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Previous studies of the mechanism of the dispropor- 

tionation of arylsulfinic acids have provided quite 

convincing evidence that the mechanism of the reaction 

is as follows: 

0 0 
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2ArS02H Ar-$-S-Ar + H2O 
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kd 0 

rate -determining Ar- S- O -S -Ar 

ArS02H 
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(Eq. A) 

(Eq. B) 

ArS03H + ArSO2SAr (Eq. C) 

In the present work the effect of substituents on 

the rate of disproportionation of a series of para- 

substituted benzenesulfinic acids has been determined. 

The rates of disproportionation were found to be 
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correlated by 7» substituent constants. The effect of 

substituent on the rate was shown to be mainly due to its 

effect on the position of the first equilibrium. 

Data on the rate of disproportionation of p- toluene- 

sulfinic acid as a function of temperature allow one to 

calculate the enthalpy of activation for the reaction. 

Comparison of both rate and enthalpy of activation 

for the disproportionation with the corresponding quan- 

tities previously determined in dioxane solution for the 

decomposition of p- tol.uenesul.finyl p -tolyl sulfone 

(Equation B) make it possible to plot, at least qualita- 

tively, free energy -reaction profile diagrams for the 

disproportionation of arylsulfinic acids. 

lI 

The disproportionation or interchange reaction of 

benzyl disulfide -p -tolyl disulfide (Equation D) has been 

Ke 
R-S-S-R + Ar-S-S-Ar 2 R-S-S-Ar (Eq. D) 

studied in acetic acid -sulfuric acid -water solution using 

a nuclear magnetic resonance spectroscopy method. 

The equilibrium constant for this reaction is some- 

what less than the value (Ke =4) predicted on purely 

statistical grounds. This is the first case of a 

disulfide interchange where Ke has been found to be less 

than 4. 



Some preliminary studies of the rate of equilibra- 

tion have also been carried out. The reaction was found 

to be catalyzed by strong acid. However, the data, when 

plotted as a second -order equilibrium reaction, gave 

non -linear plots. Reasons for this behavior are 

discussed. 
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STUDIES OF THE MECHANISM OF THE 

DISPROPORTIONATIONS OF SULFINIC ACIDS AND DISULFIDES 

PART I: THE DISPORPORTIONATION OF SULFINIC ACIDS 



INTRODUCTION 

Sulfinic acids have been known since the late 1850's. 

Kolbe (50) and Kalle (41) both reported preparations for 

benzenesulfinic acid in 1860 and 1861 respectively. Otto 

(63) prepared p- toluenesulfinic acid in 1868. 

The Structure of Sulfinic Acids 

The structure of sulfinic acids has been a subject 

of much discussion for some time. Bredereck and co- 

workers (8) have used ultraviolet spectral data to show 

that sulfinic acids exist in the ester form (II) in both 

polar and non -polar solvents. Methyl and ethyl p- toluene 

o 0 
/ 

R-S-H R-S R-S R-S-R 

0 0-H \0-R 0 

I II III IV 

sulfinates (III) absorb at 250 meta (log e=3.5) whereas 

the alkyl aryl sulfones (IV) show multiple peaks in the 

260 -270 m1d region (log e=2.6-2.7) . 

Some Russian workers (34) felt that the infrared 

spectra showed an S -H, indicative of structure (I). Mer- 

captans are known to absorb in the 2500 -2600 cm -1 range 

(4, p. 350) and a similar peak has been observed with 

sulfinic acids by many authors (8,21,34). Detoni and 

Hadzi (21) report that this peak is not due to an S -H 

bond, but that it is due to very pronounced hydrogen 

bonding. On dilution these authors have observed a new, 

1 , 
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sharp peak at 3700 cm -1 which occurs at the expense of 

the lower peak and is probably due to the monomer. Also, 

the 2500 -2600 cm -1 peak absorbs only very weakly in the 

Raman spectra (34) which indicates an 0 -H bond rather 

than an S -H bond, as S -H bonds are known to absorb 

strongly in the Raman spectra (15,21). 

Chemical Reactions of Sulfinic Acids 

Both sulfinic acids and their salts can undergo air 

oxidation to the higher oxidation state sulfonic acids 

(76). 

Sulfinic acids may also undergo auto -oxidation, 

probably via a radical reaction (39, p. 109). In addi- 

tion, they can also undergo a variety of other oxidation 

reactions (30). 

Von Braun (77) observed the following reaction of a 

sulfinic acid with a mercaptan: 

2RSO2H + 21SH RSO2SR + RSSg + 2H20 (Eq. 1) 

Kice and Bowers (44) studied the reaction p- toluene- 

sulfinic acid and p -tolyl disulfide. The stoichiometry 

of the reaction is: 

4ArS02H + ArSSAr -> 3ArS02SAr + 2H20 (Eq. 2) 

These authors (45) also discovered the reaction of 

p- toluenesulfinic acid with certain alkyl sulfides: 

5ArS02H + (RCH2)2S 2ArS02SAr + ArS02SCH2R + 

RCHO + 3H20 (Eq. 3) 

-> 

-e 
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Disproportionation of Sulfinic Acids 

Otto and Pauley (68) were the first to study the dis- 

proportionation reaction of sulfinic acids. They found 

that on heating in solution p- toluenesulfinic acid under- 

went a disproportionation having the following stoichiom- 

etry: 

3ArSd2H ArS02SAr + ArS03H + H2O (Eq. 4) 

They found that the reaction could be suppressed by the 

addition of water. For this reason they felt, incorrectly, 

as it later turned out, that the disproportionation was 

probably an equilibrium. Otto (64) also reported that 

benzenesulfinic acid and p-chlorobenzenesulfinic acid dis- 

proportionate according to Equation 4. Fromm and Seixas 

Palma (29) reported that - toluenesulfinic acid dis- 
proportionated in a manner analogous to that reported for 

p- toluenesulfinic acid. 

No serious attempt was made to elucidate the mechan- 

ism of the reaction until quite recently. In 1958 

Bredereck and co- workers (9) reported that the dispropor- 

tionation of p- toluenesulfinic acid was acid catalyzed in 

dioxane solution. They assumed that the starting material 

was partially protonated and proposed the following 

reaction sequence: 
0 0 
II T 

ArS02H2 + ArS02H -- Ar- S -S -Ar + 110+ H2O (eq. 5a) 

o 
V 

-. 

® 



0 0 0 
II T 

Ar-S-S-Ar + ArS02H --- Ar-S1-Ar + ArS03H 
0 0 

V 

4 

(Eq. 5b) 

As additional support for this mechanism they showed that 

in anhydrous dioxane p- toluenesulfinic acid and p- toluene- 

sulfinyl p -tolyl sulfone (V) do react to give at least 

75% of the amount of thiolsulfonate (ArS02SAr) expected 

from the stoichiometry of Equation 5b. 

More recently, Kice and Bowers (43) have studied the 

kinetics of the disproportionation of p- toluenesulfinic 

acid in acetic acid -sulfuric acid -water solution. They 

found the reaction to be cleanly second order in sulfinic 

acid. They also found that added strong acid (H2SO4) had 

only a modest accelerating effect on the rate. On the 

other hand, an increase in the stoichiometric concentra- 

tion of water in acetic acid -water solvent led to a very 

large decrease in the rate of disproportionation. In 

addition, some studies done with p- toluenesulfinyl 

p -tolyl sulfone showed that a direct reaction between V 

and sulfinic acid (such as Equation 5b) cannot be involved 

in the disproportionation reaction in acetic acid solu- 

tion. Specifically, Kice and Bowers showed that in the 

acetic acid -sulfuric acid -water solvent system the sul- 

finyl sulfone hydrolyzes very rapidly with formation of 

two molecules of sulfinic acid. Any reaction of added 

sulfinic acid with the sulfinyl sulfone was shown to be 

4 
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slow compared to the rate of hydrolysis of V. Therefore, 

were Brede.reck °s mechanism to apply, the reaction of the 

sulfinyl sulfone with the sulfinic acid would have to be 

the rate -determining step; but in such a situation the 

overall kinetics of the reaction would then be third 

order with respect to sulfinic acid, rather than second 

order as has been found. 

Although Kice and Bowers showed that the dispropor- 

tionation does not involve a direct reaction between 

sulfinyl sulfone and sulfinic acid, they did not rule 

out the sulfinyl sulfone as the possible key intermediate. 

In fact, they proposed the following mechanism involving 

rate -determining un.imolecular decomposition of V for the 

disproportionation of p-toluenesulfinic acid in acetic 

acid -sulfuric acid -water solution: 

0 0 
4 II 

2ArS02H Ar-S-S-Ar + H20 

0 

0 
kd 

.> Ar-S-0-S-Ar V rate y 

0 

VI 
ArSO2H 

VI 

ArS02SAr + ArS03H 

(Eq. 6a) 

(Eq. 6b) 

(Eq. 6c) 

Strong support for the correctness of this mechanism 

was provided by a subsequent investigation by Kice and 

Pawlowski (46,47) of the thermal decomposition of the 

sulfinyl sulfone (V). They showed that in anhydrous 

- 

4 
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dioxane V undergoes a quite rapid unimolecular decomposi- 

tion whose rate is the same in the presence of sulfinic 

acid as in its absence. Although added sulfinic acid 

does not influence the rate, it does alter the decomposi- 

tion products, and in its presence the overall stoichiom- 

etry of the decomposition of V is given by Equation 5b. 

These results are what one would expect for a mechanism 

in which sulfinic acid is consumed, not by a direct re- 

action with V, but rather by a fast reaction with an 

intermediate or intermediates formed from the rate - 

determining decomposition of the sulfinyl sulfone. Other 

studies by Kice and Pawlowski suggested that the initial 

step in the decomposition of V was a homolytic cleavage 

of the S -S bond in the sulfinyl sulfone. They accord- 

ingly proposed the following mechanism for the sulfinyl 

sulfone decomposition: 

0 0 
T II 

Ar- S -S -Ar ArS02 + ArSO. 

0 o 
4 

ArS02 + ArSO 
0 

VI 

VI + ArS02H ArS03H + ArS02SAr 

(Eq. 7a) 

(Eq. 7b) 

(Eq. 7c) 

The sulfenyl sulfonate (VI) seems to be a very reasonable 

intermediate as its reactions should be analogous to the 

reactions of sulfenyl halides which are known to react 

very rapidly with sulfinic acids to form similar products. 

