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ABSTRACT: A dinuclear platinum(II) complex that was recently
investigated in our group was tested for its cytostatic activity and
found to be active against HeLa S3 cells. The complex consists of a
bidentate N,N-donor chelating ligand system in which the two
platinum centers are connected by an aliphatic chain of 10 meth-
ylene groups. The complex [Pt2(N

1,N10-bis(2-pyridylmethyl)-
1,10-decanediamine)(OH2)4]

4+ (10NNpy) is of further special
interest, since only little is known about the substitution behavior
of such dinuclear platinum complexes that contain a bidentate co-
ordination sphere. The complex was investigated using different
biologically relevant nucleophiles, such as thiourea (tu), L-methionine
(L-Met), glutathione (GSH), and guanine-5′-monophosphate (5′-
GMP), at two different pH values (2 and 7.4). The substitution
of coordinated water by these nucleophiles was studied under
pseudo-first-order conditions as a function of nucleophile concentration, temperature, and pressure, using stopped-flow techniques
and UV−vis spectroscopy. The reactivity of 10NNpy with the selected nucleophiles was found to be tu≫ 5′-GMP > L-Met > GSH
at pH 2 and GSH > tu > L-Met at pH 7.4. The results for the dinuclear 10NNpy complex were compared to those for the corre-
sponding mononuclear reference complex [Pt(aminomethylpyridine)(OH2)2]

2+, Pt(amp), studied before in our group, by which the
effect of the addition of an aliphatic chain, an increase in the overall charge, and a shift in the pKa values of the coordinated water
ligands could be investigated. The reactivity order for Pt(amp) was found to be tu > GSH > L-Met at pH 7.4.

■ INTRODUCTION
A young woman, Henrietta Lacks, who died in 1951 due to
cervical cancer, was the namesake for the first so-called
“immortal” human cell line HeLa.1 Today, the HeLa cell line
is used worldwide in biomedical research,2 and among other
things, HeLa cells can be used for cytostatic tests. Since the
cytostatic activity of Pt-containing compounds was discovered
in 1969,3 a large number of platinum complexes have been
synthesized in an effort to find a treatment for cancer. In a
recent study, we synthesized four new dinuclear platinum(II)
complexes,4 which now have been tested with the HeLa S3 cell
line for their cytotoxic activity. Thereby, HeLa cells were
treated with different concentrations of the Pt(II) complexes
and after a specific incubation time, the viability of HeLa cells
was determined. One of the studied complexes was able to
prevent the aggressive HeLa cells from growing. This cytostatic
active complex, namely 10NNpy (see Figure 1), was chosen in
this work for further kinetic investigations.
It is nowadays generally accepted that DNA platination is the

ultimate event in the mechanism of action of platinum anti-
cancer drugs,5 but on its route to the DNA target, platinum
complexes do also interact with many other biomolecules,
especially those containing methionine and cysteine residues.6

Biomolecules such as methionine and glutathione do interact

with the platinum compound and so compete with nucleobase
binding.7 The question of how platinum can reach the DNA is
still not completely solved, but it is hypothesized that at least
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Figure 1. Structures of the investigated complexes and nucleophiles,
along with the used abbreviations.
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some of the platinum is temporarily bound to S-donor ligands
as an intermediate to act like a platinum reservoir,7,8 before
finally interacting and binding to the guanine-N7 atom of
DNA.5 Accordingly, a common hypothesis predicts that Pt−S
interactions are kinetically preferred, but the binding of
platinum to guanine-N7 is thermodynamically more stable
under physiological conditions.
In this study, we focus on two known complexes previously

studied in our group, namely a dinuclear bidentate Pt(II) com-
plex with a pyridine unit linked to a secondary amine, where the
two metal centers are connected by an aliphatic chain of 10
methylene groups (10NNpy),4 and its mononuclear analogue,
Pt(amp),9 without a bridging element as seen in Figure 1. We
used biologically relevant nucleophiles, such as thiourea (tu),
L-methionine (L-Met), reduced glutathione (GSH), and
guanosine 5′-monophosphate (5′-GMP) for kinetic investiga-
tion. Their structures are also included in Figure 1.
Kinetic measurements were performed to study the displace-

ment of coordinated water by several biorelevant molecules in
light of the important role that such biomolecules have in terms
of understanding the mechanism of anticancer activity.10 Rate
constants for the reaction with glutathione or guanosine-5′-
monophosphate are of interest, since these nucleophiles com-
pete with each other within the cell during cisplatin therapy.5,7,8

Furthermore, the work of Summa et al.,9 who investigated the
kinetic behavior of the Pt(amp) complex exclusively at pH 2,
was also pursued since we wanted to compare the results of the
dinuclear with this mononuclear complex in order to study the
differences and similarities in reactivity at pH 2 as well as under
physiological conditions.

