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Kinetic and binding studies of the thiolate–cobalt tetrasulfophthalocyanine
anaerobic reaction as a subset of the Merox process
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Abstract

Binding and kinetic studies of the complexation of thiolates/thioacid salts with 4,4′,4′′,4′ ′′-cobalt tetrasulfophthalocyanine (CoII TSPc) in
aqueous solutions were conducted using UV–vis spectrophotometry under anaerobic conditions. Stepwise binding of two thiolate equivalents
by one CoTSPc equivalent was observed. One-to-one thiolate binding constants increase along with thiolate basicity and drop when the ligand’s
pKa is less than 3.5. Binding constants for the second thiolate molecule are nearly one-order of magnitude smaller than those for the first one,
and their dependence on thiolate basicity is less pronounced. Two-to-one thiolate binding occurs only if the resulting complex is oligomeric
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(as for the original CoII TSPc in aqueous media) and is accompanied by greater CoII –CoI reduction. Significant steric effects observe
2:1 thiolate–CoTSPc binding indicate ligand–ligand interactions in stacked dimers (oligomers). Based on kinetic curves, thiola
appears to be a multi-step process with lag periods prior to the axial binding of both the first and second ligands, thus pointing to in
formation of outer-sphere complexes. Evidence was obtained that the rate-limiting step is electron transfer from sulfur to cobalt.
of reciprocal Michaelis constants for the Merox process (CoTSPc-catalyzed aerobic autoxidation of the same substrates) are sim
of the anaerobic 2:1 binding constants, thus indicating quasiequilibrium and the significance of dithiolate cobalt phthalocyanine
in catalysis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Autoxidation of basic thiolates catalyzed by cobalt
phthalocyanines, e.g., 4,4′,4′′,4′′′-cobalt tetrasulfophthalo-
cyanine (CoII TSPc), is one of the primary methods used in the
deodoration of petroleum products (Merox process, Reaction
1) [1]:

2H2O + 4RS− + O2
CoTSPc−→ 2RSSR+ 4OH− (1)

Cobalt phthalocyanine catalyzed autoxidation of low-
basicity thiolates is also used for commercial scale syntheses
of disulfides and for improving the efficiency of metal ore
refining using the flotation method, by controlled partial oxi-
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dation of thioacid salts to bis-thiocarboxylates (for genera
also called “disulfides” henceforth)[2–6].

As has been suggested, the general mechanism
this reaction includes the formation of a CoTSPc–thio
complex, which then reacts with oxygen, forming
unstable ternary thiolate–CoTSPc–oxygen intermediate
ternary complex rapidly decomposes to yield the prod
(Scheme 1) [1,7–14].

However, many important details of this mechanism
yet to be elucidated. For example, little is known abou
role of the aggregation of CoII TSPc or its reduced form
in the catalysis of Reaction 1, although there have
indications that the phthalocyanine dimers (oligomers
more reactive than monomers[8–14]. The formation o
CoII TSPc dimers in aqueous solutions, which depend
ionic strength, was documented earlier[15–22]. However
the postulated formation of stacked aggregates greate
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Scheme 1.

dimers at high ionic strength (>0.01 M) has not been quan-
tified. In addition, aggregation was thoroughly investigated
only for CoII TSPc but not for its thiolate complexes. Another
poorly explored topic is the potential involvement of the
second thiolate molecule in the formation of the ternary
RS−–CoTSPc–O2 complex inScheme 1, as some studies
have indicated[10,23–28].

A common difficulty in studying the mechanism of
Reaction 1 is isolation and characterization of Merox
process intermediates. Attempts to concentrate thiolate
complexes by either evaporation or addition of organic
solvents may result in changing their composition and
aggregation state. This problem severely limits the choice of
applicable methods. Application of1H NMR to diamagnetic
metal sulfonated phthalocyanines in aqueous solutions
yields broadened and non-informative lines due to their
aggregation[29]; the paramagnetic CoII TSPc yields even
less informative spectra. In turn, ESR is not applicable
because of strong CoII TSPc association in aqueous solutions
leading to radical coupling[30,31]. Mass spectrometry of
metal tetrasulfophthalocyanines and other high molecular
mass chemicals can be used only in low-ionic strength
solutions (containing organic solvents) to minimize ion
signal suppression[29,32,33]. IR generally could not be
used in aqueous solutions because of strong background
absorption.
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Using thiolates of low basicity as substrates allowed us to
reduce the reaction rate[36]. For common basic alkyl thio-
lates, the bulk of the process takes only seconds for comple-
tion, thus making it difficult to obtain full kinetic curves[10].
In turn, obtaining full kinetic curves allowed us to observe
otherwise hidden kinetic features. Upon the discrimination
of other possible mechanisms, the kinetic scheme was sug-
gested[36]. This scheme is separated within a box inFig. 1.

This paper presents the results of comprehensive binding
and kinetic studies of anaerobic Reaction 2 (using UV–vis
spectrophotometry), for a wide basicity range of thiolates,
while connecting it to aerobic Reaction 1. To keep the CoT-
SPc aggregation consistent, despite the presence of varied
high thiolate concentrations, the study was conducted at a
high and constant ionic strength (0.6 M). The most impor-
tant new observation is the binding of the second thiolate
molecule to CoTSPc (2:1 binding). This occurrence and
other contributions (thermodynamic and kinetic effects of
the thiolate basicity and hydrophobicity, separation of bind-
ing and reduction equilibrium constants for Reaction 2, and
a discovery of a slow final step) resulted in the adjustment
of the original kinetic scheme and calculation of its key
constants.

2. Experimental
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Earlier, using binding and kinetic studies (along w
he UV–vis spectrophotometry), we investigated inte
ions of CoII TSPc with thiolates under anaerobic con
ions, as a subset of Reaction 1, in both non-aqueous m
34] and aqueous solutions[35,36]. We obtained evidenc
or hydrophobic effects as well as the pronounced in
nce of the thiolate basicity on Merox process kinetics,
howed that the variations in values of CoTSPc–thio
inding constants are due to both of these effects[35,36].
e also demonstrated that the main features of the a

bic process are qualitatively similar for a wide range
on-aromatic thiolates of varied basicity, including thioa
alts [34–36]. (Hereafter, we will not distinguish betwe
he thiolates and thioacid salts calling them just “thiola
nless otherwise stated.) For instance, all of the thio
eacting with CoII TSPc in aqueous solutions under an
bic conditions (Reaction 2) could not completely red
obalt, so its oxidation number in the resulting oligom
hiolate–phthalocyanine complexes is between +1 an
35,36].

S− + CoII TSPc
KRS−
� RS− CoII TSPc↔ RS• CoITSPc

(2)
.1. Materials

4,4′,4′′,4′′′-CoTSPc was provided by Dr. T.P.M. Bee
Eindhoven Technology University, The Netherlan
odium monothiophosphate (Na3PO3S), the potassium sa
f O-ethylxanthic acid (EtOCSSK), sodium diethyldith
hosphate [(EtO)2PSSNa], potassium trithiocarbon
K2CS3), sodium diethyldithiocarbamate (Et2NCSSNa)
otassium thioacetate (CH3COSK), dl-cysteine (Cys
nd 2-mercaptoethanol (HOC2H4SH) were purchased
ure reagent-grade chemicals. Alkyl xanthogenates
ynthesized as previously described[36]. Thioacid salts wer
dditionally purified by dissolving them in hot ethanol
cetone and then precipitating by slow addition of the filt
olution into toluene. In a second purification step condu
imilarly, petroleum ether was used as the precipita
gent instead of toluene. Purified thiolates were dried
onstant weight under vacuum in a dessicator conta
OH pellets and then stored in the same dessicator u
ry nitrogen. Fresh thiolate solutions were prepared u
itrogen prior to each experiment. Custom-made anae
ells[23] for binding and kinetic studies of Reaction 2 w
anufactured using Starna Inc. glassware.
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Fig. 1. CoTSPc–thiolate reactions in aqueous solutions involving the first and second thiolate equivalents. Equilibrium and kinetic constants obtained directly
from the experiments are marked in boldface, whereas equilibrium constants determined indirectly are shown in plain font. Constants obtained at pseudoequi-
librium (prior to extremely slow Steps 3 and 6) and the corresponding intermediates are marked with primes. For equilibrium and kinetic constants, the first
digit in the subscript refers to the stoichiometry of binding (1 for 1:1 binding, and 2 for 2:1 binding), whereas the second digit denotes the corresponding step
in this figure. The scheme suggested earlier[36] is shown within the box. For the reader’s convenience, the pertinent portions of this figure are shown in the
beginning of the sections in Section3 that discuss the corresponding reactions and their equilibrium/kinetic constant values.
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2.2. Methods

2.2.1. General experimental methods
The pKa values of the thiolate conjugate acids were

determined by acid titration. The study was conducted
in aqueous solutions with the ionic strength adjusted to
0.60 M by addition of sodium perchlorate at 20.0± 0.1◦C
(thermostat-controlled). Titration was done using an HCl
titrant and a micropipette. Absorption peaks of the thi-
olates at 200–290 nm were monitored using a Shimadzu
UV-2501PC spectrophotometer. Technical details of the
pKa determination have been described previously[36].
It is of note that all pKa values considered in this study
pertain to the conjugate acids of thiolates; however, for
the sake of simplicity, we will call them “thiolate pKas”
henceforth.

