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This thesis describes a study of the synthesis, stereochemistry,

and reactivity of cobalt(III) cysteinato (CyS) and related thiolato com-

plexes. The preparation of [Co(en)
2

CyS] + resulted in a product solu-

tion containing a mixture of diastereomers in the ratio 2.3 :1 (L :A).

The isomers were separated by ion exchange chromatography, and

their absolute configurations were assigned on the basis of their CD

spectra and relative stabilities. Interconversion of the two isomers

was shown to occur under the proper conditions. Oxidation of

A-[Co(en)2CyS] + by H202 led to a 2.9 :1 (S:R) mixture ofAS- and AR-

{ Co(en)2(CyS0)1+, the S and R indicating configuration at sulfur. Both

of these sulfenato isomers underwent further oxidation by H202 to

form the same product, ,A4Co(en)2(CyS02)]+. The S and R sulfenato

isomers were stable in solution if kept in the dark, but exposure to

room light caused a rapid interconversion of the isomers, which led

in 1-3 hr to an equilibrium 76:24 (AS :.AR) mixture. A slower



decomposition reaction also occurred upon exposure to light. Similar

behavior toward H202 and light was observed in the Lx system.

The synthesis of the analogous penicillaminato complexes pro-

duced a ca. 2:1 mixture of A-[Co(en)2PenS]l. : Co(en)2PenS1+.

Both isomers underwent oxidation by H202 to form sulfenato and

sulfinato complexes. The complexes [Co(CyS)3] 3- and [Co(PenS)2]-

also reacted readily with H202, producing sulfenato and sulfinato

complexes. The bis(cysteinato) complex previously formulated in

the literature as [Co(CyS)2(H20)21° did not react with H202. Based

on this and other observations, a new trinuclear structure was pro-

posed in which six sulfur ligands form bridges between three

cobalt(III) ions.

The kinetics of oxidation by H202 were measured for several

of the thiolato and sulfenato complexes. The resulting rate constants

were analyzed in terms of the steric and electronic characteristics

of the various isomeric species. Other reactions briefly examined

include oxidation of [Co(en)2CyS] + and [Co(en)2(CyS0)]+ by Br2,

and reaction of [Co(en)2(CyS0)]+ with hydroxylamine-O-sulfonic acid.
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REACTIONS AND STEREOCHEMISTRY OF THIOLATO
AND SULFENATO COBALT(III) COMPLEXES

GENERAL INTRODUCTION

The influence of metals on the reactivity of coordinated ligands

has come under intense scrutiny in recent years. The role of metal

surfaces and of metal ion complexes in catalysis is based on this

influence. Chemical industries utilize a wide variety of metal com-

plexes in the catalysis of a myriad of reactions of organic and in-

organic compounds. In biological systems, many key reactions are

catalyzed by metallo-enzymes. Hemoglobin is an iron complex, and

the cytochrome enzymes of the respiratory chain are complexes of

iron and copper. The nitrogen-fixing ability of certain bacteria is

dependent on an enzyme (nitrogenase) which contains both Fe and Mo.

In energy research, rhodium cluster complexes which show some

promise as catalysts for the electrolysis of water are being investi-

gated as a means of harnessing solar energy.

In a few instances, the mechanism by which the metal complex

brings about its catalytic effect is fairly well understood. In most

cases, however, the catalytic mechanism is poorly defined, if not

a complete mystery. The design or selection of a suitable catalyst

for a particular reaction is largely a matter of trial and error.

Clearly, the benefits of a better understanding of the influence of

metals on ligand reactivity would be widespread.



2

The primary function of a catalyst is to enhance the rate of a

kinetically slow, but thermodynamically favorable, reaction. In a

slightly broadened usage of the term, catalysts can also alter the

distribution of products of a reaction, or allow formation of products

not obtainable in the absence of the catalyst; that is, the stoichiometry

of the reaction can be altered. An excellent example of this is pro-

vided by the biological oxidations of cysteine and cysteamine. Be-

cause of the important relevance to the work to be presented here,

these reactions will be discussed in some detail.

Oxidation of Thiols

Thiols (see Figure 1) require a catalyst to undergo reaction

with 02 at a significant rate. 1 Fe 2+ and Cu2+ are particularly effec-

tive. The product of this so-called autoxidation is a disulfide. The

mechanism is complex, and may be different with different catalytic

ions, but is thought to proceed through RS radicals. In the absence

of metal ions, thiols can be oxidized by H202 or a variety of other

common, mild, laboratory oxidizing agents. The product exclusively

obtained is disulfide. With H202, sulfenic acid is a proposed inter-

mediate. This sulfenic acid reacts very rapidly with remaining thiol

according to reaction 1. Oxidation beyond the disulfide requires more

RSOH + RSH RSSR + H2O (1)

forcing conditions, and usually leads to a sulfonic acid product, since
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-2e

RSH = Thiol

1-1e

RSSR

-le
V

RSOH

-2e

RSO2H

-2e
V

RSO3H

Disulfide

Sulfenic acid

Sulfinic acid

Sulfonic acid

Figure 1. Nomenclature of some of the important organic sulfur
compounds.

all the intermediates that are possible are more readily oxidized than

the disulfide.

In contrast, the thiol cysteine (see Table 1) is oxidized to

cysteinesulfinic acid by an enzyme, cysteine dioxygenase, isolated

from rat liver cytoplasm, 2 A related enzyme, cysteamine dioxygen-

ase, catalyzes an analogous oxidation of cysteamine to hypotaurine. 3

Neither reaction proceeds through a disulfide intermediate, since the

disulfides are not substrates for the corresponding enzymes. The

respective sulfenic acids have been proposed as intermediates, but

have not been isolated or detected. Some of the more important fea-

tures of the two enzymes are compared in Table 1. It is clear from



TABLE 1. Comparison of some important features of thiol dioxygenases.

Cysteine Dioxygenase Cysteamine Dioxygenase
a

Substrate

Oxidized substrate

Extracted from

Fe content

cysteine, H2N-y-I-CH
2

-SH
COOH

cysteinesulfinic acid (CSA), R-S02-H
(alanine-3-sulfinic acid)

rat liver cytoplasm

Cysteamine, H2N-CH2CH2-SH

cysteaminesulfinic acid, R-S02-H
(hypotaurine)

horse and sheep kidney cytoplasm

1 mole non-heme Fe/mole enzyme, determined by atomic 1 mole non. heme Fe(III) /mole enzyme, determined
absorption b; oxidation state unknown by analysis with o-phen; oxidation state determined

by EPR

R-SH content unknown 6-8 sulfhydryl groups per mole enzyme

Molecular Weight 0,22, 500c ~83, 000

Specificity cysteine only known substrate cysteamine only known substrate

Fe chelating agents completely inhibit activatione, but do not reduce activity little effect unless mercurials also added, which
of functioning enzyme together result in complete and irreversible deacti-

vation of enzyme.

Cu chelating agents no significant effect

Co-factors: d
NAD(P) H stimulates enzyme, but requirement not absolute ; does no effect

not function as H donor; non-stoichiometric relationship to
enzyme function

Fe2+ stimulates enzyme, but partial activity retained after
removal of Fe + by gel exclusion chromatography

S
2

, S, Se redox dyes no effect

no effect

strongly stimulate enzyme activity up to a maximal
concentration; become strongly inhibitory at higher
concentrations



TABLE 1. (Continued)

Cysteine Dioxygenasea Cysteamine Dioxygenase
a

NH2OH

Protein co-factor

indirect effect? (enhances CSA production by deactivat-
ing CSA decarboxylase)

Protein A prevents aerobic deactivation of enzymee.
MW 750; requirement is absolute; shows stoichiometric
relationship to CSA production.

strongly stimulates enzyme activity; does not become
inhibitory at higher concentrations

none known to exist

EPR studies in progress see note (f)

Notes:
(a) The term "dioxygenase" indicates that both() atoms incorporated into the oxidized substrate come from O2. In contrast, a monoxygenase, or

mixed function oxidase, incorporates just one 0 atom from 02 into the oxidized substrate, and the other 03 atom is reduced to H2O. In this case,
NAD(P) H or some other redox system is a required co-factor.

(b) The finding that the amount of Fe per mg enzyme increases in analyses performed following successive purification steps provides additional evi-
dence that the Fe is tightly bound, and an integral part of the enzyme.

(c) according to Yamaguchi : ref. 2d. Singer estimates MW at <68, 000. ref. 2a.

(d) Requirement of a co-factor is absolute if enzyme activity is zero in its absence.

(e) The purified cysteine dioxygenase enzyme shows no catalytic activity, but can be activated by anaerobic incubation with substrate, or with a
number of related thiols which do not act as substrates. The enzyme thus activated is rapidly de-activated on exposure to 02 unless the co-factor
Protein A is present.

(f) The purified cysteamine dioxygenase enzyme exhibits a single EPR absorption peak at g=4. 3, indicating that the iron is present as Fe(III) in a field
of low symmetry. Addition of substrate causes a modification in the shape of the EPR derivative curve, while other thiols do not. Addition of
the co-factor-like compound Na 2S causes a more dramatic change in the EPR, with appearance of an additional peak at g =7.25. Both of these
changes were completely reversed upon exposure of the enzyme to O.

to
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the effects of chelating agents and from the EPR data that the environ-

ment around the Fe atom plays a key role in the functioning of both

enzymes. The iron is probably bound to the enzymes through cysteine

sulfhydryl residues of the protein chain. Direct binding of iron to

substrate sulfur is also strongly implicated, but has not been un-

equivocally established.

The substitution-inert nature of the low-spin d6 electron con-

figuration of Co(III) complexes makes it possible to study in detail

the effect of metal-ligand binding on the reactivity of coordinated

ligands. The earliest report of the effect of Co(III) on the oxidation

of coordinated thiolate was published by Schubert in 1933.4 In that

report, Schubert described the oxidation of a tris(thiolato)cobalt(III)

complex, K3[Co(CyS)3] 3H20, by hydrogen peroxide (footnote 1). The

product obtained was K3[ Co(CyS02)3] 3H20, a tris(sulfinato) complex

in which the Co-S bonds remained intact. Schubert's findings were

substantiated in 1968 by Gil lard and Maskill, who further reported

that the synthesis of the tris(su.lfinato) complex was stereospecific,

they isomer (vide infra) being produced exclusively. 5 Dollimore and

Gil lard showed that the complex could be used to resolveA/, mixtures

of Co(III) cationic complexes. 6 In 1975 Sloan and Krueger7 described

the oxidation of [Co(en)2CyS] + by hydrogen peroxide. In addition to

1 See Appendix for a list of frequently used ligand abbreviations.
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the expected sulfinato product, the intermediate sulfenato complex

[Co(en)2(CyS0)1+ was isolated. These reports clearly show that

Co(III) is capable of altering the normal course of oxidation of cys-

teine thiolate by H202. The reactions are analogous to the enzymatic

oxidations in that the thiolate is converted to a sulfinate rather than

a disulfide.

Objectives

The main objective of the research presented here is to learn

more about the basic chemistry of the oxidation of thiolatocobalt(III)

complexes. This could provide useful information toward an under-

standing of the thiol dioxygenases. The stereochemisty of the

+Co(en)
2

Cy Si isomers and their oxidation products is worked out

in some detail, as are the kinetics of several of the pertinent reac-

tions. In addition, the syntheses of some new thiolatocobalt(III)

complexes are presented, and the oxidation products of those com-

plexes determined. Finally, reactions of the coordinated thiolate

function with electrophiles other than H202 are examined briefly.

The body of the thesis is divided into four major portions, A-D.

Each of the four parts is divided into sections labeled Introduction,

Experimental, Results, and Discussion. Part A deals with Co(III)

complexes containing one thiolate ligand per metal ion. In Part B,

the oxidations by hydrogen peroxide of the complexes in Part A are
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described. Part C covers monomeric and polymuciear Co(III) com-

plexes having at least two thiolate ligands per cobalt ion, and their

reactions with H202. Part D covers reactions of thiolato complexes

with electrophiles other than hydrogen peroxide. Part D is followed

by a discussion intended to tie together the pertinent results of the

four parts A-D, and draw conclusions relative to the objectives listed

above.

Stereochemistry

Since stereochemical discussions are important throughout most

of this thesis, some background information is presented here. Be-

cause of the substitution-inert nature of Co(III) complexes, geomet-

rical and optical isomerism is frequently observed. Circular

dichroism (CD) spectroscopy is an effective tool for gaining infor-

mation about the structure of these isomers, for differentiating be-

tween isomers, and for observing stereochemical changes such as

racemization reactions.

Circular dichroism occurs when Co(III) electronic transitions

take place in a dissymmetric environment (i. e., one in which the

complex ion lacks an improper rotation symmetry element). Three

factors contributing to the dissymmetry of the Co(III) environment

are of concern in this work. The vicinal contribution is the result

of having a chiral donor atom, as the sulfur donor in the sulfenato
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complexes, or a chiral atom within a chelate ring, e.g., the chiral

carbon atom in a chelated amino acid. The conformational contribu-

tion is due to the dissymmetric puckering of non-planar chelate rings

as shown in Figure 2. The two isomeric ring forms are labeled N.

and 5. Planar chelate rings do not show this effect. Amino acids

Figure 2. Isomeric conformations cf a non-planar, five-membered
ring.

which are N, 0-coordinated form very nearly planar chelate rings. 8

Ethylenediamine chelate rings have a very small energy barrier to

conversion from one form to another, and consequently en rings inter-

convert very rapidly in solution, thus becoming effectively planar on

a time average basis. 9



10

The configurational contribution is the largest source of

dissymmetry, and thus has the largest effect on the CD spectrum.

This contribution arises, for example, when three bidentate chelates

are coordinated to a Co(III) ion. (Other combinations of bidentate

and/or multidentate ligands can also give rise to configurational

dissymmetry.) The two possible isomeric forms, AandL, are

shown in Figure 3, each drawn in two ways to emphasize the C2 and

C3 axes. The three contributions to the CD spectrum (vicinal, con-

formational, and configurational) have been shown to be additive, and

the configurational and vicinal/conformational contributions can often

be separated by proper arithmetic manipulations of the spectra 10.

J
Figure, 3. Isomeric configurations of a tris bidentate octahedral

complex, top view emphasizing C3 axis, bottom view
the C2 axis.
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(For this purpose the conformational and vicinal effects are generally

considered together, since they are quite difficult to separate in this

way.) The arithmetic separation of contributions will be described

further in the Discussion section of Part A.

The L or A configuration (usually called the absolute configura-

tion) of an individual isomer of a Co(III) complex can frequently be

assigned from a consideration of the isomer's CD spectrum. The

most empirical and most easily applied rule states that the longest

wavelength transition in the CD is positive for a Acomplex and nega-

tive for a L. 11 The majority of complexes for which X-ray crystal

structures have been determined follow this rule, but some exceptions

are known.

Somewhat more elaborate empirical rules have been developed

which relate the CD spectral features to the cobalt electronic transi-

tions. The complexes encountered in this work which lend themselves

to CD analysis generally possess [CoN
5
SI chromophores, so the

empirical rules for complexes with tetragonal symmetry (footnote 2)

apply. The electronic spectra of Co(III) complexes generally show

two major ligand field bands, arising from 1 Aig -.1Tig and

1
A -.1T transitions. 12 With [CoN5S] chromophores, the S-. Co

lg 2g

charge transfer band at relatively low energy completely obscures

2 Tetragonal symmetry obtains when the ligand field strength along
one coordinate axis is different than along the other two axes.
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the T2g band. The splitting of the Tlg band into Eg and A2g compo-

nents is often observable in the visible spectrum, and the further

splitting of

of [ CoN 50]

the Eg band can be detected in the CD. The CD spectra

chromophores in complexes of the type [Co(en)2(aa)] n+

where (aa) is a N, 0-bonded amino acid chelate, have been more

thoroughly studied than [ CoN 5S] chromophores. For these com-

plexes the empirical rule (footnote 3) states that the A 2g
band is

positive for aAconfiguration (negative for a L), and that the Eg

components are opposite in sign. 13 These [ CoN 50] complexes

generally show a large longest wavelength peak, which is assigned

to one of the E
g

components, and is positive for a A complex, nega-

tive for a L. The second Eg peak and the A2g peak are opposite in

sign and nearly cancel out, leaving only a small residual peak. For

the [C oN
5
SI chromophores the situation is a little more complex, as

will be seen, but tentative assignments of configuration can still be

made.

3Reference 13 actually states that the A22 band is negative
for "a left-hand chiral distribution of chelate rings." The apparent
contradiction to the above statement arises from the convention
used in determining the handedness of
the C2 axis was used as the reference
convention is to use the principal (C3)
tribution of chelate rings about the C2
the C3 axis, and therefore indicates a

chirality. In this reference,
axis, whereas the current
axis. A left-hand chiral dis-
axis is right-handed about

configuration.
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PART A: MONOTHIOLATO COMPLEXES

Introduction

The synthesis of simple mononuclear thiolatocobalt(III) com-

plexes is hindered by the tendency of RS ligands to form polymeric

complexes and undergo internal redox reactions with the cobalt ions.

Some of the earliest complexes to be characterized were those re-

ported by Schubert in his work with cysteinato complexes of Co(II)

and Co(III). All of the Co(III) complexes he described contained

more than one cysteine per Co ion, and the sole Co(II) complex which

contained only one cysteine per Co ion was apparently a Co(II) salt of
14

[Co(CyS)2] 2-, and may have been binuclear.

The monomeric, monothiolatocobalt(III) complex

N,S4Co(en)2(CyS)1+ was first reported by Kothari and Busch15

in 1969. It was prepared by reacting trans-[Co(en)2C12]+ with

CySH and KOH. The yield was reported as 50%, but apparently

some subtle, unexpressed reaction conditions must have been em-

ployed, since subsequent researchers have obtained much poorer
17yields for this reaction. 16, A greatly improved method for pre-

paring N, S-[Co(en)2
(CyS)]+ was reported by Sloan and Krueger'

and was based on a more general reaction scheme proposed by Lane

and Bennett, 18 This method involved the reaction of a disulfide,

cystine in this case, with a Co(II) salt in the presence of
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ethylenediamine, according to reaction 2. A number of other

CySSCy + 2 CoCl2 + 4 en 2 [Co(en)2CyS]f + 2 Cl (21

thiolatobis(ethylenediamine)cobalt(III) complexes have been pre-

19pared by Bennett and co-workers, as well as by other researchers,

using this method.

The N, S- binding in [Co(en)2CyS] + synthesized by either of

the above routes has been verified by a variety of tests, including

IR and uv/visible spectra, and pKa
values. Crystal structures of

both A and CI isomers of [ Co(en)2CyS] C104 have confirmed the already

well established assignment of N, 4-binding. 17 No detectable amount

of N, 0- or S, 0-bound complex was produced by either route. How-

ever, N, Co(en)
2

CySH] has been successfully prepared by an

indirect route. 20

The desire to study Co(III) complexes having just one thiolate

ligand stemsin this work, at leastfrom the need to simplify as

much as possible the study of the reactivity of the coordinated sulfur.

The number of possible oxidation products is smaller than for a

complex containing two or three sulfur ligands per cobalt, so the

separation and identification of these oxidation products is consider-

ably easier for the monothiolato complexes. In addition, the kinetics

of oxidation of bis and tris thiolato complexes are far more complex

and difficult to analyze than kinetics of monothiolato complex oxidations.
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Experimental (A)

Materials and Instruments. Ethylenediamine 10% (vol/vol) aqueous

solutions (10 en: 90 H2O) were prepared from J. T. Baker reagent

grade ethylenediamine by dilution with water. Prepurified N2 was

used for purging solutions wherever purging is indicated.

L(-)Cystine (R, R-cystine) was obtained from Matheson Coleman

& Bell; L-Cysteine hydrochloride monohydrate, A grade, from

Calbiochem; D-Penicillamine disulfide (S, S-penicillamine disulfide)

from Aldrich Chemical Co. The pH of solutions was measured with

a Broadly James Ag/AgCI micro combination electrode and a Chemtrix

Model 70A digital pH meter. All other chemicals and solvents were

reagent grade unless stated otherwise.

A Cary Model 16K Spectrophotometer equipped with a Cary

Model 16053 Strip Chart Recorder was used to record UV/visible

spectra. Circular dichroism (CD) spectra were run on Jasco Durrum

Model 10 and Jasco Model 41A spectrophotometers. Proton nmr

spectra were run on a Varian HA-100 NMR Spectrometer or on a

Varian FT-80A NMR Spectrometer, and the latter was also used for

13C nmr spectra.

Circular Dichroism Spectra. The CD spectra obtained from the spec-

trophotometers were in units of millidegrees of ellipticity per centi-

meter. To convert these units to the oe units normally used for



reporting CD spectra, equation 1 was used. In this equationl(c.f.)