■ EXPERIMENTAL SECTION
Chemicals. Deuterated chemicals such as D2O, deuterated triflic

acid (CF3SO3D), and NaOD were obtained from Deutero GmbH.
The nucleophiles thiourea, L-methionine, glutathione, and guanosine
5′-monophosphate were obtained from Sigma Aldrich. Potassium
tetrachloroplatinate(II) was purchased from Strem Chemicals. All
other used chemicals were of the highest purity commercially available
and were used without further purification. For all preparations of
aqueous solutions, ultrapure water was used.
Preparation of Ligand 1 and Complexes 2 and 3. The ligand

N1,N10-bis(2-pyridylmethyl)-1,10-decanediamine ligand (1) was syn-
thesized following a general literature procedure.11 The chloro com-
plexes [Pt2(N

1,N10-bis(2-pyridylmethyl)-1,10-decanediamine)Cl4] (2)
and [Pt(2-aminomethylpyridine)Cl2] (3) were synthesized following
the general procedure of Hofmann et al.12 (for more details, see ref 4).
During complexation, the NHR2−nitrogen donor atom of 10NNpy
becomes a stereogenic center, and several configurations, viz. R,R, S,S,
and S,R are possible. We were not able to isolate the single dia-
stereomers due to rapid H-exchange,4 and consequently a mixture of
all possible configurations was present in solution.
Preparation of the Complex Solutions. The desired solutions

of the aqua complexes were prepared following a general literature
procedure.12 For kinetic measurements, a complex concentration of
0.2 mM for the 10NNpy and 0.25 mM for the Pt(amp) was chosen.
The pH of the complex solutions was adjusted with triflic acid for
pH 2 and with Hepes buffer for pH 7.4, respectively.
Cytostatic Tests. Cell tests for the recently investigated dinuclear

NNpy system and for their corresponding ligands were performed.
The cytotoxicity of the chloro complexes was studied using the
AlamarBlue assay in the human cervix carcinoma cell line HeLa S3.
The AlamarBlue assay is characterized by its linearity and its high sen-
sitivity, while its handling is less error prone in contrast to the MTT
assay. Living cells reduce the sodium salt of the dark blue, nonfluorescent
dye resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide) to the pink,
highly fluorescent resurufin (7-hydroxy-3H-phenoxazin-3-one). In the

commonly used MTT assay, the formed formazan is insoluble in the
cell-culture medium and needs DMSO as an additional solubilizer. The
handling of the AlamarBlue assay is thus much simpler; readout by
fluorescence detection is directly achieved without further steps.13

Cells were cultivated at 37 °C and in 5% CO2 atmosphere in a DMEM
medium (Gibco) with 10% FCS (Biochrome AG) and 1% Pen/Strep
(GIBCO) added. Cells were split twice per week. For the assay, cells
were seeded in 96-well plates (4000 cells well−1) and allowed to attach
for 24 h. Complexes to be tested were dissolved in a suitable amount
of DMSO. Different concentrations were prepared by serial dilution
with a medium to give final concentrations with a maximum DMSO
content of 1%. The cells were then incubated for 48 h with 100 μL of
each of the above dilution series. After removal of the medium,
AlamarBlue solution (10 μ L (BioSource Europe) diluted with 90 μ L
DMEM medium) was directly added, and the cells were incubated for
90 min. After excitation at 530 nm, fluorescence at 590 nm was
measured using a Synergy HT Microplate Reader (Bio-TEK). Cell
viability is expressed in percent with respect to a control containing
only pure medium and 1% DMSO incubated under identical con-
ditions. All experiments were repeated two times with each experiment
done in four replicates. The resulting curves were fitted using Sigma
plot 10.0 (Systat Software, Inc. 2006).

Instrumentation and Measurement. NMR spectroscopy
(Bruker Avance DPX 300) and a Carlo Erba Elemental Analyzer
1106 were used for ligand and chloro complex characterization and
chemical analysis, respectively. 195Pt NMR measurements were per-
formed on a Bruker Avance DRX 400WB with K2PtCl4 (in D2O/
CF3SO3D) as a reference (δ = −1620 ppm). A Varian Cary 1G spec-
trophotometer equipped with a thermostatted cell holder was used to
record UV−vis spectra for the determination of the pKa values of the
aqua complexes. Kinetic measurements on fast reactions were per-
formed on an Applied Photophysics SX 18MV stopped-flow
instrument, and for the study of slow reactions a Shimadzu UV-
2010PC spectrophotometer with a thermo-electrically controlled
cell holder was used. Experiments at elevated pressure were per-
formed on a laboratory-made high-pressure stopped-flow instru-
ment for fast reactions,14 and for slow reactions, they were done on
a Shimadzu UV-2101-PC spectrophotometer equipped with a laboratory-
made high-pressure cell.15 To follow reactions at elevated pressures
and wavelengths below 300 nm, the HPSF56 high pressure stopped-
flow from HighTech was used. The temperature of the instruments
was controlled throughout all kinetic experiments to an accuracy
of ±0.1 °C.

