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A-((R))-CYSTEINESULFENAMIDO-N,S)BIS(ETHYLENEDIAMINE)

COBALT(III) COMPLEX. CHARACTERIZATION OF THE COMPLEX

AND KINETICS AND MECHANISM OF FORMATION AND

BASE-CATALYZED DECOMPOSITION

GENERAL INTRODUCTION

In recent years, there has been an interest in the chemistry

of the interaction of sulfur ligands with metal ions. The large

number of polymeric insoluble sulfides, as well as the many

clusters and other combinations of sulfur ligands with metal ions,

exhibits a variety of molecules containing different types of metal

sulfur bonds. The involvement of such compounds in the catalysis

of biological and nonbiological processes reflects the multifaceted

chemistry of metal-sulfur bonds. The biological importance of

metal-sulfur interaction is exhibited by the presence of sulfur-

containing amino acids, cysteine and methionine, bound to metal

ions at the active site of metalloproteins in cytochromes, iron-

sulfur proteins, blue copper proteins, molybdenum-containing

enzymes and vitamin B12 dependent enzymes.172/374,576

Oxidation of Thiols

The oxidizability of thiols is a major factor in their meta-

bolism and biological functioning. Thiol oxidation is catalyzed by

a free metal or a metal ion. Disulfide is a relatively stable

intermediate (see Figure 1). Other oxidation states between S(-I)

and S(IV) are unstable and react rapidly. Biologically the major
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pathways of oxidation may be via either monomeric or dimeric

routes. 7 All the intermediates in the dimeric route can dispro-

portionate to monomeric intermediates. The monomeric pathway

proceeds by two electron steps. The sulfenic acid is unstable and

generally is not isolable. The dimeric pathway proceeds by one

electron steps.

RSH (-II, thiol)

[0] [0]

RSOH (0, sulfenic acid) < RSSR (-I, disulfide)

[0]

RSO2H (II, sulfinic acid)

[0]

RSO3H (IV, sulfonic acid)

[0]

0

II

R--S--SR (0, thiosulfinate)

[0]

0

II

R --S --SR (I, thiosulfonate)

0

(Monomeric oxidation pathway) (Dimeric oxidation pathway)

Figure 1.

The Oxidation of Thiols.
Numbers in Parentheses Refer to the Oxidation State of Sulfur.

A thiol can be oxidized with most common oxidizing agents, for

example, H202. The highly reactive intermediate sulfenic acid (RSOH)

reacts rapidly with remaining thiol to produce disulfide and water.



RSH + H202

RSOH + RSH

3

RSOH + H2O (1)

RSSR + H2O (2)

In contrast, in a biological reaction catalyzed by the enzyme

cysteine dioxygenase, the thiol cysteine is rapidly oxidized to

cysteinesulfinic acid by 02.

Chemistry of Dioxygenase Enzymes

Cysteine dioxygenase, which catalyzes the conversion of

L-cysteine to L-cysteinesulfinic acid (equation 3), was studied by

SUrbo and Ewetz.11

cysteine

H
2
NCHCH

2
SH + 0

2

dioxygenase
> H

2
NCHCH

2
SO

2
H

CO
2
H CO

2
H

cysteine cysteinsulfinic acid

(3)

This cytoplasmic enzyme, isolated by Singer et al.12 and later by

Yamaguchi et al.,13 is present in mammalian liver and brain

tissues. The enzymatic action requires a ferrous ion, a reduced

pyridine nucleotide and an unidentified heat-unstable cofactor.

Singer et al. 12 demonstrated by the use of 1802 that all of

oxygen atoms in the sulfinate group of cysteinesulfinic acid arise

from molecular 02 and none from water. Hydroxylamine is also

required to inhibit decarboxylative and transaminative removal of

the cysteinesulfinic acid formed. Cysteinesulfinic acid has been
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considered as a key intermediate of cysteine metabolism to hypotaur-

ine, taurine, pyruvate and sulfate ion in mammalian tissues.8 ,9,10

Cysteinesulfinic acid may undergo further metabolism by either

decarboxylation, giving hypotaurine, or oxidation, giving cysteic

acid.

-CO
2

H NCHCH SO H
2 , 2 2 CSA decarboxylase

) H
2
NCH

2
CH

2
SO

2
H

1

CO
2
H

cysteinesulfinic acid (CSA) hypotaurine

[0] i [0]

-CO
2

H NCHCH SO H
2

I

2 3 CSA decarboxylase >
H
2
NCH

2
CH

2
SO

3
H

CO
2
H

cysteic acid taurine

In the presence of a-ketoglutarate and aspartate amino-

transferase, cysteinesulfinic acid undergoes transamination to

produce ,8-sulfinylpyruvic acid. This substance is unstable and

spontaneously desulfinates to sulfite and pyruvic acid. The

sulfite is then oxidized to sulfate.

H NCHCH SO H transamination
) 0=CCH SO H

2 1 2 2
1

CO
2
H CO

2
H

cysteinesulfinic acid ,8- sulfinylpyruvic acid

1
desulfinase

SO
2-

(
sulfite

S02- + 0=CCH
4 oxidase 3

I

3

CO
2
H

pyruvic acid
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It is perhaps of interest to compare the oxidation of cysteine

with that of cysteamine to hypotaurine which is catalyzed by an

enzyme present in horse kidney.

cysteamine

H
2
NCH

2
CH

2
SH + 0

2

dioxygenase
> H

2
NCH

2
CH

2
SO

2
H

cysteamine hypotaurine

(4)

Neither of these two reactions proceed through a disulfide inter-

mediate or to a disulfide product.

Cysteamine dioxygenase iron containing enzyme is present in

heart, muscle, kidney and liver. The molecular weight is 83,000

and nonheme iron is contained in the amount of one atom per

molecule of enzyme. This enzyme can function by two pathways

depending on the relative enzyme/substrate concentration. 14 When

the concentration of the thiol is low, the enzyme catalyzes

oxygenasic oxidation with addition of molecular oxygen to yield

hypotaurine (equation 5).

RSH + 02 -------> RSO2H (oxygenasic reaction) (5)

Disulfide formation is favored in the presence of a large excess of

thiol for the oxidasic reaction (equation 6).
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2RSH + 1/2 02 ------+ RSSR + H2O (oxidasic reaction) (6)

This enzyme is specific for cysteamine and a few other sulfhydryl

compounds but not for cysteine.

Cysteamine dioxygenase catalyzes 02 oxidation of the

sulfhydryl group of cysteamine to produce hypotaurine (equation 4).

It is demonstrated that this oxidation involves the incorporation

of at least 0.75 moles of oxygen, originating from molecular 02

rather than from water.15

Cysteamine dioxygenase has been analyzed by electron para-

magnetic resonance spectroscopy (EPR) in order to obtain structural

and functional information on its nonheme iron moiety. 16 The EPR

spectrum of this enzyme reveals a signal at g = 4.3 which is typical

of high-spin Fe(III) in a ligand field of low symmetry. It indi-

cates that nearly all of the iron in the enzyme is in the ferric

state. Addition of substrate cysteamine in the absence of oxygen

causes significant changes in the EPR signal. It appears sharper

and more symmetrical suggesting that the ligand environment of the

iron is strongly altered in the presence of cysteamine. Admission

of oxygen brings the signal back to the original form. This

suggests that the substrate becomes coordinated to the iron(III)

center and that oxidation occurs while the substrate is coordinated.

In the presence of activator sulfide ion, an additional EPR

signal appears at g = 7.25. The result can be considered due to a

different binding of the iron and some iron reduction. This change

is fully reversible under aerobic condition. No change in the EPR
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signal is observed by admission of oxygen in the absence of

substrate. On the basis of the EPR results, the iron is intimately

involved in the catalytic action of cysteamine dioxygenase.

Oxidation of Coordinated Sulfur

The oxidation of coordinated thiolate-containing ligands is an

important aspect of sulfur chemistry. This oxidation can lead to

coordination-stabilized moieties that exist only transiently when

noncoordinated. It is thought that the dioxygenase enzyme involves

oxidation of substrate thiolate while it is bound to an iron(III)

center. The present study has been carried out using a thiolato

cobalt(III) complex. The nonlabile nature of this complex would

maximize the chance that sulfur remains coordinated during and

after an oxidation.

Oxidation involves both one-equivalent and two-equivalent

processes. Reaction of coordinated thiols with one-equivalent

oxidants, e.g. with Np(VI), Co3+, and Ce(IV), proceeds through

the radical-ion intermediate RSSR-. 17,18

2Co SR + Np(VI) Co(RSSR) + Np(V) + Co2+(aq) (7)

The generation of coordinated disulfide (en)2Co(S(SCH2CH2NH3)-

CH2CH2NH2)4+ results from the oxidation of (en)2Co(SCH2CH2NH2)2+

with Np(VI).17

Two-equivalent oxidations of thiolate with H202, RSX, 12, etc.

can generally be explained in terms of the nucleophilicity of low-

valent sulfur towards the species HOP, RS+, I+, etc.



0

11

Co-SR + H202 ----+ Co -S -R + H2O

8

(8)

The difference between nucleophilic attack and two-equivalent

oxidation is based on the arbitrary definition of oxidation

state. 19
Two-equivalent oxidation was first studied many years ago.

In 1933, Shubert reported the oxidation of a tris(thiolato)-

cobaltate(III) complex, K3[Co(CyS)3]3H20 by hydrogen peroxide.2°

A tris(sulfinato)complex K3[Co(CyS02)3]3H20 was isolated. It is

exhibited that coordinated sulfur atoms retain considerable nucleo-

philicity and therefore are very active towards oxidants.

Sloan and Krueger21 published their work on the oxidation of

[Co(en)2CyS]+ by hydrogen peroxide. This oxidation leads

directly to the sulfenatocobalt(III) complex.

(en)2Co-S+ + HOOH ------+

1 )

N'

[ Co
H

1

S--0- -0

I N\
HCH

2

0+ 1
11

H2O + (en)
2
Co -S f------ (en)0Co -S -OH

2+
+ OH

Y

fi

(9)

The complex is easily isolated and relatively stable. This

sulfenatocobalt(III) complex can be further oxidized to yield the

corresponding sulfinatocobalt(III) complex.



0+ 0 n+

1 11,v
(en) Co S + H

2
0
2

-----+ (en) Co S + H2O

1
2

NI

9

(10)

The bonding of thiolate sulfur creates the possibility of two

diastereoisomers for both the A and A forms of the thiolato-

cobalt(III) complex. The addition of oxygen to the coordinated

sulfur renders the sulfur atom chiral. Both the S and R isomers of

the A-sulfenatocobalt(III) complex are possible and these were

found in a 2.9:1 ratio.22

The S isomer was characterized by X-ray crystallography.23

The x-ray crystal structure confirms the A-S configuration for

A-Ko(en)2(R)cysteine(S)sulfenatol+ ion.

In 1979 Deutsch et al., reported the H202 oxidation of

(en)2Co(SCH2CH2CH2NH2)2+ .24 The sulfenato complex (en)2Co(S(0)CH2-

CH2NH2)2+ and sulfinato complex (en)2Co(S(0)2CH2CH2NH2)2+ were

isolated and characterized structurally. 24,25 They demonstrated

that the sulfur-bonded ligands of the complexes exert a structural

trans effect (STE). The Co-N bond distance trans to sulfur is

longer than the average cis Co-N bond. This trans effect is caused

by the formal negative charge on sulfur ligand, which enhances its

a-bonding properties and results in the weakening of the cobalt-

nitrogen bond trans to the bonded sulfur. An increase in the net,

formal negative charge of the ligand causes an increase in the STE.

For example, the STE for the sulfito ligand in [(NH3)5CoS03]+

(0.089 A°) is greater than the STE observed for the sulfinato

complex (0.049 A°).
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It is interesting to note that sulfur-bound ligand also exerts

a kinetic trans effect (KTE). The kinetic trans effect is related

to the structural trans effect. The ability of the sulfur bound

ligand to labilize the ligand situated trans to it is based on a

ground state weakening of the trans ligand-metal bond. Also, it is

responsible for the increased rate of trans ligand-metal bond

fission.

Oxidation of coordinated thiols by N-(alkylthio)- or

N-(arylthio)phthalimides involves transfer of an RS+ group to

yield a coordinated disulfide.26

0

.)
(en)

2
Co(SCH

2
CH

2
NH

2
)2+ + RSli

d

4 (en)2Co(S(SR)CH2CH2NH2)3+ (11)

Oxidation with molecular iodine yields (en)2CoS(I)CH2CH2NH23+.27

Similarly, (en)2Co(SCH2CH2NH2)2+ readily attacks hydroxylamine-

0-sulfonic acid to give a sulfenamide of the type

(en)2CoS(NH2)CH2CH2NH23+ .28

All of the preceding results indicate that coordinated

thiolate retains some of the nucleophilic character of the sulfur

center of the free (uncoordinated) thiolate, RS. A feature of

the chemistry is the stabilization of reactive products (e.g.
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CySO) by the metal complex. By analogy, the Fe center in

thiolate dioxygenase reactions may involve oxidation of the sub-

strate while it is coordinated.

The oxidation of thiolatocobalt(III) complexes with H202

has been studied in this laboratory. 22
To extend this study, the

oxidation by hydroxylamine-O-sulfonic acid of this complex is

examined in Part I of this thesis. It includes kinetics of the

reaction and synthesis and characterization of an S-bonded cysteine-

sulfenamido cobalt(III) complex. Part II deals with the base-

catalyzed decomposition of the S-cysteinesulfenamido complex

described in Part I.

Since circular dichroism spectroscopy has been used in this

work, some background information will be presented here.

Circular Dichroism

It is recognized that the circular dichroism phenomenon is

very sensitive to molecular geometry and particularly to interac-

tions of the various groups of chromophores in the metal complexes.

Circular dichroism spectroscopy has been extremely useful in this

research to elucidate the structure of the optical isomers,

differentiate between isomers, and observe the stereochemical

changes. CD is simply absorption spectroscopy which involves

absorption of both left and right circularly polarized light to a

different extent by an optically active substance. The difference
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(Er -E1) in absorption is a measure of the intensity of the

circular dichroism. CD spectra exhibit wavelength dependent curves

in the region of an electronic absorption. The shape, magnitude

and sign of the curves, which depend on the structure of the

molecule, are known collectively as the Cotton effect.

The Cotton effect observed for optically active coordination

compounds occurs in the visible or ultraviolet region. Light

absorption in the visible region by complexes usually is due to a

d-d transition. Charge transfer bands occur in the ultraviolet

region. The Cotton effect provides significant information of

absolute configuration of the complexes. Complexes of similar

structure exhibit the same Cotton effects and enantiomers are

expected to cause opposite Cotton effects.

Cobalt(III) ion in an octahedral complex becomes optically

active only when incorporated into a dissymmetric environment (lack

an improper rotation symmetry element). There are three major fac-

tors contributing to the dissymmetry of the cobalt(III) environment.

The primary effect is due to the configuration of the mole-

cules about the metal center. For a system containing multidentate

ligands, e.g. trisbidentate ligands coordinated to a cobalt(III)

ion, two possible isomers, A and A can be formed. These structures

correlate to the direction of the ring pattern around the metal.

