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equation 1. From the fact that the niain wave
vielding the normal limiting current appears at
both types of electrode at considerably more posi-
tive potentials than the prewave, it is evident that
the film must break down at these more positive po-
tentials. It is of interest to note (Fig. 2) that this
breakdown potential is more positive at pH 5
than at pH 7, the reversible electrode reaction
also occurring at more negative potentials with
increasing pH. The breakdown potential, especially
at pH less than 5, is more positive when the polaro-
gram is run from negative to positive potentials
than in the opposite direction indicating that the
structure of the film is affected by conditions of its
formation.* Cysteine and its mercury compounds
are dipolar and oriented at the electrode. The
adherence of the film to the mercury surface there-
fore may depend on the charge of the electrode and
on the pH of the solution. Film formation is de-
creased by increasing temperature. No film forma-
tion and waves corresponding to a reversible one
electron reaction are observed at 80° both at C.M.E.
and the D.M.E. RSSR and TSST when present
at high enough concentrations appear to be stronger
adsorbed on mercury than HgRS and eliminate the
prewave at room temperature. Apparently the ad-
sorbed layer of disulfide is permeable to cysteine.
The thickness of the film of mercurous cysteinate
at the C.M.E. can be found from the dissolution
pattern. The number of HgRS molecules reduced
(see equation 1) from right to left can be calculated
from the quantity of electricity corresponding to
the area of the dissolution patterns (Table II).
From the known area of the electrode surface this
number was calculated to be 11.6 X 10 mole-
cules HgRS per cm.? of electrode surface and the
area occupied by one HgRS molecule is therefore
8.6 A.2. From the density of mercury, the effec-
tive area of the electrode and the assumption of
cubic structure of mercury the number of mercury
atoms on the surface of the electrode at 25° is cal-
culated to be also 11.7 X 10! atoms per cm.?, i.e.,
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one atom occupies 8.5 A.2. These results clearly
indicate that the film at the C.M.E. is composed
of a monomolecular layer of HgRS.

Attributing the prewave observed at the D.M.E.
also to an adsorbed film of HgRS, its thickness can
be calculated from the Brdicka!® relation

i = nFZAq

where ¢ is the current determined by the amount of
adsorbed substance, F the faraday, Z the maximum
number of adsorbed moles per cm.? and Ag the
average increase of the electrode surface per sec-
ond., Expressing the characteristics of the drop-
ping electrode m in g. per sec. and ¢ in sec., Ag is
given by
Ag = 0.85m*/st"/s cin.2/sec.

Taking for ¢ the value of the false diffusion current
(0.62 pa. at —0.2 volt, see Fig. 2B) measured in a
solution of a cysteine concentration greater than
2.5 X 10— M at pH 5.0 the value for Z was calcu-
lated to be 7.4 X 107! mole per cm.?or 4.4 X 10
adsorbed molecules per cm.?, a value which is
of the same order of magnitude as that (11 X
1014) calculated for the film at the CM.E. The
agreement between these figures is rather striking,
considering that the hydrodyuamic conditions
around the mercury are so different with both
types of electrodes. It is reasonable, then, to con-
clude that the film at both electrodes is composed
of a monomolecular layer of mercurous cysteinate
which becomes the seat of a high electrical resist-
ance.
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(10) R. Brdicka, Z. Elektrochem., 48, 278 (1942).
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In alkaline medinm (pH 1127 iron has 4 great effect on the polarographic reduction of cystine.  1n the presence of suf-
ficient irot1 ouly one wave of cystine is observed at fairly positive potentials which yields the normal diffusion curreut while
inn the abseuce of irou a relatively simall prewave followed by a drawn out reduction wave is found. The potentials of the
iron-catalyzed wave correspoud to a reversible one-electron reaction, although the over-all reduction involves two electrons.
The catalysis is explained bv the reaction: RSSR + Fe(1ll) — Fe(111) + RS' + RS- which is rapid and is followed by
polarographic reduction of RS' and Fe(1I1), of which the iron reduction is potential determining. An alternate mechanism
accounts equally for the experimental facts. The iron catalysis is eliminated by Versene and much pyrophosphate, but
tartrate has no effect. The oxidation potential measured at the dropping mercury electrode of the cystine—cysteine system
in the presence of iron does no longer correspond to the reaction RSSR + 2H* + 2e~ =2 2RSH.

