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The mechanism of the oxidation and reduction reactions of sulfur coni- 
pounds of the type R-S-S-R and R-SH is of interest because of the 
peculiar chemical reactions of these substances, their widespread occur- 
rence in biological materials, and their supposed participation in the oxida- 
tion and reduction systems of the living organism. 

When R-SH and R-S-S-R compounds are treated with sufficiently 
powerful oxidizing agents, the end product, if the organic radical is not 
attacked, usually is the corresponding sulfonic acid, R-SOsH. The 
direct oxidation pathway might be represented as follows : 

$0 $0 R-SH) -2H+ R-S-S-R +O -k H20+ 2(R-SOH) -+ (R-S02H) -+ R-SOsH 

The existence of the intermediates, R-SOH and R--SO,H or their de- 
rivatives, for this seriee has not been demonstrated by stepiyise oxidation 
of such sulfur compounds in aqueous solutions. 

Recent investigations of the reactions of metallic salts with R-S-S-R 
demonstrate the formation of R-SO,H and R-SH according to the fol- 
lowing equation 

3R-S-S-R + 3H20 = 5R-SH + R-SOSH 

This reaction appears to  be an intramolecular oxidation-reduction driven 
by the removal of R-SH in the following series of hypothetical equilibria: 

R-S-S-R + H20 G R-SH + R-SOH 
R-SOH + H,O + R-S-S-R & 2R-SH + R-SOZH 
R-SO2H + H2O + R-S-S-R 2R-SH + R-SOaH 

This research was aided by a grant made by the Rockefeller Foundation to  
Washington University for research in science. 

This paper was presented before the Division of Physical and Inorganic Chemistry 
of the American Chemical Society a t  the meeting held in Washington, D. C., I farch,  
1933. 
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The R-SH may be removed by precipitation as a silver salt by h g ~  (6, 
lo), or as a inercuric salt by Hg++ (2 ,  9), through formation of an unionized 
complex by mercuric halide ions BrHg+ (7) ,  or through a combination 
oxidation and precipitation as a cuprous salt by Cu++ (8). If the It-SH 
formed in the above reaction TJ-ith water is not removed but instead is re- 
oxidized to  R-S-S-R, there would be a continuous accumulation of 
R--SO3H, xhich would ultimately appear as a complete conversion of 
R-S-S-R into R--SO,H. 

Since the possibility of isolating and identifying certain of the internic- 
diates seems remote, an attempt has been made to  obtain information con- 
cerning the mechanism of the reaction by kinetic measurements of the oxi- 
dation of R-S-S-R to  R--SO,H by various oxidizing agents. 

The oxidation of cystine, HOOC . CHKH,. CH,S. SCH,. CHXH,. C'OOH, 
by thallic sulfate u-as selected, because with this oxidizing agent the reac- 
tion proceeds essentially quantitatively to  cysteic acid, HOOC . CHNH,. 
CH2d03H and thallous sulfate. Thallic sulfate, further, forms with thal- 
lous sulfate a reversible oxidation-reduction system of known potential or 
oxidizing intensity, so that the results obtained may be useful for compari- 
son with the data being obtained for other reversible oxidation-reduction 
systems. 

EXPERIMEKTAL 

Preparation of wagents  

Since chloride, bromide, and iodide were found t o  have unusual catalytic 
effects upon the reaction, special care n-as exercised in the selection of 
inaterials and preparation of solutions to  insure that these substances 
n-odd not be present in significant quantities. 

Thallic oxide was suspended in 2.000 S sulfuric acid and dissolved by 
warming and concentrating to  about 4 S. After proper dilution, the final 
solution \vas 0.005 gram-atomic in thallic sulfate and 1.000 -1- in sulfuric 
acid. 

Cystine  as prepared by the customary hydrochloric acid hydrolysis of 
hair and purified by several precipitations from sulfuric acid solution by 
sodium carbonate. The purity was checked by nitrogen determinations 
made by West and Brandon (11). The final solution was 0.01 M in cys- 
tine and 1.000 -Y in sulfuric acid. 

Exper imenta l  procedures 
The required amounts of sulfuric acid, water, and thallic sulfate were 

measured into a 250-cc. wide-mouth Pyrex flask which was immersed in a 
thermostat maintained within 0.1"C. At zero time the cystine solution 
was pipetted into the flask, which was shaken rapidly. 

The reaction was stopped by suddenly adding 1 g. of potassium iodide in 
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25 cc. of water. The excess thallic salt was determined by adding freshly 
prepared starch as indicator, and immediately titrating with 0.01 .I* so- 
dium thiosulfate, drop by drop, in diffuse or artificial light. The color 
change was from a greenish blue, through yellowish green, t o  the final 
bright yellow suspension of precipitated thallous iodide. Before again 
using the reaction flasks, they were thoroughly cleaned n ith chromic- 
sulfuric acid mixture. Ten such experiments with different time intervals 
determined the reaction rate constant for the particular conditions. 