Ac
(33)(Ex,) (eq. 1)

(c.f. )(Hx )(deg/cm)(Axi)

16

is a calibration factor typically ranging from 0.94 to 1.04. The CD

spectrophotometers needed to be calibrated each day of use by meas-

uring the observed amplitude of the spectrum of a standard solution

of d-10-camphorsulfonic acid (Aldrich Chemical Co. ), and comparing

it to the theoretical amplitude (AE +2.2 at 290.5 nm). The conver-

sion factor was then c.f. = theoretical amplitude +- observed ampli-

tude. (H
X)

represents the distance in cm of the spectrum at a given

wavelength from the baseline at the same wavelength, and carries a

positive or negative sign. The factor (deg/cm) represents the ampli-

tude range setting of the instrument, which usually ranged from

0.002 deg/cm to 0.020 deg/cm. (Ax,/ Ex, ) is taken from a uv/visible

spectrum of the same solution used for the CD spectrum, and repre-

sents the absorbance, A, and molar absorptivity, s, of the solution

and complex ion, respectively, at any characteristic wavelength X'.

This factor could be replaced by the concentration of the solution, if

known. (If other than a 1 cm pathlength cell were used, the factor

would be Ax ,/(Ex ,)(0, where 2 is the cell pathlength in cm. ) The

number 33 is a geometric factor relating ellipticity to AE.
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Preparation of ((R)-Cysteinato-N, S)bis(ethylenediamine)cobalt(III)

Complexes. The synthesis of the title complex, abbreviated

[Co(en) CyS]+, has been described previously (as the iodide and

perchlorate salts). 7, 15, 21 However, new information regarding the

outcome of the Co(II)-cystine route 7' 21 merits further discussion.

In a typical synthesis, 40.0 mL of let aqueous ethylenediamine

(60 mmol) was placed in a three-neck round-bottom flask equipped

with a magnetic stir bar, and the solution was purged for 30 min

using a syringe needle. The N2 purging was continued throughout

the synthesis. To the ethylenediamine solution was added 3.6 g

(15 mmol) R, R-cystine. After the cystine was dissolved, a 7.2 g

sample (30 mmol) of CoC126H20 was added in small portions over

a one-hour period. After each cobalt addition the pH was checked

using a micro combination pH electrode, and concentrated KOH was

added each time the pH dropped below 9.

After the CoC1 2.6H 20 was completely added, the reaction solu-

tion was allowed to stir at room temperature for 3 hr before the product

was precipitated . To isolate the perchlorate salt, 3.7 g (30 mmol)

NaC10
4

was added to the solution. The NaC104 dissolved quickly,

and then the product [Co(en)2CyS1C104 began to crystallize. After

cooling in an ice bath for ,,J1 hr, the solid was filtered, washed with a

minimum of cold water, and dried in a vacuum desiccator over P205.

The yield was 8.9 g (7 7 °16) . This solid proved to be the optically pure
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A isomer. In one synthesis, the L solid was obtained by treating the

filtrate with a large excess of NaC1O4, and allowing the solution to

stand overnight. BothAandP salts could be recrystallized from

warm water, but the A salt gave very poor and erratic yields, ,N,30%.

(See Discussion. )

The chloride salt was much more soluble in water than the

perchlorate salt, so that isolation of the solid proved to be difficult.

An excess of NaC1 was added to the reaction solution (in place of the

NaC1O4, above), followed by a large excess of 95% ethanol. After

decanting the supernatant liquid, the solid salt was obtained by

triturating the viscous oil with 100% ethanol or with methanol. The

solid retained some alcohol (as evidenced by the 'H nmr spectrum),

even after prolonged drying at 70°C and 1 mm pressure. Drying at

higher temperature resulted in decomposition.

Separation and Interconversion of_A, +Isomers of [Co(en)2CySi .

A standard synthesis reaction was carried out to prepare

[Co(en)2CyS]+, and a 0.18 mL sample of the reaction solution

(ev0. 1 mmol) was loaded onto a 20 cm x 16 mm cation exchange

column containing Bio. Rad AG 50W-X4 cation exchange

resin, 200-400 mesh, in the Na+ form. All of the sample was

trapped in the top 1-2 mm of resin. Elution with 0.5 M NaC1 at a

rate of 0.5 mL /min split the sample cleanly into four bands, the
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last of which (in order of decreasing elution rate) had an apparent

3+ charge, and was assumed to be [Co(en13]3+. The third band

was very faint, representing < 5% of the total sample, and dis-

appeared on the column. Its presence was not detected in the eluate

in this experiment, but it was found in an experiment to be described

later.

The first two bands were taken to be the G and A forms of

+
[Co(en)2CyS.1 , the P eluting first. (See Discussion for assignment

of configurations. ) The relative abundances of the two isomers were

determined in two ways. First, the eluate was collected in 20 mL

fractions using an ISCO Model 270 automatic fraction collector with

a constant volume siphon device. Two milliliter aliquots of selected
1samples were then oxidized to r Co(en)2(CyS0).1 + by the addition of

3 mL of 0.6 11 hydrogen peroxide, after which the absorbance of the

resulting sulfenato complex at 371 nm was determined immediately.

A plot was then constructed of A371 vs. fraction number, and the

relative areas under the two peaks were taken as the relative abun-

dances of the thiolato complex isomers eluted from the column.

The second method involved combining all of the fractions con-

taining each of the isomers, and oxidizing one sample from each of

the two combined solutions. The volumes of the combined solutions

multiplied by the absorbances of the respective oxidized samples gave

the relative amounts of the two isomers in the original solution.
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The perchlorate salt was chromatographed on the same ion

exchange column by dissolving ,v30 mg of solid [Co(en)2CyS] C104 in

10 mL water, and eluting as above. The sample gave only one band,

and CD spectra of fractions from the leading and trailing edges of the

band were identical to the spectrum of the (`isomer obtained from

the above separation of the reaction solution. The chloride salt was

chromatographed in the same manner, and behaved much like the

synthesis product solution. However, one sample of [Co(en)2CyS] C1

obtained by crystallization over a several day period from an aqueous

ethanol solution22 eluted cleanly as the A isomer.

In an attempt to identify the 5% trailing band (vide supra),

0.29 g of Co(en)2CyS] C104 was dissolved in water, loaded onto a

4 cm (length) x 48 mm (diameter) cation exchange column, and eluted

with 0.5 M NaCI. The trailing band was detected by monitoring

uv/visible spectra of successive fractions eluting from the column.

Samples taken from the 5% trailing band gave essentially the same

uv/visible and CD spectra as the major peak, and showed the same

reactivity toward hydrogen peroxide. For these reasons, and since

several other samples and other thiolato complexes all gave a 5%

trailing band, it was decided that it was only a loading artifact.

,
Acid Dissociation Constant of p-[ Co(en) 2

(HCyS).1 . To determine the

pKa value for dissociation of L\-[ Co(en)2(HCyS)) 2+, which is
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protonated at the carboxylate function, 80.8 mg L -[ Co(en)2CyS1C104

was dissolved in 9.0 mL water, and the pH determined with a micro

combination electrode and pH meter. (The pH meter was standard-

ized in buffers of pH 7, 4, and 2.5, within ±0. 01 pH unit in all three

buffers. ) Then 1.0 mL of 0.1475 M HC1O4 was added, the solution

was stirred for five min, and the pH determined again.

Preparation of ((S)-Penicillaminato-N, S)bis(ethylenediamine)-

cobalt(III) Complexes, Fifteen mL of 10% aqueous ethylenediamine

(1.35 g ethylenediamine, 22.5 mmol) was placed in a 25 mL round-

bottom flask, and purged with N2 gas for 1.5 hr before adding 1.43 g

(4. 83 mmol) of D-(-)-penicillamine disulfide. N2 purging was con-

tinued throughout addition of reagents. After the solution was stirred

for 0.5 hr, the temperature was raised to 50-55"C, and 2.21 g

(9.31 mmol) of CoC1 2.6H20 was added in small portions over a 1.5

hr period. The pH was monitored during the addition with a pH

meter and combination electrode, and concentrated KOH was added

as necessary to maintain pH rug. After addition of the CoC126H20

was complete, the N2 purging was discontinued, the flask stoppered

lightly, and the solution stirred another 6-7 hr at 50-55'C, adjusting

the pH as necessary. The product was isolated in impure form by

addition of 1.58 g (9.72 mmol) of ammonium hexafluorophosphate

(PCR), followed by ,u30-40 mL isopropanol.
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To obtain a material of suitable purity for elemental analysis,

0.60 g of the hexafluorophosphate precipitate was dissolved in 7 mL

water, filtered, and loaded onto a small cation exchange column con-

taining 3 mL of Dowex 50W-X4 cation exchange resin in the Na+ form.

Elution with water gave a small amount of unbound complex, which

was discarded. Elution with 0.5 M NaC1 gave the desired 1+ product,

which was precipitated by adding a saturated aqueous solution of

sodium tetraphenylborate. Anal. Calcd for [ Co(en)2PenS] B(C6H5)4:

C, 61.4; H, 6.98; N, 10.8; S, 4.97; N:S ratio 2.17. Found: C, 59.60;

H, 7.11; N, 9. 16; S, 4.19; N:S ratio 2.19.

In another synthesis, the hexafluorophosphate salt was obtained

in a more acceptable state of purity by removing the major contami-

nant, [Co(en)3] (PF6)3, by fractional crystallization. The product

solution was treated with NH4 PF
6

as above, and then allowed to

slowly evaporate for 4 days. Isopropanol was then added slowly until

precipitation just began, at approximately a 1:1 H20:C3H7OH compo-

sition. The solution was cooled in ice and filtered. The solid was

almost pure [Co(en)3](PF6)3. The filtrate was reduced in volume

with a film evaporator, after which isopropanol was added until most

of the remaining complex was forced out of solution into a viscous oil.

Repeated trituration of the oil with isopropanol produced solid

[Co(en)2PenS]PF6 in reasonable purity, as judged by its uv/visible

spectrum and by cation exchange chromatography. Heating under



23

vacuum (A.,60°C, 1 mm, 2 hr) did not remove residual isopropanol

from the solid, as indicated by its 111 nmr.

Elemental Analyses. All analyses for % C, H, N and S were per-

formed by Galbraith Analytical Laboratories, Knoxville, Tennessee,

except where stated otherwise. All analyses for % Co were performed

in this laboratory by digesting tne compound in hot, acidic KMnO4,

destroying the excess KMnO4 with H2C2042H20, and determining

the Co(II) concentration spectrophotometrically as the [Co(SCN)4]

complex in 50:50 (v/v) water:acetone.
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Results

Separation and Interconversion of A- andA-[Co(en)2CyS] + Isomers.

Cation exchange chromatography of a product reaction solution from

the synthesis of [Co(en)2CyS] + showed that the reaction produces both

G and Adiastereomers, in the ratio 2, 3 :1 (G,A), theta form eluting

first from the cation exchange column. Both isomers are optically

stable in solution for at least several days over a pH range of ap-

proximately 1-9. However, a solution of pureAisomer can be con-

verted quantitatively to the G form by boiling the solution for several

minutes. The Q form is optically stable under the same conditions.

When NaC10
4

is added to a reaction solution in a stoichiometric

amount or slight excess, the solid which precipitates is optically pure

A -[ Co( en)2CyS] C104. In three independent syntheses, the

yields of ipitatedAperchlorate accounted for 76-86% of the total

[Co(en)
2
CyS]+ in solution (assuming 100% yield in solution (footnote 4)).

41n a recent paper by Freeman 2121. 17 a footnote made refer-
ence to an earlier paper published by Sloan and Krueger 7 dealing with
[ Co(en)en)2CyS] CI04. The footnote said:

"The diastereoisomerism was ignored, and although the yield
was not stated, our results indicate that, under their con-
ditions, the A isomer was obtained in < 30% yield. "

This statement is incorrect in two respects. The diastereoisomerism
had not been ignored, but rather was under investigation, and the re-
sults of that investigation were published23 six months prior to the
Freeman publication, in the same journal. Secondly, the yields of
A- r Co(en)

2
CyS1 C104 quoted above are plainly much greater than
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This finding indicates that conversion of p toAoccurs during the

crystallization process, since each of the three original solutions

were known to contain ca. 30 %j\- and 70%L-[Co(en)2CyS]+. In one

case, when the A product was filtered, and the filtrate treated with

a large excess of NaC1O4, a second crop of crystals was obtained,

which proved to be optically pure 6,1Co(en)2CyS] C104.

In contrast to the behavior of the perchlorate salts, the chloride

salts of both isomers are extremely soluble in water, and it is neces-

sary to use an alcohol to force the product out of solution. Under

these conditions, no fractional crystallization is observed, and the

solid chloride salts contain a mixture of Band P forms in very nearly

the same ratio in which they are found in the reaction solution.

Although the high water solubility of Co(en)2CyS] Cl greatly

increases the difficulty of obtaining a pure sample, it also makes a

much better resolution possible in the 1H and 13C nmr spectra,

which are shown in Figure 4. The presence of the two isomeric

forms can be detected in the proton spectrum by the slight "splitting"

of each of the peaks in the methine triplet, which is centered ca. 1.1

ppm upfield from the HOD peak. Several of the 13C peaks show this

same type of "splitting." (The word "splitting" here is placed in

quotation marks because the peaks are not actually split in the usual

30%. Since the earlier work by Sloan and Krueger employed the same
synthetic method as used here, their yields can be assumed to also
be much greater than 30%.
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Figure 4. Proton nmr spectrum (upper) and carbon-13 nmr spectrum
spectrum24 (lower) of [Co(en)

2
CyS1CI in D20.
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sense, but instead are distinct absorbances from different isomers,

differing very slightly in chemical shift. )

Acid Dissociation Constant ofP-[Co(en)2(HCyS)]2+. Table 2 shows

briefly how the equilibrium concentrations of the key species were

Table 2. Calculation of equilibrium concentrations (M) of species
involved in the acid dissociation of Q-[Co(en)2(HCyS)] 2+.

A-[ Co(en)2(HCyS)] 2+ H+ + p-[ Co(en)2CyS] +

before protonation: 0 O. 01475 0. 0203

after protonation : 0. 00457

consumed 0.01018 0.0102

at equilibrium O. 0102 0. 00457 O. 0101

determined. The values before protonation are derived from the

amounts of L4 Co(en)2CyS] C104 and HC1O4 added, and the volume of

the solution. (The initial pH was 6.4, so only the amount of HC1O4

added was significant in calculating [H+] before reaction. ) The [H+]

after protonation comes from the pH of the solution five min after

adding the HC1O4. That pH value was 2.34. Using the equilibrium

concentrations shown in the figure, the calculated value of pKa for

the dissociation of L -[ C o (e n) 2(HC y S)] 2+ is 2. 34.

To judge the accuracy of this method, the experiment was
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repeated, using 0. 200 M A-[ Co(en)2CyS] C104. The initial pH was

6.5, the final pH 2.44, and the calculated pKa value 2.54. The pKa

value previously reported by Krueger and coworkers 23 for

A- [ Co(en)2(HCyS)] 2+ was 2.40.

Synthesis and Resolution of [Co(en)2PenS] + Isomers. Due to the very

high water solubility of nearly all salts of [ Co(en)2PenS] + and the

relatively low yield of the synthesis ("/40%), a solid sample of a

[Co(en)
2
PenS] + salt of sufficient purity to give the expected elemental

analysis could not be obtained. However, other physical character-

istics leave little doubt as to the identity of the complex.

The uv/visible spectrum is quite similar to that of the analogous

complex [Co(en)2CyS]+. (See Figure 5.) The N:S atom ratio in the

elemental analysis of a tetraphenylborate salt, which should be quite

sensitive to the relative amounts of ethylenediamine and penicillamine

ligands, was 5.00 (within )7), as expected for [Co(en)2PenS]B(C6H5)4.

The high values found for %C and H, as well as the low values of

%N and S, can be accounted for rather well by assuming that a small

amount of NaB(C6H5)4 co-precipitated with the product, and

assigning some water of hydration Hence, anal. calcd for

[ Co(en)2PenS] B(C6H5)4' 0. 21 NaB(C6H5)4. 3H2O: C, 59. 8;

H, 7. 0; N, 9.10; S, 4.16. Found: C, 59.60; H, 7. 11; N, 9. 16;

S, 4.16.
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Figure 5. Absorption spectra of (a) [Co(en)2CyS] +,7' 21 (b)
[Co(en)2Peng .

Perhaps the most convincing evidence is the behavior of the

complex on a cation exchange column, eluting as a 1+ charge type,

and splitting into two bands that have nearly identical visible spectra,

but different CD spectra, indicating separation of the complex into

the predicted A and P diastereomers. Each of several samples of

the hexafluorophosphate salt of the complex obtained from independent

syntheses split into two bands on the cation exchange column, in a

ratio of approximately 2:1 (A:L), the J\eluting first.

, 2+
Cation Exchange of [ Co(en)2 cystS] It is worth noting here that

cation exchange in the usual manner of a sample of [Co(en)2cystS] -

(C104)225 produced a single band upon elution with 1. 0 M NaC1
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(disregarding the 5% trailing band determined earlier to be a loading

artifact). Samples from the eluate gave no CD spectrum. Since the

cysteamine ligand contains no chiral atoms, the and P forms of

, 2+
[Co(en)

2
cystSi are enantiomeric. This result shows that the two

enantiomers are produced in equal numbers, and the racemic mixture

cannot be resolved by the standard techniques used here to separate

the J\.and Ldiastereomers of the cysteinato and penicillaminato com-

plexes.
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Discussion

[Co(en)zCyS] + +Isomers. The synthesis of [Co(en)zCyS] gives rise

to two stereoisomers which differ in arrangement of the chelate rings

around the cobalt center. (See Figure 6.) Since the synthesis is car-

ried out using optically pure L-(-)-cystine, in which both chiral

carbon atoms have the R configuration, and since it is very unlikely

that these carbon atoms could racemize under these mild reaction

conditions, theAand complexes cannot be mirror image isomers.

If it is assumed that the cysteine ligand will adopt the same ring

conformation in both _Nand Lcomplexes, and that this conformation

Co2+ + 2en + 1/2 CySSCy

ery
CO

C COO

30%

eN
.A.(A)

Ille

70%

00C-- CI /14.CO

N

dA(A)
Figure 6. Stereoisomers arising in the synthesis of [Co(en)2CyS]+.
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is the one which places the bulky COO group in the equatorial

ring position in order to minimize interligand repulsions, then a

X conformation can be assigned to the cysteine ring in both isomers.

Extensive studies have been carried out to determine the effect

of ring conformations on the stabilities of tris bidentate complexes
1 3+such as [Co(en)3] .

9 From estimates of interligand repulsive

energies, one finds that the four isomeric .A_ complexes would fall

into the following series in order of decreasing stability:

A(666) > 6X >Aosx >A(8 x x ). For the pisomers the series

is: LAXXX) > (XX. 6) > 6 8) > (665).

Now returning to the complex [Co(en)2CyS] +,, n which one ligand

prefers to be in the ). conformation in all isomers, it is seen that two

of the eight isomers possible for [Co(en)3]3+ are unlikely for

[Co(en)2CyS]+, namely A(666) andL (566). These are the most

energetically favored Aform and the least favored L. form, from

the repulsive energy standpoint. It therefore can be concluded that

.&[Co(en)2CyS]+ should be more thermodynamically stable than the

diastereomer. Hence, the major fraction from cation exchange

separation of the reaction solution is assigned then configuration.

That this fraction is in fact the more thermodynamically stable form

is supported by the finding that the minor species can be converted

quantitatively to the major one by boiling an aqueous solution for a

few minutes. The assignment of configuration is supported by CD



33

spectra of the separated isomers, in which the sign of the longest

wavelength transition is negative for theti (major) species, and

positive for the J\. species. (See Figure 7, and the General Introduc-

tion.) The assignments of absolute configuration presented here have

been confirmed by recent X-ray crystal structure determinations17

Molecular models of the isomeric complexes show that although

the X conformation (with equatorial carboxylate) is preferred, it is

possible for the cysteine ring to be stabilized in the 5 conformation by

forming a hydrogen bond between the axially orientedCOO group

and an amine proton from an adjacent ethylenediamine chelate ring.

(See Figure 8.) The recent crystal structure determination mentioned

above has shown that this intramolecular hydrogen bond does exist in

the crystalline state forA4 Co(en)2CyS] C104, but not in the P isomer.

To test whether the hydrogen bond remains intact in solution, the CD

spectrum of A +ft -[ at neutral pH was compared to the spec-

trum
2+

trum of A-[Co(en)2HCySi at pH 1.0 (acidified with HC1O4). The

acidified complex is protonated at the carboxylate function, so the

intramolecular hydrogen bond is not possible. The CD spectra of the

two forms differed, but probably not enough to account for complete

conversion of all the cysteine chelate rings from 5 conformation to X.

Thus it is probable that a significant fraction, perhaps the major

fraction, of f\-[ Co(en)2CyS] complex ions in solution have equa-

tonally oriented carboxylate functions, while some of them have
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Figure 7. Left ordinate ( ), circular dichroism spectra of com-
plexes assigned as (a) P- and (b)A-[Co(en)2CyS]4". Right
ordinate ( ): uvivisible spectrum for (a) and (b). Re-
printed with permission from D. L. Herting, C. P. Sloan,
A. W. Cabral, J. H. Krueger, Inorg. Chem., 17, 1649
(1978). Copyright by the American Chemical Society.
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Figure 8. Conformations and hydrogen bond interaction in
cysteinate chelate.

axial, hydrogen bonded carboxylates. Additional evidence to support

this conclusion will be presented in Part B.

TheA- andA4 +Co(en)2CySi diastereomers are optically stable

in solution, but do interconvert under the proper conditions. It has

already been stated that the Aisomer can be converted to the more

stableA by heating a solution to boiling. This conversion could

proceed by a mechanism as simple as a twist about the pseudo-C3

axis 26 (refer to Figure 3).

