic Acid - Thiolsulfinate Reaction 

The next reaction to be discussed is the uncatalyzed sulfinic 

acid -thiolsulfinate reaction. This reaction is first -order in sulfinic 

acid, first -order in thiolsulfinate, and shows an acid dependence 

different from that of any other of the thiolsulfinate reactions. We 

believe that this reaction is general acid -catalyzed, whereas the 

others are all specific acid -catalyzed. By way of review, this re- 

action differs from the others in following four points: (1) dependence 

on the first power of the sulfuric acid concentration rather than the 

Hammett acidity function, (2) independence of the rate on the stoi- 

chiometric water concentration rather than Hammett acidity func- 

tion dependence, (3) large "solvent- catalyzed" rate, and (4) exhib- 

ition of a kinetic solvent isotope effect rather than a thermodynamic 

solvent isotope effect. Each of these differences is consistent with 

the difference between general and specific acid catalysis. 

There are basically two ways in which general acid -catalysis 

can arise. The first involves what might be termed true general 

acid catalysis. It involves donation of a proton to one of the reac- 

tants from a general acid in the transition state. The only basic 

site for donation is the sulfinyl oxygen of the thiolsulfinate. If this 

reaction involves nucleophilic attack by the sulfinic acid, which is 
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certainly reasonable on the basis of the results of the sulfide - 

catalyzed reactions, then it seems very unlikely that the protonation 

of the sulfinyl oxygen involves general acid -catalysis in the one case, 

and specific acid catalysis in another case. A more convincing ar- 

gument involves the dependence of the rate on the structure of the 

sulfinic acid. Since p- nitrobenzenesulfinic acid reacts more rapidly 

than the other sulfinic acids, one concludes that the sulfinic acid 

sulfur is less positive in the transition state than in the ground state. 

Acid -catalysis of the type mentioned above, in which one of the sul- 

finic acid oxygens remains protonated throughout the rate determining 

step, would predict that the sulfinic acid sulfur would be more posi- 

tive in the transition state. Also, the product of such a reaction 

would be a protonated sulfonyl compound, a very unlikely species 

due to the very low basicities of sulfonyl groups. The sulfinic 

acid structure dependence suggests that another type of general acid - 

catalysis may be operative here. 

This type of catalysis may be called specific acid -general base 

catalysis. Here, an equilibrium protonation is followed by a proton 

abstraction by a general base in the rate -determining step. This 

process is kinetically indistinguishable from the other type of general 

acid -catalysis. If the equilibrium protonation occurs on the thiol- 

sulfinate molecule, then general base removal of the sulfinic acid 

proton leads to the correct acidity dependence. Also, if the 
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bond -breaking in the proton removal is ahead of the bond formation 

in the nucleophilic attack, then the sulfur of the sulfinic acid would 

be less positive in the transition state, agreeing with the observed 

result. 

Protonation of the thiolsulfinate on the sulfenyl sulfur and then 

displacement of benzenethiol is ruled out as a mechanistically im- 

portant step in the same manner that it was ruled out in the sulfide - 

catalyzed processes. Most importantly, the production of benzene - 

thiol is inconsistent with the observed products. Thus, protonation 

of the thiolsulfinate most certainly occurs on the sulfinyl oxygen. 

Here again the nucleophilic attack can occur on either the sulfinyl 

or the sulfenyl sulfur. Mechanism 1 shows the sulfenyl attack 

mechanism, and mechanism 2 shows the sulfinyl attack mechanism. 

O Ph r 0 Ph 
A + HOS + S-S-Ph > kA- -H- -O==S--S- -S-Phi 

Ár OH L. Ar ÓH 

O 
HA + ArSSPh + PhSOH E- 

Mechanism ï 

O Ph. O Ph t 
AG 

Ii ® i 

i 

si 

A + HOS _ > A--H--O-==S--S-SPh --I 
Ár OH L r `11 

O S 
Ph 

ArSSPh+ PhS + H20 A ---ArS-S-Ph 
Ç, 

+ HA F 
O O OH 

Mecha.nism. Z 

Formation of the intermediate in mechanism two must be the rate 

1 

Ó 

I 

J 
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determining step, since once the sulfur - sulfur bond between the 

sulfinic acid and the thiolsulfinate has been formed, the sulfur de- 

rived from the sulfinic acid cannot be less positive than in the sul- 

finic acid itself. The first mechanism is the preferred one, if for 

no other reason than than it is a simpler way to get to the same 

products. One will remember that in the case of sulfide cleavage 

of the thiolsulfinate sulfur- sulfur bond, no steric effect was ob- 

served, and in that case the production of the bulky valence -expanded 

intermediate was ruled out on these grounds. Since this reaction is 

also a nucleophilic attack, there is no reason to suspect that it would 

prefer to form the intermediate of mechanism 2. Thus, the mech- 

anism involves conversion of a poor leaving group into a good one by 

protonation and then a general base assisted nucleophilic attack. 

The fate of the sulfenic acid formed in the rate- determining 

step is next to be considered. Although little is known of sulfenic 

acid chemistry, one can postulate that the sulfenic acid can do any 

of three things, equations 28, 29 and 30. The stoichiometric require- 

ment of the production of a small amount of disulfide is met by 

O k 
PhSOH + PhSSPh 1 > PhSO2H + PhSSPh (28) 

k 
2 PhSOH + ArSO2H 2 >ArSO2SPh + H2O (29) 

k3 
PhSOH + PhSOH > PhSSPh + H2O (30) 

equation 28, Another possibility is that all of the sulfenic acid 

O 
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produced reacts via equation 28 and that then the sulfinic acid reacts 

with the disulfide formed, with this disulfide - sulfinic acid reaction 

converting a large part of the disulfide into thiolsulfonate. Fortun- 

ately, the rate of this disulfide - sulfinic acid reaction has been run. 

At 0. 10M sulfuric acid in acetic acid -0. 56M water at 70°C., its 

second -order rate constant is 2. 5 X 10 -5 M lsec. 1(61 ). Disre- 

garding the fact that the temperature is 30 degrees lower in our 

case, this predicts that the pseudo first -order rate constant for the 

disulfide disappearance would be 7.5 X 10 7 sec. l compared to a 

measured rate of reaction of 2.5 X 10-4 sec. 1. Thus, no more than 

0. 3% of the disulfide formed could react with the sulfinic acid, and 

this is ruled out as an explanation for the variable stoichiometry. 

Alternately, the disulfide production could be explained by 

the minor occurrence of one of the thiol producing mechanisms. The 

oxygen transfer from the thiolsulfinate to the sulfenic acid is analog- 

ous to the result obtained by Douglass (31) in the case of a sulfenyl 

chloride -thiolsulfinate reaction. He showed that ethyl ethanethiol- 

sulfinate reacts with ethanesulfenyl chloride to give ethyl disulfide 

and ethanesulfinyl chloride. 

Reactions 29 and 30, in the sulfinic acid -thiolsulfinate reaction 

lead to the same end products, since any thiolsulfinate produced by 

reaction 30 would react with sulfinic acid to give thiolsulfonate. In 

the stoichiometric calculation presented in the Results, the 



97 

occurrence of reaction 28 represents the constant a, and occurrence 

of either reaction 29 or 30 represents the constant b. One might 

reason that changes in stoichiometry with increasing sulfinic acid 

could distinguish between the occurrence of reactions 29 and 30. 