Piper29 has viewed the ligands of the Co(en)33+ ion as form-

ing a spiral down the C3 axis with a right hand screw. This

configuration is designated as A. A left hand spiral arrangement

of the ligand is designated A (Figure 2).
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A A

Figure 2.

Isomeric Configurations of a Tris Bidentate Octahedral Complex

The absolute configuration of a cobalt(III) complex can be

assigned from consideration of its CD spectrum. It has been stated

that the longest wavelength absorption in the CD is positive for A

and negative for A complex.3°

The ligand conformation effect is due to puckering of the

nonplanar chelate ring. For example, ethylenediamine can exist in

two gauche forms (Figure 3) which are of opposite chirality and

bear a mirror-image relationship to one another. Therefore, the

d-d Cotton effect amplitudes of the two conformers will be equal

and opposite in sign. The conformation effect is the main

contributor to the CD spectrum in the visible region.

.

I N-- C<
r'N

I I

I ;

Figure 3.31

Isomeric Conformations of a Non-Planar Chelate Ring
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Finally, the vicinal effect is the result of a chiral atom in

a ligand. A chiral carbon atom in an amino acid or the sulfur atom

in a sulfenato complex can produce this contribution to the Cotton

effect.

The CD spectrum observed is the sum of the individual effects.
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PART I: CHARACTERIZATION AND KINETICS

AND MECHANISM OF FORMATION OF

A-((R)-CYSTEINESULFENAMIDO-N,S)BIS(ETHYLENEDIAMINE)COBALT(III)

COMPLEX

INTRODUCTION

The reactivity of thiolate sulfur is affected by coordination

to a metal center. Its chemistry and reactivity have been of

interest because of the significant nucleophilicity retained

relative to the noncoordinated sulfur. To study the chemistry of

coordinated sulfur, ethylenediamine ligands and a bidentate thiol

ligand (e.g., cysteine, cysteamine) have been used in binding to

cobalt(III) ion in an octahedral complex.

Reactions of Coordinated Thiolato Complexes

The coordinated thiolate sulfur is still reactive toward

electrophiles (e.g., H202, alkyl halides, etc.) to produce a

variety of coordinated sulfur adducts as shown in Figure 4.

It has been noted that the sulfur atom of [(en)2Co(S(0)-

CH2CH(COO)NH2J1+ is much less nucleophilic than the sulfur atom of

[(en)2Co(SCH2CH(COO)NH21 1+.22 The oxygen atom of the sulfenato

complex increases the steric effect and decreases the electron

density available on the sulfur atom. This causes a decrease in

nucleophilicity of coordinated sulfur. Thus the rate of oxidation

of thiolato sulfur is much greater than that of sulfenato sulfur.

This indicates that the rate of reaction is sensitive to the nature

of coordinated sulfur.
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The oxidation of the A-[Co(en)2CyS]f complex by hydrogen

peroxide leads to A-[Co(en)2CyS0]+. This sulfenato complex

contains a chiral sulfur atom having three atoms (Co, C, 0) and a

lone pair of electrons arranged tetrahedrally around it. Two

isomers, A-R and A-S, are possible. A A-S (2.9) : A-R (1) mixture

of the sulfenates is produced in the oxidation of

A-[Co(en)2CyS]+ complex.22 Krueger et al., indicated that

the initial peroxide-oxygen attack at the axial lone pair on sulfur

is favored, resulting in the sulfenate with an S configuration.

Attack by peroxide at the somewhat sterically hindered equatorial

site gives the R configuration. The A-(S)-[Co(en)2CySW is

the major component from the sulfenate synthesis. Sargeson

confirmed the structure of the S-isomer by using X-ray analysis.

The diastereomers of A-[Co(en)2CyS0]+ are characterized by

large AE values in the region of the 371 nm charge transfer band;

A6382 16.7 M-1 cm-1 for A-R and AE377 = 8.5 M-1 cm-1

for A-S. The R S interconversion can occur when a dilute

solution of the sulfenato complex is exposed to room light. It has

been proposed that this is due to the Co-S bond breaking in a

photoactivated species and then the bond reforming to give either

the R or the S isomer.32

A -S -[(en)2Co
III

SO] 7--- (en)
2
Co S A R -[(en)2CoIII SO]

1

II

'

N ---`
I //

Figure 5.32

Proposed Mechanism for Photo-Induced Interconversion of A-R- and
A-S-[Co(en)2CyS0]+ Isomers.
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The CH3I methylation of A-Hen)2Co(SCH2CH(CO2H)NH2l2+ occurs at

the sulfur center which gives A-[(en)2Co(S(CH3)CH2CH(CO2H)NH213+.33

X-ray structural analysis reveals an S chirality at the sulfur

atom. This study suggests that the chiral S-methyl group is

stereospecifically oriented and the R isomer probably can be found

in the solid state. It is noted that the R-configuration at sulfur

in the S-methyl complex is equivalent to the S-configuration in the

sulfenato complex.

Gainsford et al. 34 studied the oxidation of the S,N-cysteine

complex by a mixture of acetic anhydride and dimethylsulfoxide.

This reaction leads to the cleavage of Co-S bond and the formation

of an N-bonded sulfenamide complex. The mechanism involves nucleo-

philic attack of the coordinated sulfur atom on an 0-acetylated

sulfoxonium species. It yields a coordinated RSS(CH3)2+ inter-

mediate which undergoes subsequent CoS bond fission. The pendant

sulfur atom condenses with an adjacent ethylenediamine and a

:(I))NH

NH 1)S

NH2 2

(MeC0)20

Me2SO
..

NH2 I FIH HC°21.1

2+

NH2
NH2N IC)

Co
NHrl NN

tk.s
A
H

Figure 6.

NH2
NH2 1-0

Co
NH (I `NH 2

)4 ''...,H S.)

CH3C00' me"./
0 24-

Scheme for the Formation of Sargeson's Sulfenamido N-Complex.
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carboxylate-cobalt bond is formed (Figure 6). The structure of

this complex is verified by X-ray analysis. This is the first

reported example of a sulfenamide complex. Both its oxidation and

reduction were also studied.

Reduction of the sulfenamide complex with borohydride

(BH4) or dithionite proceeds with N-S linkage cleavage and the

formation of the NIO bound cysteinato complex with a free thiol

group.35 This free thiol is available for methylation to produce

A-N,0-[Co(en)2-(R)-(NH2CH(CH2SMe)CO2)12+. The N,0 bound

cysteinato complex can be oxidized back to a sulfenamide complex.

Reaction of the monomeric thiol complex (II) with the sulfenamide

complex (I) to form the dimer (III) is shown in Figure 7.

NH2
NH2N iO

Co
NH2'1 \ NH

N .
S

(r)

2 +

B H4

(en)2Co,,
0

Figure 7.

SS

NH2 wH2 lC) "

NH('9°`NH2
NH2

2+

SH

4+
H2NN

Co(en)2

Reduction of Sulfenamide to Thiol and Disulfide Complexes.
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Oxidation of the sulfenamide complex (I) with

N-bromosuccinimide or H202 produces sulfinamide(IV).36 The

structure of complex (IV) was determined by X-ray structural

analysis. The reaction between (I) and excess oxidizing agent

yields sulfonamide complex (V) (Figure 8).

2 +
NH

2
0

NH2N I20 0
NH2,....1

N,..-
---....°

H
Co

NI
NH2"99"NH2N He"! -" H 2

NiNS
H

H
( [V)

( I)

Figure 8.

H2
NH2\. INA 0
NH2 NH

N 0
\S'

0
( V )

2+

2+

Oxidation of the Sulfenamide Complex to Sulfinamide and
Sulfonamide Complex.

The complex [(en)2Co(S(NH2)CH2CH2NH213+ was prepared in 1983.28

The preparative reaction proceeded via nucleophilic attack of the

coordinated sulfur atom of [(en)2Co(SCH2CH2NH212+ on NH3OSO3. The

complex was characterized by single-crystal X-ray structural
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analysis. It was confirmed that the oxidation of thiolato complex

with NH30S03 occurs without Co-S bond cleavage.

The study of the structure of an extensive series involving

the octahedral complex [(en)2Co(S(R)CH2CH2NH2)]2+ reveals that the

coordinated sulfur atom can cause a specific lengthening of the

trans-situated nitrogen atom (structural trans effect) if the

sulfur atom bears a formal negative charge. A structural trans

effect does not occur in a complex containing a coordinated sulfur

atom with a zero formal charge. The neutral S-bonded sulfenamide

complex does not exhibit an STE which is consistent with this

generalization.

Chemistry of Hydroxylamine-O-sulfonic Acid (NH30S03)

Extensive kinetics studies of the reactivity of NH30S03 have

been done by Krueger. 37,38,39,40 C2H5S-, HONH2, OH-, S2032- and

(HN2)2CS, etc. were used as nucleophiles in reaction with NH2OSO3.

From the investigation, it was shown that the trivalent nitrogen is

a predominantly soft electrophilic center. The sp
3 nitrogen

center responds to nucleophiles in a manner parallel to the

response of sp3 carbon and peroxide oxygen centers. As a part of

this study, the kinetics of reactions of hydroxylamine-O-sulfonic

acid with various nucleophiles were reported. It appears that

NH20S03 is more reactive toward nucleophiles than the

molecular form NH30S03. The reactions are first order in each

reactant and involve attack on nitrogen with sulfate ion as the

leaving group, as shown in equation 12.



Nu + f41120S03 -----+ [Nu---K44.--0S031 +8)-]

i

NuNe + SO4
2 4

22

(12)

The cysteinato cobalt(III) complex is a good nucleophile even

though it is less reactive than free cysteinate toward an electro-

phile, e.g. H202. Its behavior is anticipated to be similar

for reaction with NH30S03.

The first part of the thesis presents the synthesis and charac-

terization of [Co(en)2CySNI12]2+ and kinetic study of the

reaction of NH30S03 with the cysteinato cobalt(III) complex.
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EXPERIMENTAL

Materials and Methods

L-(-)-cystine was obtained from J.T. Baker and ethylenediamine

10% (vol/vol) aqueous solution was prepared from J.T. Baker reagent

grade ethylenediamine by dilution with water. Purified N2 was

used for purging solutions. The pH of solutions was measured with

a Broadley James Ag/AgC1 micro combination electrode and a Chemtrix

type 60A digital pH meter. Reagent-grade chemicals were obtained

from various chemical companies. J.T. Baker: CoC12.6H20

(99.7%); MCB: hydroxylamine sulfate (99+%), chlorosulfonic acid,

sodium perchlorate; Fisher Scientific: sodium chloride, standard

sodium hydroxide solution.

1H and 13C NMR spectra were recorded on a Bruker AM400 400

MHz spectrometer. 020 (99.8%) was acquired from Stohler Isotope

Chemicals. Acetonitrile (LT. Baker) was used as an internal

reference.

CD spectra were run on a Jasco 41A Spectropolarimeter equipped

with a round 1-cm Teflon-stoppered cell. The reference used was

(+)-10-camphor sulfonic acid (CSA).

Infrared spectra were run on a Mattson Sirius 100 Fourier

Transform IR spectrophotometer, using the KBr pellet method.

UV-visible spectra were recorded on a Hewlett-Packard HP8451A

Diode Array Spectrophotometer.

Cation chromatography columns were prepared using Bio-Rad

AG-50W-x4, 200-400 mesh in the hydrogen ion form. The column was

cleaned by washing with 0.1 M NaOH and followed by 0.1 M H202
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and 0.1 M HC1. After washing the column with H20, the resin was

converted to the sodium ion form by elution with 0.1 M NaCl. The

column was washed with H2O prior to use. Used resin was recycled

by soaking in warm 4 M HC1 and followed by the cleaning process.

Cobalt was determined by a modified Kitson method.41 The

solid sample (20-25 mg) was weighed into a dry 100 mL beaker. An

aqueous solution of 7% HC104 13.0 mL and 2 mg of Mn(C104)2

solid were also added. The solution was heated to 60°C and then

0.6 g KMn04 was added in three portions. After heating for 2

hours at 60°C, 10 mL of H2O was added, followed by the slow

addition of oxalic acid. The addition was terminated when the pink

color disappeared. The solution was transferred quantitatively to

a 50.00 mL volumetric flask and diluted with distilled water. This

is the sample solution. Acetone (20 mL) and 5 mL of 5 M HC1 were

placed in a 50.00 mL volumetric flask. The mixture was allowed to

cool to room temperature. A 10.00 mL volume of the sample solution

and 5 mL of 3 M KSCN were pipetted into the flask and diluted with

water to the mark. The absorbance of the solution was measured at

622 nm with water as a reference.

All analyses for % C, H, N, S, Cl, and Na were performed by

Galbraith Laboratories, Knoxville, Tennessee.

For kinetic experiments, water distilled from alkaline KMn04

and redistilled was used throughout the process.

Kinetic studies were carried out by the stopped-flow technique

using a Durrum Model 110 spectrometer.
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Preparation of

A-((R)-Cysteinato-N,S)bis(ethylenediamine)cobalt(III)perchlorate

The synthesis of the complex [Co(en)2CyS]C104 has been

described previously.21,42

In this synthesis 160.0 mL (240 mmol) of 10% aqueous ethylene-

diamine was placed into a three-necked round bottom flask with a

magnetic stir bar. Nitrogen was admitted through a needle inserted

in a rubber septum and released via a needle septum in the second

neck. The solution was stirred and purged for 30 minutes. The

N2 purging was continued throughout the synthesis. R,R-cystine

(oxidant) 14.45 gm (60 mmol) was added to the ethylenediamine

solution with stirring. After the cystine was dissolved, 28.81 gm

(121 mmol) of CoC12.6H20 was added in small portions over a 2

hour period. The pH was checked after each cobalt addition by

using a microcombination pH electrode. NaOH (6 M) was used to

maintain pH -'9.

After the CoC12.6H20 was completely added, the dark brown

solution was allowed to stir at room temperature for 1 hour and 15

minutes. A 12.23 gm (100 mmol) quantity of NaC104 powder was

added in small portions. The solution was stirred for 25 minutes

until the NaC104 dissolved. The solution was allowed to stand at

room temperature until the product [Co(en)2CyS]C104 began to

crystallize and was then put in the refrigerator for 18 hours.