Conversion of A to A at room temperature also occurs, as is

evidenced by the precipitation of 76-86% [ Co(en)2CyS] C104 from

a solution whose original composition was 30 %J\, 70% A (disregarding
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minor impurities). However, this conversion cannot proceed simply

by intramolecular twist, since it could not be duplicated from/VA

mixtures prepared by combining initially pure solid salts. It is ap-

parent, then, that the A and A forms must be in mobile equilibrium in

the synthesis product solution, so that as the less soluble A-perchlor-

ate precipitates, the A species is converted to the A-perchlorate to

maintain the equilibrium. Furthermore, other material(s) present

in the reaction solution must catalyze the establishment of the equi-

librium, since this does not occur with an "artificially" produced

mixture. The identity of the other materials was found by Freeman

who have reported that Co(II), ethylenediamine and/or high

hydroxide concentration, and free cystine are all necessary to estab-

lishlish the equilibrium. It would appear, then, that conversion of the

Aisomer to the less stable A requires a complete breaking apart and

reforming of the cobalt complex.

The reason for the low and erratic yields of A-[Co(en) 2
CyS] -

A large fraction of the AC104 recrystallizations is now obvious.

isomer is converted to the A by dissolving the salt in hot water, and

is not recovered because of the much higher solubility of the A salt,

and the incapability of conversion of G, back to A because of the ab-

sence of the necessary catalysts.

[ Co( en) 2
PenS] +. Penicillamine disulfide is not as easily reduced by
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Co(II) as is cystine, presumably because of the steric crowding by

the methyl groups on the carbon atoms adjacent to sulfur. The low

yield of the desired complex may be a consequence of the longer reac-

tion time and elevated temperature necessary to compensate for the

slower rate of disulfide reduction.

Assignment of configurations of the stereoisomers separated

by ion exchange chromatography is based on the same criteria used

for the cysteinato diastereomers. Both chiral carbon atoms in

D-(-)-penicillamine disulfide have the S configuration. If the

carboxylate group occupies an equatorial position on the penicillamine

chelate ring, then the ring has a 5 conformation, and the A complex is

preferred to they. Assignment of configurations on this basis agrees

with the assignment deduced from CD spectra of the complexes, using

the criterion of the sign of the longest wavelength transition. The CD

spectra are shown in Figure 9a.

The CD spectra of these isomers lend themselves nicely to a

breakdown into configurational and conformational components. If

it is assumed that the en chelate rings are effectively planar as a

result of rapid interconversion between X and 6 forms in solution,

then the majority of the conformational contribution to the CD spectra

arises from the rigidly non-planar penicillamine chelate ring, which

we've already assumed adopts the 6 conformation in both Band

complexes. Hence, the conformational contribution to the CD is
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Figure 9. a. Circular dichroism spectra of (1)A- and (2) &-(Co(en)?enS)+. b. (3) One-half
the sum of spectra 1 and 2; (4) spectrum 1 minus 3; (5) spectrum 2 minus 3.
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nearly the same for both complexes. Summing the two spectra

eliminates the configurational contributions, which are catoptric,

and the result is the conformational (and vicinal) contribution from

both isomers. Division by two then gives the conformational portion

of the spectrum of either isomer. (See Figure 9b.) Now the purely

configurational spectra can be found by subtracting the conforma-

tional portion from the spectrum of each isomer. Note (Figure 9b)

that the resultant configurational spectra are indeed catoptric--a

necessary outcome of this arithmetic manipulationand that the sign

of the longest wavelength transition is still positive for theAcom-

plex, and negative for the L.

Figure 10 shows the CD spectrum of the 5 conformational effect

of a non-planar S-pn chelate ring, 10 which was found by taking one-

third of the spectrum of an equimolar mixture of A-(+)- and

A-(-)-[Co(S-pn)3]
3+. Also shown in Figure 10 is the CD spectrum

of the Aconfigurational effect of a complex having three planar

diamine chelate rings, 10 which was found by taking the spectrum

of an equimolar mixture of A-(+)-[Co(R-pn)3] 3+ and

A-(+)-[ Co(S -pn)3] 3+. Qualitatively, the conformational spec-

tra of Figure 9b and Figure 10 match fairly well, the configura-

tional spectra less so. The Co charge transfer transition in

1the [Co(en)
2
(S-PenS)j + complexes tails rather far into the visible

region, and represents a significant source of error. Hence,
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Figure 10. Circular dichroism spectrum of (a) the 6 conformational effect of
a non-planar S-pn chelate ring; (5) the Aconfigurational effect.

the value in performing this sort of manipulation is subject to

question.
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PART B: OXIDATION BY H202

Introduction (B)

As indicated in the General Introduction, the effect of Co(III)

binding on the stoichiometry of oxidation of thiolates by hydrogen

peroxide has already been demonstrated. Reports of the oxidation

of [Co(CyS)3]
3- by H202 to form [Co(CyS0 2)3]3- '

4, 5 and the oxida-

tion of [Co(en)2CyS]+ by H202 to form [Co(en)2(CyS0)]+ and

,+ 7, 21
[Co(en)2(CyS02).1 , indicate that oxidation of thiolate directly

to states higher than disulfide is possible when the thiolate is co-

ordinated to Co(III).

Sulfinatocobalt(III) complexes have been prepared by a number

of synthetic routes in addition to direct oxidation of coordinated

thiolate. For example, Cozens et al. 27 have reported the prepara-

tions of sulfinato complexes by (a) SO2 insertion into a Co-C bond,

reaction 3; (b) oxidative addition with sulfinyl chloride, RSO2C1,

reaction 4; (c) replacement reaction with RSO2Ag, reaction 5. How-

ever, the only example of a sulfenato complex produced by a method

other than direct oxidation is an iridium(III) complex, formed by

oxidative addition of a sulfinyl chloride, CH3S0C1, to iridium(I),

reaction 6.
28

R-CoIIILB + SO2 ---> R -S -CoIIILB
O

(3)
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(R = alkyl group, L = square planar chelate,
B = H2O or pyridine)

NaBH4
RSO2C1 9

Co
IIICl(dmgH)

2
> R-py IIIR -S -Co (dmgH)

2
py (4)

O

(dmgH = bis(dimethylglyoximato), py = pyridine)

Co
III(salen)I + RSO

2
Ag > R-S9 -CoIII(salen) + Ag I

O

(salen = N, N' - salicylaldiminato)

0 CH
3

L CO CO

/ 9
+ CH

3
SCI -->

CI Z Cl

Cl

(L = P(C6H5)3 or P(C6H5)2CH3)

(5)

(6)

Oxidation of metal bound thiolato complexes does not neces-

sarily lead to production of sulfenato and/or sulfinato complexes.
3+

For example, oxidation of [(H20)5Cr-S- -NH3] i by hydrogen

, 29
peroxide gave the disulfide and Cr(H20)6.1 (However, a co-

ordinated su.lfenic acid was proposed as a possible intermediate.)

Oxidation of [Cr(en)2(SCH2C00)]+ by Np(VI) resulted in oxidation at

carbon rather than at sulfur (reaction 7). 30
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This portion of the thesis presents a fairly detailed study of

the reactions of H202 with the thiolato complexes in Part A. The

syntheses of the new complexes [Co(en)2(PenS0)1(PF6) and

[ Co( en)2(PenS02)] (PF6) are described. The kinetics of most

of the oxidation reactions are also included. Although the basic

chemistry of the oxidation reactions was already established by the

earlier reports mentioned above, the previous work was considered

to have merely opened the door to a new area of chemical investiga-

tion. The further exploration into new areas often leads the re-

searcher to some unexpected results that in turn open up some other

new area, and this study has not been an exception. In the course

of developing some interesting stereochemical features of the

synthesis of sulfenato complexes, their photochemical behavior was

discovered. This, in turn, led to an interesting study of this photo-

chemistry, of which this work has merely scratched the surface.
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Experimental (B)

All of the sulfenato complexes described in this study were

shown to be photosensitive. Therefore all sulfenate-containing

solutions required protection from exposure to light, either by per-

forming experiments in a darkened room or by using taped or foiled

glassware, whichever was more convenient. This was most critical

in experiments dealing with separated R and S isomers (referring to

configuration at sulfur), since racemization was found to occur

rapidly when dilute solutions were exposed to light.

The hydrogen peroxide used in all experiments was prepared

by dilution with water of 30% H202 solution (Mallinckrodt), analytical

reagent grade.

All cation exchange chromatographic separations, unless stated

otherwise, were performed in the same manner as the separations

of Aand thiolato complexes, described in Introduction of Part A.

Preparation of Complexes

A-((R)-Cysteinesulfenato-N, S)bis(ethylenediamine)cobalt(III) Per-

chlorate. This complex was prepared as described previously,
7' 21

except that the 10% excess of hydrogen peroxide was reduced to 5%

to minimize formation of the sulfinato complex, and the concentration

of the H202 reagent was reduced to 0.1 M for the same reason. For
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the starting thiolate, optically pure,/\-[ Co(en)2CyS] C104 was em-

ployed.

((S)-Penicillaminesulfenato-N, S)bis(ethylenediamine)cobalt(III)

Hexafluorophosphate. The hexafluorophosphate salt of the starting

thiolato complex, [Co(en)2PenS]PF6, was employed rather than the

purer tetraphenylborate salt because of the very low water solubility

of the latter. This PF6 solid was a mixture of Aand p diastereomers

In order to calculate the proper amount of(ca. 70 %A, 30%L).

hydrogen peroxide needed to perform the oxidation, the amount of

isopropanol in the starting thiolato complex was estimated from a 1H

nmr spectrum, which gave an effective

for [ Co(en)2PenS] PF6. 0.35 C3H7OH.

A 0.95 g (1.95 mmol) sample of the thiolato

molecular weight of 490 g/mole

complex was dis-

solved in 5 mL water, and 10 mL (2. 15 mmole) of 0.215 M hydrogen

peroxide was added dropwise over a 45 min period, After the solu-

tion was stirred for one additional hour, 150 mL isopropanol was

added, and the solution held at rs)5°C overnight. The solution was

then decanted, and the remaining oil was converted to a solid by tri-

turating with isopropanol. A second crop was obtained from the

decantate by reducing its volume under vacuum until an oil formed,

followed by decanting and triturating as before.

The solid was recrystallized by dissolving 0.286 g in 1 mL
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water, adding a trace of solid ammonium hexafluorophosphate,

followed by 2-3 mL isopropanol. The oil that formed was triturated

with isopropanol, after which the solid was removed by filtration,

washed with ether and air-dried. Anal. Calcd for [Co(en)2(PenS0)1-

PF6: C, 22.18; H, 5.13; N, 14.37. Found: C, 26.43; H, 6.35;

N, 14.39. A proton nmr spectrum revealed the presence of iso-

propanol in the solid.

((S)-Penicillaminesulfinato-N, S)bis(ethylenediamine)cobalt(III)

Hexafluorophosphate. Co(en)2(PenSO2)] PF 0.35C
3
H70H (0. 757 g,

1.55 mmol) was dissolved in 5 mL H2O, and 10 mL (5.4 mmol) of

0.54 M hydrogen peroxide was added dropwise over a 35 min period.

The solution was stirred overnight, then treated with 100 mL ace-

tone. The solution was decanted, and the oil triturated with isopro-

panol. The solid was removed by filtration and washed with

isopropanol. The 1H nmr showed that acetone, but not isopropanol,

was retained by the solid after drying.

To recrystallize the solid, 0.2 g was dissolved in 1 mL water,

and acetone added dropwise until an oil formed. The solution was

allowed to stand for one hr, then was decanted. Trituration with

isopropanol converted the oil to a solid, which was removed by filtra-

tion and washed with ether. Anal. Calcd for [ Co(en)2(PenS02)] PF6:

C, 21.47; H, 4.61; N, 13.92. Found: C, 22.65; H, 6.08; N, 13.72.
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Resolutions

1 +Co(en)2(CyS0)i Isomers. TheAS andAR isomers produced by

the peroxide oxidation ofA4Co(en)2
CyS1+ were separated by ion

exchange chromatography of a synthesis product solution. In a typical

trial, 0.050 g (0. 113 mmol) ofA4Co(en)2CyS1C104 was added to 5 mL

water, and 5.0 mL (0. 14 mmol) of 0.0282 M hydrogen peroxide was

added dropwise. The solid went into solution as the oxidation pro-

gressed. After reacting for one hr, the entire solution was loaded

onto a column of Dowex or Bio Rad cation exchange resin in the Na+

form. Elution with 0.5 M NaC1 over a period of 15-20 hr, at 0.5 mL

per min, split the sample cleanly into two bands, the major band

(theJ\S isomer) eluting first. The eluate was collected in 20 mL

fractions, and A371
of each fraction was recorded and plotted as a

function of fraction number (or volume of eluate). Determination of

the S:R ratio is presented in Results.

The S:R ratio was also determined for a sulfenato complex

synthesized at pH 1.5. A- [ Co(en)2CyS] C104(24. 8 mg, 0.062 mmol)

was added to 5 mL of 0.040 M perchloric acid, and 5.0 mL (0. 078

mmol) of 0.0156 M hydrogen peroxide was added dropwise. After one

hr, the solution was chromatographed as described above.

Several solid samples of A-[ Co(en)2(CyS0)] C104 were separated

into S and R diastereomers by dissolving 40 mg in 3 mL water and



48

eluting as above. The S:R ratio in these solids was found to vary

considerably, and one sample was found to be essentially allAS. The

variation in the S:R ratio is thought to be due to crystallization effects.

CA-L Co(en)
2
(CyS0)1 + Isomers. The L sulfenato complex isomers were

produced and chromatographed by the methods just described.

L-[ Co(en)2CyS] C104 was used as the starting thiolato complex.

A-L Co(en)2(PenS0)1+ Isomers. A 32.5 mg sample of [ Co(en)2PenS] -

PF
6

was dissolved in 3 mL water and chromatographed (cation

exchange) in the usual way. The first band to elute, the Aisomer,

was collected and the eluate reduced in volume, first rapidly under

vacuum, then by slower evaporation at atmospheric pressure until a

large amount of NaC1 formed as crystals. The thiolato complex re-

mained in solution. After filtration, more NaC1 was removed from

the solution by gel filtration chromatography on a 25 cm x 16 mm

column of Sephadex G-10. The concentration of A4Cc(en)2PenSi + in

solution, determined from the absorbance of the solution at 479 rim,

was then 5.25 x 10-3 M. This solution (7. 0 mL, 0.037 mmol) was

oxidized by adding 1.5 mL (0. 041 mmol) of 0.0274 M hydrogen perox-

ide, and the absorbance at 370 nm was monitored. When A370 stopped

rising, the entire solution was loaded onto a Dowex cation exchange

column, eluted as usual with 0.5 M NaC1, and collected in 20 mL

fractions.
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Photochemistry

Racemization. A sample ofA:[ Co(en)2CyS] C104 was oxidized by a

stoichiometric amount of hydrogen peroxide, and the product solution

separated intoAR andAS isomers as described under Resolutions.

The CD spectra of selected separated isomers were monitored as a

function of time exposed to normal room light. Because of the de-

composition which occurred due to light exposure, a uv/visible spec-

trum was taken each time a CD spectrum was run, in order to deter-

mine the concentration of sulfenato complex remaining in solution.

In a second method, 37.5 mg AS-[ Co(en)2(CyS0)) C104 was

dissolved in 20 mL water, and exposed to normal fluorescent room

light for 14 hr. The solution was then chromatographed in the usual

way. Separation into two bands was observed, for which the.A.S:AR

ratio was 5.0.

Decomposition: To determine the amount of Co(II) produced by photo-

decomposition of A-[Co(en)2(CyS0)]+, partially decomposed solutions

containing mixtures of AR and AS isomers of the sulfenato complex

were analyzed for [Co(II)] by a variation of the method introduced by

Vydra and Prible. 31 To accomplish this, 70.3 mg A -[ Co(en)2(CySO)] -

C104 was placed in a 500 mL round-bottom, 3-neck flask. The flask

was equipped with a stirring bar, and both outer necks were fitted with

stopcocks, one of which was connected to a tube extending to the lower
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part of the flask. The center neck was connected to the condenser

of a distillation apparatus, and water was distilled into the flask

under an atmosphere of N2 until the flask was approximately three-

fourths full. The flask was then removed from the distillation assembly,

and closed with a standard-taper ground-glass stopper. Samples

could then be removed from the flask by pressurizing it with N2 gas

via one stopcock, while the sample exited via the delivery tube through

the other stopcock. A mercury bubbler was used to prevent dangerous

over-pressurization of the flask.

After removing a t=0 sample, the flask was exposed to a 100

watt incandescent bulb. The bulb was positioned ca. 8 in from the

flask, and the light was directed toward the flask by a cardboard

shield and aluminum foil. The contents of the flask were stirred

throughout the experiment. Heating from the bulb and magnetic

stirrer, partially compensated by cooling from air flow through the

hood, held the temperature at ^,40°C. Aliquots were periodically

removed from the flask and tested for [ Co(II)] as follows. (No

attempt was made to protect solutions from exposure to air after

they were removed from the flask. )

First, A371 was determined, and a blank solution was pre-

pared by diluting a stock solution of A-L Co(en)2(CySO)] C104 (kept

in the dark) to the same A371. Then each solution, the sample and

the blank, was treated in the same manner. A 15 mL aliquot was
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pipetted into a 25 mL volumetric flask, followed by 5.0 mL of

10-3 M HC1, 4.0 mL freshly prepared 10-3 M FeCl3, and 1.0 mL

saturated 1, 10- phenanthroline (phen), which had been adjusted to

pH 3 by addition of 1 M HC1. The solutions were then thoroughly

mixed, and A507 determined exactly one hr later.

An experiment was performed to determine the validity of this

method of analysis for Co(II) in the presence of the highly colored

sulfenato complex. Into each of two 25 mL volumetric flasks was

added x mL (x =0, 3, 5, 10, 15) of 1.24 x 10-4 M CoC12' followed by

(15-x) mL of either water (in one flask) or 3 x 10-4 M

Co(en)2(CyS0)] C104 (in the other), and by 5.0 mL of 10-3 M HC1,

4.0 mL freshly prepared 10-3 M FeCl3 and 1.0 mL saturated phen

adjusted to pH 3 as above. The corresponding blanks were prepared

by substituting x mL water for the x mL CoC12. All A507 readings

were taken exactly one hr after mixing the solutions.

Kinetics

First Step, Oxidation of Thiolato to Sulfenato Complexes. A second-

orderorder rate law for the oxidation of A-[Co(en) 2
CyS] to

Co(en)2(CyS0)] + with hydrogen peroxide having been previ-

ously established,
7 21 all experiments in this study were carried

out under pseudo-first-order conditions, with the H202 present in

ca. 100-fold excess over the thiolato complexes. The progress of
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each reaction was followed by continuously recording the absorbance

of the reaction mixture at the wavelength at which the product

sulfenato complex had an absorbance maximumnear 370 nm for

all sulfenates studied. The reaction took place in a 1 cm uv-silica

cell placed in a Cary Model 16 K Spectrophotometer equipped with a

Cary Model 1629 Programmer, and a Cary Model 16053 Strip Chart

Recorder. The cell compartment and cell holder were thermostatted

to ±0.5°C with a Lauda/Brinkmann Model K-4/RD Circulator.

Solutions of the thiolato complex and of H202 were pipetted into

two 50 mL glass-stoppered flasks, which were then placed in a con-

stant temperature bath for 5-10 minutes. To begin the run, the

contents of the two were thoroughly mixed, and a portion of the solu-

tion was quickly transferred to a silica cell in the thermostatted cell

compartment of the spectrometer. Typically, maximum absorbance

was reached in approximately 15 min to one hr.

Solutions for the oxidation of the following thiolato complexes

were prepared by dissolving the solid salts in water or the appropriate

buffer or acid solution: -[ Co(en)2CyS] C104; [ Co(en)2PenS] B(C6H5)4

and [Co(en)
2
PenS] PF6' both mixtures of Aand,L isomers; and

rac-[Co(en)2cystS](C104)2 (at pH 1.5). Solutions for the oxidation

of the following thiolato complexes were prepared by the appropriate

dilution of solutions obtained by elution from a cation exchange column

with 0.5 M NaCl: LA -[ Co( en)2CyS] +, L-[ Co(en)2PenS] +,
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Ar[ Co(en)2PenS] +.

Second Step, Oxidation of Sulfenato to Sulfinato Complexes. Kinetics

of the oxidation of sulfenato complexes by H202 were measured in

the same way as the kinetics of the first step of the oxidation, with

two exceptions. In this case, progress of the reaction was indicated

by the decrease (rather than increase) of the 370 nm absorbance,

which was recorded periodically during the run. Much higher con-

centrations of H202 (0.5-2.2 M) were required in order to complete

the reaction in a reasonable length of time. Typically, 12-24 hr was

required to reach A.3 (in this case, the minimum absorbance). Using

the Cary Programmer accessory, as many as five runs were moni-

tored simultaneously and automatically.

