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CHAPTER I
INTRODUCTION

This thesis is concerned with cobalt complexes of hexanethiol, 3~
mercaptopropionic acid, and cysteine. Stqdy of these complexes was
undertaken to learn more about sulfur as a donor atom and to ascertain
some of the factors involved in the reduction of molecular oxygen by
cobalt(II)-cysteine complexes. This reduction reaction may be akin to
those occurring in living organisms and consequently is of considerable
interest.

The experimental data obtained in the past several years have made
it possible to correlate the relative donor properties of many atoms.
Group V and VII atoms are now fairly well characterized; but the behav-
ior of the elements of Group VI is complex, and more data are needed to
systematize the coordinating ability of atoms in this group (1).

Of the Group VI atoms, oxygen is the most thoroughly studied, and
the chemical literature contains many references to coordination com-
pounds in which oxygen is a donor, In contrast, relatively few studies
have been made of ligands which form metal complexes by coordination
through sulfur.

Formation of a coordinate bond involves the "dopation" of a pair
of electrons from a ligand atom to a metal cation. The extent of elec-
tron transfer depends mainly on two factors, the ionic potential of the

cation, and the polarizability of the anion (2). As each of these



factors increases, so must the negative charge accumulating on the
cation. The sulfur atom is readily polarizible, and, as a result, it
forms quite stable complexes with metals having highly positive elec-
trode potentials, i.e. metals which can accept considerable amounts of
negative charge. Cobalt(III) is a good electron acceptor since its
electrode potential is +0.43 volts (calculated from oxidation potentials
given by Latimer (3)).

Sulfur has other properties that make it an interesting donor.
Since vacant d-orbitals are present, non-bonding d-electrons from the
cation may be transferred to the ligand with reduction of the excess
charge on the metal, This ''back coordination'" can lead to stabilization
of the complex and to formation of double bonds.

A striking example of such bonding is found in the metal carbonyls,
such as Fe(CO)5 (1). For these compounds, structures can be written
involving many dative bonds from the ligands to the metal, but they
correspond to molecules with such large accumulations of negative charge
on the metal atom that they cannot be taken seriously. However, it is
now generally accepted that ''back coordination'" of non-bonding d-
electrons on the metal to m antibonding orbitals on carbon and oxygen
relieves the excess charge on the metal (4). In this way, stable mole-
cules are formed. In the case of sulfur, dTT orbitals act as acceptors.,

Perhaps the most distinguishing property of sulfur as a donor is
that it can, and many times does, form a 'bridge'" between the metal
ions in poly-nuclear complexes. These bridges have been shown to be
considerably more stable than halide 'bridges' (5).

The simplest sulfur-containing ligands are the aliphatic mercaptans,

such as ethanethiol; except for cysteine and 3-mercaptopropionic acid,



the literature references given here pertain exclusively to coordination
compounds which involve these simple aliphatic mercaptans as donors.
That mercaptans form salts with metals has been known since their
discovery by Zeise in the early 19th century (6). The early workers in
this field described these materials as simple salts (6), which in some
instances they probably are; but it has been shown more recently that
coordination compounds also are formed. The most notable example is
reported by Jensen (7), who prepared an insoluble polymeric complex
from ethanethiol and nickel(II), to which the following structure was

assigned [Et = CEHE]:

t t

OO

t t

This is the only complex compound found in the literature in which a
mercaptan is the sole ligand. However, some mixed-ligand complexes of

the type [R = P(cnacnec%)a, Et = CQHS]:

t
el e
cl R
Et

have been prepared and their isomerism studied (5,8,9).
As a ligand, 3-mercaptopropionic acid has received some attention.
Fernando and Freiser (10) considered using this thio-acid as an analyt-

ical reagent for various metals. Spessard (1l) prepared and measured



the visible and ultraviolet spectrum of hydrogen tris(3-mercaptopro-
pionato)cobaltate(III).

Another sulfur-containing ligand of great interest is cysteine,
HSCH2CH(NH2)COOH, which will hereafter be designated by the abbreviation,
HScyH. Cysteine has one basic and two acidic groups, all of which might
conceivably take part in complex formation; since steric strain makes
their simultaneous coordination impossible, isomeric complexes may be
formed involving 0-S, N-S, or N-O chelation.

Study of chelates formed by this naturally occurring amino acid
provides information concerning metal-sulfur bonds. Another interesting
problem is the rapid reaction of cobalt(II) and cysteine with gaseous
oxygen. The reduction of gaseous oxygen by certain compounds provides
the energy used for the performance of most human activities and for
the very maintenance of life processes in most organisms. These re-
actions usually involve complex mechanisms and occur slowly unless cat-
alyzed. A better understanding of this biologically important reaction
is desirable. Knowledge of the process of transferring electrons to
oxygen may be gained by investigating the cobalt-cysteine-oxygen system.

Michaelis and co-workers (12,13,14) first investigated the cobalt-
cysteine-oxygen system. Working in the pH range 7.5-8.5, they observed
that: (1) cobalt(II) and cysteine reacted with oxygen to form a brown
product, the amount of which apparently increased with cysteine/cobalt
ratio up to a value of about 3; (2) with excess cysteine, one atom of
oxygen was consumed per cobalt ion; (3) with excess cobalt (i.e. at
ratios less than 3) one atom of oxygen was consumed per molecule of
cysteine; and (4) chelation took place through the carboxyl and sulfhy-

dryl groups. On this basis, it was proposed (14) that the brown product



was a cobaltous cysteine-cystine complex formed according to the

equation:

(1) ocot? 4 6HScyH + 0, —> 2[Co(S<:y)(cys-Scy)]'2 + 2H,0 + 8H+1.

While the experimental data of Michaelis and co-workers has been con-
firmed by others (15), this formulation of the brown product is contro-
verted by all subsequent evidence and is untenable in the light of
present knowledge.

Kendall and Holst (15), working at pH 7.k, found that a brown
cobalt(III)-cysteine complex could be formed from two moles of cysteine
and one cobalt ion. In addition, some cystine was formed along with
the brown complex; their oxygen consumption data were consistent with
those of Michaelis and his co-workers. It is interesting to note that
Kendall and Holst thought all three groups of cysteine were coordinated
to cobalt, The brown product was formulated as [Co(Scy)z]-{ and the
following oxidation scheme was proposed:

(2a) 3[Co(Scy)2]-2 + oxidant —> 2[Co(Scy)3]-3 + Co™®

(2b) [Co(Sey)y]™> —> [Co(sey), 1" + (sey)™

(2¢) 2(Scy)-2 + oxidant > [cyS-Scy]-2

+2

(24d) 2(Scy)-2 + Co > [Co(Scy)Q]-E.

The relative importance of reactions 2c and 2d depended on the oxidizing
agent and the conditions. For example, with indigo disulfonate, no
cystine and the maximum amount of brown complex were formed, whereas
with oxygen, some of both products were formed. The following equations

represent the concurrent over-all reactions:
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(3) u[c°(5cy)2]‘2 + 0, + 20,0 —> u[CO(SCy)E,]‘l + LOH

2

(4) LHScyH + 0, > O2HcyS-ScyH + 2H,0.

This formulation of the brown complex was confirmed by Schubert
(16,17), who isolated a brown complex of empirical formula
H[Co(Scy)E]-h.Sﬂzo by acidifying the solution obtained from cysteine,
cobalt, and oxygen at pH 8.0. Schubert (18) did not believe that
Kendall and Holst's mechanism was correct and suggested that brown
[Co(Scy)Q]-1 was formed from the corresponding cobaltous complex,
[Co(Scy)2]-2. It should be noted that Schubert's experiments were con-
ducted at a much higher concentration than the earlier investigations.

In the pH range 11-12 from oxygen, cysteine, and cobalt with
cysteine/cobalt >3, Schubert (17) obtained a green cobaltic triscystein-
ate which was isolated as the potassium salt, K3[Co(Scy)3]°3H20. This
material was stable only at pH values greater than 10. At lower pH
values, Schubert reported that it decomposed to a brown cobaltic bis-
cysteinate and cysteine.

At pH 5, Schubert was able to isolate a red complex having the
empirical formula H3[Co(Scy)3]'hH20. This material was isomeric with
the green triscysteinate formed at pH 11-12,

Schubert suggested that chelation in all these compounds took place
through the carboxyl and sulfhydryl groups, with the amino groups re-
maining uncoordinated. It is important to note that despite Schubert's
thorough preparative work, he did not report the isolation of a co-
baltic monocysteinate.

Neville (19) showed, in conditions similar to those employed by

Schubert, that the amount of oxygen absorbed was 0.5 atom per cobalt



ion, and that the same stoichiometry also applied at pH 7.8 and lower
concentrations (ca. 0.015-0.01 M cobalt) for cysteine/cobalt ratios up
to 3. At higher ratios, more oxygen was consumed.

Neville and Gorin (20) demonstrated by cryoscopic techniques that
the brown cobaltic biscysteinate was mononucleate. Furthermore, they
investigated the complexes of cobalt with 2-aminoethanethiol, which is
structurally similar to cysteine, and found that these complexes have
ultraviolet and visible spectra very similar to those of cobalt and
cysteine. Since only sulfhydryl-amino coordination is possible in the
case of 2-aminoethanethiol, Neville and Gorin concluded that N and S
were the donor atoms in the brown cobaltic biscysteinate. This conclu-
sion is open to some criticism, but Neville (21) obtained further evi-
dence in support of this hypothesis. Mercapto compounds not containing
an amino group either did not form complexes or gave ones with greatly
different spectra.

Gorin and co-workers (22) have recently reported on an investiga-
tion of some cobalt(III) complexes of cysteine. The triscysteinato-N,S-
cobaltate(III) anion, hydrogen triscysteinato-0,S-cobaltate(III) and
hydrogen biscysteinato-N,S-cobaltate(III) were discussed with respect
to acid-base properties, spectra, and structures. The related complexes,
hydrogen tris(3-mercaptopropionato)cobaltate(III) and tris(2-aminoethane-
thiolato)cobalt(III) were also discussed and compared to the cysteine
complexes.

Spessard (11) has made a preliminary study of the ion-exchange
behavior of cobalt(III)-cysteine complexes. He concluded that cis and
trans diaquo isomers could be separated using ion-exchange techniques.

Since, as shall be shown, cobalt(II) complexes are involved in the



reaction of cobalt-cysteine systems with oxygen, brief reference should
be made to what is known about them. Schubert (16,17) was able to pre-
pare and isolate three complexes, containing one, two, and three mole-
cules of cysteine per ion of cobalt(II). The green cobaltous
monocysteinate was formed directly from cysteine and cobaltous ion at
pH 7-8. This complex was described as a grass-green, water insoluble
dimer with the formula [C02(Scy)2]-hH20. In dilute base and in the
absence of oxygen, half its cobalt was deposited as cobaltous hydroxide,
and a cobaltous biscysteinate was formed. The green cobalt(II) bis-
cysteinate was formed at pH 11-12 by direct reaction of cobalt(II) and

cysteine., Schubert reported its formula to be KE[Co(Scy)e(HEO) He

]
2°°
considered the possibility that the cobalt monocysteinate was the cobalt
salt of the biscysteinate. At very high pH (ca. 11-12) and a 3 to 1
or greater ratio of cysteine-cobalt, Schubert isolated a violet cobal-
tous triscysteinate. It was formulated as Ku[Co(Scy)3]°hH20.

Albert (23) investigated the formation of cobalt(II)-cysteine
complexes by the pH titration method of Bjerrum (24,25) and calculated
8.8 16.2
values of 10 and 10 for the stability constants of the 1:1 and
2:1 complexes, respectively. However, Albert reported that the forma-

tion curve was of '"good symmetry'" only up to an @i of 1.4. Hence the
reported stability constants must be accepted as only approximate.