The brown solid was filtered and washed with cold ethanol (95%)

four times. Yield 47.40 gm. The solid was recrystallized twice

from hot water and washed with cold ethanol three times and allowed

to dry in a vacuum desiccator over P205. CD spectra showed that
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this compound was the pure A-isomer. The A-[Co(en)2CyS]+ was

previously synthesized by Freeman et al. The complex was proved to

be the A-isomer by X-ray structural analysis.42

Preparation of hydroxylamine-0-sulfonic acid

Hydroxylamine-0-sulfonic acid was prepared by a modification

of the method of Sommer et al. 43

Hydroxylammonium sulfate 12.0 g (73 mmol) was dried for 2 hours

at 115°C. It was placed in a three-necked round bottom flask

equipped with a mechanical stirrer and a CaC12 drying tube to vent

HC1 (g) in a hood. Chlorosulfonic acid 30 ml (450 mmol) was added

dropwise to the hydroxylammonium sulfate with stirring. The

reaction mixture was stirred vigorously for 45 minutes. It was

heated to 100°C about 30 minutes with vigorous stirring. The

mixture was cooled to 0-5°C. Cold dry ether (150 ml) was added

dropwise to the flask with continuous hand stirring. A white solid

was formed. The liquid layer was removed by slow decantation onto

ice water to dilute the C1S03H, H2SO4 and HC1. The white solid was

washed with another 150 mL ether and then with 100 mL ether. The

product was filtered quickly and washed with cold dry ether several

more times and then dried in a vacuum desiccator over P205. Contact

with moist air was minimized to prevent hydrolysis.

Hydroxylamine-0-sulfonic acid is a white, hygroscopic solid

and is stable in a vacuum desiccator over P205. It hydrolyzes

at a significant rate on exposure to the atmosphere.44

Hydroxylamine-0-sulfonic acid (NH30S03) used for the

synthesis and kinetic runs was over 95% purity. The concentration
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of NH30S03 was determined iodometrically using standard sodium thio-

sulfate titrant with acid added and starch indicator immediately

before each run.

Preparation of

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

sulfate monohydrate

This complex, first synthesized by Krueger and Schusse1,45

was prepared as follows.

A 15.49 gm (39.0 mmol) quantity of A-((R)-Cysteinato-N,S)bis-

(ethylenediamine)cobalt(III) perchlorate was placed in a 150 mL

beaker, 70 mL of warm water (30°C) was added and the mixture was

stirred for 15 minutes. Additions of hydroxylamine -0- sulfonic acid

4.55 g (40.2 mmol) and 2.44 g (23.0 mmol) of Na2CO3 were made alter-

nately in small amounts while stirring. An attempt was made to keep

the pH in the range 7-8. The reaction mixture was stirred for 30

minutes and allowed to stay at 5°C for 2 hours and 30 minutes. The

orange solid was filtered and washed twice with cold water (0-5°C).

Recrystallization of the solid was performed by transferring

the solid to a 50 mL beaker and followed by 60 mL water. The mix-

ture was stirred during addition of 2 M H2SO4 14.3 mL. The orange-

red solution was filtered and the small amount of solid discarded.

NaHCO3 was added to the filtrate until pH 4 was attained. With stir-

ring, the solid was brought out of solution. This orange mixture

was allowed to stay overnight (5°C) before separating the precipi-

tate. The orange product was isolated and washed with cold water.

The solid was dried over P205. The yield was 9.73 g (61%).
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An elemental analysis was performed on this compound when it

was first prepared by Krueger. The results were: calculated for

[Co(H2NCH2CH2NH2)2(H2NCH(C00)CH2SNH2)1SO41120: C, 19.63; H, 5.88;

N, 19.62; S, 14.56; Co, 13.76. Found: C, 19.53; H, 6.41; N, 19.42;

S, 13.65; Co, 13.65. One mole of water per mole of complex was

assigned on the basis of best agreement of elemental analysis of

C, H, N, S and Co.

Isomeric Composition of A-[Co(en)2CySNH2]2+

Only one isomer was produced by the oxidation of

A-[Co(en)2CyS]+ with hydroxylamine-O-sulfonic acid. In a

typical trial, 0.100 g (0.252 mmol) of A-[Co(en)2CyS]C104 was

added to 10 mL water, and NH30S03 0.0293 g (0.259 mmol) and

Na2CO3 0.0141 g were added alternately. After stirring for 30

minutes, the entire solution was loaded onto a column of Bio-Rad

AG-50W-X4 cation exchange resin in the Na+ form (30x2.5 cm).

Elution with 2.0 M NaC1 over a period of 16 hours at 0.4 mL per

minute resulted in a single band only. The CD spectra of fractions

from the leading and trailing edges of the band were identical to

the spectrum of the complex obtained from the above synthesis and

of the fresh reaction solution of A-[Co(en)2CySNH2]2+. This

work was performed in the cold (5°C) and dark room to minimize

possible isomerization during the elution.

A single band was also obtained for a sulfenamide complex

preparation using an even longer reaction time and at room

temperature.
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Acid Dissociation Constant of A-[Co(en)2CySNH2]2+

The pKa for acid dissociation of A-[Co(en)2CySNH2]2+ was

determined by potentiometric titration.45 The complex 411.5 mg

was weighed out and dissolved in distilled water to make up 100 mL

of solution. A 25.00 mL aliquot of this 0.01003 M complex solution

was pipetted into a 100 mL beaker. The pH was measured with a

microcombination electrode and pH meter. The pH meter was

standardized with buffers of pH 7.00 and 10.00, within ±0.02 pH

unit in two buffers. Then 0.50 mL of 0.100 M NaOH (standard

solution) was added with stirring. The solution was stirred and

the pH was recorded as soon as equilibrium was reached. NaOH was

added in 0.50 mL portions up to 2.50 mL. The pH was measured after

each addition. The titration was made in aqueous solution at

constant ionic strength 0.10 M (maintained by adding NaC104) and

27°C. This potentiometric titration was repeated twice.

Stopped-Flow Kinetic Study of A-[Co(en)2CyS]i- Oxidation with

Hydroxylamine-O-sulfonic Acid

In this study all experiments were carried out at 20.0 ± 0.3°C

under pseudo-first order conditions with the hydroxylamine-0-

sulfonic acid present in at least forty-fold excess over the

thiolato complex. The kinetic runs were monitored at the 283 nm

ligand-to-metal-charge transfer band of the complex. These runs

were conducted in aqueous solutions maintained at constant 0.100 M

ionic strength with NaC104. Na2H2EDTA (1.0x10-3 M) was

added to minimize the effect of trace metal ions. The results
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were independent of the presence or absence of added Na2H2EDTA.

The concentration of NH30S03 solution was determined by titra-

tion immediately before each run. One mole of Na2CO3 per mole

of hydroxylamine-O-sulfonic acid was also added to convert

H3N+OS03 to H2N0S03-.

H
3
N+0S03 + Na

2
CO

3
(s) H

2
NOSO- + HCO3 + 2Na+ (13)3

Hydroxylamine-O-sulfonate ion solution and a 2.4x10 -4 M

solution of A-[Co(en)2CySIC104 were placed in two 100 mL

glass-stoppered flasks in a constant temperature water bath for 15

minutes. The solutions were transferred into the two stopped-flow

reservoir syringes and then to the drive syringes. Samples (0.15

mL) of the two solutions were combined in the mixing chamber of a

Durrum Model D-110-Stopped Flow spectrophotometer. Monochromatic

light (283 nm) was provided by a Beckman DU monochromator with a

deuterium light source. Absorbance was displayed as a function of

time by a Tektronix 5103N oscilloscope. A Tektronix C-5 oscillo-

scope camera with Polaroid Type 107C film was used to record the

desired display of the kinetic trace stored on the CRT of the

oscilloscope.
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The complex A-[Co(en)2CyS1+1

coordinated sulfur atom, reacts

hydroxylamine-O-sulfonic acid to g
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containing a nucleophilic

with the aminating agent

ive the sulfenamido complex

A-[Co(en)2CySNH2]2+. The compl ex was characterized by

elemental analysis, UV-visible, IR, NMR and CD spectroscopy.

The elemental analysis of the compound revealed that there are

two ethylenediamine ligands, one cysteinesulfenamide ligand and one

sulfate group per cobalt, along with one molecule of water.

The charge on the complex was determined by comparison of its

elution characteristics with those of known complexes. The title

complex was eluted on a cation-exchange column of Bio-Rad resin,

using 2.0 M NaC1 as the eluant. The complex is assigned a 2+

charge because its elution rate is similar to that of known 2+

complexes.

Electronic spectrum

The UV-visible spectrum of the complex from 250 to 700 nm is

shown in Figure 9. The spectrum exhibits a d-d band as well as a

ligand-to-metal charge-transfer band (LTMCT) arising from

coordination of sulfur to cobalt(III). Absorption data are listed

in Table 1 along with spectral data for other relevant cobalt(III)

complexes.
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Figure 9

UV-visible Spectrum of A-[Co(en)2CySNH2]2+.



Table 1.

Visible-ultraviolet Absorption of Various Ethylenediamine
Cobalt(III) Complexes Containing N,S-Chelated Ligands.

Complex

33

(

Amax
(nm) M

-1
cm

-1
)

[Co(en)2CyS]+ a 600 sh 37

483 126

283 11700

[Co(en)2CyS0]+ a 480 sh 603

371 5910

287 11900

[Co(en)2CyS02]+ a 430 190

287 11900

[Co(en)2CySNH2]+ b 470 152

293 4600

[(en)
2
Co(SCH

2
CH

2
NH

2
)]
2+ c

482 142

370 sh 335

283 13800

[(en)
2
Co(S(NH

2
)CH

2
CH

2
NH

2
)]
3+ d

474 212

296 6400

[(en)
2
Co(S(CH

3
)CH

2
CH

2
NH

2
)1
3+ e

487 172

350 sh 276

282 7800

[(en)
2
Co(S(SCH

3
)CH

2
CH

2
NH

2
)]
3+ f

489 149

343 1840

278 7550

a
Reference 21. bThis work.

c
Reference 24.

d
Reference 28.

e
Reference 46. (Reference 47.
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The spectrum of the octahedral complex, Co(NH3)63+ is

characterized by two bands in the visible and near-ultraviolet

which can be assigned as 1A1g ---+ 1T1g and 1Alg

1T2g,
respectively. These two d-d transitions are also

observed for Co(en)33+ in which cobalt is surrounded

octahedrally by six nitrogen atoms. The Oh symmetry is lowered

to C4v when the cobalt(III) center is surrounded by five nitrogen

atoms and one sulfur atom.49 The 11-
1g

state is split into

1A2 and 1E states and the 1T2g state is split into 1E

and 1B2 states (Figure 10).

1T2g

lE

...."

-/-
....."

....."

-, 1B2

11-ig 1 A2

, 1E

Oh C4v

Figure 10.

Tetragonal Splitting of the Excited States of Cobalt(III).
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The [co(en)2CyS]+ complex is considered to possess C4v symmetry

with respect to donor atoms. The two visible absorptions at 600 and

480 nm observed for this complex are assigned as 1A1 lE and

1A1 1A2 1transitions, respectively. The is split because

the ligand-field strength of the thiolate ligand is lower than that

of NH2.21 For [Co(en)2CyS0]+ and [Co(en)2CyS02]+, only one absorp-

tion band due to a d-d transition is observed. This peak is

assigned to the lAig --+ 1Tig transition suggesting that sulfenate

and sulfinate occupy higher positions near NH2 in the spectro-

chemical series. Sloan noted that the energy of the d-d transition

increases from [Co(en)2CyS]+ to [Co(en)2CyS0]+ to [Co(en)2CyS02]+ as

the number of lone-pair electrons decreases.

Absorption peaks at around 480 nm, corresponding to the

'Aig
1Tig

d-d transition are found for the thioether

complexes. The expected lAig 1T2g transition at 350 nm

is almost obscured by the tail of the ultraviolet LTMCT band.

In some cases, a shoulder at 350 nm is observed. For most of the

((en)2Co(S(R)CH2CH2NH213+ complexes, the 1Aig --+ 1Tig transition

is seen in the range 486-490 nm independent of the R group.49

This observation suggests that the coordinated thioether provides

a stronger ligand field than does a coordinated thiolate.

The d-d transition for [Co(en)2CySNH2]2+ at 470 nm is in

agreement with the band of [(en)2Co(S(NH2)CH2CH2NH2)]3+

(474 nm) reported by Reynolds et al.28 The energies of these
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transitions are close to the energy of the sulfenato analogues.

This indicates that the sulfenamido and sulfenato ligands provide

similar ligand field strengths. Reynolds28 also pointed out that

RSNH2 and RSO ligands provide a stronger field than do coor-

dinated thiolates (485 nm) or coordinated disulfides (488-492nm).

The absorption at 293 nm of the [Co(en)2CySNH212+

complex is assigned as a ligand-to-metal charge transfer band.

This intense band is characteristic of a sulfur ligand coordinated

to Co(In).

Infrared Spectrum

The FTIR spectrum of the complex is shown in Figure 11. The

major peaks are listed in Table 2.

The spectrum in the region from 4000-500 cm-1 provides

evidence to support N,S coordination to cobalt(III). The lack of a

band in the 2500 cm-1 region due to S-H stretching mode indicates

that the sulfur group is definitely coordinated.

Broad doublet peaks at 3197 and 3105 cm-1 arising from N-H

stretching modes are observed. These frequencies are lower than

the frequencies reported for primary amines (3400-3300 cm-1).

This implies that the amine groups are coordinated to a metal

center. The broad peak around 3400-3300 cm-1 is assigned to the

0-H stretching mode. This band arises from H2O which is

consistent with the analytical data for the complex.
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Table 2.

Infrared Absorptions of [Co(en)2CySNH2]SO41-120

Peak (cm-1)

3400-3300 (broad)

3200-3100 (VS)

3000-2900 (VW)

1633 (VS)

1625 (VS)

1605 (VS)

1400 (W)

1284 (W)

1233 (W)

1122 (VS)

1100 (W)

1059 (VS)

1003 (M)

933 (M)

801 (W)

618 (s)

Assignment

0-H stretch

NH2 strech (coordinated NH2)

CH stretch

NH2 bend (free NH2)

C00 stretch

NH2 bend (coordinated NH2)

C00- sym stretch

C-C, C-N stretch, CH2 bend

CH2 rock

S-NH2

NH2

C-H rock

38
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The 1625 cm-1 band is a C=0 stretching vibration from the free

carboxyl group. The asymmetric stretch from the coordinated NH2

ligand is observed at 1604 cm-1. The assignment of these two bands

follows the assignments for the similar complexes [Co(en)2CyS]+,

[Co(en)2CyS0] +, [Co(en)2CyS02] +.2 The peak at 1633 cm-1 is assigned

to the N-H bending vibration of S-NH2. The band appearing at

933 cm-1 is assigned to the S-N stretching frequency in S-NH2, which

is higher than that reported for free SNH2 (910-900 cm-1).50

Strong absorbances at 1122 and 1059 cm-1 are observed for

all of the cysteinatobisethylenediamine complexes. They can be

assigned as C-C and C-N stretches.

These IR results support the conclusion of N,S-sulfenamide

coordination to cobalt(III) ion with a free carboxylate group.

Nuclear Magnetic Resonance Spectra

The 1H and 13
C NMR spectra of the complex in 99.8% D20

are shown in Figures 12, 13. The data are given in Table 3. The

assignments follow a comparison with the cysteinato complex and

with other cysteine derivative complexes.

In the proton NMR spectrum, a large H2O absorbance is

observed at 4.6 S relative to internal acetonitrile (CH3CN). The

amine protons are not observed in the spectrum owing to rapid

exchange with water. The triplet at 3.77 S (1.0 H) is assigned to

the methine proton in the cysteinsulfenamido ligand. The doublet
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13C NMR Spectrum of A-[Co(en)2CySNH2]SO41-120 Complex in 020.
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Table 3.