Determination of the products of the reaction 
Several typical experiments were made with 60 cc. of 0.005 gram-atomic 

thallic sulfate solution reacting with 5 cc. of 0.01 M cystine solution at  
30°C. The amount of thallic salt reduced (see table 1) approaches a 
maximum of 10 oxidation-reduction equivalents per mole of cystine, which 
suggests the equation 

2HQOC. CHNH,.CHzS.SCHz.CHNHz.COOH + 5Tlz(S04)3 + 12HzO = 
4HOOC.CHNHz.CHzS0,H + 5T17S01 + 10H2SO4 

Experiments n-ith the related dithiodihydracrylic acid, HOOC . CH,. 
CH28. SCH,. COOH, gave further indication that R-S-S-R type acids 
are oxidized almost entirely to  R-SO,H acids. Mixtures of 0.07317 g. 
of this acid as the disodium salt and 20 cc. of 0.174 LY thallic perchlorate 
in -1- perchloric acid )yere allowed to  react for 40 hours at  37°C. The 
Ba( .  OOC CH,. CH2. SO3 .) formed was isolated and analyzed according to  
a modification of the procedure previously reported (6). The R--SOsH 
yield was 99 per cent of the theoretical and all except a trace of thallic salt 
was reduced (see table 2 ) .  

RESCLTS OF KINETIC EXPERIMEXTS 

 lathema ma tical coiisiderations 
The equation of the reaction indicates that 5 gram-atoms of thallic are 

reduced as 1 mole of cystine is oxidized. To permit the use of the less 
complex equations applying to pseudo first-order reactions, the cystine 
concentration was always made sufficiently high so that  its initial concen- 
tration would change less than 10 per cent during the period of nieasure- 
ment. In  calculating the reaction rate constants, only values between 20 
and 80 per cent complete reaction were included and the arithmetical aver- 
age of ten determinations, nearly equally spaced with respect to  time, 
within this range, was considered sufficiently representative of the reaction 
rate under the particular conditions of the experiment. With but very 
few exceptions, the maximum variation of the constant in a particular 
series of ten values is less than 10 per cent. Table 3 gives the results of a 
typical series of deternfinations. 
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TrlBLE 1 
D e t e r m i n a t i o n  of the maxi~nu?n n u m b e r  of r e d u c i n g  equiLalents of c y s t i n e  towards  

tha l l ic  su l fa te  

MINUTES .4T 
3 0 T .  

30 
60 

120 
180 
240 
300 
480 
840 

1240 
1470 

EQUITALESTS OF THALLIC YINZ.TES AT i EQCIT.4LEKTS O F  THlLLIC 
SULFATE P E R  MOLE OF 

CYSTINE 
25-c. 

1 
840 9,800 4.652 

6.464 840 
8.142 ~i 2400 9.980 
8.720 2400 10,002 
9.242 

9.780 
9.876 
9.994 

SULF.4TE PER MOLE O F  
C Y e T l N E  

1 

I 

1 
10.012 ~ 

: 
TABLE 2 

Quantitg of su l fon ic  acid produced f r o m  di th iodihydracry l ic  acid b y  tha l l ic  su l ja te  

Ba ( .  OOC CHz CHz, s03.1 
ISOLATED 

grams 

0.1982 
0.2010 
0.1992 
0,1979 
0.1996 

Av. = 0,1992 
Theor. = 0.2015 

I PER CENT Ba 
- 1  

47.0 
47.0 
47.0 
47.2 
47.1 
47.1 
47.4 

TABLE 3 
T h e  resu l t s  of a t y p i c a l  series of d e t e r m i n a t i o n s  

Temperature, 30°C.; thallic sulfate concentration 0.0005 gram-atomic; sulfuric acid 
concentration, 0.5 N ;  cystine concentration, 0.002 111 

3 
4 
5 
6 
7 
8.5 

10 
12 
14 
16 

0.263 
0.330 
0.418 
0,453 
0,524 
0.589 
0.650 
0.717 
0.761 
0.800 

0.102 
0.100 
0.108 
0.101 
0.106 
0,105 
0,105 
0.105 
0.102 
0.101 

i 

Average . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.104 
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From the pseudo first-order constant calculated froni the disappearancc 
of thallic salt, the second-order constant may be calculated by dividing 
by the concentration of cystine. The value so obtained represents the rate 
a t  11-hich the thallic salt nas being reduced, calculating on a gram-atomic 
thallic and a molar cystine basis; the rate of cystine oxidation is only one- 
fifth of this rate. 

Each experiment 
numbered x is the same as some experiment listed in another table which 
has been inserted twice to preserve unity. Experiments lettered are in- 
serted to shov special effects of changing several variables. 