-' Ar-S-O-S-Ar 
a 
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In the absence of added sulfinic acid the decomposi- 

tion of V still yields about one mole of ArS03H per mole 

of V but the amount of thiolsulfonate produced is much 

lower and a sizeable amount of p -tolyl disulfide is pro- 

duced. How the disulfide and sulfonic acid are formed 

under these conditions is not clear at the present time. 

Thermodynamic activation quantities were determined 

(47) for the sulfinyl sulfone decomposition in both 

dioxane and acetonitrile and are shown in Table I. 

Though these quantities change quite markedly, the change 

Table I 

Thermodynamic Quantities for Sulfinyl 
Sulfone Decomposition 

Solvent AH# 

Dioxane 27.6 kcal 

Acetonitrile 24.8 kcal 

nSt 

+11.2 e.u. 

+ 1.8 e.u. 

* Data from Reference 47. 

in one almost completely compensates for the change in 

the other so that the rate of decomposition of V is not 

appreciably solvent dependent. 

Kice and Pawlowski also studied the effect of the 

structure of the aryl group on the rate of decomposition 

of V. These results are shown in Table II. These 

results indicate that electron withdrawing substituents 

tend to accelerate the reaction slightly, whereas 

* 
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electron donating substituents hinder the reaction. 

Table II 

Effect of Structure on the Rate of Sulfinyl 
Sulfone Decomposition * 

Ar kd x 104 sec -1 ** 

p-CH3C6H4- 

C6H5- 

p-C1C6H4- 

ß- Naphthyl- 

3.9 

4.9 

6.4 

6.4 

Data from Reference 47. 

** All determined at 49.3° C. 

Dann and Davies (19) showed that sulfinic acids 

with electron withdrawing groups were so stable, in some 

cases, that they lost sulfur dioxide on heating in solu- 

tion rather than undergoing the normal disproportiona- 

tion reaction. Some of their results are shown in 

Table III. 

These results seem to indicate that similar sub - 

stituents have opposite effects on the stability of 

sulfinyl sulfones as compared to the stability of the 

analogous sulfinic acids in the normal disproportionation 

reaction. It was therefore of interest to determine 

quantitatively the effect of structure on the rate of 

disproportionation. 

. x 



Table III 

Ease of SO2 
2 
Loss of Some Sulfinic Acids 

on Heating in Solution * 

CH 

ArS02H pyr ArH 

NO NO 

NO 
2 

S02H 

Cl 

S02H 

NO 
2 

Cl 

S02H 

CH3 

S02H 

CH 

NO 
2 

77% 

NO2 ~70% 

Cl 

CH3 

65% 

Data from Reference 19. 

9 

Hampton (49) has done some preliminary work concern- 

ing the effect of structure on the rate of dispropor- 

tionation. His results are shown in Table IV. 

Table IV 

Effect of Structure on Sulfinic Acid 
Disproportionation * 

Ar k2 x 10 -3 mole 
-1 sec -1 

C6H5- 1.91 

p-C1C6H4- 1.05 

* Data from Reference 49; 
0.56 M H20, 0.60M H2SO4,Temp. = 80.3°C. 

A 

Cl 

* 

!Z 

Cl_\--S02H 

Q 

CO 6.2% 

C10 trace 
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Hampton also did work to show that these differences in 

rate were truly due to structural effects rather than to 

differences with substituent in the effect of water or 

sulfuric acid concentration on rate. The results of the 

studies on the effects of varying sulfuric acid concen- 

tration and water concentration are shown in Tables V 

and VI. 

Table V 

Effect of Sulfuric Acid Concentration on 
Rate of Disproportionation * 

,--H SO 
2 4 

concentration 

0.0 M 0.3 M 0.6 M 1.2 M 

Ar ,- k2 /(k2 at 0.6M H2SO4)for ArS02H -% 

C6H5- 0.34 0.72 (1.0) 1.52 

p- C1C6H4- 0.38 0.76 (1.0) 1.55 

p- CH3C6H4 - ** 0.37 0.73 (1.0) 1.61 

* Data from Reference 49; 0.56 M H2O in 
acetic acid. 

** Data from Reference 43; 0.56 M H2O in 
acetic acid. 
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Table VI 

Effect of Water on Rate of 
Disproportionation * 

r-- H0 concentration 
0.56 M 1.12 M 

Ar rk2/(k2 at 0.56M H20)for ArS02H- 

1.68 M 

C6H5- (1.0) 0.43 0.30 

p-C1C6H4- (1.0) 0.45 0.28 

p-CH3C6H4- ** (1.0) 0.39 0.22 

* Data from Reference 49; CH5 SO H 
2 

and 

p- C1C6H4S02H in acetic acid -0.60 M H2SO4. 

** Data from Reference 43; CH3C6H4SO2H in 
acetic acid - 1.0 M H2SO4. 

Since the relative rates for a particular set of 

conditions are in good agreement, the changes in rate in 

Table IV are almost certainly due to structural rather 

than solvent effects. 

Hampton's results are further evidence that the 

effect of structure on the rate of disproportionation is 

just the opposite of what was observed in the study of 

the sulfinyl sulfones. Therefore it was felt that a more 

thorough study of the effect of structure would be of 

value. 

Besides such studies a determination of the thermo- 

dynamic activation parameters for the overall reaction 

was thought to be of value. Knowing these quantities 
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one should be able to predict the energy requirements for 

the reaction profile. Similarly, this information can be 

used to show how the sulfinyl sulfone may be related to 

the sulfinic acid in a thermodynamic sense. 
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RESULTS 

Kinetics of Disproportionation 

The disproportionation of several aromatic sulfinic 

acids has been studied in acetic acid- sulfuric acid - 

water solutions. The reaction was followed by removing 

aliquots of the solution from the reaction vessel, 

quenching with water, then titrating the remaining sul- 

finic acid with a standard solution of sodium nitrite. 

A different method had to be devised for following the 

reaction of the p -nitro compound. This alternate pro- 

cedure involved the titration of the aliquot from the 

reaction with standard ceric sulfate using a potentio- 

metric end point. The thiolsulfonatefrom the dispropor- 

tionation is not oxidized to any appreciable amount under 

these conditions; therefore the determination of sulfinic 

acid is quantitative. This method is described in 

greater detail in the Experimental section. 

In all cases the disproportionation reaction fol- 

lowed good second -order kinetics, The results of the 

various runs are shown in Table VII. The results are 

reported in terms of k2 which is the experimentally 

measured second -order rate constant for the reaction. 
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Table VII 

Kinetics of the Disproportionation 
Aromatic Suifinic Acids in Acetic 

of 
Acid 

Ar , M Temp., °C (H20) , M (H2SO4) , M k2x103M sect 

p-BrC6H4, 0.10 80.3 0,56 0.60 1.01 

p-CH3C6H4, 0.10 59.6 0.56 0.60 0.43 

69.8 1.45 

80.3 4.50 

89.4 12.0 

69.8 0.56 0.30 1.03 

80.3 3.20 

p-CH3pC6H4,0.10 80.3 0.56 0.60 10.7 

p-02NC6H4,0.10 80.3 0.56 0.60 0.36 

A -Naphthy1,0.10 69.8 0.56 0 . 60 2.20 

80.3 6.95 

* Stoichiometric concentrations used throughout. 

Effect of Structure on Rate of Disproportionation 

Hampton (49), in his preliminary work, has shown 

that differences in rate with substituent are due to 

structural effects rather than to differences with sub - 

stituent in the influence of water or sulfuric acid con- 

centration on the rate. The results of this preliminary 

work are shown in Tables IV and V. In the present study 

the rates of disproportionation of various substituted 

aromatic sulfinic acids were determined in acetic acid 

containing 0.60 M sulfuric acid and 0.56 M water at 80 °C. 

Under these conditions the rates were conveniently 

measurable for all of the compounds studied. The 
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effects of electron donating and electron withdrawing 

substituents were studied. Some work was done on the 

effect of bulk of the aromatic group. Table VIII shows 

the relative rates of disproportionation of the various 

sulfinic acids studied, benzenesulfinic acid being taken 

as the reference compound. 

Table VIII 

Effect of Structure on Rate of Disproportion - 
ation of Aromatic Sulfinic Acids * 

Ar k2ArS02H/k2PhS02H 
** 

p- CH30C6H4- 5.4 

p- CH3C6H4- 2.36 

C6H5- (1.0) 

p- C1C6H4- 0.55 

p- BrC6H4- 0.53 

p- 02NC6H4- 0.19 

ß- Naphthyl- 3.64 

* Data for C6H5- and p- C1C6H4- from Hampton (49). 

** All data at 80 °C in acetic acid -0.60M 
sulfuric acid -0.56M water. 

It is obvious that with para- substituted benzene - 

sulfinic acids electron- donating groups accelerate the 

disproportionation reaction and electron -withdrawing 

groups retard the reaction. 

The Hammett equation (38, p. 86) is an extremely 

useful relationship for assessing the effect of changes 

in structure on reactivity in aromatic systems. In this 
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equation (Equation 8) k and ko refer to the reaction rate 

constants for the substituted and unsubstituted compounds, 

respectively; Cris a substituent constant, which is a 

measure of the electron -donating or electron withdrawing 

power of the substituent; and p, known as the reaction 

constant, is a measure of the sensitivity of the reaction 

to changes in electron density at the reaction site 

induced by the substituent. Hammett originally felt that 

such a linear free energy relationship as Equation 8 

would only be observed in cases where there was not 

log 
k 

= ,0 0 (Eq. 8) 

o 

important resonance interaction between substituent and 

reaction site in either reactants or transition state. 

However, further investigations (11,75) have shown that 

many cases where there can be direct resonance inter- 

action between the substituent group and the reaction 

center also give good correlation with Equation 8 pro- 

vided that different sets of 0-values are used. For 

cases where the resonance interaction formally involves 

electron -donation from substituent to reaction site 
O.+ 

values are used. For cases where the interaction in- 

volves electron -donation from reaction site to substit- 

uent Q' values are appropriate. 