As has been stated, the research work reported in this thesis deals
with cobalt complexes of hexanethiol, cysteine, and 3-mercaptopropionic
acid. The first section is concerned with the red complexes which have
hexanethiol, cysteine, or 3-mercaptopropionic acid as the ligand molecule.

The conditions for preparation of these complexes are described, and

the results of studies on some of their physical properties, such as



molecular weight, viscosity and solubility are reported. Also reported
are ultraviolet, visible, and infrared spectral data. The results
indicate that the complexes are polymeric and that, in the case of
cysteine and 3-mercaptopropionic acid, only sulfhydryl coordination is
involved. This conclusion is at variance with previous reports which
describe these complexes as involving oxygen-sulfur coordination (22).

The second section describes work done on the mechanism of the
reaction of cobalt(II)-cysteine systems with oxygen. Spectral data are
reported for various cobaltous and cobaltic cysteinates. The complexes
which exist in the absence of oxygen depend quite strongly on pH, con-
centration, and cysteine/cobalt ratio. The effect of each of these
variables has been investigated. Low pH favors the simplest complex
[Co(Scy)], while high pH favors the complex [Co(Scy)3]-h. The course
of the air-oxidation of cobalt(II)-cysteine solutions is also quite
sensitive to the above-mentioned variables. This phenomenon has been
investigated and, based on the results obtained, a new mechanism is pro-
posed for the reaction of oxygen with cobalt(II)-cysteine systems. The
proposed mechanism accounts for the formation of cystine in some condi-
tions by postulating a catalytic cycle involving cobalt. This mechanism
is distinctly different from that proposed heretofore (15). The need
for working in air-free conditions led to the development of numerous
specialized techniques which are described.

The final section of this thesis is concerned with the nature of
cobalt(III)-cysteine complexes which involve nitrogen and sulfur as
donors, It has been established that the oxidation of cobalt(II)-
cysteine mixtures can give rise to a mixture of products (11), but their

exact nature is not known. The mixture of products may contain
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‘geometrical isomers which would be difficult to separate. These
products have been investigated using ion-exchange chromatographic
techniques, and some progress has been made in identifying them. The
brown cobaltic biscysteinate formed at pH 8.0 is a trans-diaquo isomer,
while the decomposition product of cobaltic triscysteinate is a cis-
diaquo isomer of cobaltic biscysteinate. The rate of reaction of these
isomers with cysteine in various conditions of pH has been studied.
Also the conversion of the cis-diaquo to the trans~diaquo isomer has
been investigated. Finally, an uncharged, brown binucleate complex was

formed in some conditions, and its character is reported.



CHAPTER II

PREPARATION AND PROPERTIES OF COBALT(III) COMPLEXES
INVOLVING SULFHYDRYL COORDINATION

Results and Discussion

From cobalt(II); cysteine, and oxygen in concentrated solution at
approximately pH 5, Schubert (16) prepared a deep-red complex having
the formula H3[Co(Scy)3]'hH20. This complex has been named hydrogen
triscysteinato-0,S-cobaltate(III) by Gorin and co-workers (22). Here,
for brevity, the red complex will be called R-TRIS.1

It is of interest to determine what groups are coordinated to the
cobalt ion in R-TRIS. Schubert thought it likely that the carboxyl and
sulfhydryl groups were involved. Neville (26) prepared a complex from
N-formylcysteine which had a spectrum in the region 200 to 600 my very
similar to that of R-TRIS, and, on this basis, he proposed that chelation
involved the sulfhydryl and carboxyl groups. Gorin and co-workers (22)
prepared a cobalt(III) complex of 3-mercaptopropionic acid which was
formulated as [Co(SCHECH2060)3]-3; this complex had a spectrum nearly
identical to that of R-TRIS. On the other hand, Spessard (ll1) was un-
able to prepare a cobalt(III) complex from me;hionine(CH3SCH20HNH2COOH).

Based on these experiments, he concluded that oxygen-sulfur chelation

was involved in both the 3-mercaptopropionic acid complex and R-TRIS.

1In this symbolism, R signifies the red color of the complex, and
TRIS indicates that three ligands are bound per cobalt ion.

11
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In all of thesé investigations, it has been assumed that a chelate
ring is formed by coordination of two of the groups present in cysteine
or 3-mercaptopropionic acid. This assgmption is valid in most éases |
since chelates are nearly alwéy; more stable than complexes‘involving
unidentate ligands, e.g. tris(ethylenediamine)cobalt(III) ion is far

more stable than hexamminecobalt(III) ion (27)° However, it is possi-

ble that only the sulfhydryl group would be coordinated. °

Complexes of Cobalt(III) and Hexanethiol

In order to investigate this possibility, it was decided to study
cdbalt(III) complexes of ligands containing only the suifhydrfl gfoﬁp,Z
and the ligand chosen for study was‘hexénethiol? henceforth abbreviated
- HShex., Although mercaptans have notoriously bad odors, hexanethiol is
a fairly non-volatile liquid whose odor, while.strong, is not over-
whelming.

The first preparations were carried out by adding alcoholic sodium
hydroxide to an alcoholic mixture of cobalt(II) chloride and hexanethiol,
aerating the mixturé for 3-4 hours and allowing to stand overnight. A
voluminous, red precipitate was formed. If the experiment was done in
the absence of air, only a green solution formed; when exposed to the
air, a fine, red precipitate was rapidly deposited. This experiment
indicates that the red complex involves cobalt(III).

bIt was then decided to try to prepare this complex from dichloro-
bis(ethylenediamine )cobalt(III) chloride. A 6:6:1 molar ratio of |
hexanethiol, base, and cobalt was used, and on adding the dichlorobis-
(ethylenediamine)cobalt(III)'to the mercaptan-base mixture, a complex

was rapidly precipitated. This complex differed in some respects from
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that prepared from the direct reaction of cobalt(II), hexanethiol, base,
and air: it was more easily filtered; freshly prepared, it wag reddish-
brown instead of red; and it was considerably more soluble in ;hloroform,
about 30 g./liter as opposed to 3 g./liter. On the other.hqnd, the
chloroform solutions had identical spectra (Figure 1, curve A), and the
solid complexes had the same composition and appearance after drying

and pressing out or recrystallizing from chloroform. The character-
istic reddish-brown precipitate could be formed rapidly from dichloro-
ﬁiS(efhyleﬁediamine)cobalt(III) chloride, hexanethiol, and base in the
Iabsence of oxygen.

The composition of the complex was established by elemental analy-
sis for cobalt and carbon. These analyses indicated the empirical
formula [Co(Shex)3], Based on this formula, yields of 95-100% were
obtained in the synthesis of the complex. Also, based on thiskempirical
formula, molar absorbancy coefficients of 23,400, 8,590, and 8,430 were
calculated at 510, U417, and 270 my, respectively.

The empirical formula of this inner complex, [Co(Shex)3], poses an
interesting problem. If octahedral coordination is to be maintained,
and to fhe writer"s knowledge there is no known example of a coordina-
tion number of other than six for cobalt(III), the complex must have a
polymeric structure such as that shown in Figure 2. The suggested name
for this complex is poly-p.-ft;riSw(hexanethi¢1at§)c9balt(III),(28)° |

All of the physical propeftiés of the comﬁiex are in écéord with a
structure such as shown in Figure 2. ‘Such highly cross~linked materials
are known to be qgite insoluble in most solvents and are usually chemically
inert (29).'  Poly-p-tris-(hexanethiolato)cobalt(III) was insoluble in§

water; dioxane, 15M amhonium hydroxide, 12M hydrochloric acid, lﬁy
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‘sulfuric acid, dimethylformamide, dichloroacetic acid, and ethyl acefate;
very slightly soluble2 in benzene, acetic acid,'diethylamine,‘carbon
tetrachloride, and bfomobenzene§ and ‘moderately soluble in chlotéermf
Even in cﬁlbroform the dissolution Waé slow; éndia mechanical shaker;was
used in prébafing solutions. | ' |

Ihe complek w5s extrémely inert. It gave no reactioﬁ~wiph warm,
concentratéd Sulfﬁric acid or éodium_hydroxide° The oni§-des££uctive
reagent féund'was goncentréted nitric acid; .Despite this extreme chemi-
cal inertness, the complex.wés heat unstable, deﬁomposing around 160° C,

When a lump of the-comple£Awas dissolved. in chléfoform, consider-
able swelling'occurred'before and dﬁriﬁg the»slow dissolution, and the
chloroform solﬁtion so fprmed was quite viscous. These observations
are identical to the description of polymer dis;olution processes given
by Billmeyer (30) who sayé

"Although low-pélymers may dissolve rapidly to fluid'
solutions, the solution of most polymers is slow. _The system
often ‘undergoes a long preliminary swelling process during

which the solvent penetrates into the solute particles. This

stage is followed by the gradual breakdown and dispersion of-

the swollen particles to solutions of high viscosity."

The Qiscoéify of the cﬁloéoform solutions was investiéated in more
detail, and tﬁe intrinsic’viécésity wésldetermined. Values of 3.2 to
3.8 were obtained. In:general, it can be said that.éuch high viscos-
ities are indicative of a high-polymeric structure; for example,
polystyrene samples whic? show intrinsic viécosifies ;f.3.55 and 0.45

in toluene at 25° C. have molecular weights of 2,060,000 and 115,000,

respectively (31).

2By "very slightly soluble" it is meant that the complex dissolved
to the extent of 0.02-0,1 g./liter. 1 :
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Accurate estimates of molecular weight have been made for some

polymers by applying the modified Staudinger equation:

M=’
where 7 is the intrinsic viscosity and M is the molecular weight. K
and ¢ in this equation are empirical constants, which are calculated
from measurements on samples whose molecular weight has been determined
by other means. These constants vary widely depending on the solvent
and structure of the polymer; there are no close simiies or valid theo-
retical principles from which one might estimate values applicable to
the polymeric gomplex under discussion. About all that can be said is
that tﬁe molecular weight would be high, and that the structure shown
in Figure 2 would be quite extensive.

In addition to the viscosity experiments, attempts were made to
determine the molecular weight of poii-u-tris(hexanethiolato)cobalt(III)
by thermodynamic methods. An osmometer was constructed, and the,osmotic
pressure of [Co(Shex)s] in chloroform was investigated. However, much
to:the aﬁthor“s'chagrin, these experiments were inconclusive, as stable
and reproducible pressure heads were not obtained,i Similarly, ebullio-
scopic measurements were unsuccessful., Details of these experiments
are found in the experimental section.

Complexes of~Coba1t(III) with Cysteine and
3-Mercaptopropionic Acid

Hydrogeﬁ triscysteinato-0,S-cobaltate(III), first prepared by
Schubert (16) and investigated by Spessard, Gorin, and co-workers (11,
22), and hydrogen tris(3-mercaptopropionato)cobaltate(III) (TMPC) ‘

prepared by the latter investigators, are very similar in appearance to
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‘poly-p-tris(hexanethiolato)cobalt(III). Also, the visible and ultra-
violet spectra of these three complexes are nearly identical (Figure 1).

The molar absorbancy coefficients are given in Table I.

TABLE 1

PEAK MOLAR ABSORBANCIES OF R-TRIS AND TMPC

‘ - Peak Molar Absorb ici
Wavelength in ea olar Absorbancy C‘o‘e'ff]_c]_ent

ny, R-TRIS _TMPC

510 2,100 22,600
417 8,000 6,400
270 , 8,900 8,200

Since the close correspondence of these spectra is indicative of
similar strucfures, it was decided to measure the infra-red spectra of
the cysteiné and 3-mercaptopropionic acid complexes. and seek evidence
for or against coordihation of the carboxyl groups. Some general facts
concerning the spectra of carboxylic acids and their complexes have
been discussed by Cotton (32). In Table II are listed some‘ﬁertinent
infra-red abso@ption databfor carboxylic acids, their salts and their
metal comple#és; éiso given are some relevanf'data concérning R-TRIS
and‘TMPC. |

Since the copper(II), nickel(II), and zinc(II) glycinates have
carbonyl absorption bands at the same wavelength aé potassium glycinate,
Sen (33), Sweeney (34), and co-workers concluded that the carboxyl-metal
bond was '"essentially ionic'" in these complexes.r However, it was
pointed out by Cotton (32) that these conclusions must be accepted with

some reservations; these complexes are hydrated, and there may be
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hydrogen bonding between carbonyl groups and water which might counter-

act the shift due to covalent complexing.