1H and 13NMR Assignments for A-[Co(en)2CySNH2]SO41-120

S (ppm)

3.7 (t)

3.27 (d)

2.4-2.9

1H NMR

J (Hz) Assignmenta

6.6 CH (a)

6.6 CH2 (b)

CH2 (d)

a Assignments a c refer to complex (1).

13C NMR

S (ppm) Assignment

173.1 C00-

58.5 N-CH

50.3 S-CH2

45.4

45.2
N-CH2 (en)

45.1

47.8
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at 3.27 S (2.0 H) is assigned to the adjacent methylene protons.

The three-line pattern with coupling constants of 6.6 and 6.7 Hz

exhibited by the methine proton and the doublet with a coupling

constant 6.6 Hz exhibited by methylene protons arises from an A2X

system. The single methine proton is in a very different chemical

environment from that of the two methylene protons; thus the two

sets of absorption are well separated. The other small peaks in

the 3.4-3.5 S region are perhaps due to the hydrogens on nitrogen

that have not completely exchanged with deuterium.

The eight protons attached to the carbon atoms of ethylene-

diamine produce a broad resonance at 2.4-2.9 S. The absorption

around 2.6 S is assigned to six of the methylene protons of ethyl-

enediamine. The other two CH2 protons absorb downfield around

2.9 S. It appears that the trans effect of the sulfur donor ligand

causes the CH2 protons in the opposite position to be shifted

downfield.21

The chemical shift of the 1H NMR signal arising from CH2 bonded

to sulfur depends on the oxidation state of the sulfur. The methyl-

ene protons move downfield as the sulfur oxidation state increases.

Sloan has shown that the methylene absorption shifts from 2.28 S

(in ppm upfield of internal H20) in [Co(en)2CyS]+ to 1.43 S

in [Co(en)2CyS0]+. Similarly, amination of [Co(en)2CyS]+ to

[Co(en)2CySNH2]2+ increases the oxidation state of sulfur. The

methylene proton peaks of the cysteinesulfenamido ligand are

observed at 1.30 S (upfield of the H2O peak) as expected.

The observed 1H spectrum of the complex is consistent with the

presence of only a single diastereomer of A-[Co(en)2CySNH2]2+.
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However, the presence of small amounts of other isomers cannot be

ruled out. Assignments for the A-[Co(en)2CySNH2]2+ (1) complex are

given in Table 3.

NH2

/S---,C H2 (b)
(en)2Co

I

(c) \
NH__

CH000
2 (a)

2+

( I )

In the 13C spectrum the carbonyl carbon shows a signal at

173.1 ppm with low intensity. The other 13C peaks assigned to

ethylenediamine, methylene and methine carbons show slight split-

ting. This indicates that presence of two isomeric forms is

possible.

Circular Dichroism Spectrum

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

0-sulfonic acid to form A-[Co(en)2CySNH2]2+, the configura-

tion at the cobalt center remains unchanged. Although some confor-

mational change may occur, the largest change in the CD spectrum

will be due to the vicinal effect of adding the NH2 group. Thus,

the sulfenamide sulfur becomes chiral with three groups: Co, CH2,

NH2 and a lone pair of electrons. These will be arranged tetra-

hedrally around the sulfur center. Two possible diastereomers can
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be formed, A-R and A-S, depending on which thiolato lone pair

becomes a sulfur-nitrogen bond pair.

Examination of a molecular model of A-[Co(en)2CySNH2]2+

shows that the approach of reactant toward the sulfur atom via the

axial lone pair is less hindered than via the equatorial lone pair.

This is due to a partial blocking effect of the adjacent ethylene-

diamine chelate ring. Approach at the preferred axial position

gives the S configuration at the sulfur atom of coordinated

sulfenamide. The R configuration would arise from attack at the

equatorial position. On this basis, the major diastereomer

expected from the synthesis is the A-S.

The experimental assignment of chirality of the complex is

made based on spectral comparisons with similar complexes. The CD

spectra of the A-ECo(en)2CySOFf diastereomers show Ac372 =

-16.7 and AE294 = +7.5 M-lcm-1 for A-R and AE377 = +8.5 and

A6294 9.8 M-lcm-1 for A-S.32 Likewise, the complex of

[CoN5S] type, [Co(mea)(en)2]3+ (mea = 2-(methylthio)ethyl-

amine, NH2(CH2)2SCH3) shows AE497 = 3.22 M-lcm-1 for

A-R.51

Only a single band was obtained from cation-exchange chroma-

tography of the A-ECo(en)2CySNH2JS04 isolated. All the frac-

tions of the band had the same CD spectrum. Figure 14 displays the

CD spectrum of the single isomer of the complex. The CD spectrum

exhibits a positive band at 485 nm, A6485 = +2.5 M-lcm-1 and

a negative band in the UV region (S + Co charge transfer band)

with a large AE value. This suggests that the chirality associated

with the sulfenamide sulfur is S by analogy with the CD spectrum of
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the A-S [Co(en)2CyS0]+ complex. This assignment is in agreement

with the assignment derived from the model. It is concluded that

the configuration of the complex is A-S [Co(en)2CySNH2]2+.

It is worthwhile to compare this complex with the

[(en)2Co(S(NH2)CH2CH2NH2)]3+ complex. The crystal structure of

the [(en)2Co(S(NH2)CH2CH2NH213+ complex exhibits the A-S con-

figuration.28

Isomeric Composition of A-[Co(en)2CySNH2]2+

Although the solid isolated contains only the A-S isomer, it

is possible that an initial product solution in the synthesis

contains the A-R isomer as well.

Cation exchange chromatography of the initial product solution

showed no separation into isomers. The CD spectra of the earlier

eluting fractions were identical to those of the later eluting

fractions indicating that only one diastereomer was obtained. The

CD spectral features are 485(+), 360(0), 280(-).
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Acid Dissociation Constant of A-[Co(en)2CySNH2]2+

The acidity of the NH2 moiety attached to coordinated sulfur

was determined by potentiometric titration. According to equation

(14) the equilibrium concentrations of the species were determined.

A-[Co(en)2CySNH2]2+ + H2O A-[Co(en)2CySNW + H30+ (14)

The solution pH was recorded over the range 6.4-10.68 as a function

of NaOH added. pKa was calculated from the expression52

pKa = pH + log
[Bele

[Ble

where Be = [Co(en)2CySNH2]2+ and B = [Co(en)2CySNW.

[Bele and [B]e were determined as follows:

[Be] = [Be]o [OH ]added

[Be]e = [Be]
+ [OH ]measured

[B] [°H-]added

[B]e = [B] [OH ]measured

(o = initial)

(e = equilibrium)

The average value of pKa for the dissociation of

A-[Co(en)2CySNH212+ is 10.08 ± 0.15 at 27°C and 0.10 M ionic

strength.
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The reaction
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A-[Co(en)2CyW + NH2OSO; ---> A-[Co(en)2CySNH2]2+ + S024 (15)

was followed by the decrease in absorbance at 283 nm. This reac-

tion was determined to be first order with respect to each of the

reactants. The rate expression is

-d[Co(en)2CyS+]/dt = k2[NH20S03][Co(en)2CyS+] (16)

Under pseudo-first-order conditions (excess NH20S03)

[NH
2
0903 ]k

2
= k

(obsd) (17)

A series of runs was carried out with the initial concentration of

cysteinato complex 1.24 x 10-4 M and NH30903 in the range

7.2 x 10-3 31.84 x 10-3 M. Plots of In (At Am) versus

time were linear over 3-4 half lives, indicating the reaction to be

first order in [Co(en)2CyS]+. Values of k2 calculated from

equation (17) were constant over the range of NH30903 employed,

confirming the assumed first order dependence on NH30903. At

20.0. ± 0.3° and u = 0.100 M the average second-order rate constant

was 18.0 ± 0.6 M-1 sec-1. Table 4 lists the rate constants

obtained at 20.0°.
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Table 4.

Second-Order Rate Constants for Oxidation of A-[Co(en)2CySJC104
With NH30S03 at 20.0 ± 0.3° and 0.100 M Ionic Strength.

103[H3NOS031, M k(obsd), s-1 k2, M-1 s-1

7.20 0.124 17.2

7.98 0.151 18.9

9.69 0.193 17.9

10.80 0.195 18.1

12.91 0.227 17.6

15.67 0.278 17.7

15.97 0.285 17.9

16.15 0.304 18.8

18.11 0.325 17.9

19.37 0.353 18.2

19.51 0.342 17.5

20.45 0.363 17.8

21.59 0.407 18.9

24.23 0.459 18.9

30.97 0.563 18.2

34.17 0.605 17.7

37.84 0.659 17.4

Average k2 = 18.0 ± 0.6 M-ls-1

As expected for this reaction, values of k2 decreased with

increasing ionic strength: k2 = 14.5 M-1 sec-1 (u = 0.200 M)

and 10.5 M-1 sec-1 (u = 0.500 M).
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Second-order constants over the range of temperature

(12.0°-37.5°) are listed in Table 5. Values of OH* = 5.6 ± 0.2

kcal/mol and AS* = -33.5 ± 0.6 cal/mol K were determined from

k2 = (kT/h) exp (-AH*/RT) exp (tS * /R) (18)

based on transition state theory. A plot of In k2/T vs. 1/T was

linear (Figure 15).

The results of this kinetic study of the oxidation of

A-[Co(en)2CyS]4" by NH30S03 were interpreted as arising from

the attack of coordinated sulfur on nitrogen with sulfate ion as

the leaving group. The mechanism of the reaction is shown below.

(en)2Co--S++ NH20S03 [ (en) Co--S i\iH2 OS03

IVY

(en)
2 1

Co --SNH
2+

+ SO
2-

(19)
2 4

N

The second-order kinetics and the large negative AS* obtained from

the oxidation are consistent with this SN2 mechanism.

Based on the second-order rate constants, the coordinated

thiolate is seen to be very reactive toward NH20S0j in comparison

with other nucleophiles (see Table 6). It is not as reactive as

the noncoordinated thiolate sulfur atom of C2H5S-. Coordina-

tion of sulfur to cobalt(III) causes a decrease in nucleophilicity
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Table 5.

Second-Order Rate Constants for Oxidation of A-(Co(en)2CySif
at Various Temperatures and 0.100 M Ionic Strength.

Temperature (°C)

12.0

k2, M-1
s -1

13.3

12.0 13.2 > 13.1 ± 0.3

12.0 12.8 )

30.0 24.1 .

30.2 23.6

30.2 23.2

30.2 23.3 24.1 ± 0.8

30.0 24.6

30.0 24.7

30.0 25.5 -

37.5 34.9

37.4 33.8 34.0 ± 0.7

37.5 33.2

37.5 34.1
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-3.10

THE TEMPERATURE DEPENDENCE OF k2

-3.20 I T IITIF /11111(
0.0032 0.00324 0.00328 0.00332 0.00336 0.0034 0.00344 0.00348 0.00352

1/T
0 observed -0- estimated

Figure 15.

Plot of In k2/T vs. 1/T for the NH30S03 Oxidation of [Co(en)2CyS]+ at 0.100 M Ionic Strength.
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Table 6.

Comparison of Reactivity of Coordinated Thiolate
With That of Other Nucleophiles.

Nucleophile k2, M-1 s-1 Ref.

C2H5S- 32 40

[Co(en)2CyS]+ 18.0 a

[(en)2Co(SCH2CH2NH2)12+ 3.2b 28

(C6H5)3P 2.0 37

(NH2)2C=S 1.6 38

S2032- 0.55 37

I- 0.069 37

(C2H5)3N 0.022 37

HONH2 0.0014 40

OH- 0.00005 40

a This work.

b Determined at 25° and 1.00 M ionic strength.

toward NH20S03. This results from both the electron-withdrawing

effect of Co(III) and the effect of steric crowding in the transi-

tion state.

The kinetics results of the oxidation of [Co(en)2CyS]+

with NH30S03 show that reaction proceeds by an SN2 path. The

reaction is confirmed to be first order in [Co(en)2CyS]+ and

first order in NH30S03. Oxidation of the cysteamine complex

obeys the same kinetics and that reaction has been interpreted as

involving an SN2 mechanism, also. It is interesting to compare

the kinetics parameters of the oxidation of these two complexes

(Table 7).



55

Table 7.

Comparison of the Rate Constant and Activation Parameters

of This Work with Those of Cysteamine Complex.28

k2 (M-1 s-1)

AH* (kcal/mol)

AS* (cal/deg)

[Co(en)2CyS]+ [(en)
2
Co(SCH

2
CH

2
NH
2
)]2+

18.0

5.6 ± 0.2a

-33.5 ± 0.6a

3.2

8.5 ± 0.3b

-33 ± lb

a Determined at 20° at 0.100 M ionic strength, Na2CO3.

b Determined at 25° at 1.00 M ionic strength, and 1.00 M H.
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CONCLUSION

The preparation of a stabilized form of CySNH2 free ligand,

to our knowledge, has not been reported. Attempts to synthesize

the free cysteinesulfenamide from cysteine and hydroxylamine-0-

sulfonic acid leads to cystine as the only sulfur product.

Although the CySNH2 is not isolated as a product, it is formed

initially and then probably reacts rapidly with the remaining

cysteine to produce cystine.

CySH- + H2NOSO3 ----+ CySNH2 + SO- (20)

CySNH2 + CySH ----+ CySSCy + NH3 (21)

These reactions proposed are made in analogy with the reactivity of

sulfenic acid (RSOH) (see equations 1, 2).

While free CySNH2 cannot be isolated, a coordinated cysteine-

sulfenamide can be formed with stability. Stable [Co(en)2CySNH2]2+

was synthesized from the oxidation of cysteine coordinated to

Co(III) with H3NOS03. This illustrates that the reactive

CySNH2 is stabilized by the effect of coordination of sulfur to

metal center.

It has been mentioned elsewhere28 that the sulfur atom

of the neutral sulfur-bonded sulfenamide ligand of the

[(en)2Co(SNH2)CH2CH2NH2]3+ complex does not exert a

detectable structural trans effect. In contrast to this work, a

trans influence is observed in the NMR. The NMR spectrum of the



57

(Co(en)2CySNH212+ complex shows that there is a significant

trans effect for this sulfur donor ligand, causing CH2 protons of

ethylenediamine trans to sulfur absorb downfield with respect to

the average chemical shift of the other CH2 protons.

The NH2 group of NH30S03 attacks preferentially at the

axial lone pair on sulfur of the cysteinato complex, resulting in

the A-S isomer of [Co(en)2CySNH2]2+ complex. A steric effect

causes formation of A-R isomer to be less favorable.

The A-[Co(en)2CySNH2]2+ complex characterization shows

the N,S coordination to cobalt(III).

