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The oxidation of coordinated cysteine has resulted in the isola-

tion of the elusive sulfenate species. Cysteinatobis(ethylenediamine)-

cobalt(III) perchlorate was oxidized by hydrogen peroxide to the cor-

responding sulfenato complex. Further oxidation produced the

sulfinato complex.
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The complexes Co(en)2CySO+ and Co(en)
2
CyS0

2

+ were characterized

by infrared, proton nmr, and uv-visible spectroscopy; ion exchange

chromatography; and elemental analyses. The results are consistent



with N, S coordination. The solid perchlorate salts are stable for at

least a year. In neutral aqueous solutions, Co(en)2CySO+ is stable

for more than five hours, and Co(en)2CySO2+ for several days. Some

effects of an increase in the oxidation state of sulfur and subsequent

decrease in the number of lone-pair electrons have been revealed by

nmr and visible absorption spectra.

A limited kinetic study indicated that the reaction of Co(en)
2
CyS+

and H202 is first-order in each species with second-order rate con-

stant of 0. 426±. 006 M-1 sec-1 at 20° C. The reaction is presumed to

proceed by nucleophilic displacement by the thiol on an oxygen of

hydrogen peroxide.
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FORMATION OF SULFENATO AND SULFINATO
COBALT(III) COMPLEXES BY THE OXIDATION

OF COORDINATED CYSTEINE

I. INTRODUCTION

Oxidation of Thiols

Thiols comprise an interesting area of research because of

the various functions they serve. In biological processes thiols are

known to function in electron-transport systems, in enzyme reactions,

and in detoxication processes. Thiols may be oxidized as far as the

+6 state of the sulfonic acid, but intermediates in the oxidation

process, except for the disulfide, are generally so reactive that they

cannot be isolated without specific enzyme catalysis. The disulfide

is resistant to further oxidation under mild conditions and in many

reactions is the only product observed. An outline of the intermed-

iates is shown in Figure 1 with brackets indicating those which are

very unstable (1).

2 RSH RSSR RS(0)SR RSO,,SR [RSO
2
SOR] RSO SO 2R

2, 2alkyl alkyl disuLfone
thiosulfinate thiosulfonate

[2 RSOH] 2 RSO2H -> 2 RSO
3

H
sulfenic acid sulfinic acid sulfonic acid

Figure 1. Intermediates in sulfur oxidation processes.
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The interest in thiols in biological systems, shown by inorganic

chemists, stems from the widespread utilization ofmonheme iron-sulfur

proteins in oxidation-reduction processes. Several complex ion

models for studying the influence of coordinated thiolate functions

on the rates and mechanisms of redox reactions have appeared in the

recent literature. The oxidation of pentaaquo(4-thioaniliniurn-S)-

chromium(III) ion led to cleavage of the metal-sulfur bond and

the formation of the free disulfide (2).

(H20)5 Cr-
3+ 3+

fo 1 H
H3 Cr(H20)6

+
S-S H2

(1)

The oxidation of tris(cysteinato) cobaltate (III) ion by H202 led to

tris(cysteinesulfinato)cobaltate(III) ion retaining the metal-sulfur

bond (3).

Co
//S--CH2

t NH2\

3-

COO
)3

Co(
C

0
,C)

NH2

H
2I (2)

The oxidation of several Cr(III) and Co(III) thiolato complexes by

Np (VI) indicated that some consumed -4 equivalents of Np(VI),

some consumed -1 equivalent of Np(VI), and some none at all. The

only product unambiguously determined was an 0, S-monothiooxalato

Cr(III) complex as the result of the oxidation of carbon (4).
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s,TH2
+

(en) Cr
NO /CEO2

Np( VI) (en) Cr
2 \o/z>..0 (3)

The products of the -1-equivalent oxidation were postulated to be the

disulfides. In these cases the thiol in the complex was either not

coordinated or was released by CrS bond cleavage. Complexes

which were not oxidized by Np(VI) were Co(en)
2
SCH

2
CH

2
NH

2
2+ and

3+
Co(en)

3
(5). (The en indicates a chelated ethylenediamine. )

The present study involves the hydrogen peroxide oxidation of

cysteine coordinated to Co(III). The N,S-cysteinatobis(ethylene-

diamine)cobalt(III) ion contains one sulfur which can react in a

nucleophilic displacement on hydrogen peroxide. Based on the oxida-

tion of tris(cysteinato)cobaltate(III) ion to tris(cysteinesulfinato)-

cobaltate(III) ion, the expected product was the cysteinesulfinatobis-

(ethylenediamine)cobalt(III) ion. As shown in Figure 1, the cysteine-

sulfenato complex is a potential intermediate. (The symbol CyS will

be used for the dianion of the amino acid cysteine, H2NCH(C00)CH2S-;

CySO for H2NCH(C00)CH2S0; and CySO2 for H2NCH(C00)CH2S02-.

H placed before any of these symbols indicates that the carboxylate

is protonated. )
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en en
N

Co
H

I\TH
2

COO
en

I
Co(en)2CyS

cysteinatobis(ethylene-
diamine)cobalt(III) ion

II
+

Co(en)2CySO

cysteinesulfenatobis-
(ethylenediamine)cobalt( III)

ion

III

Co( en)2CyS02+

cysteinesulfinatobis-
(ethylenediamine)cobalt(III)

ion

This study outlines the isolation and characterization of the products

of the H202 reaction and briefly focuses on the kinetics of the oxida-

tion of I.

The synthesis of Co(en)
2
CyS+ was based on the oxidation of

Cr(II) by polysulfide in the absence of oxygen to yield CrSH2+

described by Taube (6) and the oxidation of Cr(II) and Co(II) by a

disulfide to produce the corresponding thiolato complex used by

Bennett (7) and Deutsch (8). The success of the synthetic procedure

has been attributed to the oxidation of the divalent metal ion by the

disulfide and the subsequent capture of the ligands in the first
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coordination sphere of the inert trivalent metal ion. Although this

suggests a simple redox mechanism, the process must be more

complex. Since only one mole of the disulfide is required to produce

two moles of Co(en)
2
CyS

+, it is not known whether two Co(II) ions

are oxidized simultaneously or an intermediate is involved.

Although the sulfenic acid is postulated as an intermediate in

the oxidation process, it is too reactive to be isolated alone. In the

reaction of (H20)5 CrSC
6

H
4

NH
3

3+ with hydrogen peroxide (Equation 1)

one of the pathways suggested was oxidation to the sulfenic acid followed

by rapid aquation and release of the sulfenic acid. The free sulfenic

acid would react with a coordinated thiol to give the disulfide (2). The

sulfenic acid might have been isolated in a more stable metal complex.

The only isolation of a sulfenate which has been reported is a

sulfur bonded methylsulfenato complex of Ir(III). The complex was

prepared by the oxidative addition of methanesulfinyl chloride to a

square-planar iridium (I) complex (9).

L CO

IrI + CH
3
S CI

Cl

0,... ,C H3

1L CO

Jr III i
L

(5)

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

The cysteinesulfenato complex reported here is the first example of

a sulfenate coordinated to Co(III), and the first example of an isolated

sulfenato complex obtained by direct oxidation of the thiol.
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The sulfinic acid is well known in the free state and has been

isolated in metal complexes. Complexed sulfinates are known to be

coordinated through either oxygen or sulfur, or to be chelated through

both oxygens, or through one oxygen and the sulfur. All of the Co(III)

complexes known to date are coordinated through sulfur. The routes

which have been used to prepare sulfinato complexes include (1) SO
2

insertion into a metal-carbon bond, (2) oxidative addition of a sulfonyl

chloride to a metal complex, and (3) reaction of a sulfina.te with a

metal halide compound ( 1 0). The sulfinate complex Co(en)2CyS02+

is unique in its preparation by the direct oxidation of a coordinated

sulfur.

Metabolism of Cysteine

Most of the sulfur ingested by animals is excreted as sulfate.

The major pathway from cysteine to sulfate is thought to be through

the oxidation of the SH group to an SO 2H group, forming cysteine-

sulfinic acid (CSA). The sulfenic acid is the hypothetical intermediate

Cysteinesulfinic acid may undergo transamination to produce

p-sulfinylpyruvic acid which, with catalysis by a specific desulfinase,

yields pyruvic acid and sulfite. The sulfite is oxidized to sulfate by

sulfite oxidase (11).
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NH2 NH2 NH2

HOOC-CH-CH-2 SH -b[HOOC-CH-CH-2 SOH] HOOC-CH-CH-SO
2

H
2

cysteine cysteinesulfenic acid cysteinesulfinic acid
trans amination

SO
3

2- HOOC-C-CH HOOC-C-CH-SO
2

H
11 2

0 0

pyruvic acid p-sulfinylpyruvic acid

S042-

Figure 2. A metabolic path of cysteine.

An alternative path is decarboxylation of cysteinesulfinic acid to

yield hypotaurine which is further oxidized to the sulfonic acid,taurine,

or oxidation of cysteinesulfinic acid to cysteic acid followed by

decarboxylation to yield taurine.

