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The kinetics of the interaction of pL-penicillamine with cis-[Pt(cis-dach)(OH,),]*" has been
studied spectrophotometrically as a function of [cis-[Pt(cis-dach)(OH>),]**], [DL-penicillamine],
and temperature at a particular pH (4.0), where the complex exists predominantly as the diaqua
species and pL-penicillamine as a zwitterion. The substitution reaction proceeds via rapid outer
sphere association, followed by two slow consecutive steps. The first is the conversion of title
complex into an inner sphere complex and the second is the slower chelation step whereby
another aqua ligand is replaced. The association equilibrium constant (Kg) for the outer sphere
complex formation has been evaluated together with rate constant for two subsequent steps.
The activation parameters for both steps have been evaluated using the Eyring equation:
(AH=36+4kImol™!, AS{=—175+12JK 'mol™" and AH}=44+1kimol', AS}=
—189 4 3JK "mol™"). The low enthalpy of activation and large negative value of entropy of
activation are consistent with an associative mode of activation for both consecutive steps. The
kinetic study has been substantiated by conductivity measurement, product isolation, IR and
ESI-MS spectroscopic analysis.

Keywords: Kinetics; Mechanism; Pt(I1)

1. Introduction

Substitution on square planar platinum(II) complexes is of considerable interest in
chemical and biomedical research. In particular, cis platin [1-7] and its structural
analogs [8] are widely used in the treatment of specific cancers. It is now accepted that
these platinum(II) complexes exercise their anti-tumor activity by inhibiting replication
of cellular DNA [9, 10]. Nephrotoxicity and neurotoxicity coupled with drug resistance,
which develops within patients after initial treatment have limited wider clinical
application [11] of chloro derivatives of (N,N )-chelated Pt(II) complexes. Therefore, the
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search for other drugs has continued and the aqua variety was found to be superior to
some extent in this respect as the coordinated water molecule is a better leaving group
than the chloro ligand in Pt(I) complexes [6]. In this context, the diaqua derivative of
cis-[Pt(cis-dach)Cl,], an effective anti-tumor compound with little nephrotoxicity, has
cross resistance with DDP [12]. The hydroxobridged dimer and trimer of dach-Pt(II)
complexes are active anticancer agents and less toxic than the monomer in contrast to
NH; oligomers.

Pt(I) complexes can also interact with many other biomolecules, especially those
containing sulfur for which Pt(II) has a very high affinity. Interaction of platinum(II)
complexes with sulfur-containing biomolecules is responsible for a variety of biological
effects, such as inactivation of Pt(II) complexes, development of cellular resistance to
platinum, and toxic side effects, such as nephrotoxicity [13, 14]. The reactivity of aqua
amine complexes of Pt(II) toward ““S”-containing amino acids and “‘S’-containing
substituted amino acids is thus of interest. In this article we have studied the kinetics of
aqua-ligand  substitutions of  cis-[Pt(cis-dach)(OH,),]*" by DL-penicillamine
(B, B'-dimethyl cysteine), a degradation product of g-lactum antibiotic, penicillin, and
also a “S”’-containing bioactive ligand.

2. Experimental

The reactant complex cis-[Pt(cis-dach)(OH»),](ClO4)> (1) (dach = diaminocyclohexane)
was prepared from cis-dichloro-(dach)platinum(II) by hydrolysis in the presence of two
molar equivalents of silver perchlorate. The chloro compound spreads over the aqueous
solution of silver perchlorate and the mixture was kept for 24 h and then filtered to
remove AgCl. The diaqua complex was then characterized spectrophotometrically.
The chloro complex cis-dichloro-(cis-dach)platinum(II) was prepared according to the
literature method [15]. The pH of the solution was maintained at 4.0, so that
perchlorate salt exists as diaqua species. The product of the reaction between 1 and
DL-penicillamine was prepared by mixing the reagents at pH 4.0 in different molar
ratios: namely 1:1, 1:2, 1:3, 1:4 and 1:5 and thermostating the mixture at 60°C for
48 h. The absorption spectra of the resulting solution were recorded and all were found
to exhibit almost identical absorbance at 240 nm. The spectral differences between the
product complex and the substrate complex are shown in figure 1.

