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ABSTRACT: The kinetics and mechanism of substitution reactions of
novel monofunctional [Pt(tpdm)Cl]" and [Pd(tpdm)Cl]" complexes
(where tpdm = tripyridinedimethane) and their aqua analogues with
thiourea (tu), L-methionine (1-met), glutathione (GSH), and guanosine-
S-monophosphate (5-GMP) were studied in 0.1 M NaClO, at pH =
2.5 (in the presence of 10 mM NaCl for reactions of the chlorido
complexes). The reactivity of the investigated nucleophiles follows the
order tu > L-met > GSH > 5-GMP. The reported rate constants showed
the higher reactivity of the Pd(II) complexes as well as the higher
reactivity of the aqua complex than the corresponding chlorido complex.
The negative values reported for the activation entropy as well as the
activation volume confirmed an associative substitution mode. In
addition, the molecular and crystal structure of [Pt(tpdm)CI]Cl was

determined by X-ray crystallography. The compound crystallizes in a monoclinic space group C2/c with two independent
molecules of the complex and unit cell dimensions of a = 38.303(2) A, b = 9.2555(5) A, ¢ = 27.586(2) A, # = 133.573(1)°, and
V =7058.3(8) A. The cationic complex [Pt(tpdm)Cl]* exhibits square-planar coordination around the Pt(II) center. The lability
of the [Pt(tpdm)Cl]" complex is orders of magnitude lower than that of [Pt(terpyridine)Cl]*. Quantum chemical calculations
were performed on the [Pt(tpdm)Cl]* and [Pt(terpyridine)Cl]* complexes and their reactions with thiourea. Theoretical
computations for the corresponding Ni(II) complexes clearly demonstrated that z-back-bonding properties of the terpyridine
chelate can account for acceleration of the nucleophilic substitution process as compared to the tpdm chelate, where introduction
of two methylene groups prevents such an effective 7-back bonding.

B INTRODUCTION

Nucleophilic substitution reactions of square-planar d®
complexes of Pt(Il) and Pd(II) have received much attention
over the last few decades."” Some Pt(Il) complexes, like cisplatin,
carboplatin, and oxaliplatin, are of special interest because of their
application as antitumor drugs. Recently, there have been many
efforts to design nonclassical platinum complexes, such as orally
active Pt(IV) complexes, sterically hindered Pt(II) complexes,
polynuclear Pt(I) and binuclear Pt(II) and Pd(II) complexes,
sulfur-containing platinum complexes, etc., that gave better
results in the treatment of tumors.>~” The interaction of Pt(II)
complexes with sulfur-containing biomolecules, such as L-cysteine,
L-methionine, and glutathione, has been associated with negative
phenomena such as nephrotoxicity, gastrointestinal toxicity,
ototoxicity, cardiotoxicity, and neurotoxicity.”
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For mechanistic studies on the action of Pt(II) antitumor drugs,
their PA(IT) analogues are usually good model compounds because
they exhibit a 10*—10°-fold higher reactivity whereas their structural
and equilibrium behavior is almost similar.” Also, coordination
compounds of Pd(II) and Pt(I) with tridentate nitrogen-donor
ligands, such as diethylenetriamine (dien), bis(2-pyridylmethyl)-
amine (bpma), and 2,2':6',2"-terpyridine (terpy), provide very useful
substrates for study of the substitution behavior of square-planar
complexes. These tridentate ligands form very stable mononuclear
complexes with Pd(II) and Pt(II) even under acidic conditions.

During the past two decades we developed a strong interest
in the steric and electronic tuning of the lability of model
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square-planar Pt(II) and Pd(II) complexes and the influence
this could have on the interaction of such complexes with bio-
relevant nucleophiles and DNA building blocks. We could, for
instance, show how steric hindrance through introduction of
methyl and ethyl substituents on the tridentate Rydien chelate
slowed down the substitution rate of a series of [Pd(Rsdien)Cl]*
complexes by up to 6 orders of magnitude without having an affect
on the nature of the underlying substitution mechanism that
remained associative throughout the series of complexes.'’ On
the other hand, introduction of electronic effects through
systematic displacement of amine by pyridine donor groups
on going from [Pt(dien)Cl]* to [Pt(terpy)Cl]* complexes resulted
in an increase in the substitution rate of up to 4 orders of
magnitude."" This was accounted for in terms of effective z-back
bonding of the in-plane pyridine moieties with the nonbonding d
electrons that lead to an increase in the electrophilicity of the
metal center and stabilized the formation of a five-coordinate
transition state during an associative ligand substitution process.
In this way steric hindrance could decrease the lability of Pd(II)
complexes to reach that of closely related Pt(II) complexes,
whereas electronic effects could increase the lability of Pt(II)
complexes to reach that of closely related PA(II) complexes.'”"" In
principle, such tuning of the lability of antitumor-related Pt(II)
complexes could play an important role in the development of a
new series of complexes designed for treatment of specific types of
tumors employing alternative treatment therapies.

In earlier studies we performed systematic kinetic analyses of
the reactions of different chelated complexes of Pt(II) and
Pd(II) with series of biorelevant nucleophiles and found the
highest reactivity for the terpyridine complexes throughout the
series. This could be accounted for in terms of the mentioned
m-back-bonding effect of the aromatic in-plane-coordinated
pyridine ligands. We have now synthesized the corresponding
complexes for the tpdm (tripyridinedimethane) chelate in which a
methylene group bridges the adjacent pyridine groups. Due to the
tetrahedral arrangement around the methylene groups the pyridine
ligands are forced to be out of plane with the metal center, which
should have a significant effect on their 7-back-bonding ability and
as a result the lability of the synthesized complexes. This was
indeed found to be the case. The reported crystal structure of
the [Pt(tpdm)CI]Cl compound clearly shows the deviations
from the planar arrangement found for the corresponding
terpyridine compound. DFT computations were performed in
an effort to account for the orders of magnitude difference in
the reactivity of the tpdm and terpy complexes.