This would be true in the ideal case, but the accuracy of the methods 

used in analysis is not good enough to determine these small differ- 

ences. As one can see by inspection, the ratio of the disulfide pro- 

ducing process to the occurrence of equation 29, which is a /b, is 

simply ki(PhS(0)SPh) /k2(ArSO2H). Thus, doubling the initial sul- 

finic acid concentration should halve a/b and the amount of disulfide 

produced. The effect of changing sulfinic acid concentration on the 

ratio of disulfide production to equation 30 is more complex. Here, 

a/b is equal to k1(PhS(0)SPh) /k3(PhSOH). Doubling the initial sula 

finic acid concentration will double the rate of sulfenic acid produc- 

tion, and this will be compensated for by an increasing importance 

of the term which is second -order in the sulfenic acid. This will 

cause the ratio a/b to decrease and this will be reflected in a de- 

crease in the disulfide produced. Both mechanisms, then, predict 

a decrease in a/b and this is experimentally observed, although not 

accurately enough to know by exactly how much (See Table 21). 
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Table 21. Variance of stoichiometry with initial sulfinic acid 
concentration. a 

ArSO2H(initial) (ArSO2H)init. 

(ArS(0)SAr)init. 

a/b a/b (average) 

0,0480 4. 80 0.36 0.31 

0.0493 4. 93 0. 26 

0. 0985 9. 85 0.19 0.24 

0. 0961 9. 61 0. 29 

aAll runs in acetic acid -0. 20M sulfuric acid-0.56M water at 40°C. 
with initial p -tolyl p- toluenethiolsulfinate concentration equal to 
0.0100M. 

Mechanism of the Thiolsulfinate Disproportionation 

Although the mechanism of the disproportionation reaction has 

not been worked out due to the complexity of the kinetic behavior, 

certain conclusions can be drawn. The reaction is acid -catalyzed, 

following the Hammett acidity function. This leads one to conclude 

as in the other cases that the thiolsulfinate in undergoing equilibrium 

protonation prior to the rate -determining step. One more conclu- 

sion may be drawn from the recent work on the disproportionation 

of optically active phenyl benzenethiolsulfinate.4 It has been ob- 

served that the rate of loss of optical activity is equal to the rate 

4Experiments by Mr. George B. Large 
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of disproportionation in solutions in which the sulfuric acid concen- 

tration is greater than 0. 30M. As mentioned earlier, benzenethiol 

racemizes optically active phenyl benzenethiolsulfinate faster than 

can be accounted for by its reaction to produce disulfide. Thus, a 

mechanism which does not involve the intermediacy of benzenethiol 

would be preferred. Such a mechanism is discussed below. 

O K OH 
PhSSPh + HO 

1 PhS -SPh 
C 

OH 
SPh + H20 

k 
? 2 PhSOH + H® 

® 

O k 
3 PhSOH + PlASPh > PhSSPh + PhSO2H 

k 
PhS02H + PhS-SPh 4> PhSO2SPh + PhSOH 

Proposed Mechanism of Thiolsulfinate Disproportionation 

Rate Equations 

( PhSOH) 
s s 

(2K k + 
1 

K1 k4( PhSO2H) )/k3 

The steady state assumption is probably very good since 

k3» 2K1k2 and k3 » Klk4(PhSO2H). 

d(PhSO2H) /dt = k3(PhSOH)(PhS(0)SPh) 

K1 - k4( PhSO2I- Hi-)tPhS(0)SPh) 

d( PhSO2H) /dt = 2 K k2( PhS(0) SPh) 

- 
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-d(PhS(0)SPh) /dt = (PhS(0)SPh)(K1k2 +k3(PhSOH) + K1k4(PhSO2H)) 

-d(PhS(0)SPh) /dt = (PhS(0)SPh)(3K1 k2 + 2K1 k4(PhSO2H)) 

-d(PhS(0)SPh) /d(PhSO2H) = 3/2 + k4(PhSO2H) /k2 

Solving this differential equation, 

3k2 
= 

(- 
\ 

8k4 
4 

1 + (Phs(o)sPh)o - (PhS(0)SPh)) - 1 

/ 
(PhSO2H) 

2ík2 
4 

9k 
4 

The magnitude of the rate constant K1k4 is known from studies of the 

sulfinic acid -thiolsulfinate reaction. If we use the first -order rate 

constant obtained from the linear portion of the disproportionation 

kinetics as an estimate of K1k2, then it can be shown that the sulfinic 

acid can build up to a concentration of approximately 20% of the 

original thiolsulfinate concentration. 

The kinetic behavior of the thiolsulfinate disproportionation 

is explained as follows. The initial rate of the disappearance of 

thiolsulfinate is K1k2(PhS(0)SPh). The rate then increases as sul- 

fenic acid reaches its steady state value and the concentration of 

the sulfinic acid builds up. Since as much as 20% of the original 

thiolsulfinate concentration might be present as sulfinic acid, the 

curvature at the end of each kinetic run may be due to the method 

of analysis. Benzenesulfinic acid does not absorb radiation in the 

region of 290 -310 mµ, the wavelengths at which the reaction was 

run. As the sulfinic acid is built up, each molecule of thiolsulfinate 

reacting produces less than one molecule of the final products, 

- 
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making the rate look faster than it really is. Toward the end of the 

reaction, each molecule of thiolsulfinate reacting produces more 

than one molecule of the ultraviolet absorbing products, making the 

reaction look slower than it is, and causing a curve in the data when 

it is plotted as a pseudo first -order reaction. 

One other mechanism, involving cleavage of the thiolsulfinate 

to benzenesulfinic acid and benzenethiol, is shown below. The an- 

alysis of this mechanism mathematically leads to the same overall 

dependence of the rate on the various concentrations, The same 

explanation of the curvature holds in this case, 

O 
CD 

k1 OH 
PhSSPh + H .., -. PhS-SPh 

k 
1 

® 

OH k2 
Ph-SPh + H20 > PhSH + PhSO2H + H 

OH k., 
PhSH + Ph-SPh } `.* PhSSPh + PhSOH 

O k 
4 

PhSOH + PhSSPh --- > PhSSPh + PhSO2H 

OH 
PhSO2H + Ph-SPh 

® 

0 
> PhSSPh + PhSOH + He 

Alternative Mechanism of Disproportionation 

Rate Equations 

(PhSH)s s, s, 
lkL(PhS(0)SPh)/Kk3(PhS(0)SPh) _= k/k3 

O 

O 

= 

k 
5 
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(PhSOH)s. s. = Klk2 + KIk5(PhSO2H) /k 
4 

d(PhSO2H) /dt = 2K1k2(PhS(0)SPh) 

-d(PhS(0)SPh) /dt = 3K1k2(PhS(0)SPh) + K1 k5(PhS(0)SPh)(PhSO2H) 

From these relationships, it can be seen that this mechanism will 

give the same mathematical analysis as the first mechanism, but 

the mechanism proposed earlier is still to be preferred since it 

does not involve the production of benzenethiol. 