The composition of the product in the reaction mixture was determined by Job’s
method of continuous variation (figure 2). The metal : ligand ratio was found to be 1: 1.

Cis-[Pt(cis-dach)(OH,)]** and pL-penicillamine were mixed in 1: 1 molar ratio at pH
4.0 and a yellow product was obtained. The IR spectra of the yellow product in the KBr
disc show strong bands at 3428 and 510cm™' together with prominent bands at 1711,
1627, and 1406 cm™"'. The asymmetric COO™ stretching frequency (Vasym) of the amino
acids occurs at 1580-1660cm™', when the group is coordinated to metals, whereas a
non-coordinated COO™ group has the v,4ym(COO™) stretching at lower frequency [16].
The band at 1711 cm™" is therefore due to the Vasym(COOH) of the free carboxyl group.
The band at 1627cm ™! may be due to overlapping of the v(asym)COO~ and § NH,
bending motion coordinated to platinum, indicating that the COOH group is not a
ligation site. The presence of a strong —OH stretching band at 3428 cm™' indicates
the presence of free carboxyl (—COOH) group. The absence of weak absorption of
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Figure 1. Spectral difference between 1 and the bpL-penicillamine substituted product; (1)

[1]1=2.00 x 10~ *moldm™>; (2) [1]=2.00 x 10" *moldm~>; [DL-penicillamine] = 8.00 x 103 mol ~dm ™3, cell
used = 1 cm quartz, pH = 4.0, and ionic strength = 0.1 moldm > NaClO,.
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Figure 2. Job’s plot for reaction between 1 and bL-penicillamine at pH=4.0, and ionic
strength =0.1 moldm ™ NaClOj,.

the —SH group at 2500 cm ™', present in free pL-penicillamine, indicates formation of
the Pt—S bond in the product [17]. The band at 510 cm ™" is also assigned to v(Pt—N) [18].
The spectrum suggests that the final product is an S, N coordinated chelate and the
pL-penicillamine is a bidentate ligand at the experimental pH. The observation is
consistent with other studies [19-21] where (N,N)-platinum complexes bind to
S-containing amino acids, substituted amino acids, and dipeptides through N and S.

The conductance measurement also reveals that bonding occurs through S and N of
the pr-penicillamine ligand. During chelation, one proton is released from the —SH
group of pL-penicillamine, which is supported by the increase in conductance with the
reaction. Affinity of platinum(II) for sulfur is high providing the driving force for the
deprotonation in the first step.
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Figure 3. ESI-MS of the product for 1 and pr-penicillamine at pH 4.0 in aqueous medium and at ionic
strength 0.1 moldm ™ NaClOy,.

Aqueous solution of cis-[Pt(cis-dach)(OH,),]** and pL-penicillamine were mixed in a
1:1 molar ratio, and the mixture was thermostated at 60°C for 48h and used for
ESI-MS measurement. ESI-MS of the resulting solution are shown in figure 3. It is clear
from this spectrum that the ion at m/z 457.34 (minor peak) has become the precursor
ion species in the mixture solution and this is tentatively attributed to
(pL-penicillamine 4+ Pt + dach)*; the relative abundance of isotope peaks match the
expected values, i.e., m/z 456.01, m/z 457.34, and m/z 458.52. The fragment ion at
m/z 413.15 corresponds to loss of 44 from the precursor ion and is thus attributed to the
loss of CO,, at the same time, the peak at 414.09 is the isotopic peak for the loss of CO,.
The fragment ion at m/z 318.12 has the maximum relative abundance as expected
for [Pt +2 NH;+ S-CH (CH;3)-CH,-NH,]" and peak at 319.16 is the isotopic peak
for the same. The precursor ion and the fragmented products are shown schematically
in figure 4.

We proposed that Pt(II) is likely to be coordinated to both sulfur and NH, considering
the strong coordination ability of these functional groups [22-24]. Thus the structure
proposed here for product ion species, deduced from ESI-MS, is generally consistent with
those derived from other experimental methods. The pHs of the solution were adjusted
by adding NaOH/HCIO,4 and measurements were carried out with the help of a Sartorius
Digital pH meter (model PB11) with an accuracy of +0.01 units. Doubly distilled water
was used to prepare all the solutions. All other chemicals were of AR grade. The reactions
were carried out at constant ionic strength (0.1 mol dm > NaClOy).