Figure 1 shows a plot of log k2 versus of and Q.+ 

for the disproportionation of the various benzenesulfinic 
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acids studied. It is evident that while the rates are 

+1.2 

+0.8 

+0.4 

0 0.0 

+ -0.4 
M 

-0.8 0.0 +0.4 -0,8 0.0 +0.8 

cr 
+ 

cr 

Figure 1. Log of rate of disproportionation 
of p- substituted benzenesulfinic acids in 
acetic acid -0.56 M water -0.60 M sulfuric 
acid at 80 "C vs. o-+ and and Q-. 

correlated fairly well by Q'+ (p= -1.1.), there is no 

linear correlation between log k and Q'. The signifi- 

cance of this result will be taken up in the discussion. 

Determination of Activation Parameters 

Since Kice and Pawlowski (47) determined the 

activation parameters for p- toluenesulfinyl p -tolyl sul- 

fone in two solvents, it was felt that the corresponding 

quantities for p- toluenesulfinic acid should be deter- 

mined. Consequently, studies of the rate of dispropor- 

tionation of this compound over a forty degree tempera- 

ture range were done. This work was done in acetic acid - 

0.60 M sulfuric acid -0.56 M water solution and the data 

is shown in Table VII. A plot of log k versus 1/T 

I t 

P-I' C2 
1 

op-Me0 

o 
p-Me 

op-H 
p-C1 8 .. 

p-Br 

- p-'"2 

, . 

- 

R 
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(Figure 2) shows a linear relationship. Using this data, 

Q H* is calculated to be 26.4 kcal (30, p. 23 -24). 

Experiments at 70 °C and 80 °C suggest that essentially the 

same linear relationship is shown in acetic acid -0.30 M 

sulfuric acid -0.56 M water solution. The enthalpy of 

activation apparently does not depend on the acidity of 

the solution to any great extent. Work with the Y -naph- 

thyl compound at these two temperatures indicated that 

the enthalpy of activation for )8 -napthalenesulfinic acid 

was nearly the same as that obtained for p- toluenesul- 

finic acid. The ratios of k2 at 70 °C to k2 at 80 °C are 

shown in Table IX. 

Table IX 

Ratios of k2 at 80 °C to k2 at 70 °C for 
Varying Sulfuric Acid Concentration and 

Aryl Group 

Ar 1H2S041 [H20] 

p- CH3C6H4 

-Naphthyl 

k2 80°C/k2 70°C 

0.60 0.56 3.10 

0.30 0.56 3.11 

0.60 0.56 3.11 ß 
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DISCUSSION 

Thermodynamic Activation Parameters 

The data given in Table VII for the disproportiona- 

tion of p- toluenesulfinic acid at several temperatures 

allow one to calculate ®H for the reaction. These 

calculations yield a ®H* of 26.4 kcal. for the acetic 

acid -0.60 M sulfuric acid -0.56 M water solutions. Data 

for the decomposition of p- toluenesulfinic acid at two 

temperatures in acetic acid -0.30 M sulfuric acid -0.56 M 

water solution indicates that Ali* does not depend on 

the acidity of the solution. Experiments with 2- naptha- 

lenesulfinic acid show that does not change to any 

great extent with variation of the structure of the aryl 

group. 

Since the QH for the sulfinyl sulfone decomposi- 

tion (47) showed a considerable variation with solvent 

(dioxane, Alit was 27.6 kcal.; acetonitrile, Q H$ was 

24.8 kcal. Table I), we cannot say positively what the 

A4 is for the decomposition of the sulfinyl sulfone in 

acetic acid solution. It is fairly certain that almost 

all of the A4 for the sulfinic acid disproportionation 
must be due to the Q j of the sulfinyl sulfone decompo- 

sition. If this is the case, then the enthalpy change 

which one attributes to the first equilibrium must be 

quite small. This would indicate that the first 
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equilibrium is not as unfavorable as one might predict 

unless there is an unusually large negative entropy for 

the first reaction. Although the concentration of sul- 

finyl sulfone is never large enough to cause a deviation 

from second -order kinetics, it may, in some cases, amount 

to as much as a few percent of the total sulfinic acid 

concentration present. 

One can use a somewhat different approach to make 

semi -quantitative calculations to show what amount of the 

sulfinyl sulfone may be present in the solutions which 

were studied. When one considers the mechanism shown in 

Equation 6 a -c it is apparent that one can express the 

K 
2 ArS02H V + H20 (Eq. 6a) 

kd 
V rate -determining VI (Eq. 6b) 

ArSO H 
VI -- ArS02SAr + ArS03H (Eq. 6c) 

concentration of the sulfinyl sulfone (V) in terms of the 

equilibrium constant, K, the sulfinic acid concentration, 

[ArS02H] , the activity coefficients, fi, of the com- 

pounds, and the activity of water, aH When one 
2 

[sulfinyl sulfone] equilibrium 

KLArS02H 2fArS0 
2 
H 

fV 

assumes a steady state approximation for the intermediate 

(Eq. 9) 

- 

afi20 
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sulfinyl sulfone one can derive the following expression 

for the rate of disproportionation. The experimentally 

d DirS02H 3kdK rArS02H-12fArS0 
H 

dt 
2 

f *ób aH2O 

measured rate constant, k2, is then given by Equation 11. 

(Eq. 10) 

k2 = 

3kdK fArS02H 

f* ób aH2O 

(Eq. 11) 

kl, the experimentally measured (47) first -order rate 

constant for the decomposition of the sulfinyl sulfone is 

given by 

kl f* 

kd fV 

6b 

(Eq. 12) 

Equation 13 gives the ratio of k2 to k1 as determined 

2 
3KfArS02H 

kl fV 
(Eq. 13) 

by use of Equations 11 and 12. Substitution of this 

expression into Equation 9 gives the following relation- 

ship between the equilibrium concentration of sulfinyl 

sulfone and the ratio (k2 /kl) (Equation 14). 
ko 

[sulfinyl sulfone ] = 
. - 3k LArS02H] 2 

1 

(Eq. 14) 

Kice and Pawlowski (47) have shown that although QH$ 

for the sulfinyl sulfone decomposition is quite solvent 

dependent, the rate constants for the decomposition of V 

do not vary to any great extent with solvent. It was 

- 

aH2O 
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therefore assumed that one could use the rate constant 

for the sulfinyl sulfone decomposition in dioxane as a 

reasonable k1 value for the decomposition of V in acetic 

acid. From the rate data for the p- toluenesulfinyl 

p -tolyl sulfone decomposition in dioxane (47) one can 

estimate k1 at 80 °C to be about 2.2x10 -2 secs k2 for 

p- toluenesulfinic acid in acetic acid -0.60 M sulfuric 

acid -0.56 M water at 80 °C is 403x10 -3 M -1 sec. 

(Table VII). When these data are used in Equation 14 one 

calculates the equilibrium concentration of sulfinyl sul- 

fone in a solution which is 0.10 M with respect to sulfinic 

acid to be about 6.5x10 -4 M. Similar calculations can 

be carried out with data for the p- chloro sulfinyl sul- 

fone yielding a kl at 80 °C for that compound of about 

3.7x10 -2 sec. 
-1 

k2 is 1.05x10 -3 M -1 secs at this 

temperature (Table VII),. These data indicate that the 

p- chlorobenzenesulfinyl p- chlorobenzene sulfone reaches 

an equilibrium concentration of about 9.5x10 -5 M. These 

approximate calculations show that the compound with the 

more electron donating substituent is the one which has 

the higher concentration of sulfinyl sulfone at equili- 

brium. 

This data for the sulfinic acid disproportionation 

combined with the data from the work of Kice and 

Pawlowski (47) on the sulfinyl sulfones allows one to 
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graph, at least qualitatively, a reaction coordinate - 

free energy profile diagram for the reaction. Figures 

4 and 5 show the graphs that one may envision for the 

cases of electron- withdrawing and electron- donating 

substituents, respectively. 

F 

Figure 3. Reaction Coordinate --10' 
Electron- Withdrawing Substituent 

e 

Figure 4. Reaction Coordinate - 
Electron- Donating Substituent 
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Effect of Structure on sulf.inic Acíd Disproportionation 

It has been shown that electron withdrawing groups 

retard and electron donating groups accelerate the dis- 

proportionation of para- substituted benzenesulfinic acids. 

This is just the opposite of what was found by Kice and 

Pawlowski (47) for the decomposition of the proposed 

intermediate in the reaction, the sulfinyl sulfone. To 

explain these differences one must consider the mechanism 

of the reaction as proposed by Kice and Bowers (43) 

(Equation 6 a -c). The formation of the sulfinyl sulfone 

(V) should be favored by electron donating substituents 

0- 0- 

Ar - 
++ 

s +- Ar 

0- V 

which will decrease the repulsion between the electron 

deficient sulfur atoms. In the cases where the formation 

of the sulfinyl sulfone is favored, the rate of reaction 

will be faster due to the direct dependence of the rate 

on the concentration of the intermediate sulfinyl sulfone. 

In the sulfinyl sulfone studies (47), the compounds with 

electron withdrawing substituents decomposed slightly 

faster due to their inherent instability, though there 

was less than a factor of two in the difference in rate 

between the p- chl.oro and the p -tolyl compounds. It may 

be stated that most of the differences in rate with sub- 

stituent for the disproportionation of para- substituted 

T - 
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benzenesulfinic acids are due to differences in the posi- 

tion of the initial equilibrium as caused by stabilizing 

or destabilizing effects of the substituent. The correla- 

tion of log k with cr 
+ 

substituent constants is a further 

indication of this. One may show direct resonance stabi- 

lization of the sulfinyl sulfone when the substituent is 

an electron- donating one such as a para -methoxy group 

which can have resonance forms such as VIII that will 

S++ 

0 0 0 0 

1+ ,alKe .4-* MeÓ== ±1 Me 
9 

o- 0- 
b7I I 

m- - etc. 

make important contributions to the stability of the 

intermediate. When the product of the first equilibrium 

can be stabilized in this manner,, the concentration of 

sulfinyl sulfone present will be significantly larger 

than when this type of stabilization does not. exist. The 

rate -determining step in the disproportionation reaction 

is the unimolecular decomposition of the intermediate 

sulfinyl sulfone. This decomposition reaction is rela- 

tively insensitive to the substituent on the aryl group 

which indicates that both the sulfinyl sulfone and the 

transition state for the sulfinyl sulfone decomposition 

are stabilized to about the same extent by electron 

donating groups. For these reasons the overall rate of 

disproportionation depends almost entirely on the 
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position of the first equilibrium. It may be concluded 

that the compounds with electron donating substituents 

disproportionate more rapidly due to the favorable posi- 

tion of the first equilibrium. This is in agreement with 

the conclusions one might surmise from the semi- quanti- 

tative calculations which were shown in the preceding 

section, 
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EXPERIMENTAL 

lo ) Preparation of 8ulfinic Acids 

p- Bromobenzenesulfinic Acid. The sodium salt of the 

acid was prepared by reduction of p- bromobenzenesulfonyl 

chloride with sodium sulfite in basic solution. The 

reduction was carried out following the directions of 

Bäder and Hermann (3). The sodium salt was dissolved in 

water, filtered, and 6 N sulfuric acid was used to pre- 

cipitate the sulfinic acid. The product was filtered off 

and recrystallized at least twice using ether and hexane. 

