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The disproportionation of benzyl p-tolyl disulfide into an equilibrium mixture of p-tolyl and benzyl disulfides 
has been studied kinetically by an NMR method a t  70’ in acetic acid-1% H2O containing 0.05-0.20 M sulfuric 
acid. The important experimental findings are as follows: (1) the reaction is subject to marked catalysis by added 
strong acid; (2) the kinetics show a second-order dependence on disulfide concentration; (3) the reaction can be 
effectively completely inhibited for significant periods of time by the addition of very small amounts of either p -  
toluenethiol or benzyl mercaptan, with the rate after the inhibition period being the same as in the absence of 
added mercaptan; (4) the reaction can be markedly accelerated by the addition of small amounts of n-butyl sul- 
fide. The results seem to be best explained by a chain-type mechanism involving ionic intermediates. In the case 
of the ordinary acid-catalyzed disproportionation the chain-propagating steps involve nucleophilic attack by the 
disulfide on dithiosulfonium ions 2 and 3. In the case of the n-butyl sulfide catalyzed reaction the propagating 
steps are thought to involve attack of the disulfide on di-n-butylthioalkylsulfonium ions (4 and 5). 

Unsymmetrical disulfides undergo disproportionation 
(eq 1) under a variety of conditions. The mechanism for 

PRSSR’ RSSR + R’SSR’ (1) 
disproportionation in alkaline solution is believed2g3 to in- 
volve a chain sequence of displacements on the disulfide by 
mercaptide ions (eq 2), which are themselves formed as one 
product of the alkaline hydrolysis of a small fraction of the 
disulfide. 

RS- + RSSR‘ - RSSR + R’S‘ ( 2 4  

R‘S- + RSSR’ - R’SSR’ + RS- (2b) 

The mechanism of the acid-catalyzed disproportionation 
is much less certain. Both Ryle and Sanger3 and Benesch 
and Benesch4 found that the disproportionation in HC1 so- 
lutions was strongly inhibited by the addition of mercap- 
tans. The  rate also dropped off markedly with a decrease in 
HCl concentration. Neither group investigated whether ca- 
talysis by other mineral acids was more or less effective. 
Benesch and Benesch4 observed that the disproportiona- 
tion could be catalyzed by added alkyl or aryl sulfenyl chlo- 
rides and by hydrogen peroxide. In both investigations the 
data were presented as plots of percent disproportionation 
vs. time, and neither rate constants nor reaction order were 
determined. Both sets of authors proposed a chain-type 
mechanism (eq 3) for the acid-catalyzed disproportionation 
involving sulfenium ions as the key intermediate. This 

RSSR’ + H’ RS’ + R‘SH ( 3 4  
RS+ + RSSR’ - RSSR + R’S* (3b) 

R’S’ + RSSR‘ - R’SSR’ + RS’ (3c) 
scheme seemed to fit well with the marked inhibition of the 
reaction by mercaptan, and also with the acceleration by 
added sulfenyl chlorides, since a t  that  time sulfenyl chlo- 
rides were thought to form sulfenium ions fairly readily, 
something that we now know is not the case.6 

Fava and Reichenbachfi have investigated the acid-cata- 
lyzed exchange of radioactive thiophenol and phenyl disul- 
fide (eq 4). They found that although HCl, HBr, or HI were 

If + 

PhS*H + PhSSPh a PhS*SPh + PhSH (4) 

catalysts for the exchange, perchloric acid had no apprecia- 
ble effect. Moreover, the relative catalytic effectiveness of 
the halogen acids was strongly dependent on the halogen in 
a manner that suggested that the anion of the acid played a 
key role as a nucleophile in the mechanism of the reaction. 