NH2

HOOC-CH-CH-SO H
2 2

cysteinesulfinic acid

H
2
N-CH

2
CH

2
-S0

2
H

hypotaurine

NH
I 2

HOOC-CH-CH-CH-2 S03 H

H2N-CH-
2

CH-2 S03 H

taurine-CO2

cysteic acid

Figure 3. Alternative paths for cysteinesulfinic acid.
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The same enzyme catalyzes both decarboxylations, but

cysteinesulfinic acid reacts two to eight times as fast as cysteic

acid making the major pathway through hypotaurine (1).

The enzymatic oxidation of cysteine to cysteinesulfinic acid

by molecular oxygen has been shown to involve ferrous ion, a

reduced pyridine nucleotide, and an enzyme from liver cytoplasm.

The enzyme cysteine oxygenase appears to be a single protein, a

dioxygenase, which incorporates the two atoms of molecular oxygen

into cysteinesulfinic acid. The requirement for ferrous ion may be

absolute, as the process is completely inhibited by the addition of

a chelating agent, but absolute dependence on a reduced pyridine

nucleotide has not been demonstrated. An additional, as yet un-

identified, cofactor is required. No free intermediate between

cysteine and cysteinesulfinic acid has been detected (12, 13).

This study of cysteine coordinated to Co(III) examines one of

the pathways available for thiol oxidation. The relative inertness

of Co(III) complexes increases the probability of reaction occurring at

a coordinated thiol and retention of coordination through the transi-

tion state and into the products. Although reactions of simple co-

ordination compounds cannot prove what biological pathways are

operative, they may serve to illustrate possible intermediates and

to increase the general knowledge concerning the reactivity and

influence of coordinated thiols.
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II. EXPERIMENTAL

Reagents

L(+)cysteine hydrochloride monohydrate, L(-) cystine, and

ethylenediamine were obtained from Matheson, Coleman, and Bell.

Cobalt(II) chloride hexahydrate and 30% hydrogen peroxide were

obtained from Mallinckrodt. L-cysteinesulfinic acid monohydrate

was obtained from Calbiochem. Ion exchange resins used were

Dowex 50W-X4, 100-200 mesh and Dowex 1-X2, 100-200 mesh. All

other chemicals were reagent grade.

Instruments

Ultraviolet and visible spectra were obtained on solutions

placed in Beckman 1 cm silica cells using a Cary Model 16 spectro-

photometer thermostated at 20° C. The infrared absorption spectra

of Nujol mulls were recorded from 3600 to 600 cm-1 on a Perkin-

Elmer Model 180 spectrophotometer. Proton magnetic resonance

spectra were obtained on samples dissolved in 99. 8% D20 and 99. 5%

DMSO-d using a Varian HA-100 nuclear magnetic resonance spec-

trometer. Kinetic runs were monitored with a Cary Model 16 spec-

trophotometer equipped with a Cary Model 1629 programmer, a Cary

Model 16054 Multi-Zero, Multi-Range Accessory, and a Cary Model

16053 Strip Chart Recorder. The cell compartment was thermostated
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with a Lauda/Brinkmann Model K-4/RD Circulator.

Analyses

Elemental analyses of solid salts were performed by Galbraith

Laboratories, Inc. of Knoxville, Tennessee.

Preparation of Complexes

N, S-Cysteinatobis(ethylenediamine)cobalt(III) Complexes

A 40 ml sample of 10% aqueous ethylenediamine (60 mmol)

was purged with nitrogen for 30 minutes. To this solution was added

3. 6 g of cystine (15 mmol) and the solution was stirred until all dis-

solved. Purging with nitrogen was continued throughout the synthesis

and the pH was maintained above 9. A 7. 2 g sample of cobalt(II)

chloride hexahydrate (30 mmol) was added in small- portions over a

period of one hour, allowing each portion to dissolve and checking

the pH of the reaction mixture before adding the next portion. The

pink solution of cobalt(II) chloride changed to brown as the complex

was formed. When the pH fell below 9, a few drops of a concentrated

sodium hydroxide solution were added. After all of the cobalt(II)

chloride hexahydrate had been added, the solution was stirred for

another three hours before precipitating the complex as either an

iodide or a perchlorate salt. The iodide salt was formed by adding
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6. 00 g sodium iodide (40 mmol) to the reaction mixture. The

precipitate began to form as soon as the sodium iodide dissolved.

The perchlorate salt was formed by adding 4. 20 g sodium perchlorate

monohydrate (30 mmol) to the reaction mixture. The brown solid

formed within ten minutes. Both salts were recrystallized from

a minimum amount of boiling water, washed with methanol, and dried

over phosphorus pentoxide overnight. Elemental Analysis: Calculated

for [ Co (H2NCH2CH2NH2)2 {H2NCH(COO)CH2S} ]C104: C, 21. 14; H, 5.32.

Found: C, 21. 15; H, 5. 47.

N, S-Cysteinesulfenatobis(ethylenediamine)cobalt(III) Complexes

The isolation of Co (en)2CyS0+ is complicated by the fact that

over-oxidation will lead to formation of Co(en)
2
CyS0

2
and the fact

that hydrogen peroxide decomposes to some extent in the reaction

mixture leading to under-oxidation and remaining starting material.

In view of these complications the amount of hydrogen peroxide used

was stoichiometric plus 10%. The time allowed for the reaction to

proceed was varied in different runs and the progress was monitored

by the change in the ultraviolet-visible scans. The optimum time

was determined to be the one that produced the greatest absorbance

at 371 nm.

A 1. 00 g sample of cysteinatobis(ethylenediamine)cobalt(III)

perchlorate (2. 5 mmol) was added to 15 ml water and stirred for 30
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minutes. The majority of the brown complex did not go into solution.

A 0. 283 ml sample of 30% hydrogen peroxide (2. 8 mmole) was diluted

to 10 ml and added dropwise over a 50 minute period. The starting

material went into solution as the reaction proceeded. Some decompo-

sition of the hydrogen peroxide was noticed in the reaction mixture.

The reaction mixture was allowed to stir for one hour. After this

time the reaction mixture was filtered by gravity to remove any

traces of solid starting material still remaining. The product was

brought out of solution by adding 200 ml isopropanol with stirring

and allowing this mixture to sit for three hours before separating the

precipitate and washing with ether.

The crude product contained isopropanol which was determined

by proton nmr analysis. The isopropanol impurity was removed in

the recrystallization step by using a minimum amount of isopropanol

to bring the compound out of solution. The orange product ( -0. 2 g)

was recrystallized by dissolving it in 4 ml water and adding 8 ml

isopropanol slowly with stirring. The solution was allowed to sit for

five hours before the product was collected and washed with 40 ml

ether. The product was dried over phosphorus pentoxide overnight.

A weight loss experiment was conducted to determine the water

of hydration. Weight loss on heating to 110° C corresponded to 0.141

equivalent of water. No further weight loss was observed on heating

to 75° C in vacuo. More weight loss was observed at 125° C in vacuo,
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but this was attributed to decomposition of the sample based on a

change in the ultraviolet-visible spectra and an elemental analysis

significantly low in carbon and high in nitrogen. The orange product

was determined not to be a hydrate. Elemental Analysis: Calculated

for [Co(H2NCH2CH2NH2)2{H2NCH(C00)CH2S02} ]C104; C, 20. 32;

H, 5.12; N, 16.93; S, 7. 75. Found: C, 19.98; H, 5. 30; N, 16. 72;

S, 7. 40.

The iodide salt was prepared by dissolving 0.165 g cysteine-

sulfenatobis(ethylenediamine)cobalt(III) perchlorate (0. 4 mmol) in

5 ml water and adding 0. 24 g sodium iodide (1. 6 mmol) with stirring.

Within 15 minutes a red-orange precipitate formed. This was sepa-

rated and washed with ether. The iodide salt was recrystallized by

dissolving in a minimum amount of water and adding 0. 06 g sodium

iodide (0. 4 mmol). The product was brought out of solution by adding

two parts ethanol and allowing the solution to stand for one hour before

separating the solid and washing with 40 ml ether. The product was

dried over phosphorus pentoxide overnight.

N, S-Cysteinesulfinatobis( ethylenediaminelcobalt( III) Complexes

A 1. 00 g sample of cysteinatobis(eth.ylenediamine)cobalt (III)

perchlorate (2. 5 mmol) was added to 15 ml water and stirred for

30 minutes. The majority of the starting material did not go into

solution. A 0. 83 ml sample of 30% hydrogen peroxide (8. 3 mmol)
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was diluted to 10 ml and added dropwise over a 40 minute period.

The brown solid went into solution as the hydrogen peroxide was

added. A few bubbles appeared in the reaction mixture due to the

decomposition of hydrogen peroxide. In some runs decomposition

was more extensive than in others, and in these cases an additional

0. 27 ml of hydrogen peroxide was added. The additional hydrogen

peroxide was added if there was no evidence of a peak emerging at

430 nm in a visible scan of the reaction mixture after the reaction

had proceeded for one hour. The reaction mixture was left over-

night. The reaction mixture was then filtered, and 200 ml acetone

was added with stirring to bring the product out of solution. This

mixture was allowed to sit overnight before separating the precipi-

tate. The majority of the precipitate formed was yellow, but a

small amount of brown gummy solid was stuck to the bottom of the

beaker. The brown gummy solid appeared in various amounts in

most of the runs. The solid was separated from the desired yellow

product, but was not characterized. An ultraviolet-visible spectra

of a dilute aqueous solution of the brown gummy solid is similar to

that of the yellow. The desired yellow product was isolated and

washed with ether.

