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ABSTRACT: The reaction mechanism and thermodynamic parameters of the complex formation between
[PdCl(dien)]þ and sulfur-containing ligands L-cysteine and glutathione (GSH) were investigated in the presence of
sodium dodecyl sulfate micelles in the pH range 0.5–3.5. The reaction rates were determined under pseudo-first-order
conditions (ligand in excess) in the temperature range 276–299 K by using the stopped-flow technique. A reaction
mechanism was proposed that consisted of at least two parallel paths involving protonated and zwitterionic forms of
thiols. The pH effects on reaction rate were interpreted in terms of the electrostatic interactions between the negatively
charged micelle surface and different ionic forms of the ligand species. The calculation of pH-dependent activation
parameters (�H 6¼ and �S 6¼ ) revealed the considerable catalytic effects on the rate of complexation. The entropy of
activation is strongly negative in the presence and absence of micelles, which is compatible with an associative
reaction mechanism. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Naturally occurring tripeptides glutathione (GSH) and �-
glutamylcysteinylglycine (�-Glu-CysH-Gly) and amino
acid L-cysteine are sulfur-containing ligands that belong
to the group of biomolecules exerting a great role in thiol-
dependent biochemical reactions. Glutathione is fre-
quently the most prevalent intracellular thiol with a
concentration up to 10 mM and it is the most abundant
low-molecular-weight peptide. Glutathione has been
adapted through evolution to perform many diverse
functions. For instance, GSH protects cells from the toxic
effects of reactive oxygen compounds and is an important
component of the system that uses reduced pyridine
nucleotide to provide the cell with its reducing properties.
Glutathione functions in catalysis, metabolism and trans-
port. It participates in reactions involving the synthesis of
proteins and nucleic acids and in those that detoxify free
radicals and peroxides. However, the intracellular level of
GSH is much greater than that of cysteine.1–3 Recently, it
was reported that GSH and L-cysteine are potent enzyme

activity reactivators because they recover the metal-ions-
induced inhibition of some enzymes.4,5 These interac-
tions are usually due to the complex formation between
thiols and the metal ion bonded to the —SH groups of the
active sites of the enzyme.6

Both L-cysteine and GSH are highly reactive towards
platinum complexes, revealing effective antitumor activ-
ity.7 The interactions between thiols and platinum com-
pounds usually have been associated with resistance and
toxicity in the antitumor treatment7–9 and tripeptide GSH
provides a model compound for their study. The Pd(II)
complexes with various tridentate ligands are suitable
model systems for investigations of the reaction mechan-
ism of Pt(II) anticancer drugs with amino acids because
they exhibit �104–105 higher reactivity but their struc-
tural and equilibrium behavior is similar.10 So far, the
kinetics of the reactions of several Pt(II) and Pd(II)
complexes with sulfur-bonding molecules have been
reported.11–26 Because some platinum complexes have
been used as anticancer drugs,7–9 these interactions are
very important from a biological and a medical point of
view. This also could be of fundamental importance for
understanding the nephrotoxicity of related platinum
complexes.11–14

Recently, we focused on investigation of the effects
of micellar systems on reactions of Pd(II) and Pt(II)
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coordination compounds with thiols.27 Although the
micelles do not influence the stoichiometry and mechan-
ism of the complex formation,27–31 the reaction rate was
found to be strongly dependent on the presence of the
surfactant. These studies are important not only from a
viewpoint of inorganic reaction mechanisms but also
from biochemical aspects, i.e. as models of ligand-ex-
change reactions on the surface of a biomembrane or at
the interface of a globular protein.

In the present study the effect of acidity on the rate and
thermodynamic parameters of the reaction between
[PdCl(dien)]þ and L-cysteine or GSH in the presence of
the anionic surfactant sodium dodecyl sulfate (SDS) was
investigated.