These results and the formal kinetics of the reaction led to 
the proposal of the mechanism shown in eq 5 for the acid- 
catalyzed exchange. Cuiffarin and Fava7 have pointed out 

+ 
PhS’SPh + HX PhSSPh + X- ( 5 4  

I 
H 

rate 
X- + PhSiPh - PhSX + PhSH (5b) I determining 

H 
PhS*H + PhSX - PhS*SPh + H’ + X‘ (5c) 

that  the mechanism observed for this exchange suggests 
that  the HC1-catalyzed disproportionation of disulfides 
could well involve the mechanism shown in eq 6, rather 

RSSR’ + H+ G RSSR) 

C1- + R&R’ f RSCl + R’SH 

(6a) 
I 
H 

(6b) 
I 
H 

RSCl + RSSR’ 2 RSSSR’ + C1- f RSSR + R’SC1 
I 
R 

(6c) 

R’SCI + RSSR’ 2 RSSSR’ + C1- f R‘SSR‘ + RSCl 
+ 

I 

than the one involving sulfenium ion intermediates favored 
by Ryle and Sanger3 and Benesch and B e n e ~ c h . ~  

We felt that  a further kinetic study of the acid-catalyzed 
disproportionation of an unsymmetric disulfide under ap- 
propriate conditions might be able to cast further light on 
the question of the mechanism of the reaction. Benzyl p -  
tolyl disulfide (1 1, p -  CH&6H4SSCH2Ph, seemed a particu- 
larly good substrate to use, since the singlet for the methy- 
lene protons in this disulfide occurs at somewhat different 
field, 6 3.83 ppm, than the singlet for the methylene pro- 
tons of its disproportionation product, benzyl disulfide, 
3.48 ppm.R Because of this one can,follow the course of this 
particular disproportionation continuously by monitoring 
the relative intensity of the two different methylene peaks 
in a sample of the reaction solution contained in a thermo- 
stated nmr probe. In studying the acid-catalyzed dispro- 
portionation we also felt it desirable, in view of the experi- 
ence of Fava and Reichenbach,6 to use as a catalyzing acid 
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Figure 1. Kinetic data for the disproportionation of 1 in acetic 
acid-0.56 M HzO containing 0.10 M HzS04 plotted according to eq 
9. 0, initial concentration of 1,  0.30 M ;  0, initial concentration of 
1.0.20 M. 

one whose conjugate base was not significantly nucleophil- 
ic. 

For these reasons the specific system chosen for study 
was the disproportionation of benzyl p-tolyl disulfide (eq 1, 
R = PhCHz, R' = p-CH3CsHA) in acetic acid-0.56 M water 
containing 0.05-0.20 M HzSO4 as acid catalyst. Despite the 
fact that  the reaction can be followed continuously by 
NMR, the quality of the kinetic data was not as high as we 
had originally hoped. However, the kinetic data are of suf- 
ficient precision, and, in particular, the effects of certain 
additives are sufficiently striking that certain characteris- 
tics of the reaction are clearly apparent. These do provide 
some definite and useful insights into the mechanism of the 
acid-catalyzed disproportionation. 

Results 
The disproportionation of 1 was followed by observing 

the change in the relative intensity of the separate nmr sig- 
nals for the methylene hydrogens of p -  C H ~ C S H ~ S S C H ~ P ~  
(1) and PhCHzSSCHzPh in solutions initially 0.20 or 0.30 
M in 1. Acetic acid-0.56 M water containing 0.05-0.20 M 
HzS04 as the strong acid catalyst was the solvent. All runs 
were carried out a t  70'. 

Equilibrium Constant fo r  t h e  Disproportionation of 
1. The disproportionation is an equilibrium, and equilibri- 
um is reached when the concentration of 1 is about twice 
that of PhCH2SSCH2Ph. For each run the equilibrium con- 
stant, K,, for the disproportionation, expressed as 

K e  - P ' F g ; i y S R l  (7) 

wa8 determined from measurements of the relative areas of 
the two peaks made 24 and 48 hr after the initiation of the 
reaction. There was no significant change in the relative 
peak areas during the second 24 hr, indicating that the 
reaction definitely reached equilibrium during the first 24 
hr. As expected, K, did not vary with either initial concen- 
tration of disulfide or concentration of sulfuric acid. The 
value of K ,  was 0.27 f 0.03. 