SELECTED INFRA-RED ABSORPTION DATA

TABLE II

3

Compound

Wavelength of
Absorption Band

Assignment of
Absorption Band(s)

Monomeric Carboxylic Acids

Dimeric Carboxylic Acids

1760-1770 S

1690-1740 cm.”}

carbonyl

carbonyl (hydrogen

bonded)
Esters 1737-1750 cm.-1 carbonyl
Ethylglycinate ° 1750 cm..-1 carbonyl
Carboxylate Salts 1560-1620 cm.-1 assymetric stretch-
ing mode of CO>
group
Potassium Glycinate 1600 cm‘,-1 assymetric stretch-
' ing mode of CO,
group
Bisglycinatocopper (II) -1
monohydrate 1600 cm, carbonyl
Bisglycinatonickel (II) 1
dihydrate 1600 cm. carbonyl
Bisglycinatozinc(II) - ‘_i
monohydrate 1600 cm. carbonyl
R-TRIS 1625, 1380, 1340,
1300 cm, "~
TMPC 1710 em. L
Potassium Salt of TMPC 1575 cm.,-1
3Taken in part from Cotton (32), Sen (33), and Sweeney (34). For

the assignment in R-TRIS and TMPC. see below.
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‘Inrthe case of TMPC, which is not hydrated, this factor does not
come into question. TIf the carboxyl group were.coordinately bound to .
cobalt, it would not be able to participaté in hydrogen bonding with an
adjacent carboxyl group. As seen in Table II, TMPC does, nevertheless,
have a band at 1710 cm,-l, the frequency characteristic of. dimeric
carboxylic acids., This indicates that the carboxyl is not covalently
bound and forms a hydrogen bond with an adjacént carBoxyl group.

The potassium salt of TMPC showed a strong absorption band at
1575 cm.-l, which is in the characteristib range of carboxylic acid
‘salts, In carboxylic acid saits, the band around 1560-1620 cm.“1 is
the result of assymetric C0;1 stretching. This frequency is character-
istic, because thé CO bond orders become equal (ca. 1.5) in Rcoél by
mesomerism. Had there been a strong interaction between the cobalt and
the carbonyl group, the CO bond orders in the RCOé1 group would have
been dissimilar, and the characterigtic frequency would have been shifted.

Based on these spectral data, it is concluded that any interaction
between the carboxyl group aﬁd cobalt in TMPC must be weak. Most prob-
ably the carboxyl-cobalt bond is basically ionicb

Since several possibilities‘for hydrogén bonding exist in hydrated
R-TRIS, its infra-red spectrum is much more &ifficult to inFerpret than
that of TMPC. Due to the writer's limited knowledge of {ﬂfra-red
absorption spectroscopy, khe absorptioﬁ baﬁds-giveqfin Table II were
not assigned. In spite of this difficulty, it is thought that here,
too, the carboxyl group was not covalently bound to thé.cobalt ion,

Since the carboxyl group is not coordinated in R-TRIS or TMPC,
these complexes must have structures similar to that given in Figgre 2

for poly-p-tris(hexanethiolato)cobalt(III). Viscosity and diffusion
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studies indicated that this is indeed the case. _R-TRIS_and-IMTC dis-r
sélved in’dilute sodium hydroxide had intrinsic viscosities of 0.1 and
0.23, re§pectivelyo Although these intrinsic viscosities are consider- -
abiy.lower than that of the hexanethiol-cobalt comﬁléx,_they are.stil}
large. For‘cdmparisoh, it may be pointed out thaf polyisobuﬁylené with
a molecular weight of 20,000 'has an intrinsic viscosity of 0.20 iq di-
isobutylene'at 20° C.

io obtain %ddiﬁional information concerning the molecglar size of
R-TRIS and TMPC, their rate of diffusion through a cellulose membrane
was coﬁpared_to thaf of a ﬁpnomeric cqmplex, potassiuﬁ‘ethilenediaqine-
tetragcétatocobaltate(III); The formula wéight of'thischmplex énibn;
350;.makes_it an ideal’standéfd fo;'compéfiéon, Since-R-T#IS and TM@C
'haye empiriéal formula,weiéhts of hlb and 350; réépectively. In‘a
_typiqal experiment;:a solution of Fhe complex-was:élacgd»inéidé_of_a
cellqiosg dial}sis bag which was thén ;ofatéd in a;réservpir of pure
sélvent. The ratefof“diéfusioﬁ was deteréined by measuring the absorb-
ance of the feserQoir.solution‘as a function of time. "The res;its:for
the etﬁylenediamiﬁéteﬁraac;tatocobalﬁate(III) anion, [Co(enta)]?l, #re
shown in Table III. | | |

Aféer 9.5 hours the absorbancy of the solution inside the'dialysis
Bag was 0,770; thus, équilibriﬁmlwas essentialiy established in about
10 hours, |

Tﬁe results of the diffusion of TMPC are also given in Table III.
After 56.h§urs, the abé&rbancy of the solution inside of the dialyéié
bag'wés 278. -

After 51 hours the reservoir solution in the diffusion of R-TRIS was

only faintly pink and absorbancy measurements were not made. Howéver,
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the absorbancy of the solution inside of the bag was 180.

TABLE III

ABSORBANCY OF THE RESERVOIR SOLUTION AS A FUNCTION OF TIME
IN THE DIFFUSION OF [Co(enta)]~! and [Co(SCH2CHQCOO)3]'3

[Co(ent:a)]'1 [Co(scnzcngcoo)3]'3
Time in Hours Absorbancy at 535 my Absorbancy at 510 my
0.3 0.250 i | 0 |
1.0 - ~ 0.480 0
1.5 '.0.590 0
2.0 | 0.655 0
2.5 0.690 0
3.0 0.720 0
3.6 0.7k40 0
4.3 0.7k40 0
9.5 0.750 0
20 ; 0.065
28 ' ‘ 0.200
32 . 0.310
45 0.780
56 | 1.10

Obviously, after 50-60 hours equilibrium was far from being
established in both experiments. These results are interpreted to mean
that both R-TRIS and TMPC are much larger molecules than [Co(enta)]-l;

certainly they are not monomeric,
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Experimental

1. Chemicals.--Hexanethiol was obtained from the Eastman Kodak
Co., Rochester 3, New York. It was used without further purification.
3-Mercaptopropionic acid was obtained from Evans Chemetics, Inc., New
York 17, New York and was purified by vacuum distillation at 2 mm. of
pressure. Cysteine hydrochloride monohydrate (B grade) was a product
of the California Corporation for Biochemical Research, Los Angeles 63,
California., This too, was used without further purification. Dichloro-
bis(ethylenediamine )cobalt(III) chloride and tris(acetylacetonato)-
cobalt(III) were prepared as described in "Inorganic Synthesis" (35,
36). Potassium ethylenediaminetetraacetatocobaltate(III) dihydrate was
prepared by a method developed by Dwyer, Gyarfas and Mellor (37). Un-
less otherwise specified, all other chemicals were of analytical reagent
grade,

2. Spectral Measurements,--All visible and ultraviolet spectral

work was done using a Beckman Model DU Spectrophotometer and 10 mm.

pyrex or silica absorption cells. 1In all cases, pure solvent was used

as the reference solution. Molar absorbancy coefficients were calcu-
lated by dividing the absorbancy at a given wavelength by the molarity

of the solution based on the empirical formula of the complex. Infra-red
absorption spectra were measured with a Beckman Model IR-7 Infrared
Spectrophotometer. Solid samples (0.2-0.5 mg.) were ground with 200 mg.
of dry potassium bromide, and the resulting mixture was pressed into a
transparent disc. As the complexes were difficult to disperse in the
potassium bromide, very thorough, vigorous grinding was required. The

spectrum was determined using the micro-beam condenser attachment.
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3., Preparation of [Co(Shex )] from Cobalt(II) Chloride.--In 250

ml. of denatured ethyl alcohol was dissolved 5.1 g. (4.30 x 1072 moles)
of hexanethiol. To this was added 3.85 g. (1.4 x 1072 moles) of cobalt-
(11) chloride hexahydrate in 50 ml. of ethanol. Nekt, 200 ml. of
ethanol containing 1.8 g. (4.5 x 10.2 moles) of sodium hydroxide was
added slowly to the mixture. The resulting solution was oxygenated for
3-4 hours with a stream of air and then was allowed to étand overnight.
A reddish-brown precipitate formed; it was filtered in a medium-porosity,
fritted-glass filter funnel, washed with alcohol and dried in a vacuum
oven at 50° C. and 10 mm. of pressure. Yields were 85-95% based on the
amount of cobalt taken.

If no base were added, only a smail amount of a gummy, red precipi-
tate was formed.

Purification of the complex consisted of dissolving the dried
product in the minimum amount of chloroform reqﬁired, filtering into an
equal volume of ethanol, and then collecting the precipitate in a
friﬁted-glass filter funnel. The precipitate was washed with ethanol
and dried for 4 hours at 50° C. and 10 mm. of pressﬁre° FCalculated for
[Co(Shex)3]: Co 14.36%, found 14.89%; carbon 52.68%, found 51.24%,

4. Preparation of [Co(Shex);] from Dichlorobis(ethylenediamine )-

cobalt(TIT) chloride.--A solution of [Co(en)2C12]C1, 7 g. (2.45 x 1072

moles) in 25 ml. of distilled water, was mixed with 50 ml. of denatured
ethanol, and the mixture was added slowly with stirring to 16.5 g.
(14,7 x 1072 moles) of hexanethiol in a slight excess of base (15 ml.
of 10 M sodium hydroxide). A reddish-brown precipitate formed immedi-
ately. The precipitate was allowed to stand‘overnight in contact with

the mother liquor and was then filtered on Whatman Number 42 filter
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paper in a Bichner fﬁnnel. The complex was washed with 300 ml, of
.ethanol followed by 50 ml. of ether and then air-dried.: After drying,
it was a reddish-brown powder which assumed a green sheen when‘preSSed
out or smeared on a watch glass. The yield was 95-100% based on the
cobalt taken. Calculated for [Co(Shex)3]: Co 14.36%, found IMTNB%;
carbon 52.68%, found 52.73%.

In the absence of oxygen, the same reddish-prown'product was formed.

The complex could be prepared from hexamminecobalt(III) chloride by
the same technique as described above.

5. Preparation of TMPC and Its Potassium Salt.--To a thick slurry

of 12.3 g. of sodium acetate in a small amount of water was added 3 g.
of 3-mercéptopropionic acid. Ten ml., of lggcobalt(II) chloride was then
added. |

The acetate/acid mole ratio was 5, and the aqid/cobal; mole ratio
was 3. A.fleeting green color was observgd and quickly obscured by a
reddish-brown precipitate. |

The thick slur}y was allowed to stand exposed to the air fér 12
hours with occasional stirring. After this time the precipitate was
filtered on paper in a Biichner funnel and pressed dry as possible.