The results are summarized in tables 4 through 8. 

TA4BLE 4 
Ef fec t  of the  concen t ra t ion  of the  reac tan t ,  tha l l ic  su l ia t e ,  u p o n  the  ra te  of r eac t ion  at 

80°C. 

1 
2 
3 
4 
5 
6 
7 

h 
Bx 
C 

grani-nioles 

0 001 
0 001 
0 001 
0 001 
0 001 
0 001 I 0 001 

1 0 001 
0 001 

1 0 001 

gram-atoms T1 

0.000125 
0.0001875 
0.00025 
0.000375 
0.0005 
0.001 
0.002 

g m m - e q u i i a l e n t s  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1.0 

0.00025 , 0 . 5  

0.001 I 0 . 5  
0.0005 1 0 . 5  

0.0161 
0.0177 
0.0197 
0.0220 
0.0234 
0.0233 
0.0227 

0.0478 
0.0547 
0.0564 

15.1 
17.7 
19.7 
22.0 
23.4 
23.3 
22.7 

47.8 
54.7 
56.4 

Thal l ic  concentration e$ects 
The values of K increase with an increase in thallic concentration until 

0.0005 gram-atomic is reached ; then nearly constant values are attained, 
shon-ing that the reaction rate is probably proportional to the thallic 
concentration. 

The oxidation-reduction potential values show similar changes (1), be- 
coming less oxidizing as the thallic concentration is decreased below 0.0005 
gram-atomic ~ ' r  hile keeping the thallic-thallous ratio the same. Thether  
the potential and rate changes are related remains for further work to 
decide. 

Cys t ine  concentration e fec ts  
As the concentration of cystine is increased there is a slight decrease in 

At values above 0.002 molar, K becomes nearly constant, K (see table 5). 
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0.0005 
0.001 
0.002 

so that the reaction rate may be considered proportional to the cystine 
concentration. 

0 0005 0.0294 
0.0005 0 . 5  0 0547 
0.0005 0 . 5  I 0.104 

TABLE 5 

Efect o j t h e  concentra t ion  o j t h e  reac tant ,  c g s t i n e ,  u p o n  the rate o j r e a c t i o n  at 30°C 

0.001 

EXPERIXENT 
NO. 

~ 1.0 0.0234 23.4 
~ 

0.0005 

11 
12 
13x 
14 
15 
16 
17 

21x 
22 
23 
24 
25 

D 
Ex 
F 

0,001 0.00025 

gram-tnoles 

0.0005 
0,00075 
0.001 
0.002 
0.003 
0.004 
0.005 

0.001 
0,002 
0.003 

0,0025 1 . 0  0.0204 20.4 

gram-atoms TI 

0.0005 
0.0005 
0.0005 

' 0,0005 
0.0005 

1 0.0005 

I 0.0005 

0.001 
0.001 
0.001 

0.001 0.00025 ~ I 

gram-equioalentr 

1.0 
1 .o  
1 . 0  
1 . 0  
1 . 0  
1 .0  
1 . 0  

1.0 
1.0 
1 . 0  

1 . 0  , 0.0197 19.7 

1 . 0  0.0233 23.3 

0.0123 
0.0169 
0.0234 
0.0420 
0.0600 
0.0791 
0.097 

0.0233 
0.0422 
0.0625 

1 . 0  ! 0.0220 0.001 0.000375 22.0 

IC 
[SECOND O R D E R )  

24 6 
22.7 
23.4 
21 .o  
20.0 
19.8 
19.4 

23.3 
21.1 
20.8 
20.2 
20.6 

68.8 
54.7 
52.0 

TABLE 6 

Ef fec t  of the concentra t ion  of the product ,  tha l lous  s u l f a t e ,  u p o n  the ra te  of reac t ion  ut 
90°C. 

EXPERIMENT 
NO.  

31 
31x 

32 
32x 

33 
33x 

34 
34x 



7'hoEhii, i i i l f u t p  ionic.ntratzorL ( ~ J f ~ r t  

The lack of significant change in  the ten pseudo first-order coiistaiits 
obtained in a particular experiment and the close agreement between the 
values of K (see table 6) for experiments with and without initially added 

..- 

0.143 
0,0918 
0.0547 
0.0335 
0 0238 
0.01G3 
0.0138 
0 0113 

y r n n i - m o l e s  

0 001 
0 001 
0 001 
0.001 
0 001 
0 001 
0 001 
0 001 

yrarii-atonis T1 

0 0005 
0 0005 
0 0005 
0 0005 
0 0005 
0 0005 
0 0005 
0 0005 

y r a ? ~ i - e q u ~ ~ a l e n t a  ~ 

0.25 1 
0.375 1 

0 . 5  
0.75 i 
1 . 0  ~ 

1.23 
1 . 5  
1 . 8  

I 143 0 

I 54 7 
33.5 
23 8 
16 3 
13 5 
11 3 

1 91.8 
41 
42 
44 
44 
45 
46 
47 
45 

T.-iHLE 8 
Effect oj ! empera ture  o n  f l i e  ra te  oJ reaction a t  di f ferent  acirli!i'es 

h- 
(SECOND 
ORDER)  

