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TABLE VII 

CALCULATION OF THE CONCENTRATIONS OF FeOH(RS)8 ' ~ 

AND F e ( R S V - AND OF KvMK(RS),'- AND KFt(RB),'- IN 
AMMONIACAL CYSTEINATE SOLUTIONS OF TABLE V 

All figures are listed in the sequence corresponding to the 
exp. No. in Table V. 

Concn. of 
FeOH(RS)J* " 

X 10« M 

7.18 
4.96 
3.59 
5.17 
4.94 
4.78 
1.46 
1.42 
1.22 
0.40 
0.40 
1.43 
1.09 
0.87 
0.65 
0.215 

Concn. of 
Fe(RS)1*" 
X 10', M 

9.28 
7.26 
4.91 
6.93 
6.66 
5.99 
1.29 
0.88 
0.80 
0.16 
0.15 
1.27 
0.78 
0.56 
0.37 
0.071 

^FeOH(RS)I1 " 
X 10» 

1.0 
1.7 
2 .2 
1.3 
1.4 
1.5 
2 .5 
1.5 
2 .1 
2.1 
2.1 
2.4 
2.2 
2.2 
2.2 
2.6 

Mean 1.9 

K Fe(BS) i ! 

X 10«* 

1.6 
2 .5 
3 .3 
2 .0 
2 .1 
2 .3 
3.7 
2 .3 
3.2 
3.1 
3.4 
3.6 
3.3 
3.4 
3.3 
3.9 

2.9 

photometrically in ammoniacal Versenate solutions. 
In the calculation of the latter values the disso­

ciation constants of ferric Versenate complexes 
measured at 20° and 0.1 ionic strength were used 
instead of those at 25° and ionic strength 0.14-0.16 
in the present experiments. This may be partly re­
sponsible for the fact that one set of values is about 
ten times greater than the other set. The main 
source of the difference in the two sets of values 
probably is the uncertainty in the solubility product 
of ferric hydroxide which is involved in the calcu­
lation in Table VII. The value of the solubility 
product depends upon the method of preparation 
and the age of the precipitate—using a value of 1 X 
10 -38 for SFe(OH)i(s) reported by Jellinek and Gor­

don19 yields 3 X 10~3 4for the value of KVeQHiRSh'-
and 5 X 10 -33 for that of î Fe(RS).*-. These are in 
better agreement with the constants calculated 
from the experiments with Versene than the con­
stants calculated with a solubility product of 6 X 
10-38. As probable values we propose 

X F 0 O H ( R S ) , * - = 5 X 1 0 - " 

^Fe(RSh*- = 8 X 10 ~33 

Schubert6 postulated a dimer formula {FeOH-
(RS)2J2

4- for the ferric-cysteinate complex. The 
diffusion coefficient of the ferric-cysteinate com­
plex in solutions of ionic strength 0.12-0.31 contain­
ing no gelatin was extrapolated to be 5.7 X 1O-8 

cm.2 sec. -1, which is of the same order as that of 
cystine,20 and also of that of iron(III)-Versenate 
complex, FeY(OH)=- (5.4 X 10 - 8 cm.2 sec.-1).21 

This strongly suggests that the complex is a mono­
mer. 

In studies of the ferric-thioglycolate complex 
Leussing and Kolthoff7 concluded that the predomi­
nant species was FeOH(TS)2 similar to one of the 
ferric-cysteinate complexes postulated in the pres­
ent study. Recalculating the dissociation con­
stant of the thioglycolate complex7 yields a value 
of 9.4 X 1O-33. This value was obtained in ammo­
niacal buffers and is based on a solubility product of 
ferric hydroxide of 6 X 10-3S. Comparison with 
1.9 X 1O-33 of the corresponding ferric-cysteinate 
complex, FeOH(RS)2

2-, indicates that the stability 
of both complexes is of the same order of magnitude. 
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Upon addition of ferrous iron to an air-free ammoniacal solution containing cystine and cysteine some ferrous iron is 
oxidized by cystine to a violet ferric cysteinate complex. From spectrophotometric determinations of the ferric complex 
the equilibrium constants for the reactions 2Fe(II)(RS)I" + "RSSR" r± 2Fe(I I I ) (RS)! - and 2Fe + + 4- ± R S S R ± + 
2 H + <=± 2Fe + + + + 2RSH ± were calculated to be equal to 2.5 X 1O -3 and 5.3 X 10"" , respectively, at 25°. From the 
latter value the oxidation potential of the cystine-cysteine system was calculated to be +0.08 volt vs. N.H.E. at 25°. 