This product titrated 98% purity and melted at 112 -114 °C. 

Literature value (13) 113 -114 °C. 

p- Methoxybenzenesulfinic Acid. Anisole was reacted 

with chlorosul.fonic acid in chloroform at -8 °C to prepare 

p- methoxybenzenesulfonyl chloride. The reaction was 

carried out according to the directions of Morgan and 

Cretcher (57) and gave a 45% yield. The sulfonyl chloride 

was reduced with sodium sulfite in basic solution to 

obtain the sodium salt in solution. This solution was 

treated with an acidic solution of ferric chloride which 

precipitated the ferric salt (67) of the acid. The 

ferric salt was isolated by gravity filtration and stored 

under refrigeration until just before use. The ferric 

salt was destroyed by treatment with cold concentrated 

sodium hydroxide solution, the ferric oxide filtered off 
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by gravity filtration, and the sulfinic acid was isolated 

by filtration after treatment of the chilled solution 

with cold 6 N sulfuric acid. The acid was then dried and 

recrystallized from ether by precipitation with hexane. 

Two recrystallizations were sufficient to give a product 

that titrated 95% purity and had a melting point of 

95 -97 °C. Literature value (67) 98 -99 °C. 

2- Naphthalen.esuifinic Acid. The method of Báder and 

Hermann (3) was used for the reduction of 2- naphthalene- 

sulfonyl chloride with sodium sulfite in basic solution 

to prepare the relatively insoluble salt of 2-naphtha- 

lenesulfinic acid. The sodium salt was dissolved in 

water, filtered, and 6 N sulfuric acid was used to pre- 

cipitate the acid. The acid was filtered off and dis- 

solved in ether with stirring to obtain a saturated 

solution. This solution was dried over anhydrous calcium 

sulfate and then the acid was precipitated by addition of 

five volumes of hexane to one volume of ether solution. 

Recrystallization of the first fraction which precipi- 

tated by the same method yielded compound which titrated 

97 -99% purity and melted at 103 -104.5 °C. Literature 

value (66) 105 °C. 

p- Nitrobenzenesulfinic Acid. The sodium salt was 

prepared by basic reduction of the sulfonyl chloride 

using sodium sulfite (3). The acid was prepared by 
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addition of cold concentrated hydrochloric acid to a con- 

centrated solution of the salt in water, The product was 

filtered off and dissolved in ether, and the solution was 

dried over anhydrous calcium sulfate. Three volumes of 

hexane were added to one volume of the ether solution to 

precipitate the acid. A second recrystallization using 

the same procedure produced compound that titrated 

99 -100% purity and had a melting point of 157- 158 °C. 

Literature value (80) 159 °C. 

p-Toluenesulfinic Acid. The sodium salt was pre- 

pared (31, p. 492) by reduction of the sulfonyl chloride 

with zinc metal. The sodium salt was recrystallized from 

water and dried over phosphorus pentoxide under vacuum. 

The acid was prepared as needed from the salt by dissolv- 

ing the salt in water, precipitating with cold 6 N sul- 

furic acid, and filtering off the product. This product 

was dried and dissolved in ether. The ether solution was 

filtered and one volume of hexane was added to one volume 

of the ether solution to precipitate the acid. The acid 

was recrystallized a second time by the same procedure 

and the product isolated titrated 97% purity and had a 

melting point of 84- 85°C. Literature value (13) 84 -85 °C. 

2.) Preparation of Stock Solutions 

Glacial acetic acid (Baker and Adamson, reagent 

grade) was refluxed with 10% of its volume of acetic 
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anhydride for 24 hours to remove all traces of water. 

The acid was then slowly distilled through an Oldershaw 

column (20 theoretical plates) with only the large center 

fraction being used for kinetic experiments. The reflux 

ratio was kept at 15 :1 for the distillation. 

A solution of 0.56 M water in acetic acid was pre- 

pared by weighing the necessary amount (10.091 grams) of 

water into a one -liter flask and adding purified acetic 

acid with shaking. The solution was not made up to 

volume with the purified acetic acid until the water - 

acetic acid solution had been allowed to equilibrate in 

a water bath at 20`C for thirty minutes. 

Reagent grade sulfuric acid (Baker and Adamson) was 

used to prepare 250 mi. of 3 M sulfuric acid -0.56 M water 

in acetic acid solution. The concentrated sulfuric acid 

was calculated to contain 3.75% water, therefore 76.437 

grams of sulfuric acid and 0.7947 grams of acetic anhy- 

dride were weighed into the volumetric flask. All solu- 

tions were equilibrated at 20 °C for 30 minutes in a water 

bath before filling to volume. In this manner the stock 

solution of sulfuric acid -0.56 M water in acetic acid 

was made up with five to ten times the sulfuric acid con- 

centration desired for the various kinetic runs. 
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3.) Procedures for Following Kinetic Experiments with 

Substituted Ar.ylsulf:in.ic Acids 

General. Method for a Kinetic Run. An amount of 

arylsulfinic acid slightly in excess of that needed to 

prepare an 0.1 M solution was weighed out and dissolved 

in acetic acid -0.56 M water solution in a 50 ml. volumet- 

ric flask. The appropriate amount of 3 M sulfuric acid - 

0.56 M water in acetic acid solution was added to the 

volumetric flask and the solution was made up to the mark 

with the stock solution of 0.56 M water in acetic acid. 

All solutions were mixed thoroughly and all stock solu- 

tions were maintained at 20`C for at least 30 minutes 

prior to making up the solutions so as to maintain uni- 

formity in volume. The solution was then transferred to 

the reaction flask and deaerated for five to ten minutes 

at room temperature with dry prepurified nitrogen gas. 

After deaeration the reaction vessel was placed in the 

constant temperature bath where it was allowed to equi- 

librate for five minutes before the first aliquot was 

removed at time zero. The aliquot (3 to 5 milliliters, 

depending on run) was quenched with one to three volumes 

of distilled water. 

To remove an aliquot, nitrogen was bubbled rapidly 

into the solution and stopcock A (Figure 6) was turned 

180" from the position shown in the diagram. After the 
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necessary volume of solution was forced up into the 

burette stopcock B was turned 45' in a clockwise direc- 

tion and stopcock A was simultaneously returned to the 

position shown in the diagram. Thus a portion of the 

solution was trapped in the burette and the nitrogen 

pressure ir the system was released. The flow of nitro- 

gen through the solution was stopped and the sample was 

then removed from the burette by turning stopcock B 

another 45 in a clockwise direction. The remaining 

portion of the solution in the burette (about two milli- 

liters, after sample removal) was then run out into a 

waste container and stopcock B was returned to its 

original position. 

The sample, after being quenched with one to three 

times its volume of distilled water, was then titrated 

using an 0,2 N sodium nitrite solution, It is known (53) 

that two moles of sulfinic acid react with one mole of 

nitrous acid to form an N,N- di(arylsulfonyl) hydroxyl - 

amine in a quantitative manner (Equation 15). The tip 

of the burette containing the standard sodium nitrite 

2ArS02H + HNO2 (ArS02)2NOH + H20 (Eq. 15) 

solution was immersed in the sample and the sample was 

stirred during titration by use of a magnetic stir bar 

and stirring motor. After each portion of nitrite was 

added to the solution a drop of the solution was removed 

- 
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with a glass stirring rod and touched to a piece of 

starch- iodide paper placed on a white porcelain tile. A 

pinkish tinge, turning to purple, indicated that there 

was an excess of nitrite ion in the solution. This first 

faint color was taken as the endpoint. 

Kinetic Studies of - Methox benzenesulfinic Acid. 
Because of the rapidity of the disproportionation, all of 

the samples were removed from the solution and quenched 

before they were titrated. In a trial run the normal 

procedure was followed and the rate constant was essen- 

tially the same as was found in the method described 

above. 

Kinetic Procedure for p- Nitrobenzenesulfinic Acid. 

Since the nitrite titration method does not work for 

p- nitrobenzenesulfinic acid, a different method for fol- 

lowing the rate of disproportionation had to be devised. 

It was decided that a potentiometric method such as was 

described by Gringras and Sjöstedt (33) might be of use. 

A Beckmann Model 72 pH meter equipped with a combined 

platinum -calomel electrode was used for the determina- 

tions. A ceric sulfate solution was used as the 

oxidizing agent. Titration of 98% pure (determined by a 

nitrite titration) p- toluenesulfinic acid with the 0.05 N 

ceric sulfate solution showed that the method was quanti- 

tative. The potentiometric endpoint was found to be the 
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same as the endpoint determined with Ferroin indicator. 

The indicator could not be used in the kinetic runs 

because the large quantities of thiolsulfonate which were 

present in the reaction mixture absorbed the indicator to 

such an extent that the color change at the endpoint was 

not sharp enough to be of use. The reaction was followed 

only to about 50% completion because the data determined 

at greater percent reaction completion were not accurate 

enough to be of value. The endpoints were determined by 

plotting ml, of ceric sulfate solution versus millivolts 

as indicated on the pH meter scale and taking the inflec- 

tion point of the curve as the endpoint. 



STUDIES OF THE MECHANISM OF THE 

DISPROPORTIONATIONS OF SULFINIC ACIDS AND DISULFIDES 

PART II: THE DISPROPORTIONATION OF DISULFIDES 
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INTRODUCTION 

Disulfides have been known and used for some time. 