All binding and kinetic studies were performed at
20.0± 0.1◦C in aqueous solutions. A 0.15 M borate buffer
(pH 10.5) with the ionic strength adjusted to 0.60 M with
sodium perchlorate was used in all cases except for exper-
iments usingdl-cysteine. Sodium perchlorate was chosen
because it does not coordinate to CoTSPc. Experiments with
dl-cysteine were conducted at its optimal pH 9.5[7]. The
concentration of CoTSPc was 1.0× 10−5 M unless otherwise
indicated; thiolate concentrations were at least one order of
magnitude larger, in the range of 5.0× 10−4 to 5.0× 10−1 M.
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Fig. 2. (A) UV–vis spectra of 1.0× 10−5 M CoTSPc with increasing
ethyl xanthogenate concentrations at equilibrium. Concentrations of ethyl
xanthogenate were 0, 5.0× 10−4, 1.0× 10−3, 2.0× 10−3, 1.0× 10−2,
2.0× 10−2, 2.5× 10−2, 4.0× 10−2, 1.0× 10−1, 2.0× 10−1 M. The arrows
indicate absorbance changes upon increase in ethyl xanthogenate concentra-
tion. Borate buffer (0.15 M), pH 10.5, ionic strength 0.60 M, under anaerobic
conditions. (B) Double-reciprocal plot based on data from (A).�A is the
difference between the absorbance at 626 nm of the initial CoII TSPc and that
at a given concentration of ethyl xanthogenate.

mined using linear regression statistical analysis (Origin
software).

2.2.2. Binding constant determination
To determine the CoTSPc–thiolate binding constants,

KRS-1andKRS-2, the UV–vis spectra were recorded at equilib-
rium while varying the thiolate concentrations within a range
of 5.0× 10−4 to 1.0× 10−2 M for KRS-1 and 2.0× 10−2 to
5.0× 10−1 M for KRS-2, respectively (as shown in Figs.2A
and3). Then, the difference between the absorbance of the

Fig. 3. UV–vis spectra of 1.0× 10−5 M CoTSPc with increasing 2-
mercaptoethanol concentrations at equilibrium. Concentrations of 2-
mercaptoethanol were 0, 2.5× 10−2, 5.0× 10−2, 1.0× 10−1, 2.5× 10−1,
and 5.0× 10−1 M (the bold line represents the CoTSPc spectrum with
0 rease
i ionic
s

pectra of the CoTSPc–thiolate complexes were reco
n a Shimadzu UV-2501PC spectrophotometer after m

he degassed reagent solutions under anaerobic cond
10−2 Torr vacuum). The degassing of solutions was achi
sing three freeze-pump-thaw cycles. The achieveme
quilibrium was assessed by recording no further detec
hange in absorbance at 626 and 450 nm over a peri
4 h. It usually occurred in 5–7 days from the start of
xperiment.

The 626-nm absorption peak was used for monito
he reagent (CoII TSPc) concentration in kinetic studies
eaction 2. Kinetic experiments of Reaction 1 (measurin
verall rate) were conducted at 20.0± 0.1◦C using an Instec
issolved oxygen-measuring system with a Clark elect

35–38]. The concentrations of CoTSPc and oxygen w
.0× 10−5 and (2.0± 0.1)× 10−4 M, respectively. Oxyge
oncentrations were adjusted by time-controlled saturati
he thiolate solutions with nitrogen. Thiolate concentrat
anged from 1.0× 10−3 to 5.0× 10−1 M. Autoxidation rate
f thiolates were measured with and without CoTSPc, an
verall rate of Reaction 1 was calculated by subtracting
ate of the non-catalyzed reaction from that in the pres
f CoTSPc.

To validate the formation of intermediates, singular va
ecomposition analysis (SVD) was performed on kinetic
sing a free trial version of SPECFIT program.

Statistical treatment of data was performed using s
ard methods[39]; the errors were determined as stand
eviations. For parameters calculated from double-recip
lots, experimental errors (standard deviations) were d
.10 M NaBH4). The arrows indicate absorbance changes upon inc
n 2-mercaptoethanol concentration. Borate buffer (0.15 M), pH 10.5,
trength 0.60 M, under anaerobic conditions.
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CoTSPc–thiolate complex and that of the original CoII TSPc
at 626 nm (�A626) was plotted as a double-reciprocal plot
versus the thiolate concentration (Fig. 2B). A detailed deriva-
tion for determining binding constants using this method has
been reported previously[35].

Cobalt reduction constants,K13 red and K26 red
(Fig. 1), were determined by combining the cor-
responding equilibrium constant expressions:K13 red
(K26 red) = [CoITSPc]eq/[CoII TSPc]eq, and the mass balance
equation [CoITSPc]eq+ [CoII TSPc]eq= [CoTSPc]0: K13 red
(K26 red) = x/(1− x), wherex is the fraction of the reduced
form, [CoITSPc]eq/[CoTSPc]0. The [CoITSPc]eq/[CoTSPc]0
ratio was determined by recording the equilibrium
absorbance of the complex at 450 nm and taking A450 of
the “pure” CoITSPc, obtained by the reaction of CoTSPc
with 0.1 M sodium borohydride in the same buffer, as a
reference for the complete (100%) reduction. The other key
constants for the reaction scheme shown inFig. 1, K12 and
K25, were calculated using detailed balance considerations,
KRS-1= K12K13 redandKRS-2= K25K26 red.

The other set of experimental binding constants,K′
RS-1

and K′
RS-2, was determined at pseudoequilibrium, prior

to an extremely slow final step in the kinetic curve (see
Section3.2). The primes (K′) will denote pseudoequilib-
rium constants henceforth. These binding constants, as well
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aggregated CoII TSPc at 626 nm decreased in time with con-
comitant formation of a low-intensity, broad band at 635 nm
and another band at 450 nm, until the equilibrium value was
reached (Fig. 2A [25,35,36,40–43]). The final spectrum did
not change anymore within 24 h.

Similar, but more pronounced spectral changes also
occurred in the CoTSPc reaction with basic thiolates (Fig. 3);
the quantitative differences between Figs.2A and 3 are
discussed in the next two sections. The observed spectral
changes indicate the formation of two different forms of
phthalocyanine complexes, within two distinctly different
ranges of thiolate concentrations; presumably, 1:1 and 2:1
thiolate-CoTSPc. Based on their broadened low-intensity
absorption bands, high ionic strength of the solution (0.6 M)
and aggregation of the other forms of CoTSPc, these com-
plexes appear to be present in aqueous solutions as dimers or
oligomers.

Additional evidence for this hypothesis was obtained from
binding studies. Experimental data for all of the thiolates
tested were found to be linear, within a wide range of thio-
late concentrations, in double-reciprocal plots (Fig. 2B, right
straight line), indicating 1:1 CoTSPc–thiolate binding at low
thiolate concentrations (2:1 binding is covered in the next sec-
tion). The values of 1:1 CoTSPc–thiolate binding constants,
KRS1, corresponding to the equilibrium constant in Reaction
2, were calculated from the corresponding double-reciprocal
p
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s the analogs of the cobalt reduction constants,K12 red
nd K′

25 red, were determined in a similar way as those
quilibrium. The binding constants corresponding toK12
nd K25, K′

12 andK′
25, were obtained using the followin

quations valid at pseudoequilibrium:K′
RS-1 = K′

12K
′
12 red

ndK′
RS-2 = K′

25K
′
25 red. Finally, equilibrium constantsK′

13
nd K′

26 and K13 and K26 (Fig. 1) were calculated usin
he detailed balance considerations:K12 = K′

12K
′
13; K25 =

′
25K

′
26 andK13 = K′

13K13 red/K
′
12 red; K26 = K′

26K26 red/
′
25 red.

. Results and discussion

.1. Binding studies

.1.1. First thiolate equivalent: separation of CoTSPc
inding and reduction

Spectral changes that occur in the reaction of CoTSPc
ow-basicity thiolates at low concentrations under anaer
onditions were as described earlier: the absorbance o
lots asx-intercepts outlined in Section2under Section2.2.2
Table 1A, column 3).

Based on the values of the binding constants, it
ssessed that in our previous study their numerical
es were underestimated because true equilibrium wa
eached[35]. The reason for this miscalculation was
nusually long lag periods and slow rate of residual co
eduction, characteristic of low-basicity thiolates (Fig. 1,
teps 1, 3 and 6) which will be discussed under Section3.2.
e have corrected this error and obtained the true eq

ium constant values in this study, by increasing the rea
ime to 6–7 days (Table 1A, column 3).