The following thiolato complexes were used to prepare the

corresponding sulfenates (as mixtures of R and S isomers) in situ:

A4 Co( en)2CyS1 C104; [ Co( en)2PenS] B(C6H5)4 and [ Co(en)2PenS] PF6,

both mixtures of Band v isomers. Solutions of AS-[Co(en)2(CyS0)1+

and f\R -[ Co(en)2(CySO)j +, obtained by cation exchange chromatography

with 0.5 M NaX (X=C1 or C104), were used to prepare solutions for

oxidation.
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Results

When A-[Co(en)2CyS] + undergoes oxidation by hydrogen peroxide

to form A-[Co(en)
2

(CyS0)] +, the resulting sulfenato sulfur atom is

chiral, having three groups (Co, C, 0) and a lone pair of electrons

arranged tetrahedrally around it. Two isomers are possible, abbrevi-

ated as AR andAS, depending on which thiolato lone pair becomes a

sulfur-oxygen bond pair. The S and R configurations at sulfur have

precisely the same meaning as S and R configurations at a chiral,

tetrahedral carbon atom.

As in the case of the [Co(en)
2
Pen S] + complexes, the salts of

most of the sulfenato complexes were very difficult to obtain as pure

solids because of their very high water solubilities, and the forcing

conditions required to bring them out of solution. In the absence of

convincing elemental analyses, the identities L,f the complexes are

well established by uv/visible and CD spectra, cation exchange chro-

matography, and results of kinetics of their formation and further

oxidation. For kinetics of oxidation from sliifenato to sulfinato

complexes, use of the impure sulfenates was avoided by using a

purer thiolato complex and producing the sulfenate in situ, or by

using solutions of the sulfenato complexes isolated by ion exchange

chromatography.
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Separation of S and R Isomers of .A4 Co(en)2(CyS0)1+. The S:R

ratios of sulfenato complex product mixtures were determined by

separation into the individual isomers by cation exchange chroma-

tography. The results were calculated in two ways, which should

give identical results.

Method A: A plot was constructed of A371 vs, fraction number

for all of the 20 mL fractions collected. The areas (cut and weigh

method) under the two peaks (see Figure 11) represent the relative

amounts of S and R isomers in the original sample. Method B: All

of the fractions containing a measurable amount of the S isomer were

combined, and the amount of sulfenato complex present was deter-

mined by measuring A371 and the total volume of the solution. The

same was done for all fractions containing the R isomer. It was

assumed that £371 is the same for S and R isomers. (The same

assumption applies indirectly for Method A. )

Method A gave a value of 2.81 for the S:R ratio. Method B gave

a value of 2.93. The average of these two numbers, 2. 9 rounded to

two significant figures, agrees moderately well with the value of 2.3

reported by Jackson and Sargeson. 29 In that report, the method of

determining the S:R ratio was not described, nor was there any indica-

tion whether the sulfenato complexes were protected from exposure

to light. However, in trials conducted in this laboratory in which no

precautions were taken to avoid light exposure, the S:R ratios were
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Figure 11. Plot of A371 vs. fraction number for elution of t- and,A,S-[Co(en)2(CyS0t
isomers.

invariably higher (3. 1 -4. 1) than the values obtained in the absence

of light. Rates of decomposition in light of separatedAS and AR

isomers, determined by measuring A371 as a function of time, re-

vealed that the AR isomer decomposes (decreases in A371) about

50% more rapidly than theAS isomer. This finding accounts for the

high S:R ratios in separations performed in the light. The value of

2.9 is used in this thesis for the separation of the second-order rate

constant into individual rate constants for formation of the AS and AR

isomers, as discussed later.

One trial was carried out in which the pH of the reaction solu-

tion was brought to pH 1.5 by the addition of HC1O4 prior to the addi-

tion of H202. This solution gave an S:R ratio of 1. 3, significantly
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lower than either of the values above. (This solution was exposed

to light during chromatographic separation.)

L-[Co(en)2(CyS0)]+ Isomers. Cation exchange chromatography of

a solution containing freshly prepared L-[Co(en)2(CyS0)] + showed

no obvious separation into isomers. However, CD spectra of samples

taken from opposite sides of the band maximum were quite different,

and indicated that at least a partial resolution into PR and L$ isomers

had been achieved. For the CD spectrum of the earlier eluting frac-

tion, the X max values (in nm) and points where the spectrum crosses

the AE = 0 line are: 512 (-), 477 (0), 455 (+), 431 (0), 389 (-), 350 (0).

For the later eluting fractions the values are: 523 (-), 498 (0),

463 (+), 370 (+), 317 (0), 284 (-). (Because these solutions were

not protected from exposure to light, the X values for the CD

spectra are tentative. ) The CD spectrum of a sample taken from

the peak maximum was identical to the one from the earlier eluting

fraction, indicating that the major species elutes prior to the minor

one.

A-1 Co(en) 2
(PenSO)i + Isomers. Cation exchange chromatography of

a solution containing Ar[Co(en)
2
(PenS0)] gave the elution profile

shown in Figure 12. (The solution was not protected from light.)

Partial resolution into two components is apparent. Samples taken

from fractions 3 and 10 gave identical uv/visible spectra. For the
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Figure 12. Plot of A371 vs. fraction number for elution of AR- and AS-ro(en)2(Peng0)]
isomers.

CD spectrum of fraction 3, values for the extrema are:
AE514

= +2. 8,

zi 459 = 1.8, 4,E 380 = +O. 6, zse3o6 = +2. 1. For fraction 10: A£819 =

+1.6, 66461
2. Ac378 = -6.2, 4294 = +8.4. (Because of the

failure to protect these solutions from exposure to light, the CD

spectral parameters are very tentative. Nevertheless, the spectra

clearly show that the two solutions contain optical isomers.)

Photochemistry

Racemization. CD spectra of the R and S isomers of A4 Co(en)2

(CyS0)1+, separated by cation exchange chromatography, were

found to change rather rapidly when the solutions were exposed to
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room light. (For example, in one experiment, 4370 for the R

isomer decreased more than 50% in magnitude in 0.3 hr exposed

to fluorescent room lighting.) The decrease in intensity of the CD

peaks near 370 nm occurred approximately an order of magnitude

more rapidly than the decrease in A371 in the uv/visible spectra,

under the same conditions. After exposure of the solutions to light

for a few hours, the CD spectra of the two isomers very nearly

coalesced, and thereafter continued to change much more slowly

than before.

Figure 13 shows the CD spectra of the AR. andAS isomers,

and the spectrum which results when either of the isomers is exposed

10

300 400 500 600

nm

Figure 13. Circular dichroism ofAR- and AS-1Co(en)2(CyS0)], the equilibrium mixture of photo-
racemized AR and A$ isomers (obs), and the calculated equilibrium mixture ( ).
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to light. Racemization is indicated by: (a) the speed with which

the spectra change; (b) the existence of isosbestic points, which

occur at ca. 500 nm and 320 nm for the R isomer and 325 nm for

the S isomer, in a series of spectra taken after different lengths of

light exposure; (c) the finding that the spectra very nearly coalesce

when the rate of change of both spectra slows to near zero; (d) the

observation that the coalesced spectrum can be very nearly repro-

duced by addition of the S and R spectra with a 76:24 weighting (see

Figure 13).

Decomposition. The results of the colorimetric determination of

co(n)] , from a standard CoC1
2

solution, in the presence and absence

of A-[ Co(en)2(CyS0)1+ are summarized in Table 3. Beer's Law plots

of both sets of numbers are presented in Figure 14. As can be seen,

Table 3. Results of the colorimetric determination of [Co(II)] in the
presence and absence of Ar(Co(en)2(CyS0)1+.

x a

A507

Coll only Co + sulfenate % deviation

3 0.137 0.162 18

5 0.274 0.278 1.5

10 0.551 0.547 0.7

15 0.830

a x = mL of 1.24 x 10-4 M CoC1
2

solution
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Volume standard Co(II) solution, mL

Figure 14. Beer's Law plots of data from the colorimetric determination of cobalt( II)
concentrations in the presence and absence ofA-ro(en)2(CyS0))+.

the presence of the sulfenato complex had no appreciable effect on

the value of [Co(II)] determined by this method. The disagreement

in values at x=3 (refer to page 51) can be attributed to an error iri

the determination of [Co(II)] in the absence of the sulfenato complex,

since this point deviates significantly from the Beer's Law plot. The

values of e
2+for the [Fe( phen)

3

, complex calculated at x = 5,10,15

agree with each other, and with the literature value 30 of 1.11 x 104

M-1 cm-1.

The results of the experiment designed to determine the extent

of Co(II) production resulting from photodecomposition of

A- Co(en) (C SO)]+ are summarized in Table 4. Ac°r i71
isr related

to A371 of the sulfenato complex by the expression shown in



Table 4. Results of the colorimetric determination of [ Co(Il)] in partially decomposed solutions of
Co(en)2(CyS0)1+.

exposure 10
5E[ decomp] 105[ Co(II)] decomp % Co(II)

A37time, hr A371 r A507

0 1.556 0 0 0 0

2.0 1.454 1.76 0.131 1.97 6.6 112(9. 7)b

4.3 1.333 3.84 0.244 3.66 14.3 95.3(4.2)

8.8 1.196 6.21 0.261 3.92 23.2 63.1(2.1)

13.7 1.003 9.53 0.300 4.50 35.6 47. 2(1.4)

13.7a 1.003 9.53 0.262 3.93 35.6 41. 2(1.3)

20.3 0.901 11.3 0.324 4.86 42.2 43.0(1.1)

28.1 0.525 17.8 0.370 5.56 66.4 31.2(0.8)

36.1 0.264 22.3 0.357 5.36 83.2 24.0(0.7)

45.6 0.044 26.1 0.362 5.44 97.4 20.8(1.0)

aanalysis performed after 8 hr in dark, exposed to air.
b estimated uncertainties in parentheses.



equation 2, which approximately takes into account the non-zero

absorbance at 100% decomposition. The sum of the concentrations

A
corr t t=oo

371
= A371 - A371 /A"0- At

t
\ A

=0

63

(eq. 2)

of total Co in all the decomposition products, EL decomp], is found

from equation 3, where 5800 is the molar absorptivity of

)EL decomp] = (A371 - A371corr/5800 (eq. 3)

A507
, 2+

A-[Co(en)2(CyS0)]+ at 371 nm. A507 is A507 for [Fe( phen)3.1

in the test sample, less A507 for the corresponding blank, and is

related to [Co(II)] in the original sulfenato complex solution by the

expression shown in equation 4, where 1.11 x 10 4 is the molar

net[Co(II)] = A507 (25)/(1.11x104)(15) (eq. 4)

, 2+absorptivity of [Fe(phen)3] at 507 nm, and (25/15) is a dilution

factor (see Experimental). Percent decomposition of sulfenato

complex is given by % decomp = 100E [ decomp] /[ sulfenato com-

plex] . The extent to which Co(II) is formed by the decomposition
t= 0

of sulfenato complex is given by %Co(II) = 100[Co(II)]/E[decomp].

The results clearly show that, while [Co(II)] continually in-

creased during the experiment, it increased much more slowly than

did E[decomp]. Consequently, % Co(II) decreased markedly during

the experiment. This decrease apparently arises from re-oxidation
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of originally formed Co(II) to Co(III).

Kinetics

Oxidation of A-[Co(en)
2
CyS]+. The kinetics of reaction 8 have been

A.-[ Co(en)
2
CyS] + H

2
0

2
.A.4 Co( en)

2
(CyS0)] + H2O (8)

described previously, 21' 23 and the results were shown to conform to

Lthe rate law -d[A-Co(en)
2

CyS+] /dt = k
SO

[A-Co(en)
2

CyS IL H 202].

The value of kSO
at 20.3°C, 0.10 M ionic strength, pH 5-7 (no added

buffer) was given as 0.36 M-1 s -1.

As shown in Figure 15, the ,AS andAR diastereomers of the

product sulfenato complex are produced in parallel pseudo-first-order

processes in an excess of H202. According to Frost and Pearson, 34

the overall first-order rate constant for a set of parallel first-order

reactions having a common reactant is equal to the sum of the rate

constants for the individual reactions. Furthermore, the ratio of the

individual rate constants is equal to the ratio of moles of products

produced by the corresponding reactions. Therefore, the pseudo-

first-order rate constants for the reactions in Figure 15 which lead

to the isomeric sulfenato complexes, and hence the second-order rate

constants as well, can be determined by the following arithmetic,



A.[(en),cocys]

Den)2C0CyS0] _AR Pen)2C0CyS0]

Alcen)2C0CyS02]

Figure 15. Stereochemistry arising in the oxidation of A-[Co(en)2CyS]+.
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where kS(1) and kR(1)are the pseudo-first-order rate constants, and
SO SO

k50, k55O,
and kR

SO
are second-order rate constants.

k
and kR -

S(1) kR(I)
kS

SO SO
SO SOH202]0 [H202]0

kS k
S(1) X

SO SO S

kR k
R(1) X

SO SO

Since XS
/X

R
= 2.9, as determined earlier,

kSO S/k
O

= 2.9

In addition (see above),

kSOS + 50 = 0.36 M-18-1

Solving equations 7 and 8 simultaneously gives

ks
O

= 0.27 M-1
s
-1 and k SRO

= 0.09 M-1 s
-1.

Oxidation of L-[Co(en)2CyS] +. The rate of oxidation of

-[Co(en)2CyS]+ was studied briefly, using both a P -fraction

(eq. 5)

(eq. 6)

(eq. 7)

(eq. 8)

from ion exchange and a P - perchlorate solid. The kinetics were

determined under pseudo-first-order conditions (excess H202).

Subsequent oxidation of the sulfenato complex is about three orders

of magnitude slower and does not interfere with the rate measure-

ments. In a series of runs with the initial concentration of
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A -[Co(en)2CyS]+ approximately 10-4 M and [H202] in the range

(4.0-11.3) x 10-3 M, plots of In (A -At) vs. t were linear over 3-4

half-lives. (In a number of runs, smaller corrections to A Jobsd)

were necessary to obtain linearity, but no systematic deviation from

linearity was noted.) At 20.3° and p. = 0.10 M, the second-order

rate constant (see Table 5) was 0. 39 ±0. 03 at pH 5-7 (no added buffer),

0.41 ±0. 03 in 0.005 M phosphate buffer (pH 6.9), and 0.43±0. 03 in

0.01 M phosphate buffer (pH 6. 9). This phosphate dependence is

similar to that observed in the oxidation of the A-isomer, in which

case the enhanced reactivity in phosphate media was attributed to
2-ion pairing between the thiolato complex and the HPO4 ion. 23

The rate of oxidation of A -[ Co(en) 2
CyS] + was the same in

perchloric acid media at pH 2.8 and 1.5 as in unbuffered solutions

at pH 5-7. (See Table 5.) In contrast, the rate of oxidation of the

A-isomer was found to decrease substantially at pH 1.5

(k
SO

--L. 0.36 M-1 s
-1 at pH 5-7, 0.27 at pH 1.7)23 However, both A

and A complexes undergo carboxylate protonation with about the

same pKa, within experimental error. (See Part A.) The rate of

oxidation of the A -isomer, like that of the A23 increases at pH < 1

due to the existence of a hydrogen ion dependent pathway.

Oxidation of A- [co(en)2(cyso)]+. Both the AR and AS diastereomers

+of the sulfenato complex A-[ Co(en)2(CyS0)1 undergo oxidation in an



Table 5. Second-Order Rates for Oxidation of A - [Co(en)2CyS]+ at 20.3°. a

[10
3

H
2
0

2
] 0'

k(obsd), M -1 s -1M
2

pH Reagents Added

6.33 0.431 b 6.9 0. 01 M phosphate buffer

6.20 0.403 6. 9 0.005 M phosphate buffer

6.20 0.415 6.9 11

4.04 0.406 6.9

11.3 0.407

5.64 0.371 ,v6

6.33 0.387b 2. 8(obsd) HCIO
4

added

5.61 0.390 1. 5(obsd)

5.61 0.401 1. 5(obsd)

5.01 0.407 1. 5(obsd)

4.18 0.398 1.5(obsd)

6.33 0.706b' 0.7 0.50 M HCIO
4

aExcept as noted, 0.10 M ionic strength and EA -Co(en)2CyS +1 = (6-8) x 10-5 M, from
A -fraction resulting from ion-exchange separation.

bUsing a solid A -[ Co(en)2CyS] C104 sample.

0.50 M ionic strength.
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excess of hydrogen peroxide to form a common sulfinato complex

product, A-(Co(en)2(CyS02)]+. (See Figure 15.) The CD spectrum

of the product solution is the same, whether the sulfenato solution

which was oxidized contained theAS isomer, or theAR, or a mix-

ture of the two. This is a result of the loss of chirality at the sulfur

atom.

The kinetics of this second oxidation step (oxidation of sulfenato

to sulfinato) was measured in a series of runs using the 2.9:1 mixture

of AS andAR sulfenates generated by mixing solutions of

A-( Co(en)2CyS]+ with 0.5-1.1 M hydrogen peroxide solutions.

Formation of the sulfenato complexes was complete within one min-

ute, and the subsequent slow decrease in A371, corresponding to

production of sulfinate, proceeded with approximately first-order

kinetics. The pseudo-first-order rate constants were proportional

to [ H
2
02 0 over the limited range that could be studied. An average

value of the second-order rate constant, = (1.9±0.2) x 10-4"2
M-16-1 (9 runs, see Table 6) was obtained at 20,3°C, pH5-7, and

0.10 M and 0.28 M NaC104.

Table 7 summarizes the results of a series of runs using indi-

vidualAS and AR sulfenato complexes, separated by cation exchange

chromatography by elution with either 0.5 M NaC104 or 0.5 M NaCl.

The effect of the anion on the rate of oxidation is significant, indi-

cative of ion pairing. The values of kso2 for a 2.9:1 (S: R) mixture



Table 6. Kinetics of Oxidation of A-[Co(en)
2
(CyS0)]+ to A...-[Co(en)2(CyS02)1+ at 20.3°. a

[H2O2] M 104kS0
- 1

s
-1

M
2'

[H202]
0'

M
- I s -1

M 10
4 kso ,

2

0.591 2.13b 1.00 1.87c

0.598 1.96b 1.18 1. 82b

0.601 1.87 b 1.20 1.94 b

1.00 1.92c 1.20 1.90b

-41.00 1.89c Ave. 1.92 (±0.2) x 10

aReactions initiated using 7 x 10-5 MA-[Co(en)7CySi +; thus, the rate constants refer to oxida-
tion of an approximately 3:1 mixture of AS-[Co(en)2(CITS0)]+: JAR -[Co(en)2(CyS0)1+

bPhosphate buffer (pH 6. 9) and 0.10 M ionic strength.

c 0.28 M NaCIO4, pH 443.



Table 7. Kinetics of Oxidation of.A.S and AR Isomers of [Co(en)2(CyS0)+ to.A4Co(en)2(CyS02)1+ at
20.3°, pH 5-7.

Isomer (}1
2
02 0' M -1

s
-la

M 104kSO2'

b-1 -1
104 k M sSO 2'

S 1.03 1.98

S 1.12 2.35

S 1.12 2.35

S 1.11 2.37 1.73

R 1.03 4.21

R 1.12 4.48
R 1.12 4.82 2.99

mixc 1.11 2.40 1.92d

ain 0.28 M CI

bin 0.28 M C104

c2.9:1 ratio of A_S:11.11 isomers

daverage of values from Table 6



which are calculated (eq. 9) from the individual rate constants for

kmix
SO

(calc) = (0.74)(kS ) + (0.26)(kR
)

2
SO2 SO2

(eq. 9)

72

the isomers, k
SO and SRO reasonably well with the experi-'

2
SO2'

mental values for mixtures generated by using a thiolato complex

as starting material. It is also noteworthy that theAR isomer is

oxidized to the sulfinate faster than theAS isomer, in agreement

with the steric requirements predicted from an examination of

molecular models. (See page 76. )

Oxidation of [Co (en)
2

PenS] +. Table 8 gives the second-order rate

constants, obtained from linear plots of data from pseudo - first-

orderorder reactions, for the oxidation of [Co(en)2PenS] . Both hexa-

fluorophosphate and tetraphenylborate salts were used, and both

contained A2:1 (A.: L) mixtures of isomers. The average value of

kSO for 11 runs was 0.14±0.01 M-ls -I at 20.3°C, pH 6.9, and

k
SO

for 5 runs was 0.092±0.003 M-Is-1 at 20.3°C, pH 1.3. For

the four runs on individual A. and L isomers, solutions obtained by

ion exchange chromatography were employed. The value of km ix
SO

calculated from kA and
SO

according to equation 10 is significantly
SO

(0.67) kA + (0.33) kL
SO

kSOmix (calc)
SO

(0.67) (0.190) + (0.33)(0.134) = 0.171 M-ls-1

(eq. 10)

higher than the average value of kmix determined experimentallySO
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Table 8. Second-Order Rate Constants for Oxidation of [Co(en)2PenS]+
at 20.3 °.a

3r
1010 1,H

2
02 ] 0'

r
M kSO' M-1 1

s 103L k
SO'

M-1 s
-1

5.09
5.21

0.136

0.150

26.0

19.0

0.135

0.190c

7.67 0.139 19.0 0. 134d

7.67 0.14013 19.0 0. 0784e

12.7 0.139 19.0 0.111f

12.8 0.136 9.2 0. 0930g

12.8 0. 135b 15.2 0. 0916g

13.0 0.140 15.2 0. 0922g

25.6 0.150 30.5 0. 0896g

25.6 0.140b 30.5 0. 0924g

a(1.6-1.8) x 10-4 M [Co(en)2PenS] + 2:1, A:L ; 0.10 M ionic
strength at pH 6. 9 (phosphate buffer).

b0.08 M ionic strength.

c
A

r
--1 Co(en) 2

PenS1+, pH 6.9.

d
[ Co(en)

2
PenS] +, pH 6.9

ep -L Co(en)2PenS1+, pH 1.5.

fA-[ Co(en)
2
PenS] +, pH 1.5.

gO. 0493 M HC104
(pH 1.3).
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(0.14 M-1 s -1). This may reflect another chloride ion effect, in which

the rate is enhanced in the presence of C1 ion due to ion pairing.