2.1. Physical measurement

All spectral scanning and kinetic measurements were done in a Shimadzu UV-Vis
spectrophotometer (UV-2100). IR spectra (KBr disc, 4000-300 cm ™) were measured in
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Figure 4. Plausible structures of the precursor ion and the fragmented ions matched with their m/z values
obtained from the ESI-MS.

a Perkin-Elmer FTIR model RX1 infrared spectrophotometer. ESI-MS were recorded
using a micromass Q-Tof micro . mass spectrometer in +ve ion mode. Conductance
measurements were carried out in a Systronics conductivity meter model 308
where the cell constant was calibrated with 0.01 mol L™" KCI solution with water as
solvent.

2.2. Kinetic measurements

Kinetic measurements were carried out on a Shimadzu spectrophotometer (UV-2100)
equipped with a Shimadzu TB thermobath (accuracy +0.1°C). The absorption due to
pL-penicillamine was subtracted using 1:1 (molar ratio) ligand : water mixture in the
reference cell. Following the increase in absorbance at 240 nm, the progress of the
reaction was monitored. Conventional mixing technique was followed and pseudo-first
order conditions with respect to metal ion concentration were maintained throughout
the course of the reaction. The plot of In(4,,—A4,) (Where 4, and A, are absorbances at
the time and after completion of reaction) against time (¢) (figure 5) is found to be
nonlinear; it is curved initially and subsequently of constant slope indicating that the
reaction involves two consecutive steps. From the limiting linear portion of In(A4,,—A4,)
versus time (f) curves, kaobs) Were obtained. The ky(ops) values were obtained from the
plot of In A versus time (¢), where time () is small (figure 6). Origin software was used
for computational work. Rate data, represented as an average of duplicate runs, are
reproducible within +4%.
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Figure 5. A typical kinetic plot of In(de—A,) vs. time (7). [1]=2x10"*moldm™3;
[pL-penicillamine] =4 x 10~ *moldm~%; pH =4.0; ;x=0.1 moldm > NaClO, and temperature = 45°C.

-0.5
—0.6
0.7 4
—-0.8
-0.9
< 1.0
£ 11
1.2 ]
-1.3
-1.4 1

0 1 2 3 4 5
Time (min)

Figure 6. A  typical kinetic plot of InA ws. time (1. [1]=2.0x 10"*moldm™3;
[DL-penicillamine] = 4.0 x 107> moldm™>; pH =4.0; 1« =0.1 moldm > NaClO, and temperature =45°C.

3. Results and discussion

The pK;, pK,, and pK; of pr-penicillamine [25] are 1.90, 7.88, and 10.58 at 25°C,
respectively, which refer to the following dissociation processes (scheme 1):

HS —CMe,— CH(NH}) — COOH ==—== HS — CMe,—CH(NH})—COO~ + H* pK,=1.90
HS —CMe,—CH(NH})— COO™ # “S —CMe,~CH(NH})—COO™+ H* pK,=7.88
~S—CMe,~CH(NH)— COO~ = S —CMe,— CH(NH,)—COO™ + H* PK,=10.58

Scheme 1. Acid dissociation equilibria of the ligand pL-penicillamine.

At pH 4.0, the major species involved in the kinetic process is a zwitterionic form of
pL-penicillamine. Since the pK; and pK, [26] for cis-(diaqua(cis-1,2-
diaminocyclohexane)platinum(II) are 6.25 and 7.80, respectively, we assume that at
pH 4.0, the reactant exists as the diaqua ion.
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At constant temperature, constant pH (4.0) and fixed concentration of 1, the
In(A,o—A,) versus time plot for different ligand concentration is curved at the initial
stage and subsequently of constant slope, indicating that the reaction involves a two-
step consecutive process, the first step dependent on ligand concentration, whereas the
second is independent of ligand concentration. In the first step, one aqua ligand was
replaced from cis-[Pt(cis-dach)(OH,),]** by pL-penicillamine. The second is the slowest
step, where another aqua ligand is substituted. This is the ring closure step. The rate
constant for such process can be evaluated by assuming the following scheme:

k
A—1> B—— C,

where A is the diaqua species (1) B the single substituted intermediate, and C the final
product (2) [Pt(cis-dach)(pL-penicillamine)]". Formation of C from B is predominant
after some time has elapsed.