The binding constant values (KRS-1) are similar in mag
itude to those obtained in a non-aqueous solvent,N,N-
imethyl formamide (DMF)[34]. In DMF, CoTSPc is
onomer, whereas under the conditions used in the pr

tudy (ionic strength of 0.6 M) it is oligomeric. Therefo
oTSPc aggregation in aqueous solutions does not app
e a significant factor affecting the binding of thefirst thiolate
quivalent.

The experimental binding constants do not corresp
o any particular step inFig. 1 because the product is n

single chemical, but rather an equilibrium mixture
he CoTSPc–thiolate complexes containing reduced
on-reduced cobalt,KRS-1= K12K13 red. Nevertheless,K13 red
an be obtained separately based on the fraction of red
obalt (see Section2). The values ofK13 red are listed in
able 1B, column 5. (All the constants listed inTable 1Bare
erived from the data provided inTable 1A.) Based on thes
alues, cobalt reduction is more pronounced for thiolate
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Table 1A
Experimental equilibrium constants for various thiolates

Substrate pKa KRS-1 (M−1) KRS-2 (M−1) Fraction of CoITSPc (reduced) form

1:1 Complexes 2:1 Complexes

EtOCSSK 2.5± 0.1[36] (2.6 ± 0.3)× 102[36] (5.0 ± 0.6)× 101 (2.8 ± 0.2)× 10−1[36] (4.6 ± 0.4)× 10−1

(EtO)2PSSNa 2.7± 0.2 (1.4± 0.2)× 102 (1.0 ± 0.1)× 101 (2.7 ± 0.2)× 10−1 (4.6 ± 0.4)× 10−1

K2CS3 2.7 ± 0.2 (2.3± 0.2)× 102 (1.0 ± 0.1)× 102 (2.7 ± 0.2)× 10−1 (4.6 ± 0.4)× 10−1

Et2NCSSNa 3.3± 0.2 (1.7± 0.1)× 103 N/A* (2.8± 0.2)× 10−1 N/A*

CH3COSK 3.6± 0.2 (1.9± 0.2)× 104 (3.6 ± 0.4)× 102 (3.6 ± 0.3)× 10−1 (5.0 ± 0.4)× 10−1

Na3PO3S 4.5± 0.3 (1.6± 0.2) (3.8± 0.3)× 103 (1.1 ± 0.2)× 102 (3.3 ± 0.2)× 10−1 (5.1 ± 0.4)× 10−1

Cysteine 8.2[24] (1.7 ± 0.2)× 104 (6.0 ± 0.5)× 102 (5.0 ± 0.5)× 10−1 (7.1 ± 0.6)× 10−1

HOC2H4SNa 9.2[10] (2.8 ± 0.2)× 104 (1.5 ± 0.1)× 103 (6.9 ± 0.6)× 10−1 (8.9 ± 0.8)× 10−1

Experiments were conducted under anaerobic conditions in 0.15 M borate buffer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.
* N/A—not applicable because CoTSPc does not form a dithiolate complex with this substrate.

Table 1B
Equilibrium constants ofFig. 1calculated for various thiolates from experimentally obtained parameters listed inTable 1A

Substrate pKa K12 (M−1) 1:1 complexes K25 (M−1) 2:1 complexes K13 red1:1 complexes K26 red2:1 complexes

EtOCSSK 2.5± 0.1[36] (7 ± 1)× 102 (5.9 ± 0.9)× 101 0.39± 0.04 0.85± 0.08
(EtO)2PSSNa 2.7± 0.2 (3.8± 0.7)× 102 (1.2 ± 0.2)× 101 0.37± 0.04 0.85± 0.08
K2CS3 2.7 ± 0.2 (6.2± 0.9)× 102 (1.2 ± 0.2)× 102 0.37± 0.04 0.85± 0.08
Et2NCSSNa 3.3± 0.2 (4.4± 0.5)× 103 N/A* 0.39± 0.04 N/A*

CH3COSK 3.6± 0.2 (3.4± 0.5)× 104 (3.6 ± 0.5)× 102 0.56± 0.06 1.0± 0.1
Na3PO3S 4.5± 0.3 (1.6± 0.2) (8± 1)× 103 (1.0 ± 0.2)× 102 0.49± 0.05 1.1± 0.1
Cysteine 8.2[24] (1.7 ± 0.3)× 104 (2.5 ± 0.3)× 102 1.0 ± 0.1 2.4± 0.2
HOC2H4SNa 9.2[10] (1.4 ± 0.2)× 104 (1.7 ± 0.2)× 102 2.0± 0.2 9± 1

* N/A—not applicable because CoTSPc does not form a dithiolate complex with this substrate.

higher basicity, as expected (Tables 1A and 1B, columns 5,
Fig. 4).

Using the numerical values ofKRS-1 andK13 red, we also
estimated the correspondingK12values (Table 1B, column 3).
As anticipated, based on the increase ofK12 with the thiolate
basicity (Fig. 5), thiolate binding by CoII TSPc in aqueous
solutions appears to be electron-donor in nature (Table 1B,
column 3,Fig. 5).

Fig. 4. Double-logarithmic plot of equilibrium constantsK13 redandK26 red,
c Pc
c ri-
c ub-
s ;
5

3.1.2. Second thiolate equivalent: evidence of binding

F ants
K al-
u ub-
s ;
5

orresponding to CoII –CoI reduction in 1:1 and 2:1 thiolate–CoTS
omplexes, respectively, vs. theKa of the conjugate acid. The nume
al values are listed inTable 1B. Roman numerals correspond to s
trates (1—EtOCSSK; 2—K2CS3; 3—(EtO)2PSSNa; 4—Et2NCSSNa
—CH3COSK; 6—Na3PO3S; 7—Cys; 8—HOC2H4SNa).
ig. 5. Double-logarithmic plot of CoTSPc–thiolate binding const

12 and K25 vs. the Ka of the conjugate acid. The numerical v
es are listed inTable 1B. Roman numerals correspond to s
trates (1—EtOCSSK; 2—K2CS3; 3—(EtO)2PSSNa; 4—Et2NCSSNa
—CH3COSK; 6—Na3PO3S; 7—Cys; 8—HOC2H4SNa).
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Table 2A
Experimental equilibrium constants for four different alkyl xanthogenates

Substrate pKa [36] KRS-1 (M−1) [36] KRS-2 (M−1) Fraction of CoITSPc (reduced) form

1:1 Complex[36] 2:1 Complex

Ethyl xanthogenate 2.5± 0.1 (2.6± 0.3)× 102 (5.0 ± 0.6)× 101 (2.8 ± 0.2)× 10−1 (4.6 ± 0.4)× 10−1

n-Butyl xanthogenate 2.5± 0.1 (7.4± 0.3)× 102 (6.0 ± 0.6)× 101 (3.0 ± 0.2)× 10−1 (5.5 ± 0.5)× 10−1

n-Hexyl xanthogenate 2.5± 0.1 (1.3± 0.1)× 103 (1.5 ± 0.2)× 102 (3.3 ± 0.3)× 10−1 (6.5 ± 0.6)× 10−1

n-Octyl xanthogenate 2.5± 0.1 (2.9± 0.2)× 103 (2.0 ± 0.2)× 102 (3.5 ± 0.4)× 10−1 (7.7 ± 0.7)× 10−1

Experiments were conducted under anaerobic conditions in 0.15 M borate buffer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.

Table 2B
Equilibrium constants ofFig. 1calculated for four different alkyl xanthogenates from experimentally obtained parameters listed inTable 2A

Substrate 1 pKa [36] K12 (M−1) 1:1 complex K25 (M−1) 2:1 complex K13 red1:1 complex K26 red2:1 complex

Ethyl xanthogenate 2.5± 0.1 (7± 1)× 102 (5.9 ± 0.9)× 101 0.39± 0.04 0.85± 0.08
n-Butyl xanthogenate 2.5± 0.1 (1.7± 0.2)× 103 (5.0 ± 0.6)× 101 0.43± 0.04 1.2± 0.1
n-Hexyl xanthogenate 2.5± 0.1 (2.7± 0.3)× 103 (8 ± 1)× 101 0.49± 0.05 1.9± 0.2
n-Octyl xanthogenate 2.5± 0.1 (5.4± 0.6)× 103 (6.7 ± 0.9)× 101 0.54± 0.05 3.0± 0.3

As shown in Fig. 2A, the CoTSPc spectral features
change upon increase in ethyl xanthogenate concentration,
from 1× 10−4 to 1× 10−2 M (fifth curve from the top).
Then, they remain virtually unchanged upon further increase
in substrate concentration up to (2–3)× 10−2 M (these
concentration ranges varied for different ligands), indicating
the metal’s saturation by the ligand (sixth curve from the
top). However, when the thiolate concentration is increased
beyond this saturation range, a new change in the equilibrium
CoTSPc–thiolate absorption spectra is observed (Fig. 2A).
Of note is a shift in the isosbestic point from 534 to 570 nm,
which no longer includes the original CoII TSPc spectrum.
Similar features were observed for basic thiolates (Fig. 3).
Such spectral changes are consistent with the formation of
two successive species from the reactant, i.e., sequential
binding of two thiolate molecules (Fig. 1). The formation
of two intermediates was also confirmed by an SVD
analysis.