Both A.and L isomers reacted significantly slower at pH 1.5, and

the fact that k-A- /k
SO

1.4 at both pH 6.9 and at pH 1.5 indicates
SO

that both isomers are affected equally by protonation.

1Oxidation of [Co(en)2(PenSO)i +
. The kso, values for the oxidation

of [Co(en)
2
(PenS0)]+ are given in Table 9. Each of these values

represents the average of four independent, parallel reactions having

similar rate constants, giving the appearance of pseudo-first-order

kinetics under the reaction conditions. The four reactions are

shown in Figure 16. The average value of ks02 from eight runs was

(1.91 ± 0.10) x 10-4 M-1 s -1 at 20.3°C, pH 6.9, 0.10 M ionic strength,

and 0.01 M phosphate buffer.

A S4 Co(en)2(PenS0)j+
A-[ Co( en)2 (PenS0 2)1+

AR -[ Co(en)2(PenSO)]

LS-[ Co(en)2(PenSO)]

LR-[Co(en)2(PenS0)14------).

1P-[Co(en) 2(P enS0 2).1+

Figure 16. Four parallel reactions occurring in the oxidation
of [Co(en)

2
(PenS0)1+.



Table 9. Second-Order Rate Constants for Oxidation of [ Co(en)2(PenS0)] + to [ Co(en)2(PenS0 )] at
20.3 °.a

[ H202] M
- -

104 k M
1 1

2
SO' H2o2] M M-18-1104 kS°2

0.782
1.043

1.48

1.50

1.92

1.83

1.93

1.87

1.56

1.56

2.22

2.34

aReactions initiated using (1. 6 -1. 8) x 10-4 ,M Co(en)
2

PenS ]

0.10 M ionic strength and 0.010 M phosphate buffer (pH 6. 9).

1.88

1.86

1.99

2.03
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Discussion (B)

Stereochemistry

The configuration at sulfur of the R and S diastereomers of

Co(en)
2
(CyS0)] + can be assigned from a consideration of the

steric restraints in the reactions leading to the two forms. Co-

ordinated thiolato sulfur bears two lone pairs capable of being

attacked by a hydrogen peroxide molecule to give rise to a sulfenate.

Since the cysteine ring is puckered much like a cyclohexane ring,

the lone pairs on sulfur possess axial and equatorial character.

Inspection of a molecular model of A-[Co(en) 2
Cy Si shows that the

approach of a peroxide molecule toward the axial lone pair is almost

completely unhindered, while approach toward the equatorial lone

pair is partially blocked by a methylene hydrogen atom from an

adjacent ethylenediamine chelate. (See Figure 17.) Attack by

peroxide at the preferred axial position gives rise to a sulfenate

having the S configuration at sulfur, and attack at the sterically

hindered equatorial site gives the R configuration. On this basis,

the major component obtained from ion exchange chromatography

+of synthesis mixtures of A-[Co(en)
2
(CyS0)i was tentatively assigned

the S configuration. This assignment was confirmed by Jackson

32et , who also reported the separation of two sulfenato diaster-

eomers in this system. In their work the major species was



Figure 17. Models of A.-[Co(en)2CyS]+ showing access for axial (left)
and equatorial (right) attack at sulfur.

crystallized as the 1:1 adduct [Co(en)2(CyS0)] (C104)

[Co(en)2(HCyS0)1(C104)2, and was shown by X-ray analysis

to possess the S configuration at sulfur.

Photochemistry

The CD spectra of the A-LCo(en)2(CyS0)1+ diastereomers

are characterized by their large -LE values in the region of the

371 nm (visible spectrum) S-. Co charge-transfer peak, A 6372 = -16.7

M
-1cm -1 for AR and AE377 = 8.5 M-1 cm-1 for AS. Consequently,

this region of the CD spectrum is quite sensitive to stereochemical

changes at the sulfur atom, and provides an excellent means for

studying the AR .AS interconversion. This interconversion, which
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occurs when a dilute solution of a sulfenato complex is exposed to

room light, requires Co-S bond breaking in a photoactivated species,

followed by reforming of the bond to give either the R or S diaster-

eomer. One possible mechanism is illustrated in Figure 18.

AS E /S0]SOJ (en)2C011 I SI AR Een)2Co
in

SOJ
,,/

other products

Figure 18. Possible mechanism for photo-induced interconversion
of AR- and AS- [ Co(en)2(CyS0)] + isomers.

Absorption of light at or near the frequency of the Co charge

transfer peak gives rise to an electronically excited complex, which

decays to give the radical ion pair shown in the figure. The primary

fate of this radical pair is recombination to form the sulfenato com-

plex, and this recombination can occur in either direction. A minor

fraction of the radical pairs diffuse apart, resulting in decomposition

(vide infra). Similar mechanisms have been proposed for the photo-

racemizations of [ Co(NH3)5(NO2)] 2+ to the nitrito form35 and of

[ Co(NH3)5(SCN)] 2+ to the N-thiocyanato form.
36



79

Addition of theAS- and AR4Co(en)2(CyS0)]+ CD spectra to

give the best fit to the observed spectrum of the photo-racemized

equilibrium mixture produced a value of 76: 24 for the AS:AR ratio.

This value is essentially the same, within experimental error, as

the AS: AR ratio determined in the dark by cation exchange chroma-

tography of a mixture of sulfenato isomers obtained by oxidation of

A-4 Co(en)2CyS1+. This agreement is coincidental, since the distribu-

tion of isomers is thermodynamically controlled in the photo-race -

mized mixture, and kinetically controlled in the other. However, it

does reflect the fact that the interactions between the oxygen atom

and atoms in neighboring chelates are more favorable in the S form.

As indicated by the analysis of (7( Co(II1 in sulfenato solutions

partially decomposed by exposure to light, the majority of Co pro-

duced by decomposition initially appears as Co(II). This is consistent

with the diffusing apart of the Co(II)- sulfenate radical pair as pro-

posed above. Reactions of the sulfenate radical could give rise to a

variety of cysteine derivatives, a number of which are capable of re-

oxidizing Co(II). This would account for the decrease in % Co(II) as

the decomposition reaction proceeds. These potentially reducible

cysteine derivatives include CyS-SCy, CyS(0) -SCy, CyS(0)2 -SCy,

and CyS radicals.
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Kinetics

The results of the earlier kinetic studies of the oxidation of

A.-[Co(en)
2

CyS] + by hydrogen peroxide were interpreted as arising

from an S N2 attack by coordinated thiolate on peroxide oxygen. 7' 21

The mechanism shown in reaction 9 was proposed.? The coordinated

(en) CoS+ + HOOH
2 1 /

H

(en)
2
CoS
IV/

/

,OH
2+

(en).,CoS
GN/

+ OH (9)

sulfenic acid rapidly transfers a proton to hydroxide to give the final

products. The kinetic results showed that, while A,[ Co(en)2CyS]+ is

somewhat less reactive than the free cysteinate, H
3
N+CH(C00 )CH2S,

the coordinated sulfur still retains considerable nucleophi.lic charac-

ter. The electron withdrawing Co(III) has a smaller effect on the

sulfur reactivity than might have been anticipated, since protonation

of free cysteinate at sulfur renders the resulting neutral cysteine

virtually unreactive toward hydrogen peroxide.37 The coordinated

thiolate is also very reactive in comparison with other sulfur nucleo-

philes such as S032, R2S, and NCS.

In this work, the kinetics of the oxidations of several thiolato

and sulfenato complexes were studied in order to (a) determine
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whether the second oxidation step, oxidation of the sulfenato complex

to sulfinato, can be described by the same mechanism, (b) investigate

some of the steric and electronic factors which affect both oxidations,

and (c) gain more information on the structures of the thiolato and

sulfenato complexes.

Tables 10 and 11 list the second-order rate constants, obtained

in this and in earlier studies, for the oxidation of several thiolato and

sulfenato complexes. Comparison of A and isomers of

[Co(en)
2

Cy Si shows that both are subject to the same ion pair-

ing effect in phosphate media, which appears to be generally opera-

tive, but only the A complex experiences a decrease in rate in the

pH range in which the carboxylate function undergoes protonation.

At pH 5-7, k
SO

= 0.36 (for the A isomer) can be broken down into

ks
O S

= 0.27 and kR
O

= 0.09 (see Results, Part B). At pH 1.5, ana-

logouslogous calculations can be used to get kSO SO= 0.16 and SO = 0.11

from the overall kSO
0.27. This indicates that the decrease in

rate of oxidation of theAisomer at pH 1.5 is caused by a steric

effect, rather than by an inductive effect resulting from protonation

of the carboxylate, since an inductive effect ought to be operative in

the formation of both AR and AS isomers. Instead, only kso appears

to decrease, from 0.27 at pH 5-7 to 0.16 at pH 1.5. The steric

effect could be attributed to conversion of a b cysteine chelate confor-

mation to a X, by disruption of a hydrogen bond betweenCOO and



82

Table 10. Summary of second-order rate constants (kso, M-1 8-1)
for oxidation of thiolato complexes by hydrogen peroxide;
0.1 M NaC104, 20.3°C.

Complex at pH 6. 9a at pH 5-7 b at pH 1.5

A -[ Co( en)2CyS] +

A-[ Co( en)2CyS] +

[ Co(en)2PenS] +

i\_-[ Co(en)2PenS] +

P-[Co(en)2P enS] +

rac- [ Co( en)2 cystS]
2+ c

0.40

0.43

0.14

0.190

0.134

0.94

0.36

0.39

0.86

0.27

0.40

0. 092d

0.111

0.078

0.89

aO. 01 M phosphate buffer

bno buffer

creference 23

dpH 1.3
e
0.17 M NaC1
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an adjacent amine proton. (This intramolecular hydrogen bond was

proposed on page 33 . The kinetic results do not provide any additional

evidence as to the extent to which hydrogen bonding occurs in solution,

but they do support the conclusion that at least a significant fraction

of the A complexes are H-bonded.) The absence of a similar pH

effect in the complex indicates that it does not undergo intramolecu-

lar hydrogen bonding in solution. The X-ray crystal structure of

Co(en)2CyS] C104 recently reported by Freeman et al. 17 shows

that the 000 group is oriented equatorially, i, e., no intramolecular

H-bond exists in the solid state.

Comparison of the kso values for A- and L-[Co(en)2PenS]+ at

the two pH ranges indicates that both isomers show a pH effect similar

to that for A -[ Co(en)2CyS] +. Thus it appears that both of the

penicillaminato isomers may undergo hydrogen bonding in solution

to some extent.
, 2+

Comparison of the kso value for rac-[Co(en)2cystS] at

pH 5-7 with kso values for ./\_- and z -[Co(en)2(HCyS)]
2+ at pH 1.5

provides an estimate of the inductive effect of replacing the electron

withdrawing COOH group with H. The COOH group withdraws

electron density from the sulfur atom, making it less nucleophilic.

The penicillaminato complexes were studied to determine the

importance of steric and electronic effects of replacement of a-hydro-

gens by methyls. Rate constants for oxidation of [Co(en)2CyS]+
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complexes and [Co(en)2PenS] complexes are surprisingly close,

suggesting that the adverse steric interactions in the transition state

caused by the a-methyl groups are nearly compensated by the in-

creased nucleophilicity resulting from the inductive effect. In con-

trast, steric effects have been shown to dominate in the reaction of

acrylonitrile with cysteinethiolate (0. 134 M-1 s-1) and penicillamine-

- Ithiolate (0.00650 Ms-1), which are also thought to proceed via an

S
N2

pathway.

The 103 difference between k
SO

values for the first oxidation

step of the thiolato complexes, and the k values for the secondSO2

oxidation step, reflect the lower nucleophilic character of sulfenato

sulfur compared to thiolato sulfur. In addition, the steric require-

ments are greater for attack at sulfenato sulfur.

Rates of oxidation of separated AR- and AS-[ Co(en)2(CySO)]

lend credence to the steric arguments set forth for the first oxidation

step. That is, if the axial lone pair is more accessible to attack by

peroxide in the thiolato complex, it must still be more accessible in

the sulfenato complex. The AR isomer bears an axial lone pair on

sulfur, and would therefore be expected to react faster than the AS

isomer. Table 11 shows that this prediction is borne out by experi-

ment.
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Table 11. Summary of second-order rate constants (104 ks02, M-113-1)
for oxidation of sulfenato complexes by hydrogen peroxide;
pH 5-7 (no buffer), 20.3°C.

Complex in 0.28 M Cl in 0.28 M CIO 4-

.A4 Co( en)2(CyS0)] 2.40

JAS -[ Co( en)2(CyS0)) 2. 26

AR -[ Co(en)2(CySO)] 4. 50

[Co(en)2(PenS0)1+ 1. 9

1.92

1.73

2. 99
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PART C. SYNTHESIS AND OXIDATION OF
MULTITHIOLATO COMLEXES

Introduction

The nature of the enzymes cysteine dioxygenase and cysteamine

dioxygenase was presented in the General Introduction. The iron in

these enzymes is probably coordinated to protein cysteinyl residues

as well as to substrate thiolate when the oxidation takes place. To

learn whether the number of thiolate ligands might play a key role in

the oxidation of thiolato complexes, a study of the oxidation of Co(III)

complexes having more than one thiolate .ligand was undertaken.

The series of already 'Well-known" cysteinato complexes,

[Co(en)2CyS]+, [Co(H20)2(CyS)21- (abbreviated henceforth as BIS),

and [Co(CyS) 313- (abbreviated G-TRIS), seemed to provide an excel-

lent framework for initiating such a study. The monocysteinato

complex [ Co(en)2CyS] + and its oxidation to form sulfenato and

sulfinato complexes have been thoroughly studied. (See Parts A and

B, and references therein. ) A historical perspective on BIS and

G-TRIS is presented in a separate section later in this Introduction.

The G- TRIS complex was known to undergo oxidation to a tris

(sulfinato) complex.
4 5 Experiments to be described here indicate

that controlled oxidation of G- TRIS to form a tris (sulfenato) complex

is also possible, and that this oxidation takes place much more

rapidly than the corresponding oxidation of [Co(en)2CyS] +. It was
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surprising, then, to find that BIS could not be made to undergo ana-

logous reactions with hydrogen peroxide. Addition of 0.01 M H202

to a dilute solution of BIS produced no detectable change in the

uv/visible spectrum even after 24 hr. Addition of 10 M H202 re-

sulted in a very gradual fading in color of the BIS solution, eventually

(2-3 days) giving a nearly colorless solution in which Co(II) was de-

tected.

Investigation into the problem took three parallel courses,

corresponding to three hypotheses to explain the anomalous non-

reactivity of BIS: I. The change in ligand field strength due to the

presence of two H2O ligands in BIS could alter the electron density

on the coordinated cysteinate sulfurs. II. The sulfur electron density

could be altered by the extent of Co--S back Tr bonding, which would

be different for a cis arrangement of the sulfur ligands than for a

trans III. The complex BIS did not have the structure that had

been proposed.

Despite the convictions of earlier researchers, compelling

evidence now indicates that hypothesis III is correct, that BIS is not

a simple monomeric complex. Instead, BIS is now believed, by

this researcher, at least, to be a trimeric complex with the structure

shown in Figure 19. The evidence to support this claim, presented

in Experimental and pieced together from earlier reports, is sum-

marized in Discussion.
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C/S /N
N/ \S \S

(chelate rings omitted
for clarity)

Figure 19. Proposed trimeric structure of BIS.

Before the conviction was reached that the "well-known" struc-

ture of BIS was incorrect, considerable effort was expended in getting

materials with which to test hypotheses I and II. Several unsuccess-

ful attempts were made to prepare K[Co(en)(CyS)2], and these will

be described in Experimental. But the bulk of the effort centered

on the second hypothesis. Several attempts were made to prepare

a Co(III) complex having two thiolate ligands with a known cis/trans

relationship.

During the course of this study, two crucially related papers

appeared in the literature. The paper by Lundeen et al. 39 was a

report of the crystal structure of a trans-bis(sulfinato) complex of

cobalt(III). The complex was prepared by reacting the parent thiol
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24 (2-pyridylmethyl)amino] ethanethiol with Co(C104)26H20 in the

presence of 15% (5 M) hydrogen peroxide. Unfortunately, from this

method of synthesis and the lack of experimental details given in the

paper, it is not safe to conclude that this bis(sulfinato) complex

arose from the H202 oxidation of a trans-bis(thiolato) complex,

though it seems probable.

The second paper, by Helis et al. ,40 was a report of the crystal

structure of the bis(thiolato) complex K[ Co(D-PenS)(L-PenS)] 2H20

(D-PenS = S-PenS). This report provided the only bis(thiolato) com-

plex of known geometry that will be dealt with in this study. The

penicillamine ligands in this complex were both tridentate, and all

the ligand atom pairs (the sulfurs, nitrogens, and oxygens) were

mutually cis-oriented.

Historical

The bright green complex G-TRIS was first reported by

Schubert, 4' 14 who also described its reaction with hydrogen peroxide.

The bright yellow color that he observed in solutions less than 10-3 M

in G-TRIS and in H202 was most likely due to the presence of the

tris(sulfenato) complex [ Co(CySO) ]
3-

, and possibly to the inter-

mediate mixed thiolato /su.lfenato complexes [Co(CyS)2(CyS0)]3- and

Co(CyS)(CyS0)213-. In the attempted isolation of this yellow com-

plex, Schubert used solutions much more concentrated in both
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reactants (5 M in H202), which resulted in his isolation of

K
3
[Co(CyS02)3]' a tris(sulfinato) complex. Schubert was also

successful in preparing the tris(sulfinato) complex by reacting

Co(NH3)6] C13 with Ba(HCySO2)2.

Neville and Gorin, 41 and Gorin et al. , 42 reported the synthesis

of G-TRIS in solution, but claimed that the solid (potassium salt)

could not be obtained in pure form because of its lability toward

further oxidation by air. This oxidation did not lead to sulfenato

or sulfinato products, but instead was probably related to the conver-

sion of G-TRIS to BIS (vide infra).

Schubert also reported the preparation of a complex identical

in composition to G-TRIS, but giving cherry red solutions.
14

He

believed at first that this complex, abbreviated R-TRIS, was a

stereoisomer of G- TRIS. However, when he discovered that R- TRIS

gave no reaction with H202' he decided that some other type of

isomerism must be involved.

Neville and Gorin,41 and Gorin et al. 42 also studied the R-TRIS

isomer, and provided some evidence that the cysteine ligands in

R-TRIS were S, 0-coordinated, as opposed to S, N-coordinated in

the G-TRIS. However, in a later paper, McCormick and Gorin

found that tris(hexanethiolato)cobalt(III) gives a uv/visible spectrum

nearly the same as that of R-TRIS.
43 This complex was character-

ized as a polymer, and a structure was proposed in which all the
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thiolate ligands form bridges between the Co(III) ions, so that octa-

hedral coordination to six thiolate ligands obtains for each cobalt ion.

They proposed that R-TRIS has a similar structure.

Schubert was also the first to prepare BIS. 14 He proposed

that this complex was binuclear, with the cobalt ion joined by two

hydroxo bridges. He also suggested that the cysteine ligands were

S, 0-coordinated. Neville and Gorin41' 44 carried out additional

studies of BIS, and on the basis of a cryoscopic molecular weight

determination and synthesis by an alternative route, they concluded

that it was mononuclear. Furthermore, they found that G-TRIS could

be converted quantitatively to BIS by exposure to air and lowering the

pH. (The dissociated cysteine ligands were converted to disulfide.)

The G-TRIS could be regenerated by the addition of cysteine at a

higher pH. These findings were also interpreted as being supportive

of a mononuclear structure for BIS. By comparing the uv/visible

spectra of BIS and bis(2-mercaptoethylaminato)cobalt(III), Neville

and Gorin also concluded that the cysteine ligands were S, N-co-

ordinated in BIS. The solubility properties of BIS as a function of

pH also supported S, N-coordination.
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Experimental (C)

Attempted Syntheses of Bis Thiolato Complexes. A. Thioctic

Acid Complex [Co(en)2T0A]. Method 1. Cobalt chloride hexa-

hydrate was dissolved in water and added dropwise to a solution

containing 10% aqueous ethylenediamine and 6, 8-dithiooctanoic acid,

oxidized form (Sigma Chemical Company). (For structures of

sulfur ligands, see Appendix. ) Concentrated KOH was added as

necessary to maintain a pH of 9-10. The products obtained were

an elastic polymer, a light brown solid containing no bound thiolate

(no 280 nm charge transfer peak), and a solution containing a large

amount of Co(ll). Method 2. A solution of 6, 8-dithiooctanoic acid,

oxidized form, in 10% aqueous ethylendiamine was prepared, and

K4Fe(CN)6 was added to act as a one-electron reductant. Dropwise

addition of a solution of CoC1 2-6H 20 in water caused immediate

formation of a Kelly green precipitate, which was insoluble in

water, dilute acid or base, DMSO, acetone, chloroform, hexane,

and benzene.