Equilibrium constants have been determined for the dis- 
proportionation of other unsymmetrical disulfides by sev- 
eral groups of workers.9-11 The value of K ,  of 0.27 which we 
find for 1 is in good accord with the data found for other 
systems phich indicate that K ,  is normally within a factor 
of 2 of the statistically predicted value of 0.25.9J0 

Kinetics of t h e  Disproportionation of 1. Experiments 

Time fmin/ 

Figure 2. Effect of added thiol on the kinetics of the dispropor- 
tionation of 1. Data plotted according to eq 9. Both runs in acetic 
acid-0.56 M H 2 0  as solvent with 0.15 M HzS04 and an initial con- 
centration of 1 of 0.30 M .  ., 3.6 X lo-" M p-toluenethiol added; 0, 
no added thiol. 

at  different considerations of added strong acid (HzSO4) 
showed that the disproportionation of 1 was definitely acid 
catalyzed under our reaction conditions. The exact nature 
of the dependence on acid concentration will be considered 
later. In all runs there was a short (5-15 min), but definite- 
ly noticeable, induction period (see Figure 1) before the 
disproportionation began. The length of this induction pe- 
riod was shorter the higher the strong acid concentration 
(and faster the subsequent rate of disproportionation). 

Once the induction period was over the kinetic data Cor 
the disproportionation gave a reasonably good fi t  to what 
would be expected for a reversible, second-order reaction of 
the type 

k 

k' 
2 A G  B + C  

A = PhCH*SSC,iH,CH,; B = (F'hCH2S)Z; C = (CH,C(;H,S)2 

Frost and PearsonI2 give the following kinetic expression 
for such a reaction 

where a = initial concentration of A (1 in this case), x = 
moles of A per unit volume that have disproportionated in 
time t, x ,  = moles of A per unit volume that have dispro- 
portionated when final equilibrium is reached, and the 
equilibrium constant for the reaction, K,, is defined as 

In the present case if we let XA = magnitude of the inte- 
gral for the methylene proton peak in PhCHzSSCGHACHs 
and XR = magnitude of the integral for the methylene pro- 
ton peak in (PhCH2S)2 and XA- and represent the 
magnitude of these same integrals once equilibrium is 
reached, then 

If we now define two new quantities 

AB" 
AB" + A," 

and re = -- AB 

'A -t 'I3 
y =  
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Figure 3. Effect of added n-butyl sulfide on the kinetics of the 
disproportionation of 1. Data plotted according to  eq 9. Both runs 
in acetic acid-0.56 M H20 as solvent with 0.05 M H&04 and an 
initial concentration of 1 of 0.30 M. 0, 1 X lom4 M n-BuzS added; 
0, no added sulfide. 

appropriate substitution in eq 8 gives eq 9, which should 
govern the change in the relative intensity of the two NMR 
methylene peaks with time, if the disproportionation of 1 
does follow reversible, second-order kinetics under our 
reaction conditions. 

Figure 1 shows the kinetic data for two runs, both at  0.10 
M H2S04 but involving different initial concentrations of 1, 
plotted according to eq 9. Both plots are satisfactorily lin- 
ear. In accord with the requirements of eq 9 a decrease in 
the initial concentration of 1 does appear to lead to a pro- 
portional decrease in the slope of the plot of the data vs. 
time. Table I summarizes the values of the rate constant, k, 
for the various acid and disulfide concentrations, as esti- 
mated from the slopes of plots of the data according to eq 9 
and the relationship, slope = k ( ~ / K , l / ~ ) .  

From Table I one can see that 12 increases markedly with 
increasing concentration of sulfuric acid. A plot of log k vs. 
-Ho, the Hammett acidity function for these solutions,13 is 
linear with a slope of about 0.8. 