The corresponding double-reciprocal plot extended to
these high thiolate concentrations becomes a combination
of two straight lines, which is consistent with the proposed
hypothesis (Fig. 2B). The binding constants for the sec-
ond thiolate equivalent were calculated from the straight
lines (with a steeper slope) asx-intercepts; they are listed
in Table 1A, column 4.

3
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electron-donor ligand),K25, unlike K12, is nearly constant
within a wider range of thiolate’s pKa, 2–9.5 (Fig. 5).

The electron-donor character of the second thiolate bind-
ing, however, shows up in the larger values ofK26 red as
compared toK13 red (Table 1B, columns 5, 6) and in the
increase ofK26 red along with thiolate basicity (Fig. 4).
These considerations are supported by direct spectral obser-
vations. For basic thiolates (pKa > 4), the absorption peak of
the thiolate–CoTSPc complex gradually shifts from 650 to
680 nm (Fig. 3), whereas for low-basicity thiolates this shift
is less pronounced (Fig. 2A). For both types of thiolates, the
absorbance at 450 nm corresponding to CoII –CoI reduction
increases concomitantly. For basic thiolates, the final spec-
trum at saturating ligand concentrations [(3–5)× 10−1 M]
becomes more consistent with that of the pure CoITSPc
(Fig. 3); whereas for low-basicity thiolates the cobalt reduc-
tion is far from completion at any ligand concentration
(Fig. 2A).

3.1.4. Hydrophobic effects in thiolate–CoTSPc binding
and reduction

Hydrophobic effects in CoTSPc–thiolate binding were
investigated using alkyl xanthogenates (organic compounds
with the common formula ROC(S)S−M+; M = Na, K) with
varied alkyl chain length, as was done previously for the first
l d-
i d
e
l

on-
s ser-
v ase
i an-
t or
b
c f the
n ies
.1.3. Second thiolate molecule binding: effects of
igand’s basicity

As for the binding of the first thiolate equivale
e were able to separate the contributions of lig
inding to CoII TSPc and the ensuing cobalt reducti
RS-2= K25K26 red. The corresponding equilibrium consta

romFig. 1are listed inTable 1B, column 4. The values ofK25
second thiolate equivalent’s binding constant to CoII TSPc)
re significantly smaller in magnitude than those for the

hiolate molecule,K12, as expected for binding of electro
onor ligands. For a similar reason (prior binding of
igand’s equivalent[36]. The experimentally measured bin
ng constants are listed inTable 2A, whereas the derive
quilibrium constants of the reaction scheme inFig. 1 are

isted inTable 2B.
The separation of binding and reduction equilibrium c

tants achieved in this study leads to the following ob
ations. For the first thiolate molecule, a sizable incre
n binding constant values from ethyl through octyl x
hogenate (KRS-1, Table 2A, column 3) is not accounted f
y an increase in the degree of cobalt reduction (Table 2A,
olumn 5). It can be seen that the binding constant o
on-reduced CoII TSPc, K12, also increases in this ser



8 E.M. Tyapochkin, E.I. Kozliak / Journal of Molecular Catalysis A: Chemical 242 (2005) 1–17

(Table 2B, column 3), thus indicating a hydrophobic effect.
Conversely, for the second thiolate, a small increase in the
experimental binding constant values,KRS-2, while increas-
ing the ligand’s hydrophobicity from ethyl through octyl
xanthogenate (Table 2A, column 4), is accounted for by an
increase in the extent of cobalt reduction (Table 2A, column
6). The corresponding CoII TSPc binding constant,K25, is
nearly constant for all four alkyl xanthogenates (Table 2B,
column 4).

Apparently, unlike the binding of the first ligand, there is
no true hydrophobic effect in the attachment of the second
thiolate molecule to CoTSPc. Larger alkyl groups create a
less polar microenvironment, thus destabilizing any charge
separation between the ligand and metal to promote the cobalt
reduction, which in turn leads to the stronger binding. Indeed,
spectral changes observed upon the CoTSPc reaction with
hydrophobic hexyl- and octyl-xanthogenates (not shown) are
similar to those depicted inFig. 3, i.e., a more pronounced
cobalt reduction is observed than that with less hydrophobic
ethyl- andn-butyl xanthogenates (Fig. 2A).

3.1.5. Second thiolate binding: possible steric effects
and connection to CoTSPc aggregation

We did not observe any second equivalent’s binding for
one of the substrates, Et2NCSSNa, even upon increasing its
concentration up to 0.5 M. This occurrence may be due to
s ,
e
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s
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Fig. 6. Possible arrangement of 2:1 thiolate–CoTSPc complexes in dimers
(oligomers).

the exciton coupling that results in the appearance of broad-
ened lines in the UV–vis spectra. On the other hand, the more
plausible structure shown inFig. 6B can exist only as a dimer;
also, a non-coordinating binding of one of the two thiolates is
assumed. The possibility of an outer-sphere thiolate binding
by CoTSPc is discussed is the next section on kinetics.

Our earlier studies indicated that aromatic thiolates that
break the phthalocyanine oligomers to yield monomeric 1:1
thiolate–CoII TSPc complexes do not form 2:1 complexes
(checked up to the thiolate concentration of 0.5 M[35]).
Also, the formation of 2:1 thiolate–CoTSPc complexes in
DMF and other aprotic solvents where CoTSPc exists as a
monomer was not observed[34]. Yet, upon increasing the
thiolate concentration in DMF up to the level where the
binding of the second thiolate molecule takes place in aque-
ous solutions [(1–3)× 10−2 M], partial CoTSPc precipitation
was observed, which becomes more pronounced at higher
thiolate concentrations. Apparently, binding of the second
thiolate equivalent to CoTSPc results in the formation of an
oligomeric species that is insoluble in DMF.

It can therefore be concluded that oligomeric stacks tend
to stabilize CoTSPc–dithiolate complexes. Evidently, the
affinity of two CoTSPc equatorial phthalocyanine ligands to
each other in stacked 1:1 thiolate complexes is stronger than
that to the additional axial ligands, i.e., thiolate molecules.
Comparison of the magnitude of stability constants for
C s
[
T

3

3
p

dy
( eps
( ith
r
r tely in
teric factors because the other bulky thiolate, (EtO)2PSSNa
xhibits an order of magnitude smaller value ofKRS-2 (and
25) as compared to K2CS3, a non-bulky substrate of th
ame basicity (Tables 1A and 1B, column 4). It is of note
hat the difference in 1:1 thiolate–CoTSPc binding c
tants for these two substrates is much less pronou
Tables 1A and 1B, column 3). This observation indicat

significant physical constraint for thesecond rather than
rst thiolate molecule binding. Such a thermodynamic s
ffect would be impossible for monomeric CoTSPc–thio
omplexes because, given ample time, there is enough
or both thiolates on two different sides of the equato
hthalocyanine ligand. The CoTSPc dimeric (oligome
ature may be a reason for thermodynamic steric effec
inding constants.

Simple geometric considerations indicate that w
oTSPc–dithiolate complexes exist as dimers or oligom
tacks, interactions are inevitable between two ligands
ave to be located on the same side of the phthalocy
lane (Fig. 6). Therefore, if the second thiolate is too bul

his complex does not form at all because the altern
ould be breaking up the stack.
Two possible molecular arrangements in dithiolate c

lexes are shown inFig. 6A and B. The arrangement shown
ig. 6A assumes thiolate “sandwiching” between the phth
yanine planes; this is more consistent with the obse
teric hindrance. However, this structure must have a r
ight “packing” because the presence of any molec
etween the phthalocyanine planes would increase th

ance between them, thus greatly reducing the likelihoo
oTSPc–to–CoTSPc (105 M−1 at 58◦C in aqueous solution
22]) and (RS−)CoTSPc–to–RS− 2:1 complexes (102 M−1,
able 1B, column 4) confirms this suggestion.

.2. Kinetic studies

.2.1. Kinetic curves at low thiolate concentrations: lag
eriods (Step 1 in Fig. 1)

For all of the low-basicity thiolates used in this stu
pKa < 5), Reaction 2 kinetic curves include three st
Fig. 7A). The rates of all three steps are first-order w
espect to CoTSPc in a 1× 10−6 to 5× 10−4 M concentration
ange (not shown). Below, each step is analyzed separa
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Fig. 7. (A) CoTSPc–n-butyl xanthogenate complexation kinetic curves
observed in aqueous solutions for the attachment of the first thiolate
molecule. The 626-nm CoTSPc absorbance was monitored under anaer-
obic conditions. CoII TSPc concentration was 1.0× 10−5 M (borate buffer
[0.15 M], pH 10.5, ionic strength 0.60 M).n-Butyl xanthogenate concentra-
tion is shown in the legend. Step 1: lag period; Step 2: “fast” step; Step 3:
final “slow” step. (B) UV–vis spectra of 1.0× 10−5 M CoTSPc in the pres-
ence of 1.0× 10−2 M n-butyl xanthogenate recorded after the completion of
the corresponding kinetic steps (part A) under anaerobic conditions. Borate
buffer (0.15 M), pH 10.5, ionic strength 0.60 M.

more detail, separating the impact of CoTSPc reaction with
the second thiolate equivalent from other factors.