3.1. Calculation of k; for A — B step

The rate constant kb for the A — B step can be evaluated by the method of Weyh
and Hamm [27] using the usual consecutive rate law;

(Aoo — A;) = a1exp(—ki(obs)?) + arexp(—kaobs)t), (1
whence
(Aoo — A;) — a2exp(—ka(obs)t) = arexp(—ki(obs)t), 2

where a; and a, are constants depending on the rate constant and extinction coefficient.
Values of (Asc—A,) — a» exp (—kzobs) t) are obtained from X — Y at different time (¢),
so that

A = ayexp(—ki(obs)r)
or
In A = constant — k;(obs)z, 3)

where A is the difference of In(4,,—A4,) values between the observed and extrapolated
parts of the linear portion of In(A4.—A,) versus time (f) curve at any time (7). ky(ops) 18
derived from the slope of In A versus time plot (correlation coefficient 0.998), when ¢ is
small (figure 6).

A similar procedure is applied for pL-penicillamine in the concentration range of
0.002-0.006 mol dm— at constant 1 of 0.0002moldm ™ at pH 4.0 and at 35°C, 40°C,
45°C, 50°C, and 55°C. The k(ops) values thus obtained are linearly dependent on the
studied concentration range. The kjbs) values for different ligand concentrations at
different temperatures are given in table 1. The ligand concentration dependence of
kiobsy values can be explained in terms of rapid formation of an outer sphere
association complex [6] between the reactant complex (1) and the sulfur end of
zwitterionic form of prL-penicillamine in the A — B stage. The rate increases with
increase in ligand concentration and reaches a limiting value (figure 7), which is
probably due to completion of the outer sphere association complex formation.



07:19 23 January 2011

Downl oaded At:

pL-Penicillamine with platinum(11)

Table 1.

temperatures. [1]=2x10"*mol dm™~

103 k 1(obs) (S~ ) values for different concentration of DL penicillamine at different
3 pH=4.0, £ =0.1 moldm~> NaClO,.

10® [DpL-Penicillamine] (mol dm ™)

Temperature (°C) 2.00 3.00 4.00 5.00 6.00 8.00

35 0.62 0.85 1.06 1.21 1.34 1.57

40 0.93 1.26 1.57 1.81 1.96 2.29

45 1.48 1.94 2.40 2.69 291 3.40

50 1.97 2.62 3.01 3.39 3.65 4.05

55 3.27 4.09 4.74 5.26 5.58 6.13
8

> W QU

5 4 . 6
10°[L] (mol dm™) —

2165

Figure 7. Plot of kybs) (5~ ) vs. [DL- pen1c111am1ne] at different temperatures; A=35°, B=40°, C=45°,

D=50°, and E=55°C; pH=4.0 and ionic strength=0.1 moldm~ NaClO,.

Since the metal ion reacts with immediate environment, further change in ligand
concentration beyond the saturation point will not affect the reaction rate and a gradual
approach towards limiting rate is observed. At this stage, the interchange of the ligands
from outer sphere to the inner sphere occurs. The following scheme can be proposed:

[Pt(cis-dach)(H,0)3"] +L- LH =
A

[Pt(cis-dach)(H,0)3*] - -

[Pt(cis-dach)(H,O)(L-L)"] BN [Pe(cis- dach)(L L)*]+ H,0,
B

chelation

K
-L-LH —— [Pt(cis- dach)(Hzo)(L -L)*] 4+ H3;0™"

anation

[Pt(czs dach)(H,0);"] + L-LH

Outer sphere association complex

4)

)

(6)
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Figure 8. Plot of 1/kyps) (s) vs. 1/[DL-penicillamine] at different temperatures; A =35, B=40°, C=45°,
D =50°, and E=55°C; pH =4.0; and ionic strength =0.1 mol dm™3 NaClO,.