wave of cystine. This effect has been studied in
greater detail and the results are reported in the
present paper. The first (prewave) of the double
wave of cystine at the dropping mercury electrode
in a pH range of 3 to 9 was found to be kinetic in

In studies of iron—~cysteine-cystine systems?it was
observed that iron increases the polarographic pre-
(1) Tohoku University, Sendai, Japan.

(2) X. Tanaka, 1, M. Kolthoff and W. Htricks, THis JoUurNaL, 77,
3080, 199G (1933).
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nature and to correspond to the over-all reversible
reaction®

RSSR + 2e~ 4 2H* > 2RSH (1)

in which RSSR denotes the cystine and RSH the
cysteine. The first step of the reaction was attri-
buted to an interaction between the mercury of
the electrode and adsorbed RSSR

RSSR + Hg . HgRS + RS = Hg(RS): (2)

In the presence of small concentrations of fer-
rous or ferric iron in alkaline medium the height of
the prewave of cystine increases and in the pres-
ence of sufficient iron attains a limiting value equal
in height to the diffusion current of cystine in the
absence of iron.

One possible explanation of this catalytic effect
is that ferrous iron catalyzes reaction (2) by rapidly
removing RS' according to the reaction

Fe(1l) + RS" —> Fe(111) + RS- (3)

The over-all reduction then occurs by the simul-
taneous reduction of Fe(IIT) and HgRS according to

Fe(I1I) + e~ < Fe(l1l; (4)
HgRS + e~ > Hg + RS- (3)
Another interpretation is that Fe(II) reacts rapidly
with RSSR at the surface of the electrode accord-
ing to
RSSR + Fe(ll) > RS + [e(I11) + RS~ (6)

followed by the reduction of Fe(III) (equation 4)
and RS’
RS + e~ —> RS- 7

It has been shown? that ferrous iron in alkaline
medium can reduce cystine. According to equa-
tion 4 ferrous iron is re-formed continuously and
thus can exert its catalytic effect. After presenta-
tion of the experimentally determined character-
istics of the catalvzed wave it will be shown that
equations 6, 4 and 7 as well as equations 2, 3, 4
and 5 quantitatively account for the experimental
facts.

Some data on the effect of iron on the polaro-
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Fig. 1.—Current-voltage curves of 5 X 10~¢ M cystine
(0.05 A borax, 0.1 M sodium tartrate, pH 9.2) in the
presence of: A, no iron; B, 2 X 10~ M Fe(1l); C, 5 X
10-8 A Fe(11); D, 1075 M Fe(ll); E, 107+ M Fe(ll);
F, 6.7 X 10~* M Fe(ll); G, C-V curve of 6.7 X 104 M
Fe(11) (0.05 M borax, 0.1 M sodium tartrate) in the absence
of cystine (---). Currents are corrected for residual.

(3) 1. M. Kolthoff, W. Stricks and N, Tanaka, Tuis Jourxar, 77,
3211 (1935).
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graphic reduction of dithiodiglycolic acid are also
given in the experimental part.

Materials and Experimental

All chemicals, instruments and experimental methods
were the same as those described previously.?

Characteristics of the Cyftine Wave in the Presence of

ron

Variation of Iron Concentration at Constant Cystine Con-
centration.—The effect of various concentrations of ferrous
iron on the current~voltage curve of 5 X 10~* M cystinein a
0.05 M borax buffer (0.1 M in sodium tartrate) is illustrated
in Fig, 1. Tartrate'was added in order to keep iron in solu-
tion at pH 9. Experiments at iron concentrations lower
than 5 X 10~% M in the absence and presence of tartrate in-
dicated that tlie iron catalysis is not affected by tartrate.
Even traces of ferrous iron increase the height of the pre-
wave, the increase being considerably less than proportional
to the iron concentration (see Fig. 1). When the concen-
tration is sufficiently large (6 X 10~¢ M in Fig. 1) the pre-
wave attains the height of the diffusion current of cystine and
only a single reduction wave of cystine is observed. The
prewave or the single wave is shifted to more positive poten-
tials as the iron concentration is increased.