The precipitate was dissolved in several ml, of 0.1 M sodium hydrox-
ide, and the resulting solution was filtered. Concentrated.hfdrochloric
acid was added to the solution until it was distinctly acid and a
reddish-brown precipitate had formed. The precipitate was filtered,
washed with water until the filtrate was neutral and then washed with a
few ml. of.alcohol. After air-drying, the compohnd was further dried at

80° C. in a vacuum oven for U4 hours. Yields were 75-80% based on the

cobalt taken. Calculated for H3[Co(SCHECHECOO)3]: carbon 28.88%,
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found 28.70; hydrogen 4.04%, found 4.28. The potassium salt was prepared
by dissolving 0.5 g. of H3[Co(SCH20H2COO)3] in 50 ml., of O.1 N
potassium hydroxide, filtering, and adding 15 ml. of ethanol with stir-
ring. The precipitate so formed was filtered and washed successively
with 20% alcohol, 50% alcohol and ether., It was dried at 50° C. in a
vacuum oven. |

6. Preparation of H3[Co(Scy)3]-hH20,--The preparation was carried

out in acetéte buffer accordingrto'the directions given by Spessaéd
(11). Cysteine hydrochloride monohydrate and sodium acetate in a molar
ratio of one to five were mixed with enough water to make a thick paste.
Then 0.33 moles of cobalt(II) chloride per mole of cysteine was added.
The suspension was stirred 30 minutes and.allowed to stand twelve hours
in air. After standing, the precipitate was treated with water and
filtered. The precipitate was dissolved in base and reprecipitated in
the manner described in section 5. Yields were about 90% based on the

cobalt taken.

7. Solubility Experiment.--The solubility of [Co(Shex)3] was
qualitatively determined by placing about 0.1 g. of the.complex and
approximately 10 ml. of the solvent in a test tube. Tﬁe solutions were
allowed to stand for several days with periodic shaking, and the color
of the solutions was noted. The pink coior of [Co(Shex)3] could easily

be seen in concentrations as low as 0.01-0.02 g. per liter.

8. Temperature Stability Experiment.--A small quantity of
[Co(Shex)3] was placed on the heating block of a Fisher-Johns Melting
Point Apparatus and observed under'magnification‘as the temperature was
raised slowly. Evidence of decomposition (smoking) waé observed around

160°-170° C. At 200° C. the material crumbled to a gray powder. When
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‘placed in a flame; the complex evolved a gas that burned with a smoky
yellow flame. A gray powder remained after ignition.

9. Reaction of CoCl2 with Various Mercaptans and Disulfides.--A

small amount (ca. 0.5 g.) of CoCleo6H20 was dissolved in ethanoi and
added to ethanolic solutions of dodecanethiol, tertiary hexyl mercap-
tan and butyl disulfide. In the absence of base, no reaction ﬁas
observed in any of the solutions. On addition of alcoholic sodium
hydroxide, véluminous, reddish-brown preéipitatés formed in the mercap-
tan solutions, but n6 reaction was obsefved in the butyl disulfide
solution. |

10. Viscosity Experiments.--For viscosity determinations in chloro-

form a special narrow-bore Ostwald viscometer was cdnstructed. The
capillary was about O.4 mm. in diameter and 16 cm. long, and the over-
all length was 32 cm. 1In a typical experiment, 5.0 ml. of 1iqﬁid was
placed in the viscometer, which was kept in a constant temperature water
bath at 24,8° C. The solutions were either aliowed to stand in the
viséometer for temperature équilibration, or were equilibrated before
placing in the viscometer. The flow time of pure, reagent grade chloro-
form was 99.2 ¥ 0.2 sec.

Flow times were measured for at least three different concentra-
tions. The specific viscosity was calculated from the equation:

I - Ty )

5=

where Ts is the solution flow time and T0 is the flow time of pure
solvent. In using this equation it was assumed that the density of

pure chloroform was the same as ‘that of the solutions. This assumption

is valid unless highly accurate measurements are desired; for example,
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the measured density of chloroform was 1.467 gm./ml., while that of a
solution containing 0.3000 g. of [Co(Shex)3] per 100 ml, of chlorqform
was 1.471 gm./ml,

The intrinsic viscosity was calculated from a plot of B/c versus c,
where c is the concentrafion of complex in grams per 100 ml. Extrapo-
lation to zefo concentration gave the intrinsic viscosity. The results

for [Co(Shex)3] are given in Table 1IV.

TABLE IV

INTRINSIC VISCOSITY OF [Co(Shex)3] SOLUTIONS

Method of Preparation Intrinsic Viscosity
CoCl, + HShex + 0, + NaOH 3.3
[Co(en)2012]01 + HShex + NaOH 3.2-3.8

Similar techniques and apparatus were used for determining the in-
trinsic viscosity of TMPC and R-TRIS solutions. 1In this case, a
commercial Ostwald viscometer was used. The flow time of pure water
was 126,5 ¥ 0.2 sec. and that of 0.l N NaOH was 128.9 ¥ 0.2 sec. The
samples were dissolved in O.1 N NaOH to give concentrations between 0.08-
0.90 g./100 ml. The intrinsic viscosity was 0.23 and 0.1 for TMPC and
R-TRIS, respectively,

f@r\purposes of comparison, ;he flow time of [Co(en)20l2]01 was
measured. In this case, the flow time of a solution containing 1.0 g.
of complex per 100 ml. of water was only 1 sec. greater than théﬁ for
the pure solvent. |

11. Osmometry Experiments,--A Zimm-Meyerson osmometer was
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constructed (38) and fitted with special membranes for use in organic
solvents, These were obtained from the Schleicher and Schuell Co,i
Keene, New Hampshire. The osmometer was filled with_a chloroform solu-
tion and suspended by a wire into a reservoir of pure chloroform, which
was kept at 25° C. by a water bath; ‘fhe‘height of the pressure head
developed was measured with a cathetometer.

In a typical experiment using 21.16 g. [Co(Shex)]3 per liter of
chloroform, the head of the chlorofofm solutionvrose»to“a maximum ip
about 8 hours, after which time it decreased to practically nothing.
Thé decreasé was observed over a period of 5 days. The reservoirxsolu-
tion was slightly colored.éfter the run; however, tests showed this was
not due to leakage, but that it was due to diffusion througﬁ the mem-
brane. The only explanation that can be offered for the anamolou§
behavior of the osmotic measurements is that low molecular weight,
slightly colored fractions diffused through thé membrane causing the
osmot}c pressure to drop slowly. In any case, reliable measureﬁents
?weré not obtained, and"moleéular weights could not be calculated.

12. Ebullioscopic Experiments.--Attempts to measure the molecular.

. | . L
weight of [Co(Shex)é] from the boiling point elevation in a Cottrell
apparatus (39) failed because the solution was too viscous and did not
percolate up and over the thermometer bulb.,

13. Diffusion Experiments.--Samples were placed in short lengths

(ca. 5 cm.) of 15mm, diameter cellulose dialysis tubing that was
obtained from the Visking Co., Chicago ?8, Illinois. The ends of the
bags were carefully sealed by tying thréad tightly around the tube. Toi
one‘end of thé t;be was tied é 1/2 inch 10ng,1Tefion-covered, ﬁagnetic

stirring bar. The filled bags were then placed in a 100 ml. graduated



cylinder which contained 50 ml. of disfilled water and placed on top of
a mégnetic stirring apparétus.

The absorbance oflthe reservoir. solution was determined as a
function of time. Unless dilutions were necesséry, the aliquots taken
for absorbance measurements were returned to the reservoir,

The solvent used was O.1 N sodium hydroxide for R-TRIS and TMPC
and water for K[Co(enfa)]-2H20° To determine any possible effect dilute
base might have had on the membrane, 0.600 g. of K[Co(enta)]=2H20 was
dissolved in 100 ml. of 0.05 N sodium hydroxide, and this sqlution was
placed in a dialysis bag in the usual fashion. Since dilute base
hydrolyses [Co(enta)]-l, the results obtained were not strictly compa-

rable to those above, but equilibrium was established in about 8 hours.

1k, Analzses.--Mﬁch difficulty wés encountered in finding a suit-
able method for cobalt ahalyses.  With ethylehediaminetetraécetic acid
as the fitrant and muréxiée as the indicator, reproducible end points
were not obtained. Howevér, a suitable gravimetric method @as even-
tually developed and is given in detail below.

The sample to be analyzed was weighed into a small poréelain
crucible and was then carefully ignited over a small flame. Care was
taken to prevént ignition of fhe evolved gases. After ignitioﬁ to a
dull-gray powder, the samples were héated‘in a muffle furgacevat T750-
800° C. for about 4 hours, The resulting gray ash was then dissolved
by adding about 3 ml. of concentrated hydrochloric acid and heating
over a hot plate. The dissolution §ometimes tpok several days, and the
hydrochloric acid was replenished as néeded° |

\
The blue solution obtaineé was:diluted with water, neutralized with

ammonium hydroxide and washed into a Berzelius beaker. Cobalt was
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deposited electrolytically from this solution in the prescribed manner
(40); a Sargegt-Slomin Electrolytic Analyzer was uséd. The precision
was 5-10 parfslfer tho;saﬁd.

Carbon and hydrogen determinations were performed by-Dto Alfred

Bernhardt, Mulheim (Ruhr), Germany.



CHAPTER III
REACTION OF COBALT(II) AND CYSTEINE WITH OXYGEN
Results and Discussion

Kendall and Holst (15) have made the most thorough investigation
of the.reaction of cobalt(II) and cysteine with oxygen. Their work and
the work reported in tﬁis chapter deals with complexes in which cysteine
coordinates through nitrogen and sulfur. Kendall and Holst>proposed
an oxidation mechanism which involved [Co(Scy)3]-3 as an intermediate;
the ultimate products of‘oxidation depended ‘on the oxidant. In some
cases, mainly the brown complex [Co(Scy)g]"1 was produced, while in
others, cystine was a major product; many times the reaction produced a
mixture of both.

Kendall and Holst's work is quite admirable, and they deserve
credit for postulating at an early date a mechanism which recognized
the formation of cystine in some cases and which might aqcéunt for the
catalytic effect of cobalt in the formation of this produét. However,
as shall be shown, their suggestion must be modified in many essential
details in view of what has been subsequently ascertained about cysteine
complexes in particular and complex formation in general.

According to the current theory of "stepwise' formation of com-
plexes (25), one would expect the nature of the complexes present in an
anaerobic solution of cobalt(II) and cysteine to depend quite strongly
on the conditions, especially pH, cysteine/cobalt ratio,and absolute

32
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concentration. The products of oxidation would also depend on these
variables, since cobalt(II) complexes are undoubtedly'their precﬁrsors.
This chapter describes a study of the cobalt(II) complexes and their
oxidation products,

The first system investigated was cobalt(II) and cysteine at pH 11,
In this case, cobalt(II) ion at 0.01M concentration and excess cysteine
in the strict absence of oxygen formed a purple-violet complex; the
color intensity was not appreciably decreased as the cysteine/cobalt
ratio was reduced to three. However, further reduction of the cysteine/
cobalt ratio resulted in the formation of a pink precipitate of co-
baltous hydroxide, in addition to the purple complex in solution. This
indicated that the complex contained three molecules of cysteine per
cobalt(II) ion; it presumably is the same as the 3:1 complex isolated
in solid form By Séhubert (17). The "delicate pinkﬁ color obsefved by
Michaelis and Barron on mixing cobalt(II) and excess cysteine likely
was due to this complex in more diiute solution. The visible spectfum
of the complex is represented in Figure 3, curve A. The ultraviolet
spectrum was not measured due to the difficulty of preparing sufficiently
dilute, yet unoxidized, solutioms. Also, the data represented in
Figure 3, curves B and C, show that no appreciable amount of this com-
plex was formed at pﬁ 7.8 or 5.8 and the same cysteine/cobalt ratio,
although lower complexes were formed. The visible spectrum of the
analogous tris(2-aminoethanethiolato)cobalt(III) complex was also
measured. An absﬁrption maximum was shown at 560 mp. The spectral
similarity of this complex to the triscysteinatocobaltate(III) ion
supports Neville's hypothesis that N-S coordination is involved in the

cobalt-cysteine complex.
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Since the cobalt(II) complexes were extremely sensitive to air oxi-
dation, measurement of their spectra required the use of a special
technique. A speéial absorbance cell was devised for the purpose. The
apparatus and techniqués are described in detail in the experimental
section. A series of careful preparations and measurements gave a value
of 40.8 for the molar absorbancy coefficient at 550 my of the triscys-
teinatocobaltate(III) complex, hereafter referred to as PTNS.1

Exposure of PfNS to gaseous oxygen resulted in the formation of a
green product. The oxidation was quite rapid. When a 10 M solution
of PINS was oxidized with a stream of air and the absorbance measured
as a function of time, the absorbance at 585 my, had reached a constant
value by the time of the first reading, in about 6 minutes. The absorb-
ance remained constant for 100 minutes, after which time the experiment
was terminated.