We further studied the kinetics and mechanism of sub-
stitution reactions of the novel monofunctional [Pt(tpdm)CI]*
and [Pd(tpdm)Cl]* complexes and their aquated analogues
with thiourea (tu), L-methionine (L-met), glutathione (GSH),
and guanosine-5-monophosphate (S-GMP). The entering ligands
were investigated because of their different nucleophilicity, steric
hindrance, binding properties, and biologically relevance. Thiourea
is a very useful nucleophile since it combines the ligand properties
of thiolates (o-donor) and thioethers (o-donor, 7-acceptor).'>™**
In addition, there are several reasons to study the reactions with
the other three nucleophiles. As mentioned before, reactions with
5"-GMP are used as a model for binding to DNA, whereas the
sulfur-containing biomolecules (1-met and GSH) play an
important role in toxic side effects in the antitumor action of
Pt(1I) complexes. The structures of the studied complexes and
nucleophiles are summarized in Scheme 1.
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B EXPERIMENTAL SECTION

Chemicals and Ligands. The ligands r-methionine, glutathione,
guanosine-5-monophosphate sodium salt, and thiourea were obtained
from Fluka and Acros Organics and used without further purifica-
tion. Potassium tetrachloridoplatinate(II) (K,PtCl,) and potassium
tetrachlorido—palladate(II) (K,PdCl,) were purchased from Strem
Chemicals. Cyclooctadien (Across Organics) was used in the stepwise
preparation of the novel complexes. The chelate tripyridinedimethane
(tpdm) was synthesized according to a published procedure."> All other
chemicals were of the highest purity commercially available. Ultrapure
water was used in the kinetic as well as spectrophotometric measure-
ments. Nucleophile stock solutions were prepared shortly before use by
dissolving the chemicals. The ionic strength of all solutions was adjusted
to 0.10 M with NaClO,. Ten millimolar NaCl was added to the aqueous
solutions of the chlorido complexes to prevent their hydrolysis.

Synthesis of Compounds. [Pt(tpdm)CI]Cl and [Pd(tpdm)Cl]Cl
were prepared starting from K,PtCl, and K,PdCl,, respectively. To an
aqueous solution of K,PtCl, (1 mmol) an equimolar concentration of
cyclooctadiene (COD) was added and stirred for 1 h. The weakly
soluble [Pt(COD)Cl,] complex was filtered off, dried, and mixed with
an equivalent concentration of tpdm in a methanol/water (50/50, v/v)
mixture. The suspension was steered for a few hours, and the tem-
perature was kept at about 50 °C. After cooling to room temperature,
the solution was left in ice overnight. The yellow precipitate was
separated from the solution, recrystallized from water, and character-
ized by X-ray diffraction, elemental analysis, and UV and IR spectros-
copies (Figures S1 and S2, Supporting Information). Anal. Calcd for
PtN;C,-H,<CL: H, 2.87; C, 38.2; N, 7.97. Found: H, 2.66; C, 38.3; N,
7.13. Ay compl./nm 267.0; vy, /cm™ 764 (Pt—N), 1469 (C—N),
1607 (C=N), 3400 (O—H).

The same procedure was used for synthesis of the corresponding
Pd(II) complex. After obtaining a dark yellow powder, the compound
was characterized by elemental analysis and UV and IR spectroscopies
(Figures S3 and S4, Supporting Information). Anal. Caled for PdN;-
Cy,H,Cl,: H, 342; C, 46.53; N, 9.58. Found: H, 3.92; C, 44.07; N,
8.37. e compl./nm 265.1; v, /em ! 786 (Pt—N), 1454 (C—-N),
1591 (C=N), 3400 (O—H).

The aqua complexes [Pt(tpdm)(H,0)]** and [Pd(tpdm)(H,0)]*
were prepared starting from the corresponding chlorido complexes.
Conversion was performed by addition of a slight excess of AgClO, to
a solution of the chlorido complex and stirring for 3 h at 50 °C. The
white precipitate that formed (AgCl) was filtered off using a Millipore
filtration unit, and the solution was diluted. In order to ensure that the
resulting solution was free of Ag" ions, the pH of the solution was
increased to 11 by addition of small amounts of 0.1 M NaOH solution.
This led to formation of brown silver oxide (from the excess silver
perchlorate), which was then removed with a Millipore filter, and the
pH of the remaining solution was adjusted to pH 2.5 with perchloric
acid. UV—vis and IR spectra of the aqua complexes are reported in
Figures S5—S8, Supporting Information. Addition of chloride to the
solution of the aqua complexes immediately resulted in reformation of
the chlorido species as observed from the UV—vis spectral changes.
Since it is well known that perchlorate ions do not coordinate to Pt(1I)
and Pd(IT) in aqueous solution,'® the kinetics of the complex-formation
reactions were studied in perchlorate medium.

Instrumentation. Chemical analyses were performed on a Carlo
Erba Elemental Analyzer 1106. IR spectra were recorded on Perkin-
Elmer Spectrum One FTIR spectrometer, whereas UV—vis spectra
were recorded on Shimadzu UV 250 and Hewlett-Packard 8452A
diode-array spectrophotometers in thermostatted, 1.00 cm quartz
Suprasil cells. Kinetic measurements on the Pd(II) complex were
carried out on an Applied Photophysics SX.18MV stopped-flow instru-
ment coupled to an online data acquisition system. For reactions of the
Pt(I) complex, a Perkin-Elmer Lamda 35 spectrophotometer was used.
Experiments at elevated pressure (up to 130 MPa) were performed on a
homemade high-pressure stopped-flow unit'” attached to an online data
acquisition system with which the kinetic traces could be evaluated using
the OLIS KINFIT (Bogart, GA) set of programs. The temperature was
controlled throughout all kinetic experiments to +0.1 °C.
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Scheme 1. Schematic Structures of Studied Complexes and Nucleophiles
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Kinetic Measurements. Substitution reactions of the novel
monofunctional Pt(II) and Pd(II) complexes with the nucleophiles
L-methionine, glutathione, 5-GMP, and thiourea were studied spectro-
photometrically by following the change in absorbance at suitable
wavelengths as a function of time. Spectral changes resulting from
mixing the complex and nucleophile solutions were recorded over the
wavelength range 200—400 nm to establish a suitable wavelength at
which kinetic measurements could be performed.