An SN2 mechanism is found to be consistent with the kinetics

data. It is proposed that oxidation of [Co(en)2CyS1+ complex

with hydroxylamine-O-sulfonic acid occurs via nucleophilic attack

on the nitrogen atom of NH20S03- with S042- as the

leaving group.
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PART II: KINETICS AND MECHANISM OF

BASE-CATALYZED DECOMPOSITION OF

A-(( R)- CYSTEINESULFENAMIDO -N,S) BIS(ETHYLENEDIAMINE)COBALT(III)

COMPLEX

INTRODUCTION

It has long been known that sulfur-rich proteins lose about

half of their sulfur as hydrogen sulfide when they undergo a mild

alkaline treatment. For four decades, a considerable number of

studies of the alkaline decomposition of sulfur-rich proteins, of

cysteine, of cysteine derivatives and of simpler aliphatic

disulfide was carried out.53 SchUber154/55 published results

of a study of alkaline decomposition of cysteine, and of a large

number of derivatives of cysteine. Swan has established that the

decomposition occurred by a /3-elimination mechanism.

Cleavage of the sulfur-sulfur bond in disulfides by nucleo-

philes (e.g., OH) has been postulated to occur via the following

mechanism.54

(a) Direct SN2 attack on the sulfur-sulfur bond.55

RSSR' + OH- ---+ RSOH + R'S- (22)

(b) Initial abstraction of a proton from an a-carbon atom, followed

by elimination.56
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RCH2SSR' (RCH SS R')-(RCH SS R')- ---+ RCH = S + R'S- (23)H20

(c) ,6-Elimination.58/57

+OH-
RCH

2
CH

2 :Rio+
SSR' RC HCH2SSR' RCH=CH

2
+ R'SS- (24)

(d) Electrophile (e.g. metal ion) assisted cleavage of disulfides

by nucleophiles.58

RSSR' + E+ OH
(RSS(E)R')+ + RSOH + R'SE (25)

The sulfur-sulfur bond is activated toward nucleophile cleavage by

being bonded to the strong electrophile Co(III). For example, for

[(en)2Co(S(SR)CH2CH2NH213+, the rate of OH- cleavage of

the sulfur-sulfur bond is greater than the rate of bond cleavage of

non-coordinated disulfides by about eleven orders of magnitude.54

In 1983, Deutsch et al., investigated the base hydrolysis of a

series of disulfide cobalt(III) complexes [(en)2Co(S(SR)CH2CH2NH213+

where R is methyl, ethyl, isopropyl, tert-butyl and valinyl.54

The sulfur-sulfur bond of the complex is cleaved by OH to yield

the thiolato complex and sulfenic acid according to equation (26).

SR 3 +
/ 2+

S --.....

/ _ /S ----,

(en )2Co + OH --- ( en )2Co + RSOH (26)

\
NH2

\NHr
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This hydrolysis is described as an SN2 attack of 0H- at the exo

sulfur atom of the coordinated disulfide. The rate of reaction

decreases with increasing steric bulk of the R group. When R is

tert-butyl, the rate of the sulfur-sulfur bond cleavage is reduced

by steric hindrance to the point that SN1CB Co-S bond cleavage

becomes more competitive. The complex [(en)2Co(S(SC(CH3)3)-

CH2CH2NH2)] 3+ decomposes predominantly by Co-S bond cleav-

age rather than S-S bond cleavage. This suggests that the base

hydrolysis of coordinated disulfides can occur through an SN1CB

or SN2 mechanism depending on the R group. In addition, this

study shows that the rate of cleavage of coordinated disulfide is

greater than that of uncoordinated disulfide for an SN2 process.

This indicates that coordination to electrophile cobalt(III) center

activates the disulfide linkage toward nucleophilic attack and

increases the rate.

A study of base hydrolysis of a variety of thioether

cobalt(III) complexes represents an extension of the previous

work. 59 The nature of the reaction and the products depend on the

R group of the complex [(en)2Co(S(R)CH2CH2NH213+. When R = -CH3,

CH2CH3, the reaction proceeds to simple Co-S bond cleavage. When

R contains an acidic methylene group, e.g. -CH2C00, -CH2C6H5,

CH2C(0)CH3, the complex undergoes a variety of reactions in

addition to, or instead of, Co-S bond fission and leads to various

products.
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The stoichiometry of the reaction is

+
R

2+

_ //S ----- ,OH (27)
(en )2Co

-4-- OH (en )2Co

NII; \NH2 S R

This reaction proceeds by an SN1CB mechanism. Hydrolysis of

thioether complexes proceeds more rapidly than does base hydrolysis

of thiolato complexes.

Stabilities of thiolato, ((en)2Co(SCH2CH2NH2)]2+, sulfenato,

Hen)2Co(S(0)CH2CH2NH2)]2+ and sulfinato, [(en)2Co(S(0)2CH2CH2-

NH2)]2+ complexes have been investigated. The thiolato complex

is stable in 1.0 M LION for at least two days at 45 °C while the

sulfenato and sulfinato complexes are stable in 1.0 M LiOH at 25 °C

for two hours. This phenomenon indicates that the negative RS,
RS(0)- and RS(0)2- ligands form stronger Co-S bonds than does

the neutral RSR ligand. The Co-thioether bond can be broken easily

in either a dissociative or an associative process.

The A and A forms of [Co(en)2CyS]+ were stable indefi-

nitely in dilute base but mutarotated in strong base (0.1-1.0

M).42 This suggested that base induced the formation of some

cobalt(II) which catalytically brought about mutarotation via

electron transfer between the labile Co(II) state and the Co(III)

state. The [Co(en)2CyS0]+ is rather stable in basic solution

(pH 10-12). The sulfinato complex decomposes quickly in 1 M

base. 60 Sloan reported that addition of base to a solution of
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[Co(en)2CyS02]+ resulted in the release of the ligand CyS02-.

Co(en)2(OH)(H20)2+ and free ethylenediamine were also the products

from the base treatment.

Most examples of base hydrolysis of Co(III) complexes involve

an SN1CB mechanism. It is important to discuss this mechanism in

detail.

Base Hydrolysis of Cobalt(III) Complexes

It is well established that base hydrolysis reactions of the

octahedral ammine complexes of cobalt(III) involve an SN1CB

mechanism (substitution, nucleophilic, unimolecular, conjugate

base). This mechanism was first proposed in 1937 by Garrick61

and developed by Basolo and Pearson in 1956.62 In this mechanism

hydroxide serves to generate a dissociatively reactive entity by

removing a proton from the substrate. This step is a rapid

acid-base equilibrium in which the amido complex is formed. Then

the labile amido species dissociates to form a five-coordinate

intermediate which eventually forms the hydroxo complex.

ast
Co(NH3)5C12+ + 0H

f
Co(NH3)4NH2C1+ + H2O (28)

co(NH3)4(NH2)c1+ co(NH3)4Nq+ Cl

Co(NH
3

)

4 2
NH

2+
+ H2O ------+ Co(NH

3
)

5
OH

2+

(29)

(30)
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The reaction in equation (29) is considered to be the rate-

determining step. The rate equation for hydrolysis would be

Rate = k[Co(NH3)5C124][0H-] (31)

A positive activation entropy (AS*) is expected for an SN1CB

process.

For the above mechanism, it is obvious that the compound must

contain a moderately acidic proton. Complexes without acidic

protons, e.g., Co(CN)5Br3-1 will not react rapidly with

hydroxide ion.

Tobe63 has examined the validity of an SN1CB mechanism in

terms of three aspects: (1) the acid-base behavior of the ammine

complex, (2) the labilizing power of the amido group, and (3)

evidence for a reactive five-coordinate intermediate.

The deprotonation of ammine ligand in the complex and the

subsequent involvement of the amido group is an essential feature

of this mechanism. The reactivity is very sensitive to the nature

and the disposition of the ammine ligands within the complex. It

is seen elsewhere that the proton transfer step in equation (28) is

fast compared to the dissociation in equation (29), which at least

in part depends on the acidity of the ammine group. Tobe64 has

pointed out that the rate constant for the base hydrolysis of

cis-Ko(en)2(PhNH2)C112+ is very large and assumed that the

"acidic" aniline nitrogen provides the labilizing amido group.

The factors that cause the amido ligands (NH2 or NHR to be so

much more labilizing than their conjugate acids (NH3 or NH2R)
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are the electrostatic effect and electronic effects including

inductive (a bonding) and conjugative (7 bonding).

The removal of a proton from an ammine complex reduces the

cationic charge (or increases the anionic charge) by one unit.

This complex will hold ligands less tightly and is more labile in a

dissociative process.

The electronic effect was studied by both Ingold and

Asperger65 and by Basolo and Pearson66 in 1956. In order to

assign a direction to this effect, a conjugative effect has to be

more important than inductive effect. The amido group is a

potential 7 donor and labilizes by a combination of electron

repulsion in the ground state and 7-bonded stabilization of the

five-coordinate intermediate. The 7-bonding stabilization would be

most effective when the amido group occupies an equatorial position

in a trigonal-bipyramidal five-coordinate species.

The amido group can act as a strong a-donor to cobalt and

generate a strong trans effect which should be observed as a

ground-state bond-weakening in non-kinetic properties such as bond

length, in addition to its labilizing trans influence. There is a

considerable accumulation of indirect evidence which strongly

suggests that the amido group exerts its labilizing effect much

more effectively when it is cis to the leaving group for

cobalt(III) complexes.

Important evidence in support of the SN1CB mechanism has

been the demonstration of the formation of a very reactive inter-

mediate species that can be trapped by nucleophiles other than the

solvent. The reaction of [Co(NH3)5X]2+ (X = Cl, Br, I,
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NO3) in aqueous solution with hydroxide in the presence of a large

excess of an anionic nucleophile (Y-) gives significant quantities

of [Co(NH3)5Y]2+ as a product.67 Quantitative studies have shown

that the competition ratio [Co(NH3)5Y2 +]/[Co(NH3)50H2
+]

increases

almost linearly with an increase in [Y] and is independent of

[OH-]. This indicates that the nucleophile Y and water

compete for the reactive intermediate and that hydroxide is not

directly involved in the act of substitution.

The relationship between the lifetime of the intermediate and

the structure of the complex has been investigated. About

one-third of the intermediate generated by the sterically crowded

[Co(NH2CH3)5C1]2+ cation is trapped by 0.5 M N3- as

against only one-twentieth of the intermediate generated by

[Co(NH3)5C1]2+ under similar conditions.68 It is concluded

that the steric crowding lengthens the lifetime of the former

intermediate and allows it to show a much greater discrimination.

Anion competition by an ambidentate ligand (AB) has been

reported. 69 /
70

These studies demonstrated that the relative capture

rates of the A and B termini are independent of the leaving group.

(H3)5CoX" OH-
fast

(NH)(NH2)CoX(n-1)+ + H
2
0

,

i slow

(NH
3

)

4
(NH

2
)Co

2+
+ X

(n-3)-

AI3

H2O

(NH3)5CoAB + (NH3)5CoBA + (NH )5 Co0H2+

(AB = NO2, 5203 , NCS)

(32)
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The less stable linkage isomer can undergo a subsequent base-

catalyzed rearrangement reaction.

(NH
3

)
5
Co-AB

2+ OH-
(NH

3
)

5
Co-BA

2+

OH-
(NH

3
)

5
Co0H

2+
+ AB

Another type of competition of the five-coordinate intermediate

is to have a potential chelate bound in the monodentate form in the

coordination sphere of the substrate. The base hydrolysis of

cis-[Co(en)2(NH2CH2CO2))0+ (X = Cl, Br, glycinate bound through N)

yields 40.8% of [Co(en)2(NH2CH2CO2)12+ and 59.2% of [Co(en)2-

(NH2CH2CO2)0H]+.71 At lower hydroxide concentrations the amount of

ring closure is higher (46.1%).

Stereochemistry of the Base Hydrolysis of Cobalt(III) Complexes

Tobe and his coworkers have studied the stereochemistry of

base hydrolysis reactions of Co(en)2AX". The results show

that base hydrolysis proceeds with extensive rearrangement for both

trans and cis isomers. The reaction appears to involve a primarily

dissociative process which goes through a trigonal bipyramidal

intermediate. This structure allows the rearrangement and is

generated by both the cis and trans isomers. The trans isomer can

form only one trigonal bipyramid whereas the cis isomer can form

two (Figure 16). Intermediate "axial" can only give the racemic

cis products. Intermediate "equatorial" with the signpost in the
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trigonal plane retains the chirality of the cis species and gives

cis product together with trans isomer.

The cysteinesulfenamido complex [Co(en)2CySNH2]2+ synthesis

is described in Part I. The complex is stable in acid but it

decomposes very rapidly in alkaline solution. The base

decomposition is of interest since the sulfenamido complex

decomposes faster than the cysteinato complex and sulfenato

complex.

In this part of the thesis, the kinetics of the base-catalyzed

decomposition of [Co(en)2CySNH2]2+ is studied. A linear

dependence of kobsd on [0H-] is observed at constant ionic

strength. The rate of this reaction supports an SN1CB mechanism

and the competition is performed to confirm this mechanism.

Additionally, the products of the decomposition are analyzed.
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EXPERIMENTAL

Materials and Methods

Reagent grade chemicals were used without further purifica-

tion. Sodium perchlorate was obtained from MCB and sodium azide

was acquired from EM Science. Triply distilled alkaline Mn04

water was used in all kinetic experiments.

The solution of sodium hydroxide used in all experiments was

prepared by dilution with water of 10 N NaOH certified concentrated

solution (Fisher Scientific). The sodium hydroxide concentrations

for kinetic experiments were determined by triplicate titrations

with standard potassium hydrogen phthalate (Baker and Adamson) and

phenolphthalein indicator.

A-((R)-Cysteine(S)sulfenamido-N,S)bis(ethylenediamine)-

cobalt(III) sulfate was prepared as described in Part I. The

purity of the complex (A-S) was confirmed by CD spectroscopy.

Elemental analyses on isolated complexes were performed by

Galbraith Laboratories, Inc. Cobalt analysis was determined by a

modified Kitson procedure described in Part I of the thesis.

Bio-Rad AG 50-X4, 200-400 mesh cation exchange resin was con-

verted to the sodium form before use. Gel-exclusion chromatography

columns were prepared by using Bio-Rad Bio-gel P-2, 200-400 mesh

(wet). Sodium chloride was used to elute the column when the

sodium ion form was needed.

Stopped-flow kinetic studies were carried out using a Durrum

Model D-110 Stopped-Flow spectrophotometer.
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UV-Visible Spectroscopy. A Hewlett-Packard HP 8451A Diode

Array Spectrophotometer was used to measure the absorbance of the

dilute solution with H2O as a reference. The decomposition

reaction was followed using the OVERLAY and PEAK FIND functions to

observe the short-lived species. The instrument was capable of

producing a spectrum from 190 nm to 820 nm in 0.1 second.

Fourier Transform Infrared Spectroscopy. The infrared

spectra of KBr pellets of the solid samples were taken on a Mattson

Sirius 100 FTIR spectrophotometer equipped with a Starlab

Computer. They were recorded from 4000-500 cm-1

Fourier Transform Nuclear Magnetic Resonance. The sample

solid 10 mg was dissolved in 020 (99.8%, Stohler Isotope

Chemicals) and the data were collected on a Bruker AM 400 (400 MHz)

NMR with CH3CN as an internal reference.