Zeise (79) first distilled ethyl disulfide from a mixture 

of potassium ethyl sulfate and barium disulfide in 1834. 

Other authors (14,58,61) also prepared ethyl disulfide by 

use of metal penta- and tri- sulfides. Calhours (14) pre- 

pared methyl disulfide in 1846 and i -amyl disulfide was 

prepared by Muspratt (61) in 1851. Alkyl disulfides 

correspond in structure to alkyl peroxides. The disul- 

fides are unlike the peroxides in that they are quite 

stable and easily prepared whereas the peroxides are 

unstable and even explosive in some cases. 

Methods of Preparation 

The most common method of preparation of a symmetri- 

cal disulfide involves the oxidation of the corresponding 

mercaptan. Common oxidizing agents include hydrogen per- 

oxide, the halogens, and potassium ferricyanide. The 

lower molecular weight disulfides may be prepared by 

reaction of an alkyl halide with sodium disulfide fol- 

lowed by fractionation to separate the sulfide and the 

disulfide from the mixture of polysulfides which was 

formed. Disulfides may also be prepared by heating vari- 

ous organic compounds with sulfur. Mono -sulfides, tri- 

sulfides, and other products are also formed in the 

mixture, the proportions depending on the starting 

materials and on the conditions of heating. Disulfides 
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have been obtained from phenol (51), naphthols (62), sat- 

urated (55) and unsaturated (1) hydrocarbons, and benzene 

(32; by heating with elemental sulfur. Certain aldehydes 

and ketones are known to give good yields of disulfide 

when heated with hydrogen sulfide (15). Disulfides may 

be produced by treatment of a Grignard reagent with an 

excess of sulfur (74) or with sulfur monochloride (40). 

Sulfinic acids may be reduced to the disulfide under 

proper conditions (27,28). Sulfenyl chlorides, when 

treated with mercury, are known to produce disulfides (10). 

One way in which unsymmetrical disulfides may be 

prepared is by treatment of a mixture of two mercaptans 

with an oxidizing agent such as bromine (65). Unfortu- 

nately this method gives a mixture of all three possible 

disulfides and requires the separation of the unsymmetri- 

cal disulfide from the two symmetrical compounds (54). 

Another method of preparation which succeeds in some 

cases is the reaction of a mercaptide with a Bunte salt 

to produce the unsymmetrical disulfide (56). Unfortu- 

nately, because of rapid equilibration reactions involv- 

ing the mercaptide and the unsymmetrical disulfide first 

produced, this method also often gives a mixture of all 

three possible disulfides. The best and most common 

method of preparation of pure unsymmetrical disulfides 

is the reaction of a sulfenyl halide with a mercaptan 

(23). With this procedure one normally encounters no 
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problems with equilibration. 

Reactions of Disulfides 

Disulfides are quite easily reduced to mercaptans. 

There are many methods of reducing disulfides. Only a 

few will be mentioned here. A more complete list is 

given by Reid (69, p. 372 -374). Disulfides are reduced 

to mercaptans by sodium hydrosulfide, sodium sulfide, 

sodium disulfide, or sodium polysulfide (7). Triphenyl 

phoshine, in the presence of water, reduces phenyl disul- 

fide to the thiophenol (73). Disulfides can be reduced 

at the dropping mercury electrode in a polarographic 

analysis (35,78). Lithium aluminum hydride has been 

used for reducing disulfides (2) and sodium in ether has 

proved useful in the preparation of some alkyl mercap- 

tides from alkyl disulfides (60). 

Theoretically, sulfenic acids, sulfinic acids, sul- 

fonic acids, thiolsulfonates and disulfones may all be 

prepared by oxidation of disulfides using the correct 

conditions. Oxidation by hydrogen peroxide has been 

used to prepare products which are assumed to be formed 

from sulfenic acids (72). This method has also been used 

to prepare thiolsulfonates (71) and sulfinic acids (52). 

Hot nitric acid is used to prepare the sulfonic acid (20) 

and oxidation with permanganate has been used to prepare 

both the sulfonic acid and the CX- disulfone (17). 

Disulfides are known to undergo a disproportionation 
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reaction with mercaptan in alkaline alcoholic solution to 

yield another mercaptan and all possible disulfides. 

Lorin and co- workers (18) have recently done studies 

determining equilibrium constants for this disproportion- 

ation while other workers (6,54) have used the reaction 

for the preparation of various unsymmetrical disulfides. 

Disulfide Disproportionation or Interchange Reaction 

A mixture of two symmetrical disulfides can undergo 

the following equilibration: 

I 
R -S -S -R + R S -S -R __- 2R- S -S -R (Eq. 15) 

This disproportionation reaction is quite important and 

takes place fairly readily under a variety of conditions. 

Birch and co- workers (6) found that methyl ethyl 

disulfide could not be distilled in the light because of 

disproportionation into methyl disulfide and ethyl disul- 

fide, but distillation without equilibration went 

smoothly when they used a wrapped column. They also 

found that the compound decomposed from 99.2 mole percent 

purity to less than 90 mole percent purity in 20 hours in 

a clear bottle at room temperature, but could be stored 

for long periods of time in the absence of light. They 

proposed that the unsymmetrical disulfide disproportion- 

ation reaction goes by a chain mechanism which can be 

initiated by ultraviolet light. Disulfides are known to 

be very effective initiators of polymerization reactions 
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(6,25), usually under photolytic conditions. 

Much more common conditions for the disproportiona- 

tion reaction are alkaline alcohol solutions containing 

a trace of mercaptan as a catalyst. These have been used 

in the preparation of unsymmetrical disulfides (6,54,70). 

Calvin (16) has proposed the following mechanism for the 

basic disproportionation of disulfides. He feels that a 

trace of mercaptan as catalyst might be produced by trace 

reduction or hydrolysis. It is known that disulfides are 

R S-S-R#+ Ric S` -> R SE) + R S-S-Rx 

R SG + R-S-S-R R -Se + R S-S-R 

(Eq. 16a) 

(Eq. 16b) 

----> R R-S + R S-S-R -S + R R S-S-R, etc. (Eq. 16c) 

split by alkali, and it is often stated that the first 

reaction is hydrolysis (24) (Equation 17). Ryle and 

R-S-S-R + 2NaOH R-SNa + R-S-ONa 

+ H20 (Eq. 17) 

Sanger (70) proposed a mechanism which was almost identi- 

cal to Calvin's. They found that when the disulfides 

were added to the basic solution there was a noticeable 

induction period before production of the unsymmetrical 

disulfide began, but when the disulfides were made up 

separately in basic solutions and allowed to stand for 

some time before mixing, there was no noticeable lag in 

the rate of formation of the unsymmetrical disulfide. 

--y 

-s 
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RIS -S -R + OH RIS + RIS -OH (Eq. 18a) 

t t ; 
R2-S-S-R2 + R.S .4.-±, R.- S-S-R2 + R2-S (Eq. 18b) 

R2-S + RIS -S -P1 ,- Ri S-S-R2 + RISS, etc. (Eq. 18c) 

This indicated that the first equilibrium was established 

only rather slowly. These authors observed acceleration 

of the reaction rate with added thiol and inhibition of 

the reaction rate with addition of N- ethylmaleimide, a 

reagent which is known to react rapidly and quantita- 

tively with thiols (26). 

Ryle and Sanger (70) in 1954 and Benesch and Benesch 

(5) in 1958 studied the interchange reaction between 

cystine and .N ,N- bis -- (2 ,4- dinitrophenyl) -cystine (bis-DNP 

cystine) in strong acid solution. Ryle and Sanger found, 

quite surprisingly, that the interchange was strongly 

inhibited by the addition of mercaptan in aqueous acid 

solution. Ryle and Sanger also found that the reaction 

was strongly acid catalyzed. The product of the reaction, 

mono -DNP cystine, was formed faster in ION hydrochloric 

acid than in ION sulfuric acid. Benesch and Benesch (5) 

obtained results which were very similar to those of 

Ryle and Sanger (70). They found that the reaction was 

catalyzed by addition of either aliphatic or aromatic 

sulfenyl chlorides. As the latter have been shown (42) 

to form sulfenium ions in strongly acidic solution, it 
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was felt that the reaction must go through a sulfenium 

ion and the following mechanism was proposed: 

R -S -S -R + H4 R-S $ + R -S -H (Eq. 19a) 

R-S G+ R -S -S -R R -S -S -R + R-S G ;Eq. 19b) 

RI-S0 + R -S -S -R R -S -S -R1 + R-S G , etc. (Eq. 19c) 

They were also able to show that hydrogen peroxide cata- 

lyzes the reaction, probably through some mechanism which 

produces sulfenium ions. 

The cystine -bis -DNP cystine interchange reaction 

system appears to be the only disulfide interchange sys- 

tem which has been studied mechanistically to date. The 

disulfide interchange system is an example of an organic 

reaction which goes to a well- defined equilibrium situa- 

tion. Because of the ease with which the disproportiona- 

tion occurs it is not easy to analyze for one of the 

disulfides in the presence of the others without disturb- 

ing the equilibrium. Ryle and Sanger (70) found that the 

unsymmetrical mono -DNP cystine was not extracted from 

aqueous solution but the bìs -DNP cystine was quantita- 

tively removed by two ether extractions. Thus, after 

quenching with water and extracting twice with ether, 

they were able to determine concentrations of mono -DNP 

cystine in the solution by spectrophotometric methods. 

No rate constants were determined, nor was the order of 

the reaction with respect to the various reactants 

. 

F 
F 



44 

determined. Both groups showed their data in terms of 

non- linear plots of concentration or percent unsymmetri- 

cal disulfide produced versus time. 

The equilibrium constant for the disulfide equili- 

bration has been determined for a number of pairs of 

symmetrical disulfides 06,18,36) Equilibrium data has 

been determined by use of gas chromatography techniques 

which are not applicable to determination of rate data. 