The crude yellow product contained an acetone impurity which

was determined by proton nmr analysis. The impurity was removed

by using a minimum amount of isopropanol in the recrystallization
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process. The yellow product ( 0. 3 g) was recrystallized by dissolv-

ing it in 5 ml water and adding 8 ml isopropanol slowly with stirring.

After five hours, some solid had formed which was stuck to the sides

and bottom of the beaker. This was isolated and washed with ether.

Some parts of the solid were yellow-orange in color, but appeared

uniformly yellow after crushing the particles in the ether wash. The

yellow product was dried over phosphorus pentoxide overnight.

A weight loss experiment was conducted to determine the

water of hydration. Weight loss on heating to 11 0 ° C corresponded

to 0.137 equivalent of water. No further weight loss was observed

on heating to 75° C in vacuo, which was taken to mean that the yellow

product was not a hydrate. Elemental Analysis: Calculated for

[Co(H
2
NCH

2
CH

2
NH

2
)

2
{1-3

2
NCH(C00)CH

2
SO

2
} ]C104: C, 19. 57;

H, 4.93; N, 16. 30; S, 7. 46. Found: C, 19. 72; H, 4. 82; N, 16. 50;

S, 7. 47.

The iodide salt was prepared by dissolving 0.17 g cysteine-

sulfinatobis(ethylenediamine)cobalt(III) perchlorate (0. 4 mmol) in

a minimum amount of water and adding 0.18 g sodium iodide (1. 2

mmol) with stirring. The product was brought out of solution by

adding two parts ethanol and separating the brown-yellow solid.

The solid was redissolved and 0. 09 g sodium iodide (0. 6 mmol) was

added. The recrystallized product was brought out of solution by

adding two parts ethanol and allowing the solution to sit overnight
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before collecting the brown-yellow solid and washing with 40 ml

ether. The product was dried over phosphorus pentoxide overnight.

Protonated Complexes of I, II, and III

The iodide salts of I, II, and III were ground to a finely divided

powder with a mortar and pestle. The powder was then spread evenly

over the bottom of a glass weighing bottle. Each sample was exposed

to a stream of hydrogen chloride gas for two minutes and then covered

with a ground-glass stopper. After 30 minutes the sample was again

exposed to the hydrogen chloride gas for one minute. This step was

repeated twice. The yellow compound III became sticky and turned

brown after repeated treatment with hydrogen chloride gas. A

second yellow sample was prepared, exposed to a stream of hydrogen

chloride gas for one minute, covered, and allowed to stand for 20

minutes before preparing a Nujol mull for the infrared spectrum.

This treatment yielded a dry powder which was slightly more brown

in color than the starting material.

Reactions with Bromine

The experiment designed to determine the stoichiometry of

the reaction of Co(en)
2
CyS0 and Br

2
(see Results and Discussion)

was carried out by running a blank along with each trial. Equal

volumes of bromine-0.1M bromide solution were added to a known
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volume of Co(en)
2
CyS0 solution and to an equal amount of water,

serving as the blank. The two samples were allowed to sit for the

same period of time with the assumption that the bromine lost by

volatilization would be the same for both samples. The samples

were analyzed by allowing the bromine to react with an excess of KI

and then measuring the maximum absorbance (350 nm) of the resulting

I
3

. The amount of Br
2

that reacted with the Co(en)
2
CyS0+ was taken

to be the difference between the Br
2

found in the reaction sample

and the B= found in the blank. In runs where the Br concentration
2 2

was less than the concentration of Co(en)2CySO
+

the 350 nm absorb-

anceance was attributed to excess Co(en)
2
CyS0

+
. It was assumed that

all the available bromine had been consumed by the Co(en)
2
CyS0+.

The equivalents of Co(en)
2
CyS0 reacted was determined by the

difference between final Co(en)2CySO+ concentration and original

Co( en)
2
CyS 0 concentration.

Kinetic Measurements

Kinetic runs were carried out by recording the absorbance

changes of the reaction mixture at 371 nm for the reaction of

[Co(en)2CyS]C104 and H202. A single run was made at 287 nm

to show that the analysis was independent of the wavelength.

The solutions were prepared in volumetric flasks and placed

in a constant temperature bath for 30 minutes prior to the kinetics run.
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To start a kinetic run, 10 ml of the Co(en)
2

CyS solution was

delivered by pipet to a 25 ml glass stoppered Erlenmeyer flask

followed by 10 ml of the H202 solution. The flask was swirled and

the reaction mixture was quickly transferred to a previously thermo-

stated 1 cm glass stoppered silica cell which was immediately placed

in the thermostated cell compartment of the spectrophotometer. The

initial absorbance was determined by mixing 10 ml of the Co(en)
2
CyS

solution with 10 ml of the solvent. The infinity absorbance was

determined to be the maximum absorbance reached at 371 nm. The

371 nm maximum is maintained for more than one hour in pseudo-

first-order runs and for greater lengths of time in second-order runs.

The 371 nm absorbance decreases as the second oxidation step pro-

ceeds.

The solvent used in all kinetic runs was water doubly distilled

from potassium permanganate. The second-order runs were carried

out in a phosphate buffer (pH= 6. 9 at ?0 C) made to be 0. 005 M in

both sodium monohydrogen phosphate and sodium dihydrogen phosphate.

The ionic strength was maintained at 0.100 M using sodium perchlor-

ate as the supporting electrolyte. The acetate buffer (pH-4. 5) was

0. 01 M in sodium acetate and 0. 02 M in acetic acid. The tris(hydroxy-

methyl) aminomethane buffer, THAM, (pH-8. 0) was prepared by

taking 50 ml 0. 1 M THAM and 29. 2 ml 0. 1 M HC104 and diluting to

100 ml.
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The H202 solutions were analyzed iodometrically using

ammonium molybdate as a catalyst (14).

The data for second-order kinetic runs were analyzed using the

computer program *SOPHIA (15). The data for pseudo-first-order

kinetic runs were analyzed manually.
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III. RESULTS AND DISCUSSION

Infrared Spectra

The infrared spectra of I, II, andIII in Nujol mulls are shown in

Figures 4, 5, and 6, respectively. The major peaks are listed in

Table 1. In all cases the iodide salt is used for the infrared spectra

to avoid the absorption of the perchlorate anion in the region 11 70-

1060 cm -1 and 670-620 cm-1 (16). The 1800-1600 cm -1 region for

the protonated complexes are also shown in Figures 4, 5, and 6.

Evidence for N, S Coordination

The infrared spectra support N, S coordination to the central

cobalt(III) ion. The lack of a peak in the 2500 cm-1 region where the

SH stretching is expected suggests that the sulfur group is not free,

but is coordinated to the central metal ion in I.

The C=0 stretching frequencies at 1610, 1630, and 1635 cm-1

for I, II, and III, respectively, fall in the region attributed to free

carboxylate group stretching. These peaks were shifted to 1 715, 1 700,

and 1 720 cm-1 for I, II, and III, respectively, when the free carboxylate

groups were protonated by treatment with hydrogen chloride gas. The

C=0 stretching frequency of the carboxylate group has been shown to

vary with coordination or protonation.
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Figure 4. Infrared spectrum of ECo(en)2CyS3I.



80 .

1_

.

i 1 1

1

---,-.

1-- ,..__
.

,

,

, _

, I

4_

I 1 ',

t.

i

_p rotoncire
comple.x,

1

1

V , i

1

I

.

1 { ' 1

o Inariujoi
1

: 1

3500 3000 1800 1600 1400

WAVENUMBER (CM' )

Figure 5. Infrared spectrum of ECo(en)2CySOn.

1200 1000 800



1, ,
./-

i- . i, - -rAti--7--,

pratonate0
. Ilp_Lex

---'nS. 41 '

1

1 ''

:

I

!

. \

1

1

i

'

,

\ 1

-t-i
I

4-0

t
,

i

.:o __ _ _____

1

r

. I ,i n IT

,

1

i !

1
, r,

I. 4

---1----1,

'o
11---i 'It
V

,
[

! 0

-;

n.riu jott -L

3500 3000 1800 1600 1400

WAVENUMBER (CM '

Figure 6. Infrared spectrum of No(en)2CyS02] I.

1200 1000 800



24

Table 1. Infrared absorptions of I, II, and III.