where L-LH is the zwitterionic form of bDL-penicillamine [HS—C(CHjz),—
CH(NH7)—COO™]. Based on the above equations, a rate expression (10) can be
derived for the A — B step:

dB  kiKg[Pt(cis-dach)(H,0)3"] . . [DL-penicillamine] .
dr 1 + Kg[pL-penicillamine] M
or
dB .
5 = Ficoby [Pt(cis-dach)(H,0)37] . s 8)

where [Pt(cis—dach)(HzO)%ﬂloml is the concentration of the unreacted complex and
[DL-penicillamine] the concentration of pL-penicillamine. Hence we can write:

k1 Kg[pL-penicillamine]
1 + Kg[pL-penicillamine]’

Ki(obs) = )

where k; is the rate constant for conversion of outer sphere complex to inner sphere
complex and K the outer sphere association equilibrium constant. Equation (9) can be
rearranged:

1 1 1
Kiobs) ki + k1 Kg[pL-penicillamine]

(10)

A plot of 1/kjbs) versus 1/[DL-penicillamine] should be linear with an intercept of
1/ky and slope 1/k; K. This was found to be so at all the temperatures studied (figure 8);
the k; and Kg values obtained from intercept and from slope to intercept ratio,
respectively, are included in table 2.
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Table 2. ky, k,, and Kg values for the substitution reaction.

Temperature (°C) ky 7Y 105k, (571 Kg (dm*mol™")
35 3.26 2.56 117
40 4.59 3.37 127
45 5.89 4.54 167
50 6.35 6.32 227
55 8.75 7.77 297

3.2. Calculation of k; for the B— C step

The B— C step is the ring closure step in which the amino group of the substituted
amino acid, pL-penicillamine, binds the metal center. Due to steric hindrance, this step
is slow and independent of ligand concentration variation. At a particular temperature,
the k, values were calculated from the limiting linear portion (where 7 is large) of the
In(Ao—A,) versus time curve (figure 5). For different temperatures, k, values obtained
directly from the limiting slope of In(A.,—A,) versus t are given in table 2.

3.3. Effect of pH on reaction rate

The reaction was studied at four different pH values. The kg, values increase with
increase in pH in the studied pH range. At a fixed 0.0002 mol dm > (1), 0.004 mol dm >
[DL-penicillamine], and 0.1 moldm ™ ionic strengths, the 10° ki(obsy values at 50°C in
aqueous medium are 2.60, 2.86, 3.01, and 3.66 s 'and 10° ka(obsy values are 4.61, 5.27,
6.32, and 7.66s ! at pH 2.8, 3.4, 4.0, and 4.6, respectively. The enhancement in the rate
may be explained based on two acid dissociation equilibria of the ligand and the
complex. In the studied pH range (2.8-4.6), with an increase in pH, the diaqua complex
will be converted into hydroxoaqua complex. The reactivity of hydroxoaqua complex is
usually higher than that of diaqua complex by the well-known labilizing effect of
coordinated hydroxide. At the same time, with increase in pH deprotonation of the
ligand occurs, which is also responsible for enhanced reactivity. Notwithstanding in the
present kinetic runs, the substitution reactions were followed at a constant pH of 4.0 to
avoid complication caused by adding an additional parameter of [H'] to the rate
equation. At pH 4.0, 1 exists in the diaqua form.

3.4. Effect of temperature on reaction rate

The reaction was studied at five different temperatures for different ligand concentra-
tion and the anation rate constants for both A — B (k) and B — C (k») steps are given
in table 2. The activation parameters calculated from Eyring plots (figures 9 and 10) are
given in table 3 and compared with those for analogous systems involving substitution
in square planar platinum(Il) complexes.

4. Mechanism and conclusion

pL-Penicillamine exists as zwitterions at pH 4.0 (scheme 1). The sulfur end of
pL-penicillamine is a soft donor and has large affinity for the soft Pt center. Thus in the
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Figure 10. Eyring plot for k,.

first stage, a rapid equilibrium is established, resulting in an outer sphere association
complex between 1 and pr-penicillamine. Two cis- positions of platinum(II) ion are
blocked by nitrogen ligands, and in view of the preference for square planar
configuration it is unlikely that prL-penicillamine is a tridentate ligand in this complex
formation. Job’s method of continuous variation indicates 1: 1 molar ratio and the IR
spectrum of the solid product suggests that pL-penicillamine is bidentate with carboxyl
group free. Finally ESI-MS provide a qualitative picture of the composition, i.e. the
ligational sites are sulfur and nitrogen ends of pL-penicillamine. Thus the mechanism of
substitution of aqua ligands in cis-diaqua(cis-1,2-diaminocyclohexane)platinum(II) ion
can be explained in terms of rapid outer sphere association, followed by two
consecutive steps, the first dependent on ligand concentration and the second chelation,
i.e. ring closure step, which is slower than the first step and independent of ligand
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Table 3. Activation parameters for analogous systems.