The same results as in Fig. 1 were obtained with ferric
(up to 104 M) instead of ferrous iromn.

Figure 1 also shows the anodic and cathodic ferrous waves
in the presence and absence of cystine. The anodic as well
as the cathodic ferrous waves are shifted to more positive po-
tentials in the presence of cystine. The shift of the anodic
iron wave which cannot be explained by complex formation
with cystine is attributed to an effect of adsorbed cystine
which 1s strongly surface active and in solutions of pH 9 it dis-
places the electrocapillary maximum to miore positive po-
tentials. Several examples are found in the literature® of
the displacement of polarographic waves by strongly capil-
lary active substances. We found that thymol also shifts
the anodic ferrous wave to more positive potentials. For
example, the half-wave potential of 6.7 X 10~* A7 ferrous
iron in 0.05 M borax, 0.1 M tartrate and 10 =% / thymol was
found to be —0.22 volt as compared to —0.42 volt in the
absence of thymol. The cathodic ferrous wave which is
not affected by thymol will be dealt with below.

Variation of Cystine Concentration at Constant Iron Con-
centration.—At a ferrous iron concentration of about 7 X
10-¢ M and at cystine concentrations varying from 0.17 to
1.5 X 10-% M (pH 9.2) the appearance of the cystine wave
was found to be unchanged. From the data in Table 1 it is
seen that the height of the wave is proportional to the cys-
tine concentration while the half-wave potential is shifted
to more negative values with increasing cystine concentra-
tion.

TABLE 1
CURRENT AT —0.750 VOLT AND HALF-WAVE POTENTIAL OF
CvySTINE IN THE PRESENCE OF 6.7 X 10~ 1/ Fe(ll) 1~n
0.05 M Borax, 0.1 A Soprum TARTRATE (pH 9.2)

S, Pe(I1) vz v
M RSSR ua. i/c? S.C1
0.166 4.0 1.11 6.68 —0.572
0.50 1.23 3.32 6.64 —1{), 588
1.00 0.67 6.61 6.61 —).607
1.50 0.45 9.90 6.60 —0.616

a4i/c = pa./mmole/l. ? Corrected for iR drop.

Effect of pH.—Polarograms of 5 X 10~¢ A/ cystine in an
acetate buffer of pH 4.7 in the presence of 10~¢ M to 2 X
10-¢ M ferrous iron revealed that the cystine wave is un-
affected by iron at this low pH. The height of the prewave
in this medium was found to be 1.10 pa. (measured at —0.4
volt) in the absence and presence of ferrous iron.

Effect of Cysteine, Versene, Pyrophosphate in a Borax
Buffer of pH 9.2.—1n order to gain some further insight into
the mechanism of the iron-catalyzed electroreduction of cys-
tine the effect of these three compounds which form cou-
plexes with ferrous and ferric iron was investigated.

{(4) See 1. M. Kolthoff and J. J. Lingane, “Polarography’
science Publishers Tue, New York, N. Y., 1452, p. 558, 785,

Inter-
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The cystine wave obtained in a mixture of 5 X 1074 M
cystine, 1.02 X 10-3 M cysteine and 6.7 X 10~¢ M Fe(1I)
was equal in shape and height to that obtained in the ab-
sence of cysteine but its half-wave potential was shifted by
about 30 mv. to a more negative value. Polarograms were
also run of mixtures (borax-tartrate) of ferrous iron and
cysteine in the absence of cystine. While the anodic waves
in ferrous-cysteine-cystine and ferrous—-cysteine mixtures
were found to be badly distorted and not to give a well-
defined diffusion region, the cathodic ferrous waves obtained
from these mixtures appeared to be well-defined. Some
data on the iron reduction waves are listed in Table II.
1t is seen that the half-wave potential of the ferrous reduc-
tion wave in a tartrate-borax solution is about 100 mv.
more negative than that in the presence of either 10-3 M
cysteine or 5 X 1074 M cystine. The diffusion current of
the ferrous wave was found the same in the presence and
absence of cystine but larger in the presence of cysteine.
These data indicate that the height of the ferrous reduction
wave in the presence of cystine and absence of cysteine is
controlled by diffusion of the ferrous tartrate complex while
the potential corresponds to the reduction of the ferrous
cysteinate complex which is formed on the surface of the
electrode upon reduction of the cystine to cysteine.