In a study of ferrous- and ferric-cysteine com­
plexes2 we observed the development of a violet 
color upon addition of an air-free ferrous iron solu­
tion to an air-free ammoniacal mixture of cystine 
having a large concentration in cysteine. On stand­
ing the color intensity increased to a constant value. 
Other conditions being the same the color became 

(1) On leave of absence from Tokyo University, Japan. 
(2) N. Tanaka, I. M. Kolthoff and W. Stricks, THIS JOURNAL, 

1996 (1955). 
77, 

more intense with increasing cystine concentration. 
Spectrophotometrically the color was found to be 
similar to that of ferric cysteinate which is formed 
on the addition of ferric iron to a cysteine solution.2 

These observations indicate that under proper 
experimental conditions cystine can oxidize fer­
rous cysteinate to the ferric complex. Our observa­
tions are at variance with those of Michaelis and 
Barron3 who found no indication for the oxidation 

(3) L. Michaelis and E. S. G. Barron, J Biol. Chem., 83, 191 (1929). 
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of ferrous cysteinate by cystine while cobalto cys-
teinate could be oxidized under their experimental 
conditions. 

In the present study the equilibrium constants of 
the reactions 

2 F e ( I I ) ( R S ) I " + - R S S R -

a n d 

2 F e + + + ± R S S R ± + 2 H + ; 

. 2 F e ( I I I X R S ) I - (1) 

. 2 F e H + 2 R S H ± 
(2) 

were calculated from concentrations of the ferric 
complex measured spectrophotometrically in air-
free ammoniacal solutions containing varying con­
centrations of the ferrous complex, cystine and un-
combined cyteine. From the equilibrium constant 
of reaction (2) the oxidation potential of the cys­
tine-cysteine system 

±RSSR± + 2H+ + 2e~ ̂ ± 1 2RSH ± (3) 
was calculated. This method provides a chemical 
measurement of the equilibrium constant of this re­
action. 

Experimental 
T h e op t ica l d e n s i t y a n d t h e pH of t h e air-free r eac t ion 

m i x t u r e s were d e t e r m i n e d in a s imilar w a y as descr ibed p r e ­
v ious ly . 2 T h e op t ica l d e n s i t y ( ex t i nc t i on ) w a s m e a s u r e d 
wi th a B e c k m a n s p e c t r o p h o t o m e t e r m o d e l D U a t a slit 
w i d t h of 0 .035 m m . a t 580 m,u a n d a t 2 5 ° . T h e l eng th of 
t h e l ight p a t h ( a p p r o x . 1 c m . ) was ca l ib ra ted b y m e a n s of a 
s t a n d a r d cell of k n o w n l e n g t h . T h e va lues of t h e op t ica l 
d e n s i t y a r e referred t o a l ight p a t h of 1.000 c m . 

S t o c k so lu t ions of s o d i u m h y d r o x i d e , a m m o n i a a n d a m ­
m o n i u m n i t r a t e were 0 .8 M in N a O H , 4 M in N H 8 a n d 1 M 
in NH4NO3, r e spec t ive ly . T h e s tock so lu t ion of ferrous 
chlor ide which was p r e p a r e d as descr ibed p rev ious ly 2 was 
0 .5 M in ferrous i ron . 