The spectrum of this green product, shown in Figure 4, was the same
as that obtained in pH 1l buffer from limited oxygen, gobalt(II),and
cysteine (22). That this pr;duct was identical to the greenhv“
K3[Co(Scy)3]»3H20 complex prepared by Schubert was deﬁqnstrgted by re-
peating Schubert's preparation and determining its spectrum. At 585 my
the molar absorbancy coefficient was about 280.

To show that the conversion by oxygen of PTNS to triscysteinato-

cobaltate(III), hereafter referred to as GTNS,1 was quantitative, a

1In this type of abbrev1at10n, the first letter signifies the color
of the complex (B, brown; G, green; P, purple); the seécond letter
indicates the number of ligands bound per cobalt ion (B, bis; T, tris);
and the next two letters indicate the atoms coordlnated to the cobalt .
ion.

"
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10-2 M solution of PINS was oxygenated for several minutes and the
absorbance measééedfat 585 mu. Based on a molar absorbancy coefficient
of 280 for GINS af 585 my, the reaction was found to be essentially
quantitative.

From these experiments one can conclude that the reaction of oxygen
with cobalt(II) and excess cysteine at pH 11 invoives a simple oxidation
of PINS to GINS according to the equation:

(1) h[Co(Scy)B]-u + 0, + 2H,0 o 1;[Co(S<:‘y)3]'3 + wou L.

Since the reaction involves the transfer of four electrons, it indu-
bitably proceeds by way of some intermediate steps, but the nature of
these steps cannot be inferred from the evidence now available.

An effort to reduce GINS to PINS was made. In basic solution
sodium hypophosphite is an excellent reducing agent, having a potential
of 1.65 v. Nevertheless, addition of NaH,PO,*H,0 to a solution of GINS
under nitrogen did not effect reduction of the cobalt(III) complex.
‘Thus, as far as can now be determined, reaction (1) is irreversible.

Some effort was directed toward developing an gnalytical procedure
for dissolved oxygen using PTNS as a reagent. This should work quite
well since the oxidation of PINS produces a well-defined product in a
quantitativé fashion. The results obtained indicated that the ﬁethod
is feasible. In a typical experiment, 0.007 g. of oxygen was found per
liter of distilled water. This compares favorably with the accepted
value of 0.0068 g./liter under the same conditions (41). Although this
method showed prbmise, it was not pursued further since it holds no
advantage over some previously developed analytical procedures (L4l).

The green complex, GINS, was fairly stable toward further oxida-

tion. However, upon prolonged exposure to oxygen, the complex reacted



38

‘further to give brown-colored products, the spectrdm of which is shown
in Figure 5, curve A. This brown material is discussed further in
Chapter 1IV.

The next system investigated was that of cobalt, cysteine, and
oxygen at pH 7.8. Exposure of cobalt(II)-cysteine mixtures to oxygen
at this pH produced a brown-colored product, in accordance with previous
reporﬁs (12,13,14,15). 1In a representative experiment, 0.01M cobalt-
(II) and 0.03M cysteine were mixed in buffer at pH 7.8 under air-free
conditions, and an aliquot portion of the mixture was diluted with 100
volumes of air-containing buffer. The brown color developed quickly,

a constant absorbance having been attained by time the first measure-
ment was taken, after seven minutes. The spectrum in the region between
260 and 460 my is shown in Figure 5, curve B. This spectrum is very
similar to, but not identical with, that of the brown biscysteinato-
cobaltate(III) complex prepared and isolated by Schubert (16). The
molar absorbancy coefficients were 8,400, 5,800, 2,050 at 280, 350, and
442 my, respectively. |

A series of experiments was then cofducted in a similar manner,
with cysteine/cobalt raﬁios varying between 1 4nd 5; the results are
plotted in Figure 6. Tﬁe data are not very precise, as indicated
roughly by the size of éhé experimental points, but it ‘can be seen
clearly that a break occurs at a ratio of about 2, Thié indicates that
the product of the reaction is a bis complex. Asifive stereoisomeric
forms are possible for biscysteinatocobaltate(III) complexes, it séems
likely, indeed it should be expected, that the product in question is a
mixture containing somewhat different proportions of the possible iso-

mers. This proposition is discussed further in Chapter IV of this thesis.
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It was shown in Figure 3, curves B and C, that complexes are present
in anaerobic pH 7.8 and 5.8 mixtures of cobalt and cysteine, and these
complexes may be the precursors of the products formed on oxidation.
Additional knowledge concerning these cobaltous coﬁplexes is desirable.
To ascertain the nature of the cobalt(II)-cysteine complexes in the pH
range 5-8, the Bjerrum titration teéﬁnique was employed (25). This
technique involves the titration of a/ﬁixture of cation and ligand with
base. and measurement of the pH after each increment of base; These
data make possible the estimation of ﬁ, the average number of ligands
bound per cation at a given pH, and of the stability constants. A plot
of n versus the negative logarithm of the free ligand concentration is
called the formation curve. Although the Bjerrum method is not inordi-
nately difficult, the associated derivations and calculations are alge-
braically involved. These details are given in Appendix A.

Selected results of these experiments and brobdingnagian calcula-
tions for 10-'2 M cobalt are given in Table V. 1In a typical experiment,
about three times this many data were gathered.

The n values are essentially constant in the pH range 6°5-7.3;

This uniformity is generally indicative of binucleate complex formation.
To test this point, the experiment was repeated with 10-3 M cobalt. If
binucleate complexes were indeed formed, the formation curve should vary
with metal concentration (42). Shown in Table VI are theé results ob-
tained with 10-3 M cobalt. Formation constants were ﬁot calculated.

3 M cobalt, the n values were not constant in

As expected with 10”
the pH region 6.5-7.3. This gives confirmation of the existence of a
binucleate complex in 10-2 M cobalt in this pH region. It is interest-

ing to.consider the structure of this binucleate complex., A possibility
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RELATION OF n AND pH IN 10 M COBALT(I1) - CYSTEINE SOLUTIONS

TABLE V

L2

mls. 1.032 M NaOH pH -log [Scy 2) A
0.45 5.35 9.35 0.23
1.07 5.50 9.10 0.56
2.33 5.95 8.00 .18
2.73 6.51 7.22 37
2.83 6.70 6.85 Lk
2.97 6.92 6.42 Lk
3.01 7.00 5.99 g
3.28 7.30 5.38 e
3.76 7.56 5.27 .78
.45 7.98 4,58 .00
4.69 8.11 4.39 .08
5.47 8.60 3.75 2.33
5.95 9.10 3.20 2.47




RELATION OF n AND pH IN 10

TABLE VI

3

M COBALT(II) - CYSTEINE SOLUTIONS

43

mls. 1.023 M NaOH pH -log [Scy 2] A
0.05 6.01 '8.97 0.25
0.11 6.18 8.67 0.55
0.21 6.47 8;16 .20
0.29 7.10 6.98 A
0.35 | T.42 6.40 .66
0.41 T.79 5.75 .8k
0.kt 8.11 5.24 2.00
0.53 8.41 4.80 2.1k
0.57 8.71 443 2.21
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However, this is pure speculation;and no further evidence supporting
;his structural assignment is presently available,
The n value at pH 7.8 with 10-2.y cobalt(II) is of direct pertinence
to the course of the oxidation reaction at this pH. Seen in Table V, n
is very nearly 2. As has already been shown, tﬁe brown oxidation product
formed at this pH has two molecules of cysteine per cobalt. It is
therefore logiéal to aésume that the reaction with oxygen involves the
conversion of the cobaltous biséysteinate to the cobaltic biscysteinat;e°
The next series of experiments Qas designed to determine the oxygen
uptake of cobalt-cysteine mixtures under various conditions. Most of
the work was done using a Warburg apparatus; however, a few experiments
were done using a specially constructed absorption apparatus. These
experiments did not furnish a great deal of uséful information. 1In
order to obtain significant volume changes in the gas burette of the

apparatus, concentrated solutions (ca. 0.1 M) were required; the
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reduction of an equivalent amount of oxygen produced sufficient hydroxyl
ions to cause considerable variation of the pH during the course of a
reaction. Even 0.3 M phosphate buffer did not suffice to hold the pH
c;nstant. Since the mechanism of the oxidation reaction depended
critically on pH;'the oxygen absorption measurements could not be used
to determine reaction stoichiometry. However, the oxygen uptake of 0,1
M cysteine attpH 5.8 in the absence of cobalt was successfully inveséi->
gated, with the result that"cysteine absorbed no oxygen over a period

of five hours.,

:Kendall and Holst reported that the oxidation at pH 7.8 produced
varying amounts of cystine. T§ investigate this, a series of experi-
mean was run, in which the cobalt(II) concentration was made 0.01,
0.001,and 0.0001 M and the cysteine/cobalt ratio kept coﬁgtant at 2.8.
The solutions were robustly buffered to insure constancy of the pH dur-
ing oxidation.b Th; molar absorbancy (calculated on thé basis ofjthe
cobalt taken) which developed on exposure to air was 1,950,_2i050, and
1,650, respectively, Moreover, no c&étine could be recovered by &irect
isolation from the.most concentrated reaction mixture (up to 30%
c&steine could, of course, be cdnverted to cystine without reducing the
final yield of complex). Direct isolation of cystine was not attempted
at 0.001 and 0.0001 M concentration, but based on the assumption that
the cysteine not bound in the brown complex was converted to cystine,
the yield of cystine estimated from the absorbancy coefficients is O
and 409, respectively..

What Kendall and Holst proposed as a general mechanism appears to
be applicable to the reaction only at pH 1ll; the purpie triscysteinato-

cobaltate(II) complex reacts with oxygen to give the green
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triscysteinatocobaltate(III). However, formation of the brown bis-
cysteinatocobaltate(III) complex takes place very rapidly in conditionms,
such as pH 7.8 and cysteine/cobalt ratio of 2, in which the purple
triscysteinatocobaltate(II) complex cannot be present in appreciable
amounts, Schubert (18) suggested that the precursor of brown biscystein-
atocobaltate(III) is the corresponding cobalt(II) complex. This sug-
gestion is more logigal and at least qualitatively consistent with what

is known about this complex. The proposed reaction at pH 7.8 is:
-2 -1 -1
(2) 4[co(sey),1™" + 0, + 20,0 _ L[Co(Scy),] " + hoH .

Since, in carefully controlled conditions, no cystine was produced
at pH 7.8, it was deemed necessary to find circumstances where cystine
is produced and to investigate the oxidation mechanism under these
conditions. Next, it seemed of interest to investigate the reaction at
still lower pH values. As shown in Table V, n reaches a value of 1 at
about pH 5.8, and this pH was chosen for investigation.

Since a 1l:1 cdbalt(II)-cysteine complex would be uncharged, it was
thought that some knowledge of its properties might be gained by ex-
tracting it into an organic solvent. A solution of cobalt(II) and
cysteine hydrochloride was titrated under nitrogen while béiﬁg vigor-
ously stirred in the presence of petroleum ether, chloroform, benzene
or carbon tetrachloride. No evidence was obtained for the extraction
of‘[Co(Scy)] since the organic layer remained colorless in all cases.
on exposing the pH 5.8 reaction mixture to oxygen, a brown complex was
formed, with a spectrum similar to, but not identical with, the other
brown products so far discussed (Figure 5, curve C). The rate of oxi-

dation was much slower, about 5 hours being required to attain a constant
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absorbance in conditions similar to those employed at pH 7.8.