Substitution reactions of [Pd(tpdm)CI]* and [Pd(tpdm)(H,0)]*
were initiated by mixing equal volumes of complex and ligand solu-
tions directly in the stopped-flow instrument and followed for at least
eight half-lives. The substitution process was monitored as the change
in absorbance with time under pseudo-first-order conditions (working
wavelengths are given in Tables $1—-S7, Supporting Information). All
kinetic runs could be fitted to a single-exponential function.

Substitution reactions of [Pt(tpdm)CI]* and [Pt(tpdm)(H,0)]*
were started by mixing 0.3 mL of the complex solution with 2.7 mL of
nucleophile solution in a quartz cuvette. The concentration of the
nucleophile solution was always high enough (at least a 10-fold excess)
to provide pseudo-first-order conditions. The kinetic traces also gave
an excellent fit to a single-exponential function.

The observed pseudo-first-order rate constants, kg were calcu-
lated as the average value from 4—6 independent kinetic runs using the
program Origin 6.1. Experimental data are reported in Tables S1—-S7,
Supporting Information.

All experiments with the chlorido complexes were studied in the
presence of 10 mM NaCl to prevent spontaneous hydrolysis. This
concentration of NaCl was based on kinetic measurements performed
as a function of NaCl concentration for the reaction of [Pt(tpdm)-
(H,0)]* with thiourea (see Table S8, Supporting Information).

The pressure dependence of the observed rate constant for reaction
between [Pd(tpdm)Cl]* and glutathione was studied at 10 °C in the
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range 0.1—130 MPa. This reaction was also followed under pseudo-
first-order conditions with an excess of the nucleophile. High-pressure
kinetic data are reported in Table S9 (Supporting Information).

Quantum Chemical Computations. We performed B3LYP/
LANL2DZp hybrid density functional computations on [Pt(terpy)Cl]*
and [Pt(tpdm)Cl]*, ie., with pseudopotentials on the heavy elements
and the valence basis set augmented with polarization functions.'®"’
While optimizing the structures no other constraints than symmetry
were applied. In addition, the resulting structures were characterized as
minima by computation of vibrational frequencies. The relative energies
were corrected for zero-point vibrational ener§ies (ZPE) throughout.
The GAUSSIAN suite of programs was used.”” The influence of the
bulk solvent was evaluated via single-point computations using the
CPCM*' formalism, ie., B3LYP(CPCM)/LANL2DZp//B3LYP/-
LANL2DZp and water as solvent.

In an effort to gain further insight into the role of z-back-bonding in
such complexes, the corresponding Ni monocationic complexes (closed
shell) were optimized at the B3LYP'®*"/LANL2DZ'® level. The pro-
perty computations for the free ligands were based on the same geom-
etry as for the complexes. The computational strategy”> combined
Mo et al’s block-localized wave function (BLW) scheme®*** with
Kutzelnigg’s IGLO methodology® to analyze the nucleus-independent
chemical shifts (i, NICS-based indices)***” of model reference
species with “chemically noninteracting” (disabled) double bonds.

Electronic structures used in the property computations employed a
modified version of GAMESS-US (release 2008)***° interfaced with
the BLW module. A modified version of the deMon-MASTER code®
that computes the NMR parameters by numerical integration for both
the delocalized (standard) and the electronic structures with non-
interacting 7 bonds was employed. The Pipek—Mezey MO localization
and the chemical shift dissection were based on the /7 symmetry.
Chemical shifts were improved by the LOC1 ad hoc correction for

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529



Inorganic Chemistry

virtual orbitals.>' The (BLW)-NICS,,, values were computed at the
(BLW-)PW91*2/IGLO-III level (partially uncontracted def2-QZVPP
basis set without f and g function for Ni). A dense 140/1202 (or even
200/1202 in certain cases) Euler—Maclaurin—Lebedev**** was used in
the SCF procedure. Delocalization energies were computed at the
PW91/IGLO-III level and correspond to the difference between the
energy of the canonical (standard) electronic structure and the energy
of the localized state computed using the block-localized wave function
method. Note that the current formalism is incompatible with use of
the pseudopotential and hence has been restricted to the nickel complex.

X-ray Crystallography. Intensity data for a crystal of [Pt(tpdm)-
Cl]Cl-'1.25H,0 with approximate dimensions of 0.15 X 0.10 X
0.08 mm were collected on a Bruker Kappa APEX 2 IuS Duo
diffractometer using Mo Ka radiation (QUAZAR focusing Montel
optics, A = 0.71073 A) at 150 K. Lorentz and polarization corrections
as well as a semiempirical absorption correction based on multiple
scans were applied (SADABS 2.11, Bruker AXS, 2009). The structure
was solved by direct methods and refined using full-matrix least-squares
procedures on F* (SHELXTL NT 6.12, Bruker AXS, 2002). The asym-
metric unit contains two independent molecules of [Pt(tmpd)Cl]Cl and a
total of 2.5 water molecules. One of the chloride anions is disordered
over two crystallographic sites with 50% occupancy each. One site of
the solvate water molecules is occupied by approximately 50% only.
The positions of the hydrogen atoms of the solvate water molecules
were derived from a difference Fourier synthesis and not refined.
All other hydrogen atoms were placed in positions of optimized
geometry. The isotropic displacement parameters of all H atoms
were tied to those of their corresponding carrier atoms by a factor
of 1.2 or 1.5.

CCDC 838701 for [Pt(tpdm)CI]Cl-1.25H,0 contains the supple-
mentary crystallographic data. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif. Crystal data and structure refinement
details for [Pt(tpdm)CI]CI-1.25H,0 are summarized in Table 1.