All m e a s u r e m e n t s were car r ied o u t in a m m o n i a buffers of 
pK of a b o u t 10. A p p r o p r i a t e v o l u m e s of s tock so lu t ions of 
a m m o n i u m h y d r o x i d e , a m m o n i u m n i t r a t e , sod ium h y d r o x ­
ide , 4 d is t i l led w a t e r and a weighed a m o u n t of cys t ine 
( M e r c k r e a g e n t p r o d u c t ) were p laced i n to a n a b s o r p t i o n 
cell a n d t h e so lu t ion m a d e air-free w i t h n i t r o g e n . T o t h i s 
so lu t ion was a d d e d a weighed a m o u n t of cys t e ine h y d r o c h l o ­
r ide (P fans t i eh l C P . p r o d u c t ) , w h e r e u p o n t h e cell w a s 
sealed a n d t h e pa s sage of n i t rogen c o n t i n u e d for a b o u t 40 
m i n u t e s in o rde r t o r e m o v e t r a c e s of o x y g e n . N o w a g iven 
v o l u m e of a n air-free s tock so lu t ion of fer rous chlor ide was 
in jec ted i n t o t h e m i x t u r e wi th t h e a id of a sy r i nge . Af ter 
t h e i ron a d d i t i o n t h e m i x t u r e is colorless a n d t u r n s violet 
on s t a n d i n g . T h e cells were k e p t in a t h e r m o s t a t a t 2 5 ° 
a n d t h e a b s o r p t i o n of t h e so lu t ion was m e a s u r e d a t va r ious 
per iods of t i m e un t i l a c o n s t a n t v a l u e for t h e op t ica l den ­
s i ty was o b t a i n e d . I n all e x p e r i m e n t s equ i l ib r ium was a t ­
t a ined wi th in 20 hou r s a f te r t h e in ject ion of t h e ferrous solu­
t i o n . E x p e r i m e n t s wi th so lu t ions of v a r i o u s in i t ia l concen­
t r a t i o n s of R S H , R S S R a n d F e ( I I ) h a v e been car r ied o u t . 
T h e de ta i l s of t he se e x p e r i m e n t s a r e g iven in T a b l e I . 

T A B L E I 

O P T I C A L D E N S I T Y O P A M M O N I A C A L M I X T U R E S O P C Y S T I N E , 

C Y S T E I N E A N D F E R R O U S I R O N 
Concn. of 

Fe(III) 
* Component added,0 M % Optical complex 
[RSH]t [RSSRJt [Fe]t i>H density X 10', M 

0 . 0 9 9 8 0 . 0 0 4 7 4 0 . 0 2 0 1 1 0 . 1 2 0 . 2 9 9 0 . 9 8 
. 0982 .01013 .0201 1 0 . 1 7 .428 1.40 

.1030 .0251 .0201 1 0 . 0 8 . 656 2 . 1 5 

. 1201 .01010 .0302 1 0 . 0 7 . 637 2 . 0 9 

. 1 4 9 5 .01025 .0201 1 0 . 0 3 . 416 1.36 
4 AU m i x t u r e s w e r e a p p r o x i m a t e l y 1 M in a m m o n i a a n d 

0.1 M in a m m o n i u m n i t r a t e . 

(4) Approximate amount of sodium hydroxide required to neutral­
ize the hydrochloric acid in cysteine hydrochloride and to form the 
ferrous cysteinate complex. 

Equilibrium Constant of Reaction (1).—Under 
our experimental conditions ferric cysteinate was 
present only as Fe(RS)I -.2 The predominant fer­
rous complex was Fe(RS)I - while FeOHRS -

amounted to only 5-10% of the total concentration 
of ferrous iron. The equilibrium concentration of 
ferric cysteinate was calculated from the optical 
density and the molar extinction coefficient of ferric 
cysteinate (3.05 X 103 M~l cm. - 1 at 580 m/j,).2 The 
concentration of the ferrous cysteinate Fe(RS)I -

was calculated by making use of the following 
equations 
[ F e O H R S - ] 4- [ F e ( R S ) 2

2 " ] + [ F e ( R S ) 3
3 - ] = [Fe ] , (4) 

[ F e O H R S - ] + 2 [ F e ( R S ) 2
2 - ] + 3 [ F e ( R S ) 3

3 - ] + 
[ R S H ] = [ R S H ] , (5) 

Introducing the dissociation constants of FeOHRS -

and Fe(RS)I - and the acid constants of cysteine 
(Kc, Ku),1 eq. 4 and 5 were rearranged 