Most important, substantial amounts of cystine were formed. At
0.01 M cobalt(II) and a cysteine/cobalt ratio of 3, the absorbancy
coefficient of the product attained a value of 1,940, and an amount of
cystine corresponding to 20% of the cysteine originaliy taken could be
isolated from the reaction mixture. At 0.00l and 0.0001 M conceﬁtration,
direct isolation of the cystine was not attempted, but the molar absorb-

“ancy coefficients became constant at values of 1,350 and 550, respec-
tively. The yield of cystine can be estimated from the absorbancy
coefficients, if it is again assuméd that the cysteine not bound in the
brown complex was converted to cy;tine. Such a calculation indicates
the conversion of 55 and 82% of the original cysteine to cfstine at
0.001 and 0.0001 M cobalt(II) concentration, respectively.

It will be recalled'that, at pH 7.8, no cystine was recovered from
experiments with 0.0l M cobalt, and the maximum amount of complex was
formed even at 0.001 M cobalt concentration; at 0.0061 M cobalt concen-
tration, however, the amount of complex was diminished, and the per-
centage of cysteine converted to cystine in the conditions was estimated
to be MO%. These estimates must be considered approximate owing to the
limited precision of the data and to the way in which they must.be used;
nevertheless, it can clearly be seén that cystine is produced in varying
amounts, depending on the conditions. Low pH and low absolute concen-
tration of reagents favor the formation of cystine.

The occurrence of this reaction can explain the puzzling stoichio-
metric relationship observed by Neville at pH 8.0 (19). He found in
experiments done with cysteine/cobalt ratios of 3 to 8.8, that the con-

sumption of oxygen was 0.75 atom per cobalt ion; he also reported that



"appreciable amounts of crystalline cystine were formed"”. The results
can be taken to indicate that, in the conditions, 0.5 méle of cystine
was formed per mole of complex. .

The formatioﬁ of cystine increases as the PH is lowered and the
absolute concentration is decreased. Since these conditioﬁs favorlthe
simplgst complex, it is suggested as a speculation, that the mechanism
of cystine formation at pH 5.8 involves the oxidation of [Co(Scy)] to
[Co(Scy)]+1, followed by disproportionation to cobalt(II)’and cyétine;
thus the catalyst is regenerated. Such a mechanism is consistent with
what is known in general about the properties of cobalt(III) ion.

An attempt waé made to substantiate ghis mechanism by preparing a
solution of cobaltichulfate and addingvit to-a solution of cysteine at
pH 5.8. When Co2(SO)+)3 was added to water, its green color only slowly
réverted to the characteristic pink of hydrated cobalt(II). However,
when added to a solution of cysteine at pH 5.8, the green color rapidly
chaﬁged to pink, indicating the oxi&ation of cysteine and the simultan-
eous reduction of cobalt(III). This is in accord with the mechanism

proposed above.
Experimental

1. Materials.--All reagents were of analytical reagent grade,
except as otherwise specified. L~Cysteine hydrochloride monohydrate
(B grade) was obtained from the California Corporation for Biochemical
Research, Los Angeles 63, Califérnia; it was analyzed for -SH content
by a ferricyanide oxidation method. In 100 ml. of pH 7.0, 0.1 M phos-
phate buffer was dissolved a 30-mg. sample of cYéteine. A 1,0ml,

aliquot of this solution was mixed with 1.0 ml. of 0.00386 M potassium
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ferricyanide and the mixture diluted to 10.0 ml. with buffer. The dif--
ference in absdrbance at 410 my between this solution and a blank
composed of 1,0 ml. 0.00386 M potassium ferricyanide and 9.0 ml. of
buffer was then measured. The ~-SH content was calculated from this
difference using 990 for the molar absorbancy coefficient of ferri-
cyanide. The cysteine used in this work was 90% pure.

Nitrogen of commgrcial grade was deoxygenated by passing.it through
acid vanadous solutions (43). Air-free water was. prepared by boiling
deionized water for 30 minutes; it was allowed to cool and stored under
nitrogen.

2. Apparatus and Special Procedures,--A Beckman Model GS pH meter

equipped with glass and calomel electrodes was used for pH measurements,
Spectrophotometric measurements were made in l-cm., cells with a Beckman
Model DU spectrophotometer.

A simple anaerobic absorption cell which allowed the determination
of solution.spectra in the virtual absence of oxygen was constructed in
the following way. A narrow-mouthed, glass-stoppered cell was used
which, in this work, was the 1l0-mm. rectangular type (Beckmanv2100-10-73k
however, a cylindrical cell would also be appropriate. The neck of the
cell was fitted snuggly with a cap made by trimming a rubber vaccine
bottle stopper (Sargent S-9075);.a f-mm. long cylinder was cut from the
open end, and two parallel slices were taken from the sides so the cap
was no wider than the cell holder.

Two No. 20 hypodermic needles, bent at right angles about 2.5 cm,
from the tip, were inserted through the diaphragm of the stopper, and
one of them was connected to an inert gas supply by a short piece of

rubber tubing, 3/16 inch in inside diameter, and glass tubing if
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necessary. The cell was flushed with gas for 10 miﬁutes, and the
solution to be examined was then'introduced into the cell with a hypo-
dermic syringe. The syringe was then removed, followed by the outlet
needle, and finally the inlet needle; this sequence ensured that a
slight positive pressure was maintained in the cell until the last
needle was removed. and protected against the inward leakage of air.
This was done quickly, and the gas flow was adjusted at this stage so
that only a slight pressure was built up.

Preparations and measurements to be conducted in the absence of
air were executed in a 180 or 300-ml. lipless beaker fitted with a
rubber stopper which had holes drilled in it to accommodate glass and
calomel electrodes, the tip of a 10-ml. micro-burette, a gas inlet tube,
and an exhaust port. The beaker was first flushed with oxygen-free
nitrogen, then air-free water and reagents were added as desired, with
nitrogen flowing through the vessel at a brisk rate. Samples for
spectrél determinations were withdrawn and handled as described.

3. Test of Cell.--Using this technique, the cell was tested with

PTINS. A dilute solutipn of PINS 6.6 x 10"3 M, was prepared and trans-
ferred to the cell with a hypodermic syringe. The cell was then
allowed to stand at room temperature, and the absorbance was measured
at varioué time intervals., The results are given in Table VII,

PINS has a molar absorptivity of 24.4 at LL5 my while its oxida-
tion product, GTNS,Ahés an absorptivity of 5lhk--i.e., complete oxidation
would result in a twenty-fold increase in absorbance. Thus, theAabsorb-
ancy after 30 minutes corresponds to 1% oxidation, or the absorption of
0.0S u mole of oxygen in that interval. Although the cell is not

absolutely air-tight, it serves sufficiently for many purposes, since
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most spectra can easily be determined in 30 minutes.

TABLE VII

ABSORBANCY OF PINS IN THE ANAEROBIC CELL

Time, Minutes L | Absorbancy at 445 my -

o) 0.161

2 0.166

10 0.172

15 0.176
20 | 0.183
25 0.191
30 0.194

4. Observations on the Cobalt(1I)-Cysteine System at pH 11-12.--To
an aif-free solution of cobalt(fI) chloride at pH 11-12, cyétéiné ﬁydro-
chloride monohydfate in varying amounts was added with stirring. The
following resﬁlts were recorded: “

(1) with a cysteine/cobalt ratio of 1, a faint purple solution

and a pink precipitate of Co(OH)2 was formed,

(2) with a cysteine/cobalt ratio of 2, the purple color of the
solution deepened, but the solution remained turbid due to
suspended Co(OH)g, and |

(3) with a cysteine/cobalt ratio of 3, the solution turned to a
clear, distinct purple, and all Co(OH,)2 was dissolved.

5. Preparation and Oxidation of Purple [Cd(Scy)s]-u.--The prepara-

tion and spectral measurements were done in the absence of air. Cysteine
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hydrochloride monohydfate was added to 100 ml., of air-free 10-2 M
cobalt(II) chloride to give a cysteine cobalt ratio of 4. Air-free

1 M sodium hydroxide was then added to givéva PH of 11. At this pH the
solution had a pugple-violet color. To oxidize [Co(Scy)3]—§, air was
passed through the solution and the absorbancy-detepmined at 585 mp
after 1:10 dilutipn with water. The results of thié experiment afe

shown in Table VIII.

TABLE VIII

OXIDATION OF PTNS AS A FUNCTION OF TIME

Time of Oxidation in Minutes Absorbancy
6.25 0.301
14,50 ' 0.295
22.10 0.298
50.55 0.302
97.10 0.300

From these data one can show that the conversion of PINS to GINS is
quantitative. Based on 280 ;s’the molar absorbancy coefficient for
GINS at 585 my, the concentration of GINS after the oxidation was cal-
culated to be 0.0107 M, which is essentially the same as thé'concentra~

tion of PTNS before oxidation,

6. Preparation of a Cobalt(II)-2-Aminoethanethiol Complex at pH
11-12.--To a 10“2 M solution of CoCl2 was added 2-amino-ethanethiol and
base to give ligand/cobalt ratio of 3.5 and a pH of 11-12. A deep blue

complex which showed spectral properties very similar to [Co(Scy)3]-u
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quickly formed. A maximum absorbance was shown at 560 my with a molar
absorbancy coefficient of about L5,

T. Attempted Reduction of GTNS to PTNS.--To a basic, anaerobic

solution of approximately 1072 M [Co(‘_‘.Scy);,‘]-3 was added small portions
of NaH2P02. After each a@ditioﬁ the solution was vigorously stirred,
No evidence for the reduction of GINS was observed after adding an
excess of NaH2P02 and letting the solution stand for some time,

8. . Rate of Color Formation Upon Oxidation of Cobalt-Cysteine

Mixtures.--One ml. of air-free 1.00 M cobalt(II) chloride was mixed
with 100 ml. of air-free phosphate buffer, pH 7.8. Air-free 1 M cysteine
hydrochloride was then added to give the desired cysteine/cobalt ratio,
and air-free 1.0 M sodium hydroxide was added to restore the pH to T7.8.
The speétrum of an aliquot portion of this solution was“thén determined
without dilution., All of these operations were'conducted in‘the ab-
sence of air. One ml. of the solution was then added to 100 ml. of air-
saturated phosphate buffer and the ébsorbance at 442 my determined as a
function of time. . The oxidation was complete before thé first measure-
ment was taken, after'seven minutes.

A similar experiment was done in phthalate buffer at pH 5.8; in
this case, the absorbance‘became constaﬁt only after several hours.

. 9. Cysteine/Cobalt Ratio and Brown Complex Formation.--Six two-

ounce polyethylene bottles weée fitted with stoppefsuhaving a nitrogen'
inlet and exhaust port. The botties were deaerated by passing nitrogen
through them for several minutes. One ml. of air-free 0.2500 M cobalt
chloride, air-free 0,116 M cysteine and pH 7.8,1 M phosphate buffgr
were mixed in thé bottles to give the desiféd cysteine/cobalt ratio and

a total volume of 25 ml. The cysteine solution was prepared by
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dissolving 2.1954 g, of cysteine hydrochloride monohydrate in 50 ml. of
pH 7.8 buffer, adding 10 M NaOH to adjust the pH back to 7.8, and
diluting the resulting solution to 100 ml., with buffer. During the
addition of reagent, nitrogen was passed rapidly through the containers.,
The solutions were then carefully shaken for several minutes. Then the
stoppers were removed, 1 ml. aliquots withdrawn end transferred to 100
ml, volumetric flasks. These aliquots were alloyed to stand exposed to
the air for 45 minutes, then diluted to 100 ml. with water, and the

absorbance was measured at 442 mp.