B. Dimercaptosuccinnic Acid Complex [Co(en)
2

DMS]

Method 1. Meso-dimercaptosuccinic acid, H4DMS (Aldrich
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Chemical Company), was added to an aqueous, de-gassed solution

of trans4Co(en)2C12]Cl. Concentrated KOH was added dropwise

to raise the pH above 8. After one hr of stirring, concd HC1 was

added dropwise until the pH reached 0.9. Isopropanol was added

to aid in precipitation. The solid obtained was slightly soluble in

water, but dissolved readily in slightly basic solution. Variations

on this method included substitution of cis4Co(en)
2 C121CI and

[ Co(en)2CO3] Cl H2O for the trans -[ Co( en)2C12] Cl, and varying

the order of addition of reagents, and the pH. All variations gave

essentially the same products, which were shown by elemental

analysis, and indirectly by I H nmr, to contain a very low weight

percent of nitrogen, indicating displacement of en ligands by DMS

ligands, and formation of polymers. Method 2. rac-H
4

DMS was

synthesized by published methods,45 and its identity verified by 1H

and 13C nmr and by melting point. The rac-H
4
DMS was then sub-

stituted for the meso-H
4
DMS in several of the variations of Method 1.

The products obtained were essentially the same as those obtained

by Method 1. None of the products appeared to show any reaction

with H202.
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C, 1, 8-Dimercapto- 3; 6-dimethyl -3, 6-diazaoctane Complex

[Co(,n)(SNNS)1+. The ligand was synthesized by the method of Lippard

et al. , 46 and its identity was verified by 1H and 13C nmr, IR, and

mass spectrum. Method 1. Concentrated KOH was added dropwise

to a strongly acidic solution of [Co(NH3)4(en)] (N0313 (vide infra) and

H
2

SNNS. Variations included the order of addition of reagents, sub-

stitution of trans-[ Co(en)2C12] Cl for [ Co(NH3)4(en)] (NO3)3, and vary-

ing the pH. Method 2. H2SNNS was dissolved in 10% aqueous ethylene-

diamine, and KOH and CoC12.6H20 were added. Air was then bubbled

through the solution, Both methods, including all variations of Method

1, gave essentially the same results. Mixtures of polymeric materials

were obtained, which were partially resolved into components by pre-

cipitation with NaC1O4 or NH4PF6, and isopropanol. Some fractions

showed no reaction with H202' while others turned yellow when H202

was added, and developed a charge transfer peak at ca. 420 nm in

the visible spectrum.

D. Durene-a
1' a

2
-dithiol Complex [ Co( en)

2
(ddt)]

[ Co(en)2C12] Cl and H2ddt were added to water, and concd KOH

was added to pH 13. The H
2
ddt dissolved slowly, producing as it

did an insoluble brown solid. This solid was insoluble in water and

in diethyl ether, but dissolved readily in DMSO. Cation exchange

of a DMSO/H20 solution showed that the complex was polymeric.
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E. Cysteamine Complex [Co(H20)2(cystS)21+. Method 1.

Cysteamine hydrochloride (Aldrich Chemical Company) and cobalt

chloride hexahydrate were both dissolved in water, and KOH was

added dropwise as air was bubbled through the solution. An irides-

cent green solid was formed, which was insoluble in water, but

dissolved readily in base to form cherry red solutions. Exactly this

behavior has been observed previously for the polymeric complexes

R-TRIS and tris(hexanethiolato)cobalt(ILI). Method 2. CoC12 6H20

and eystSHC1 were each dissolved separately in water, and the cystSH

solution was adjusted to pH 9.2 with KOH. The two solutions were

then mixed. The polymeric nature of the dark brown products ob-

tained was deduced from cation exchange behavior, and supported by

elemental analysis.

F. Potassium Bis(cysteinato-N, S) ethylenediaminecobaltate(III),

K[ Co(en)(CyS)2] . Method 1. The acid form of the BIS complex (see

Introduction) was dissolved in water by adding 1 M KOH. Addition of

10% aqueous ethylenediamine raised the pH to 11.0, and it was low-

ered to 9.6 by adding 1 M HC1. The temperature was raised to 50-

55°C, where it was held for 3.5 hr. The product was isolated by

adjusting the pH to 2.0 with concd HC1, adding a small amount of

ethanol, cooling in ice, and filtering.

Method 2. Cysteine hydrochloride and cystine (2:1 mole ratio)
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were added to 10% aqueous ethylenediamine, and the pH was raised

to 10.2 with concd KOH. CoCI 2.6H 20 was added as a solid, and

the pH was held at 9 by adding KOH. After the solution was stirred

for 4-5 hr, the pH was lowered to 3.2 by adding concd HCI, and the

precipitate was removed by filtration. The recrystallized solid

eluted as a single band from an anion exchange column. Elemental

analysis by Chemalytics, Inc. gave a N:S atom ratio of 1.25 instead

of the expected 2.0, indicating lack of incorporation of en into the

product.

Method 3. [Co(NH3)ien)1(NO3)3 (vide infra) was dissolved

in water, and cysteine hydrochloride was added. Concentrated KOH

was then added dropwise until the pH reached 7, and was held near

that value by adding HNO
3

as the reaction progressed. When the pH

remained stable for more than 10 min, the product was precipitated

by adding isopropanol. Anal. Calcd for K[ Co(en)(CyS)2i 3H2O:

C, 21.35; H, 5.38; N, 12.4; S, 14.2; Co, 13.1. Found: C, 21.11;

H, 5.16; N, 12. 21; S, 14.42; Co, 13.25. As will be shown in Results,

the apparent agreement between calculated and found values was only

fortuitously good.

Synthesis of Tetraammineethylenediaminecobalt(III) Nitrate,

[Co(NH )
4

(en)1(NO3)3° [Co(NH )4
CO3] NO3' 1/2 H2O was prepared

7
according to the procedure detailed in Inorganic Synthesis.47 The
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literature method48 for converting this carbonato complex to

[ Co(NH3)4(NO3)2] NO3- H2O was not very explicit, so some clarifi-

cation of this step is required. A 37.5 g sample of [ Co(NH3)4CO3] -

NO3-1/2 H2O was added to 300 mL of 70% HNO
3

in a 500 mL round-

bottom flask. A heating mantle was used to heat the solution to boil-

ing. After boiling one min, the solution was filtered with suction

through a medium glass frit filter. The filtrate was cooled overnight

at 5°C. The crystals were filtered off, and washed twice with cold

70% HNO
3

and once with cold water, and dried under vacuum. Yield

27 g, 56%. This dinitro complex was converted to [Co(NH3)4(en)] -

(NO3)3 by heating a DMSO solution containing the complex and ethylene-

diamine, as described in the literature. 49 The 1H nmr spectrum of

the product complex in trifluoroacetic acid was found to match the

literature spectrum.

Preparation of Potassium Tris(cysteinato-N, S)cobaltate(III). The

preparation was carried out according to the method described by

Dollimore and Gil lard. 6 The product was precipitated by adding 95%

ethanol and cooling the solution in ice, while a nitrogen atmosphere

was maintained over the solution. The solid was filtered and washed

once with cold 50:50 ethanol:water, and twice with 100% ethanol. To

recrystallize the product, 10 mL water was made 10-3 M in NaOH,

and 1.87 g of the crude G-TRIS salt was dissolved in the solution.
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Then 10 mL ethanol was added slowly, 1-2 mL at a time, over a one

hr period. The solution was allowed to stand undisturbed for another

hour, then set in an ice bath for 10 min. The solution was filtered,

and the solid washed twice with 100% ethanol, and dried over P2O5

in a vacuum desiccator. A 1H nmr revealed that a significant amount

of ethanol was retained in the solid after drying.

Stoichiometric Study of G- TRIS Oxidation. A 28 mg sample of

G-TRIS was dissolved in 50 mL water, which had been adjusted to

pH 10 with KOH, and de-aerated by N2 purging. A solution of

hydrogen peroxide was prepared by adding 0.47 mL of 30% H202

to 100 mL water, and 2.00 mL of this solution was again diluted to

100 mL with water. The concentration of the solution was determined

by iodometric titration with Na2S2O3 in the usual way.

Five-mL aliquots of the G-TRIS solution were pipetted into

each of five 125 mL flasks, followed by x mL of the H202 solution

(x=2. 5, 5. 0, 10. 0, 15. 0, 30. 0). After a 5-10 min wait, (45. 0-x) mL

dilute KOH (pH 10) was added, and the uv/visible spectrum of each

solution was recorded.

Stopped-Flow Kinetics Study of G-TRIS Oxidation. A 9.4 mg sample

of the potassium salt of G-TRIS was dissolved in 50 mL freshly boiled

water and 3 mL of 0.10 M phosphate buffer, giving a ca. 3x10-4 M

solution of G-TRIS. A 0.05 M solution of hydrogen peroxide was
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prepared by adding 0.25 mL of 30% H202 to 50 mL freshly boiled

water. Samples of the two solutions were combined in the mixing

chambex of a Durrum Model D-110 Stopped-Flow Spectrophotometer.

Monochromatic light, 380 nm in wavelength, was provided by a

Beckman DU monochromator with a tungsten light source. A Tech-

tronix 5103N oscilloscope was used to display the absorbance of the

solution in the mixing chamber as a function of time.

Synthesis of Potassium Bis(S-penicillaminato-N, S, 0)cobaltate(III)

Trihydrate, K[ Co(S-PenS)2] 3H20. (Footnote 5). A 2.53 g sample

(17 mmol) of D-(-)-penicillamine was dissolved in 20 mL water in a

50 mL beaker, and 1.89 g (34 mmol) KOH was added. After the KOH

was dissolved, 2.03 g (8. 5 mmol) of cobalt chloride hexahydrate

dissolved in 8 mL water was added all at once. After the solution

was thoroughly mixed, it was transferred to a Petri dish to maximize

exposure to air. The solution was stirred in the Petri dish for three

hr, after which it was neutralized by adding 6 M HC1, and then filtered.

The filtrate, except for a 0.1 mL portion used for an anion exchange

separation, was transferred to a 150 mL beaker and treated with

70 mL isopropanol. The solid which formed was removed by filtration,

5 On the basis of the experimental evidence now available, formu-
lation of this complex as K[ Co(S-PenS)2(H20)2] H2O, with N, S-biden-
tate penicillamine ligands, cannot conclusively be ruled out. However,
the data that are available favor the tridentate formulatio(See Dis-
cussion. )
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and washed with isopropanol. A second crop was obtained from the

filtrate by adding more isopropanol. Total yield 6.7 g, 84%. Re-

crystallization from hot 95% ethanol gave a crystalline solid which

did not retain alcohol after drying, as evidenced by the 1H nmr

spectrum. Anal. Calcd for K[Co(S-PenS)2] 3H20: C, 26.92; H,

5.42; N, 6.28; Co, 13.21. Found: C, 27. 31; H, 5. 33; N, 6. 26;

Co, 13.1.

Oxidation of [Co(S-PenS) 2] . To obtain an approximate value of

the molar absorptivity of [Co(S-PenS0)2] and of [ Co(S-PenS02)2]

46. 6 mg of K[Co(S-PenS)2] 3H20 was weighed out and diluted to

50. 00 mL with water. From this solution, 10.00 mL was pipetted

into a 250 mL volumetric flask, which was then filled to the mark

with water. Approximately 100 mL of this more dilute solution

was transferred to a 125 mL Erlenmeyer flask, and one drop 30%

H202 was added. The uv/visible spectrum was monitored until A380

stopped rising. A second drop H202 was then added, and A380 rose

just slightly, indicating complete oxidation to [ Co(S-PenS0)2] -. The

spectrum was then recorded. Next, one mL 30% H202 was added to

the solution in the Erlenmeyer flask, giving fv0. 1 M H202. The

uv/visible spectrum was monitored periodically until the 380 nm

peak had disappeared, and A320 had reached a maximum.

trum of [Co(S-PenS0 2)2] was then recorded.

The spec-
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An attempt was also made to study the stoichiometry of the

oxidation of [Co(S-PenS)2]-. Ten-mL aliquots of a 1.911 x 10-4 M

solution of K
3
[Co(S-PenS) 2] 3H 20 were pipetted into each of 12 six-

inch test tubes. A hydrogen peroxide solution was prepared by dilut-

ing 1.9 mL 30% H202 to 1.00 L with water, and 10.00 mL of this

solution was further diluted to 500 mL. This solution was titrated

iodometrically to give [H202] = 3.95 x 10-4 M. Into each of the 12

test tubes containing the cobalt complex was pipetted a volume in

mL of H202 equal to the number of the test tube, e.g., 6 mL H202

into test tube #6. The solutions were then stored in the dark, while

samples of #6 and #12 were used to monitor the changes in the uv/

visible spectra. When the spectra of the two samples were both

stable, ca. 4.5 hours after the solutions were prepared, the spectra

of all 12 samples were recorded.

Two attempts were made to separate [ Co(S-PenS)(S-PerS0)]

and [Co(S-PenS0)2]-. In one of them, 43.2 mg K[Co(S-PenS);] 3H20

was dissolved in 3 mL water, and 6.6 mL H202 (0. 0198 M) was

added, providing ca. 1.35 moles H202 per mole cobalt complex.

After reacting for 30 min, the entire solution was sorbed onto a 16

mm x 30 cm anion exchange column (Bic- Rad AG 1-X4, 200-400 mesh,

Cl form), and eluted with 0. 05 M NaC1. Fractions were collected

with a 10 mL constant volume siphon.
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Synthesis of Other Bis(penicillaminato) Complexes. The synthesis

of K[ Co(R- PenS)2] x H2O was carried out exactly as described for

the S-PenS complex above, except that L-(+)-penicillamine was used

instead of D-(-)-penicillamine. K[ Co(S-PenS)(R-PenS)] ° 2H20 was

synthesized by the method described by Helis et al. ,
40 except that

a small amount of isopropanol was added to induce precipitation

of the product. A small sample of the product solution, before

precipitating with isopropanol, was sorbed onto a 16 mm x 15 cm

anion exchange column, and eluted with 0.10 M NaCl.

Comparison of BIS and [Co(S-PenS)
2] . A solution containing ap-

proximately equimolar amounts of BIS and [Co(S-PenS)
2]

was

prepared by dissolving 29.4 g of a BIS salt and 33.9 mg

K[ Co(S-PenS)2] 3H20 in 3 mL water. Of this solution, 0.5 mL

was sorbed onto a 16 mm x 20 cm column of Sephadex G-10, and

eluted with water. The remaining solution was sorbed onto a

16 mm x 15 cm anion exchange column, and eluted with 0.1 M

NaCl.
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Results (C)

Attempted Synthesis of K[Co(en)(CyS)21. The elemental analysis
, 3+of the product obtained from the reaction of [Co(NH3)4(en)i

with cysteine agreed fairly well with values calculated for

K[Co(en)(CyS)2]3H20. However, the uv/visible spectrum of

the product closely resembled the spectrum of BIS. A sharp sing-

let in the H nmr spectrum at ni1.4 ppm upfield from the HOD

peak (from the solvent, D20) suggested the presence of uncoordinated

ethylenediamine. To test this, a sample of the product was dis-

solved in water, loaded onto an anion exchange column, and eluted

with water. The product complex remained at the top of the resin

bed. Ninhydrin tests were performed on several fractions of the

early eluate, and three fractions gave strongly positive tests, con-

firming the presence of ethylenediamine (or possibly other amine).

Based on these observations, it appears that the product compound

was an ethylenediammonium salt of BIS.

Oxidation of G-TRIS. The spectral characteristics of G-TRIS re-

ported by Neville and Gorin41 were (X max ): 570 (300), 330 (3680),

280 (18, 500). A later paper by Gorin et al. 42 gave what the authors

felt were better values: 582 (269), 444 (568), 279 (16, 400), with a

shoulder developing at 330 nm on exposure to air. Values given by

the 0- TRIS solid obtained in this work are: 575 (300), 430 sh (690),
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278 (12, 600), and a shoulder at 340 nm. The values of Gorin et al.

are probably the most reliable because of the precautions taken to

avoid exposure to air. The 330-340 nm region of the spectrum is

particularly sensitive to the purity of the G-TRIS, since a shoulder

develops there as the G-TRIS is converted to BIS.

Since the G-TRIS solid (potassium salt) in this study was

contaminated with BIS, its concentration in solution could not be

measured accurately. Because the spectral parameters are very

sensitive to error caused by contribution from the BIS impurity, the

concentration of the G-TRIS in the solution used for the experiment

on its stoichiometric oxidation was estimated on the basis of the

weight of sample used. The concentration estimated in this way,

while somewhat in error due to ethanol and BIS, is probably reliable

to within 10%. Since the spectrum of BIS does not change in dilute

H202 solutions, its presence does not interfere with the measurement

of the changes in the spectrum due to oxidation of G-TRIS.

The results of the stoichiometric oxidation of G-TRIS are shown

in Table 12. They show that A360 reaches a maximum at a point

very near the H 202/Co mole ratio of 3.0. A278 reaches a minimum

at the same value. However, neither absorbance changes linearly

with moles H202 added. This is due to the formation of G-TRIS via

three consecutive reactions, and indicates that the spectra of
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Table 12. Dependence of A360 and A278 on initial values of the
H202/G- TRIS mole ratio.

Mole ratio A360 A278
H2 02/G- TRIS

0 0.14 1.20

0.5 0.57 0.95

1.0 0.78 0.71

2.0 0.89 0.56

3.0 0.93 0.53

6.0 0.91 0.53

[ Co(CyS)2(CyS0)] 3- 3-and [Co(CyS)(CyS0)2] must resemble

the spectrum of [ Co(CyS0)3]3- more closely than they resemble

the spectrum of G-TRIS.

In the stopped flow oxidation of G- TRIS, the results of three

independent runs were recorded. Plots of ln(A
00

-At) vs. t showed

very good reproducibility, and significant (though not large) devia-

tion from first-order behavior. Although it is somewhat inappropri-

ate to speak of an overall rate constant for a series of three con-

secutive reactions, one was calculated to provide a rough comparison

between rates of oxidation of G-TRIS and [Co(en)2CyS] +. Extrapola-

tion of the initial linear portion of each of the three log plots, about

the first half-life, gave an overall second-order rate constant of

7.6 M-1 s-1 for each run.
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While all three runs showed systematic deviations from first-

order behavior in later half-lives, the deviations were sufficiently

small that the plots nearly approximated first-order. This indicates

that none of the three consecutive reactions occurred substantially

faster or slower than the others. Furthermore, when water, rather

than H202' was injected into the mixing chamber with the cobalt

solution, the observed A380 was the same as the value obtained by

extrapolating the A380 vs. t data to t=0 for the runs with peroxide.

This shows that no very fast reaction occurred.

Synthesis of Bis(penicillaminato) Complexes. Ion exchange chro-

matography of a product solution in the synthesis of [Co(S-PenS)2]

revealed the presence of two fractions, one much larger than the

other, the minor fraction eluting first. The major fraction gave

the same uv/visible and CD spectra as did the solid obtained after

recrystallization from ethanol. (See Figure 20.) Values of kmax(E) for

the uv/visible spectrum were: 680 sh (47), 489 (336), and 292(16,600).

The uv/visible and CD spectra of the minor fraction were significantly

different, showing X.max values of 358 and 286 nm in the uv/visible

and 615(AE 11+0.4), 518 (-5.9), 342 (-1.5), and 318 (+1.5) in the CD.

(The approximate LE values are based on the assumption that E286

is approximately equal to E290
for the major fraction.).

in the two fractions may be structural isomers.

The species
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Figure 20. Circular dichroism spectra of (a) [Co(S-PenS)2] and (b) [Co(R-PenS)2] .

The proton nmr spectrum of Co(S-PenS) 2] 3H20 was sur-

prisingly simple, indicating that the protons of one penicillamine

ligand were magnetically equivalent to the corresponding protons

of the other ligand. This finding reduces the number of possibili-

ties for the structure of this complex, as explained in Discussion.

The 13C spectrum also showed this simplicity. Table 13 gives

the peak assignments in the two spectra.
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Table 13. Proton and carbon-13 nmr spectra of [ Co(S-PenS)2]
in D20.

CH
3

c
S C

-CH3

COO
b
CH

NH2

ppm upfield relative
1H signal from HOD area assignment

sharp singlet 3. 6 3 d

sharp singlet 3. 4 3 d*

sharp singlet 1. 3 1 b

13C signal
1H-decoupled ppm downfield

13C signal from TMS assignment

quartet singlet 29 d.

quartet singlet 32 d*

singlet singlet 45 c

doublet singlet 73 b

singlet singlet 182 a

*individual methyl resonances not assigned.
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Other Penicillaminato Complexes. Anion exchange of a product

solution in the synthesis of [ Co(R- PenS)2] gives the same result as

the S-PenS major band, and the CD spectra of the two isomers showed

that they were enantiomers. (See Figure 20. )

Anion exchange of the product solution in the synthesis of

[Co(S-PenS)(R-PenS)] gave two bands having a -1 charge. The

first (faster eluting) had a uv/visible spectrum identical to each of

the above enantiomers, and gave no CD spectrum. It was, therefore,

probably a racemic mixture of the two enantiomers. The second,

and larger, band was somewhat brownish green in color, as opposed

to the light brown of the first band, and gave a uv/visible spectrum

with absorbance maxima at 560 (sh), 470 (sh), and 290 nm. This

fraction also gave no CD spectrum, indicating that this fraction, too,

was a racemic mixture of enantiomers.