TaBLE 11

HALF-wAVE POTENTIAL AND DirrusioNn CURRENT OF THE
Catnobpic FERROUS WAVE

0.05 M borax, 0.1 M sodium tartrate, 6.67 X 10-¢M

Fe(1I)
Concen, Conen. E1/2, Ve X
RSH, RSSR, vs. id, i/
M M S.C.E. pa, em®/yl/s
0 0 —1.52 3.42 2.24
1.02 X 10-3 0 —1.42 3.80 2.48
0 5.0 X 10—¢ —1.41 3.43 2.25

In the presence of 3.3 X 10-3 M Versene the catalytic
effect of iron at pH of 9.2 was found to be completely pre-
cluded. Thus at this Versene concentration a 5§ X 1074 M
cystine solution (0.05 M borax, 0.1 M tartrate) gave a pre-
wave of 0.92 ua. in the absence and presence of 2 X 10~ M
Fe(Il), as compared to 3.12 pa. at the same iron concen-
tration in the absence of Versene.

The halfwave potential of the composite ferrous—ferric
iron wave (4.8 X 10~¢ M in both Fe(1l) and Fe(I11)) in 4
X 10-3% M Versene (0.06 M borax, 0.1 M tartrate) in the
absence of cystine was found to be —0.234 volt, while the
ta/c-values of the anodic and cathodic iron waves were 3.27
and 3.16, respectively.

The effect of pyrophosphate was investigated in 5 X 10~¢
M cystine solutions in 0.05 M borax at ferrous iron concen-
trations varying from 2 X 10-% to 10~3 M and at pyrophos-
phate concentrations between 0.004 and 0.05 M. Qualita-
tively the effect of pyrophosphate was similar to that of
Versene, but considerably larger concentrations of pyro-
phosphate than of Versene are required to eliminate the iron
catalysis. For example, in a 5 X 10~¢ M RSSR solution
which was 2 X 10~¢ M in Fe(1I) the height of the prewave
was found to be 2.70, 2.08 and 0.91 pa. in the presence of
0.00, 0.004 and 0.05 M pyrophosphate, respectively. The
height of the uncatalyzed prewave (in the absence of iron)
was 0.78 ua. in the same media. While less than 3 X 10-3
M Versene was required to eliminate the iron catalysis, even
0.05 M pyrophosphate under the same experimental con-
ditions did not eliminate the iron effect completely.

A polarogram of a mixture of 5 X 10~¢ M Fe(II) and 5 X
10-4 M Fe(111) in 0.05 M pyrophosphate and 0.05 M borax
consisted of a steep composite wave with a fully developed
anodic wave (¢a/c = 2.85) and a small cathodic wave
(ta/¢ = 0.36) which was followed by a second drawn-out
wave. The sum of the two cathodic waves (ig/c = 3.00)
corresponded to the reduction of total ferric iron. The
half-wave potentials of the composite wave and of the second
cathodic wave were —0.395 and —0.815 volt vs. S.C.E.
Apparently more than one ferric iron pyrophosphate com-
plex of widely different stabilities coexist in the solution.

The Dithiediglycolic Acid Wave in the Presence of Iron.
—Some characteristics of the wave of dithiodiglycolic acid
(TSST) have been described previously.? Our present ex-
periments indicate a marked difference in the effect of iron
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on the cystine and TSST waves. In 0.05 M borax, 0.1 M
in KCI, the current-voltage curves of 5 X 10~4 M TSST
were practically unaffected by iron at concentrations up to
2 X 10-% M Fe(11), while 5 X 10~* M iron increased the
prewave of TSST from 0.08 pa. (in the absence of iron) to
0.24 ga. At the same iron concentration the cystine pre-
wave attained the height of the diffusion current. The
small effect of iron on the TSST wave was completely elim-
inated by TSH or tartrate, while cysteine and tartrate had
no such effect on the RSSR~Fe(Il) system.