10. Bjerrum Titratioh»ef Cqbalt(II)-Cysteine Systems,--To 89.0 ml,
of air-free distilled water in the titration vessel ﬁentiened above was
added 1.0 ml. of air-free 1,003 M -cobaltous chloride and 10.0 ml. of
air-free 0,417 M cysteine hydrdehloride. This gave a cysteine/cobalt
ratio of 4. The addition of these reagents was made with nitrogen
rapidly passing through the solution. The mixture was then titrated with
air and carben dioxide-free 1.032 M sodium hydroxide, and, afper each
increment of base, the pH WAE accurately measured. 1In a typieal e#peri-
ment, 10 ml., of base was added in about 60 increments; this gave PH
changes of a few tenths of a unit. During the experiment oxygen,wés
rigorously excluded.

A similar experiment was conducted with 10'3‘y cobalt(II), 0.0417
M cysteine hydrochloride, and 1.003 M sodium hydroxide. In this
case, 1.28 ml. of base was added in about twenty inéfementé. In both
experimen;s, the solution was rapidly stirred with a magnetic stirrer
and Teflon-covered stirring bar.

11. Oxygen Uptake of Cysteine Solutions.--The rate of oxygen up-

take of cysteine and cobalt(II)-cysteine solutions at pH 5.8 was
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determined with a constant pressure apparatus consisting of a thermo-
stated two-compartment flask cénnected to a gas burette. 1In the first
experiment, 1.0 ml. of approximately O.1 M cysteine in pH 5.9 buffer
was placed in one compartment of the flask and the rate of oxygen up-
take measured with the gas‘burette; no appreciable amount of oxygen was
absorbed over a period of five hours. The second experiment was con-
ducted in the same fashion except that 1.0 ml. of a 0.1 M solution of
cobalt(II) chloride was placed in the other compartment of the flask;
to initiate the experiment, the cobalt was poured into the cysteine-con-
taining combartment. In this case, oxygen was quite rapidly absorbed
by the soiﬁtion. In both experiments, the solution was vigo:ously

'~ stirred with a magnetic stirrer and Teflon-covered stirring bar,

12, Attempted Extraction of [Co(Scy)].--To an approximately 10-2 M

solution of cobaltous chloride was added enough cysteine hydrochloride V
to give a cysteine/cobalt ratio of 4. The initial pH was 2-3. Aboﬁt
50 ml. of an organic solvent, either petroleum ether, benzene, chloro-
form, or carbon tetrachloride was then added, and the solution was
carefully deaerated with nitrogen for 30 minutes. To the air-free solu-
tion was added air-free 1.0 N sodium hydroxide to give the desired pH
of 5.8. The mixture was then vigorously stirred to mix the aqueous and
organic layers. In no case was any of the yellow-green complex present
in the aqueous solution extracted by the organic solvent.

13. Cystine Formation.--To 100 ml. of air-free pH 5.9 buffer was

added 1.0 ml. of l.OO‘g cobalt(II) chloride and enough cysteine hydro-
chloride monohydrate to make the cysteine/cobalt ratio 3. The solution
was then oxygenated by blowing a stream of air through it; 1.0 ml, ali-

quots were withdrawn at various times, diluted with water, and the



56

absorbance was measured at L42 my. After the absorbance reached a
constant or ﬁearly constant value, the solution was fiitered'under
suction through a weighed, 2,5-ml,, medium-porosity, frittgd-glass
filter crucible; the crystalline cystine obtained was washed with a
small amount of water and dried. The amount of cystine was then de;er-
mined by weighing the crucible; as a check, the cystine was dissolved
with dilute HCl and the‘crucible again dried and weighed.

A similar experiment was conducted at pH 7.8 using the same pro-
cedure as above., At both pH 5.8 and 7.8, cystine is quite insoluble
(44) and no correction for solubility was made.

14, Reaction of Co(III) and Cysteine at pH 5.8.--Cobaltic sulfate

was prepared according to the directions given by Palmer (31). The
preparation was carried out using a Sargent-Slomin Electréanalytical
Analyzer and platinum electrodes. To 12 g. of powdered Co(SOu)-6H20 in
a Berzelius beaker was added 100 ml. of 10 N H,S0,. The cobalt salt was
then dissolved by rapidlykstirring with the rotating anode of the
Analyzer. After all of the cobalt(II) sulfate was dissolved, the
Berzelius beaker was surrounded with an ice bath, and the solution was
cooled to and kept at 10° C. throughout the preparation. The oxidation
of Co+2 to Co+3 was then carried out electrolytically.

The color of the electrolyte changed from pink through violet to a
greenish~blue. Although it is possible by continued oxidation to obtain

crystals of C°2(Soh) n this case the oxidation was stopped at the

3 1
point where the solution was greenish-blue in color,
Small aliquots of this solution were then added to water and to a

pH 5.8 buffered 0.1 M cysteine solution. When added to water, the

greenish-blue color was only slowly discha:ged; hdwever, when added to
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the cysteine solution, the color immediately turned from greenish-blue
to the characteristic pink of hydrated Co(II). This indicated a rapid

reduction of Co+3 by cysteine.



CHAPTER IV
ISOMERISM OF THE BISCYSTEINATO-N,S-COBALTATE(III) COMPLEXES
Results and Discussion

Schubert (16,17) prepared and isolated in the solid state both the
biscysteinato-N,S-cobaltate(III) and triécysteinatd-N,S-cobaltate(III)
ions, the former as a brown insoluble acid, H[Co(Scy)2(H20)2]~3H2O (BBNS)
and the latter as a green potassium salt, K3[Co(Scy)3]f3H20 (GINS, see
- Chapter III). The brown insoluble acid was obtained by feacting a
mixture of cobalt(II) and cysteine with oxygen at pH 7-9, followed by
precipitation with a mineral acid. The green complex was formed from
'cobalt(II), excess cysteine, and oxygen at pH values above 10. échubert
reported that the potassium salt was stable; however, the product ob-
tained by Spessard (1l1), following Schubert's directions, was blue-
gray in color and unstable. Invthese compiekes chelation involves both
nitrogen and sulfur.

Schubert (17) observed that solutions of GINS were decomposed by
lowering thetpH below 10, and he presumed that the brown product formed
- was BBNS. Spessard (11) investigated this problem further and found
that the brown deéomposition product was éimilar, but not i&entiéal, to
the brown prodpct formed directly from cobalt(II), cysteine, and oxygen
at pH 8-9. His conclusions were based mainly on ultraviolet and visible
spectral evidence; however, he also performed ion-exchange chromatbgfaphy

on the two products and obtained different elution-patterns.v Spessard



29

(11) demonstrafed that GINS solutions were stabilized by the addition of
cysteine; especially at high pH values, This fact was verified in the
work for this thesis. |

There are five possible stereoisomeric forms for biscysteinato;
cobaltéte(III) complexes, with the structures represented schematically
in Figure 7. The reaction of GINS as the pH is loweredrmighf be répre-

sented by the equation:
- 1 -1 -1
(1) [Co(Scy)3] 3wt »@ZZ:%»[CO(Scy)2] + HScy

The product of this reaction would necessarily be a cis-diaquo isomer,
and it seemed likely that the slight differences between this product
and BBNS might be due to the fact that the latter complex is a trans-
diaquo isomer. The decomposition of GINS by acid sf;nds in marked
contrasf td the sfability of theAbiscysteinatocobaltaté(III)‘complexes,
which can be dissoived in concentrated hydrochloric or sulfuric acid
with little change in spectrum. The binding constant for the third
ligand must be many orders of magnitude smaller than the constants for
the first two. B

It is a well-established fact that bidentate ligands such as
cysﬁeine do not span trans positions. ' Thus, thé rate ofireaction of
BBNS and the decoméosition product of GINS with cysteine might give an
indication of their geometrical configuration;' The reaction‘waé,carried
out in the pH range 10-11, At 585 my, BBNS aﬁd GINS have molar absorb-
ancy coefficients of 750 and 280, reSpectivelj;atHus, the reactions. can
be easily foilowed by measuring the decrease in absorbance at this
wavelength., Cysteine and sodium hydroxide were added to a 0.1M solution

of BBNS to give a cysteine/BBNS mole ratio of 2 and a pH of 10.5; the
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Fig. 7. Isomers of the Biscysteinato-N,S-cobaltate(III) Ion.
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absorbance of the resulting solution was measured as a function of time,
As shown in Figure 8, abouf 55 minutes were reqqired for the reaétion

to reach completion. For BBNS which had beeﬁ in a strongly acid;environ-
ment for ﬁ hours, the rate of reacfion with cysteine was faster, about
30 minutes being required for complete conversion to GINS. Due to the
lack of knowledge concerning the exact nature of BBNS, this difference

in reaction rate cannot be precisely explained.

In a parallel experiment, GINS was decomposed by adding an equi-
molar amount of hydrochloric acid and letting the solution stand for 2
minutes. Base was then added until pH 11 was reached; no cysteine was
added since that formgd in the decomposition of GINS should still be
preseﬁt. As seen in Figure 8, the GINS was completely regenerated in
,S-lO.minutes.

These results can be easily rationalized. Since cysteine cannot
span trans positions, the initial product formed from GINS is a cis-
diaquo isomer (structures III, IV, V) which reacts quite readily to
re-form GINS. Oh the other hand, BBNS reacts more slowly, and this is
intefpreted to mean that it is a trans-diaquo isomer which must undergo
a relatively slow, rate-determining rearrangement before a cysteine -
molecule can add to form GINS. Although these experiments established
the relative positions of the water molecules in the biscysteinato-
cobalt(III) complexes, they do not sﬁffice to distiﬂguish between
strucfﬁres I an& II or III, IV and V. |

In order to investigate the interconversion of the cis and trans
isomers, GINS was again decomposed with an equimo}ar amount of acid, and
the solutions were allowed to stand 1.5 and 4 houfs before raising the

PH to 10-11. Also, cysteine was added to replace that lost by oxidationm.
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The results are shown in Figure 8. The solution which was acidified

for 1.5 hours requifed 30 minutes to form GINS; the rate of conversion
is intermediate Between that of trans-BBNS and cis-BBNS. Thus, some of
the cis isomer»had undergone a rearrangement to the trans isomer during
the period of acidification. 1In the case of the solution that was acid
for 4 hours, 80-90 minutes were required for the brown complex to revert
to the green tris complex. At first it was thought that the only
reaction occurring in the highly acid conditions was a conversion of

the cis to the trans isomer; however, since this solution reacted with
cysteine even slower than BBNS,‘the situation muét be more complex.
Another reaction possibly takes place, converting the cis isomer to a
binuéleate complex, which does not react readily with cysteine. It was
thought that the rearrangement of the cis isomer might be halted at pH 8.
Accordingly, GINS was acidified for 2 minutes, then the.pH was raised to
8, and the solution was allowed to stand 2 hours. As shown in Figure 8,
the cis complex still rearranged, albeit much slower than in highly acid
conditions.

These results made it clear that it would be difficult to separate
the isomers shbwn in Figure 7 by ion-exchange chromatography, since cis
complexes would rearrange in the course of the separation. Nevertheless,
éome ion-exchange work was done. Spessard (1l1) reported that the elu-
tion of BBNS produced a small émount of brown material which was easily
removed from an anion exchange rééin with O.1M chloride; he also obtained
several other fractions, all of which were.brown° Spessard’s work was
repeated using gradient elution techniques. Shown in Figure 9 is the
elution pattern qbtained upon chromatographing ;he éolution obtained

from cobalt(II), cysteine, and oxygeﬁ at pH 7.6-8.0. A product which
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showed absorption maxima at 270, 350, and 440 mp was easily eluted from
the column by the first few ml. of eluent. Since the complex showed no
affinity for the resin, it must not be anionic. Based on thg assumption
that both the products eluted have the same molar absorbancy, it can be
shown that the first producﬁ eluted comprised 7-9% of the total. The
complex also was eluted from a cation exchange resin with water. The

complex is not charged, and the following structure is proposed:

H20 H20

om

H

H20 H20

Similar ammonia complexes are known (46).