Haraldson, et al, (36) have studied three systems in 

cyclohexane at two temperatures to determine temperature 

dependence and effect of steric requirements on the 

position of equilibrium. Their results are shown in 

Table X. These authors felt that there was little 

Table X 

Equilibrium Constants for Some Dialkvl 
Disulfide Interchange Reactions * 

Reactants T°C 

Et2S2+Me2S2 {60 

EtSSMe 
25 
60 

Et2S2+i-Br2S2 25 

Et-SS-i-Pr 25 
25 Et2S2+t-Bu2S2 
'60 

25 Et-S-S-t-Bu ( 
60 

Ke 

5,6 ± 0.1 

2 
5.7 + 0.1 + 0.1 K 

ER-S-S-Fl 
5.5 +_ 0.1 

e [RSSR] ESSR] 
4.15 + 0.15 

4.05 ± 0.15 
24.65 ± 0.1 
24.60 ± 0.1 
24.4 ± 0.1 
24.5 ± 0.1 

* Data from Reference 36. 

difference in AH0 for any of these reactions. The 

- 
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di -t -butyl disulfide has steri.c restrictions against 

rotation about the C -S bonds which are not present in 

ethyl t -butyl disulfide l araldson, et al, state that 

the difference in equilibrium position is due to a rela- 

tively large AS' for the ethyl. -t -butyl system. Gorïn 

and co- workers (18) have determined the equilibrium con- 

stants for a number of disulfide interchanges using both 

direct determination and an indirect method involving 

the mercaptan -disulfide interchange reaction. Their 

results, determined at 25 °C in alkaline alcoholic solu- 

tion, are given in Table XI. These authors felt that in 

Table XI 

Equilibrium Constants for Some Dialkyl 
Disulfide Interchange Reactions * 

** * *<r 

Ke(direct) Ke(indirect) Reactants 

n-hexyl2S2+02S2 

n-hexyl2S2+ (HOCH2CH2 ) 2S2 

n-hexyl2S2+ (Et2NCH2CH2 ) 
2S2 

n-propyl2S2+sec-butyl2S2 

n-butyl2S2+t--butyl2S2 

K [RS SR] 

2 [RS SR] [R' SS R'] 

8.1 

5.0 

5.05 

4.43 

2 

* Data from Reference 18. 

** 

7.3 

4.4 

5.4 

4.1 

21 

Determined from direct mixing of the symmetrical 
compounds. 

* ** Indirect -calculated from equilibration of a 
disulfide with a mercaptan. 

- 
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the absence of steric effects the position of equilibrium 

for the disulfide interchange reaction is very close to 

that which would be predicted statistically, namely, K =4. 

This is in agreement with Birch (6) who concludes that 

in the absence of steric effects the free energy of the 

products will be approximately equal to the mean of the 

free energies of the reactants in the disulfide inter- 

change reaction 

Kice and Morkved (48) recently reported the synthe- 

sis of benzyl p -tolyl disulfide. They found that (59) 

the benzyl methylene protons of this compound showed 

their nuclear magnetic resonance at somewhat lower field 

than the methylene protons in benzyl disulfide. Thus the 

unsymmetrical compound has a singlet at 6.171' whereas 

the symmetrical compound absorbs at 6.52 7. . It seemed 

that this difference could be utilized as a method for 

following the establishment of equilibrium between benzyl 

disulfide and p -tolyl disulfide in solution. It was felt 

that this new method could allow one to determine both 

the equilibrium constant and the rate of reaction for the 

disulfide interchange reaction without disturbing the 

equilibrium situation in any manner. This would have 

important advantages and might permit a more searching 

study of the mechanism of the disulfide interchange 

reaction in acid media than had previously been possible. 
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It was for these reasons that the following work was 

undertaken. 
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RESULTS 

Equilibrium Studies on the Benzyl. Disulfide - p -Tolyl 

Disulfide Interchange System 

An accurate value of the equilibrium constant for 

the benzyl disulfide -p -tolyl disulfide equilibrium under 

a variety of conditions is of value for several reasons. 

First, one could compare the data obtained in acetic 

acid -sulfuric acid -water solution to the data previously 

reported (18,36) for other sets of disulfides. Second, 

knowledge of an accurate value for the equilibrium con- 

stant is essential for any subsequent kinetic study of 

the equilibration rate. 

The equilibrium constant was determined at both 

0.20 M and 0.40 M sulfuric acid concentration in acetic 

acid -0.56 M water. The initial concentrations of the two 

symmetrical disulfides were varied relative to one 

another, as well as varying the acidity of the solution. 

A solution of the two disulfides in acetic acid - 

sulfuric acid -water was made up in a volumetric flask at 

room temperature. Aliquots of this solution were then 

placed in NMR tubes, The NMR tubes were suspended in a 

constant temperature bath at 70 °C and measurements were 

made after 24 hours and again after at least 48 hours. 

The relative concentrations of benzyl p -tolyl disul- 

fide and benzyl disulfide at equilibrium were determined 
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from the relative areas of the NMR signals due to the 

methylene protons in the two disulfides. 

The results of this study on the equilibrium con- 

stant for the benzyl disulfide -p -tolyl disulfide inter- 

change are shown in Table XI. The error in determining 

the ratio of benzyl p -tolyl disulfide to benzyl disulfide 

is about 10 to 15% at the maximum. However, since this 

ratio is squared in the calculation of the equilibrium 

constant, small errors in 
(ArSSR /RSSR) cause considerably 

larger errors in Ke. This presumably is the cause of the 

considerable scatter in K 
e 

values observed in Table XI. 

However, the scatter in values appears to be random and 

there does not seem to be any systematic variation in Ke 

with time, provided sufficient time is allowed for equili- 

bration to be complete. From the data in Table XI 

Ke = 3.2 ± 0.7 at 0.40 M sulfuric acid and Ke = 2.9 + 0.7 

at 0.20 M sulfuric acid. There thus appears to be a 

slight variation in the equilibrium constant with a 

change in acidity. However, the magnitude of the change 

is well within the limits of the experimental error. 

More significant is the fact that these values for Ke are 

lower than those previously reported (18,36). In fact, 

this is the first time that the equilibrium constant for 

a disulfide interchange reaction has been found to be 

less than the value of 4 predicted on a purely statisti- 

cal basis. 



Table XII 

Equilibrium Data for the Benzyl 
Disulfide -p -Tolyl Disulfide Interchange 

[RSSR1 o,M* [ArSSAr] o 
* (ArSSR /RSSR 

[H2504] ,M 
(24 hrs.) 

** 
Ke 

(24 hrs.) 

(ArSSR , 
) RoaR 

(48 hrs.) 

** 
Ke 

(48 hrs.) 

0.100 0.105 0.40 2.00 ±0,20 3.8±0.7 1o84+0e20 3.2 ±0.7 

0.103 0.100 1076±0.20 3.2 ±0.7 1,74 ±0.20 3.2 ±0.7 

0.15 0.15 1.76 +0.20 3.2 +007 1.70 ±0,20 3.0 ±0.7 

0.15 0.10 1,27 ±0.20 3.4 ±0.7 1.24 +0,20 3.2 ±0,7 

0.10 0.15 2.48+0.20 2.9 ±0.7 

0.10 0.20 3.33 ±0.20 3.0 ±0.7 

0.15 0.15 0.20 1.60 ±0.20 2.7 ±0.7 

0.15 0.10 2.95 +0.20 2.5 ±0.7 3.24 +0,20 3.0 ±0.7 

0.10 0.15 2.37 +0.20 2.7 ±0.7 2.42 ±0.20 2.8 +0.7 

0.10 0.20 3.54 ±0.20 3.1±0.7 3.67 ±0.20 3.5±0.7 

0.10 0.10 1.62 ±0.20 3,0 ±0.7 1.66 ±0.20 3.2±0.7 

* R = benzyl, Ar = p-tolyl 

Ke = [ArSSR] ** 
[RSSR] [ArSSAr] 

1 

- 

- 

- 

2 

o 
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Rate of Equilibration Measurements 

The rate of the disulfide disproportionation 

reaction was followed by the use of the same NAR methods 

previously mentioned. The solutions were made up with 

equal amounts of the two symmetrical disulfides so that 

the simplest possible rate expression would be obtained. 

Aliquots were then placed in NMR tubes and the NMR tubes 

were suspended in a rack in the constant temperature 

bath at 70°C. After allowing the tubes of solution one 

minute to come to temperature, the first tube was removed 

(time = to) and cooled with ice water to prevent further 

equilibration. The NMR of the solution was then taken 

and the ratio of benzyl p -tolyl disulfide to benzyl 

disulfide was determined in the same manner as was used 

for determination of the equilibrium constant. 

The stoichiometry of the reaction is such that one 

might expect a first -order dependence of the rate on the 

concentration of each of the reactants. Frost and 

Pearson (30, 

governing the 

reversible second -order 

centrations of 

ln Q = ln 

a = [RSSR] 

p. 187 -188) give 

rate of approach 

reaction 

the two reactants 
- x(a -2xe) +axe 

the following expression 

to equilibrium of a 

where the initial con- 

are equal (Equation 

2a(a -xe) 
kt (Eq. 

20). 

20) 
ax -ax 

e - 

o= [ArSSA/L; 

x 
e 

x = [RSSR] 0- [RSSR] i; 
xe = [RSSR] O- [R.SSR] 

= 

e 

L 

o 
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When the data for any given run in the present studies 

were plotted according to Equation 20, curved, rather than 

straight, lines were obtained (see Figure 6). Possible 

causes of this curvature and its significance will be 

dealt with in the Discussion. 

Dependence of Rate on Acidity 

Despite the curvature of the data when plotted 

according to Equation 20 the results of the various runs 

clearly indicate that the rate of equilibration is 

strongly dependent on the acidity of the solution. 

Although no rate constant can be determined from curved 

plots such as in Figure 6 a qualitative measure of the 

effect of acid on the rate can hopefully be obtained 

from a comparison of the acidity to the time, t, required 

for the reaction to reach a specified value of Q. In the 

Hammett treatment of acid catalysis (38, p. 121) the data 

were considered meaningful if Ho +log K N Constant, indi- 

cating that a plot of log k versus Ho would have a slope 

of 1. Since kN t, we are interested in the function 

Ho -log t. This function is shown for two values of Q 

in Table XII. 
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Table XIII 

Relationship of Ho to Log tQ for the 

Benzyl Disulfide -p -Tolyl Disulfide Interchange 

Q = 2 

t(min.) Ho log t Ho-log t 

102 -1.13 2.01 -3.14 
37 -1.56 1.57 -3.13 
11 -2.08 1.04 -3.12 

Q = 3 

240 -1.13 2.38 -3.51 
88 -1.56 1.95 -3.51 
26 -2.08 1.42 -3.50 

These results indicate that the rate of reaction is 

linearly related to the acidity of the solution. 
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DISCUSSION 

Equilibrium Constants for the Benzyl Disulfide - 

Tolyl Disulfide Interchange 

Previous work on other systems (18,36) has shown 

that most disulfide interchange systems have equilibrium 

constants of around 4 or larger. In cases where the 

value of the constant is significantly larger than 4 (the 

statistically predicted value), the result is quite 

logically explained on the grounds of steric interactions 

in one of the symmetrical disulfides (36). Haraldson and 

co- workers (36) have shown that there is little if any 

effect of temperature on the position of equilibrium. 