Table 1. Crystal Data and Structure Refinement Details for
[Pt(tpdm)CI]CI1.25H,0

empirical formula C,,H35CLLN4O, sPt,
fw 1099.66 g/mol
temp. 150(2) K
wavelength 0.71073 A

monoclinic, C2/c¢
a=38303(2) A
b =92555(5) A
c=27.586(2) A

cryst syst, space group
unit cell dimens

a = 90°
B = 133.573(1)°
7 =90°
vol. 7085.3(8) A3
Z, caled density 8, 2.062 Mg/m*
abs coeff 8.234 mm™*
F(000) 4200
cryst size 0.15 X 0.10 X 0.08 mm
theta range for data collection 2.32-27.10°
limiting indices —-34<h<48
—-11<k<11
-34<1<19

reflns collected/unique
completeness to theta = 25.00
abs corr

max and min transmission
data/restraints/params
goodness-of-fit on F*

final R indices [I > 26(I)]

R indices (all data)

largest diff. peak and hole

21252/7544 [R(int) = 0.0361]
97.6%

semiempirical from equivalents
0.746 and 0.614

7544/9/449

1.026

R, = 0.0304, wR, = 0.0716

R, = 0.0407, wR, = 0.0758
1.641 and —0.864 e A
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B RESULTS AND DISCUSSION

Crystal Structure of ]Pt(tpdm)ClICl-1.25H,0. The
molecular structure of [Pt(tpdm)CI]Cl was confirmed by X-ray
crystal structure determination and is shown in Figures 1 and 2.

e ch

Cl4

Figure 1. Molecular structure of the [Pt(tpdm)CI]Cl compound in
crystals of [Pt(tpdm)CI]CI-1.25H,0 (50% probability ellipsoids,
second independent complex salt and solvate water molecules omitted

for clarity).

Selected bond lengths and angles are given in Table 2. As can
be seen from Figure 1, the tridentate tpdm ligand is co-
ordinated to the Pt(II) center by the nitrogen donors of the
three pyridine rings while the fourth position is occupied by a
chloride ion. The Pt—N2 distance of 2.005(5) A is marginally
shorter than Pt—N1 (2.015(4) A) and Pt—N3 (2.010(5) A).
The coordination geometry of the complex is square planar
with slight distortions from ideal values according to the ob-
served N—Pt—N and N—Pt—Cl angles (see Table 2). A least-
squares plane calculated through the central platinum atom and
the four donor atoms reveals a maximum deviation from the
ideal plane of 0.013(2) A for N2. All three pyridine ring planes
are tilted with respect to this central plane by approximately
40° (ring N1 by 41.3(3)°, ring N2 by 40.6(2)°, and ring N3 by
39.6(2)°). The asymmetric unit contains two independent
molecules of [Pt(tpdm)Cl]Cl with basically the same metric
parameters and conformation for the complex cation and a total
of 2.5 water molecules. The crystal packing is characterized by a
number of hydrogen bonds linking the cations with oxygen and
chloride ions (Table S10, Supporting Information).

In connection with the bond distances obtained for the
[Pt(tpdm)CI]Cl compound, it can be seen that the presence of
two methylene groups in the structure of the tpdm chelate
strongly increases its flexibility and simultaneously decreases its
lability in comparison with the [Pt(terpy)Cl]Cl compound (see
the next section). The very strong interactions between the
Pt(II) center and the terpy ligand result in a significantly
shorter Pt—N2 bond distance of 1.940 A, whereas the Pt—Cl
bond has a distance of 2.296 A in [Pt(terpy)Cl]CL>® In the case
of [Pt(tpdm)CI]CI the Pt—N2 bond length is 2.005(5) A, while
the Pt—Cl distance amounts to 2.289(2) A. These differences
in bond lengths contribute to the fact that the trans effect of the
coordinated tpdm ligand is much smaller than that of the terpy
ligand (see further discussion).

Kinetic and mechanistic studies. We now report the
results of kinetic studies on substitution reactions of the novel

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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Figure 2. Crystal packing of [Pt(tpdm)CI]Cl-1.25H,0. View along the crystallographic ¢ axis. Dotted lines indicate hydrogen bonds.

Table 2. Selected Bond Lengths [Angstroms] and Angles
[degrees] for [Pt(tpdm)CI]CI-1.25H,0

Pt(1)-N(2) 2.005(5)
Pt(1)-N(3) 2.010(5)
Pt(1)-N(1) 2.015(4)
Pt(1)-CI(1) 2.289(2)
N(2)-Pt(1)-N(3) 89.6 (2)
N(2)-Pt(1)-N(1) 88.8(2)
N(3)—Pt(1)-N(1) 178.4(2)
N(2)-Pt(1)—CI(1) 178.9(2)
N(3)-Pt(1)-Cl(1) 90.7(2)
N(1)-Pt(1)-CI(1) 90.8(2)

square-planar, monofunctional [Pt(tpdm)Cl]* and Pd(tpdm)CI]*.
These complexes contain the tridentate tpdm chelate as a spectator
ligand, whereas chloride or water are the labile ligands.
All reactions were followed in 0.1 M NaClO, at pH = 2.5.
This pH was selected in order to prevent possible formation
of hydroxo complexes.

The different substitution routes of the chlorido and aqua
square-planar complexes are summarized in Scheme 2.

Scheme 2. Overall Reaction Scheme for Substitution
Reactions of [M(tpdm)Cl]*

M(tpdm)CI]™ + Nu %2 o [M(tpdm)NuP>* + CI

+H,0 +N
k1\‘ g %:st

M(tpdm)(H0)]*

M = Py(Il) or Pd(II)
Nu = Tu, L-Met, GSH or 5-GMP

According to Scheme 2, substitution of the chlorido complex
proceeds according to two parallel pathways,>® viz. direct
nucleophilic attack characterized by the rate constant k, and an
aquation pathway during which a very labile aqua complex is
formed in the rate-determining step characterized by the rate
constant k;. The produced aqua complex usually reacts rapidly
with the nucleophile to form [M(tpdm)Nu]*". The selected
nucleophiles are all very strong donor ligands, such that a
reverse reaction by which they are replaced by chloride does
not occur. Under pseudo-first-order conditions these rate
constants can be determined from the slope (k,) and intercept
(k;) of plots of kg vs nucleophile concentration according

1520

to eq 1.