Discussion

The fact that the prewave of cystine in the pres-
ence of sufficient ferrous iron attains a height which
is equal to the diffusion current of cystine in the
absence of iron and proportional to the cystine
concentration suggests that the iron-catalyzed
wave is controlled by diffusion of cystine and not
by that of a ferrous cystine complex. Other evi-
dence that under our experimental conditions no
complex of ferrous iron with cystine exists in the
solutions to any appreciable extent has been pre-
sented in a previous section.

A plot of log (4 — 4)/i% vs. E for the one-step
wave of 5 X 10~* M RSSR in the presence of
6.7 X 10~* M Fe(II) gave a straight line with a
slope of 0.035 and the plot of log 74/2 ws. E./, at
cystine concentrations given in Table I ([Fe(II)] =
6.7 X 10~* M) was also found to be a straight line
with slope of 0.059. These data indicate that the
potential of the cystine wave in the presence of iron
is determined by a reversible one-electron transfer
although the height is determined by an over-all
two electron reaction.

Considering equations 6, 4 and 7 it is reasonable
to assume that RS’ is being reduced much more
rapidly than the ferric iron which can only be in
the solution in the form of a complex. Reaction
(4) then would represent the potential-determining
reaction.

Both ferric iron and cysteine are formed at the
surface of the dropping mercury, the two com-

ponents forming a very strong complex.? The iron
reduction then may be represented by
Fe(RS™Y% + e~ = Fe(RS™): + RS~ (4a)

Assuming reversibility of equation 4a the potential
of the system is given by

E = E° + 00501 log K*®7% _ 00501 log [RS] (8)
Fe(RB7)2

where the K’s are the dissociation constants of the

ferric and ferrous cysteinates and E.° the standard

potential (40.529® volt vs. S.C.E.) for the couple

Fet+++ + e~ —_—> Fett

The value of £ can be calculated at a given cys-
teine concentration from the known dissociation
constants Krems—, = 8 X 1073% and Krerss, =
1.7 X 10722 and from the intrinsic dissociation
constants of cysteine,® The value of E is the same
for both the hydroxyl containing iron complexes
FeOH(RS™), and FeOHRS~ and for the complexes
Fe(RS—); and Fe(RS™),, the ratio of the dissocia-
tion constants of the two pairs of compounds being
practically the same.? Thus

(5) W. M. Latimer, ‘‘Oxidation States of the Elements and their
Potentials in Aqueous Solutions,”” Prentice~Hall, Inc.,, New York,

N, Y., 1952, p. 223.
(6) W. Stricks and I. M. Kolthoff, Tuis Journal, T3, 4569 (1051).
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—0.735 — 0.039! log {RS"] (9)

Mixtures which were 5 X 10-* 3 in RSSR,
10-3 M in RSH, 0.05 M in borax, 0.1 M in tartrate
and which were 6.7 X 10-* M and 2 X 10~% M in
ferrous iron gave only one reduction wave of cystine
with half-wave potentials of —0.63 and —0.60
volt and zero current potentials of —0.538 and —0.55
volt, respectively.

From equation 9 we calculate a half-wave po-
tential of —0.56 volt for a cysteine concentration of
10—% M, which is in reasonable agreement with the
experimental value of 0.60 for the above solution
with the larger iron concentration, the experimental
values becoming closer to the calculated ones as the
iron concentration increases.

In order to exert the catalytic effect the oxidation
potential of the iron in the system must be such that
reaction (6) can take place to an appreciable extent
and this reaction must be rapid. The half-wave
potential of the ferrous—ferric couple in Versene at
pH 9.2 is —0.234 volt while that of the couple in a
cysteine solution is —0.34 volt. The oxidation
potential of the system in the presence of Versene
is not negative enough to give any appreciable
reaction to the right in equation 6. The partial
elimination of the catalytic reduction in the presence
of much pyrophosphate appears to be attributable
to the same cause as in the presence of Versene.