-1
Peaks (cm )

I I I III Assignment

3260-3000 (vs) 3280-3000 (vs) 3270-3000 (vs) NI-I2 stretch

1610 (vs)
a

1630 (s )b 1635 (s)
c COO-stretch

1560-1590 (vs) 1605 (m) 1610 (w)

1550 (s) 1570 (m) NH2 bend (asym)

1530 (s)

1390 (w) 1415 (w) C-H bend

1290 (m) 1325 km) NH2 bend (sym)

1387 (m)

1325 (w)

1310 (w)

1287 (w)

1268 (w)

1200 (ins )

1150 (w)

1130 (s)

1100 (w)

1055 (vs)

1003 (m)

925 (m)

890 (w)

860 (m)

790 (m)

740 (w)

700 (m)

685 (m)

1220 (w)

1195 (m)

1153 (w)

1135 (mw)

1115 (vw)

1055 (vs)

1005 (vw)

990 (vw)

953 (vs)

917 (w)

905 (vw)

883 (w)

870 (vw)

850 (vw)

798 (rn w)

740 (v w)

705 (vw)

aShifts
to 1715 cm

-1

b
Shifts to 1705 cm

-1

c
Shifts to 1720 cm-1

1265 kw)

119S (m)

1150 (1116.) broad

1055 (vs)

1005 (vw)

975 (vw)

865 (mw)

820 (vw)

700 (mw)

upon treatment with HC1 gas.

upon treatment with HC1 gas.

upon treatment with HC1 gas.

CH2 bend

C-C, C-N stretch

CH2 rock

NH2 rock

CH2 rock

asym .SO2

for III

sym SO
2

for III

STO

for II
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The region observed for bound COO` is 1650-1 590 cm-1, usually

1650-1620 cm -1 for Co(III) and Cr(III) complexes and 1610-1590 cm-1

for Cu(II) and Zn(II) complexes. The uncoordinated COO is observed

from 1630 to 1575 cm-1 and the protonated COOH from 1 750 to 1 700

-cm 1
(16). The C=--O stretching bond for cysteine hydrochloride is

observed at 1 742 cm -1 (17). Busch reported a 1616 cm-1 frequency

for the free COO in his work with [Co(en)2CyS]I and a 1 721 cm-1

frequency for COOH of the protonated compound [Co(en)2HCyS]IC1 (18).

Although the 1630 and 1635 cm-1 frequencies observed for II and III,

respectively, fit the pattern for coordinated COO as well as for

uncoordinated COO, the shift upon protonation favors the assignment

of an uncoordinated carboxylate group.

The NH stretching frequencies in I, II, and III are observed

in the region 3280-3000 cm-1. This assignment was confirmed by the

deuteration of [Co(en)2CyS]I and subsequent decrease in the intensity

of the bands above 3000 cm-1 (18). The fact that the NH stretching

frequencies are 100 to 200 cm-1 lower than the frequencies reported

for primary amines implies that the amine groups are coordinated

to the metal ion.

These results support the conclusion of N, S coordination to

the metal ion with an uncoordinated carboxylate group. Information,

which also supports this conclusion, is given on page 48.
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S-0 Stretching Modes

The evidence for S-0 stretching modes is obscured by the many

CH, CN, and CC bands present in the spectra of II and III. The

infrared spectrum of cis-[Co(en)
2
C12 ]C104 indicates the many peaks

expected from ethylenediamine absorptions (19).

In published spectra of hypotaurine, H2NCH2CH2SO2H, and

homohypotaurine monohydrate, H2NCH2CH2CH2S02H H2O (20),

there appears a multiplet around 1000 cm -1 which is assigned to the

SO2. For hypotaurine the peaks appear at 935, 960, and 1000 cm-1,

and for homohypotaurine monohydrate the peaks appear at 950, 985,

and 1010 cm-1. With this analogy, the peaks at 965 and 990 cm -1 in

the infrared spectrum of cysteinesulfinic acid should be assigned to

the SO2. The spectrum of cysteine shows only a small absorbance

at 990 cm-1 (21).

Evidence for S-0 Stretching Modes in II

The only sulfenato complexes reported to date are Ir(III) corn-

plexes of S-methylsulfenate reported by George (9). The v(S=0)

appears at 1004 cm -1 for IrC1
2
(CH

3
SO)(C0)[P(C

6
H

5
)

2
CH

3
]

2
and at

1013 cm -1 for IrC1
2
(CH

3
SO)(C0)[P(C

6
H5)3]2. George points out that

the sulfenate S=0 stretching frequency observed is lower than that

found for organic sulfoxides and that the sulfinate frequencies are lower

than those found for organic sulfones. Also, the S--=0 stretching
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Figure 7. Infrared spectrum of cysteinesulfinic acid.
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Table 2. Infrared absorptions of cysteinesulfinic acid.
-1Peak (cm )

3100 (broad)

1730 (broad)

1600 (sh)

1590 (m)

1495 (sh)

1405 (w)

1310 (ms)

1245 (ms)

1135 (s)

1100 (s)

1025-1035 (m)

990 (ms)

965 (ms)

780-900 (ms, broad)

680 (m)

640 (ms)

Assignment

NH
3

+ stretch

COOH

NH3+ bend (asym)

COO asym stretch
+

NH3 bend (sym)

COO sym stretch

CH bend

CN stretch

CC stretch

SO2

502

CH, NH rock

CS

CH rock
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frequencies increase with increasing positive charge on the sulfur

center. George's complexes show an increase of 60-80 cm-1 for

each 1+ increase in the formal oxidation state of sulfur, where the

average of v and v is used for the sulfinate complexes.sym asym

The infrared spectrum of II shows a strong absorbance at

953 cm-1 that is assigned to a sulfenate S=0 stretch. There is no

corresponding absorbance in this region for I.

Evidence for S-0 Stretching Modes in III

The SO2 stretching frequencies of some coordinated sulfinates

have been studied by Vitzthum and Lindner (10). The stretching

frequencies vary with the coordination of the SO2 group. The S-bonded

sulfinato shows a v absorption in the 1250-1100 cm-1 region andasym

a v absorption in the 1100-1000 cm-1 region.sym The 0-bonded

sulfinato shows a free S=0 stretching frequency in the 1100-1050
-1 -1

cm region, and v (S-0M) between 970 and 830 cm . Theasym

SO
2

frequencies observed for free sulfinic acids are shifted when

the sulfinate is coordinated. All known sulfinato complexes of Co(III)

are S-bonded.

In the 1100-1050 cm 1 region of the infrared spectrum of III,

there is a strong absorbance at 1055 cm-1. However, this peak is

also present in the spectra of I and II, and can be assigned to CC

and CN stretches. The one peak in the 9 70 -8 3 0 cm-1 region appears
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at 865 cm-1, and is also present in I at 860 cm-1. This seems to

indicate that the ligand is not 0-bonded. For an S-bonded sulfinato

complex, the v absorption in the 1250-1100 cm-1
asym

region is

obscured by ethylenediamine absorptions. The doublet centered at

1195 cm-1, as well as the absorption at 1150 cm-1, in the spectrum

of III are both broader peaks than the corresponding peaks for I. The

broadness could result from an S=0 absorption added to the ligand

CC and CN absorptions seen in I. The v is assigned to theasym

1150 cm-1 peak based on the increase in frequency with increase

in oxidation state observed by George (9), which is discussed below.

The v absorption expected between 1100 and 1000 cm-1 may be
sym

hidden under the 1055 cm-1 peak assigned to CC and CN streteches.

The peak observed for III is stronger and broader than the corres-

ponding peak observed for I. Comparing the ratio of the area of the

1055 cm-1 peak to the area of the C00 and NH2 absorption in the

1700-1500 cm -1 region, for I the ratio is 0.30 and for III the ratio is

0. 44. This provides indirect evidence for a v peak at 1055 cmsym
-1

under the absorption assigned to CC and CN stretching frequencies.

Although the infrared data do not prove III to be a S-bonded sulfinato

complex, the evidence is not inconsistent with this assignment.

With v at 1150 cm-1 and v at 1055 cm 1 for the
asym sym

sulfinate, the average frequency is 1098 cm-1. The difference

between the average sulfinate frequency of 1098 cm-1 and the
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sulfenate S--=0 frequency of 953 cm -1 is 145 cm -1. This is comparable

with a difference of 148 cm -1 observed by George (9) for IrC1 (CH
3
SO )-

2

(CO)[ P(C6H5)2CH3]2 andIrCTH3S0)(C0)[P(C6H5)2CH3]2. These results

are consistent with the assignment of II as a sulfenate and III as a

S- sulfinate.

Nuclear Magnetic Resonance Spectra

Studies in Neutral D20 Solution

The nmr spectra of Co(en)2CyS+, Co(en)2CySO +, and

Co(en)2CyS02+ in 99. 8% D20 are shown in Figure 8. A large

water absorbance is observed at 5. 2 6 relative to external TMS.

All other peaks are indicated in ppm upfield from internal water.

The amine protons are not observed in these spectra due to rapid

exchange with the solvent.

The broad absorption, c, centered around 2. 0 6 in the spectra

of all three complexes has been assigned to six of the methylene

protons of ethylenediamine. The other two ethylenediamine protons

absorb downfield from the large broad absorption in the region b.