Mechanism of the Thiol- Thiolsulfinate Reaction 

Although the mechanism of the thiol -thiolsulfinate reaction has 

not been investigated in sufficient detail to present a completely 

worked out mechanism, the reaction is important since its sulfide - 

catalysis provides an additional example of concomitant electro- 

philic and nucleophilic catalysis of sulfur - sulfur bond cleavages. 

It appears that the reaction itself is a nucleophilic attack to cleave 

the sulfur - sulfur bond of the thiolsulfinate. This is shown by the 

fact that at the end of kinetic runs which curve, the final slope of 

a first -order plot yields a second -order rate constant which is 

independent of both the thiol and the thiolsulfinate. Thus, it ap- 

pears that if the thiol is in sufficient excess over the thiolsulfinate, 

the reaction will give well- behaved pseudo first -order kinetics. 

Unfortunately, until recently we have not been able to measure the 
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very fast rates necessary in order to get a high enough ratio. From 

comparison of half- times, the reaction appears to be acid -catalyzed, 

following the Hammett acidity function, and so is an example of a 

nucleophilic sulfur - sulfur bond cleavage which is electrophilically 

catalyzed. 
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EXPERIMENTAL 

Preparation of Materials 

Sodium p- Toluenesulfinate 

Sodium p- toluenesulfinate was prepared by the reduction of 

p- toluenesulfonyl chloride with zinc metal, as described by Whitmore 

and Hamilton (39, p. 492 -493). The dihydrate of the salt was used 

without further purification. 

Sodium 2- Bromobenzenesulfinate 

p-Bromobenzenesulfonyl chloride was reduced with sodium sul- 

fite in the presence of sodium carbonate according to the procedure 

described by Bäder and Hermann (6) to yield sodium p- bromobenzene- 

sulfinate. The reaction solution was used without isolation of the salt 

to prepare the sulfinic acid. 

Sodium p- Nitrobenzenesulfinate 

Sodium p- nitrobenzenesulfinate was prepared in the same man- 

ner as sodium p -bromobenzenesulfinate. 

Toluenesulfinic Acid 

Sodium p- toluenesulfinate was converted to p- toluenesulfinic 

p- 
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acid by addition of sulfuric acid (6N) to an aqueous solution of the 

salt according to the procedure of Kice and Bowers (56). The re- 

crystallized acid melted at 83-85°C. (Lit. value (20), 84-85°C.), 

and was 97 -100% pure by sodium nitrite titration (56). 

-Bromobenzenesulfinic Acid 

p- Bromobenzenesulfinic acid was prepared in the same manner 

as p- toluenesulfinic acid, using the crude sodium- bromobenzene- 

sulfinate solution from the preparation described above. Its melting 

point was 120-121°C. (Lit. value (20), 113-114°C.). 

2- Nitrobenzenesulfinic Acid 

p- Nitrobenzenesulfinic acid was prepared in the same manner 

as the p- bromobenzenesulfinic acid. Its melting point was 155-157' 

C. (Lit. value (20), 152 -154° C. ). 

Benzenesulfinic Acid 

Commercial sodium benzenesulfinate (Alia -L_ch Chemical Com- 

pany, Inc.) was converted to benzenesulfinic acid by the procedure 

described for p- toluenesulfinic acid. Its melting point was 80-83°C. 

(Lit. value (20), 81.5-83°C.) . 
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p- Toluenesulfinyl Chloride 

p- Toluenesulfinyl chloride was prepared in two ways. The 

first involved treatment of p- toluenesulfinic acid with thionyl chlor- 

ide according to the method of von Braun and Kaiser (16). The sec- 

ond was treatment of the sodium p- toluenesulfinate dihydrate with 

thionyl chloride according to the method of Kurzer (66). In either 

case, the yellow, green, or brown viscous liquid was used without 

further purification. 

Benzenesulfinyl Chloride 

The same two procedures used for the preparation of p- toluene- 

sulfinyl chloride were used to prepare benzenesulfinyl chloride, which 

was used without further purification. 

Thiophenol 

Thiophenol (Aldrich Chemical Company, Inc. ) was used without 

further purification in syntheses. It was distilled under aspirator 

vacuum and stored under nitrogen when g was to be used for kinetic 

work. It boils at ( under , 5pirator pressure (20 mm. Hg) 

(Lit. value (45, Vol. 3, p. 759), -7' at 30 rflm. ). 

C. 
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Toluenethiol 

Commercial p- toluenethiol (Eastman Organic Chemicals) was 

recrystallized from 95% ethanol, m. p. 42-43°C. (Lit. value (45, 

Vol. 3, p. 750), 43 -44 ° C. ). 

Di(p- tolyl) Sulfide 

p -Tolyl magnesium bromide was prepared from p- bromotolu- 

ene by the procedure outlined by Vogel (108, p. 813 -814). This re- 

agent was filtered into a separatory funnel and added slowly to p -tolyl 

p- toluenethiolsulfonate according to the procedure of Gilman, Smith, 

and Parker (40). The sulfide melted at 58.0-58.5°C. (Lit, value 

(45, Vol. 1, p. 1066), 57.3°C. ), and was obtained in a 60% yield. 

Phenyl Benzenethiolsulfinate 

Phenyl benzenethiolsulfinate was prepared by the reaction of 

benzenesulfinyl chloride with thiophenol in the presence of pyridine 

in ether solution, by the procedure of Backer and Kloosterziel (5). 

The compound melted at 69, 5-71' C. (Lit. value (5), 69 -70° C. ). 

Phenyl Toluenetiiipi2d liïs ï::. 

Phenyl p- toluenetl.iolsuii°inate was -:prepared in the same manner 

as phenyl benzenethiolsulfinate. Its melting point was 69. 0 -69. 5° C. 
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(Lit. value (5), /0 -71 ° C. ). 

p-Tolyl Benzenethiolsulfinate 

p -Tolyl benzenethiolsulfinate was prepared in the same manner 

as phenyl benzenethiolsulfinate. Its melting point was 76 -78 °C. (Lit. 

value (5), 68°C.). 

P-Tolyl p-Toluenethiolsulfinate 

p -Tolyl p- toluenethiolsulfinate was prepared in the same man- 

ner as phenyl benzenethiolsulfinate. Its melting point was 87, 5°C. 

(Lit. value (5), 86°C.). 

t-Butyl Benzenethiolsulfinate 

t -Butyl benzenethiolsulfinate was prepared in the same manner 

as phenyl benzenethiolsulfinate. Its melting point was 51-52° C. (Lit, 

value (5), 51 -52° C. ). 

p-Tolyl p-Toluenethiolsulfonate 

p -Tolyi p- toh!,enethiolsulfona.te was prepared by the dispropor- 

donation of p- to_uen.esui.finic acid Its . Its melting point was 76 -77° 

C. (Lit. value (56), 76° C. ). 
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Phenyl Benzenethiolsulfonate 

Phenyl benzenethiolsulfonate was prepared by the dispropor- 

tionation of benzenesulfinic acid. Its melting point was 44-45°C. 