kobsd = kl + kl[Nu] (1)

By way of example, Figure 3 shows the typical spectral changes
observed for reaction between [Pd(tpdm)(H,0)]** and

1.0

250

200

Figure 3. UV—vis spectra recorded as a function of time for reaction
between [Pd(tpdm)CI]* and glutathione at 298 K in 0.1 M NaClO,,
pH = 2.5, and 10 mM NaCl.

glutathione from which the substitution rate constants were
calculated. Other examples for the studied reactions are pre-
sented in Figures S9—S12 (Supporting Information). Typical
experimental results for substitution reactions of [Pd(tpdm)CI]*
and [Pt(tpdm)CI]* with different nucleophiles are reported in
Figures 4 and S, and the obtained values for k; and k, are
summarized in Table 3. At the start of the work the influence of
different NaCl concentrations (between 0.2 and 10 mM) on
the observed rate constants for the substitution reaction between
[Pd(tpdm)(H,0)]*" and thiourea was investigated. The results
reported in Figure 6 clearly indicate that an increase in the
chloride concentration up to 5 mM NaCl decreases the value of
the pseudo-first-order rate constant, and a limiting value is
reached at this chloride concentration level. This is due to a
shift in the equilibrium from the labile aqua complex to the
inert chlorido complex. Therefore, all substitution reactions of
the Pt(II) and Pd(II) chlorido complexes were studied in the
presence of 10 mM NaCl to prevent the parallel aquation
reaction completely.

In Scheme 3 the reversible substitution reaction of the aqua
complexes is summarized. Substitution of the monofunctional
aqua complexes of Pt(II) and Pd(II) involves a reversible
process characterized by the rate constants k, for direct

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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Figure 4. Pseudo-first-order rate constants, kg as a function of entering nucleophile concentration for substitution reactions of [Pd(tpdm)CI]"* at

298 K in 0.1 M NaClO,, pH = 2.5, and 10 mM NaCl

Scheme 3

[M(tpdm)(H,0))%* + Nu éz [M(tpdm)Nu]?* + H,O

ko

M = P(II) or Pd(I])
Nu = Tu, L-Met, GSH or 5'-GMP

substitution of coordinated water by the nucleophile and k_, for
the reverse aquation reaction. Under pseudo-first-order
conditions the values of these rate constants could be
determined from the slopes and intercepts of plots of kg4 vs
nucleophile concentration according to eq 2.

kobsd = k—2 + kz[Nu] ()
Typical experimental results for these reactions are shown in
Figures 7 and 8, and the calculated values for the rate constants
are also included in Table 3. To confirm that these complexes
follow an associative substitution mode characteristic for
square-planar complexes, some of the reactions were studied
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at different temperatures in the range 288-308 K. The
calculated values for the enthalpy and entropy of activation are
also included in Table 3. The reported activation entropy values
are all significantly negative in line with an associative sub-
stitution mechanism. In addition, reaction between [Pd(tpdm)-
Cl]* and glutathione was studied as a function of pressure at
10 °C (see Table S9, Supporting Information). The plot of In
kqpsa Vs pressure was linear and resulted in a negative value for
the volume of activation, viz. AV¥ = —=9.1 + 0.3 cm?® mol™},
which further supports the associative nature of the sub-
stitution mechanism.

On the basis of the results summarized in Table 3, it can be
concluded that selected nucleophiles are very good entering
ligands for substitution reactions of the studied monofunctional
complexes. The reactivity order follows the trend tu > L-met >
GSH > 5-GMP at pH 2.5. Thiourea is a small ligand as
compared to the other three ligands, and it has a sulfur donor
atom with a very high nucleophilicity. L-met shows a slightly
lower reactivity, where the positive inductive effect of the
methyl group increases the nucleophilicity of the sulfur donor

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529



Inorganic Chemistry

45 14
3 A . 3
4l 107KobsalS Thiourea i) 10" Kosafs ™ L-Met
3.5
1 ]
3 P
| 0.8 1
25 :;zz i *308K
, | | |mask
A288 K 08 A298 K
1.5 4 :
04
1 ]
0 | 3 0.2 1
. oM | 10°[L-met]/M
0 2 4 6 8 0 0 2 4 6 8 10
5 4
4 -1 4, -1
45 | 10 kobsals GSH 15 10kopsd/s 5'-GMP
3]
25 308K
n 298 K

; 10°[GSHI/M

21 |azssk
16
%
1_
0.5

0 2 4 6 8 10

10°[5'-GMP]M
0 ‘ ‘ ‘ ‘
0 2 4 6 8 10
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[Pt(tpdm)CI]** in 0.1 M NaClO,, pH = 2.5, and 10 mM NaCl.

Table 3. Rate Constants and Activation Parameters for Substitution Reactions of Some Pd(II) and Pt(II) Complexes at 298 K in

0.1 M NaClO, at pH = 2.5

complex ligand /M~ st
[Pd(tpdm)CI]* thiourea (5.8 £02) x 10°
L-Met (37 £ 02) x 10®
GSH (192 + 0.06) x 10°
5-GMP 0.98 + 0.01
[Pt(tpdm)CI]* thiourea (121 £ 0.1) x 1072
L-Met (621 + 0.05) x 1072
GSH (1.79 + 0.01) x 1072
5-GMP (1.63 + 0.04) X 107>
k,l/M_l T
[Pd(tpdm)(H,0)]* thiourea (22 +0.3) x 10*
L-Met (742 + 0.09) x 10°
5-GMP 28 +0.1
[Pt(tpdm) (H,0)]* thiourea 30+01)x 10"
L-Met (7.85 + 0.05) x 107>
5-GMP (3.87 + 0.04) x 102

“10 mM NaCl was added only for reactions of the chlorido complexes.