Effect of Added Mercaptan. Addition of very small 
concentrations of either p-toluenethiol or a-toluenethiol to 
the reaction solution led to a very marked increase in the 
length of the induction period observed a t  the start of the 
disproportionation. This can be seen from Figure 2, which 
shows a plot of the rate data for two otherwise identical 
runs, but to one of which was added initially 3.6 X lop4 M 
p-toluenethiol. The run with the added thiol exhibits an 
induction period of almost 100 min before the dispropor- 
tionation of 1 starts to proceed at  a significant rate. This is 
in contrast to the induction period of only 5 min observed 
in the absence of added mercaptan. However, once the in- 
duction period is over the rate of disproportionation in the 
run with added mercaptan is identical, within experimental 
error, with the rate found in the absence of added thiol. Ex- 
periments in which the concentration of added thiol was 
varied showed that the length of the induction period was 
proportional to the amount of thiol added; thus, addition of 
7.2 X M p-CH3CsH4SH under the reaction conditions 
of Figure 2 gave an induction period of 195 min. Other ex- 
periments showed that a given mercaptan concentration 
the length of the induction period was the same with added 
CsH5CHzSH as with p-toluenethiol. 

Table I 
Kinetics of the Disproportionation of Benzyl p-Tolyl 

DisuMde in  Acetic Acid-1% Water at 70” 

3 
t A r  SSR I o, [H 2 504 I ,  k X 10 

\I W 61.1 sec-‘ a 

0 -30 0.20 2.6 
0.20 0.20 2.7 
0.30 0.15 2 .o 

0.10 1.2 
0.20 0 -10 1.1 
0.30 0.05 0.69 

(1 Evaluated from the slope of plots of the data for each individual 
run according to eq 9, using the relationship k = (slope x Kel 2 ) /  

[ ArSSRIo. 

Table I1 
Rate of Disproportionation of Benzyl p-Tolyl 

Disulfide in the Presence of Added n-Butyl S u l f i d e  

0 -30 0.05 1.00 3.1 
0.15 1 .oo 13.0 

0.50 7.5  
a All data for acetic acid-1% water as solvent at 70”. * Evaluated 

from the slope of plots of the data for each individual run according 
to  eq 9, using the relationship k = (slope X Ke”2)/[ArSSR]o. 

The experiments so far discussed were all carried out 
without initial degassing of the reaction solution. For solu- 
tions with no added mercaptan careful degassing of the so- 
lution had no significant effect on eit,her the length of the 
short induction period or on the measured rate of dispro- 
portionation. In contrast, in runs with added mercaptan 
initial degassing of the solution led to a pronounced in- 
crease in the length of the induction period. For example, 
for the run in Figure 2 the induction period was increased 
from 100 to 245 min. The rate of disproportionation once 
the induction period was over, however, was the same as in 
the absence of degassing. 

Effect of Added n-Butyl Sulfide. The addition of very 
small amounts M )  of n-butyl sulfide led to a very 
marked increase in the rate of disproportionation of 1. This 
is evident from Figure 3, which shows the rate data for two 
runs, both at  0.05 M Has04 and 0.3 M 1, one without 
added sulfide and the other containing 1 X M n-butyl 
sulfide. From Figure 3 i t  appears that  the rate data for the 
sulfide-catalyzed reaction give a satisfactorily linear plot 
vs. time when plotted according to eq 9, suggesting that the 
sulfide-catalyzed reaction is apparently also second order 
in disulfide. Experimental second-order rate constants for 
the different runs with added sulfide are shown in Table 11, 
I t  is evident that  this reaction, like the simple dispropor- 
tionation, is subject to acid catalysis. From the very limited 
data it also appears that  the rate increases with increasing 
sulfide concentration in an essentially linear manner. 

Initial addition of mercaptan also leads to an induction 
period with the sulfide-catalyzed disproportionation, al- 
though the length of this induction period is much shorter 
than that caused by addition of the same amount of mer- 
captan to the ordinary disproportionation. Thus addition 
of either 3.6 X M p-toluenethiol or CGH&H~SH to an 
undegassed solution containing 1 X M n-BuzS, 0.3 M 
1, and 0.15 M HzS04 led to an induction period of about 10 
min before disproportionation commenced instead of the 
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100-min period observed (Figure 2) under these conditions 
in the absence of sulfide. As in the other cases the rate after 
the induction period was over was identical with that ob- 
served in the corresponding run without added mercaptan. 