Of the eight ethylenediamine protons, it seems likely that the two

which are unique are those adjacent to the amine group trans to

the sulfur. The significance of the trans effect of sulfur donor

ligands has been shown in the labilizing of the trans group in
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Figure 8. Proton nrnr spectra of Co(en)aCyS+, Co(en)2CyS0+,
yaridCO(en).0 SO2+ in D2C7.
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Table 3. Proton nmr peaks in D20. a

0. 50 1. 70
Cysteine triplet, J = 5 Hz

(1)
doublet, J = 5 Hz

a b, c d
I - Co(en)2CyS+ 1. 10 1. 62-2, 20 2. 28

triplet, J = 6 Hz (8. 0) (1. 8)
(0.99)

a b, d c
II - Co( en)2CyS0+ 0. 72 1. 43 1.90 -2. 30

J = 8 Hz, J = 7 Hz (4. 02) (6. 00)
(1. 02)

a, d
III - Co(en)

2
CyS0 0. 79-1. 25 1. 38-1. 76 1. 85-2. 18

2 (2. 7) (2. 1) (6. 0)

aChemical shifts are in ppm upfield from internal water.

bRelative areas ( ) are normalized on the basis of the largest peak.



34

Co (NH
3

)
5

SO3 (22) and in the lengthening of the trans nitrogen-

cobalt bond in Co(en)
2

H
2
NCH

2
CH

2
S2+ (23). The absorption b moves

downfield with the oxidation of the sulfur ligand from cysteine to cys-

teinesulfenate. Ethylenediamine protons for other Co(III) complexes

have usually exhibited broad absorptions (18, 24, 25). In the studies

of Buckingham et al. the trans isomers gave sharp peaks, whereas

the cis isomers varied from a broad band to bands with considerable

splitting (26).

In the spectrum of Co(en)2CyS+, the triplet Ia at 1.10 5 (J=6 Hz)

is assigned to the methine proton in the cysteine ligand. The adja-

cent methylene occurs in the multiplet Id at 2. 28 5. These assign-

ments are supported by spin decoupling experiments. Irradiation at

several of the frequencies within Id resulted in the complete collapse

of Ia to a singlet. In turn, irradiation at Ia resulted in a definite

change in Id, although there was not a clear collapse to a single

peak.

In the spectrum of Co(en)
2
CyS0 , the IIa absorbance at 0. 72 5

is assigned to the methine proton on the cysteinesulfenate ligand.

The adjacent methylene is assigned to the sharp four-line multiplet

IUD at 1. 43 5 overlying the broader absorption IId of the trans

methylene group of ethylenediamine. Irradiation at Ila causes the

collapse of IIb, d to a sharp singlet accompanied by several smaller

peaks. Irradiation at several frequencies in the lib, d region



collapsed the Ila absorption. The four-line pattern with coupling

constants of 8 Hz and 7 Hz shown by the methine proton may arise

from an XA
2

system in which the difference in chemical shift of

the methine and methylene protons is small enough that some BA
2
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character is introduced and the resulting coupling departs from simple

first-order. The four-line pattern may also arise from an XAB

system due to the non-equivalence of the methylene protons. It

seems probable that the coupling pattern could be analyzed more

completely if an analogous compound lacking ethylenediamine absorp-

tions such as Co(NH
3

)
4

CyS0+ can be isolated.

In the spectrum of Co(en)2CySO2+, the methine and methylene

absorptions are grouped together in Ma, d. Double irradiation exper-

iments have shown that there are interactions between the protons

in this area, but did not greatly simplify the spectrum. The

methylene absorption of the cysteinesulfinate ligand has moved

downfield from the ethylenediamine absorptions as expected with

the increase in the oxidation state of sulfur. The methylene absorp-

tion shifts from 2. 28 5 in Co(en)
2
CyS+ to 1. 43 6 in Co(en)

2
CyS0+

to less than 1. 25 6 in Co(en)2CySO2+ as the electronegativity of the

sulfur function increases and the resultant electron density around

the methylene protons decreases. The Ma, d region appears to

follow an ABC pattern suggesting the methylene protons are not

equivalent, but have chemical shifts close to each other and also
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close to the methine proton. ABC systems produce complicated

spectra, theoretically consisting of 15 lines, which vary consider-

ably with differences in chemical shifts and in coupling constants

(27). This complexity makes comparison with available ABC spectra

meaningless.

For the complexes studied, the presence of optical isomers

may complicate the spectra. Isomerism may arise from the posi-

tioning of the ethylenediamine rings or from the asymmetry of the

methine carbon of the amino acid ligand. In the case of configurational

isomers (i. e., arising from the positioning of the ethylenediamine

rings) of other amino acid bis(ethylenediamine)cobalt(III) complexes,

the amino acid protons of each isomer gave rise to absorbances of

slightly different chemical shifts (26). Based on this criterion, the

nmr spectra of I, II, and III do not suggest the presence of configura-

tional isomers. The chelated amino acid does not exhibit free rota-

tion as does the uncoordinated amino acid and the result may be

different conformations of the chelate ring. This feature may be

used to explain some of the complexity in Id and Ed, but the same

complexity is not seen in Ia and IIa. The amino acid ligand may exist

as a single conformation or may undergo rapid interchange between

two conformations.
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Studies in Basic D20 Solution

Exchange of the amino acid a-proton in bis (ethylenediamine) -

cobalt(III) complexes has been observed in basic solution (24, 28).

Obtaining the spectra of II and III in Na.OH solution was complicated

by the decomposition of the complexes and the subsequent formation

of Co(II), accompanied by a decrease in the base concentration.

The procedure used for this study consisted of the addition of two

drops of 0. 2 N NaOH to 1 ml of complex solution three times over a

three-hour period, followed by separation of the resulting Co(OH)
2

precipitate. Co(II) in the nmr solution caused broadening of all the

peaks. In the spectrum of Co(en)
2
CyS0+ after base treatment, the

methine absorption had disappeared completely, and the methylene

absorption had diminished in area and in fine structure, suggesting

methylene protons also were exchanging. A new absorption appeared

between II b, d and IIc due to free ethylenediamine. In the spectrum

of Co(en)2CySO2+ after base treatment, the III a, d absorption assigned

to methine and methylene protons had completely disappeared, and

the free ethylenediamine had filled in the area between Mb and Mc

leaving one broad absorption. In both cases, an ultraviolet-visible

spectrum confirmed the presence of at least 80% of the starting

material. The exchange of the methine proton was expected. It

appears that the adjacent sulfur function has made the methylene



38
protons fairly acidic also.

Studies in DMSO -d6 Solution

The nmr spectrum of amine and carbon p:.otons for II in

DMSO-d
6

is shown in Figure 9a, The addition of D20 resulted in

the slow exchange of the amine protons, leaving only carbon protons

after a period of time. The resulting spectrum is shown in Figure

9b. The rate of exchange increased with an increase in the D20

concentration.

The exchange of amine protons in D20 has been shown to be

relatively slow in several amine and ethylenediamine complexes of

Co(III). The cis amine protons absorb at lower fields than the trans

protons, probably due to intramolecular hydrogen bonding with the

ligand. The trans protons are the more labile (25).

Other bis(ethylenediamine)cobalt(III) complexes, including

several amino acid complexes, exhibit rapid exchange of the amine

protons. Reported spectra for cis-[Co(en)
2
X 2]n+ complexes show

three clearly separated NH bands with intensity ratios 4:2:2. The

inequivalence of the amine protons can be discussed in view of the

symmetry of the complex ion. The two NH2 groups trans to one

another are equivalent but the individual protons are not equivalent.

One proton sees the field of the X groups (i e. lies close to and is

influenced by interactions through space instead of through bonds). The
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a. Co(en)2CySO+ in DMSO-d6

b. Co(en)2CySO+ in
D 0-DMS0 after
exchange of amine
protons

1 I 1 1 1 1 I 1 I l I l I I I I 11 1 I L I I I

3.0 2.0 1.0 0 (8 ppm)

Figure 9. Proton nmr spectra of Co(en)2CyS0+ in
DMSO-d6 and in D2O-DMSO.
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+ a

Table 4. Proton nmr peaks of Co(en)2CySO in DMSO-d
6

.

Co(en)2CySO in DMSO-d6:

h g f, a H2O e,b,d c

-2.47 -1.59 -1.12 -0.83 -0.71 to -0.35 +0.05

(22)
b

(28) (20) (31) (47)

H2, H3, H10 H1, H4, H7, H8 H5, H6 + l CH H9 + 2 CH2 3 CH2 +DMSO

Co(en)
2

CyS0+ in DMSO-D20 after exchange of amine protons:

H2O a b, d c

-1.82 -1.22 -0.56 +0.04

(7) (27) (50)

1 CH 2 CH2 3 CH2 +DMSO

a Chemical shifts are in ppm relative to internal (CH3 )2S0.
b The relative areas indicated ( ) are taken directly from the integration of the spectra.

H
13

Figure 10. The relative positions of the amine protons of Co(en)2CySO.
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other proton sees one X and two NH2 groups. Similarly, the

NH2 groups cis to one another are equivalent, but one proton sees

three NH2 groups while the other sees two NH2 groups and an X

group. This divides the amine protons into three categories: (1) those

that see mostly X groups, (2) those that see only NH2 groups, and

(3) those that see both, resulting in a 2:2:4 intensity pattern. For the

amino acid complexes studied, the amine protons of the amino acid

group absorbed upfield from those of the ethylenediamine groups

and were exchanged faster (26).