All UV−vis kinetic experiments were performed under pseudo-first-
order conditions with respect to the coordinated water ligands. The
values of the reported pseudo-first-order rate constants are the average
of at least four kinetic measurements. The pH of 2 was adjusted using
0.01 M triflic acid, whereas the pH of 7.4 was obtained using 0.1 M
Hepes buffer and adjusting the pH with drops of concentrated triflic
acid. No chloride was added because the dinuclear complexes slowly
precipitate in the presence of chloride due to the formation of the
insoluble tetrachloro complex.

Mass Spectrometric Measurements. To gain more information
on the nature of the final products of the reactions with several
nucleophiles at different pH values, mass spectrometric measurements
were performed. These measurements were performed on a UHR-
TOF Bruker Daltonik (Bremen, Germany) maXis, an ESI-TOF mass
spectrometer capable of a resolution of at least 40 000 fwhm used by
the group of Prof. Ivana Ivanovic-́Burmazovic ́ at the University of
ErlangenNürnberg. Detection was in the positive-ion mode, and the
source voltage was 3.4 kV. The flow rate was 500 μL h−1. The drying
gas (N2) to aid solvent removal was kept at 180 °C. The instrument
was calibrated prior to every experiment via direct infusion of the
Agilent ESI-TOF low concentration tuning mixture, which provided
an m/z range of singly charged peaks up to 2700 Da in both ion
modes. A big advantage using this technique is that it only requires low
concentrations of the products. For the measurements at pH 2,
solutions of 0.05 mM 10NNpy complex and 0.5 mM of the cor-
responding nucleophile, both dissolved in 0.01 M triflic acid, were
used. Mass spectra were recorded with the solutions before mixing the
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complex with the nucleophiles, 24 h after mixing, and finally after 14
days reaction time. The generated peaks were identified and the
isotopic pattern simulated.

■ RESULTS AND DISCUSSION

Characterization of Complex Species in Solution at
Different pH’s. The tetraaqua complex 10NNpy exhibits one
major peak at m/z = 389 and more, smaller peaks, from which
two are selected, viz. at m/z = 927 and m/z = 1059. The major
peak represents 10NNpy with the contribution (C22H34N4Pt2)-
(OH)2, and the two smaller ones represent (C22H34N4Pt2)-
(CF3SO3)(OH)2 and (C22H34N4Pt2)(CF3SO3)2(OH), respec-
tively. The major species are 2-fold positively charged, whereas
the two less intensive species are both 1-fold positively charged.
The isotopic pattern as well as the complete recorded mass
spectra are reported in Figures S1−S3 (Supporting Information).
The mass spectra of the pure 10NNpy complex at pH 2 shows
only evidence for the dinuclear system; i.e., no dimers or polymers
were observed. Such species would exhibit a different isotopic
pattern and would therefore have been detected. Besides the
complex peaks, a few single peaks could be found that belong to
organic moieties and are probably generated during the
evaporation process (180 °C).
Usually, OH-bridged dimerization of mononuclear Pt(II)

complexes is not considered to be a problem because of the low
concentrations in biological medium. However, dinuclear com-
plexes are able to form intramolecular OH-bridged species. In
the case of mononuclear complexes, e.g., cisplatin, the hydro-
lysis and oligomerization processes are well-studied.16 It was
found that after hydrolysis the generated aqua species undergo
oligomerization at a pH greater than the pKa of the aqua
complex. The hydroxo ligand formed upon deprotonation
bridges between the two Pt(II) centers and forms dimeric and
trimeric species.17 Besides the biological relevance, the forma-
tion of μ-OH bridged dimers is of special interest in this study,
since kinetic investigations were carried out at higher pH and
intramolecular OH-bridged species may very well exist at pH
7.4. Therefore, the aqua complexes of 10NNpy and Pt(amp)
were investigated using 1H and 195Pt NMR measurements at