Circular Dichroism Spectroscopy. The CD spectra were

obtained on Jasco Model 41A spectropolarimeter with CSA as a

reference.

Conductivity Measurement. The molar conductance in water was

obtained with a CDM 83 Conductivity Meter connected with the conduc-

tivity cell CDC 304. The molar conductance of a solution of

the known complex [Co(NH3)5C1]C12 measured at 22.7°C was 265

ohm-1cm2mol -1
. The measurement of the sample solution was made at

22.7°C and the concentration of the solution was 9.34x10-5 M.

Base-Catalyzed Decomposition

UV-visible spectra were recorded over the range 700-250 nm in

a 1-cm quartz cell at room temperature at specific time intervals.
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The solutions of A-[Co(en)2CySNH2]2+ and NaOH were mixed in

1:1 ratio.

Isolation and Characterization of Reaction Products

In a 50 mL beaker, 0.3538 gm (0.862 mmol) of the orange

complex [Co(en)2CySNH2]SO4 was added to 8.6 mL of 1.0 M NaOH

(8.62 mmol) with stirring. The solid was dissolved and the color

changed rapidly from orange to dark red. After 45 seconds, the

reaction was quenched by adding HC1 to pH 7. To separate the red

mixture into components, the solution was loaded onto a 35x2.5 cm

cation-exchange column containing Bio-Rad resin in the sodium ion

form. Aluminum foil was used to wrap the column to prevent light

from causing further decomposition. All of the red mixture was

trapped at the top of the column. After sweeping the column with

water, elution was begun with 0.5 M NaC1 at a rate of 0.5 mL/min.

The elution split the sample into seven bands. The first five

bands moved with reasonable speed with 0.5 M NaC1 and were

collected with this elution. These bands were tentatively assigned

to be the complexes with 1+ charge. Elution with 2.0 M NaC1 caused

the orange band (sixth) and the red band (seventh) to move.

Because of the time (three days) required to elute the first five

bands with 0.5 M NaC1, the sixth and seventh bands decomposed into

unidentified products before the eluate was collected. Therefore,

a short column was used for separation to collect these two bands.

The charge of these band were assigned as 2+.

All eluate fractions were collected in 4 mL aliquots using an

ISCO Model 270 automatic fraction collector with a constant volume
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siphon device. The UV-visible spectrum was checked for each

fraction.

The separation of the decomposition products was repeated

after longer reaction time (3 minutes). This reaction mixture also

was split into seven bands by cation column chromatography. It was

observed that the difference in reaction time caused a change in

the relative yield of the products.

All the fractions of the red band (seventh) isolated were

combined and rotoevaporated to dryness at <30 °C. Solidified

sodium chloride was filtered out at intervals during the

rotoevaporation process. The red solid still contained NaC1 and a

desalting process was necessary. The solid was treated with a

minimum amount of cold water (0-5°C). The red solid dissolved

quickly and undissolved NaC1 was removed. A small amount of

acetone was slowly layered onto the red solution. The layer of

acetone with NaC1 (cloudy) floated on the top of the red aqueous

layer and was discarded. This process was repeated until the

cloudy layer was no longer observed. Then the solid was tested for

chloride ion with 0.1 M AgNO3. The test showed the presence of

some NaCl.

The red solid was desalted again by the following process.

The solid was dissolved in water and the solution was adsorbed onto

a Bio-gel P2 exclusion column. The red band was eluted through the

column with water and collected. The NaCl band trailed the red

band closely. This desalting process was done twice. It was noted

that some of the red solution was strongly adsorbed on the Bio-gel

resin and did not move with elution of water. Another desalting
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could not be accomplished because of the small amount of recovered

solid. The chloride test indicated that sodium chloride was still

present in very small amount in the red product. The red solid was

washed with acetone three times and dried in a vacuum desiccator

over P205.

The red solid was characterized by UV-visible, IR, CD and

13C NMR spectroscopy.

Competition Experiments

The complex A-[Co(en)2CySNH2]2+ (0.8180 gm, 1.99 mmol)

was added to 26.7 mL of 0.970 M aqueous sodium azide (25.87 mmol).

A solution of NaOH (2.8 mL of 1.0 M, 2.8 mmol) was added into the

mixture with vigorous stirring. The color changed from orange to

dark red immediately. After 3 minutes the hydrolysis was quenched

by addition of hydrochloric acid to pH 7 in a hood (HN3 evolved

is very toxic). Then the mixture was kept stirring for another ten

minutes.

The red solution was adsorbed onto a cation-exchange column of

Bio-Rad resin (Nat form, 31x2.5 cm). The column was swept with

water. Elution with 0.5 M NaC1 separated all the 1+ bands from the

remaining bands. Six bands were separated and collected by using

this eluent. The three bands with a 2+ charge were eluted with 2.0

M NaCl in the order purple, orange and red band. After the purple

and orange bands were collected, the red band was removed with 3.0

M NaCl. UV-visible spectra of these eluates were recorded. Elution

of these reacton products was performed in the dark to limit any

photochemical reactions of the azido and the sulfenato complexes.
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To ensure that the complex [Co(en)2CySNH212+ did not

react directly with sodium azide, the experiment was conducted

without the addition of base. A sample of the complex (5.48x10-3

mmol) was mixed with NaN3 (6.0x10-2 mmol) and UV-visible

spectra were recorded every 5 minutes for 30 minutes. No signifi-

cant change in spectrum was observed. This indicates that the

reaction between the cysteinesulfenamido complex and azide cannot

occur without sodium hydroxide.

Kinetic Study of Base-Catalyzed Decomposition of A-[Co(en)2CySNH2]2+

Kinetic experiments were conducted in aqueous solutions of the

complex with NaOH at an ionic strength of 0.100 M, maintained with

NaC104. These runs were monitored spectrophotometrically at the

293 nm ligand-to-metal charge transfer band of the cysteinesulfen-

amido complex. Stopped-flow kinetics measurements were made under

pseudo-first-order conditions with the sodium hydroxide concentra-

tions in at least a twenty-fold excess over the complex. The

concentrations of [Co(en)2CySNH2]2+ used for kinetic runs

were approximately 1.4x10-4 2.9x10-3 M. The concentrations

of sodium hydroxide were determined by titration with potassium

hydrogen phthalate for each trial.

The experiments in this study were carried out in the tempera-

ture range 12-40 °C. The stopped-flow kinetic runs were performed

in the same way as described in Part I.
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RESULTS AND DISCUSSION

Base-Catalyzed Decomposition

This study was conducted by following the change in absorbance

of the A-[Co(en)2CySNH2]2+ complex over the range 700-250

nm. The UV-visible spectrum of a solution, initially containing

1.0x10-3 M A-[Co(en)2CySNH2]2+ in 9.2x10-3 M NaOH, was

followed until the spectrum no longer changed. There was a

significant change in the spectrum of the complex upon the addition

of NaOH (Figure 17.a). The absorption band at 470 nm was no longer

present and the peak at 293 nm shifted to 298 nm. Then the

absorbance at 298 nm decreased in intensity and the band moved to

longer wavelength (310 nm). This was accompanied by the buildup of

a peak around 350 nm. The intensities of the bands at 310 and 350

nm reached their maxima in about ten minutes. These peaks then

decreased in intensity over the next ten minutes (Figure 17.b). An

isosbestic point was observed at 290 nm. Finally, the peak at 310

nm became a shoulder along with the shoulder of low intensity

(Figure 17.c, 18.d).

These observations suggested that A-[Co(en)2CySNH2J2+

was initially and very rapidly deprotonated after addition of NaOH.

Then formation of the two species with absorption maxima at 310 and

350 nm occurred. These can be converted back to a sulfenamide

complex when the reaction solution is acidified by HC1 to pH 4

(Figure 18.a and 18.b). Both species reacted further in basic

solution. Attempts to isolate these species for identification

were unsuccessful.
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(a) Spectral Changes of A-[Co(en)2CySNH212+ in Basic Solution.
(b) Spectrum of Solution (a) After Quenching with Acid.
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Isolation and Characterization of Reaction Products

Base-catalyzed decomposition of the A-[Co(en)2CySNH2]2+

complex led to seven distinct products that, after quenching the

reaction mixture with HC1 to pH ^q, were separated by cation-

exchange chromatography. Product data as a function of time are

given in Table 9. Identification was done by spectral comparisons

of eluted bands with known complexes. Product amounts were

obtained using extinction coefficients listed in Table 8.

There was yellow material eluted upon washing the column with

water, which could be a neutral or anionic species. Since this band

was a minor constituent, the characterization of this species was

not pursued. Elution of the sorbed products with 0.5 M NaC1

resulted in five bands (band 1-5) that were collected and character-

ized by UV-visible and CD spectroscopy. These cobalt-containing

products have been estimated as 1+ species at neutral pH by their

elution behavior. Bands 1-5 were identified as A-No(en)2CySl+,

A-S-[Co(en)2CyS0]+, A-[Co(en)2CySJ+, A-S-(Co(en)2CyS0I+ and

A-R-[Co(en)2CyS0]+, respectively, by their characteristic UV-visible

and CD spectra. The relative proportions of these five bands

varied with reaction time in basic solution. For 45 seconds

reaction time, bands 4 and 5 failed to completely separate and were

collected together. Isolation of these two bands was not attempted

because only a small amount of these materials was generated.

Band 6 (orange) and band 7 (red) eluted with 2.0 M NaCl were

assigned as having 2+ charges. The orange product was shown to be

[Co(en)2CySNH2]2+ by its UV-visible spectrum. This
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Table 8.

UV-visible Absorptions of Cobalt(III) Complexes Produced
During the Base-Catalyzed Decomposition of A-[Co(en)2CySNH2W-

Complex Amax 6, M
-1

cm
-1

Reference

[Co(en)2CyW 600 sh 37 21

483 126

283 11700

[Co(en)2CyS0]+ 480 sh 603 21

371 5910

287 3750

[Co(en)2CySNH2]2+ 470 152 this work

293 4600

[(en)
2
Co(NH

2
SCH

2
CH(COO)NH

2
)1
2+

512 186 this work

316 2580

Table 9.

Percent Yield Product Distributions for tiqe Base-Catalyzed
Decomposition of A- [Co(en)2CySNH2] + Complex

Band Complex
Reaction timea

45 seconds 3 minutes

1 L-[Co(en)2CyW 10.5 5.5

2 A-S-[Co(en)2CyS0]+ 2.3 8.6

3 A-[Co(en)2CyW 7.1 5.7

4 A-S-[Co(en)2CyS0]+ 1.0

5 A-R-[Co(en)2CySOl+
} 0.4

0.56

6 A,A-[Co(en)2CySNH2]2+ b '20 '20

7 Hen)2Co(NH2SCH2CH(COO)NH2)]2+ b 40 '40

Other '20 '20

a
The base hydrolysis time.

b
Distributions of these complexes were estimated by visualizing
the color and size of the bands absorbed on the column. Because
of the longer elution time, these two complexes had already
decomposed before the collection was made.
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sulfenamido complex was analyzed as being a mixture of A and A

isomers by CD spectroscopy.

The red band that behaved as a 2+ ion in the cation-exchange

was a major hydrolysis product. Since this complex has never been

reported before, analysis is needed to determine the identity of

the complex.

The proposed structure of the red complex is shown below.

2+
NHT-S/ \

(en )2Co CH2

NHF-CH

I

COO

Characterization of the Red Complex

The complex was characterized by elemental analysis,

conductivity, UV-visible, IR and NMR studies.

Elemental analysis of the red solid: calculated for

[Co(H2NCH2CH2NH2)2(NH2SCH2CH(COO)NH2)]C12.4H20(NaC1): C, 16.27; H,

6.24; N, 16.26; S, 6.20; Co, 11.41; Na, 4.44; Cl, 20.56. Found:

C, 16.50; H, 5.50; N, 16.15; S, 5.32; Co, 10.93; Na, 4.02; Cl,

20.83. It should be mentioned that NaC1 is not a part of the

lattice, but represents the residual amount left in the product as

a compromise against successive loss. The experimental results

show low % S, indicating possible difficulties in the analysis for
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sulfur. It is possible but highly unlikely that sulfur is lost

from the cysteinate based ligand.

Conductivity Measurement

The molar conductance (AM = 300 ohm-lcm2mo1-1) is

comparable to that observed for [Co(NH3)5C11C12 (AM = 265

ohm-lcm2mo1-1). This suggests that the red complex is a di-

univalent electrolyte. Hence, the conductivity data and the

elemental analysis confirms [(en)2Co(NH2SCH2CH(COO)NH2)1C12.

UV-Visible Spectrum

The red complex exhibits a ligand field band (( -512 186

M-1 -1cm-l) in the visible range and an intense charge-transfer

band ((316 = 2580 M-1 cm-1) as shown in Figure 19. The

latter absorption might obscure a second ligand-field band.

Although there is considerable absorption in the UV region, the

lack of a characteristic, intense charge-transfer band around 293

nm suggests that sulfur is not coordinated. Compared to the

S-bonded cysteinato complex (e.g., Co(en)2CyS+), the charge

transfer band of the red complex at 316 nm (( = 2580 M-1 cm-I)

is less intense and is shifted to lower energy. This indicates

that the N-coordinated sulfenamide (SNH2) moiety forms a highly

absorbing chromophoric center with cobalt(III). The spectra of

some other Co(III) complexes in which a sulfur atom is separated

from cobalt by one ligating atom exhibit similar charge-transfer

bands. For example, [Co(NH3)50S021+ (328 2320 M-1
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Figure 19.

UV-Visible Spectrum of [(en)2Co(NH2SCH2CH(COO)NH2)12+.
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cm-1),73 [(en)2Co(0S(0)CH2CH2NH2)12+ (E326 = 4100 M-1 cm-1),74 and

the ethylenediamine N-bonded Co(III) sulfenamido complex (E345

2590 M-1 cm-1).34
The absorption at 316 nm is assigned to

charge transfer from the sulfenamide chromophore to Co(III). It is

suggested that the N-atom rather than S-atom of the NH2-S ligand

is bonded to cobalt(III).

CD Spectrum

The CD spectrum shown in Figure 20 exhibits absorption

differences of A6585 = -0.41, A6525 = +0.89, A6460 +0.55
and A6370 = 0.73 M-1 cm-1. The sign of the longest

wavelength transition is negative (6585 = -0.41 M-1 cm-1),

suggesting the A-configuration for this complex.

IR Spectrum

The infrared spectrum of the red complex is shown in Figure 21.

The intense band at 1648 cm-1 is assigned to the antisymmetric C00-

stretching frequency. The N-H stretching frequencies in the complex

are lower than those for primary amines. Two bands occur at 3200-

3100 cm-1 indicating that all amine groups in this complex are

coordinated. The peak at 1568 cm-1 is assigned to the NH2 (coordi-

nated) bending mode. The IR spectrum of the red complex resembles

that of the S-bonded sulfenamido complex [Co(en)2CySNH2]2+ with the
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CD Spectrum of ken)2Co(NH2SCH2CH(CO0)NH2))2+ Complex.
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exception that the stretching frequency of the free amine found in

the latter is not observed in the former complex. These observa-

tions suggest that the nitrogen end of the sulfenamide group

(SNH2) and the amine group of the cysteinesulfenamide ligand are

coordinated in the complex with a free carboxylate group. The peak

at 1418 cm-1 is assigned to CH2 adjacent to coordinated sulfur.