Precipitation of the product complex from this solution gave a

green solid, with a uv/visible spectrum identical to the major fraction

above. This is almost surely the same complex for which Helis et al.

have done the X-ray crystal structure. 40 Unfortunately, no spectral

data were included in that report for comparison.

Oxidation of [Co(S-PenS)2]-. Table 14 gives the approximate uv/

visible spectral parameters for [Co(S-PenS0)2] and [Co(S-PenS02)I,

as well as the more accurate values for the parent thiolato complex.
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Table 14. Absorption maxima (Am x) and molar absorption coeffici-
ents (c) for the major features in the uv/visible spectra of
[Co(S-PenS)2] -,

complex

[Co(S-PenS0)2] -, and

X. nmmax'

Co(S-PenS0
2

)
2

]

-1
NJ.

-1
E, Cm

[ Co(S-PenS)2] 680 (sh)

489

47

336

292 16, 600

Co(S-PenS0)21 381 8, 320

289 6, 200

Co(S-PenS02)2J 320 13,400

The results of the stoichiometric oxidation are given in
r

Table 15. Values of A
X

ed are given by equation 11, where x = the

number of mL H202, or the number of the test tube.

1'A

ed = A
X

(10/(10-x)) (eq. 11)

A38
d

Since A.,
8

reaches a maximum value well before the H 202/Co mole51
ratio reaches 2. 0, and A red

289
continues to decline slightly even after

that point, little can be concluded regarding the stoichiometry of the

reaction. However, some information regarding the spectrum of

[Co(S- PenS)(S- PenSO)] can be discerned from the data. The fact

redthat A289 continues to decline well after Ared has reached a maximum
381

value indicates that A380 for the monosulfenate is nearly the same as

A380 for the disulfenate I while A282 for the monosulfenate is signifi-

cantly higher than A289 for the disulfenate. In addition,the Amax for
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Table 15.

test
tube no.

re dDependence of A381 and A r 28ed on initial values of the
H202/[ Co(S-PenS)2] mole ra?io.

A
red Ared Ared/Aredmole ratio A289 381 289

H 202/Co 381

0 0.19 2.99 o. 06

1 o. 21 o. 39

2 0.41 0.56 --
3 0.62 0.74 2.42 0.31

4 0.83 0.91 2.17 0.42

5 1.03 1.01 1.97 0.51

6 1.24 1.13 1.80 0.63

7 1.45 1.23 1.65 0.75

8 1.65 1.22 1.53 0.80

9 1.86 1.25 1.41 0.89

10 2.07 1.25 1.36 0.92

11 2.27 1.26 1.28 0.98

12 2.48 1.25 1.22 1.02

the shorter wavelength peak is obviously different for the two com-

plexes. These findings were useful in identifying the fractions from

the anion exchange separation to be described next.

The eluate from the anion exchange separation of the reaction

solution containing 1.35 mol H202 per mol [ Co(S-PenS)2] was col-

lected in 10 mL fractions. The results of the spectral measurements

on these fractions are shown in Table 16. The identification of the
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Table 16, Uv/visible spectral features of a series of eluate fractions

from the ion exchange elution of a partially oxidized sample
of [ Co(S-PenS)2] -.

fraction 1 Al A
2

A2 Al/A2 predominant
max maxno. complex

1 390 0.021 290 0.036 0.58

2 382 0.75 294 0.575 1.30

3 382 2.24 293 1.83 1.22

4 381 3.25 293 2.51 1.29

5 381 4.60 292 3.27 1.41 disulfenate

6 383 4.67 293 3.10 1.51

7 383 1.58 293 1.07 1.48

8 380 0.56 291 0.45 1.24

9 369 1.11 280 1.44 0.77

10 366 4.52 279 6.67 0.68

11 365 9.79 279 15.52 0.63 monosulfenate

12 364 8.50 279 13.47 0.63

13 364 2.26 280 3.52 0.64
A

14
340 sh 0.81 290 3.62 0.22

15

16 340 sh 0.95 291 5.10 0.19 di hiolate

17 340 sh 0.48 292 2.44 0.20

18 360 0.21 291 0.69 0.30

19 380 0.17 292 0.27 0.63

20 380 0.17 292 0.18 0.94
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predominant complex in each band is based on the information above

applied to the X and A1/A2 values. Although the bands appeared

to be well separated on the anion exchange column, the spectra show

that they overlapped slightly. However, X and A1/A2 values

clearly show where the divisions between the bands occur.

Comparison of BIS and [Co(S-PenS)2] Gel exclusion chromatog-

raphy on a column of Sephadex G-10 of a solution containing roughly

equimolar amounts (in moles of Co) of BIS and [Co(S-PenS)2] gave

a separation into the two components. The faster-eluting greenish

brown component, BIS, was virtually excluded by the resin, eluting

nearly as fast as the eluate, and without significant spreading of the

band width. (The band was ca. one cm wide at the top and bottom of

the resin bed. ) The trailing light brown band, [Co(S-PenS)2] -, was

spread out over a ca. five cm range, and while a complete separation

of components was not achieved, the darkest portion of the light brown

band trailed the BIS band by about two cm. Monitoring the uv/visible

spectra of fractions of the eluate confirmed the visual observations.

The results indicate that BIS may have a higher molecular weight than

the exclusion limit of Sephadex G-10 ('i700 g/mole), while the

[ Co(S-PenS)2] ions are small enough to penetrate the pores of

the resin.

Anion exchange chromatography provided an excellent separation
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between the two components. The BIS complex had traveled less

than one cm down the 15 cm resin bed by the time the [Co(S-PenS) 2]

complex had eluted completely from the column, indicating that BIS

probably has a charge type higher than -1.

Both these results lend strong support to the formulation of

BIS as a trinuclear complex.
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Discussion (C)

The resistance of the BIS complex toward oxidation by hydro-

gen peroxide presented a striking anomaly at the beginning of this

work. A large amount of evidence, obtained from experiments in

this lab and from a careful review of the literature, has led this

researcher to the conclusion that the structure of BIS proposed by

Neville and Gorin, 41 44 and supported by other researchers, 42' 50

is incorrect. Rather, BIS has a trinuclear structure similar to that

reported by Busch and coworkers51 for the analogous complex

{Co[ Co(cystS)312} Br3. There follows a listing of points that sup-

port this conclusion.

1) The proposed trimeric structure H
3

{Co[Co(CyS) 3]2} 6H20

would give exactly the same elemental analysis as the

H[Co(CyS)2(H20)2] formula proposed by Neville and Gorin.

2) Anion exchange chromatography of a mixture of BIS and

[Co(S-PenS)2] indicates that BIS has a charge type higher than

-1. 3) Gel exclusion chromatography of the same mixture suggests

that BIS has a molecular weight greater than 700. The molecular

weight of the proposed trianion {Co[Co(CyS)3]2} 3- is 891, while
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the molecular weight of [Co(CyS)2(H20)21 is 333. 4) The bridging

tendency of thiolate ligands is well known. 5) the uv/visible spectrum

4.,3 51-53
of { Co[ Co( cyst S) 3]

2J'
is very similar to that of BIS, except

that the £ values are consistently lower for BIS. For the cysteamine

trimer, X max (e) values are: 560 sh (2700), 440 (7100), 346 (19,400),

274 (26, 560). For BIS, the values given by Neville and Gorin41 are:

440 (2250), 350 (5510), 280 (7500). For a trimeric BIS, the same

data would give three times higher values: 440 (6750), 350 (16, 500),

280 (22, 500). Furthermore, in the BIS prepared in this work a

shoulder was noted at ca. 580 nm, and the first (longest wavelength)

uv peak was at 348 nm. Note that the three major peaks in

{Co[Co(cystS) ] }
3+ and in BIS occur at nearly the same wave-

3 2

lengths, and that the relative intensities are nearly the same, e. g. ,

E274/346 = 1.37 for the cysteamine complex, and E280/c350 1.36

for BIS. 6) Neville and Gorin44 determined by acid-base titration

that the BIS complex has one replaceable proton per Co (in the neutral

form), and included this finding in their evidence supporting a mono-

nuclear structure. However, the trimer also has one replaceable

proton per Co. 7) Gorin et al. 42 noted the absence of an inflection

point in the pH 8-10 region of the titration curve of BIS, and concluded
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that the coordinated water molecules were not acidic, as they are

in other Co(III) complexes such as 3+
Co(NH3)4(H20)2] and

Co(en)2(H20)213+. It makes more sense to conclude that there

are no coordinated water molecules. 8) The absence of coordinated

water molecules in BIS could explain the failure of the experiments

designed to replace them with an ethylenediamine chelate. 9) The

equilibrium between BIS and G-TRIS described by Neville and Gorin41

could apply just as well if BIS were a trimer, in which two of the

three Co atoms already exist in a G-TRIS coordination sphere.

10) If a trimeric structure is accepted, then the non-reactivity toward

peroxide is no longer anomalous (vide infra).

Assuming the reader is now as convinced as the writer that the

proposed trinuclear structure is correct..., an empirical rule re-

garding the reactivity of thiolate ligands coordinated to Co(III) can

now be stated: bridging thiolate ligands (those coordinated simul-

taneously to two Co(III) ions) are remarkably resistant toward oxida-

tion by hydrogen peroxide, while non-bridging thiolate ligands are

quite readily oxidized. This statement is supported by Schubert's

observation that R-TRIS does not react with H 202'4 R-TRIS has

since been shown to be a polymer in which all the thiolate ligands are

bridging.43 Busch et a1.55 reported the related generalization that

terminal thiolate ligands undergo alkylation (see Part D) more readily

than bridged thiolates. It is also perhaps noteworthy that most of the
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polymeric complexes obtained in this work during attempts to prepare

bis(thiolato) complexes gave no reaction with H202. In the few examples

in which a reaction was observed, a polymeric structure involving

both bridging and non-bridging thiolates can easily be envisioned.

It is perhaps still somewhat surprising that coordination of a

thiolate simultaneously to two cobalt ions could so sharply depress

its reactivity. A thiolate coordinated to one cobalt ion is nearly as

reactive toward hydrogen peroxide as free thiolate. Values of the

second-order rate constant for reaction 10 are 12.4 M-1 s -1 for

Nu + H202 NuOH+ + OH (10)

37
CyS M-1 s

1 for G-TRIS, and 0.36 M-1 1
s for

[ Co(en)2CyS] +. 23 However, comparing a bridged thiolate to a co-

ordinated su.lfenate may bc more appropriate. The sulfenato complex

[Co(en)
2
(CyS0)1 + is oxidized more than three orders of magnitude

more slowly than its parent thiolato complex. Coordination of the

thiolate ligand to a second Co(III) ion might be expected to decrease its

nucleophilic character as much as, or more than, binding to a strongly

electronegative oxygen. The bridged thiolate would also be somewhat

more sterically hindered from reaction with H202 than the sulfenato

sulfur.

Structure of [Co(S-PenS) 2] -. The possible isomeric structures of

[Co(S-PenS)2] are presented in Table 17. The abbreviations used
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Table 17. Possible isomeric
cis/trans orientation

structures of [Co(S-PenS)
of

pairs

2]

ligands
possibly
tridentate

oxdatom

isomer S, S N, N COO", COO
a sym-

metry

t, t t t t C2 1b

A t, c t c c C2 2

At, c t c c C2 0

,L c, t c t c C2 0

Ac, t c t c C2 2

,L c, c c c c none 1

A.c, c c c c none 1

c, c c

aor H2O.

c t C
2 2

bOne ligand could be tridentate; the other can be bidentate only.

for the isomers give the configuration of the complex, followed by the

citrans arrangement of the sulfur ligands and nitrogen ligands,

respectively. The symmetry point groups are the same, whether the

penicillamine ligands are both bidentate (two water ligands in the fifth

and sixth coordination sites), or both tridentate. Three factors point

toward the formulation of the complex as having tridentate peni-

cillamine ligands rather than coordinated water molecules, a) The

penicillamine ligands in [Co(S-PenS)(R-PenS)1- have been shown by
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X-ray structure to be tridentate. 40 b) The [Co(S-PenS) 2] complex

is quite unstable in acid solution, decomposing in less than one hr in

0.02 M HC1. c) The complex shows a COO stretching frequency of

1650 cm-1 in the IR. This is within the 1650-1620 cm-1 range ex-

pected for coordinated carboxylate; the range for uncoordinated

carboxylate is 1630-1575 cm-1.54 In the [Co(en)2CyS]+ complex,

in which the carboxylate is not coordinated, a stretching frequency

of 1610 cm -1 is observed. 21

Referring to Table 17, structures A c, c andAc, c can be elimi-

nated on the basis of the simplicity of the 1H and 13C nmr spectra,

since the protons (and carbons) of one penicillamine ligand would not

be magnetically equivalent to those of the other ligand. (The 1H nmr

spectrum of [Co(S-PenS)(R-PenS)]-, which does not have C2 sym-

metry, is considerably more complex. ) If the carboxylate groups

are coordinated, as suspected, then the list of possible isomers is

limited to three: A t, c; jc, t; and c, c. In all three cases, two of the

ligand donor atom pairs are cis-oriented, while the remaining pair is

trans. This is a sufficient structural difference to account for the

differences in the uv/visible spectra of [Co(S-PenS) 2] and

[Co(S-PenS)(R-PenS)] -. In addition, the complex with one trans

pair of ligands might be expected to be less polar than the all-cis

complex, and therefore elute faster on an anion exchange column.
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PART D. OTHER REACTIONS OF THIOLATO

AND SULFENATO COMPLEXES

Introduction (D)

The chemistry of the coordinated thiolate function is far from

limited to oxidation by hydrogen peroxide. Indeed, any number of

electrophiles or oxidizing agents might be expected to react with the

nucleophilic thiolato sulfur.

At the present time, the alkylation reaction is perhaps the most

thoroughly studied example. Busch and coworkers55 have found that

a number of thiolato complexes of Ni(II), Pd(II), and Co(ILI) undergo

reaction with alkyl halides to form thioethers coordinated at sulfur.

Deutsch and coworkers introduced an improved method for alkylating

thiolatocobalt(III) complexes, and presented a variety of alkyl deriva-

tives of many of the well-known thiolato complexes.56

Reactions of thiolatocobalt(III) complexes with oxidizing agents

other than H202 are beginning to be studied. The reactions of

[Co(en)
2
CyS]+ with Ph

3
CC1 and p-NO

2
C

6
H4

SO
2
CI were mentioned

briefly in Part B. In both cases, hydrolysis occurred to give
, + 32

[ Co(en)
2
(CyS0).1 . In a recent report by Deutsch and coworkers,

the brief statement was made that a number of oxidizing agents--

N-bromosuccinamide, chloramine- T, 2, 2'-dithiodipyridine, Br2,

K25208' NaOCI, KMn04
--all convert thiolato complexes to sulfenato

complexes, though the yields and products varied from one system
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to another.57

This portion of the thesis presents the findings of brief investi-

gations into three reactions of coordinated sulfur ligands. The first

is the reaction of Br
2

with [Co(en)
2

CyS] + and [Co(en)
2

(CySO)11'.

The second, reaction of i Co( en)2( CyS0)1 + with hydroxylamine-0-

sulfonate, was designed to generate a new ligand, an S-bonded

sulfinamide. The third, reaction of [ Co(S-PenS)2] with 1, 3-di-

bromopropane, was designed to gain information about the geometry

of that bis(thiolato) complex.
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Experimental (D)

Oxidation of A-[ Co(en)2CyS] + and A4 Co(en)2(CyS0)1+ by Bromine.

A solution of 8 x 10-5 M A4 Co(en)
2

CyS] + was prepared by dissolving

0.315 g A4 Co(en)2CyS1C104 in 100 mL water, and diluting 5.0 mL

of this solution to 500 mL with water. To prepare a ca. 4 x 10-3 M

Br
2

solution, 5.15 g NaBr was dissolved in 15 mL water, and

fv0.5 mL Br
2

was added. After the Br
2

was dissolved, the solution

was diluted to 100 mL with water. This solution was further diluted

by a factor of ten by adding 0.1 M NaBr solution. To perform the

spectrophotometric titration, 300 mL of the cobalt complex solution

was placed in a large beaker, and stirred magnetically. The bromine

solution was added via buret in small increments, and the buret read-

ing and uv/visible spectrum of the solution were recorded after each ad-

dition. Toward the end of the titration, small samples of the solution

in the beaker were added to a starch/iodide indicator solution to test

for the presence of unreacted Br2.

A few 10 mL samples of 8 x 10-3 M.A.,[Co(en)2CyS]+ were

oxidized by adding 5 mL portions of 4 x 102 M bromine solution

(0.5 M in NaBr). After allowing ten min for the reaction to go to

completion, the excess Br2 was destroyed by adding 0.1 M Na2S2O3,

and the uv/visible spectra were then recorded.
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Reaction of A-[ Co(en)2(CyS0)] +with Hydroxylamine-O-Sulfonic Acid.

A 1.03 g (2.49 mmol) sample of A-[ Co(en)2(CyS0)] C104 was dissolved

in 18 mL water, and 0.34 g (2. 74 mmol, assuming 90% purity)

hydroxylamine-O-sulfonic acid was added to the solution. The sodium

carbonate was added in small portions until the solution no longer

effervesced when additional Na
2
CO3 was added, and the pH had risen

to 5-6. The solution was then left to stir at room temperature for

18 hr. At that time, a uv/visible spectrum of a sample of the reac-

tion solution revealed that the 371 nm peak characteristic of the start-

ing sulfenato complex had essentially disappeared, and the reaction

was assumed to have gone to completion. To the remaining reaction

solution was then added 3.0 mL of 1.01 M Ba(C104)2 to precipitate

sulfate and carbonate ions. (Omission of this step causes the product

complex to come out of solution as an oil, rather than as a solid, when

isopropanol is added later. ) The solution was adjusted to pH 1.0 by

adding 10-12 drops 6 M HC1O4, and then 100 mL isopropanol was

added without delay. After ten min, the solution was filtered to re-

move the precipitated product, which was washed with isopropanol.

The yield of dried product was 0. 6 g, 50%. The product was recrys-

tallized by dissolving in 2.5 mL of 0.1 M HC104, filtering, and pre-

cipitating the solid by quickly adding a large excess of isopropanol.
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The solid was dried in a vacuum desiccator over P2O5, and then

dried in a vacuum drying apparatus at 1 mm, 65°C (refluxing methan-

ol) for one hr. Anal. Calcd for [Co(en)2(CySONH2)](C104)2: C,

15. 89; H, 4. 35; N, 15. 89; S, 6.05; N:S atom ratio, 6.0. Calcd for

[ Co(en)2(CyS0)] (C104)2:

atom ratio, 5.0. Found:

atom ratio, 5.0.

C, 16.34; H,

C, 16. 04; H,

4.28; N,

4.68; N,

13.62; S,

13.60; S,

6.23; N:S

6. 25; N:S

pH Titration. A 91.8 mg sample of the solid product from above was

dissolved in ten mL water, and 2.00 mL of 0.1032 M HC1 was added.

This solution was titrated with standard 0.100 M NaOH, using the pH

meter and combination electrode described in Part A to determine the

pH of the solution after each incremental addition of NaOH. For com-

parison, the same titration was repeated without the cobalt complex.

Methylation of [Co(S-PenS)2] -. The attempted synthesis of the dithio-

ether complex [Co(S-PenS-CH 3)2] + was carried out essentially by
56the general procedure described by Elder et al. In a 10 mL flask,

84 mg (0. 20 mmol) of K[Co(S-PenS)2] 3H20 was dissolved in 4 mL

DMSO, and 0.2 mL (3. 0 mmol) iodomethane (J. T. Baker Chemical

Company) was added. The solution immediately turned dark red

upon addition of the iodomethane. After the solution was allowed to

stir for three hr, small samples were placed on small anion and

cation exchange columns. The violet colored complex was not
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impeded by the anion column; it was trapped by the cation resin, and

eluted with 0.5 M NaCI as a 1+ charge type.

To isolate the product complex, the DMSO and excess iodo-

methane were extracted into diethyl ether. A very dark oil remained,

which was dissolved in 1.5 mL slightly warm water, and 1.5 mL 70%

HCIO4
was added. However, the high H+ concentration catalyzed the

air oxidation of I to 12' and the desired product complex was de-

stroyed by the large amount of 12 which formed.

Reaction of [Co(S-PenS)2] with 1, 3- Dibromopropane.

K[Co(S-PenS)2] 3H20 (0.59 g, 1.33 mmol) was added to 10 mL

DMF in a 25 mL flask. The solid did not completely dissolve.