The first step in kinetic curves is a lag period (Fig. 7A).
During this lag period, there is no significant change in
the entire CoII TSPc spectrum; only a small decrease in the
absorbance at 626 nm occurs (Fig. 7B, Step 1). No con-
comitant increase in the intensity of the 450-nm band was
observed; thus, no CoII → CoI reduction occurs during this
step. Apparently, as previously suggested[36], the thiolate
reacts with CoII TSPc by forming an outer-sphere complex

Fig. 8. Double-logarithmic plot: duration of the lag period vs. thiolate
concentration. Concentration of CoTSPc was 1.0× 10−5 M (borate buffer
[0.15 M], pH 10.5, ionic strength 0.60 M, under anaerobic conditions).

(spectrophotometrically indistinguishable from the initial
CoII TSPc), in which sulfur is not directly attached to CoII

(Fig. 1). This cannot be an inner-sphere coordination thio-
late complex of CoTSPc because those are characterized by
strong absorption in a 660–690 nm range[34].

3.2.2. Effect of the thiolate basicity on the duration of
the lag period

The duration of the lag period depends on the CoII TSPc
and substrate concentrations. It decreases with an increase
in the concentration of either CoII TSPc (1.0× 10−6 to
1.0× 10−4 M, not shown) or the thiolate (Fig. 8). This obser-
vation corroborates withFig. 1 because an increase in con-
centrations accelerates both of the competing reactions. This,
in turn, leads to preferred formation of a more stable axial
thiolate–cobalt coordination complex, thus exerting thermo-
dynamic control.

The lag period’s duration also depends on the thiolate
basicity (Fig. 8). It can be seen fromTable 3that a similar lag
period duration was observed at significantly lower concen-
trations for more basic thiolates. The dependence of the lag
period on thiolate basicity can be explained by an increase in
binding constants,KRS-1or K12, i.e., also by thermodynamic
control (Tables 1A and 1B, columns 3). A similar effect is
caused by increasing the ligand’s hydrophobicity, which is
a

Table 3
Thiolate concentrations at which the lag period duration was similar for differ

Substrate pKa (s)

EtOCSSK 2.5± 0.1[31]
K2CS3 2.7 ± 0.2
(EtO)2PSSNa 2.7± 0.2
Et2NCSSNa 3.3± 0.2
CH3COSK 3.6± 0.2
Na3PO3S 4.5± 0.3 (1.6± 0.2)

Experiments were conducted under anaerobic conditions in 0.15 M borate buff .0
The end of the lag period was defined as the time when the CoTSPc–thiolat during the lag
period.
lso consistent with thermodynamic control[36].

ent substrates

Concentration (M) Lag period duration

1.0× 10−1 (3.5 ± 0.5)× 103 [36]
1.0× 10−3 (3.5 ± 0.4)× 103

2.5× 10−2 (2.8 ± 0.3)× 103

2.5× 10−4 (2.9 ± 0.3)× 103

1.0× 10−4 (3.3 ± 0.4)× 103

1.0× 10−2 (3.0 ± 0.3)× 103

er, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1× 10−5 M.
e complexation rate increased by at least 80% compared to the rate
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Fig. 9. Duration of the lag period for ethyl- andn-butyl xanthogenates at var-
ied thiolate concentrations. Open rhombs: ethyl xanthogenate; close rhombs:
butyl xanthogenate. Concentration of CoTSPc was 1.0× 10−5 M (borate
buffer [0.15 M], pH 10.5, ionic strength 0.60 M, under anaerobic conditions).

Extrapolation of the linear trends shown inFig. 8to high-
basicity thiolates, such as cysteine and HOC2H4SNa, results
in very short, microsecond-scale, lag periods even for very
low thiolate concentrations, e.g., in the range of 10−4 M. This
explains why lag periods have not been observed for common
Merox process substrates.

3.2.3. Effect of binding of the second thiolate equivalent
on the duration of lag periods (Step 4 in Fig. 1)

The plot of lag period’s duration versus thiolate con-
centration is biphasic (Fig. 9, shown for ethyl- andn-butyl
xanthogenates). Exceeding a certain threshold in the thio-
late concentration results in a significant shortening of the
lag period. This threshold lies within the concentration range
where the binding of the second thiolate molecule starts tak-
ing place [(1–3)× 10−2 M]. Therefore, attachment of the
second ligand greatly reduces the lifetime of the outer-sphere
complex.

Kinetic curves at this intermediate range of thiolate con-
centrations are biphasic; a short but reproducible “lull,”
w ntra-
t
4 etic
c o
t Pc
b d 6,
s e
o
T
o
a Sec-
t ith

Fig. 10. (A) CoTSPc–n-butyl xanthogenate complexation kinetic curves
observed in aqueous solutions for the attachment of the second thiolate
molecule. The 626-nm CoTSPc absorbance was monitored under anaer-
obic conditions. CoII TSPc concentration was 1.0× 10−5 M (borate buffer
[0.15 M], pH 10.5, ionic strength 0.60 M).n-Butyl xanthogenate concentra-
tion is shown in the legend. (B) UV–vis spectra of 1.0× 10−5 M CoTSPc in
the presence of 1.0× 10−1 M n-butyl xanthogenate recorded after the com-
pletion of the corresponding kinetic steps (part A under anaerobic conditions.
Borate buffer (0.15 M), pH 10.5, ionic strength 0.60 M.

the spectra similar to those obtained experimentally for 1:1
and 2:1 thiolate–CoTSPc complexes.

This observation provides a strong justification for the
suggested reaction scheme (Fig. 1), showing that binding
of two thiolate equivalents to CoTSPc is sequential and the
coordination of each thiolate ligand to cobalt is preceded
by the formation of a spectroscopically indistinguishable
outer-sphere complex. Alternative kinetic schemes based on
dissociative mechanisms or initiation of radical reactions con-
sidered earlier[36] may explain the presence of a lag period
at the beginning of the reaction but not in the middle.

The presence of “lulls” in kinetic curves is more consis-
tent with the hypothetical structure shown inFig. 6A rather
thanFig. 6B because the latter requires leaving the second
thiolate outside of the cobalt coordination sphere. However,
the proposed chemical structures can be verified only upon
the isolation and characterization of the intermediates.

It is noteworthy that the “lulls” in kinetic curves are eas-
ily observed within a relatively broad concentration range
(2.5× 10−2–1.0× 10−1 M) only for n-butyl xanthogenate
(Fig. 10A). For other substrates, this range is narrower and
the “lulls” are shorter. Apparently, with the exception of
BuOCSS−, binding of the second thiolate occurs faster than
hose duration strongly depends on the thiolate conce
ion, occurs in the middle of the kinetic curve (Fig. 10A, Step
). The UV–vis spectra recorded after Step 4 of the kin
urves shown inFig. 10A (Fig. 10B Step 4) are similar t
hose inFig. 7B corresponding to the 1:1 thiolate–CoTS
inding. However, the spectra taken after Steps 5 an
hown in Fig. 10A (Fig. 10B), are different from thos
btained upon the 1:1 thiolate–CoTSPc binding (Fig. 7B).
hey are consistent, however, with binding of thesecond thi-
late equivalent to CoTSPc at equilibrium (Fig. 2A, spectra
t high thiolate concentrations). An SVD analysis (see

ion 2.2) confirmed the formation of two intermediates w
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Table 4
Kinetic constants ofFig. 1for various thiolates

Substrate pKa 1/KM1 (M−1) k1 (min−1) 1/KM2 (M−1) k2 (min−1) k13 (min−1) 1:1 complex k26 (min−1) 2:1 complex

EtOCSSK 2.5± 0.1[36] (1.4± 0.2)× 102 [36] (9.0± 1.0)× 10−3 [36] (5.5± 0.6)× 101 (2.8± 0.3)× 10−2 (1.2 ± 0.1)× 10−5 (2.2 ± 0.2)× 10−5

(EtO)2PSSNa 2.7± 0.2 (5.2± 0.7)× 101 (5.0± 0.7)× 10−2 6.1± 0.7 (2.0± 0.2)× 10−1 (1.2 ± 0.1)× 10−5 (2.3 ± 0.3)× 10−5