The 877 cm-1 band is assigned to S-NH2 vibration, which is

lower than that for free sulfonamide (910-900 cm-1).5° It

might be attributed to the nitrogen coordinated to cobalt(III).

The absorption at 3400-3300 cm-1 is due to 0-H stretching

frequency. It is clear from the IR spectrum that H2O is present

in the solid, which is consistent with the analytical data.

NMR Spectrum

The 13C NMR spectrum (Figure 22) shows a splitting of peaks

that suggests the presence of the two isomeric forms. The peaks at

35 and 55 ppm are assigned to S-CH2 and N-CH, respectively. The

peaks in the range 42-47 ppm are due to the carbons of two ethyl-

enediamine groups. The carbonyl carbon appears at 182 ppm.

The results from elemental analysis, UV-visible, IR and 13C

NMR spectra support the proposed structure for the red complex.

Competition Experiments

Competition experiments were used to show that the mechanism

of base-catalyzed decomposition of A-[Co(en)2CySNH2]2+

involves a common, short-lived intermediate. When the complex was

hydrolyzed in the presence of azide ion as a competing nucleophile,
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the product mixture yielded azido complexes in addition to other

products from base hydrolysis.

There were nine distinct species resolved from reaction.

Under these conditions, six bands were eluted with 0.5 M NaCl and

therefore have 1+ elution characteristics. The UV-visible spectrum

of the first violet band exhibited peaks at 334 and 362 nm, and was

identical to that of trans- [Co(NH3)4(N3)2] +. This band

was identified as the trans- [Co(en)2(N3)2]1+ complex. To

further confirm that this band was the trans-complex, the species

was shown to be CD inactive and to have the expected 2030 cm-1

azide stretching frequency in the IR. Band 2 was identified as the

A-[Co(en)2CyS1+ complex. The absorption spectrum of band 3

showed an intense band at 293 nm and visible peak at 500 nm. This

species proved to be an azido complex by its IR spectrum. The most

N

I

H2 +

/S---C12

(en)2Co CH COO
\N /

3 NH2

Although it behaves as a 1+, this species should have a CH-NH3+

group, making 2+ at pH 7. Bands 4, 5 and 6 are identified as

A-S-[Co(en)2CyS0]+, A-[Co(en)2CyS]+ and A-[Co(en)2CyS0]+ (S + R)

respectively. Elution with 2.0 M NaCl resulted in separation of the

2+ bands, seven, eight and nine. Band 7 shows a visible peak at

514 nm and a UV peak at 314 nm which is similar to the spectrum of

cis-[Co(en)2N3(NH3)12+ complex.75 The complex is likely to be
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[Co(en)2(N3)(NH2CH(C00)CH2SNH21+. The UV-visible and CD spectra of

bands 8 and 9 were found to be "unreacted" S-bound sulfenamide,

A-[Co(en)2CySNH2]2+ and an isomeric mixture of A and A N-bonded

sulfenamide, [Co(en)2(NH2SCH2CH(COO)NH212+, respectively.

The anion competition result indicates the existence of a

five-coordinate intermediate or set of intermediates. The three

azido complexes and the base-decomposition products were produced

from competitive capture of the intermediate(s). It should be

mentioned that hydroxo complexes were not isolated or detected in

the reactions.

In the absence of N3-, the results can be interpreted by

using the two intermediates proposed for the base hydrolysis of

cis-[Co(en)2(NH3)X12+ (X = Cl-, Br-, NO3- ions.76/77 These are

shown in Scheme 1.

Base hydrolysis of A-[Co(en)2CySNH2]2+ proceeds

exclusively by very rapid deprotonation of the sulfenamide group

(Ka = 10.08) to yield deprotonated species (A) shown in equation

(33).

II-1

_
+

N 2
2 4-

/S ---,CH2 OH-
S/ ,...-----r. ui2

(en )2Co

\NficH- COO- ;:::-------

(en)2Co I

NFTCH 000

(33)
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Reversibility was demonstrated spectrophotometrically by the

regeneration of the original complex upon acidification of a solu-

tion of the A-[Co(en)2CySNH2J2+ complex in NaOH (pH 11-12)

after a very short time (' 10 sec).

Then, species A undergoes amine deprotonation at one NH2

group of ethylenediamine to give species B with Keg << 1. It is

considered probable that this NH2 group is in the position trans

to the coordinated sulfur. The next step is rate-determining

cleavage of the cobalt-sulfur bond. The cysteinesulfenamide ring

is opened with SNH- as the leaving group. A reactive, deproton-

ated intermediate of coordination number five is formed which

reacts with available entering nucleophiles.

For this proposed mechanism (scheme 1) two five-coordinated

intermediates with trigonal bipyramidal structure can be generated.

Intermediate C can lead to both trans and A-cis and A-cis products,

while D leads to A-cis and A-cis products. The data in Table V

show that base hydrolysis of A-[Co(en)2CySNH2]2+ gives '13%

of 0-[Co(en)2CyS]+ plus A-[Co(en)2CyS0]+ and 7.5% of

A-ECo(en)2CyS1+ plus A-[Co(en)2CyS0]+ complexes.

The dangling SNH- in the intermediate is quickly

reprotonated back to -SNH2. Although the Co-S bond is completely

broken, the -SNH2 group is still present in the five-coordinate

intermediate. SNH2 is considered to be as good a competitor as

the water molecule. The appearance of A-S-bonded sulfenamide and

the formation of an N-bonded sulfenamide is strong evidence of

intramolecular attack of -SNH2 on the intermediate D. Attack by

the sulfur atom at the sixth coordination site gives the former and



93

attack with nitrogen of -SNH2 leads to the latter complex.

Incorporation of water into a five-coordinate species is very rapid

and results in formation of the hydroxo complex. This complex

seems not to build up significantly in concentration and, upon

quenching with HC1, is converted to sulfenamido complexes. This

phenomenon explains why no aqua or hydroxo complex was obtained

from the column. It is seen that the products (in scheme 1) are

formed both before and after quenching with acid. Since the

percent yield of the N-bonded sulfenamido complex is greater than

that of the S-bonded complex, the N terminus of SNH2 is captured

in preference to the S terminus. Factors contributing to this

behavior are the possibly greater stability of a six-membered ring,

better sigma donation by nitrogen than by a neutral sulfur, and the

lesser steric requirements of the terminal -NH2 than the

dicoordinate sulfur.

The cysteinato and sulfenato complexes are also obtained from

base-catalyzed decomposition. The proposed mechanism for formation

of these complexes is shown in Scheme 2. We have no direct evi-

dence to indicate the manner in which these complexes are formed.

It seems likely that OH, either as a free solute species, or

bound to cobalt(III), attacks nitrogen or sulfur in E. Attack at

nitrogen gives NH2OH and leads to ring closure with the formation

of Co-S bond. Attack of hydroxide at sulfur would form the

sulfenato complex. Both [Co(en)2CyS]+ and [Co(en)2CyS0]+

are produced in the A form as well as in the A form. It is found

that for a longer reaction time more sulfenato complexes are

produced than for a shorter reaction time (Table 9).
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Hydroxylamine determination was conducted by using the ferric

salt method. This method is not accurate for quantitative

analysis, but hydroxylamine obtained can be detected. The

experimental results show the presence of hydroxylamine produced

from base hydrolysis of A-[Co(en)2CySNH2]2+ complex.

For competition reactions, the presence of N3- introduces a

competing, entering nucleophile. These azido complexes are gener-

ated in addition to the products for base hydrolysis only. The

azido complexes arise at the expense of the [Co(en)2CySNH212+ and

the Hen)2Co(NH2SCH2CH(COO)NH2)12+ complexes, yields of which

decrease from 20% to 15% and from 40% to 30-35%, respectively. The

formation of [Co(en)2(N3)21+, [Co(en)2(N3)(S(NH2)CH2CH(COO)NH2)1+,

and [Co(en)2(N3)(NH2SCH2CH(COO)NH2)12+ demonstrate bond cleavage
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of Co-S or Co-N or both. Complete loss of cysteinesulfenamide

ligand was indicated by appearance of the bisazido complex. This

study supports the proposed mechanism for base-catalyzed decomposi-

tion of A-[Co(en)2CySNH2]2+ complex involving the existence

of short-lived five-coordinate intermediates.

There are three important general results to be gathered from

Table 9. First, the amount of "unreacted" [Co(en)2CySNH2]2+ complex

is independent of reaction time and the A-form predominates (CD

spectrum at 490 nm (-)). This suggests that rechelation (SN1CB cata-

lyzed) is very facile and 20% of the S-bonded sulfenamide complex

may represent a short term " steady state" amount. Second, the

return to N-bonded sulfenamide red (2+) complex is prominent (40%).

Third, the only significant effect of increased time of reaction is

formation of more [Co(en)2CyS0]+ and less [Co(en)2CyS]+. It appears

that under the reaction conditions [Co(en)2CyS]
+

reacts with

hydroxylamine to form [Co(en)2CyS0]+. This suggestion is indicated

from results of separate experiments. When [Co(en)2CyS]+ was mixed

with an equal molar amount of NH2OH in basic solution, a UV-visible

spectrum of the product solution contained a shoulder in the 365 nm

region, indicative of the presence of [Co(en)2CyS0]+. The rates of

hydroxide attack on sulfur and nitrogen are comparable, with attack

at nitrogen occurring somewhat more rapidly.

Kinetics of Base-Catalyzed Decomposition of A-[Co(en)2CySNH2]2+

Complex

Reaction of A-Ko(en)2CySNH212+ was followed spectrophoto-

metrically at 293 nm (ligand-to-metal-charge-transfer band of the
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complex). As shown in equation 33, the sulfenamido complex is

completely converted to the deprotonated form. Therefore,

Co(en)2CySNe is considered to be the effective reactant complex.

The hydroxo complex is assumed to be the first product. The

kinetics study was carried out under pseudo-first-order conditions

(excess OH-). Plots of ln((At-Aco) vs. time were linear over three

half lives, indicating that the complex disappears by first-order

kobsd k2[0H-] (35)

kinetics. Plots of kobsd vs. OH- were linear. Thus, the

reaction followed the usual rate law for base hydrolysis of

cobalt(III) complexes.

-d[Co(en)2CySNeJ/dt = k2E0H-1[Co(en)2CySNH+] (36)

The observed pseudo-first-order rate constants and derived second-

order rate constants observed as a function of temperature, are

listed in Table 10. Data obtained confirmed the second-order rate
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Table 10.

Rate Constants for thg Base-Catalyzed Decomposition of
A-[Co(en)2CySNH2]'+ at 0.100 M Ionic Strength

103[0H-], M kobsd, s
-1 a k2, M-1 s-1

1.89

t = 12.0 ± 0.2 °C

0.00765 4.05

2.89 0.0120 4.15 4.29 ± 0.22

3.95 0.0176 4.46

4.98 0.0223 4.48

t = 20.7 ± 0.7 °C

2.50 0.0383 15.3

4.93 0.0747 15.2

5.01 0.0810 16.2

6.27 0.0993 15.8

8.40 0.131 15.6

10.07 0.170 16.7 15.7 ± 0.6

10.67 0.174 16.3

12.49 0.200 16.0

12.52 0.185 14.8

13.74 0.210 15.3

17.66 0.269 15.2

t = 30.3 ± 0.3 °C

2.90 0.0734 25.3

5.88 0.158 26.9

5.88 0.157 26.7

7.92 0.196 24.8 25.3 ± 1.2

8.84 0.220 24.9

9.91 0.235 23.7

9.88 0.244 24.7

t = 39.9 ± 0.2 °C

1.89 0.178 0.94x102

2.90 0.316 1.09x102 (1.01 ± 0.06)x102

3.95 0.402 1.01t102

4.98 0.489 0.98t102

a kobsd values were obtained by linear-least-squares analysis. The
reported errors represent one standard deviation.
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law (equation 36) within experimental error. The average value of

k2 at 20.7 ± 0.7°C was 15.7 ± 0.6 M-1 s-1. Using data in

Table 10, the two kinetics parameters, AH* and AS*, were determined

from transition state theory (equation 18). The following values

were obtained: AH* = 17.2 ± 1.0 kcal/mol and AS* = 5.4 ± 3

cal/mol K.

The results obtained at constant ionic strength (0.100 M) are

consistent with a dissociative process. The kinetics results,

coupled with the competition experiment results that added azide is

trapped during hydrolysis, and the positive AS* value observed sup-

port an SN1 CB mechanism. The small positive AS* value suggests

that charge separation is not highly developed in the transition

state for formation of the dissociated intermediate.

Base-catalyzed decomposition of A-[Co(en)2CySNH2]2+ is

interpreted in terms of an SN1CB mechanism. Initially, the

reaction involves deprotonation at the amine group attached to

sulfur. The A-[Co(en)2CySNH2]2+ is completely converted to

the deprotonated form instantaneously upon addition of base. There-

fore, the deprotonated complex [Co(en)2CySNW is considered to

be the starting species for this mechanism. The hydrolysis

involves a pre-equilibrium of the type shown in Scheme 3, followed

by rate determining cleavage of the Co-S bond, leading to formation

of a five-coordinate intermediate. This intermediate reacts mainly

with H2O giving a hydroxo complex. Reaction with the pendant

C00- group may occur to a lesser extent, but no carboxylate-bound

product was observed.
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The kinetic expression obtained is:

H2
rate =

Keka
[Co(en)2CySNe][0H-]

k-a +

k

k0H2O
(37)

It is assumed that since the proton-transfer steps are fast com-

pared to the dissociation step, it is possible to treat the former

step as a rapid pre-equilibrium with Ke. Thus, the rate constant

(k2) determined experimentally is a composite value as shown in

equation 38.

k2
Keka kHz)

k- + kH 0a 2

(38)

The rate constant (k2) obtained for reaction of A-[Co(en)2CySNH2]2+

is compared with those of tripositive bis(ethylenediamine)-

cobalt(III) complexes with an anionic leaving group (Table 11). It
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has been known that ring opening of the chelate ligand proceeds less

rapidly than the loss of a monodentate ligand.59 The lower rate

constants for the complexes ,6-ala0 and gly0 are the result of this

effect. The "chelate effect" applied to the sulfenamido complex

would be that the net rate of formation of the five-coordinate

intermediate is lower because the free end tends to close again, in

competition with H2O entry. The SNH- group appears to be a very

good leaving group since hydrolysis of the chelated Co(en)2(S(NH)-

CH2CH(C00)NH2+ is much faster than hydrolysis of the ,6-ala0 and

gly0 complexes. Co-S bond cleavage in [Co(en)2(S(CH2CH2C00-)-

CH2CH2NH212+ is also much faster than Co-0 bond cleavage in

Co(en)2(gly0)2+.

Table 11.