(Lit. value (5), 45-46°C.). 

Diphenyl Sulfoxide 

Diphenyl sulfoxide was prepared by an aluminum chloride 

catalyzed Friedel- Crafts reaction between benzene and thionyl chlor- 

ide, according to the procedure of Shriner (93). Its melting point 

was 71-71.5 ° C. (Lit. value (45, Vol. 1, p. 1045), /0.5° C. ). 

Dibenzyl Sulfide 

Dibenzyl sulfide was prepared by the reaction of benzyl chlor- 

ide and sodium sulfide by the procedure described by Kice and 

Morkved for the preparation of benzyl sulfide -a -d4 (62). Its melt- 

ing point was 50-51° C. (Lit. value, (45, Vol. 1, p. 672), 49° C. ). 

Diphenyl Sulfide 

Diphenyl sulfide (Waterer,- Chemical Company, Inc. ) was dis- 

tilled under an aspirator vacuum, b. p. 154-156°C. 20 mm. Hg (Lit. 

value (45, Vol. 1, p. 1044), i 7-158` C. at 16.5 mm. ). 

. 
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Di(n- butyl) Sulfide 

Di(n- butyl) sulfide (Wateree Chemical Company, Inc.) was dis- 

tilled under an aspirator vacuum, b. p. 66-67° C. 20 mm. Hg (Lit, 

value (45, Vol. 1, p. 729), 182°C.). 

Diethyl Sulfide 

Diethyl sulfide (Matheson Coleman and Bell) was distilled, 

b. p. 92° C. (Lit. value (45, Vol. 1, p. 799), 92°C. ). 

Tetrahydrothiophene 

Tetrahydrothiophene (Aldrich Chemical Company, Inc.) was 

distilled, b. p. 119.5 ° C. (Lit. value (45, Vol. 3, p. 705), 118-119° 

C.). 

Benzyl Phenyl Sulfide, Thiodiglycolic 
Acid, and Thiodipropionic Acid 

These three sulfides were obtained from Dr. Eva H. Morkved 

(74) as crystalline solids and were used without further purification. 

Acetic Acid 

Reagent grade glacial acetic acid was refluxed for 24 hours with 

10% its weight in acetic anhydride. It was then distilled through a 

20- theoretical plate Oldershaw bubble -cap column at a reflux ratio 
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of 10:1. The purified acetic acid boiled at 11 7. 5- 117.8° C. 

Acetic Acid -d 

Acetic anhydride (Baker and Adamson, reagent grade) was 

distilled through a 20- theoretical plate Oldershaw bubble -cap column 

and stored in a dessicator containing phosphorous pentoxide. Deuter- 

ium oxide (Bio -Rad Laboratories, 99. 84 %D) (45 grams, 2. 25 moles) 

was added to the acetic anhydride (235. 6 grams, 2.31 moles) in a 

500 ml. Erlenmeyer flask, which was then fitted with a condenser 

and sealed from the air with a mineral oil bubbler. The mixture 

was slowly heated with stirring to 1 20 ° C. and then allowed to reflux 

for one hour. The acetic acid -d was then distilled through a 10 cm. 

silvered, vacuum -jacketed, Vigreux column. Acetic acid -d (254 

grams, b. p. 11 7 -11 7. 5 ° C.) was obtained in 90% of the theoretical 

yield. 

Stock Solutions 

Acetic acid -U. 56M water solutions were prepared by weighing 

out 10.09 grams of water and diluting nth purified acetic acid to one 

liter total volume at 20' C. Sulfuric Acid (Baker and Adamson, re: 

agent grade) was titrated with standard 0. 100M sodium hydroxide 

and found to be 96.25% sulfuric acid. The remaining 3. 75% was as- 

sumed to be water. This batch of sulfuric acid was used to prepare 

= 
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all sulfuric acid stock solutions for this research. Acetic acid-0.56 

M water-1.00M sulfuric acid and acetic acid-0.56M water -2. 00M 

sulfuric acid solutions were prepared by weighing out the appropri- 

ate amount of sulfuric acid, adding enough water to make the final 

solution 0.56M, and diluting to volume at 20° C. Stock solutions for 

the kinetic runs in deuterated solvent were made up in the same man- 

ner, using acetic acid -d, deuterium oxide, and the undeuterated 

standard sulfuric acid. 

Procedure for Kinetic Runs 

Dilution Method 

In each run, one reactant was weighed into a 50 ml. volumetric 

flask. Any other reactants were weighed onto a weighing paper, 

brushed into a funnel placed in the volumetric flask, and the funnel 

washed with acetic acid -0. 56M water. Stock solutions of sulfuric 

acid and sometimes the sulfide were then pipetted into the flask and 

acetic acid-0.56M water added to bring the volume to 50 ml. This 

solution was then transferred to the reaction vessel (Figure 22). The 

reaction vessel was area crated by pas:-,1 prepurified nitrogen through 

the solution for about five minutes After deaeration the vessel was 

placed in a constant temperature bath. After temperature equilibra- 

tion, approximately five minutes, the initial sample (time equal to 
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zero) was taken. 

Samples were removed by the following procedure. Nitrogen 

was bubbled through the solution and stopcock A was turned 180° 

from the position shown in Figure 22. Some of the reaction mixture 

was thus forced into the tube Z (approximately two ml. total volume) 

and trapped there by turning stopcock B 45' clockwise. Stopcock 

A was then returned to its original position. The trapped sample 

was then allowed to run out of the delivery tube Y by turning the 

stopcock B another 45° clockwise. A small amount (1/2 to 3/4 ml.) 

was run through the delivery tube and into a waste beaker and the 

remainder into a clean beaker. Stopcock B was returned to its 

original position and the nitrogen pressure turned off. One ml. of 

the sample was immediately pipetted into a volumetric flask con- 

taining 95% ethanol and diluted to a volume which allowed the con- 

centration of the thiolsulfinate to be determined spectrophotometric - 

ally with either a Beckmann Model DB or a Cary Model 15 ultra- 

violet spectrophotometer. The wavelength range 290 -310 mµ was 

used for this purpose and the absorbance, A, cf the solution was 

used as a measure of the concentration, An infinity time point was 

taken in the same manner after eight to ten half -lives, and the 

pseudo- first -order rate constant was determined by plotting log(A 
t. 

- 

Aoo) versus time. Control experiments showed that it took 40 ± 5 

seconds from the start of the sampling procedure until the one ml. 
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pipet was half empty, so that the time that the sampling procedure 

was started could be used as the sample time without loss of accur- 

acy. 

Direct Method 

Some reaction rates were measured directly in the spectro- 

photometer by thermostating the cell holder of the instrument. The 

special cell used is shown in Figure 23. All reactants except the 

thiolsulfinate were dissolved in the solvent and placed in section A. 

The solution and cell were deaerated by passing a stream of pre - 

purified nitrogen into the solution through a capillary tube. Thiol- 

sulfinate stock solution was added through stopcock B and the solu- 

tion thoroughly mixed. The cell was inserted into the jacketed cell 

holder and the absorbance of the solution recorded as a function of 

time. 