LXPERIJLENT 
X O  

degrees  C, 

15 
15 
20 
20 
20 
2 3 
2 5 
25 
30 
30 
30 
35 
3 3 

grftn8 - n i  oles 

0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 

~ r a n i - a f o i u ,  I 1  

0 0005 I 

0 0005 
0 0005 
0 000j 
0 0005 
0 0005 
0 0005 

yra i i i -  

0.25 ~ 0.0171 
0 . j  ~ 0.00720 
0.25 0.0319 
0 .5  0.0137 

0.2.5 ~ 0.0709 
0 . 5  1 0.0287 

? q u i v d e n t ~  1 

1 . 0  I 0.00587 

1 T  
2 T  
3 T  
4 T  
5 T  
GT 
7 T  
8 T  
0 Ts 

10 Ts 
11 Ts 
12 T 
13 T 

17.1 

31.9 
13.7 

70.9 
28.7 
11.7 

143.0 
54.7 
23.8 

100.0 
40.4 

7.20 

5.87 

0 0005 1 0  
0 0005 0 2d 
0 0005 0 5 
0 0005 1 0  
0 0005 0 5  
0 000;7 1 0  

0 0117 
0.143 
0 0547 
0.0238 
0.100 
0 0404 

thallous, indicate that thallous concentration aiid consequently also the 
oxidation-reduction potential of the thallic-thallous system have no sppar- 
ent  effect oii the reaction rate. 
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The reaction rate decreases with an increase in sulfuric acid concentra- 
tion (see table 7). X o  simple relation could be found between the rate and 
several of the usual methods of expressing acidities, and considering that 
cystine has tn-o acidic and trvo baric ionizations in or near the region of 
acidity used, this is not surprising. 

Temperature effects 
The reaction rates at  three acidities were determined (see table 8), and 

the graph of the reciprocal of the absolute temperature plotted against the 
logarithm of K results in three parallel lines whose slope is such that Q 
= 24,200 calories in the Arrhenius equation (3). 

DISCUSSIOS AND SUMMARY 

The kinetic experiments performed indicate that  the rate-con trolling 
step in tlie measured reaction between thallic sulfate and cystine in sulfuric 
acid solution is a second-order reaction. 

The rate of reaction is approximately proportional to the cystine con- 
centration and the thallic sulfate concentration and decreases with an in- 
crease in tlie sulfuric acid concentration. The equation for the complete 
reaction is 

2HOOC.CHNH2.CHzS.SCHz CHNHI COOH + 5Tl,(S04), + 12H2O = 
4HCOC.CHNHz.CHiSOBH + 5T12SO4 + 10H2SOr 

and indicates that  5 gram-atoms of thallic are reduced as 1 gram-mole of 
cystine is oxidized. At 30°C. in 1 a$r sulfuric acid m-ith 0.0005 gram- 
atomic thallic sulfate and 0.001 X cystine, the value of the second-order 
constant for thallic reduction is KT1 = 23.3 gram-atoms per minute per 
liter; for cystine oxidation under the same conditions Key,. = 4.7 moleb 
per minute per liter. 

Since several second-order reactions are possible in the aeries leading 
from R-S-S-R to R-SO,H, the identification of a particular reaction 
i b  not possible with the data  a t  hand. However, tn-o reactions can be 
eliminated as being involved in the rate-controlling step with thallic salt 
as oxidant: the reaction of R-S-S-R with HzO to give R-SH and 
K--SOH, since this would result in the reaction being independent of the 
Concentration of the thallic salt; and the oxidation by thallic salt of R-SH 
fornied by hydrolysis, since this oxidation would probably not be a simple 
bimolecular reaction. The approximate constancy of K pseudo first order in a 
particular series and the lack of an appreciable effect upon the rate of reac- 
tion upon the addition of thallous salt practically eliminates the possibility 
that  the rate-controlling step involves a labile, reversible, electromotively 



:trtivp oxitiitt loll-reduction systciii (4, 5 )  c.oiiiposctl of iiitwnwtliate oxicln- 
tioil stages of  the sulfur compounds. 

The energy of activation, &, was found to be 24,200 calories at various 
:icidities. 

The oxidation of R-S-S-R to  R-S03H by various oxidizing agent\ 
is being studied in the hope of solving the problem of the mechanism of this 
complex oxidation. 

Thc autliors are indebted to Dr. 1'. A. Sliaffer for his many liclpful sug- 
gcstioiis and his coilstant interest in the work. 
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