EXPERIMENTAL

The complex [PdCl(dien)]Cl was prepared according to a
standard procedure.32

L-Cysteine and GSH were com-
mercial products of the highest purity available. Freshly
prepared stock solutions of 1� 10�2

M L-cysteine (Fluka,
99.5%) and 1� 10�2

M GSH (Fluka, 99%) in 0.1 M

HClO4 (Merck, p.a.) were used in all experiments.
More dilute solutions were obtained by appropriate dilu-
tion with water. The standard solution of 1� 10�3

M

[PdCl(dien)]þ complex in 0.1 M HClO4 was used in
reactions with L-cysteine or GSH. A stock solution of
0.1 M SDS was used in all experiments. The acidity of the
solution was controlled by the addition of Britton–
Robinson buffer. The ionic strength was kept constant
(0.1 M) by the addition of NaClO4. Triply distilled water
was used in all solutions and the solutions were purged
with nitrogen to remove oxygen.

The absorption spectra were recorded on a Beckman
5260 UV–Vis spectrophotometer in the wavelength range
220–450 nm. The pH values of the solutions were mea-
sured by a Metrohm pH-meter (model 713). For the
stopped-flow experiments a universal rapid kinetic acces-
sory (Hi-Tech, model SFA 12) was fitted to the spectro-
photometer. Kinetic experiments were performed by
mixing equal volumes of the [PdCl(dien)]þ complex
and thiol solutions. The rate of complex formation was

followed by monitoring the increase of absorbance at
250 nm for L-cysteine and at 260 nm for GSH as a
function of time for at least eight half-lives. Values of
kobs were determined by fitting the experimental trace (A
vs. t) to the function (Af�A)/(Af�Ao)¼ exp (�kobst) (Ao

and Af are the initial and final absorbancies, respectively).
All kinetic measurements were reproducible within limits
of error of� 5%. The quoted values are the average of at
least five runs under identical experimental conditions.
All reported rate constants were determined at constant
temperature in the range 276–299 K.

RESULTS AND DISCUSSION

The pH-dependent equilibrium
of complex formation

The formation of the complex between [PdCl(dien)]þ and
L-cysteine or GSH in the absence and presence of
1� 10�2

M SDS was investigated in the pH range 0.5–
3.5. The absorption spectra of solutions containing
1� 10�4

M [PdCl(dien)]þ and 1� 10�3
M L-cysteine or

GSH in the presence of 1� 10�2
M SDS were followed as

a function of acidity. The spectra of both [Pd(dien)(thiol)]þ

complexes are similar, with the characteristic absorption
maxima at 260 and 390 nm and the shoulder in the
wavelength range 300–350 nm (see Fig. 1).

Generally, the presence of 1� 10�2
M SDS in the

investigated acidity range induced a slight bathochromic
shift (<5 nm) of the absorption maximum. However, at
least two ionic forms of ligands are in equilibrium owing
to the dissociation of —COOH groups.33,34 Conse-
quently, the slight shifts in intensity and position of the
absorption maximum with increasing pH indicate the
complex formation between different ionic forms of
ligands with [PdCl(dien)]þ rather than the influence of
micelles on the complex structure.

The equilibrium between the thiol and the complex is
therefore pH dependent in both cases, and can be ex-
pressed as follows:

½PdClðdienÞ�þf þ Lf Ð
kf

kb
Complex ð1Þ

where the subscript ‘f’ denotes the free, uncomplexed
species (L¼ thiol). The pH-dependent apparent forma-
tion constant (Kapp) is defined using:

Kapp ¼ ½Complex�tot

½Lf �½Pdf �
ð2Þ

The [Lf] values for L-cysteine and GSH are given by Eqns
(3) and (4), respectively:

½Lf � ¼ LHþ
2 þ LH ¼ �½LH� ð3Þ

½Lf � ¼ LHþ
3 þ LH2 þ LH� ¼ �½LH2� ð4Þ
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where �¼ 1þ [Hþ]/Ka1 for L-cysteine and �¼ 1þ [Hþ]/
Ka1þ [Hþ]2/(Ka1Ka2) for GSH.

The values of dissociation constants of —COOH
groups for L-cysteine and GSH are defined in Scheme 1
(pKa1¼ 1.9 for L-cysteine;33 pKa1¼ 2.05 and pKa2¼ 3.40
for GSH34). Moreover, the —SH group, which is respon-
sible for the complex formation, undergoes dissociation
at pH> 7 (pKSH values are 8.10 and 8.72 for L-cysteine
and GSH, respectively33,34). However, the effect of dis-
sociation of the —COOH groups on the equilibrium in
the presence of the micelle-forming surfactant must be
taken into account in the pH range 0.5–3.5, although they
are not responsible for the complex formation. The
spectral changes of the complexes at different acidities
suggested that two different complex species were
formed in the pH range 0.5–3.5 according to Eqns (5)–
(9), where H3

þL and H2
þL represent the undissociated

ionic forms because H2L and HL are the zwitterions of
GSH and L-cysteine, respectively, and HL� is the GSH
ionic form with two dissociated —COOH groups.