Procedure for Product Studies 

Samples for product studies were prepared in the same man- 

ner as those for kinetic runs. The reactions were run for eight to 

ten half -lives. If sulfinic acid was a reactant the amount of the acid 

consumed was determined by titration of the residual sulfinic acid 

in an aliquot with standard sodium nitrite (56). If mercaptan was 

a reactant then the amount of mercaptan consumed was determined 
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by titration of the residual mercaptan in an aliquot with standard 

iodine. The rest of the solution was then poured with ten times its 

volume of water in a separatory funnel. The water solution was 

extracted twice with a total of 400 -500 ml. of ether and then the 

ether was extracted five times with water to remove as much acetic 

acid as possible; the ether solution was then washed with sodium bi- 

carbonate solution until the washings remained alkaline, and then 

three more times with water. The ether layer was dried over mag- 

nesium sulfate, and the ether was stripped off on a rotary evapo- 

rator. The residue was chromatographed on Merck acid -washed 

alumina and the identity and weight of each product determined. 
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Figure 22. Reaction Vessel for Dilution Method. 
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A 

Figure 23. Reaction Vessel for Direct Method. 

2 
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CONCLUSION 

The most important finding in these studies has been the ex- 

tension of Kice's proposition that most sulfur - sulfur bond cleavages 

in acid solution are catalyzed by both electrophilic and nucleophilic 

reagents. He first observed this phenomenon in connection with stud- 

ies of the disulfide - sulfinic acid reaction in which sulfur nucleophiles 

(sulfides and disulfides) cleave the sulfur- sulfur bond of the ion I.(61). 

The electrophilic catalyst acts to convert a poor leaving group, 

® O C 
! k 

ArS-S-S + SR2 R25SR + ArSSR 
R R 

I 

O 

RS-, to a good leaving group, ArSSR, in the case above. In our 

case, the electrophile converts the ArSO leaving group into ArSOH. 

While this work was in progress, the concomitant electrophilic and 

nucleophilic catalysis of the sulfur- sulfur bond cleavage in sulfinyl 

sulfones was discovered and reported 0Pä3 ). These three examples 

of very different sulfur - sulfur bonds indicate that the phenomenon 

of electrophilic and nucleophilic catalysis of sulfur - sulfur bond 

cleavages is indeed a general one. 

The sulfinic acid- th?.r}l 3ia,.a,t.t reaction and its sulfide cata- 

lyzed modification provides a convenient route to unsymmetric 

thiolsulfonates, Likewise, the th oi -- thiolsulfinate reaction is 
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probably the preferred method of synthesis for unsymmetric di- 

sulfides. Work in this laboratory has shown that p -tolyl benzyl 

disulfide can be prepared in 80% yield from p -tolyl p- toluenethiol- 

sulfinate and benzyl mercaptan under the conditions used in this 

study. 5 

One of the important results of any research are the questions 

which arise in the course of the investigation. In the present case, 

study of the nature of some of the reactions which occur after the 

rate -determining step should clarify some of the chemisty of the 

elusive sulfenic acid. One possible way to study these intermedi- 

ates is by the use of labelling techniques. Another might involve 

the generation of sulfenic acid in the presence of thiolsulfinates, 

perhaps by the hydrolysis of a sulfenyl halide or other sulfenyl 

derivative. 

The mechanisms of other thiolsulfinate reactions mentioned in 

the Introduction should prove a fruitful area of research on the na- 

ture of thiolsulfinate reactions. For example, their reduction to 

disulfides with iodide ion should be another example of concomitant 

electrophilic and nucleophilic catalysis. The oxygen transfer reac- 

tion between a thiolsulfinate and a sulienyl chloride first noted by 

Douglass, which was used for analogy often in this thesis, is itself 

5Nicolai Alexandrovich Faystritsky, unpublished results. 
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a. very interesting reaction, which could involve electrophilic activa- 

tion of nucleophilic attack on a sulfinyl center. 

Finally, the question of the generality of the electrophilic 

catalysis of a nucleophilic attack is a very interesting proposition. 

For instance, could sulfenate esters be produced by the reaction of 

an alcohol with a thiolsulfinate? This very general question extends 

even farther, to such things as amines and other nucleophiles. 
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Table 1. 

Appendix 1. Data for the Disproportionation of Thiolsulfinates 

Phenyl benzene thiolsulfinate. 

Run # 

O 
u 

(PhSSPh), 
M 

(H2SO4), 
M 

(H2O), 

M 

T, oC kobs x 104 
sec. -1 

Comment 

1 .0503 0.20 0.56 40 .878 
2 .00859 0.20 0.56 40 .230 
3 .1000 0.20 0.56 40 1.373 
4 . 0502 0. 20 0. 56 70 7. 01 

5 .00850 0.20 0.56 70 2.32 
6 .0600 0.20 0.56 60 4.65 
7 .0594 0.20 0.56 60 4.27 
8 .01802 0.20 0.56 60 1.70 
9 .00756 0.20 0.56 60 1.14 

10 .00757 0.40 0.56 60 3.06 
11 .00756 0.10 0.56 60 0.421 
12 .00757 0.60 0.56 60 6.13 
13 . 00755 0. 40 1.12 60 1. 88 

14 .00755 0.40 0.28 60 3.52 
15 . 00755 0. 20 0. 56 60 2. 49 added 0. 03 M PhSSPh 

16 . 00756 0. 20 0.56 60 1.36 added 0. 02 M PhSSPh 
17 . 00755 0. 20 0.56 60 1.12 added 0. 02 M PhSO2SPh 
19 .0400 0.20 0.56 60 3.16 
28 .0400 0.20 0.56 60 4.01 
31 .00757 0.60 0.56 60 5.90 

Table 2. p -Tolyl p- toluenethiolsulfinate. 

Run # 

O 

(ArSSAr) (H2SO4), (H2O), T, oC kobs. x 104 
ìv1 M M sec. -1 

72 . 00380 0.60 Co, 56 40 1. 16 

104 .0200 0.20 0.56 39.4 .82 
230 . 00401 0 60 0 56 40 1. 22 

' 



Appendix 2. Data for the Sulfide- Catalyzed Disproportionation of Phenyl Benzenethiolsulfinate 

Run Y 

0 
(PhSSPh), 

M 

(R2S), 
M 

(H2SO4), 
M 

(H2O), 

M 
T, oC kobs. x 104 k 

sec. -1 

x 104 
0 

sec. -1 

kd 
m -1 sec. 