K2CS3 2.7± 0.2 (1.3± 0.1)× 102 (6.3± 0.5)× 10−2 (4.7± 0.6)× 101 (2.2± 0.2)× 10−1 (1.4 ± 0.2)× 10−5 (2.5 ± 0.3)× 10−5

Et2NCSSNa 3.3± 0.2 (7.1± 0.8)× 102 (1.6± 0.2)× 10−1 N/A* N/A* (1.6 ± 0.2)× 10−5 N/A*

CH3COSK 3.6± 0.2 (7.6± 0.9)× 103 2.2± 0.3 (2.1± 0.3)× 102 9.8± 0.1 (2.1± 0.2)× 10−5 (3.8 ± 0.4)× 10−5

Na3PO3S 4.5± 0.3 (1.6± 0.2) (2.9± 0.3)× 103 (6.4± 0.6)× 10−1 (1.0± 0.2)× 102 4.9± 0.5 (1.9± 0.2)× 10−5 (3.1 ± 0.3)× 10−5

Cysteine 8.2[24] ND** ND** (8.3± 0.8)× 101 [24] ND** (3.4 ± 0.3)× 10−5 (5.2 ± 0.5)× 10−5

HOC2H4SNa 9.2[10] ND** ND** (1.17± 0.025)× 102 [10] (1.37± 0.02)× 104 [10] (3.9± 0.4)× 10−5 (8.1 ± 0.9)× 10−5

Experiments were conducted under anaerobic conditions in 0.15 M borate buffer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.
* N/A—not applicable because CoTSPc does not form a dithiolate complex with this substrate.

** ND—not determined.

Table 5
Kinetic constants ofFig. 1for four different alkyl xanthogenates

Substrate pKa [36] 1/KM1 (M−1) [36] k1 (min−1) [36] 1/KM2 (M−1) k2 (min−1) k13 (min−1) 1:1 complex k26 (min−1) 2:1 complex

Ethyl xanthogenate 2.5± 0.1 (1.4± 0.2)× 102 (9.0 ± 1.0)× 10−3 (5.5 ± 0.6)× 101 (2.8 ± 0.3)× 10−2 (1.2 ± 0.1)× 10−5 (2.2 ± 0.2)× 10−5

n-Butyl xanthogenate 2.5± 0.1 (3.5± 0.5)× 102 (1.2 ± 0.2)× 10−2 (5.7 ± 0.8)× 101 (8.1 ± 0.8)× 10−3 (1.1 ± 0.1)× 10−5 (2.2 ± 0.2)× 10−5

n-Hexyl xanthogenate 2.5± 0.1 (1.0± 0.1)× 103 (1.9 ± 0.3)× 10−2 (1.0 ± 0.1)× 102 (6.1 ± 0.6)× 10−2 (1.2 ± 0.1)× 10−5 (2.2 ± 0.2)× 10−5

n-Octyl xanthogenate 2.5± 0.1 (2.0± 0.3)× 103 (2.4 ± 0.4)× 10−2 (1.3 ± 0.2)× 102 (7.0 ± 0.7)× 10−2 (1.2 ± 0.1)× 10−5 (2.2 ± 0.2)× 10−5

Experiments were conducted under anaerobic conditions in 0.15 M borate buffer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.
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that of the first one, i.e., positive kinetic cooperativity exists.
This suggestion was supported by the comparison of the
corresponding kinetic constants,k1 andk2 (Tables 4 and 5,
columns 4, 6) to be discussed in the following sections. The
“lulls” were not observed for the substrates whose basicity is
higher than that of Et2NCSS− because the reaction proceeds
too fast.

3.2.4. Kinetics of the thiolate–CoTSPc binding:
calculation of kinetic constants (Steps 2 and 5 in Fig. 1)

During the second step in kinetic curves, the absorbance
at 626 nm drops relatively fast (Fig. 7A and B, Step 2). This is
accompanied by an increase in absorbance at 450 nm. These
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of two separate processes (Fig. 10A). For other substrates,
the data points for the second phase of the Michaelis plot
(Fig. 11A, the upper part with higher rates corresponding to
those inFig. 11B in the left part of the plot) were obtained
when the kinetic curves for sequential binding of two thio-
late equivalents were not separated (see the previous section),
thus yielding just one experimental value for the reaction
rate,ν = ν1 + ν2. Based on Eqs.(3) and(4), monomolecular
kinetic constants,k1 andk2, are specific rates (per unit of

Fig. 11. (A) “Fast” step reaction rates (Steps 2 and 5 ofFig. 1also see Figs.
7A and10A) plotted at varied ethyl xanthogenate concentrations. Concen-
tration of CoTSPc was 1.0× 10−5 M (borate buffer [0.15 M], pH 10.5, ionic
strength 0.60 M, under anaerobic conditions). (B) Double-reciprocal plot
based on data fromFig. 11A.
pectral changes can be explained by the rearrangem
n outer-sphere complex into the corresponding inner-s
oordination compound along with a partial CoII –CoI reduc-
ion (Reaction 2;Fig. 1, Step 2). It is noteworthy that th
nions of thioacid salts can coordinate to Co in eta 1 or

ashion, which could not be distinguished.
Having plotted the rate of the second (“fast”) step of

inetic curve (Fig. 7A, Step 2) versus the thiolate conc
ration, a two-phase Michaelis-type plot was obtained fo
hiolates used in this study (Fig. 11A), except for Et2NCSSNa
hich does not form a 2:1 complex. This further confi

he stepwise binding of two substrate equivalents to C
Pc. Thus, the experimental results may be presented a
ichaelis–Menten kinetic equations:

1 = k1[CoTSPc]total[RS−]

KM1 + [RS−]
(3)

2 = k2[CoTSPc–RS−]total[RS−]

KM2 + [RS−]
(4)

hereν1 is the observed reaction rate of CoII TSPc complexa
ion with the first thiolate molecule;ν2 is the reaction rate fo
he second thiolate equivalent;KM1 andKM2 are the corre
ponding Michaelis constants; andk1 andk2 are the turnove
umbers for the first and second thiolate molecules, re

ively.
For the reaction of CoTSPc withn-butyl xanthogenate

hen the kinetic curves for the reactions of the first and
nd thiolate equivalents were separated in time, the v
f k1 and k2 were calculated directly, based on the ra
f
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CoTSPc concentration); therefore, these two constants are
also additive when they are determined at saturating thiolate
concentrations.

The values of the reciprocal Michaelis constants, 1/KM1,
1/KM2 and turnover numbers,k1 andk2 (experimental), were
determined from the correspondingx- andy-intercepts of the
double-reciprocal plot (Fig. 11B), respectively. The values of
k1 were calculated first, from the kinetics at low thiolate con-
centrations. Then,k2 values were assessed using the additivity
of kinetic constants,k2 (experimental) =k1 + k2. Calculated
kinetic parameters are listed inTables 4 and 5for ligands of
varied basicity and hydrophobicity, respectively.

3.2.5. Effect of ligand’s basicity and hydrophobicity on
kinetics of the thiolate–CoTSPc binding (Steps 2 and 5 in
Fig. 1)

As can be seen fromTable 5, columns 4 and 6, kinetic
constantsk1 andk2 increase, although slightly, with thiolate
hydrophobicity. However, they increase much more dramat-
ically along with thiolate basicity (Table 4, columns 4, 6,
Fig. 14). This observation indicates that the electron trans-
fer from sulfur to cobalt appears to be the rate-limiting step.
This is expected because the ultimate spectroscopically dis-
tinguishable products are CoI species, whereas the reactant
is CoII TSPc; thus, the ligand–metal intramolecular electron
t .
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Fig. 12. Final step reaction rates plotted at varied ethyl xanthogenate con-
centrations. Concentration of CoTSPc was 1.0× 10−5 M (borate buffer
[0.15 M], pH 10.5, ionic strength 0.60 M, under anaerobic conditions).

ual CoII –CoI reduction occurs in the inner-sphere complex
during this last step (Fig. 1, Step 3). UV–vis spectra taken
after the completion of Steps 3 and 6 (Figs.7B and10B) do
not show any changes in time. Thus, the final step is not an
artifact related to thioacid hydrolysis or O2 penetration into
the glass cell, which, if happens, causes continued and signif-
icant increase in absorbance in the UV region (200–300 nm).

The final step’s rate is unusually slow, even if basic thi-
olates are used as substrates: it takes 4–7 days to reach
equilibrium whereas the earlier steps are finished in a few
hours (few seconds for basic thiolates,dl-cysteine and 2-
mercaptoethanol).

The rate of the final step is zeroth-order with respect
to thiolate within its concentration range of 1× 10−3 to
2× 10−2 M (Fig. 12). Zeroth kinetic order on thiolate is con-
sistent with the suggested reaction scheme (Fig. 1) because
at this stage all available CoTSPc is complexed with the thi-
olate, and only some intramolecular rearrangement occurs
within the complex.

ond
( 2:1
t ’s
ransfer has to be the chemical essence of this process
The reciprocal Michaelis constants are similar in ma

ude to the corresponding binding constants (Tables1B and
, columns 3, 4 and 3, 5, respectively). They match even
er thepseudoequilibrium constantsK′

RS-1 and K′
RS-2 (see

able 7below), i.e., not including the extremely slow fin
tep (see next section), exhibiting similar trends as far a

nfluence of the ligand’s basicity and hydrophobicity is c
erned.