Discussion 
The important experimental observations regarding the 

disproportionation of 1 under the present reaction condi- 
tions are as follows. First, the kinetics of the approach to 
equilibrium show a quite good fit to what would be expect- 
ed for a reversible reaction which is second order in disul- 
fide. Second, the reaction is subject to marked acid cataly- 
sis. Third, the reaction can also be strongly catalyzed by 
the addition of small amounts of an n-alkyl sulfide. (This 
sulfide-catalyzed disproportionation is also acid catalyzed.) 
Finally, the disproportionation can be effectively complete- 
ly inhibited for significant periods of time by the addition 
of very small amounts of either p-toluenethiol or benzyl 
mercaptan. 

The inhibition by added mercaptans (Figure 2) is remi- 
niscent of what one observes14 for the inhibition of a free- 
radical chain reaction where the inhibitor suppresses the 
chain reaction by intercepting the chain-carrying radicals 
and is thereby slowly consumed in the process, so that after 
a certain period when the inhibitor has been completely 
used up the reaction commences a t  its normal uninhibited 
rate. However, when one examines this particular reaction 
system, it is not possible to propose any reasonable free- 
radical chain sequence for the disproportionation where 
added mercaptan could act as an inhibitor. Specifically, the 
only likely reactions of either thiol with a free radical are 
the hydrogen-atom transfers shown in eq 10, and any thiol 

radicals formed in this fashion should promote, not inhibit, 
the disproportionation of 1 via the following reactions. 

RS- + RSSAr - RSSR + ArS. (1 1 a) 
ArS- + RSSAr - ArSSAr + RS* (llb) 

Although the inhibition by mercaptans can thus not be 
explained by a free-radical mechanism for the dispropor- 
tionation, it could be explained by invoking a chain-type 
mechanism involving ionic intermediates where added 
thiol concentrations in excess of a certain value are suffi- 
cient to suppress the chain reaction almost completely. 
Furthermore, such a mechanism seems both a reasonable 
and a realistic possibility for the disproportionation of 1 
under our reaction conditions. The particular mechanism 
that would seem to f i t  the data best is shown in Chart I. In 
this mechanism the chain-propagation steps are eq 15 and 
16, which involve nucleophilic displacements by 1 on ions 2 
and 3. The steady-state concentration of 2 and 3 will be 
governed by the equilibria shown as eq 13 and 14. Under 
normal circumstances, Le., no added mercaptan, ArSH and 
RSH will be present only a t  the same uery low equilibrium 
concentration as 2 and 3. Addition of mercaptan to a level 
much higher than this very low, normal, equilibrium con- 
centration will, of course, drastically decrease the concen- 
tration of 2 (or 3) present a t  equilibrium and will corre- 
spondingly reduce the rate of chain propagation, thereby 
leading to marked inhibition of the disproportionation. 

Since inhibition of the disproportionation by added 
thiols in the fashion shown in Chart I would not result in 
any significant net consumption of the added thiol, to ex- 
plain the observed (Figure 2) cessation of that  inhibition 

after a certain time period one must assume that under our 
reaction conditions there are one or more side reactions 
that consume mercaptan irreversibly. Reasonable possibili- 
ties for such reactions exist and will be discussed later. 
However, let us first see if the mechanism shown in Chart I 
is consistent with the kinetics observed for the dispropor- 
tionation in the absence of added mercaptan. 

Chart I 
Mechanism of the Acid-Catalyzed Disproportionation 

of an Unsymmetrical Disulfide 

I 
+ + 

ArSSR + H* 6 ArSSR @ ArSSR (12) 
I 

H H 

ArSSR + Ar SR ArSkSR + ArSH (13) 
I 
R 
2 

I 

c 
H 

ArSSR + ArShR f RSiSAr + RSH (14) 