The pH-dependent apparent formation constants can
be derived by appropriate manipulation of Eqns (2)–(9).
It can be shown easily that the equilibrium constants for
the complex formation with protonated and unprotonated
L-cysteine and GSH can be obtained from Eqns (10) and
(11), respectively:

½Hþ��Kapp ¼
K 0

eq

Ka1

½Hþ� þ K 00
eq ð10Þ

½Hþ��Kapp ¼
K 0

eq

Ka1
Ka2

½Hþ�2 þ
K 00

eq

Ka2

½Hþ� þ K 000
eq ð11Þ

Figure 1. Absorption spectra of solutions containing
1� 10�4

M [PdCl(dien)]þ and 1� 10�3
M GSH (1) or L-cy-

steine (2) in the absence (solid curves) and presence (dot
curves) of 1� 10�2

M SDS at pH 2

Scheme 1. Reaction steps for complex formation between [PdCl(dien)]þ

and L-cysteine (Eqns (5) and (6)) or GSH (Eqns (7)–(9))

ð5Þ

ð6Þ

ð7Þ

ð8Þ

ð9Þ
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The values of the pH-dependent formation constants
(Kapp¼ kf/kb) were determined spectrophotometrically
from equilibrium measurements at different acidities
(pH range 1.0–2.7) at 298 K. These values were used to
determine equilibrium constants for the complex forma-
tion between [PdCl(dien)]þ and thiols according to Eqns
(10) and (11). The results are presented in Table 1. It
could be also concluded that the ligands are very good
nucleophiles for the Pd(II) complex, even in acidic
medium, where the sulfur atom is protonated. This is in
good agreement with previous published results.19,20,27

The pH-dependent kinetics of complex formation

The kinetics of [Pd(dien)(thiol)]þ formation in the pre-
sence and absence of 1� 10�2

M micelle-forming surfac-
tant SDS were followed at different acidities (pH range
0.5–3.5) in the temperature range 276–298 K under
pseudo-first-order conditions ([thiol]�[PdCl(dien)]þ).
The experimentally determined rate constants (kobs),
calculated from the exponential kinetic curves, followed
the simple rate expression common for substitution reac-
tions of square-planar complexes:

kobs ¼ kI½Lf � þ kII ð12Þ

where kI is the second-order rate constant characterizing
the direct nucleophilic attack and formation of the new
complex, and kII is the solvolysis rate constant, which is
independent of thiol concentration.35

Linear plots of kobs versus thiol concentration at con-
stant acidity were obtained in all cases. Typical depen-
dence of the observed pseudo-first-order rate constants for
the complex formation between [PdCl(dien)]þ and L-
cysteine in the presence of 1� 10�2

M SDS at constant
temperature (298 K) on the concentration of excess ligand
at various acidities is shown in Fig. 2. The values of kI and
kII were determined from the slope and the intercept of the

graphs. Tables 2 and 3 contain kI and kII values for the
complex formation between [PdCl(dien)]þ and L-cysteine
or GSH as a function of acidity at various temperatures in
the absence and presence of 1� 10�2

M SDS.
The bell-shaped pH profile of the forward rate con-

stants (kobs) was obtained for the reaction of thiols with
[PdCl(dien)]þ in the presence of SDS micelles over the
investigated temperature range (Fig. 3). The results
obtained indicate that the SDS micelles have the stron-
gest effect on the reaction rate at pH�2, i.e. at the
acidity corresponding to the pKa values of dissociation
of the —COOH groups. Also, acceleration of complex
formation up to one order of magnitude can be observed
in the presence of the SDS micelles compared with
results obtained in aqueous medium. Acceleration of
the complex formation between [PdCl(dien)]þ and L-
cysteine or GSH can be explained as a result of the
increased concentration of reactants in the vicinity of the
anionic micelles. The anionic micelles provide a dis-
persed negatively charged surface in solution. As a
consequence, the positively charged [PdCl(dien)]þ ions