Base Hydrolysis Rate Constants for Some Tripositive
Bis(ethylenediamine)Cobalt(III) Complexes with
Anionic Ligands at 0.100 M Ionic Strength

Complex M
-1

s
-1 Reference

[Co(en)
2
(NH

2
CH

2
CH
3
)8r124. 11 78

[Co(en)
2
(NH

2
CH

2
CH

3
)C1]2+ 12.8 79

[Co(en)2(/3-ala0)12+ 1.0 x 10-4 80

[Co(en)
2
(gly0)]2+ 1.8 x 10-5 81

[Co(en)
2
(S(CH

2
CH

2
C00)CH

2
CH

2
NH

2
)]2+ 0.216 59

[Co(en)
2
(S(NH)CH

2
CH(C00)NH

2
]+ 15.7 This work
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CONCLUSION

There is substantial evidence for a conjugate-base mechanism

for base catalyzed decomposition of A-[Co(en)2CySNH2]2+.

Initially the reaction involves deprotonation at -SNH2 followed

by a pre-equilibrium step and then by dissociation of the -SNH

leaving group from the conjugate base. Breaking of Co-S bond leads

to a five-coordinate intermediate as the rate determining step.

This reactive intermediate competes for adjacent nucleophiles,

H2O and -SNH2. It is assumed that -SNH- is rapidly reproton-

ated following dissociation. It is shown that SNH2 is as good a

nucleophile as H2O in reaction with the intermediate.

The product distributions (Table V) support the conclusion

that the pendant sulfenamide moiety (SNH2) occurs in basic solu-

tion and in acid solution after quenching. Recoordination of

a thioether moiety has been observed for the complex

[Co(tren)(0H2)(NH2CH2CH2SCH3)13+ to yield [Co(tren)(S(CH3)CH2CH2-

NH2-N,S)]8+ 82 and for [Co(en)2(0H2)(NH2CH2CH2SCH3)13+ to yield

[Co(en)2(S(CH3)CH2CH2NH2-N,S)13+.59 In our case, the aqua and

hydroxo complexes were not recovered from the reaction mixture. It

is logical that these complexes were converted to N-bonded and

S-bonded sulfenamide complexes upon acidification.

The pendant sulfenamide group of the hydroxo complex undergoes

attack by free OH- and/or by coordinated OH-. Cleavage of this

sulfenamide moiety yields either a pendant thiolato or sulfenato

functionality. These displace the coordinated hydroxo group and

form the cysteinato and sulfenato complexes, respectively.
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In competition experiments with added azide ion, the appearance

of azido complexes provides the evidence of the existence of the

five-coordinate intermediate. The azido complexes, [Co(en)2(N3)2]+,

[Co(en)2)(N3)(S(NH2)CH2CH(COO)NH2]+ and [Co(en)2(N3)(NH2SCH2CH(C00)-

NH2)]2+ imply that the intermediates can arise from cleavage of the

Co-S bond and the Co-N bond. However, the products isolated from

the base hydrolysis of A-[Co(en)2CySNH2]2+ without added azide ion

arise only from the intermediate with Co-S bond fission.

It is clear that base hydrolysis of the A-[Co(en)2CySNH2]2+

involves a five-coordinate intermediate with a trigonal-bipyramidal

geometry. This conclusion is supported by observation of A as well

as A-form in the products obtained. The square pyramidal structure

is unlikely because it can only give products with retention of

configuration.

The kinetics show that the hydrolysis reaction is first order

in the A-[Co(en)2CySNH2]2+ complex and first order in NaOH. The

overall second-order reaction and the positive activation entropy

observed are consistent with an SN1CB mechanism. The value of k2

(15.7 M-1 s-1) observed for the complex investigated in this work is

greater than that (0.216 M-1 s-1) for the thioether complex

[(en)2Co(S(CH2CH2C00)CH2CH2NH2)12+ but is much smaller than that

(102 M-1s-1) for disulfide complex [(en)2Co(S(SC(CH3)3)CH2CH2NH2)]3+.

It is concluded that the base-catalyzed decomposition of

A-[Co(en)2CySNH2]2+ occurs via cobalt-sulfur bond cleavage to

yield various products. Among these products the red (2+)

N-sulfenamide is the species formed in the largest amount. This

complex has been prepared in milligram quantities in the form of
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pure single crystals. On a larger scale (100-200 mg) the method

reported leads to a small amount of NaCl in the sample. Attempts to

remove all of the NaCl reduced the yield drastically. Selective

crystallization of the red complex directly from a crude product

mixture using various organic solvents was not successful. Small-

scale preparations of other salts (BF4-1 B(C6H5)4-1 C104-1

Citrate3) were attempted but they were unsuccessful.

The indirect methods which have been described provide a

reasonable basis for assignment of the structure of this red

complex. However, an X-ray crystallographic study is required to

confirm our assignment. Promising single crystals have been

obtained and these will be subjected to analysis in the Oregon

State University crystallography laboratory in the near future.

If the structural study confirms our hypothesis, isolation and

characterization of this complex will represent the second example

of an N-bound sulfenamide function. However, unlike the N-sulfen-

amide34 which is the more highly chelated -N(R)HS-type, this

complex involves a simple H2NS-moiety.
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PART III: OXIDATION OF BISPENICILLAMINATOCOBALTATE(III) COMPLEX

WITH HYDROXYLAMINE-O-SULFONIC ACID

INTRODUCTION

The nature and extent of binding of cysteine and its

derivatives to transition metal ions have been the subjects of

considerable research activity. Complexes of cobalt(III) ion with

potentially tridentate ligands, cysteine, penicillamine and their

derivatives have been investigated extensively. In 1976, Hidaka

et al. 83 reported the synthesis, separation, and characterization

of three isomers of [Co(smc)2]C1041.120 where smc is S-methyl-

L-cysteinate. In this N2S202 complex all six sites are

occupied by donor atoms from two S-methylcysteinate ligands. The

three dimensional crystallographic study of one isomer of

[Co(smc)2]C104H20 showed a trans arrangement of the two

sulfur atoms. 84

Similarly, penicillamine has also been observed to be a

tridentate donor toward cobalt(III). Helis et al.85 reported the

synthesis and crystal structure of K[Co(S-PenS)(R-PenS)]H20. The

geometry about the cobalt(III) center is roughly octahedral with

two sulfur atoms in cis positions.

The K[Co(S-PenS)2] complex was synthesized and characterized

by Herting and Miller86 and by Okamoto.88 A partial structural

analysis performed by Krueger and Shoemaker indicated a trans N

geometry for this complex.87 Oxidation of this complex with

hydrogen peroxide to give both mono and disulfenato complexes was
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also investigated. This study demonstrated that sulfur remained

coordinated to cobalt(III) during oxidation. The complexes

[Co(S-PenS)(S-PenS0)]- and [Co(S-PenS0)2]- were isolated and

characterized.

A cobalt(III) complex with the thioether type of tridentate

N2S202 ligand, [Co(S-smp)2]2+ was prepared by Okamoto.88 The

three isomers, trans(N), trans(0), and trans(S) of [Co(S-smp)2]2+

where smp is S-methyl-S-penicillaminate, were isolated and charac-

terized by electronic absorption and CD and 1H NMR spectroscopy.

The objective of this part was to study the oxidation of

K[Co(S-PenS)2] with hydroxylamine -0- sulfonic acid.
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EXPERIMENTAL

Materials and Methods

UV-visible spectra were collected on a Hewlett-Packard HP 8451

A Diode Array Spectrophotometer equipped with 1-cm quartz cell.

Circular dichroism spectra were run on Jasco Model 41A

spectrophotometer.

Bio-Rad AG1-X4 (200-400 mesh, Cl form) anion-exchange resin

and Bio-Rad AG50-X4 (200-400 mesh, 1-1+ form) cation-exchange resin

were used for the separation of reaction products. The anion and

cation columns were cleaned by the washing process described in

Part II.

Preparation of Potassium trans-N-Bis(Penicillaminato-N,S,O)

cobaltate(III)

K[Co(S-PenS)]2.2H20 was synthesized by Miller's method

modified by Krueger.87

Attempted Synthesis of (S-Penicillaminato-N,S,0)(S-Penicillamine-

sulfenamido-N,S,O)cobalt(III), [Co(S-PenS)(S-PenSNH2)

In a typical trial, 308 mg (0.72 mmol of K[Co(S-PenS)2]2H20

was partially dissolved in 5.5 mL H2O (5 x 10-3 M Na2H2EDTA

added) in a 50 mL beaker. A solution of NH30S03 (82.2 mg, 0.72

mmol) in 2.5 mL H2O (with Na2H2EDTA) was added dropwise with

stirring to the thiol solution. The dark brown mixture was stirred

for 30 minutes and then loaded onto a Bio-Rad AG1-X4 anion exchange

column. Most of the mixture was eluted with H2O and collected.



107

The material in this yellow band was either positive or neutral. A

brown band was trapped in the top layer of resin. Following

elution with 0.1 M NaC1, the brown eluate was collected and

identified as unreacted K[Co(S- PenS)2].

The yellow band was carefully transferred to a cation-exchange

column containing Bio-Rad AG50-X4 resin. The yellow band came

through upon loading the mixture. The column was swept with H2O

and the yellow eluate was collected. Fractions from leading and

trailing edges of this band exhibited identical UV-visible spectra.

A small red band that stayed at the top of resin bed was eluted

with 1.0 M NaCl. The red band behaved as 1+ species.

The collected yellow fractions with zero charge were combined

in a 150 mL round bottom flask shielded from exposure to light.

This solution was rotoevaporated to dryness at <20 °C. The iso-

lated yellow-brown solid was checked by taking its UV-visible

spectrum. Its spectrum differed from that of the solution before

rotoevaporation, indicating that isomerization and/or decomposition

occurred.

Attempted Synthesis of
Bis(penicillaminesulfenamido-N,S,O)cobalt(III)

chloride, [Co(PenSNH2)2]Cl

K[Co(S-PenS)2]2H20 (333.9 mg, 0.78 mmol) was dissolved in

10.0 mL H2O and an aqueous solution of NH30S03 (177.8 mg,

0.16 mmol in 5.0 mL H20) was added dropwise with stirring over

five minutes. The red-brown mixture was left to stir for 25 min-

utes. The red solution was sorbed on a long column (19 x 2.5 cm)

of cation-exchange column Bio-Rad resin in the sodium ion form.
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After the column had been swept with water, the red band was eluted

with 0.5 M NaCl. Six bands separated: green (band 1), green (band

2), orange (band 3), green (band 4), red (band 5) and orange (band

6). All these bands were collected and analyzed

spectrophotometrically.
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RESULTS AND DISCUSSION

Attempted Synthesis of [Co(S-PenS)(S-PenSNH2)]

The UV-visible features of the [Co(S-PenS)2]- complex and

its relevant oxidation products are listed in Table 12.

The UV-visible spectrum of the yellow band with zero charge

shows absorptions at 450 and 520 nm, as well as an intense ligand-

to-metal charge-transfer band at 298 nm which characteristically

arises from coordination of sulfur to cobalt(III). The d-d

transition of this complex occurs at a higher energy than those of

the [Co(S-PenS)2]- complex, indicating that the PenSNH2 donor

group provides a stronger ligand field than does the PenS group.

Maxima in the CD spectrum of this oxidation product occur at

535(-), 422(-), 335(+), 290(-). The negative band at 535 nm

remains unchanged upon oxidation, suggesting that the cobalt(III)

center retains the same geometry as the starting complex (trans

arrangement of the amine nitrogen atoms). Schusse189 has

mentioned that the extent to which oxidation has proceeded can be

estimated from changes in the CD spectrum near 430 nm. It was

shown that the band shifts to lower wavelength (418 nm) on forma-

tion of the monosulfenate complex, K[Co(S PenS)(S- PenSO)]. Oxida-

tion to form the yellow complex causes the 430 nm band to shift to

422 nm. The stereochemical change at the sulfur atom affects the

sign of the Cotton effect for this band. In analogy to the S

isomer of monosulfenate complex K[Co(PenS)(PenS0)], it seems that

the yellow product is a monosulfenamide with an S configuration at

sulfur. The zero charge is assigned by elution characteristics



Complex

Table 12.

UV-Visible Spectral Data for [Co(S-PenS)2]-
and Its Oxidized Forms

Xmax (nm)

110

E )M-lcm-1)

trans(N)-[Co(S-PenS)2]- a 680 47

580 97

489 336

292 16600

trans(N)-[Co(S-PenS)(S-PenS0)]- a 630 56

365 6100

280 9000

trans(N)-[Co(S-PenS0)2]- a 383 5400

295 13400

b,ctrans(N)-[Co(S-smp)2]+ b, 571 (sh) 72

507 110

309 11500

trans(S)-[Co(S-smp)2]+ b,c 532 177

341 12600

trans(0)-[Co(S-smp)2]+ b,c 521 97

378 288

292 10000

a
Reference 4.

b
S-smp = S-methyl-S-penicillaminate.

c
Reference 6.
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which are consistent with the complex [Co(S-PenS)(S-PenSNH2)].

In the attempted rotoevaporation to obtain a solid, the yellow

complex solution isomerizes to another unidentified product. The

characterization of the complex was not pursued further.

Attempted Synthesis of [Co(S-PenSNH2)2]+

All six bands were assigned as 1+ species based on elution

behavior. The designation of these bands was made in relation to

the comparison of their UV-visible, CD spectral features with those

of [Co(D-smp)2]2+. The absorption spectra of bands 1, 2 and 4 show

shoulders at 520 and 376 nm and an intense band at 306 nm. They

were assigned as isomeric forms of trans(0)-[Co(PenSNH2)2]
+

due to

the differences in their CD spectra. The orange bands (3 and 6) show

a UV band at 344 nm and a d-d band at 506 nm. These two bands may

be due to different isomeric forms of trans(S)-[Co(PenSNH2)2]+. The

red major band (band 5) shows a shoulder band at 520 nm and a

ligand-to-metal charge-transfer band at 306 nm. This complex is

likely to be trans(N)-[Co(PenSNH2)2]+. The red complex is not

stable and decomposes to a yellow form. The trans(N) complex has

two sulfur atoms in cis positions. The presence of two

S-sulfenamide groups probably leads to isomerization in order to

minimize steric interaction.

Although the products isolated were not fully characterized,

ion-exchange chromatography showed that the complex had a 1+

charge, indicating both coordinated sulfurs had been aminated as

shown in equation 38.
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[Co(S- PenS)2] + 2NH
3
0S03 ----+ [Co(S-PenSNH

2
)

2
]+ + 2HSO4 (38)

The preliminary experiment suggests that the three geometrical

isomers of [Co(PenSNH2)2] +, trans(N), trans(S) and trans(0)

can be obtained. The result from this study showed a change in

absorbance of the trans(N)-(Co(PenSNH2)2J+ in solution over a

short time. It appears that the possibility of conversion to an

isomeric bis(penicillaminesulfenamide) or the release of an amine

group from one of the coordinated sulfurs is likely. An investiga-

tion into the factors that cause the instability of this complex

should be very interesting.
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