A study of the change in the spectrum of Co(en)2CySO+ in

DMSO-d
6

with added D20 as a function of time indicated that the e

proton exchanged most rapidly and that the h protons exchanged least

rapidly. The exchange of the f and g protons was hard to follow

because the water peak moved downfield over this region. The

exchange indicated the more downfield portion of the e, b,d absorp-

tion is due to the amine protons. Based on the slower rate of

exchange and the downfield position, the h protons are assigned to cis

amine protons. Because of the rigidity of the chelate ring, one

proton of each of the three ethylenediamine amine groups cis to

sulfur lies closer to the S=0 than the other. These three protons,

H2, H3 and H10, as shown in Figure 10, are assigned to h. The

protons that are surrounded predominantly by other NH2 groups are

H1, H4, H and H8' These are assigned to g. The cysteinesulfenato7'
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amine protons are expected to absorb upfield from the ethylenediamine

amine protons, and therefore H5 and H6 are assigned to f. The one

unique proton to assign to e is probably H9 because it lies in an area

of high electron density provided by the carboxylate group. A three

dimensional model showed that the carboxylate group lies close to H9.

Based on symmetry arguments, the trans amine protons H7

and H8 are surrounded by NH2 groups and appear more like H1 and

H4 than do the cysteinesulfenato amine protons H5 and H6. It may

be that the electronic trans effect should be used to argue that the

trans protons H7 and H8 are in a different environment. However,

the position of the trans protons in pentaairsninecobalt(III) complexes

cannot be rationalized by removing charge through the trans effect

(26) and for this reason the symmetry arguments are preferred.

Electronic Spectra

The electronic spectra of I, II and III from 400 to 700 nm are

shown in Figure 11, followed by the log plot of the ultraviolet-visible

region 260-700 nm in Figure 12. The absorption maxima are listed

in Table 5, along with the maxima of other Co(III) complexes.

The d-d transitions expected for a complex of octahedral

symmetry are 1 Alg 1 Tlg and 1
Alg->

1
T2g. In the case of

Co(en)33 +, considered an octahedral complex of cobalt surrounded

by six nitrogen atoms, these two transitions are seen at 467 nrn. and
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Figure 11. The visible spectra of Co(en)2CyS+, Co(en)2CyS0+,
and Co(en)2CyS02+ at 20°C.
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Figure 1Z. The ultraviolet-visible spectra of Co(en)2CyS+,
Co(en)2CyS0+, and Co(en)2CyS02+.
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Table 5. Visible and ultraviolet absorptions of Co(III) complexes.

Complex Ion (nm)max E (M- 1 cm-1)

Co(en)2CySI- 600 sh 37
483 126
283 11700

Co(en)2CyS0+ 4 80 sh 603
371 5910
287 3750

Co(en)2CySO2+ 430 190
287 11900

Co(CyS)
3

3_ a
570 251
440 562
360 sh 3160
280 15830

3_ a
Co(CySO2)3 406 sh 824

308 29000

Co(NH ) SO
3 5 3

456 148
364 sh 178
279 17800

Co(en)
3

3+ c
467 85
340 72

2+ d
Co(en)2NH2CH2C00 487 98

346 107

+cis-Co(en)2C12 530 78
390 76

3+ e
cis -Co( en)

2
(H20)2 495 71

355 66

aReference 29. bReference 30, CReference 31. d Reference 18.

eReference 32.
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340 nm. When the symmetry is reduced to 04v, as in the case of

a cobalt center surrounded by five nitrogen atoms and one sulfur

atom, the state is split into IA
2

and
lE states and the

state is split into 1 E and 1 B2 states.

1T
2g

lE

1
B

2

1T 1

1g
A2

lE

lA lA
lg 1

0 C4v

Figure 13. Splitting of excited states of Co(III).

With some C 4v
complexes two absorptions assigned to

1
A1

1 E

and 1 Al A2 are observed, but with some C 4v complexes only

one absorbance is observed. If all the ligands coordinated to the

metal ion fall in about the same position in the spectrochemical

series, then the C 4v
complex approximates octahedral symmetry

and one band due to the
1A1

g
-0 transition is observed. In

some cases where only one absorption is seen the band is slightly

dissymmetric, suggesting that the splitting is not large enough for
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resolving the two transitions. Two absorptions that may be attributed

to the splitting of the 1
T

2g
state have not been observed (33).

The two visible absorptions found for Co(en)
2

CyS+ are in

agreement with those reported by Busch (18). Considering the

complex to be of C4v symmetry the longer-wavelength absorption

is assigned to the d-d transition 1
A1

1 E and the shorter-wavelength

absorption to 1A1 1A2. The absorptions appear at lower energy

than the corresponding d-d transitions for bis(ethylenediamine)Co(III)

complexes with carboxylate or chloride bound ligands reflecting the

lower position of the thiolate ion in the spectrochemical series.

Despite its relatively low position the thiolate coordinates strongly.

In a study of the tris(cysteinato)coblatate(III) ion the thiolate is

always coordinated leaving the amine and carboxylate groups to

compete for the remaining coordination positions (34).

The visible absorptions for Co(en)2CySO+ and Co(en)2CySO2+

are at higher energy than for Co(en)2CyS+. This effect has been

studied by Jorgensen (35), and correlated with the number of lone

pairs of electrons on the sulfur. The value of Dq increases with a

decrease in the number of lone-pair electrons on the sulfur.

RS < R 2S < SO2

The energy of the d-d transition increases from Co(en)
2
CyS

+
to

Co(en)2CyS0+ to Co(en)2CyS02+ as the number of lone-pair electrons
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decreases. Only one absorption assigned to a d-d transition

is observed for Co(en)2CyS0+ and Co(en)2CyS02+. The 371 nm

peak observed for Co(en)2CyS0+ may be partly due to a d-d transi-

tion but must be assigned to a charge transfer band because of its

intensity. It may be that only one peak is observed because the

1 Al E and 1A1
-÷

1 A2 transitions are not resolved, and that the

one peak should be assigned to a 1T
lg transition. This sug-

gests that sulfenate and sulfinate occupy higher positions in the

spectrochemical series than thiol. The d-d transition observed for

Co(en)2CySO2+ falls in the same region as the absorptions of

Co(CyS0 2)33- and Co(NH
3

)
5
SO3+.

The absorptions at 283 nm, 287 nm, and 287 nm for I, II, and

III, respectively, are assigned to ligand-to-metal charge transfer

bands. Absorptions in this region have been observed for thiolato-

chromium(III) and thiolatocobalt(III) complexes as well as for S-bonded

thiocyanato complexes (4).

Charge Type

The compounds I, II, and III were eluted on an ion exchange

column of Dowex 50W-X4, using 0. 5 M NaC1O4 -0. 01 M NaC2H3O2

as the eluant. The bright colors of the complexes enabled visual

observation of their progress. The compounds remained as a single

band and moved at a rate of 3 cm per hour, consistent with the
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assignment of a 1+ complex. The orange product Co(en)2CyS0+ and

the yellow product Co(en)2CySO2+ were eluted for one hour with 0. 5M

NaC10
4

-0. 01 M NaC2H3O2 after which 0. 1 M HC10
4

was added to pro-

tonate the free carboxylate group. After acid treatment the complexes

did not move with 0. 5 M NaC10 4-0. 1 M HC1O4 eluant. Movement

resumed when the eluant was changed to 3 M NaCI04-0. 1 M HC1O4,

and a single band was brought off the column. Ultraviolet-visible

spectra for the eluted complexes were the same as those for

Co(en)2Cy50 and Co(en)2CyS02 . It appears that in 0. 1 M acid

solution the free carboxylate group is completely protonated and that

the resulting complex has a 2+ charge. With the carboxylate group

being distant from the Co(III) center, a change in the ultraviolet-

visible spectra is not expected.

An attempt to separate the three compounds on an ion exchange

column of 17-cm length was made by mixing equal parts of any two

of the compounds before adding the material to the column. The

complexes did not separate to any extent using 0. 5 M NaCIO

0. 01 M NaC2H3O2 eluant.

Stabilities of [Co(en)2CySO]C104 and [Co(en)2CyS02]C104

The solid salts are stable for at least a year when stored over

phosphorus pentoxide. They are neither hygroscopic nor air-

sensitive. The perchlorate salts were found not to be explosive

when subjected to mechanical shock or to high temperatures.
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However, caution should be exercised in their use.

The stability of Co( en)
2
CyS0

+ in aqueous solution is indicated

in Table 6. The percent of complex remaining is based on the 371

nm maximum.

Table 6. Stability of Co(en)2CyS0+,,

pH 30 min.
% Co(en)2CyS0± detected

1 hr. 5 hr. 10 hr. 24 hr.

2 > 99 > 99 88 80 53

4 100 100 98 9 5 89

7 100 100 100 96 90

10 100 100 100 97 90

12 > 99 96 73 62 37

The yellow product Co(en)2CySO2+ is stable (i. e., no change in

visible spectrum) in 1 M acid for seven days; decomposition proceeds

quickly in 1 M base. The visible spectrum of the acidic solution after

20 days, and of the basic solution after two days, has peaks around

500 nm and around 350 nm suggesting that the decomposition product

is probably the diaquobis(ethylenediamine)cobalt(III) ion.



Reaction of Co(en)2CySO+ and Co(en)2CyS02+

with Iodine and Bromine

The reactions of Co(en)2CySO+ and Co(en)2Cy502+ with 13-
-in neutral solution were followed at the I3 maximum at 350 nm.