This indicates that QH 0 for the reaction is very close 

to zero for all disulfide interchange systems. Any dif- 

ferences in relative equilibrium constants for two disul- 

fide interchange systems must be almost totally due to 

differences in QS o for the reactions. This agrees quite 

well with what has been observed for systems where steric 

hindrance to rotation is expected. In a system where the 

statistically expected equilibrium constant is observed, 

the free energy of the unsymmetrical compound must very 

nearly equal the mean of the free energies of the 

reactants (6). 

For the benzyl disulfide -p -tolyl disulfide system 

in acetic acid -sulfuric acid -water solution the 
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equilibrium constant is less than what would be predicted 

by statistical considerations and seems to be slightly 

dependent on the acidity of the solution. Evidently the 

mean free energy of the reactants must be lower than the 

free energy of the unsymmetrical disulfide. This is the 

first case where the equilibrium constant has been found 

to be less than 4. One can state that benzyl p -tolyl 

disulfide is slightly less stable with respect to dis- 

proportionation to the symmetrical disulfides than are 

other unsymmetrical disulfides which have been studied. 

Acidity Dependence of the Disulfide Disproportionation 

These results for the benzyl p -tolyl disulfide sys- 

tem agree with those obtained by Ryle and Sanger (70) 

and Benesch and Benesch (5) in that the disulfide inter- 

change reaction is appreciably catalyzed by strong acid. 

The mechanism proposed by Benesch and Benesch (5) 

includes a reversible protonation- dissociation 

(Equation 19a) of one of the disulfides as the first 

R-S-S-R + H0) wim R-S Q + R-SH (Eq. 19a) 

step in the reaction. The acidity dependence that we 

have observed is reasonable for this type of a mechanism. 

However, one should realize that there are many other 

possible mechanisms for disulfide interchange that could 

also lead to such a dependence on acidity. 
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Curvature of Kinetic Plots 

There are several reasons why plots of the kinetic 

data as a reversible second -order reaction might exhibit 

the downward curvature observed in Figure 6. 

First, if there were an impurity present in one of 

the disulfides which could act as a catalyst for the 

disulfide interchange but which was somehow slowly 

destroyed by the acidic reaction solution, the apparent 

rate of the second -order equilibration would decrease 

with time. 

A second possibility is that during the equilibra- 

tion small amounts of other sulfur compounds, such as 

thiols, are produced and that the concentration of these 

substances gradually rises during the early stages of the 

reaction until their equilibrium concentration is reached. 

Should the rate of disulfide equilibration be inversely 

proportional to the concentration of one of these sub- 

stances, as has, for example, been claimed to be the 

case with thiols (5), the second -order rate constant will 

decrease during the initial stages of the equilibration 

and will finally level off once the equilibrium concen- 

tration of the "retarder" is reached. Since there is 

some indication that the plots in Figure 6 do become 

essentially linear in the later stages of the reaction, 

such an explanation deserves serious consideration. 
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Finally, a third alternative is that equilibration 

occurs by both second- and third -order processes, and 

that the rates of these are comparable under the present 

conditions. Unfortunately we have not yet been able to 

derive a satisfactory expression for a second- plus 

third -order reversible reaction (akin to Equation 20) to 

test this possibility. 

During the present work there was not time to con- 

duct any of the experiments necessary to determine which 

of these possibilities is the correct one. Further study 

of the system in the future is therefore indicated. 
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EXPERIMENTAL 

1.) Purification of S etrical Disulfides 

Benzyl Disulfide (Aldrich Company) was recrystal- 

lized from ethyl alcohol until a melting point of 71 -72 °C 

was obtained. Literature melting point (37, p. 670), 

71 -72`C. 

p -Tolyl Disulfide (Aldrich Company) was recrystal- 

lized from ethyl alcohol, melting point, 48 -49 °C. Liter- 

ature melting point (37, p. 1064), 48 °C. 

2.) Preparation of Stock Solutions 

Glacial acetic acid (Baker and Adamson, reagent 

grade) was refluxed with 10% of its volume of acetic 

anhydride for 24 hours to remove all traces of water. 

The acid was then distilled through an Oldershaw column 

(20 theoretical plates) with only the large center 

fraction being used for kinetic experiments. 

A solution of 0.56 M water in acetic acid was pre- 

pared by weighing the necessary amount (10.091 grams) of 

water into a one -liter volumetric flask and adding 

purified acetic acid with shaking. The solution was not 

made up to volume with the purified acetic acid until the 

water- acetic acid solution had been allowed to equili- 

brate in a water bath at 20 °C for thirty minutes. 

Reagent grade sulfuric acid (Baker and Adamson) was 
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used to prepare 25 ml. of 2 M sulfuric acid -O.56 M water 

in acetic acid solution. The sulfuric acid was calcu- 

lated to contain 3.75% water, therefore 5.1016 grams of 

sulfuric acid and 0,0612 grams of water were weighed into 

the 25 ml. volumetric flask. All solutions were equili- 

brated at 20`C for. 30 minutes before filling to volume. 

In this manner the stock solution of sulfuric acid - 

0.56 M water in acetic acid was made up with five to 

twenty times the sulfuric acid concentration desired for 

the various kinetic runs. 

3.) Procedure for Determining Equilibrium Constants 

The desired amounts of the two symmetrical disul- 

fides were weighed into a 5 ml. volumetric flask and the 

necessary amount of 3 M sulfuric acid -0.56 M water in 

acetic acid solution was added with a pipette. The 

solution was shaken until all of the solid was dissolved, 

then filled to the mark with acetic acid -0.56 M water. 

All volumes were made up at room temperature. The solu- 

tion was then pipetted into NMR tubes which were sus- 

pended in a constant temperature bath at 70 °C for a 

period of 24 hours. At this time half of the NMR tubes 

were removed from the bath, rinsed with acetone and 

dried with a clean towel. The NMR spectrum of the region 

between 5.9 and 6.7T was taken and several integrals 

were determined for the areas beneath the two peaks at 
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6.17T and 6.52 T . From these integrals the average 

value for the area under each peak was calculated. 

Using these areas, the ratio of the concentration of 

benzyl p -tolyl disulfide to the concentration of benzyl 

disulfide was easily calculated. This ratio was then 

used to calculate the equilibrium constant as shown in 

Table XI. 

4.) Procedure for Following the Rate of the Benzyl 

Disulfide p -Tolyl Disulfide Interchange 

Equal amounts of each disulfide were used in making 

up the solutions so that the resulting kinetic data would 

be in the simplest possible form. One of the symmetrical 

disulfides was weighed into a 10 ml. volumetric flask and 

the other symmetrical disulfide was weighed into a small 

beaker. The desired amount of the 3 M sulfuric acid - 

0.56 M water in acetic acid solution was pipetted into 

the volumetric flask and a few ml. of 0.56 M water in 

acetic acid was added to the beaker. Both solutions were 

warmed gently on a hot plate until the disulfides went 

into solution, then both were allowed to cool to room 

temperature in a desiccator which contained a beaker of 

0.56 M water- acetic acid solution. The two solutions 

were mixed together in the 10 ml. volumetric flask and 

then filled to the mark with 0.56 M water in acetic acid. 

Seven or eight NMR tubes were rapidly filled with the 
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solution and placed in the constant temperature bath at 

70°C. The first tube was removed (t =0) after the tubes 

had been in the bath for one minute. No appreciable 

amount of reaction was found to take place before to 

when this method for preparing the solutions was used. 

The ratio of the concentration of benzyl p -tolyl disul- 

fide to the concentration of benzyl disulfide was deter- 

mined by use of the N!!R. spectrum in the same manner as 

was described in the section on equilibrium constants. 

From this data the concentrations of benzyl disulfide at 

the various times of tube removal were calculated. These 

concentrations were then used to calculate the quantity, 

Q, which is plotted versus t in Figure 6. 
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Table XIV 

Disproportionation of Arylsulfinic Acids 

Compound: 
Solvent: 

Temperature: 

Run 1 

p- Bromobenzenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
80.3 °C 

t (hr . ) M 1/M 

Run 2 

t (hr . ) M 1/M 
0 0.0964 10.37 0 0.1000 10.00 

0.333 0.0877 11.41 1.667 0.0613 16.33 
0.833 0.0755 13.25 3.500 0.0441 22.70 
1.500 0.0640 15.62 5.500 0.0320 31.25 
2.330 0.0536 18.69 6.000 0.0307 32.58 
3.330 0.0460 21.75 6.500 0.0293 34.10 

8.000 0.0260 38.50 
9.250 0.0247 40.50 

k2=1.01x10-3M-1 sec.'1 k2=1.04x10-3M-1 sec71 

Compound: p- Methoxybenzenesulfinic Acid 
Solvent: Acetic Acid -0.60 M Sulfuric Acid -0.56 M 

Water 
Temperature: 80.3 °C 

Run 3 Run 4 

t(min.) M 1/M t(min.) M 1/M 
0 0.0532 19.8 0 0.0614 16.3 

4.00 0.0468 21.4 6.50 0.0504 19.8 
7.75 0.0428 23.3 13.25 0.0407 24.6 

12.25 0.0368 27.2 20.50 0.0348 28.7 
16.75 0.0340 29.4 26.50 0.0317 31.7 
21.25 0.0304 32.9 32.25 0.0272 36.8 
26.00 0.0279 35.7 41.00 0.0240 41.7 
30.50 0.0260 38.5 

k2=10.78x10-3M-lsec71 k2=10.66x10-3M-1 sec.1 

71 



Compound: 
Solvent: 