Benzyl sulfide 

154 70400 2.5 x 10-4 . 20 .56 39. 4 6. 20 . 20 2. 40 
155 . 0040(.` 3. 5 x 10-4 20 56 39. 4 8.58 20 2. 39 
159 . +00399 1.5 x 10-4 . 20 . 56 39. 4 3. 81 . 20 2. 41 
160 00799 2. 5 x 10-4 . 20 .56 39. 4 6. 33 . 28 2. 42 
161 . 00402 1.5 x 10-4 . 10 .56 39. 3 1. 40 . 07 0, 89 
162 00402 1.5 x 10-4 . 30 . 56 39. 3 7. 51 ,40 4.74 
169 00079%' 8.0 x 10-4 .10 .56 39. 3 6. 23 . 07 . 77 
173 CiUO ;Ci;r 6. 0 x 10-4 . 10 .56 39. 3 3. 76 . 07 . 615 
17': i )(1402 4.0 x 10-4 . 20 1. 14 39. 3 5. 64 . 12 1. 38 
209 . C)040 2.53 x 10-4 . 10 .56 49. 7 4.64 . 19 1. 76 
211 . f0399 16. 02 x 10-4 .10 .56 30. 1 7. 87 .00 0. 49 
215 . 00401 5, 38 x 10-4 . 10 . 56 39. 5 7. 07 BoAc 1. 30 

Phenyl suli`i!1e 

167 . 00398 , 03101 . 20 .56 39.3 12.11 . 20 . 0384 
171 . 00801 . 01577 . 20 . 56 39.3 6. 24 . 28 . 0383 
172 .00400 .01565 .10 .56 39.3 2.53 .07 .0157 
173 .00400 .00970 .30 .56 39.3 7.55 40 .0737 
174 .00399 .01498 .20 .81 39.3 4.51 16 .0290 

n -Butyl sulfide 

163 . 00399 3. 0 x 10'5 . 20 .56 39.3 0. 855 . 20 2.18 
164 . 00400 2. 38 x 10 -4 . 20 .56 39.3 5.73 . 20 2. 32 

1124 . 00400 3. 39 x 10`4 . 20 . 56 39. 4 7. 94 . 20 2. 28 

- 

. 



Appendix 2 (continued) 

o 
Run # (PhSSPh), 

vS 

(R2S), 
M 

(H2SO4), 
M 

(F120), 

M 

T, °C kobs. x 104 
sec. -1 

ko x 104 
sec. -1 

kd 
m-1 sec. 

Benzyl phenyl sulfide 

165 . 00390 3. 37 x 10-4 . 20 . 56 39. 3 3. 30 . 20 . 917 
166 6. 74 x 10-4 . 20 .56 39. 3 6. 33 . 20 . 910 

Tetra.hydror:hiopheAre. 

H25 00401 2. 96 x 10-4 . 20 .56 39. 4 9.51 . 20 3. 15 

H26 ,. 00401 1. 47 x 10-4 . 20 . 56 39. 4 5. 05 . 20 3. 30 

Ethyl sulfide 

H2! 3.08 x 10-4 .20 .56 39.4 5.85 . 20 1.83 
H28 00490 6. 16 x 10-4 20 .56 39. 4 11. 16 20 1. 78 

Thiodig!v. o!ic acid 

H33 .00402 .045 .20 .56 39.4 11.1 .20 .0242 
H29 . 00400 . 0286 . 20 .56 39. 4 7. 3 . 20 , 0248 
H30 .00400 .045 .20 .56 39.4 10.98 .20 .0240 

Thiodipropiz nic acid 

H31 . 00401 5. 0 x 10 4 . 20 . 56 39.4 6. 76 . 20 1. 31 

H32 . 00398 7.0 x 10L4 . 20 .56 39. 4 9. 31 . 20 1. 30 

Potassium chloride 
(KC1), M 

207 . 00400 1. 546 x 10-3 .10 .56 39. 5 2.50 . 07 . 155 

0C399 

. . 

- 

. 

. 
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Appendix 3. Data for the Sulfinic Acid -Thiolsulfinate Reaction 

Table 1. Phenyl benzenethiolsulfinate 

O 

Run # (PhSSPh), (ArSO2H), (H2SO4), (H2O) T, OC kob$ x 104 Comments 
M M M M sec. 

-1 

p- Toluenesulfinic acid 

47 . 0038 . 0300 0, 10 0. 56 39, 4 2. 46 

49 .0038 .0300 0.20 0.56 39.4 4.55 
50 .0038 .0300 0.40 0.56 39.4 8.85 
51 .0038 .0300 0.20 0.28 39.4 4.20 
52 .0038 .0300 0.20 1.16 39.4 4.62 
97 .0038 .0300 0.30 0.56 39.4 6.60 

132 .0038 .0300 0.10 0.56 39.4 2.49 
130 .0038 .0600 0.10 0.56 39.4 5.15 
131 .0038 .0600 0.10 0.56 39.4 5.05 
102 .0038 .0900 0.10 0.56 39.4 7.66 

34 .0076 .0300 0.10 0.56 50 4.13 
35 .0150 .0600 0, 10 0.56 50 7.37 
36 .0150 .0300 0.10 0.56 50 curved 
37 . 0076 . 0901 0. 10 0. 56 50 13. 2 

38 .0076 .0601 0.10 0.56 50 8.90 
39 .0038 .0600 0.10 0.56 50 9.01 
41 .0150 .0600 0.10 0.56 50 7.25 
42 .0038 .0300 0.10 0.56 50 4.30 
43 .0038 .0300 0.20 0.56 50 8.28 
45 .0038 .0300 0.30 0.56 50 11.5 

218 .0040 .0302 0.10 0.56 30.1 1.46 
219 . 0040 . 0600 0. 10 0, 56 30.1 3. 01 

213 .0040 .0300 0.10 0.56 39.4 1.97 DOAc 

216 .0040 . 0301 0.10 0.56 39.4 2.51 
212 .0040 .0899 0.10 0.56 39.4 8 08 

Benzene sulfinic acid 

H6 . 0040 . 0300 0, 10 0. 56 39. 4 2. 59 

1-19 , 0040 .0300 0. 20 0.56 39 . r- 4. 14 

H11 .0040 .0300 0.20 0.56 39.4 4. 36 

46 . 0038 . 0299 0. 10 0, 56 39. 4 2. 36 

ar-Jrcrnohenzeneçul4Pra:c 

48 . 0038 . 0300 0, "i0 39, 4 3. 76 

40 . 0038 0600 ,). 1 0 rs `:{ "`J 11. 5 

44 .0038 . 0300 0, 10 0. 56 50 7, 21 

p- Nitrobenzenesulfinic acid 

53 , 0038 0300 0, 10 C. 56 39.4 8., 68 

54 . 0038 . 0300 0, 10 0.56 39.4 8. 00 

O. 56 
. 
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Table 2. p -Tolyl p- toluenethiolsulfinate -p- toluenesulfinic acid. 

O 

Run # (ArSSAr), (ArSO2H), (H2SO4), (H2O), T, oC kobs x 104 

M M M M sec. 

55 0.0038 .0300 0.10 0.56 39.4 3.90 
56 0.0038 .0300 0.20 0.56 39.4 7.00 
57 0.0038 .0300 0.20 1.13 39.4 7.28 
66 0.0038 .0300 0.20 0.56 39.4 7.01 
73 0.0038 .1201 0.00 0.56 39.4 3.79 
82 0.0038 .0300 0.40 0.56 39.4 12.4 
83 0.0038 .0300 0.30 0.56 39.4 9.76 

Table 3. Unsymmetric thiolsulfinates -p- toluenesulfinic acid. * 

Run # 

0 
(ArSSPh), (ArSO2H), (H2SO4), (H2O), T, °C kobs. x 104 

M M M M sec.-1 

67 0. 0038 0. 0300 0. 20 0. 56 39.4 5.78 
0 

68 

(PhSSAr), 

0. 0038 

M 

0. 0300 0. 20 0. 56 39.4 5. 46 

* 
Ar = p- tolyl, Ph = phenyl 



Table 4, Products of the reaction. 