ky/s7t AH;F/kJ] mol ™! AS;F/J K™ mol™
0.37 + 0.08 29+3 -75+ 8
1.56 + 0.08
0.22 + 0.02 27 +2 -90 + 7
(9.1 £09) x 10°° 11 +2 —194 + 8
(7.0 £02) x 107* 31+2 —156 + 11
(99 £03) x 10°° 31+3 —164 + 9
(52 +0.8) x 10° 48 + 4 —118 + 13
(39 +05) x 10° 43 +3 —136 + 10
k_y/s™" AH; /K] mol ™! ASF/] K™ mol™!
0.03 + 0.01 21 +2 —90 + 7
3.7 +£03
(3.7 £03) x 107* 21+3 —165 + 10
(20 £ 04) x 10° 21+3 —185+9
(40 £0.1) x 107 33+2 —154 + 7
(3.6 +02) x 107* 59+ 4 —74 + 12

atom. This result is important since similar monofunctional
complexes of Pt(Il) and Pd(II) with tridentate terpyridine
ligands do not react with thioethers.*”*® This observation can
be explained in terms of the steric effect of the terpyridine
chelate, as the tridentate tpdm system is more flexible in com-
parison with terpyridine since the pyridine rings are now
separated by a methylene group.

The tripeptide GSH is also a very good nucleophile for the
[Pd(tpdm)CI]* and [Pt(tpdm)CI]* complexes. Under the
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conditions of the studied reactions only the COOH group of
the GSH molecule is deprotonated (pK,, = 2.05).>* Thus, as
mentioned before,''“****> the presence of hydrogen-bonding
interactions between the thiol group and the deprotonated
carboxylate group located in a suitable position could increase
the nucleophilicity of the sulfur atom. These interactions are
responsible for the remarkable high reactivity of the tripeptide
glutathione in comparison with, for example, the free amino
acid L-cysteine.''" GSH under the studied conditions is less

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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thiourea at 298 K in 0.1 M NaClO, and pH = 2.5.

reactive than L-met because the sulfur atom is protonated at a
pH of 2.5 The employed nitrogen-donor ligand, 5-GMP,
reacts slowly with the investigated complexes. This fact can be
explained by the difference in donor atom and by the bulkiness
of the 5-GMP molecule as compared to the other three
ligands. It should be noted that the observed reactivity pattern
could be quite different under physiological conditions due to
deprotonation of the functional groups on some of these
nucleophiles at higher pH.

The rate constants k, obtained for substitution of [Pd-
(tpdm)Cl1]* and [Pt(tpdm)Cl]* show that direct nucleophilic
attack is a dominant pathway in the overall substitution process,
whereas the solvolytic rate constants k; are independent of
the nature of the entering ligand and contribute little to the
observed rate constants. This mode of substitution was also
reported' '8~ for other square-planar complexes of Pt(II)
and Pd(II), which have an inert tridentate nitrogen-donor
chelate and chloride ion as leaving group. From a comparison
of the reported rate constants for reactions with the same nucleo-
phile it can be seen that [Pd(tpdm)CI]* reacts about 10*—10°
times faster than [Pt(tpdm)CI]*, which is within the general
difference in reactivity of Pd(II) and Pt(I) complexes reported
in the literature.""'“**'=* Only in the case of $-GMP, this
ratio is only ca. 60, which could be due to partial preassociation
between the metal complex and the phosphate group in 5-
GMP before coordination to the N7 site.

Substitution reactions of [Pd(tpdm)(H,0)]** and [Pt(tpdm)-
(H,0)]* are reversible processes and characterized by rate con-
stants for the forward reaction, k,, and for the reverse reaction,
k_, A comparison of the forward rate constants reveals the
same order of ligand reactivity as found for the reactions of the
corresponding chlorido complexes. Also, the remarkable higher
reactivity (about S orders of magnitude) of the Pd(II) complex
should be mentioned, except for reactions with 5“GMP. The
stability constants of the formed complexes were calculated
from the ratio k,/k_,. The most stable complex is formed between
[Pd(tpdm)(H,0)]** and thiourea, K = 6.7 X 10° M, whereas
significantly lower values of ca. 10° M exist for the other studied
nucleophiles. On the other hand, Pt(II) analogues are less stable
for the studied nucleophiles. The values for the complex with
L-methionine and $“GMP are around 10> M, while the complex
with thiourea is more stable, K = 1.5 X 10* M™". Thiourea is the
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smallest nucleophile and can form stable complexes with the
studied metal ions enclosed by the nonplanar tridentate ligand
compared to other more voluminous nucleophiles. From another
point of view, the stability of the formed complexes could be
connected with electronic effects of the chelates, viz. their o-donor
and s-acceptor characteristics.

The results reported in Table 3 show as expected®® that
[Pd(tpdm)(H,0)]*" and [Pt(tpdm)(H,0)]*" have a higher
reactivity than the corresponding chlorido complexes since the
coordinated water molecule is more labile and a better leaving
group than chloride. Notably, the effect is not as large as found
in other cases,® which indicates that bond formation to form a
five-coordinate intermediate is more important than bond
breakage with the leaving nucleophile for both the aqua and the
chloride complexes. The higher electrophilicity of the metal
center in the case of the aqua complex accounts for the faster
reactions than observed for the corresponding chlorido complex. A
similar trend was observed for closilgr related studies performed by
Bugardi¢ and co-workers before *#*~**

A few of the studied substitution reactions were also investi-
gated as a function of temperature. According to the results
given in Table 3, the large sensitivity of the rate constants for
the o-donor properties of the entering ligands is in line with an
associative substitution mode. The significantly negative values
for the entropy of activation confirm the associative (A or L) char-
acter of the substitution process. In addition, the reaction between
[Pd(tpdm)CI]* and glutathione was studied as a function of
pressure, and the obtained volume of activation further supports
the associative nature of the substitution process.

During the past few decades many scientists have investi-
gated the interaction between Pt(II) complexes and different
biologically relevant ligands. Very important results were ob-
served for some monofunctional Pt(I) complexes, which contain
NNN tridentate ligands. These complexes are interesting
because their behavior depends strongly on the structure of
the tridentate ligands. For example, in the case of the terpy
chelate, there is strong interaction between the metal ion and
the pyridine rings, especially with the central pyridine ring in
the terpy chelate, which results in a strong trans effect and very
fast substitution reactions.''* In the case of the other tri-
dentate NNN ligands the presence and position of the pyridine
rings have a large influence on the behavior of the complex.