Table 1. The pH-dependent apparent (Kapp) and equili-
brium (K0

eq and K00
eq) constants calculated according to

Eqns (10) and (11) for the complex formation between
[PdCl(dien)]þ and L-cysteine or GSH at 298K

pH L-cysteine GSH

105Kapp (M
�1)

1.0 2.0 3.6
1.5 5.9 13.3
2.0 7.7 28.3
2.2 15.8 49.8
2.7 20.5 65.4
K0

eq (2.3� 0.5)� 104 (3.8� 0.3)� 104

K00
eq (1.4� 0.9)� 103 (2.4� 0.8)� 104

Figure 2. Observed pseudo-first-order rate constants (kobs)
for the complex formation between [PdCl(dien)]þ and L-
cysteine as a function of excess ligand and acidity in the
presence of 1� 10�2

M SDS at 297K: (1) pH 1.0; (2) pH 1.5;
(3) pH 2.0; (4) pH 2.5; (5) pH 3.5; C[PdCl(dien)]¼ 1� 10�5

M,
I¼ 0.1 N NaClO4
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Table 3. The pH-dependent reaction rate constants (kI, kII)
a for the complex formation between [PdCl(dien)]þ and GSH at

various temperatures in the absence and presence of 1�10�2
M SDS

Water 1� 10�2
M SDS

276 K 287 K 299 K 277 K 287 K 293 K

kI� 10�3 kII� 10 kI� 10�3 kII� 10 kI� 10�3 kII� 10 kI� 10�3 kII� 10 kI� 10�3 kII � 10 kI� 10�3 kII� 10
pH (M

�1 s�1) (s�1) (M
�1 s�1) (s�1) (M

�1 s�1) (s�1) pH (M
�1 s�1) (s�1) (M

�1 s�1) (s�1) (M
�1 s�1) (s�1)

0.5 0.32 0.72 0.70 0.65 1.50 0.96 1.0 4.77 4.58 7.51 3.88 11.61 5.33
1.0 0.48 0.50 1.00 0.32 1.80 0.44 1.5 5.21 4.53 8.52 2.24 13.80 2.82
2.0 0.68 0.68 1.20 0.44 2.40 0.52 2.0 6.80 5.52 10.05 4.52 16.33 7.22
2.5 0.30 0.80 1.00 0.90 2.30 0.12 2.5 3.72 0.97 9.45 1.97 13.35 1.95
3.0 0.15 0.33 0.80 0.55 2.20 0.65 3.0 2.00 0.36 7.61 1.20 12.05 0.90

a Experimental error is� 5%.

Table 2. The pH-dependent reaction rate constants (kI, kII)
a for the complex formation between [PdCl(dien)]þ and L-cysteine at

various temperatures in the absence and presence of 1�10�2
M SDS

Water 1� 10�2
M SDS

280 K 288 K 279 K 277 K 288 K 298 K

kI� 10�2 kII� 10 kI� 10�2 kII� 10 kI� 10�2 kII� 10 kI� 10�2 kII� 10 kI� 10�2 kII� 10 kI� 10�2 kII� 10
pH (M

�1 s�1) (s�1) (M
�1 s�1) (s�1) (M

�1 s�1) (s�1) (M
�1 s�1) (s�1) (M

�1 s�1) (s�1) (M
�1 s�1) (s�1)

1.0 2.59 0.70 3.20 0.71 4.40 0.90 2.78 0.80 3.50 0.99 4.79 0.94
1.5 2.15 0.22 2.65 0.29 3.63 0.27 11.87 3.65 15.38 4.98 19.43 5.48
2.0 2.53 0.27 3.47 0.39 4.10 0.50 19.61 4.48 25.52 5.25 31.00 6.18
2.5 2.71 0.69 3.46 1.15 4.62 1.14 26.60 0.96 33.50 1.00 41.38 1.00
3.5 5.06 2.65 7.33 5.36 9.91 7.29 18.85 1.20 24.13 1.80 30.11 0.80

a Experimental error is� 5%.