Ar 
I 
H 

3 

ArSSR + RS8SAr * ArSSSR + ArSSAr 
I (15)  R 

I i Ar chain- 
propagating 3 2 

+ * 
ArSSR + ArSSSR ArSSSR + RSSR 

I (16) 
Ar 

I 
R 

steps 

2 3 

Besides eq 15 and 16 there are 22 additional possible 
reactions involving disulfides (ArSSR, RSSR, and ArSSAr) 
and the different possible dithiosulfonium ions (2, 3, and 
four other -S-S+-S- cations). Some of these do not lead to 
conversion of one disulfide to another; others do. Unless 
some simplification is made the complete array of reactions 
is too complex to analyze kinetically in a straightforward 
manner. Fortunately, for this particular system, one signifi- 
cant simplification appears justified based on certain ear- 
lier results. p-Tolyl disulfide and benzyl disulfide have 
been founds to exhibit closely similar reactivity in the di- 
sulfide-sulfinic acid reaction. This fact and the fact that  
the rate-determining transition state in that reaction has 
the structure 

suggest that  for all of the different possible displacements 
by disulfides on dithiosulfonium ions in the disproportion- 
ation of 1. i.e. 

the rate constants may be about the same, regardless of 
which particular sulfurs in eq 17 bear a p-tolyl group and 
which a benzyl group. 

If we also assume that the equilibrium constants for the 
formation of the various dithiosulfonium ions from disul- 
fides (eq 12-14 and analogous equations) are about the 
same for all the possible cations, then, to a reasonable first 
approximation, the mechanism in Chart I can be simplified 
for kinetic purposes to  the following (eq 18-20) 
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where D = disulfide (ArSSR, RSSR, or ArSSAr), DH+ = 
protonated disulfide, I+ = 2, 3, and the other dithiosulfon- 
ium ions, and TSH = thiol. 

For this reaction scheme the rate of interconversion of 
disulfides is 

Rate = kJII'][D] 

From the stoichiometry of the scheme, unless mercaptan is 
deliberately added, [I+] = [TSH]. If we assume a steady 
state in [I+], this leads to  

and to the following predicted rate expression. 

1/2 
Rate = 12, [F] h,1/2[D]2 (21) 

Thus, provided our assumptions are reasonably valid, the 
disproportionation of 1 should follow kinetics which are 
second order in disulfide concentration, as indeed ob- 
served. The dependence of rate on acidity is predicted to 
follow ho'lL. Because of the difficulty in defining ho accu- 
rately for different types of substrates in strongly acid 
media, one cannot really say whether the observed depen- 
dence of rate on acidity is consistent with such a half-power 
dependence. However, it does appear that  the observed in- 
crease in rate with acid concentration is somewhat less pro- 
nounced than that found15 for certain other acid-catalyzed 
reactions involving sulfur substrates in this same medium 
where the reaction rate would be expected to show a first- 
order dependence on ho. Therefore the experimental data 
are certainly not inconsistent with the predicted depen- 
dence of rate on acidity. 

The inhibition of the disproportionation by added thiols 
is, of course, explained by their effect on the equilibrium 
shown as eq 19. 

In the experiments with added thiol the marked increase 
in the length of the induction period upon degassing 
suggests that  air oxidation of mercaptan to disulfide is one 
of the important side reactions normally leading to con- 
sumption of added thiol and eventual termination of the 
induction period. Another likely route for consumption of 
mercaptan would be via its reaction with the solvent, acetic 
acid, to give a thiol ester. While we are not certain what is 
the origin of the short induction periods that are observed 
in the absence of added thiol, the high concentrations of 1 
employed (0.2-0.3 M ) ,  the very low concentrations of thiol 
(-3 x M )  sufficient to give quite prolonged inhibition, 
and the short length of those induction periods, all make i t  
attractive to suggest that  they are due to the presence of 
very small amounts of a thiol impurity in the starting disul- 
fide. 

The catalysis of the disproportionation of 1 by added n- 
butyl sulfide and a suggested mechanism for that  catalysis 
remain to be discussed. 