[ N H 2 R S - C O O - ] 2 + [ N H 2 R S - C O O - ] j - + 

?!Lpi} +1 ̂  = O (4') 

[ F e + + ] = 
J [ N H 2 R S - C O O - ] + I j [ N H 2 R S - C O O - ] 2 (5') 

where 

f = 
K, 

•KFeOHRS" X GlH+ 

V = X 

X 
7Fe++ X ^NHiRS-CO-

TFeOHRS" 
• + X TNHIRS-COO-

-STFe(RS)]*" "" TFe(RS)!1" 

a = [ F e ] , - [ F e ( R S ) 3
3 - ] 

b = [ R S H ] , - 3 [ F e ( R S ) 3
3 " ] 

_ . , OH+ y. T N HJRS-COO' . Og^ y TNHiRS-C0Q-

TNHI + RS"COO- KD TNHIRSHCOO -

The concentration of Fe(RS)I - can now be calcu­
lated from 

[Fe(RS)2
2-] = ,[Fe + +] [NH2RS-COO-]2. 

The values of -KpeOHRS- = 1.7 X 10-13, XFe(RS),-
= 1.7 X 10-12, Kc = 3.6 X 1O-11 and Kv = 3.1 X 
10 -11 were given in a previous paper.2 The values 
of the ionization constants of cystine ^iC3(NH3

+) = 
8.00 and ^X4(NH3

+) = 10.25 were taken from Bor-
sook, et al.b The activity coefficients were esti­
mated in the same way as described previously.2 

The values of the equilibrium constant of reac­
tion (1) 

K = 
O2Fe(IH)(RS)I8- (6) 

0'Fe(IIHRS)I*- X a-RSSR-

and the concentrations of the ferrous and ferric 

T A B L E I I 

E Q U I L I B R I U M C O N S T A N T K I N E Q U A T I O N 6 

Concn. of 
Fe(II)- Fe(III)-
(RS): ' - (RS)i*- -RSSR-
X 10!, X 10', X 10', K 

M M M n Ti" Ti" y" X10' 

1 .81 0 . 9 8 0 . 3 0 8 0 . 4 4 0 . 5 7 0 . 2 2 5 0 . 0 5 7 2 . 7 

1 .79 1.40 0 . 6 8 5 .44 . 57 . 2 2 5 .057 2 . 5 

1.81 2 . 1 5 1 .59 . 50 . 56 . 22 . 053 2 . 3 
2 . 7 1 2 . 0 9 0 . 6 3 2 . 5 3 . 5 5 . 2 I 5 .052 2 . 6 

1 .89 1 .36 0 . 6 2 5 . 5 7 .545 . 2 1 .050 2 . 3 

M e a n 2 . 5 
0 Ti, 7«, Ta refer t o a c t i v i t y coefficients of m o n o - , d i - a n d 

t r i v a l e n t ions , r e spec t ive ly . 

(5) H. Borsook, E. L. ElHa and H. M. Huffman, J. Biol. Ckem., 117, 
281 (1937). 
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complexes in various equilibrium mixtures are 
listed in Table II. 

Oxidation-Reduction Potential of the Cystine-
Cysteine System.—In order to find the oxidation-
reduction potential of the cystine-cysteine system, 
the equilibrium constant of reaction (2) 

K = a'Fe*- X 
(7) 

C2Fe++ X fliRSSE* X (I2H+ 

was first calculated. The concentration of ferrous 
ion obtained from equation 5' was multiplied by 
the appropriate activity coefficient to yield ape + r. 
The activity of ferric ion was calculated from the 
dissociation constant of ferric cysteinate2 Fe(RS)I -

(K = 8 X 10-38) and from the activity of NH2-
R S - C O O - ion. The concentration of this ion was 
obtained from equation 4'. The results are sum­
marized in Table III. 