Whereas in the absence of iron the reversible
oxidation potential corresponding to equation 1 of

E =
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the RSSR-RSH couple is measured at the dropping
electrode this should be no longer true in the pres-
ence of iron if our interpretation is correct. Actu-
ally the zero current potential of the couple was
found more positive in the presence than in the ab-
sence of iron. For example, in a mixture of 5X
10~* M RSSR and 10—* M RSH(pH 9) the zero
current potentials were found to be —0.614 and
—0.55 volt in the absence and presence of 2 X 10—*
M Fe(II).

Finally it should be mentioned that the sequence
of reactions (2), (3), (3) and (4) can account equally
well for the observed facts as reactions (6), (4) and
(7). Tt is difficult to develop experimental condi-
tions under which one sequence of reactions is con-
clusively favored over the other.

From the few experiments with dithiodiglycolic
acid in the presence of iron it is found that iron has
little effect on the prewave of this disulfide. The
small effect is eliminated by tartrate which has no
effect on the iron catalysis in the reduction of cvs-
tine. It might be inferred that reaction (6) with
TSST instead of RSSR does not occur or occurs
more slowly than with RSSR.
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The diastercoisomers (meso and racemic (d,7) forims ) of a,a’-dibromosuccinic acid have been electrolyzed at a niercury cath-
ode at controlled potentials over the pH rauge of 0.4 to 85. Fumaric acid was produced quantitatively from the meso form
at all pH levels. The racemic form was converted entirely to fumaric acid at low (below 0.4) and high (above 6.9) pH levels:
between these pH values, the cis-acid (maleic) also was formed, with a maximum yield (70 £ 3% of the products) at about
pH 4.0. Diethyl meso- and rac-dibromosuccinates gave only diethyl fumarate o1 electroreduction. The data are inter-
preted with regard to steric factors and the effect of pH on these factors. A mechanism capable of explaining the nature of
the reduction products produced by the elimination reaction is presented. Extended data on the polarographic behavior of

diethyl fumarate and maleate also are given.
compared.

Winstein, Pressman and Young? studied the
elimination of bromine from the 2,3-dibromobu-
tanes, using iodide ion as the reducing agent, and
found that the meso diastereoisomer formed 967
trans-2-butene while the racemic (d) isomer formed
019 cis-2-butene. These facts, together with the
observed second-order kinetics,*® were explained
by assuming that the bromine atoms are trans® to

(1) University of Michigan, Ann Arbor, Mich.

(2) (a) S. Winstein, D. Pressman and W. G. Young, THIS JoURKNAL,
61, 1645 (1939); (b) W. G. Young, D. Pressman and C. D. Coryell,
ibid., 61, 1840 (1939); (c¢) D. Y. Curtin, Record Chem. Prog., 15, 111
(1954); (d) J. IHine and W. H. Brader, THIS JoURNaAL, 77, 361 (1935).

(3) In using the term frans with regard to the relative position of
atoms or groups on two carbon atoms joined only by a single bond, we
mean that the groups in question will be in, or close to, positions in
which thev will have the maximum possible scparation from each
other. The term risis nsed in an oppasite sense.

Large scale and polarographic reductions of the compounds studied are

each other prior to reduction and that the dehulo-
genation process is initiated by the removal of onc
of the bromine atoms by combination with iodide
ion.?2  The mechanism of the iodide reduction was
considered to be a frontal attack on a bromine
atom by an iodide ion forming a negativelv charged
carbon atom (carbanion) and Brl. The free elec-
trons attack the carbon face opposite the remain-
ing bromine atom, freeing bromide ion with an in-
version of the carbon atom to form the olefin. In
actual reaction, both steps were thought to proceed
simultaneously.

The cis effect in elimination reactions and stereo-
chemical control of organic reactions has been re-
viewed recently.2e

In a polarographic studv of meset-q,a’-dibro.