The mechanism shown in Chart I1 represents an expla- 
nation for the catalysis by added n-BuzS that seems plausi- 

Chart I1 
Possible Mechanism for n-Butyl Sulfide Catalysis of 

the Disproportionation of 1 

ArSSR + H' f ArS$R == ArkSR (12) 
I I 
H H 

n-Bu2S + ArS$R n-Bu2kSAr + RSH (22) 

n-Bu,S + A&SR s n-Bu2&3R + ArSH 

4 
I 
H 

1 
(23) 

5 H 
chain-propagation steps 

4 + ArSSR f n-Bu2S + ArS8SR e ArSSAr + 5 

(24) 
I 

Ar 

5 + ArSSR n-Bu,S + RSSSAr e RSSR + 4 
I 
R (25) 

ble based on other e x p e r i e n ~ e . ~ , 1 ~ J ~  From previous studies8 
we know that n-BuzS should be a much better nucleophile 
toward sulfur than is 1. From the work of Smallcombe and 
Caserio16 we know that the equilibrium constant for the 
reaction 

MeSEiSMe + Me,S e Me,$SMe + MeSSMe 
I 

Me 

is greater than 103. As a consequence the equilibrium con- 
stants for eq 22 and 23 should be much more favorable 
than those for eq 13 and 14. Because of this the steady- 
state concentration of 4 and 5, and therefore of mercaptans 
R S H  and ArSH, should be considerably larger than the 
steady-state concentration of mercaptans in the mecha- 
nism in Chart I. As a result the length of the induction pe- 
riod caused by a given concentration of added mercaptan 
should be considerably shorter for the sulfide-catalyzed 
reaction than it is for the ordinary disproportionation, as is 
indeed observed. The di-rz- butylthioalkylsulfonium ions 4 
and 5 should be able to give rise to an ionic chain-type dis- 
proportionation of 1 in the manner shown in eq 24 and 25. 

What sort of kinetic behavior would be expected for the 
mechanism in Chart II? If, as in the earlier treatment of 
the ordinary disproportionation, we assume that the reac- 
tivity of various species is effectively independent of 
whether one has a tolyl or a benzyl group attached to sul- 
fur, then, for kinetic purposes, we can approximate the 
mechanism in Chart I1 by the following 

D + H+ == DH* 
K1 

ha 

L a  
BU,S + DH' Z* + TSH 

'b 
Z*  + D I* + Bu,S - Z *  + D' 

k.b 

where Z+ = 4 or 5, and the other symbols have the same 
meaning as in eq 18-20. If we assume a steady state in [Z+] 
and [I+], and that, unless mercaptan is deliberately added, 
[Z+] N [TSH], this leads to the following predicted rate ex- 
pression. 
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Equation 26 predicts tha t  the rate should depend on the 
% power of disulfide concentration rather than the second 
power as in the simple disproportionation. However, the 
experimental data (Figure 3) still seem to  plot just as well 
in accord with eq 9 as did those for the simple dispropor- 
tionation. We do not know, though, whether an actual % 
power dependence on disulfide concentration would result 
in enough deviation from linearity in a plot o f t h e  data ac- 
cording to eq 9 for the deviation to  be readily apparent. 
While we had time in the present study to  make only a very 
limited investigation of the dependence of the rate on the 
concentration of added sulfide, this seems to  be more pro- 
nounced than the half-power dependence required by eq 
26. 

Although the fit of the experimental data to the predic- 
tions of eq 26 does not therefore seem as good as one would 
like, no plausible alternative mechanism to explain the ca- 
talysis by the added sulfide is readily apparent. One possi- 
ble source of part of the difficulty may simply be that the 
simplifying assumptions made in order to  reduce the kinet- 
ic scheme to one of manageable complexity may not be en- 
tirely valid for the sulfide-catalyzed reaction. In any event 
we feel that the mechanism in Chart I1 still offers at pres- 
en t  the best working hypothesis to  explain the catalysis ob- 
served with added n- butyl. sulfide. 

Experimental Section 
Preparation of Benzyl p-Tolyl Disulfide. The method of 

Harpp et a1.l' was employed. A solution of 3.80 g (0.014 mol) of 
N-(p-toly1thio)phthalimide and 1.74 g (0.014 mol) of distilled a- 
toluenethiol in 70 ml of dry benzene was refluxed under nitrogen 
for 72 hr. The solution was filtered to remove crystalline phthalim- 
ide and the benzene solvent was removed under reduced pressure. 
The residue of crude benzyl p -  tolyl disulfide was recrystallized 
twice at low temperature from a small amount of ethanol and then 
once from ligroin. The purified disulfide melted at 33' (lit.8 mp 
33-34'), yield 3.35 g (97%). 