Temperature: 

p- Nitrobenzenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
80.3'C 

Run 5 

1/M 

Run 6 

1/M t(hr.) M t (hr . ) M 
0 0.0911 10.98 0 0.0900 11.1 

1.10 0.0740 13.51 1.166 0.0810 12.4 
2.23 0.0703 14.25 2.18 0.0738 13.6 
3.47 0.0658 15.2 3.00 0.0710 14.1 
4.13 0.0623 16.1 4.00 0.0614 16.3 
5.12 0.0558 17.9 5.18 0.0567 17.7 
6.92 0.0500 20.0 6.16 0.0558 17.9 

7.76 0.0498 20.1 

k2=3.5x10-4M-1 sec.1 

Compound: 
Solvent: 

Temperature: 

k2=3.49x10-4M-1 sec.1 

2- Naphthalenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
80.3 °C 

Run 7 

1/M 

Run 8 

1/M t(hr.) M t (hr . ) M 
0 0.0768 13.05 0 0.0911 10.98 

0.317 0.0488 20.5 0.267 0.0592 16.9 
0.550 0.0376 26.6 0.467 0.0440 22.7 
0.735 0.0317 31.7 0.650 0.0364 27.4 
0.917 0.0276 36.2 0.885 0.0300 33.3 
1.150 0.0240 41.7 1.100 0.0260 38.5 

1.265 0.0233 42.1 

k2=7.0x10-3M-1 sec.1 k2=6.9x10-3M-1 sec.1 
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Compound: 
Solvent: 

Temperature: 

Run 9 

2- Naphthalenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
70.2 °C 

t (hr . ) M 1/M 

Run 10 

t (hr . ) M 1/M 
0 0.0852 11.72 0 0.0983 10.2 

0.670 0.0558 17.9 0.317 0.0776 12.9 
1.150 0.0524 19.1 0.800 0.0617 16.2 
1.500 0.0428 23.3 1.485 0.0456 21.9 
2.120 0.0372 26.8 1.885 0.0408 24.5 
2.620 0.0313 31.8 2.150 0.0364 27.5 
3.130 0.0256 39.1 2.630 0.0320 31.2 
3.700 0.0243 41.2 3.200 0.0283 35.2 
3.930 0.0231 43.3 
4.250 0.0224 44.7 
4.520 0.0217 46.1 

k2=2.2x10-3M-1 sec71 

Compound: 
Solvent: 

Temperature: 

Run 11 

k2=2.2x10-3M-1 secä1 

p- Toluenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
59.6 °C 

t (hr . ) M 1/M 

Run 12 

t (hr . ) M 1/M 
0 0.1058 9.45 0 0.1070 9.35 

1.618 0.0848 11.78 2.380 0.0788 12.7 
3.640 0.0672 14.85 4.970 0.0603 16.6 
5.250 0.0576 17.35 7.490 0.0488 20.5 
7.030 0.0497 20.2 10.000 0.0408 24.5 

11.650 0.0360 27.8 12.350 0.0348 28.7 
15.300 0.0297 33.7 14.900 0.0303 32.9 
19.350 0.0228 43.8 17.650 0.0263 37.8 

k2=0.428x10-3M-1 sec,1 k2=0.434x10-3M-1 sec71 
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Compound: 
Solvent: 

Temperature: 

Run 13 

p- Toluenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
69.7 °C 

t (hr.) M 1/M 

Run 14 

t (hr . ) M 1/M 
0 0.0920 10.85 0 0.0994 10.08 

0.450 0.0818 12.22 1.135 0.0618 16.2 
1.150 0.0640 15.82 2.130 0.0484 20.7 
1.920 0.0500 20.00 3.550 0.0353 28.4 
3.220 0.0380 26.2 4.880 0.0280 35.7 
4.850 0.0284 35.2 6.680 0.0220 45.5 
6.120 0.0236 42.3 

k2=1.43x10-3M lsec.l 

Compound: 
Solvent: 

Temperature: 

Run 15 

k2=1.44x10-3M-1 sec.1 

p- Toluenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
80.3 °C 

t (hr . ) M 1/M 

Run 16 

t (hr . ) M 1/M 
0 0.0818 12.24 0 0.0872 11.47 

0.300 0.0595 16.8 0.350 0.0593 16.9 
0.583 0.0472 21.2 0.617 0.0469 21.3 
0.917 0.0377 26.6 0.816 0.0408 24.5 
1.215 0.0317 32.1 1.050 0.0352 28.4 
1.550 0.0272 36.7 1.400 0.0304 32.9 
1.850 0.0237 42.3 1.515 0.0272 36.7 
2.020 0.0223 44.7 1.870 0.0240 41.7 

k2=4.52x10-3M lsec.l k2=4.48x10-3M lsec.l 

74 



Compound: 
Solvent: 

Temperature: 

Run 17 

p- Toluenesulfinic Acid 
Acetic Acid -0.60 M Sulfuric Acid -0.56 M 
Water 
89.4 °C 

t(min.) M 1/M 

Run 18 

t(min.) M 1/M 
0 0.0768 13.00 0 0.0838 11.92 

5.50 0.0617 16.22 6.25 0.0636 15.70 
10.50 0.0513 19.50 12.00 0.0504 19.85 
15.75 0.0424 23.6 17.50 0.0417 24.0 
20.00 0.0380 26.3 23.00 0.0360 27.8 
25.50 0.0328 30.5 28.75 0.0312 32.1 
31.50 0.0313 32.8 39.75 0.0257 39.1 
36.50 0.0272 36.7 

k2=11.9x10-3M-1 sec71 

Compound: 
Solvent: 

Temperature: 

Run 19 

k2=12.0x103M lsec.l 

p- Toluenesulfinic Acid 
Acetic Acid -0.30 M Sulfuric Acid -0.56 M 
Water 
69.7 °C Temperature: 80.3 °C 

t (hr . ) M 1/M 

Run 20 

t (hr . ) M 1/M 
0 0.1220 8.20 0 0.0808 12.4 

0.650 0.0980 10.20 0.500 0.0525 19.1 
1.715 0.0712 14.05 0.868 0.0420 23.8 
2.600 0.0578 17.35 1.150 0.0372 26.9 
4.150 0.0428 23.3 1.815 0.0280 35.7 
5.720 0.0348 28.8 2.050 0.0260 38.4 
7.330 0.0283 35.2 2.250 0.0243 41.0 
8.650 0.0243 41.0 2.470 0.0228 43.8 

k2=1.03x10-3M-1 sec71 k2=3.2x10-3M-1 sec71 
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Table Xß.ì 

Disproportionation of Symmetrical Disulfides 

[p -tolyl disulfide] = [benzyl disulfide] = 0.10 M 
Solvent: Acetic Acid- Sulfuric Acid- 0.5eM water. 
Temperature: 69.7 °C. 

t (min. ) 

0 

Run 1 

Q 

1.000 

LH2SO4] = 0.10 M 

(ArSSR/RSSR) * [RSSR] ** 

- 0.1000 
5 0.1703 0.0922 1.251 

20 0.1887 0.0913 1.286 
50 0.3022 0.0869 1.491 
90 0.5010 0.0800 1.974 

150 0.5470 0.0784 2.128 
210 0.721 0.0736 2.772 
270 0.839 0.0705 3.426 
co **** 1.528 0.0567 - 

Run 2 

gi2SO4] = 0.10 M 

t (min. ) (ArSSR/RSSR) [RSSR] Q 

*** 

0 - 0.1000 1.000 
10 0.1850 0.0916 1.243 
55 0.2441 0.0892 1.337 

100 0.5220 0.0793 1.906 
150 0.608 0.0767 2.133 
200 0.704 0.0750 2.324 
250 0.870 0.0697 3.153 
300 0.932 0.0682 3.51 
360 1.036 0.0659 4.22 
00 1.611 0.0544 - 

Ar- = p-tolyl- , R- = benzyl- . 

[RSSR] calculated from: [RSSR] - RSSR] o+ CArSSAr] fl 
1 2 +(ArSSR /RSSR). 

x(a -2xe) +axe 
from In x(a- -xe) 

kt 
axe -ax axe -ax xe 

e 
where a= [RSSR] o= EArSSAr] o; x= [RSSR] o- II SSRJ i; 

xe= [RSSR] o- [RSSR] from Reference 24, p. 188 -189. 

* * ** too taken as 24 hours. 

e e e 

* 

** 

r 
1 

L 
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t (min.) 

Run 3 

Q 

[H2SO4] = 

(ArSSR/RSSR) 

0.20 M 

[RSS4 

0 0 0.1005 1.000 
5 0.1982 0.0915 1.254 

10 0.2728 0.0885 1.368 
20 0.433 0.0827 1.654 
35 0.620 0.0768 2.085 
50 0.662 0.0755 2.225 
70 0.803 0.0713 2.765 
00 1.750 0.0536 - 

Run 4 

LH2SO4] = 0.20 M 

t (min.) (ArSSR/RSSR) [RSSR] Q 

0 - 0.1005 1.000 
5 0.2185 0.0907 1.283 

15 0.3275 0.0864 1.463 
30 0.529 0.0795 1.867 
50 0.683 0.0749 2.293 
70 0.772 0.0726 2.574 
95 0.872 0.0701 2.975 

120 1.091 0.0651 3.960 
co 1.700 0.0537 - 
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t (min. ) 

0 

CH2SO4] 

(ArSSR/RSSR) 

- 

Run 5 

Q 

1.000 

= 0.40 M 

ERSSR] 

0.1000 
5 0.3785 0.0842 1.573 

15 0.613 0.0766 2.138 
25 0.800 0.0714 2.813 
40 1.041 0.0658 4.225 
60 1.156 0.0633 5.43 
90 1.381 0.0592 10.04 

120 1.384 0.0590 10.47 
co 1.682 0.0543 - 

Run 6 

CH2SO4] = 0.40 M 

t (min.) (ArSSR/RSSR) CRSSR] Q 

0 - 0.1000 1.000 
5 0.518 0.0794 1.885 

15 0.592 0.0772 2.074 
25 0.793 0.0717 2.75 
35 1.043 0.0657 4.23 
50 1.244 0.0617 6.54 
65 1.324 0.0602 8.17 
80 1.453 0.0578 13.68 

100 1.629 0.0552 (49.5) 
0o 1.692 0.0542 - 