Next, 1.3 mL (13 mmol) 1, 3- dibromopropane (J. T. Baker Chemical

Company) was added. After 1.5 hr of stirring, the solution was fil-

tered. A small amount of dark brown solid, insoluble in water (appar-

ently polymeric) was removed. The purple filtrate was treated with

diethyl ether, which caused the precipitation of a purple solid, which

was removed by filtration and washed with ether. This solid was only

sparingly soluble in water, giving a violet solution. This solution was

trapped on a cation exchange column, and only a small portion of the

sample eluted as a 1+ charge type; the remainder was apparently

highly charged and therefore judged to be polymeric.
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Reaction of [ Co(S-PenS)(R-PenS)] with 1, 3- Dibromopropane.

K[Co(S-PenS)(R-PenS)] 3H20 (0.69- g, 1.54 mmol) was added to

10 mL DMF in a 25 ml flask (solid did not all dissolve), and 0.20 mL

(2. 0 mmol) 1, 3- dibromopropane was added. After stirring 6.5 hr,

the solution was filtered, removing a small amount of solid, which

had the same green color as the starting complex. The purple filtrate

was treated with 20 mL diethyl ether, and a purple solid precipitated,

which was removed by filtration and washed with ether. This solid

showed the same solubility and ion exchange properties as the product

in the above reaction.
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Results (D)

1 +Oxidation of A -[ Co(en)2CyS] + and A -[ Co( en)2(CyS0).1 by Bromine.

The results of the spectrophotometric titration of A-[Co(en)2CyS] +

with Br
2

are given in Figure 21. The first portion of the graph,

A371

2 4 6

Volume Br
2

solution, mL
8 10

Figure 21. Spectrophotometric titration of A.-[Co(en)2CyS]
with bromine.

+ .representing production of A-[Co(en)2(CyS0).1 , linear, as is

the later portion of the graph, which represents loss of the sulfenato

complex due to further oxidation. Starch/iodide tests for the presence

of unreacted Br
2

were negative until A371 had decayed nearly to zero.

The slopes of the two linear portions of the graph are not equal. The

slope of the left-hand portion divided by the slope of the right hand

portion gives a value of 1.50. A second titration performed in the
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same way gave a value of 1.49 for the slope ratio.

The theoretical maximum value of A371 for the titration can

be calculated from the value of A278 for the solution with zero bromine

added, according to equation 12, where £ S3

7 1
is the molar absorption

Amax Ainitial SO S Ainitial(5800/12, 000)
371 278 c371 /E278/ 278

(eq. 12)

coefficient at 371 nm for the product sulfenato complex and e27878 s the

molar absorption coefficient at 278 nm for the starting thiolato corn-
m

plex. For the titration shown in Figure 21, A371 has a value of 0.41,

calculated from equation 12. Extrapolation of the two linear portions

of the graph intersect at A371 = 0.394, which is 95% of the theoretical

value of 0.41.

Figure 22 shows the uv/visible spectra of a series of samples

taken during another spectrophotometric titration. The appearance

and subsequent decay of the 371 nm peak is very diagnostic of the
+formation and further reaction of [Co(en)

2
(CyS0).1 . If the second

step of the oxidation produces [Co(en) 2
(CyS0 Z)]+, then A278 should

begin to rise when A371 begins to decline. Since A278 continues to

decline throughout the titration, the sulfinato complex is not a product

of the Br2 oxidation of [Co(en)2(CyS0)] +. A similar titration experi-

ment was performed starting with a sample of [ Co(en)2(CyS0)] C104,

and the results were the same--A278
decayed, indicating

[Co(en)
2
(CyS0 2)1+ was not produced.
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3 0,, 44
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280 370

nm

460

Figure 22. Absorption spectra of a series of samples of
A:-[Co(en)2CyS] + after reaction with increasing
amounts of bromine.
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Reaction of A-[ Co(en)2(CyS0)1+ with Hydroxylamine-0- sulfonic Acid.

The product isolated from the reaction of A-[Co(en)2(CyS0)]+ with

hydroxylamine-0- sulfonic acid gave an elemental analysis suitable for

a complex having the formula "[Co(en)2(CyS0))(C104)2." Apparently,

no additional nitrogen had been incorporated into the final product.

Figure 23 shows two titration curves, one for the titration of 2. 00 mL

(data points omitted
for clarity)

2

Volume NaOH, mL

Figure 23. Potentiometric titrations of (a) HC1 + "[ Co( en)7( CyS0)] -
(C104)2" and (b) HC1 only. The dashed vertical line indi-
cates the expected endpoint for a complex with a replace-
able proton.

HC1 + 10 mL water + 91.8 mg of the "[ Co(en)2(CyS0)) (C104) 2" product,

and the other for the titration of 2. 00 mL HC1 + 10 mL water, but no

cobalt complex. Both titrations gave the same endpoint, indicating that

the cobalt complex in the first titration had no replaceable hydrogen

ions, i.e., the cysteine carboxylate group was not protonated. The

dashed vertical line in Figure 23 indicates where the endpoint for the
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first titration should have occurred, had the carboxylate been pro-

tonated.

The unusual shape of the curve beyond the endpoint is due to the

reaction of the complex ion with OH. This conclusion is supported

by the observation that the pH steadily dropped between additions of

NaOH during this portion of the titration, and by the finding that the

uv/visible spectrum of the complex was not stable in basic solution.

The nature of the reaction with OH is not known, other than to say

that it is not a simple acid/base reaction, and it apparently leads to

irreversible decomposition of the complex ion.
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Discussion (D)

Oxidation by Bromine. The results of the spectrophotometric titra-

tions of A-[Co(en)2CyS] + with Br2 clearly show that the initial product

formed is Co(en)2(CyS0)1+. This sulfenato product could be formed

by attack by the nucleophilic thiolato sulfur on a bromine molecule,

and the resulting sulfenyl bromide ligand presumably would undergo

rapid hydrolysis to give sulfenate, according to reactions 11 and 12.

+

Br

(en) CoS21

N

C00-

+ Br
2

--->

2+

+ H2O >

Br

(en) CoS
21

COO

0
(en) CoS

21

COO
__

2+

+ Br (11)

+ 2H+ +Br

An alternative mechanism is possible in which Br 2
undergoes

(12)

hydrolysis, followed by attack by sulfur on the oxygen in HOBr to

give the sulfenate directly (after rapid proton transfer). A study of

the effect of pH on the rate of reaction should permit a choice to be

made.

The outcome of the second oxidation, reaction of the sulfenato
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complex with Br2, is not clear. The first step is again expected to

be attack by the nucleophilic sulfur (sulfenato sulfur, this time) on

bromine, giving a S-coordinated sulfinyl bromide. If this step were

followed by hydrolysis, a S-bonded sulfinato complex would result.

Since this is not observed, it appears that the sulfinyl bromide ligand

undergoes cleavage of the Co-S bond faster than hydrolysis. The

alternative mechanism mentioned above doesn't appear likely in

this case, since it should lead to a sulfinato complex. Hence, this

mechanism may be less credible for the first oxidation, also.

The fate of the free sulfinyl bromide ligand is not understood.

The 1.5 ratio of slopes in the graph of the spectrophotometric titration

suggests that the free ligand undergoes a further one-electron oxida-

tion, which might be consistent with the formation of a disulfone. If

this occurred without loss of the ligand at the nitrogen end, and was

accompanied by coordination of the carboxylate, the result would be

a dimer bridged by the disulfone, as shown in Figure 24. However,

elution of the final oxidation product from a cation exchange column

with 1.0 M NaCI is consistent with a charge type not higher than 2+.

It seems doubtful that the 4+ disulfone dimer could behave as a 2+ on

the ion exchange column. A more likely route for the free sulfinyl

bromide ligand would be hydrolysis, followed by further oxidation and

hydrolysis to give a free sulfonate, shown by the left-hand broken

arrow in Figure 24. However, this is a two-electron oxidation, and
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isomerization

0

SIB

Figure 24. A possible reaction pathway in the oxidation
of A4 Co(en) 2(CyS0)] + by bromine.
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should result in a slope ratio of 2.0 rather than 1.5. Since both of

these hypotheses conflict in some way with the experimental evidence,

more results are needed in order to elucidate the outcome of this

reaction. Isolation and characterization of the final product would

seem to be the most promising course to follow.

Reaction of A-[Co(en)2CyS0)1+ with Hydroxylamine-0- su.lfonic Acid.

Reaction 13 was intended to produce a S- bonded sulfinamide (R-S(0)NH2)

SO4[Co( en)2 (CyS0)11+ H2NOSO [Co( en)2(CyS(0)NH
2)j

2+ + SO4 (13)

complex. The nitrogen atom in hydroxylamine-0- sulfonate (in neutral

solution) is expected to be attacked by the nucleophilic su.lfenato sulfur

atom, displacing the sulfate ion. However, the lack of incorporation

of nitrogen into the final product, shown by the elemental analysis,

clearly indicated that the expected product was not obtained.

Analytical results further suggest that the product complex has

essentially the same elemental composition as the starting su.lfenato

complex, except that the product bears an extra positive charge, and

the extra perchlorate ion that accompanies it. An unreacted sulfenato

complex which has undergone protonation at the carboxylate func-

tion would give such an analytical result, but this is certainly not

the case, since the product has no absorption peak at or near 371 nm.

Furthermore, the titration results showed that the carboxylate func-

tion was not protonated. Since the complex was initially precipitated

from and recrystallized from 0.1 M HC104' the titration result
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implies that the carboxylate group is coordinated to cobalt in the

product.

One plausible explanation for the above results is shown in

Figure 25, in which the final product is a sulfinamide, but not co-

ordinated at sulfur. A reaction scheme analogous to this one was

proposed by Gainsford and Sargeson for the reaction of [Co(en)
2
CyS]+

with acetic anhydride in DMSO, in which the product was a N-bonded

sulfenamide, with coordinated cysteine carboxylate. 58 The structure

of that complex was verified by X-ray crystallography. In that case,

a fairly strong base, acetate ion in DMSO, was available to depro-

tonate the coordinated amine in the next-to-last step. In this case,

the base might be sulfate ion, or perhaps the last two steps could

occur concertedly, so that the developing NH2 provides the base for

deprotonation of the adjacent coordinated amine. The sulfenamide

complex of Gainsford and Sargeson showed a ligand field band at

486 nm in the uv/visible spectrum, consistent with a CoN5O chro-

mophore, and also a charge transfer band at 345 nm, which would be

expected for Co-S binding in a sulfenato complex, but in this case

was attributed to binding of cobalt to the sulfenamide nitrogen. The

absorption spectrum of the sulfinamide complex described here has

a shoulder at ca. 460-480 nm, again consistent with a CoN5O chromo-

phore, and a strong charge transfer band at 284 nm. It is not surpris-

ing that the charge transfer peak in the spectrum of the N-bonded
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sulfinamide complex should be observed at shorter wavelength than

the N-bonded sulfenamide complex, since the same relationship is

true for the corresponding S-bonded sulfinato and sulfenato complexes.

Since the new sulfinamide complex cannot be said to have been

fully characterized, the proposed structure must be considered

tentative. However, this structure seems to be the only plausible

explanation for all the observations that have been made to this point.

One parallel should be drawn between the oxidation of

[Co(en)2(CyS0)1+ by bromine and by hydroxylamine-O-sulfonate.

In both cases, the logical first step of the reaction leads to a sulfur

ligand with a zero charge: a sulfinyl bromide, RS(0)Br, and a

sulfinamide, RS(0)NH2. In both cases, very rapid subsequent cleav-

age of the Co-S bond is strongly implicated.

Alkylation Reactions. In Part C, the number of likely isomeric

structures for [Co(S-PenS) 2] was limited to three, each of which

had two ligand donor atom pairs in cis positions, and the third pair

in trans positions. It was hoped that the alkylation shown in reaction

14 might provide some additional information on the structure of this

s
Co7

BrCH
VS

-CH
Co CH2

S,-CH2

+ 2Br (14)

/CH2---BrCH
2

complex, specifically, whether the sulfur ligands are cis- or
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trans-oriented. With the sulfurs in cis positions, reaction 14 would

lead to a complex ion with a 1+ overall charge, and containing a

macrocyclic hexadentate ligand. With the sulfurs in trans positions,

this cyclization reaction would be ruled out.

To determine if both thiolate ligands in [Co(S-PenS)2] could

be alkylated by normal reaction procedures, reaction 15 was carried

[Co(S-PenS)2]- + 2 CH3I [Co(S-PenS-CH 3)2]-1- + 21 (15)

out. Although the product was not isolated, ion exchange chromatog-

raphy showed that the product had a 1+ charge, indicating that both

sulfurs had been successfully methylated.

When the reaction of [ Co(S-PenS)2]- with 1, 3-dibromopropane

gave a polymeric product, or mixture of products, the same reaction

was attempted using [Co(S-PenS)(R-PenS)] -, in which the sulfurs

are known to occupy cis positions. Since this reaction also gave

polymeric products, no conclusion could be drawn as to the structure

of [Co(S-PenS)2] -.

Busch et al. have reported attempts to perform this cyclization

reaction with 2, 2' -dialkyl(ethanediylidenedinitrilo)diethanethiolato-

55nickel(II) complexes and a variety of dihalides. 1, 3-Diiodopropane

and 1, 2-dibromopropane were among the dihalides tested, but

the desired cyclized product was obtained using a, a'-dibromo-o-

xylene (reaction 16). Hence, reaction 14 may prove successful with
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2+

+ 2Br

(16)

one or both of the penicillaminato complexes if the proper alkylating

agent is found, and could lead to a structural assignment for

[ Co(S-PenS)2]-.
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CONCLUSIONS

Table 18 presents a summary of some of the more important

complexes and oxidation reactions that have been studied during the

course of this work. Several thiolato, sulfenato, and sulfinato com-

plexes of cobalt(III) were prepared for the first time, and the knowl-

edge of the properties and structures of several other already known

complexes was extended--and extensively modified, in the case of

the BIS complex. Techniques were developed during the study which

made possible the separation and identification of optical isomers of

the complex ions, using ion exchange chromatography and CD spec-

troscopy. Perhaps the most important accomplishment of this work

has been the elucidation of many of the stereochemical factors opera-

tive in the formation and interconversion of the stereoisomers of the

thiolato and sulfenato complexes. The discovery that bridging thiolate

ligands in cobalt(III) complexes are strongly resistant to oxidation

was also significant.

One of the original goals of the research was to learn more about

the mechanism by which the dioxygenase enzymes operate. Unfor-

tunately, little can be added to what was already known about the

enzymes. None of the thiolato or sulfinato complexes showed any

evidence of reactivity toward O. This might suggest that key fea-

tures of the enzymes are the paramagnetic, high-spin electron con-

f iguration of the iron, and the ability of the iron to fluctuate readily



Table 18. A summary of the important complexes and oxidation reactions.

thiolato
complexes

A-[ Co(en)2CyS] +

11
-[Co(en)2CyS]1-

A-[ Co(en)2PenS] +

-[ Co( en)2PenS] +

Co(S- PenS)2]

Co(CyS)3] 3-

sulfenato
complexes

AS -[ Co(en)2(CySO)] +

AR-[ Co(en)2(CySO)] +

[Co(en)2(CyS0)]+

> [ Co( en)2(PenS0)]

[ Co( en)2( cystS)] 2+

{Co[ Co(CyS)3] 2} 3- (BIS)

> i -[Co(en)2(PenS0)] +

[ Co(S-PenS0)2)-

[ Co(CyS0)3] 3-

> [ Co(en)2( cystSO)] 2+

> no reaction with H202

sulfinato
complexes

A-[ Co(en)2(CyS02)]

[ Co( en)2(PenS02)] +

> [ Co(S-PenS02)2
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between oxidation states. The stabilization of the notoriously reac-

tive sulfenate function by coordination to a metal center suggests that

the sulfenate cannot be dismissed as a possible intermediate in the

enzymatic oxidations. The finding that G-TRIS is oxidized by H202

1+about twenty times faster than [Co(en)
2

Cy Si indicates that the num-

ber of thiolate ligands may play a role in determining reactivities of

coordinated thiolates. This, in turn, suggests that the number and

geometry of protein thiolates which bind the iron in the protein have

some function in determining the remarkable selectivity of the two

enzymes for their respective substrates.

During the study, several interesting problems were left rather

open-ended in favor of pursuing other problems that seemed, at the

time, to require more urgent attention. For example, the R and S

isomers of P-[Co(en)
2

(CyS0)1 + appeared to be more photo-sensitive

than the corresponding A-isomers, and there seemed to be a more

pronounced preference for one isomer over the other, so an in-depth

study of that system might provide some interesting results. Indeed,

that system may prove more amenable to an extensive study of the

photochemistry of sulfenato complexes than the A system. Sulfenato

complexes might prove to be interesting subjects for a photochemical

study because the sulfenate donor atom--the primary site of the

photochemical activity--is chiral. Complexes with chiral donor

atoms cannot be so easily generated by any other method.
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Other photochemical features were noted in this work, but

not pursued. A very preliminary and tentative experimental result

suggested that the photodecomposition of Co(en)2(CyS0)1+ could be

02-dependent. And whereas all other sulfenato complexes which

were studied showed a slow, steady decrease in absorbance in the

370 nm region, A381 of the bis(sulfenato) complex [ Co(S-PenS0)2]

actually rose briefly upon exposure to light, and then remained

stable. Conversion to an isomeric sulfenate is implicated, and an

investigation into the factors which allow this new sulfenato complex

to be photo-inert should prove very interesting.

Although the hypothesis of the effect of the cis trans relation-

ship of the thiolate ligands on their reactivity toward H202 proved not

to be the correct one for explaining the non-reactivity of the BIS

complex, it is still an interesting hypothesis. Unfortunately, there

still is no cis/trans pair of complexes available for testing it. How-

ever, the [Co(PenS) 2] system shows some promise in providing the

needed complexes. The X-ray structure of one isomer of

[Co(S-PenS)(R-PenS)]- has been determined," and preliminary

experiments suggest that at least three isomers of [Co(S-PenS) 2]-

can be obtained. There also appears to be a reaction which inter-

converts two of these isomers, in a manner similar to the

interconversion of the [ Co(en)2CySi + isomers. If one isomer of

[Co(S-PenS) 2] can be shown to possess trans sulfurs, then the
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materials will be available to test the cis/trans hypothesis. Since

the intermediate mixed complex [ Co(PenS)(Pen50)] can probably

be isolated and its uv/visible spectrum determined, as it was in this

work for the particular isomer studied, the complicated, non-first-

order kinetics of reaction 17 could be analyzed in some detail.

Co(PenS) 2] + 2H 202 [ Co(PenS0)2] + 2 H2O (17)

The cyclization reaction between bis(thiolato) complexes and

difunctional alkylating agents is worth pursuing as a method of

distinguishing between cis and trans structures. A successful

cyclization reaction would necessitate a cis structure (for the sulfur

ligands), while an unsuccessful reaction of another isomer under

the same reaction conditions would strongly suggest that the sulfurs

were trans. The choice of the proper alkylating agent is probably

the most critical feature of the reaction conditions. Examination of

molecular models showed that three methylene groups should form a

fairly stable ring between the two thiolate ligands, while two methylene

groups were too short to comfortably bridge the gap. Hence,

1, 3-dibromopropane was the alkylating agent chosen in this work.

In an analogous reaction reported by Busch and coworkers, 55 cycliza-

tion of a Ni(II) complex with cis-thiolate ligands, the reaction was

termed "promising" when 1, 3- diiodopropane was used, but the

desired product was successfully isolated when a, a'-dibromo-o-xylene
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was chosen. Thus, although the chelate effect ought to help drive

the reaction in the desired direction, some subtle features appear

to be critical in distinguishing between an alkylating agent which

leads to polymeric compounds, and one which gives the desired reac-

tion.

The brief investigations made here into other reactions of

thiolato and sulfenato complexes, particularly the reactions with

bromine and hydroxylamine-O-sulfonic acid, give a good indication

of the variety of chemical reactions these complexes can undergo.

This area is destined to be studied to much greater lengths as more

and more complexes become available for study. This chemistry is

now at the early stage of development in which each successfully

completed experiment generates two new questions, and a lot of

fundamental, enjoyable chemistry can be applied in seeking the

answers to those questions.
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APPENDIX

Summary of ligand names and structures. All potential donor atoms

are underlined.

Abbreviation

CySa

HCyS

Name

cysteinato

cysteinato
(protonated)

cystS cysteaminato

ddt durene-a1,a2-
dithiolato

DMS

en

dimercapto-
succinato

Structure

H2NCHCH2S

COO-

H2NCHCH
2
S-

COOH

H NCH CH S2 2 2

CH S
2

CH
2
S

00 CNCHA

CH- / -, -00C S

ethylenediamine H2NCH2CH2LTH2

3Rconfiguration at chiral carbon



Abbreviation Name Structure

PenSb penicillaminato H2NCHC(CH
3

)
2
S-

COO-

SNNS 1, 8-dimercapto-3, 6- H
3
CNCH

2
CH

2
S-

dimethy1-3,6-diaza-
octanato CH

2

CH
2

H
3
CNCH

2
CH

2
S

TOA 6, 8- dithiooctanoato 00C(CH
2

)
4
CHS

CH
2

CH2§:

S-pn 1, 2-diamino-
propane
(S - configuration)

H
3
CCHCH

2
NH2

NH2
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bS configuration at chiral carbon, unless specifically designated
as (R-PenS).