The reaction of Co(en)2CySO+, although slow, proceeded about ten

times as fast as the reaction of Co(en)
2
CyS0

2
. Similar reactions
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were run with Br
2

in neutral solution. The reaction of Co(en)
2

CyS0

proceeded quickly while the reaction of Co(en)
2
CyS0

2

+ was much

slower. The greater reactivity of Co(en)2CySO+ is attributed to the

lone pair of electrons on the sulfur.

A study of the reaction of Co(en)2CySO+ with bromine was con-

ducted with higher concentrations to determine the stoichiometry of

the reaction and to identify the product. Bromine was selected instead

of iodine because of its faster rate of reaction. Bromide was added to

reduce the bromine volatilization. (For more information regarding

the procedure see Experimental. )

The results of the amount of Br
2

consumed by Co(en)
2
CyS0

are shown in Table 7. In reactions with the Br
2

concentration less

than or approximately equal to the Co(en)2CySO+ concentration, those

listed below the dotted line, the ratio of moles of Br
2

consumed per

mole Co(en)2CySO+ falls between 1 and 2. In runs where the concen-

tration of Br
2

was 2. 5 to 5 times as great as the Co(en)2CySO+ con-

centration, the ratio is around 1. The larger ratios for those runs
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below the dotted line may be due to the different type of analysis in

those cases where the Br
2

concentration is the lower of the two. (See

Experimental for method of analysis. ) The fact that two runs where

the Br
2

was not of lower concentration also produced ratios greater

than 1 indicates that this is not the only problem. Ion-pairing of

Br
3

to the complex may have also influenced the analysis. If ion-

pairing is occurring to a small extent the effect on the analysis would

be greater for a slight excess of Br
2

than for a large excess of Br2.
2

A ratio of 1 is in agreement with the hypothesis that Co(en)2CySO+

is oxidized to Co(en)
2
CyS0 2+ in these reactions.

Table 7. The reaction of Co(en)2CyS0+ and Br2.

103[ Co( en)
2

CyS0±], M 10
3

[ Br2], M time (min. )
moles Br2 consumed

mole Co(en)2CyS0+

1.22

1.10

3.06

2. 88

5

5

1.01

1.02

1.22 6.19 5 0. 99

1.22 6. 68 30 1. 11

1.10 2.85 45 1.03

1.22 6.53 60 0. 99

4.10 1.77 5 1.84

4. 10 3.42 5 1.75

1.22 1. 62 5 1. 19

4.10 6.79 5 1.29
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An ultraviolet-visible spectrum of the product solution had

a peak at 430 nm characteristic of Co(en)2CySO2+, but also had a

shoulder in the 480-500 nm region. This solution was light orange

in color. After 24 hours the solution had turned bright yellow and

the spectrum had only the 430 nm peak. This suggests that

Co(en)
2

CyS0
2

is the product of the bromine oxidation, but that

an intermediate is also involved. The intensity of the 430 nm peak

accounts for > 95% conversion of the reactant to Co(en)
2
CyS0

2
.

Analysis of the Ligand Released by Co(en)2CySO2+

The addition of base to a solution of Co(en)2CySO2+ results

in the release of the ligand designated CySO2. Solutions of the

complex were purged with nitrogen and an equal volume of 0. 04 M

or 0. 4M NaOH was added. The solution changed color and turned

cloudy with the formation of a precipitate. The solid was taken to

be Co (OH)
2

based on its light pink color and the fact that it forms

a blue complex, Co(OH) 42, in very concentrated base (36). After

allowing time for the reaction to proceed the solutions were neutral-

ized and titrated iodometrically. The results are shown in Table 8.
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Table 8. Percentage CSA detected from Co( en)2CyS0a+.

Time allowed
for reaction

[NaOH], M Moles 12 consumed % CSA found

mole Co (en)2Cy S024.

5 hr 0.04 0. 196 19.6

18 hr 0.04 0.446 44. 6

10 min 0.4 0. 400 40.0

20 min 0, 4 0. 374 37.4

2 hr 0.4 0.650 65.0

18 hr 0.4 0.358 35.8

The expected result was a 1:1 reaction between CSA and I2.

Cysteic acid, H2NCH(C00)CH2S03H, with the higher oxidation state

of sulfur cannot serve as a reducing agent. Reducing character is

not shown by simpler amino acids like glycine. The results could

be interpreted in terms of a mixture of complexes of CSA and cysteic acid.

However, two questions to consider are (i) was the ligand completely

released from the complex, and (ii) is the free ligand stable under

the reaction conditions . A sample of pure CSA was treated in the

same way and analysis indicated that only 50% of original CSA

remained after 2 hours. We believe the ligand released by

Co(en)
2

CyS02+ was cysteinesulfinate and that some was lost in

the experimental steps.

The products of the treatment of Co(en)2CyS02+ with base
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were analyzed for CSA and cysteic acid by the anion exchange method

of Singer (12), followed by the ninhydrin method of Rosen (37). CSA

and cysteic acid are 1- species in the pH range 6 to 9 and may be

separated by eluting with a gradient solution of 0. 05 M to 0. 5 M

sodium formate. CSA is eluted first.

The product solution, resulting from base treatment, was

separated from the solid formed and transferred to the ion exchange

column. The remaining Co(en)2CySO2 as well as the probable

products Co(en)
2
(OH)(H 20)2+ and free ethylenediamine, neither of which

i s anionic in character, were washed through quickly leaving only

the negatively-charged amino acid ligand to interact with the column.

A single band was eluted. The eluted solution showed reducing char-

acteristics. This suggests that only one amino acid is coordinated

in the complex and that it is the cysteinesulfinate anion.

External Synthesis of Co(en)2CyS02+

Solutions of 0.1 M cis- and trans-[Co(en)
2
Cl ]C1 were converted

to the diaquo complexes and then reacted with a 0.1 M solution of

cysteinesulfinic acid. The reaction was carried out under acidic

conditions (pH-3), under neutral conditions (pH-8), and under basic

conditions (pH-11). The visible spectra of the reaction solutions

indicated the presence of only the diaquo complex. If the reaction
+mixture were only 10% Co(en)2CyS02 this should be evident in a
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visible spectrum because of the relative values of the extinction

coefficients of Co(en)
2

CyS0 2+ and Co(en)
2
(H

2
0)

2

3+. (See Table 5. )

Other Oxidizing Agents

In contrast to Schubert's report that the Co(CyS) 3-
3

complex

could be oxidized only by hydrogen peroxide or sodium peroxide (3),

the brown Co(en)
2
CyS is subject to oxidation by several reagents.

Both Br
2

and KMnO4 are consumed by a solution of Co(en)
2

CyS

and there is visible spectral evidence for the formation of the orange

product Co(en)2CySO +, although this has not been isolated. The

biological oxidation of cysteine to cysteinesulfinic acid requires 0
2

in the presence of a reducing agent (12, 13). The brown Co(en)2CyS

is oxidized by atmospheric oxygen in the presence of Na 2503' and

subsequent formation of the yellow Co(en)2CySO2 is evident after

several days. No reaction is observed with cysteine as the reducing

agent. Throughout this study, air oxidation has not been appreciable

except in this one case with added sulfite.

Kinetics of the Reaction of Co(en)2CyS+ and H202

Kinetic Results

A brief kinetic study was made of the reaction of [Co(en)
2

CyS] -

C104 and H202.
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Co(en)2CyS+ + H202 Co(en)2CySO+ + H2O

The reaction was first studied at 20° C in phosphate buffer with an

ionic strength of 0.100 M, employing approximately equal concentra-

tions of the two reactants. The reaction was determined to be overall

second-order, being first-order with respect to each of the reactants.

The rate expression,

d [Co(en)2CyS0+]
k

2
[H

2
O2] [Co(en)2CyS

+],

dt

leads to the integrated rate equation,

(6)

1
[Co(en)

2
CyS

+
] [H 0 ]
o 2 2 tIn k2t (7)

[H202]0 - [Co(en)2CyS
+

]0
[H

2
0

2
1 [Co(en)

2
CyS

+
it

o

where the subscript zero indicates the initial reactant concentrations

and the subscript t indicates the reactant concentrations at any time t.

Table 9 shows the data collected for a typical run, followed by

a plot of the processed data in Figure 14. About 85% of the runs

produced acceptable straight lines. The others produced curves of

gradually increasing slope. A summary of the results of the second-

order reactions is listed in Table 10.

The slight curvature of the log plot in some of the kinetic runs

may be due to slow decomposition of the H202. The addition of EDTA,

ethylenediaminetetraacetate ion, to complex trace metal ions that

may catalyze the H202 decomposition, did not completely correct the



Table 9. Data for a typical second-order kinetic run of Co(en)2CyS+ and H2 02 in a phosphate buffer
at 20° C and 0. 100M ionic strength.