Run # 

O 
i! 

(PhSSPh), 
M 

(ArS02H), (H2SO4), 
M 

(H20) 

ArSO2H ArS02H 

PhSO2SAr 2 ArSSAr PhSSPh PhSSPh 
_cons. 

124 . 0200 .0985 .20 .56 4.9 1.52 1.50 .11 
125 .0038 .0300 .10 .56 7.8 1.76 
128 .003? .0300 .20 .30 7.8 1.42 
126 .0038 .0300 .20 .56 7.8 1.90 
129 0038 .0300 .20 1.12 7.8 1.93 

30 .0136 .0778 .20 .56 5.7 1.93 1.95 .175 
32 0150 .0864 .20 .56 5.75 1.97 1.71 .14 
33 . 0151 .0380 .20 .56 2.5 1.59 1.56 .20 

127 `)(:lti .0300 .40 .56 7.8 1.82 
20 0755 .1510 .40 .56 2.0 1.20 .22 

103 , 
;;20G . 0960 . 20 . 56 4. 8 1. 32 1.38 . 13 

131 ( 038 .0600 .10 .56 14.6 1.79 
130 Y)3 f; .0600 .10 .56 14.6 1.65 

(p-Br-PhSO2H), M 

108 0100 .0980 .20 .56 9.8 1.38 0.99 .06 
112 0100 .0490 .20 .56 4.9 1.45 1.22 .12 

O 
(ArSSAr), M (ArSO2H), M 

109 , 0038 . 0291 . 20 . 56 7. 7 1. 70 1.27 0.18 
11 1 . 0038 . 0295 . 20 . 56 7. 76 1.47 1, 47 . 13 

107 .0100 .0480 .20 .56 4.80 1.16 1.18 .19 
123 .0100 .0493 .20 .56 4.93 1.32 1.16 .15 
122 .0100 .0985 .20 .56 9.85 1.43 1.50 .11 
106 .0100 .0961 .20 .56 9.61 1.26 1.48 .16 
105 .0200 .0960 .20 .56 4.80 1.23 1.31 .20 

II ii 

O - i 
M M 



Table 4 (continued) 

Run # 
n 

(ArSSAr), 
M 

(ArSO2H), 
M 

(H2SO4), 
M 

(H2O) 
M 

ArS02H ArS02H 

PhSO SAr ArSSAr PhSSPh 
- p -i PhSSPh 

+ _cons. 

110 
119 

115 

116 

120 
113 

114 
119 
12.1 

117 

.02G`0 

.0200 

.0162 
00814: 

.0201 
^?62 
0081 6 

a <<20ü 

01.00 
f 

¡"i..}Sfihn, M 

0200 

.0985 
.0986 
.0986 
.0986 
.0984 
.0988 
.0986 
.0987 
.0984 

(PhSO2H), M 

.0984 

. 20 

.20 

.20 

.20 

.20 

.40 

.40 

.40 

.40 

.20 

.56 

.56 
1.13 
1.11 
1.14 
.56 
.56 
.56 
.56 

.56 

4. 92 

4.86 
6.10 

12.1 
4.90 
6.10 

12.1 
4.9 
9. 84 

4.92 

1.25 1.37 
1.28 
1.45 
1.27 
1.45 
1.17 
1.18 
1.15 
1.39 

1.25 1.32 

.16 

0.16 

Ar = p- tolyl, Ph = phenyl 

O 
, 

O 

. 



Appendix 4. Data for Sulfide -Catalyzed Sulfinic Acid- Thiolsulfinate Reaction. 

Table 1. Phenyl benzene. thiolsulfinate -p- toluenesulfinic acid. 

Run # 

0 
(PbSSPh), (R2S), (ArSO2H), (H2SO4), (H2O) T, oC kobs.x 104 

M M M M M sec. 
-1 

Comments 

Phenyl sulfide 

38 

59 

61 

62 

63 

64 

. 0038 

.003Y3 

.003F 
0038 
0033 

.0038 

0.0095 
0.0199 
0.0203 
0. 01 95 

0.0216 
0. 01 99 

0.0300 
0.0300 
0.0300 
0.0300 
0.0300 
0.0500 

0.10 
0.10 
0.40 
0.30 
0.20 
0.10 

0.56 
0.56 
0.56 
0.56 
0.56 
0.56 

39.4 
39.4 
39.4 
39.4 
39.4 
39.4 

3. 20 
4.18 

21.4 
16.15 
8.89 
5.85 

65 00. i3 0.0205 0.0300 0.20 1.15 39. 4 7.26 
79 . 00;38 0.0099 0.0300 0.20 0.56 39.4 6.57 
81 0035 0.0071 0.0300 0.30 0.56 39.4 10.13 
85 . 0038 0, 0097 0. 0300 0.40 0.56 39. 4 15.6 

221 .0040 0.0603 0.0300 0.10 0.56 30.1 4.46 
220 .0040 0.0602 0.0600 0.10 0.56 30.1 6.04 

p-Tolyi áulfide 

77 0.0038 .0200 0.0300 0.10 0.56 39.4 4.97 
78 0.0038 . 01 00 0.0300 0.20 0.56 39.4 8.47 
80 0.0038 .0099 0.0300 0.30 0.56 39.4 1 4. 35 



Table 1 (continued) 

Run # 

0 
fl 

(PhSSPh), (R2S), (ArSO2H), (H2SO4), (H2O) 
M. M M M M 

T, oC kobs. x 10 
4 

sec. 

Comments 

Benzyl sulfide 

38 U. 0038 
99 0. 0039 

100 0. C033 

101 0. 003S 

133 0. 0038 

137 ?, 0038 
200 0 0077 

208 0< 0041 

217 0.0O'40 
214 :b. 0040 
210 0, 0040 

Benryl pl,ar.y1 sulfide 

138 0.0038 
139 0.0038 
140 0.0038 
141 0.0038 
142 0. 0038 
143 0.0038 
144 0.0038 
145 0.0038 
146 0.0038 
147 0. 0038 
148 0. 0038 

2. 0 x 10-5 
2.0 x 10-5 
1. 0 x 10-5 
1.0 x 10-5 
2.0 x 10-5 
2. 0 x 10-5 
2.02 x 10-5 
1. 01 x 10-5 
1. 79 x 10-5 
1. 79 x 10-5 
8. 01 x 10-5 

0.5 x 10-3 
0.5 x 10-3 
1.0 x 10-3 
1.5 x 10-3 
0. 5 x 10-3 
0.5 x 10-3 
0.5 x 10U3 

0.5 x 10-3 
0.5 x 10-3 
0. 2 x 10-3 
1.5 x 10-3 

0.0300 
0.0500 
0. 0300 
0.0300 
0.0300 
0.0600 
0.0599 
0.0300 
0.0300 
0.0301 
0.0300 

0. 0300 
0.0600 
0.0300 
0.0300 
0.0900 
0.0750 
0.0750 
0.0450 
0.0300 
0.0300 
0.0300 

0.10 
0.10 
0.10 
0.20 
0.10 
0.10 
0.10 
0. 10 
0.10 
0.10 
0.10 

0.10 
0.10 
0. 10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.20 
0.30 
0.10 

0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 

0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
1.12 

39.4 
39.4 
39.4 
39.4 
39.4 
39.4 
39.4 
49.7 
39.4 
39.4 
30.1 

39.4 
39.4 
39. 4 

39.4 
39.4 
39.4 
39.4 
39.4 
39. 4 

39.4 
39.4 

6. 34 
8. 91 

4.51 
10.38 
6.43 
9.73 
9.07 
8.06 
6. 11 

6. 95 

9.48 

4.47 
7.08 
6.45 
8.30 

10.66 
9.06 
8.80 
5.91 

10.69 
11.63 

6. 64 

DOAc 
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Table 2. Phenyl benzenethiolsulfinate- benzenesulfinic acid. 