Systems AHTé (kJmol™") AST (K 'mol™ AHZ# (kJmol ™" ASZE (JK'mol™") References
Cis-[Pt(en)»(H,0),*"
pL-Methionine 15.6+0.9 —230+3 194+1.2 —225.5+4.0 [28]
Thiourea 61.9+1.7 —71+6 26.7+0.8 —186.8+2.7 [29]
Thiosemicarbazide 35.6+£0.8 —166+3 445+1.3 —182+4 [30]
Cis-[Pt(cis-dach) (H,0),]**
Glutathione 329+1.3 —187.2+4.2 30.5+0.1 —223.1+£0.3 [31]
Et,DTC 66.8 +£3.7 —81+12 95.1+2.8 —344+9.1 [32]
pL-Penicillamine 36.1 +£4.1 —175+12 44.4+1.1 —189+3 [**]

**This study.

CH,
oM, |
Pt HS—— C——CH——C00"
OQNH \ |
CHy NHg
H e ]2+
|
NH2 O ...................... CH3
—
NH/ \OH2 ‘ CHg
CH
+N,{ “coo

Outer sphere association complex

k4 (anation)

Hz0"
VRN . S re

ky (chelation)

\ /S \C\—CH3
/
N oo

(©)
Product

NH,
+ H,O

Figure 11. Plausible mechanism for the substitution of the aqua ligand from cis-[Pt(cis-dach)(H,O),]** by
DL-penicillamine.
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concentration (figure 11). The affinity for nitrogen of the amino group provides the
driving force for the ring formation.

The activation parameters (AHf: 36.1+4.1kJmol™, AST=—175+12JK ! mol ")
for the first step and the second step (AH;é =444+ 1.1kJmol ",
AS;E: —189+3JK 'mol™') suggest an associative substitution. The enthalpy of
activation (AH f and AH;E) values and negative (ASl7E and AS}E) values implies a good
degree of ligand participation in the transition state. The positive enthalpy change for
breaking the M—OH, bond is partially compensated by the formation of M—L bond in
the transition state. The participation of DL-penicillamine in the transition state results
in a more compact state and negative AS*. Further AS; is less negative than AS?,
suggesting that compactness has already been achieved in B and the transformation of B
to C is only the replacement of another aqua ligand through chelation. Aqua ligand
substitution on cis-[Pt(cis-dach) (H,O),]*" with different sulfur donors gives different
enthalpy of activation (AH7) and entropy of activation (AS7) depending on the ligand.
For cis-[Pt(cis-dach) (H,O),]*", the enthalpy of activation (AH f) values are 32.9, 66.8,
and 36.1kJ mol ™" for glutathione, Et,DTC, and pL-penicillamine, respectively (table 3).
Et,DTC gives the highest enthalpy of activation due to its inability to form a hydrogen
bond during substitution (outer sphere association) with leaving aqua ligand, whereas
glutathione and prL-penicillamine, before deprotonation of —SH, are able to form a
hydrogen bond which finally leads to Pt—S bond. pL-penicillamine has higher AHI9£
than glutathione as glutathione has higher pK, for —-S—H assisting glutathione to form
outer sphere association compared to DL-penicillamine. Similarly the enthalpies of
activation (AH;’) values are 30.5, 95.1, and 44.4kJ mol™' for glutathione, Et,DTC and
pL-penicillamine, respectively (table 3).

Due to its great medical, biological, and biochemical importance, platinum chemistry
attracts considerable interest. Kinetic and mechanistic aspects of the reaction of
pL-penicillamine with 1 in aqueous medium extend the study of interaction platinum
complexes with other biomolecules, providing new insights into this active research area.
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