.2.6. The final slow kinetic step (Steps 3 and 6 in Fig. 1)

In the third, final, step in kinetic curves, a small but rep
ucible increase in 450 nm absorbance takes place acco
ied by a small decrease of the other absorption maxi
Figs. 7A and B, Step 3). This indicates that only some re
- Upon increasing the thiolate concentration bey
2–3)× 10−2 M, i.e., the concentration range of the
hiolate–CoTSPc binding (Fig. 10A, Step 6), the final step
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rate increases stepwise by a factor of 1.5–2 (Table 4, columns
7, 8). The rate does not change anymore upon further increase
in thiolate concentration (zeroth-order in thiolate is main-
tained in the range of 3× 10−3 to 2× 10−1 M). This is con-
sistent with a stepwise attachment of two thiolate equivalents
to CoTSPc and allows for the separation of the two corre-
sponding kinetic constants ofFig. 1, k13 andk26 (Table 4,
columns 7 and 8).

The comparison of numerical values of kinetic constants
shows that Step 3 (and 6) is not merely a continuation of Step
2 (and 5);k13 andk26 are several orders of magnitude smaller
thank1 andk2, respectively. This also implies that the final
step has to be placed inFig. 1 after the rate-limiting step
of the main reaction. Otherwise, reactions would continue at
steady-state with the same kinetic constants as in the “fast”
step,k1 or k2. Step 3 (and 6) is, essentially, a rather different
reaction. The following information as to the effect of lig-
and’s parameters on kinetics of Steps 2 (and 5) and 3 (and 6)
confirms this suggestion.

The final step’s rate is virtually the same for the four
different alkyl xanthogenates (Table 5, columns 7 and 8).
Therefore, unlike Step 2, it does not depend on thiolate
hydrophobicity. The rate of the final step increases slightly
with the increase in thiolate basicity (Table 4, columns 7 and
8). This is expected because Steps 3 and 6 are accompanied
by some additional CoII reduction. However, the comparison
o and

Table 6
Slopes of Brønsted correlations for the reaction kinetic constants (seeFig. 1
for Reaction 2)

Process Kinetic constant Brønsted slope

Step 2 ofFig. 1(1:1
thiolate–CoTSPc binding)

k1, Eq.(3) 0.9 ± 0.1

Step 5 ofFig. 1(2:1
thiolate–CoTSPc binding)

k2, Eq.(4) 0.8 ± 0.1

Merox process (Reaction 1) kcat, Eq.(5) 0.9 ± 0.1
Step 3 ofFig. 1(1:1

thiolate–CoTSPc complex)
k13 0.07± 0.02

Step 6 ofFig. 1(2:1
thiolate–CoTSPc complex)

k26 0.07± 0.02

preceding Steps 2 and 5, respectively, shows that the former
are much less affected by the thiolate basicity than the latter
(Table 6). Apparently, the chemical essence of the final step
is not an electron transfer but some other factor. Adjustment
in the degree of phthalocyanine aggregation and/or, perhaps,
switching between the different arrangements shown inFig. 6
may be just such a factor because this final step is not observed
when the reaction is conducted in DMF[34]. However, no
definitive conclusion about the nature of this reaction can be
made based on the available information.

The slow rate of this reaction allows for the calculation of
pseudoequilibrium constants for the equilibria achieved upon
the completion of Step 2 (and 5) (see Section2), before Step
3 (and 6) takes off. They are listed inTables 7A and 7Bfor the

T
P

S K′
12 (M−1) K′

12 red K′
13 K13

E 2 (4.7 ± 0.8)× 102 0.32± 0.03 1.4± 0.3 1.7± 0.2
n 2 (1.2 ± 0.2)× 103 0.35± 0.04 1.4± 0.3 1.7± 0.2
n 2 (1.8 ± 0.3)× 103 0.39± 0.04 1.4± 0.3 1.8± 0.2
n 3 (4.0 ± 0.6)× 103 0.43± 0.04 1.4± 0.3 1.8± 0.2
( 2 (3.7 ± 0.8)× 102 0.30± 0.03 1.0± 0.3 1.2± 0.1
K 2 (6.0 ± 0.9)× 102 0.30± 0.03 1.0± 0.2 1.2± 0.1
E (2.8 ± 0.4)× 103 0.32± 0.03 1.6± 0.3 1.9± 0.2
C 3 (1.8 ± 0.3)× 104 0.43± 0.04 1.9± 0.4 2.5± 0.3
N 3

H 4

E ate buf .0

T
P

S

E 1

n 1

n 2

n 2

(
K
E
C 2

N
H

E

f the slopes of Brønsted equations for Steps 3 and 6

able 7A
seudoequilibrium constants for various substrates (1:1 complexes)

ubstrate pKa K′
RS-1 (M−1)

tOCSSK 2.5± 0.1[36] (1.5 ± 0.2)× 10
-Butyl xanthogenate 2.5± 0.1[36] (4.2 ± 0.6)× 10
-Hexyl xanthogenate 2.5± 0.1[36] (7.2 ± 0.9)× 10
-Octyl xanthogenate 2.5± 0.1[36] (1.7 ± 0.2)× 10
EtO)2PSSNa 2.7± 0.2 (1.1± 0.2)× 10

2CS3 2.7 ± 0.2 (1.8± 0.2)× 10
t2NCSSNa 3.3± 0.2 (9± 1)× 102

H3COSK 3.6± 0.2 (7.6± 0.9)× 10
a3PO3S 4.5± 0.3 (1.6± 0.2) (3.2± 0.3)× 10
OC2H4SNa 9.2[10] (1.9 ± 0.2)× 10

xperiments were conducted under anaerobic conditions in 0.15 M bor

able 7B
seudoequilibrium constants for various substrates (2:1 complexes)

ubstrate pKa K′
RS-2 (M−1)

tOCSSK 2.5± 0.1[36] (4.7 ± 0.6)× 10
-Butyl xanthogenate 2.5± 0.1[36] (5.7 ± 0.6)× 10
-Hexyl xanthogenate 2.5± 0.1[36] (1.2 ± 0.2)× 10
-Octyl xanthogenate 2.5± 0.1[36] (1.6 ± 0.2)× 10
EtO)2PSSNa 2.7± 0.2 7± 1

2CS3 2.7 ± 0.2 (6± 1)× 101

t2NCSSNa 3.3± 0.2 N/A*

H3COSK 3.6± 0.2 (2.6± 0.3)× 10

a3PO3S 4.5± 0.3 (1.6± 0.2) (9± 1)× 101

OC2H4SNa 9.2[10] (1.3 ± 0.1)× 103

xperiments were conducted under anaerobic conditions in 0.15 M borate buf
* N/A–not applicable because CoTSPc does not form a dithiolate complex
(8 ± 1)× 103 0.39± 0.04 1.0± 0.2 1.3± 0.1
(1.6 ± 0.2)× 104 1.2 ± 0.1 0.9± 0.2 1.5± 0.2

fer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1× 10−5 M.

K′
25 (M−1) K′

25 red K′
26 K26

(8 ± 1)× 101 0.59± 0.06 0.7± 0.2 1.0± 0.1
(7 ± 1)× 101 0.79± 0.08 0.7± 0.1 1.1± 0.1

(1.1 ± 0.2)× 102 1.1 ± 0.1 0.7± 0.2 1.2± 0.1
(1.1 ± 0.2)× 102 1.4 ± 0.2 0.6± 0.1 1.3± 0.1
(1.2± 0.2)× 101 0.59± 0.06 1.0± 0.2 1.4± 0.1
(1.0 ± 0.2)× 102 0.59± 0.06 1.2± 0.3 1.7± 0.1
N/A* N/A* N/A* N/A*

(3.9 ± 0.6)× 102 0.67± 0.07 0.9± 0.2 1.3± 0.1
2
(1.3 ± 0.2)× 10 0.69± 0.07 0.8± 0.2 1.3± 0.1

(5.0 ± 0.7)× 102 2.6 ± 0.3 0.3± 0.1 1.0± 0.1

fer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.
with this substrate.
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first and second thiolate equivalents, respectively. Since the
spectral changes as a result of the final step are minimal, val-
ues of the binding constants obtained at pseudoequilibrium
and at true equilibrium are similar in magnitude.