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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Figure 7. Pseudo-first-order rate constants, k.. as a function of entering nucleophile concentration for substitution reactions of

[Pd(tpdm)(H,0)]* at 298 K in 0.1 M NaClO, and pH = 2.5.

In general, we can conclude that the reactivity of the employed
nucleophiles toward novel monofunctional complexes of Pt(II)
and Pd(II) follow the same order as was found, for example, for
the corresponding dien, bpma, and terpy complexes. However,
on comparing the rate constants, large differences are observed.

In Table 4 the published data for k, for substitution of some
Pt(1I) chlorido complexes are compared for terpy, bpma, and
dien. From this data it follows that the terpy complex is more
reactive than the bpma complex, whereas the dien complex has
the lowest reactivity of all. The [Pt(tpdm)CI]* complex studied
here is almost as reactive as the dien complex. This clearly illus-
trates that a relatively small structural modification of the tridentate
ligand has a strong influence on the reactivity of the complex.

Computational Studies. A comparison of the computed
structures (B3LYP/LANL2DZp) for [Pt(terpy)Cl]* and [Pt-
(tpdm)Cl]* reveals one strongly differing bond, viz. the Np,—Pt
bond trans to Pt—Cl. While the cis-Np,—Pt bonds in the terpy
and tpdm complexes differ only by 0.01 A, a significant change
is observed for the trans-Np,—Pt bond (see Figure 9). Because
of the different structural necessities of the chelate rings, viz. six
membered in [Pt(tpdm)Cl]* and five-membered in [Pt(terpy)-
Cl]*, the ring strain influences the trans-Np,~Pt bond very
strongly, leading to a 0.1 A longer bond in [Pt(tpdm)Cl]" (2.06 A)
than in [Pt(terpy)Cl]* (1.96 A).

The influence of the chelate ring size can also be seen in the
angles at the Pt center. Whereas in [Pt(terpy)Cl]* the Np,~Pt—Np,
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angle is 81.0° and the Np,—Pt—ClI angle has to be 99.0° in
[Pt(tpdm)Cl]* the Np,~Pt—Np, angle of 89.3° and the Np,—
Pt—Cl angle of 90.7° are nearly identical for a square-planar
Pt(Il) center. Furthermore, [Pt(terpy)Cl]* has a perfect planar
structure, whereas [Pt(tpdm)Cl]* is highly distorted. Besides
the electronic influences of the tpdm ligand, this distortion is
another reason for the lower reactivity of [Pt(tpdm)CIl]* as the
attack of a nucleophile on the Pt(IT) center is hindered as shown in
Figure 9, and even the final coordination to the Pt(II) center is
hindered as shown by the elongated Pt—Cl bond (0.06 A) and the
shortened Hp,—Cl contact (—0.04 A) (see Figure 9).

To learn more about the possible stability differences on
coordinating S-donor ligands to the [Pt(terpy)Cl]* or [Pt-
(tpdm)CI]* fragments, we studied the following reactions

[Pt(terpy)CI]" + Tu — [Pt(terpy)Tul** + CI”
B3LYP(CPCM)/LANLZDZP//B?)LYP/LANLZDZP:
—44.3 K] mol !

Pt(tpdm)CI]* + Tu — [Pt(tpdm)Tu]2+ + CI”

B3LYP(CPCM)/LANL2DZp//B3LYP/LANL2DZp:
—46.4 k] mol ™!

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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Table 4. Rate Constants for Substitution Reactions of Some
Pt(I1) Complexes with tu, L-met, GSH, and 5-GMP

complex ligand ky/ M- gl ref
Pt(tpdm)CI]* thiourea (121 £ 0.1) X 1072 this work
[Pt(tp
L-met (621 + 0.05) x 1072 this work
GSH (1.79 £ 0.01) x 107 this work
5-GMP (1.63 + 0.04) x 107> this work
[Pt(terpy)Cl]* thiourea (1.52 + 0.48) x 10* 41
GSH (1.32 + 0.48) x 10° 41
5-GMP (1.98 + 0.08) x 107 41
[Pt(bpma)Cl]* L-met 0.14 + 0.01 43
GSH (41 £0.1) x 107 43
5-GMP (5.48 + 0.06) x 107 43
[Pt(dien)CI]* L-Met (72 £03) x 1072 45
GSH (3.0 + 02) x 1072 45
5-GMP (191 + 0.06) x 107> 45

The CPCM energy computations show almost identical values
for the terpy and tpdm complexes. Therefore, the origin of the
lower reactivity of [Pt(tpdm)Cl]* has to be attributed to
transition state effects and not to the better complexation
properties of the product.

The enhanced m-accepting ability of the terpy chelate as
compared to tpdm is supported by the computational analysis
performed on the corresponding Ni(II) complexes summarized
in Figures 10 and 11. The delocalization energy resulting from
the interaction between the terpy ligand and the metal center
was evaluated by comparing the energy of the standard complex
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(A) with that of the structure in which the delocalization from
the metal toward the ligand is switched off (B). A value of
69.9 k] mol™' was obtained, but a slightly higher value of
77.9 kJ mol™! can be derived by comparing C and G, in which
the delocalization between the rings is also interrupted. A more
detailed analysis of the contributions of each individual rings D vs
H and E vs I suggest that 50% of the effect (~42 kJ mol ") comes
from the central ring.

The NICS,,, computations on the same electronic states
corroborated the conclusions based on the delocalization
energies and show that the outer rings in A are more weakly
affected by the z-back-donation from the metal than the central
ring: switching the 7-back-donation off (as in B) does not alter
the aromaticity of the ring significantly (NICS,,, values vary
from —29.1 to —28.7 ppm), whereas the aromaticity of the
inner ring is reduced when the interaction with the ring is
switched off (from —24.4 to —22.6 ppm). The central ring
might thus benefit the most from the electronic delocalization
from the metal. Note that if the conjugation between the rings
reduces the aromaticity of each individual ring (e.g, —29.1/—
24.4 ppm in A and —34.0/—33.4 ppm in C), the effect is not a
property of only the complex but also observed in the free
ligand (constrain to a planar geometry, see F vs G).