L0L 

Run # (PhSSPh), (R2S), (PhSO2H), (H2SO4), (H20), T, 'O kobs. x 104 

M M M M M sec.-1 

Benzyl sulfide 

Hl 0. 0040 1. 00 x 10-5 0. 0307 0. 10 0.56 39, 4 4.57 

n-Butyl sulfide 

H4 0.0040 2. 40 x 106 0. 0301 0. 10 0. 56 39. 4 6.57 

Tetrahydrothiophene 

1-15 0.0040 1. 96 x 10'6 0. 0300 0. 10 0. 56 39. 4 9.52 

H6 0. 0040 . 392 x 10-6 0. 0300 0. 10 0. 56 39. 4 3. 97 

H10 0. 0040 . 392 x 10-6 0. 0300 0. 20 0. 56 39. 4 7. 79 

Thiodiglycolic acid 

H14 0.0040 0.0300 0.0300 0.10 0.56 39.4 4.24 
H15 0.0040 0.0600 0.0300 0.10 0.56 39.4 5.66 
H16 0.0040 0.0200 0.0300 0.20 0.56 39.4 6.96 

Thiodipropionic acid 

H17 0040 1. 00 x 10-3 0. 0300 0. 10 0. 56 39. 4 33. 38 

H18 . 0040 1. 00 x 10-4 0. 0300 0. 10 0. 56 39. 4 5. 11 

H19 . 0040 2. 00 x 10-4 0. 0300 0. 20 0. 56 39. 4 8. 72 

H20 . 0040 0. 40 x 10-4 0. 0300 0. 20 0. 56 39. 4 7. 16 

Ethyl sulfide 

H21 . 0040 1. 04 x 10-6 0. 0300 0. 10 0. 56 39. 4 4. 54 

H22 0040 2. 08 x 10-6 0. 0300 0. 56 39. 4 6. 84 

H23 .0040 0. 52 x 10-6 0. 0300 0. 20 0. 56 39. 4 7. 50 

Table 3. p -Tolyl p- toluenethiolsulfinate- p- toluenesulfinic acid. 

O 

Run # (ArSSAr), (R2S), (ATSO2H) (H2SO4) (H2O) T, °C kobs. x 104 

M Ili t M M sec.-1 

Phenyl sulfide 

69 0. 0038 O. 0206 O. 0300 0. 10 0. 56 39. 4 5.65 

70 0. 0038 0, 0208 0. 0300 0. 20 0 56 39. 4 11. 98 

71 0. 0038 0. 0214 0. 0300 o, 00, 0 56 39, 4 1, 01 

84 O. 0038 0. 0096 0, 0300 0. 30 0. 56 39. 4 3, 54 

. 
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Table 4. Benzyl phenyl sulfide- catalyzed phenyl benzenethiolsulfinate -p- bromobenzenesulfinic acid. 

Run # (ArSSAr), 
M 

(R2S), 
M 

(ArSO2H), 

M 

(H2SO4), 

M 

(H2O), 

M 

T, oC kobs. x 104 
sec.-1 

151 0. 0038 1. 0 x 10-3 0. 0300 0. 10 0. 56 39. 4 7. 46 

Table 5. Potassium chloride catalysis. 

Run # 

0 
(ArSSAr), 

M 

(KC1), 

M 

(ArSO2H), 
M 

(H2SO4), 
M 

(H2O), 

M 

T, oC kobs. x 104 

sec.-1 

202 0.0040 3. 43 x 10-4 0. 0300 0.10 0. 56 39. 4 5. 35 

203 0.0040 3. 43 x 10-4 0. 0300 0. 20 0. 56 39. 4 7. 78 
204 0.0040 6. 86 x 10-4 0. 0300 0. 10 0. 56 39. 4 7. 60 
205 0. 0040 7. 73 x 10-4 0. 0300 0. 10 0. 56 39. 4 8. 29 
206 0.0080 7.73 x 10-4 0.0600 0. 10 0.56 39. 4 10. 60 



Appendix 5. Data for the Benzenethiol -Phenyl Benzenethiolsulfinate Reaction 

(Ph )i (P MH)i (H 04) (y) 
kinit, kf 

T, 
oC kin it. x 104 kfinal x 104 (PhSH). (PhSH)f 

sec. -1 sec. -1 m -1 sec. m -1 sec. 

B3 .00375 .03747 0.04 0.56 40 28.2 28.2 
B2 .00375 .00751 0.04 0.56 40 2.61 2.61 
B4 . 00375 .01525 0.04 0.56 40 6.35 10.3 .042 . 134 
B5 . 00146 . 01555 0.10 0.56 40 7.40 12.0 .048 .095 
37 . 000I30 .001555 0.10 0.56 20 2.31 4.68 .148 .372 
B8 .000150 .003110 0.10 0.56 20 6.80 11.0 .218 . 392 
B9 . 003150 . 001555 0.20 0.56 20 8.74 16.7 .561 1.33 

B10 . 000326 .003110 0.10 0.56 20 5.77 8.46 .185 .344 
B11 . 000; 46 . 003110 0.10 0.56 20 4.50 7.55 .145 .378 
BI2 . 0(0166 .002333 0.10 0.56 20 4.24 6.80 .181 .340 
B15 , 0001 94 .000389 0.20 0.56 20 1.22 1.22 
B16 .000"384 .000778 0. 20 0.56 20 2.06 2.06 
1322 . 000151 .00369 0.10 0.56 20 9.36 13.1 . 252 . 385 

O 

M 
i r 

M 
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Appendix 6. Data for the Benzyl Sulfide -Catalyzed Benzenethiol -Phenyl 
Benzenethiolsulfinate Reaction 

O 

Run # (PhSSPh) (PhSH) (R2S) (H2SO4) (H2O) T, °C Robs. x 104 

M M M M M sec. -1 

B17 .000151 .00123 .00032 0.10 0.56 20 29.3 
B18 .000151 .00123 .00064 0.10 0.56 20 53.2 
B19 .000151 .00123 .00096 0.10 0.56 20 83.4 
B20 .000151 .00246 .00032 0.10 0.56 20 39.2 
B21 .000151 .00369 .00032 0.10 0.56 20 49.0 