TABLE II I 

CALCULATION OF EQUILIBRIUM CONSTANT K IN EQUATION 7 

3>H 

10.12 
10.17 
10.08 
10.07 
10.03 

OFe++ 
X 1 0 " 

2.79 
2.64 
3.04 
5.20 
1.30 

OFe t + t 

X 10« 

0.368 
0.476 
0.890 
1.07 
0.146 

ORSH+-
X 10« 

3.66 
3.02 
4.21 
4.07 
8.07 

a 1RSSR* 
X 105 

0.707 
1.24 
4.34 
1.76 
2.03 

Mean 

K 
X 1 0 " 

5.9 
5.1 
5.1 
5.5 
4 .8 

5.3 

The values of AF" and E° for the reaction of eq. 2 
were calculated to be 

AF> = 32 kcal. 
£° = -0.69 volt (vs. N.H.E.). 

This value of E0 with the oxidation potential of 
the couple 

Fe + + -J-+ Fe + + + + e", (-0.771 volt vs. N.H.E.)8 

yields a standard oxidation potential of the reaction 
±RSSR± + 2H+ + 2e~ Z^2l 2RSH ± (3) 

of +0.08 volt vs. N.H.E. 
Borsook, et al.,b determined the heat of combus­

tion of cystine and cysteine, and from their results 
calculated an oxidation potential of +0.025 volt vs. 
N.H.E., while a value of +0.096 volt was calculated 
from thermal data of Becker and Roth.7 These val­
ues compare favorably with our value of 0.08 volt 
and thus substantiate the assumptions made in the 
calculation of the dissociation constants of ferrous 
and ferric cysteinates.2 Table IV lists values re­
ported in the literature of the oxidation potential 
of the cystine-cysteine system at a pH 7. 

(6) W. M . L a t i m e r , " O x i d a t i o n P o t e n t i a l s , " 2nd ed. , P r e n t i c e - H a l l , 
Inc . , N e w York , N . Y. , 19S2, p . 223 . 

(7) G. Becker a n d W. A. R o t h , Z. physik. Chem., 169, 287 (1934). 

TABLE IV 

T H E OXIDATION POTENTIAL AT 25 

CYSTINE + 2 H + + 2 e " ^ Z 

M e t h o d 

P o t e n t i o m e t r i c , ca thodica l ly p re -
t r e a t e d m e r c u r y e lect rode in 
cys t i ne - cys t e ine sy s t em 

P o t e n t i o m e t r i c , p l a t i n u m elec­
t rode in c y s t i n e - c y s t e i n e -
iodide sys tem 

T h e r m a l d a t a 
T h e r m a l d a t a 

Eo' a t 
pn 7.0 
a t 2 5 ° , 
vol t vs. 
N . H . E . 

- 0 . 3 3 
- .33 

- .15 
- .35 

0
 AT pK 7.0 FOR: U 

_ 2 / - C Y S T E I N E 

I n v e s t i g a t o r s 

Ghosh , R a y c h a n d h u r i and 
Ganguli8-3 

Green 1Q 

R y k l a n a n d Schmid t 1 3 

Borsook, Ellis and Huff­
man 5 

E q u i l i b r i u m c o n s t a n t for: 

F e ( I I ) c o m p l e x -\- cys t ine ̂  

F e ( I I I ) complex 

Calcd . from c o m b u s t i o n 
d a t a of Becker and Ro th 7 

. 33 Th i s p a p e r 

Potentials measured at the mercury electrode 
under conditions described by Ghosh, et a/.8'9 and by 
Green10 are in good agreement with the values ob­
tained from combustion data6'7 and with our data. 
This indicates that under proper conditions the 
mercury electrode can give potentials corrrespond-
ing to the equilibrium in equation 3. 

Potential measurements at platinum electrodes 
(potentiometric titrations of cysteine with oxidiz­
ing agents)11-14 apparently do not give correct 
oxidation potentials of the system. It was stated 
by Barron16 that platinum is not a reliable indicator 
electrode in the cystine-cysteine system. Fruton 
and Clarke19 measured the oxidation potential 
colorimetrically, using dyes of known oxidation-
reduction potentials. The large deviations (170 
millivolts) of their values from those obtained from 
thermal data and our value are unexplained. In 
the method used in this paper the actual oxidation-
reduction equilibrium of the system was measured. 
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