As compared to [Ni(terpy)Cl]*, the number of blocking
patterns for [Ni(tpdm)CI]* is reduced due to the nonplanarity
of the ligand: the 7 bonds can only be blocked for one ring at
a time. In sharp contrast with [Ni(terpy)Cl]*, the delocaliza-
tion energy resulting from the interaction between the central
ring and the metal in [Ni(tpdm)Cl]" is zero (see Figure 11).

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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Figure 9. Computed structures (B3LYP/LANL2DZp) of [Pt(terpy)Cl]* and [Pt(tpdm)CI]*.

The free ligand with the central ring blocked O and its
analogue complex structure L are both characterized by the
same delocalization energy (~5S k] mol™"). The delocalization
between the outer ring and the metal is more significant (at
least 49.4 — 32.2 = 17.2 kcal mol™! when comparing K and N),
but the energetic effects are still considerably smaller than those
computed for the terpy ligand. Detailed comparisons of the
NICS,,, values between J and K reveal that the 7 charge
transfer from the transition metal enhances the aromaticity of
the terminal ring (—34.3 ppm in J vs —29.8 ppm in K). Most of
this difference arises from the lack of interaction between the
rings in K (see the difference between the outer ring between N
and M in the free ligand), but a small remaining fraction
(1 ppm) can be attributed to the 7z charge transfer. A similar
effect is observed for the central ring (J and L). The aromaticity
is enhanced when the z-back-donation is enabled but by only
1 ppm (the rest being due to the delocalization between the ring,
see M and O). These magnetic changes are slightly stronger
than that affecting the outer ring of the terpy ligand but not as
strong as for the inner ring of the preceding complex.

Note that if one can easily understand the existence of an
electron delocalization between the three parallel aromatic rings
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in the terpy ligand, tdpm is not planar, and thus, the aromaticity
difference between the rings in M, N, and O is perhaps less
obvious to interpret. The situation is in fact very similar to the
cyclopentadiene molecule in which the 7 orbitals overlap occurs
through the pseudo-sp” methylene carbons. As mentioned
earlier, the aromaticity of the individual ring in the tpdm
complex is reduced when the rings do not interact (compare
J/M with K/N and L/0O), in contrast with the terpy case. This
effect, which is also true for the free ligand, further illustrates
the contrasting electronic properties of the two ligands. As the
observed differences between the two complexes are intimately
connected to the intrinsic electronic properties of the ligands,
we can thus expect that similar contrasts would affect their
respective transition state and hence the reaction rate.

In summary, for the terpy complexes, the outer rings are not
affected by the z-back-donation but the inner ring is more
aromatic when the 7 charge transfer is present (by a significant
amount of 2 ppm). From the energetic aspect, the electronic
delocalization between the metal and the ligand is equal to
67 kJ mol"! and can account for the huge acceleration of the
nucleophilic substitution process due to the increase in the
electrophilicity of the metal center.

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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AE= 51.5 kJ mol! AE=103.3 kJ mol”!

Figure 10. terpy complexes and their BLW structures. Blocking scheme in the top middle figure symbolizes a completely delocalized ligand but no 7
charge transfer from/to the metal. Delocalization energies (E(BLW) — E(canonical)) are given below each individual structure.

AE=0.0 kJ mol! AE=32.2 kJ mol"! AE= 54.8 kJ mol!

Figure 11. tpdm complexes and their BLW structures. AE indicates the delocalization energy.

B CONCLUSIONS

This investigation demonstrated the relation between the struc-
ture and the reactivity of Pd(II) and Pt(II) complexes with
chelating ligands containing the pyridine moiety. These com-
plexes are very interesting because their behavior strongly depends
on the structure of the tridentate ligands. In their structure the
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pyridine rings in the tridentate tpdm ligand are separated by
methylene groups, so the system is more flexible in comparison
with terpyridine, which is confirmed by the crystal structure of the
[Pt(tpdm)CI]Cl complex. This higher flexibility enables the
substitution reaction with thioether r-methionine. The

computational studies have clearly demonstrated that the

dx.doi.org/10.1021/ic201807a | Inorg. Chem. 2012, 51, 1516—1529
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m-back-bonding properties of the terpy chelate can account
for the acceleration of the nucleophilic substitution process as
compared to the tpdm chelate where introduction of two
methylene groups prevents such an effective z-back-bonding.
The DFT (B3LYP/LANL2DZp) computations confirmed
the reactivity toward thioethers. The results observed for
substitution reactions of monofunctional [Pt(tpdm)CI]* and
[Pd(tpdm)Cl]* complexes and their aqua analogues with the
biologically relevant nucleophiles thiourea, L-methionine, gluta-
thione, and guanosine-5~monophosphate have shown the higher
reactivity of PA(I) complexes as well as the higher reactivity for
aqua complexes than the corresponding chlorido complexes.
Also, the associative mode of substitution was confirmed for
all studied reactions.
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Observed pseudo-first-order rate constants as a function of
entering nucleophile concentration and temperature for
substitution reactions of [Pd(tpdm)Cl]*, [Pd(tpdm)(H,0)]*,
[Pt(tpdm)CI]*, and [Pt(tpdm)(H,0)]*" in 0.10 M NaClO,,
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first-order rate constants as a function of NaCl concentration
for substitution reaction of [Pd(tpdm)(H,0)]** with thiourea
in 0.10 M NaClO, at pH = 2.5 (Table S8); observed pseudo-
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substitution reactions of [Pd(tpdm)CI]* with glutathione in
0.10 M NaClO,, pH = 2.5, 10 mM NaCl, [GSH] =2 X 107 M,
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complex (Figures SS and S6); UV—vis and IR spectra of the
[Pd(tpdm)(H,0)]** complex (Figures S7 and S8); UV—vis
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[Pd(tpdm)Cl]* and thiourea (Figures $9); UV—vis spectra
recorded for reaction between [Pt(tpdm)Cl]* and §-GMP
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