3.2.7. Comparison of Reaction 2 kinetics in DMF and
aqueous solutions

In DMF, where CoTSPc is a monomer, no reaction with
the second thiolate and no slow final step were observed[34].
This indicates that these reactions (Steps 3, 6) are character-
istic only for aggregated thiolate–CoTSPc complexes. Yet,
other basic kinetic features for the 1:1 reaction are simi-
lar [34]: the transient formation of both outer- and inner-
sphere thiolate–CoII TSPc complexes was observed, and the
kinetic equation contains similar constants,k1 ranged in
(2–7)× 10−2 min−1 and KM1 (1/KM1 ranged from 102 to
104 M−1), as in aqueous media. However, unlike the reac-
tion in aqueous media, the values ofk1 in DMF are virtually
non-sensitive to thiolate basicity[34]. Therefore, in DMF
the rate-limiting step appears to be just the “wiggling” of
the axial thiolate ligand between the metal and equatorial
phthalocyanine ligand while the ensuing electron transfer is
faster. Comparison of numerical values ofk1 in both solvents
confirms this suggestion: in DMF, for thiolates of low basicity
(when electron transfer is expected to be slow) this parame-
t eous
m rable
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Fig. 13. (A) Autoxidation reaction rates (Merox process, Reaction 1)
plotted for EtOCSSK, Et2NCSSNa, and CH3COSK at varied thiolate
concentrations. Concentrations of CoTSPc and oxygen were 1.0× 10−5

and (2.0± 0.1)× 10−4 M, respectively (borate buffer [0.15 M], pH 10.5,
ionic strength 0.60 M). (B) Autoxidation reaction rates (Merox process,
Reaction 1) plotted for Na3PO3S and K2CS3 at varied substrate con-
centrations. Concentrations of CoTSPc and oxygen were 1.0× 10−5 and
(2.0± 0.1)× 10−4 M, respectively (borate buffer [0.15 M], pH 10.5, ionic
strength 0.60 M).

and 2 appear to be related, whereas for Na3PO3S and K2CS3
they are not.

3.3.2. Participation of the second thiolate equivalent
Kinetic constants obtained upon linearization of the

Michaelis curves as double-reciprocal plots are listed in
Table 8. It can be seen that the values of Michaelis constants
for Reaction 1,KM, Merox (Table 8, column 3) and the second
KM2 of Reaction 2 (Table 4, column 5) are similar for all
the thiolates tested, i.e., the anaerobic reaction (Reaction 2)
appears to be a part of the aerobic one (as the “anaerobic”
step of Reaction 1). The only exception was Et2NCSSNa,
for which 2:1 binding to CoTSPc was not observed in the
anaerobic reaction.

It is of note that the Michaelis constants observed in the
aerobic Merox process correspond to the binding constants of
thesecond thiolate molecule in the anaerobic process (Tables
1A and8, columns 4 and 3, respectively). This observation
provides kinetic evidence of the involvement oftwo thiolate
molecules in the mechanism of Reaction 1, and points out that
thiolate–phthalocyanine binding is at fast equilibrium during
the CoTSPc-catalyzed autoxidation (not including slow Steps
3 and 6 of the reaction scheme inFig. 1).
er is at least one order of magnitude greater than in aqu
edia, whereas for more basic thiolates they are compa

34].

.3. Merox process kinetics (Reaction 1)

.3.1. Validation of the anaerobic reaction being a
ubset of the Merox process

A series of experiments on Merox process kinetics
onducted to connect the proposed mechanism of anae
eaction 2 (“anaerobic” step inScheme 1) with the overal
echanism of Reaction 1. The series of full kinetic cu
ere obtained using a wide range of thiolate concentrat
nd then initial reaction rates were analyzed. Kinetic fi
rder dependence on the catalyst (CoTSPc) and oxyge[35]
ere observed regardless of thiolate type and conce

ion. Regarding the substrate concentrations, two diffe
ets of kinetic features were observed. For substrate
ontain alkyl groups (EtOCSSK, (EtO)2PSSK, Et2NCSSNa
H3COSK, cysteine[24] and also for HS− and S2− [26]),

he Michaelis-type curves were obtained in a similar thio
oncentration range as for Reaction 2 (Fig. 13A) yielding the
ollowing kinetic equation:

Merox = kcat[CoTSPc][RS−][O2]

KM, Merox + [RS−]
(5)

For inorganic substrates that contain sulfur, but ca
e viewed as alkyl thiolates (Na3PO3S, K2CS3), first-order
inetic dependence in thiolate was observed (Fig. 13B).
herefore, for true thiolates the mechanisms of Reactio



16 E.M. Tyapochkin, E.I. Kozliak / Journal of Molecular Catalysis A: Chemical 242 (2005) 1–17

Table 8
Merox process kinetic constants for various thiolates (Scheme 1)

Substrate pKa 1/KM, Merox (M−1)** kcat (min−1)

EtOCSSK 2.5± 0.1[36] (4.8 ± 0.5)× 101 (6.2 ± 0.7)× 10−3

(EtO)2PSSNa 2.7± 0.2 7.0± 0.7 (5.6± 0.6)× 10−3

K2CS3 2.7 ± 0.2 N/A* N/A*

Et2NCSSNa 3.3± 0.2 (1.1± 0.1)× 101 (2.4 ± 0.2)× 10−2

CH3COSK 3.6± 0.2 (2.0± 0.2)× 102 (3.7 ± 0.3)× 10−1

Na3PO3S 4.5± 0.3 (1.6± 0.2) N/A* N/A*

HS− 7.8[44] 1.7× 102 [26] 1.6× 102 [26]
Cysteine 8.2[24] (7.8 ± 1.8)× 101 [38] 6.3× 102 [38]

Experiments were conducted in 0.15 M borate buffer, pH 10.5, ionic strength 0.60 M. The concentration of CoTSPc was 1.0× 10−5 M.
* N/A—not applicable because the rate did not obey the Michaelis equation.

** Corresponds toKRS− in Scheme 1.

3.3.3. Rate-limiting step in the Merox process
Both the reciprocal Michaelis constants and first-order

kinetic (catalytic) constants (kcat) increase with the thiolate
basicity, similar to the related parameters of Reaction 2
(Tables 4 and 8, columns 5, 6 and 3, 4, respectively).
Furthermore, the catalytic constants exhibit good Brønsted
correlation with a slope of 0.9± 0.1, which is statistically the
same to the corresponding anaerobic constant slopesk1 and
k2, 0.9± 0.1 and 0.8± 0.1, respectively (Fig. 14; Table 6).
Thus, aerobic and anaerobic processes appear to be related
and electron transfer appears to be a rate-limiting step in
both.

Values of kcat are 1–2 orders of magnitude smaller
than those of the corresponding first-order constants of the
CoTSPc–thiolate binding under anaerobic conditions,k1 and
k2 (Table 4: columns 4, 6;Table 8: column 4;Fig. 14). This
observation supports the suggestion that fast equilibrium for
the thiolate–CoTSPc binding occurs during the Merox pro-
cess. The Reaction 1 rate-limiting step appears to take place
on or after oxygen binding by the phthalocyanine–thiolate
complex. It can be noted that the slow final step of the anaer-
obic reaction (Steps 3 and 6 ofFig. 1) does not appear to have

F ants
k al-
u ub-
s ;
5

any effect on Reaction 1 because its rate is several orders of
magnitude smaller than that of the Merox process.

Formation of the outer-sphere thiolate–phthalocyanine
complexes postulated in this study explains how two thio-
late molecules and O2 can be simultaneously attached to one
CoTSPc unit. No lag periods were observed in the Merox
process even at low thiolate concentrations, thus indicating
that the outer-sphere thiolate binding postulated immediately
upon mixing the reagents appears to be sufficient for the cat-
alytic reaction.

4. Conclusions

• Anaerobic reaction of CoTSPc with thiolates and anions
of thioacids occurs as a stepwise attachment of two thi-
olate ligands. Each step is preceded by an outer-sphere
thiolate binding resulting in the appearance of lag periods
and “lulls” at the beginning and in the middle of kinetic
curves, respectively. Binding of the second thiolate equiv-
alent occurs at higher ligand concentrations and only if
CoTSPc exists as a dimer (oligomer).

• The rate-limiting step of Reaction 2 appears to be the
thiolate–CoII TSPc electron transfer. The reaction is
followed by another, separate process, apparently the
rearrangement of stacked phthalocyanine aggregates,

xtent

• robic
ocess
g of
as a

A

nd-
h vid-
i rth
D as
s hors
ig. 14. Double-logarithmic plot of CoTSPc–thiolate kinetic const

1, k2 and kcat vs. the Ka of the conjugate acid. The numerical v
es are listed inTables 4 and 8. Roman numerals correspond to s
trates (1—EtOCSSK; 2—K2CS3; 3—(EtO)2PSSNa; 4—Et2NCSSNa
—CH3COSK; 6—Na3PO3S; 7—Cys; 8—HOC2H4SNa).
exhibited as a rather slow and small increase in the e
of cobalt reduction.
Based on the comparison of kinetic constants, the ae
Merox process appears to include the anaerobic pr
as a subset at fast equilibrium, requires the bindin
two thiolate equivalents per one CoTSPc, and h
rate-limiting step of a similar nature.
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