It was thought that the hydroxo bridges might be broken by acid
hydrolysis. However, no evidence for or_égainst this could easily be
obtained, since the spectra of the binucleate complex and its hydrolysis
product(s) are probably very nearly the same. In contrést to BBNS, tﬁis
uncharged product did not react with cysteine at pH 11, but this evidence
alone does not suffice for a definite structural assignment;

The second peak in the elution curve is due to the trans biscys-
teinatocobaltato(III) complex.: The material appeared to be ho@ogeneous,
and only one component wasveiuted; thus, the ion-exchange system used
in this work did not serve to distinguish beﬁween structﬁfes I and II.
BBNS was prepared by acidifying the original solution obtained from
cobalt(1II), cyéteine,and oxygen, filtering the precipitate and thoroughly

washing with water. When the complex prepared in this fashion was
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dissolved in base at pH 8 and chromatographed, none of the above-
mentioned, easily-eluted material was obtained; thus, the binucleate
complex was not precipitated by acid, and by using careful techniques,
pure BBNS was obtained. The filtrate obtained_was also chromatographed,
and, in this case, a relatively large amount of the binucleate complex

~was eluted, in addition to a small amount of BBNS.
Experimental

1, Pregarationlgﬁ,ggyg.--TOIS 8. (2;57 x 10_2 moles) of cysteine
hydrochloride monohydrate in 50 ml. of air-free water was added 12,5 ml,
of .1,03M cobalt(II) chloride (1.28 x 10-'3 moles), This solution was
thoroughly stirred, deaerated with nitrogen and adjusted to pH 7.8 with
7 ml, of 10N sodium hydroxide. Aif then was bubbled through the solu-
tion for 45 minutes. During the aeration, the PH was maintained in the
range 7.5-8.0 by the addition of hydrochloric acid as needed. After
aeration, the brown solution was allowed to stand for 2 hours, after
which time 12.5 ml. of 1.0N hydrochloric acid (1.25 x 10-2 moles) was
added to precipita?e the complex; the final pH‘was about 2. The solu-
tion and precipitate was stirred 15 minutes, and the precipitate was
collected by filtration, washed with water, alcohol, and ether. The
yield was 80%.

The exact color of the complex seemed to vary with the conditions
of preparation. In some cases, én almost black product was obtained,
while ﬁt other times, a distinctly brown product was formed. It has
been assumed that BBNS is stable in the solid state; however, upon
standing for several weeks, the BBNS prepared in this work developed a

distinct odor of hydrogen sulfide.
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2. Preparation of GTNS.--The method used was essentially that

described by Schubert (17). In 10.4 ml. of 1M cobaltous'chloride was
dissolved 5.6 g. of cysteine hydrochloride monohydréte° The solution
was cooled in an ice bath to 5°C. and then was added to 26 ml. of cdld,
5.1M potassium hydroxide. The cold mixture was aerated for 2.5 hours.
Then 40 ml. of ethanol were added slowly, and the mixture was allowed
to stand for 45 minutes. After filtering the mixture through a Buchner
funnel and sucking the precipitate dry as possible, the precipitate was
dissolved in 30 ml. of watér, and the resulting solution was filtered°
To tﬁe filtrate was added 30 ml. of ethanol. The green precipitate
that formed was collected in a Buchner funnel and washed with alcohol
and ethef, The cémplex was air-dried, and the yield based on the cobalt
taken was. 82%.

When Schﬁbert”s directions were very carefully followed, especially
with regard to the amount of alcohol added in the precipitation steps,
a green potassium salt was obtained. If a greater amount of alcohol
were added, slightly more precipitate was obtained, but the color of
thé product wés gray instead of green. Upon standing, GINS decomposed
to a gray-brown powder, and an odor characteristic of organic amines
‘developed.

3. Reaction of BBNS and the Decomposition Products of GTNS with

Cysteine at pH 10-11,--BBNS, 0.388 g. (1 x 10”3 moles), was dissolved
in 10 ml, of O.1N sodium hydroxide. A 1.0 ml. aliquot was withdrawn
and diluted to 50.0 ml. for absorbancy measurements. The molar absorb-
ancy wasi75O at 585 my. To the remaining 9°O,m1° of BBNS was added 2
ml., of 1.0N sodium hydroxide followed by 0.218 g. (2 x 10.3 moles) of

cysteine. An additional ml. of 1.0N sodium hydroxide was required to
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raise the pH to 10.5. The absorbance of the solution, after a 1:50
dilution with water, was measured as a function of time. Another experi-
ment with BBNS Qas carried out in a similar manner, except that the BBNS
was' dissolved in 10 ml. of O.lN hydrochloric acid for 4 hours before
cysteine and base were added. ‘

GINS was decomposed by adding 0.587 g. (1 x 10™° moles) to 10 ml.
of water; to this solution was added 1.0 ml. of 1.0N hydrochloric acid,
and the solution was then allowed to stand for an appropriafe length of
time (2 minutes, 1.5 or 4 hours). After this time, 3.0 ml, of 1.0M
sodium hydfoxide and 0.218 g, (2 x 10-3 moles) of cysteine were added.
The pH was 10.3. The absorbancy of the solution was measured as a
function of time, after a 1:50 dilution.

Essentially the same technique was used to determine the rate of
conversion of the cis to trans isomets at pH 8. 1In this case, the GTNS
was decomposed with acid for 2 minutes and then readjusted to pH 8 with
0.23 ml, of 1.0M sodium hydroxide. After standing for 2 hours, 2.77 ml.
of 1,0M sodium hydroxide was added, followed by 0.218 g. (2 x 1073 moles)
of cysteine. The.pH was 10. Absorbancy was again measured as a function
of time.

4, TIon-Exchange Experiments.--An ion-exchange column was con-

structed from a 50 cm. length of 19 mm. o.d. glass tubing. At the
bottom of the column was an extra-coarse fritted disc and a Teflon
stopcock,

The resin was prepared by adding Dowex 1‘Anion Exchange Resin
(200-400 mesh, chloride form) to a beaker of water, stirring, allowing
the resin to settle and decanting any suspended material. The resin

was washed into the column with water and then back-washed by attaching



a 50 cm, length of equal-diameter glass tubing to the top of the column
and running distilled water in at the bottom. The resin bed thus was
expanded to about twice its original volume, and all éf the resin beads
were set into vigorous motion. The resin waé allowed to settle, and
the back washing was repeated once again. A layer of glass wool was
installed on top of the resin bed to prevent agitation of the beads by
incoming liquids, which entered through a 0.5 mm. capillary tube held
snugly in place by a rubber stofper.

The column was connected by Tygon tubing to a gradient-elution
apparatus, This consisted of two, 250 ml. separatory funnels connected
by a Tygon tube running from the outlet of one funnel (solution chamber)
to a 15 cm. length of 0.5 mm, capillary tubing, which was inserted
through a rubber stoppér into the mouth of the second funnel (mixing
chamber). The solution chamber was mounted about 12 inches above the
mixing chamber and about 50 inches above the outlet of the column. A
magnetic stirrer was mounted to stir the contents of the mixing chamber,

In a typical experiment, 200 ml. of 1.0M sodium chloride was placed
in the solution chamber, and 200 ml. of water was placed in the mixing
chamber. The sample then was put on the column, and all stoppers were

"snugly seated, The run was initiated by opening the stopcocks on the
two funnels and the column. If all thg stoppers were air-tight, the
sodium chloride solution ran into the mixing chamber at neafly the same
rate as the soiution flowing through the column. In this way, a ‘gradual
and continuous increaée in eluent.concentration was obtained.

Forty-drop (3.2 ml.) fractions were collected in 13 x 106 mm. test
tubes which were automatically changedkby a fraction collector (Packard

Instrument Co., La Grange, Ill.). The rate of elution was 1 drop/15 sec.,
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and a typical run required 8-10 hours.

To investigate the products formed at pH 8 from cysteine, cobait-
(11) and oxygen, 0.3 ml. of the solution obtained before the addition
of the acid as described in section 1 was placed on the colqmn'aﬁd
eluted. Quite quickly two brown bands separated, the first moving quite
rapidly down the column, All of this material was collected in the
third and‘fouéth fractions. The second band moved more slowly down the
column and started coming off when the eluent was 0.1-0.2M. The final
eluent concentration was 0.6M. The absorbancy of the fractions was -
meaSured‘with a Beckman model DU Spectrophotometer and 10 mm. pyrex
cells. All other ion-exchange experiments were conducted in a similar
manner, Before each run, the column was washed with 100 ml. of distilled
water.r

The area under the elution curves was determined with an Ott

Compensating Polar Plénimeter (Fredrick Post Co., Chicago, 111.).
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APPENDIX A

DERIVATION OF THE EQUATIONS NECESSARY TO DETERMINE
n AS A FUNCTION OF pH

The quantity n is defined as the average number of donor groups
bound per metal ion present, and experimentally, a method is used where-
by:the ligand concentrétion [A] is directly determined or calculated
from the data (24). The value of 1 at a particular pH may be deter-
mined by the use of the equations derived below.

The following is for the particular case of cobalt and cysteine and
the following abbreviations are used:

[Scy]t = total concgntration of cysteine,

[co*?)

t total concentration of cobalt,

-2] concentration of free ligand and

il

[Scy
[Co(Scy)n(g_en)] = concentration of a particular complex.
It is evident that.

Y

(1) [Scy]t = [Scy-el + [HScy-I] + [H2Scy] + [H3Scy+ +

[Co(Scy)] + 2[Co(Scy)é2] + 3[Co(Scy);u].

By definition,

[Co(Scy)] + 2[Co(Scy);2] + 3[Co(Scy);h]

2) n= .
(2) n [C°+2]t

and

(3) [co*?], & = [co(Sey)] + 2[Co(sey)2) + 3[co(Sey); ).

Th
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Now from (1) and (3),
(4) [seylg = [Sey™°1 + [usey '] + [HScy) + [HyScy™ ) + [co™1,i.

By definition the foilowing equations are true:

. [E) [ Sey]

(5) = 3
“ [H3Scy+l]
c ) mseyl)
(6) K2 = .[Hgscgg y and
v E) [sey7?)
(7) K, = <
i [HScy—l]

These K' values are the reciprocals of the usual ionization constants,
and in this work, they were taken from Albert (23). From equations (5),

(6), and (7) it can be shown that:

+ly 43 [sey7®)

(8) [H3Scy = Ki Ké'Ké ’
[111° [sey™®)
(9) [HesCY] = Ké sz 5 and
: +1 -2
(10) [asey }) = {E-L ISey 1
5
Now combining (4), (8), (9), and (10) and rearranging gives:
[H+1] [H+1]2 [H+1]3
1 + [ + [} 1 + 1 1] 1
’ . [seyl, - [Scy-E] g, K3 KK KKK,
(11) n = " .
[Co ]

t



76

All quantities in this equation are obtainable from experimental
data., If [Séy-e] can be measured directly, equation (11) suffices to
determine n. However, in the work done for this thesis, [Scy-z] was
determined from the experimental data according to the equation derived

below. [H+1] was determined with a pH meter.

+1]’

(12) [H+1]t [H+1] + [HScy-ll + 2[H28cy] fl3[H3Scy

» (13) [H+1]t 2[Scy]t - [NaOH), where [NaOH] is the concentration

of the added NaOH.
Now from (12) and (13),

(14) (5] + [ESey ") + 2[H Sey] + 3[H,Sey™ ] = 2[sey], - [NaoH].

Now when (8), (9), and (10) are substituted into (14) and the resulting

equation is rearranged, the following equation is obtained.

2[scy], - [E'1] - [Naom]
13

B gl 5 H+1.2 33
Vg

2

(15) [Sey”

It should be noted that, in this equation, the sodium hydroxide
concentration is that required to titrate Hascy, not H3Scy+; thus, if
cysteine hydrochloride is added initially, the volume of NaOH

added must be corrected for the amount required to neutralize the

hydrochloride, before applying equation (15).
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