[Co( en)2CyS+]o [H202]t
t At 104 [Co(en)

2
CyS+] t' M

sec [H202]o [Co(en)2CyS+]t

450 0. 061 0. 862 1. 016

2700 0. 121 0. 757 1. 074

49 50 0. 171 0. 669 1. 135

7200 0. 210 O. 600 1. 196

9 450 0. 244 0. 540 1. 262

11700 0. 274 O. 488 1. 333

14 700 0. 309 0.426 1. 438

169 50 O. 330 O. 389 1. 518

19 200 O. 349 O. 356 1. 604

21450 0.367 0.324 1. 701

23700 0.382 0. 298 1. 799

259 50 O. 396 0, 273 1. 907

28200 O. 409 0. 250 2. 026

30450 0.421 0. 229 2. 157

32700 0.431 0. 211 2. 287

349 50 0. 440 0. 195 2. 4 23
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10, 000 20, 000

Time (sec)

30, 000

Figure 14. Second-order kinetic data from Table 9, for the
reaction of Co(en)CyS+ and H202 in a phosphate
buffer at 20° C and 0. 100 M ionic strength.
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Table 10. Kinetic results for the reaction of Co(en)2CyS+ and H202
in a phosphate buffer at 20 ° C and 0. 100 M ionic strength.

[Co(en)2CyS+]0 x 104, M [H202]o x 104, M k2, M-1 sec -1

1. 460

1. 022

0. 730

4.994

4. 994

4. 994

0. 426

0. 421

0. 423

1. 308 1. 534 0.435

O. 915 1. 534 0. 430

0.:654 1. 534 0.424

0. 262 1. 534 0.408

0. 131 1. 534 0.439

1. 282 1. 486 0 . 434a

0. 898 1. 486 0.429a

0. 641 1. 486 0.417a

1. 282 0. 743 . 430a

0. 898 0. 743 0 . 418a

Ave ' :',6± 0. 006

aRuns which included 3x 10-5 M EDTA
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situation. Studies of H202 decomposition in basic solution (38) indi-

cate that addition of EDTA effectively stops the decomposition for

about 30 hours. After this time the EDTA is ineffective due to its

slow oxidation by H202. Runs in which the addition of the two reac-

tants was delayed for as long as three days produced rate constants

similar to those of runs in which the reaction was started soon after

the preparation of the two reactants. Thus, if H202 decomposition

is a factor, it must be catalyzed by one of the cobalt complexes or

by some impurity in the complex solution. Runs made in oxygen-

purged solutions and in nitrogen - purged solutions indicate that the

oxidation by molecular oxygen does not proceed under these conditions.

The study of the reaction of Co(en)2CyS+ and H2O, as a function

of varying pH was carried out under pseudo-first-order conditions

due to the lower stability of the product Co( en)2CyS0+ in acidic and

basic solutions. Results from a few runs indicated the rate remains

constant in the pH region 4. 5-8, falling with the first addition of acid

and then increasing with more acid. The results are shown in

Table 11. Runs in 0. 01 M NaOH and in 0. 1 M NaOH were highly

affected by the rapid decomposition of the product in basic solution,

and were therefore dropped from the study.



62

Table 11. Pseudo-first-order kinetic results for the reaction of Co(en)
2

CyS and H202 at 20° C.

[Co( en)
2

CyS
+

x 104 [H
2
0

2
]o x 104 k x 103

kl
1

[ H202]
o

-1
M-lsec-1M M sec

pH

a
2. 41 52. 1 3.83 0. 735 0.3

2. 41 52. 1 2. 01 0. 386 1.0b

2.41 52. 1 2. 64 0. 507 4.
Sc

2. 41 52. 1 2.58 0. 496 6. 9d

2. 41 52. 1 2. 62 0. 502 8.0

a0. 5 M HC1O4, 0. 5/u.
b

O. 1 M HC1O4, 0. 1 F.
c
acetate buffer, 0. 11tt.

d
phosphate buffer, 0. 1/u.

e
THA M, 0. 1

Discussion

The reaction of Co(en)
2
CyS+ and H202 may be described as an

S 2 nucleophilic displacement. The thiol complex serves as a

reducing agent as well as a nucleophile. This is consistent with the

observed rate law of first-order dependence on each reactant. The

reaction may be viewed as the approach of the nucleophile to one of

the oxygen atoms, followed by the breaking of the oxygen-oxygen

bond in the activated complex.

H ,Co(en)

0-0 S/ \N z

N

COO

+
Co(en)2+

+ HO-S N

COO

(8)

If the leaving group is less basic in character, the bond breaking will

be easier. Thus the reaction is expected to be acid catalyzed making
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the leaving group H2O instead of OH.

Hydrogen peroxide has been used in the study of oxidation of

organic sulfides of the R2S type. The oxidation proceeds first to

give the sulfoxide R2SO and secondly the sulfone R2S02. The rate

constant for the first oxidation is around 10-3 to 10-5 M-1 sec-1 in

neutral solution and the second oxidation step is slower (39). The

average rate constant of 0.426 M-1sec -1 for the oxidation of

Co(en)
2

CyS+ is considerably higher than that for the organic sulfide

analogs, indicating that the metal complex is a better nucleophile.

In a kinetic study of the oxidation of cysteine and cysteamine by

H202 in the pH range 6-11, the reaction was determined to proceed

by nucleophilic attack of the amino acid zwitterion on the neutral

H202 molecule. The rate constants were 10 and 12.4 M-I sec-1 for

cysteamine and cysteine, respectively, in the pH range 6-9. When

the ionization of the zwitterion (Equation 9) became appreciable, the

rate decreased.

+H
3

NCHXCH
2S

H
2
NCHXCH

2
S + H (9)

X = H' CO2-

The slower rate was attributed to the loss of the proton which had

hydrogen bonded to the leaving hydroxide.
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CH CHIC/ 2
NH

/H+

The sulfenic acid proposed as the first product would react quickly

with another thiol to produce the observed disulfide (40).

A smaller rate constant for the oxidation of the coordinated

cysteine than for the oxidation of the free cysteine is expected because

the nucleophilicity of the free thiol is decreased by coordination to the

metal ion. The metal complex stabilizes the sulfenate and allows

further oxidation to the sulfinate, bypassing the disulfide.

In the reaction of the coordinated cysteine, unlike the free

cysteine, acid catalysis by a NH3+ proton is not possible. It is con-

ceivable that protonation of the COO- may catalyze the reaction.

However, a decrease in the rate is observed at pH 1. This suggests

that the 2+ complex reacts slower than the 1+ complex. With further

increase in the acid concentration the rate constant increases, pre-

sumably due to acid catalysis.

H202 + H+ H302+

H302+ + Co(en)
2

HCyS
2+

2+
Co(en)

N 20-0----S
H H

COON

(10)
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The acid dependence appears to be much smaller in the H202

oxidation of Co(en)2CyS+ than that observed for thiosulfate, thiocy-

anate, and the halide ions. With these nucleophiles, the acid-

catalyzed rate constant was about two orders of magnitude larger

than the non-catalyzed rate constant (39). Only a small acid depend-

ence was observed in the H202 oxidation of another metal complex

(H
2
0)

5
CrSC

6
H

4
NH

3

3+
(2). It may be that the mechanism in the

reaction of the metal complexes is quite different from that of the

other nucleophiles studied, but much more information about the re-

activity of thiolato complexes is needed.
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IV. CONCLUSIONS

A sulfenic acid has been hypothesized as the very unstable inter-

mediate in the oxidation of thiol. This study has isolated a sulfenate

coordinated to Co(III). Hydrogen peroxide was used to oxidize a

coordinated cysteine to cysteinesulfenate which was further oxidized

to cysteinesulfinate.

The isolation and characterization of the sulfenato complex and

the sulfinato complex from cysteine coordinated to Co(III) provides

a series of complexes which may illus trate the effects of the oxida-

tion of sulfur. With an increase of the sulfur oxidation state, the nmr

absorption of the methylene protons adjacent to sulfur moves down-

field. This is in agreement with the increase in the electronegativity

of the sulfur function and subsequent decrease in the electron density

surrounding the adjacent protons. The d-d transitions shown in the

electronic spectra move to higher energy with the increase in the

oxidation state of sulfur. This system promises to provide a better

series for studying the effects of the oxidation of sulfur and subse-

quent decrease in the number of lone pair electrons than the series

RS , R
2
S, and SO

3

2- used previously (35).

The variety of products obtained from the oxidation of co-

ordinated thiols illustrates the diversity in the reactions of the sulfur

group. A reaction with the one-electron oxidant Np(VI) resulted in

the oxidation of the carbon adjacent to sulfur (4); another was thought
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to have produced the disulfide (5). Reactions with the two-electron

oxidant H202 produced the free disulfide in one case (2), and produced

a tris (sulfinato) complex in another (3). The cysteamine complex

Co(en)2SCH2CH2NH22+ was not oxidized by Np(VI) (5), but in this

laboratory was oxidized by H202 to produce the sulfenato complex

(41).

The hydrogen peroxide oxidation of coordinated cysteine to the

sulfenato and sulfinato complexes in this study suggests that the

biological oxidation may follow this path. However, molecular oxygen

may be incorporated in one four-election oxidation step to yield the

sulfinate excluding the sulfenate intermediate. The fact that

Co(en)
2
CyS+ appears to be oxidized by molecular oxygen in the

presence of the reducing agent sodium sulfite suggests that this sys-

tern may also be used to study the 02 reaction.
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