Purification of Solvents and Other Reagents. Glacial acetic 
acid was purified by refluxing 1 1. of commercial glacial acetic acid 
with 100 g of acetyl borate for 36 hr. The acetic acid was then slow- 
ly distilled off, and the fraction boiling at 117-117.5' was collected 
and retained. p-Toluenethiol was purified by recrystallization 
from ethanol, mp 44". a-Toluenethiol was purified by distillation 
under reduced pressure, bp 144.5' (105 mmHg). n-Butyl sulfide 
was fractionally distilled before use. 

Procedure for Kinetic Runs. The required amount of benzyl 
p-tolyl disulfide (1) was weighed directly into a small volumetric 
flask and then dissolved in a small amount of acetic acid-1% HzO. 
The proper amount of a stock solution of sulfuric acid in the same 
solvent was then added by pipet. In those runs containing added 
thiol or n-butyl sulfide the desired amounts of stock solutions of 
these reagents in acetic acid-1% water were also added at this 
point. The entire solution was then made up to volume with addi- 
tional acetic arid-1% water, and a portion of the final solution was 
placed in an nmr tube which was then tightly capped. The NMR 
tube was then placed in the thermostatted (70') probe of a Jeol 
Minimar 100 NMR spectrometer. Two or three minutes were al- 
lowed for the tube to come to thermal equilibrium and for the 
phase and position adjustment of the spectrum. The region where 
the methylene protons of 1 (6 3.83 ppm) and benzyl disulfide (6 
3.48 ppm) absorb was integrated rapidly two to four times (this re- 
quired a maximum of 30 sec) at given time intervals. The relative 

areas of the two methylene proton singlets were used to determine 
the relative concentrations of 1 and benzyl disulfide at any given 
time. To determine the equilibrium concentration of the two disul- 
fides the tube was removed from the probe and allowed to stand in 
a 70' Sonstant-temperature bath for an additional 2 days. Mea- 
surements of the relative areas of the two NMR peaks were then 
made at 24 and 48 hr after the initiation of the reaction. There was 
no significant change in the relative peak areas during the second 
24 hr. 

Independent experiments showed that the presence of added a- 
toluenethiol, p -  toluenethiol, and n- butyl sulfide in the concentra- 
tions used did not result in any signal in the NMR region being in- 
tegrated that would interfere with the accurate determination of 
the disulfide rates by the NMR procedure. The NMR spectra of 1, 
benzyl disulfide, and p -  tolyl disulfide were measured indepen- 
dently in acetic acid-1% H20 and found to agree with those pre- 
viously reported.8 

The procedures so far described applied to those runs in which 
no special precautions were taken to exclude oxygen from the reac- 
tion solution. The procedure for those runs in which oxygen was 
excluded differed from this in the following way. First, small por- 
tions of all the necessary stock solutions were independently de- 
gassed and after the final degassing pure nitrogen was admitted to 
the flask containing the degassed solution, the stopcock connecting 
it to the vacuum system was closed, and the closed flask was trans- 
ferred to  a nitrogen-filled drybox. Deaerated solvent was also pre- 
pared in the same way and a solution of the disulfide and the vari- 
ous other reagents was prepared under nitrogen in the drybox. A 
portion of this solution was transferred to an NMR tube in the 
drybox, and the tube was tightly capped before being removed 
from the drybox. 

Measurements showed that no appreciable disproportionation 
of 1 took place in any of the reaction solutions at room tempera- 
ture before they were placed in the NMR probe at 70'. An experi- 
ment at 70' in which 0.3 M 1 was dissolved in acetic acid-1% HzO 
containing only 0.005 M sulfuric acid showed that in the absence 
of a significant amount of added strong acid the rate of dispropor- 
tionation of 1 in this solvent at that temperature is extremely slow. 
Therefore all of the measured rate of disproportionation under our 
reaction conditions is due to the acid-catalyzed reaction. 

Registry No.-l,l6601-19-7; n-butyl sulfide, 544-40-1. 
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