Figure 3. The pH profiles of the observed rate constant (kobs) for the formation of the
[PdCl(dien)]þ–L-cysteine complex (a) (cthiol¼5� 10�4

M, cPd¼1�10�5
M) and the

[PdCl(dien)]þ–GSH complex (b) (cthiol¼5� 10�5
M, cPd¼ 1�10�6

M) in the presence
(solid symbols) and absence (open symbols) of 1� 10�2M SDS at various temperatures
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will partition out of the bulk aqueous phase into the
surface region of the micelles. On the other hand,
both ligands are protonated below pH 2. Dissociation of
the —COOH group occurs above pH 2, where formation
of zwitterions takes place. In highly acidic solutions
(pH< 1) kinetic behavior resembles that of the corre-
sponding homogeneous system due to competition be-

tween positively charged reactants and Hþ for a place on
the micelle surface.

The pH-dependent thermodynamic parameters

The influence of acidity on the activation parameters for
the reaction between [PdCl(dien)]þ and thiols was de-
rived from the temperature dependence of the rate con-
stants obtained in the presence and absence of anionic
SDS micelles at various pH values. The forward rate
constants (kI) obtained at different temperatures (results
presented in Tables 2 and 3) were used to calculate
enthalpies and entropies of activation using the Eyring
equation36

kI ¼ kbT=h expð�S6¼=RÞexpð��H 6¼=RTÞ ð13Þ

The typical temperature dependence of the rate constant
for the complex formation between [PdCl(dien)]þ and L-
cysteine or GSH at pH 2 in the presence and absence of
1� 10�2

M SDS is shown in Fig. 4. Similar plots were
obtained for both ligands in the investigated acidity range.
The activation enthalpy and entropy in the absence and
presence of 1� 10�2

M SDS were calculated from the
slope and the intercept of the plots and the results are
summarized in Table 4. The results indicate the lower
values of the reaction enthalpy in the presence of micelles
compared with those obtained in the corresponding aqu-
eous solutions. The observed effect is more pronounced in
the reaction between [PdCl(dien)]þ and L-cysteine. On the
other hand, the presence of micelles does not have
significant influence on the entropies of activation of
the reaction between [PdCl(dien)]þ and L-cysteine or
GSH in the investigated acidity range. However, large
negative values of the entropy of activation for both
reactions are compatible with an associative mode of
activation (Ia or A mechanism).35,36 This finding indicates
that bond-making with the entering ligand is important
in the activation processes and that the leaving group is
still tightly bound to the metal center in the transition state.

Table 4. Activation parameters for the forward reactions between [PdCl(dien)]þ with thiols in the absence and presence of
1� 10�2

M SDS

L-Cysteine Without SDS With 0.01 M SDS GSH Without SDS With 0.01 M SDS

�H 6¼ �S 6¼ �H 6¼ �S 6¼ �H 6¼ �S 6¼ �H 6¼ �S 6¼

pH (kJ mol�1) (J mol�1 K�1) (kJ mol�1) (J mol�1 K�1) pH (kJ mol�1) (J mol�1 K�1) (kJ mol�1) (J mol�1 K�1)

1.0 18.8� 1.6 �131.3� 5.6 15.3� 2.4 �142.4� 8.2 0.5 43.5� 0.4 �38.8� 1.3 40.2� 0.1 �37.0� 0.2
1.5 18.1� 1.4 �135.1� 4.8 13.4� 0.2 �137.0� 0.8 1.0 36.9� 2.5 �59.3� 8.9 33.7� 5.7 �52.6� 2.0
2.0 17.3� 3.8 �136.4� 13.3 12.8� 0.4 �135.0� 1.2 2.0 35.1� 2.1 �63.3� 7.3 32.6� 8.3 �53.5� 2.9
2.5 19.6� 0.7 �128.0� 2.5 12.2� 0.6 �134.6� 1.9 2.5 58.1� 6.4 �14.0� 2.2 51.6� 4.8 �10.6� 1.7
3.5 25.5� 1.7 �101.5� 6.0 13.1� 0.5 �134.2� 1.6 3.0 77.4� 7.5 �78.3� 4.0 73.7� 7.9 �85.4� 2.7

Figure 4. Temperature dependence (Eqn (3)) of the rate
constant for the complex formation between [PdCl(dien)]þ

and GSH (1) or L-cysteine (2) in the absence (solid symbols)
and presence (open symbols) 1� 10�2

M SDS at pH 2
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