pH 2 and 7.4 to identify the species present at each pH. For
this purpose, the aqua complexes were synthesized as described
in the Experimental Section using D2O instead of H2O, and the
pH was adjusted using deuterated triflic acid (CF3SO3D) and
NaOD. The large 195Pt chemical shift range could not be
sampled in a single experiment due to instrument limitations,
and two specific spectral regions were therefore individually
scanned (−1000 to −2000 and −2000 to −3000).
As expected, we observed one single peak for both complexes

at pH 2, where the diaqua and tetraaqua complexes are
exclusively present in solution. The 1H and 195Pt NMR spectra
are depicted in Figures S4−S6 and prove the purity of the aqua
complexes. Due to the symmetry of the dinuclear 10NNpy
complex, only one peak for both Pt(II) metals is observed. The
chemical shifts for both complexes are very similar, viz.
δ(10NNpy) = −1666 ppm and δ(Pt(amp)) = −1640 ppm,
which is in good agreement with platinum compounds in the
oxidation state +II.16,18

At a higher pH of approximately 7.4, more peaks were found
for the 10NNpy complex. This is not surprising since at such a
pH more than one species exists in solution. Figure 2 shows the
195Pt spectrum of the dinuclear 10NNpy complex. According to
the determined pKa values for 10NNpy, there should be a
mixture of monoaqua-trihydroxo (56%), tetrahydroxo (39%),
and diaqua-dihydroxo (5%) species present at pH 7.4
(see structures in Figure 2).4 The contribution of the
diaqua−dihydroxo compound with 5% is quite small and was
not observed in the 195Pt NMR spectrum. Two signals were
observed for the dinuclear 10NNpy complex. We assume that
the doublet around −1245 ppm belongs to the Pt(II) metals
surrounded by two OD ligands. The splitting of this peak may
be due to a mixture of OD and OH ligands on the Pt(II)
center. Furthermore, the single peak at −1649 ppm can be
ascribed to the Pt(II) metal coordinated by an OD and an
OD2 ligand. Compared to the aqua species at pH 2, the
Pt(OD)(OD2) signal is shifted about 20 ppm downfield, which
is due to the OD ligand within the coordination sphere. The
platinum center with two OD ligands, Pt(OD)2, can be found
another 400 ppm downfield shifted due to the deshielding of

Figure 2. 195Pt NMR spectrum of the dinuclear 10NNpy complex at pH 7.4.
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the metal center. Finally, we note that 10NNpy is poorly
soluble since it includes a long aliphatic chain. On increasing
the pH, the signal splits into two peaks, and the intensity of
each peak decreases. Therefore, the signal-to-noise ratio for the
195Pt spectra is rather poor, but at least the signals are visible.
The mononuclear reference complex Pt(amp) was investigated
as well. Only one signal could be found in the same region at
−1245 ppm, which can be ascribed to the Pt(OD)2 moiety. A
signal for the mixed coordination sphere Pt(OD)(OD2) was
not observed. The 195Pt spectrum for Pt(amp) at pH 7.4 is
depicted in Figure S7.
Kinetic Measurements. The kinetics of the substitution of

coordinated water were investigated spectrophotometrically by
following the change in absorbance as a function of time using
UV−vis and stopped-flow techniques. The spectral changes
that accompany the reaction were studied over the wavelength
range 200−400 nm to establish a suitable wavelength at which
the substitution reactions could be followed. A summary of the
used wavelengths for each nucleophile can be found in Table
S1 (Supporting Information). The investigated nucleophiles tu,
L-Met, GSH, and 5′-GMP were used because of their different
nucleophilicity, steric hindrance, binding properties, and
biological relevance. Kinetic investigations were done at pH 2
(0.01 M triflic acid) to obtain more information about the
reactivity of each nucleophile with the N,N-complex system.
Since polynuclear Pt(II) complexes are used as anticancer
agents, there is much interest in investigating and comparing
the properties of such systems under physiological conditions.
For that reason, measurements at pH 7.4 and 37 °C were also
performed. To keep a constant pH of 7.4, a 0.1 M Hepes buffer
was used for all measurements (Hepes = 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid). This buffer was selected
because it is sterically more crowded than, e.g., Tris buffer
(Tris = tris(hydroxymethyl)aminomethane), and as a con-
sequence Hepes does not coordinate as strongly to the Pt(II)
center as, e.g., Tris buffer does.19 To mimic physiological
conditions, it would in principle be necessary to use a specific
chloride concentration. Unfortunately, the dinuclear 10NNpy
complex slowly precipitates in the presence of chloride ions due
to the low solubility of the corresponding tetrachloro complex.
This is not acceptable when using UV−vis spectroscopy to
monitor the reaction progress. We, therefore, neglected the
influence of chloride and worked under physiological
conditions in terms of pH and temperature.
As mentioned before, the substitution reactions were studied

under pseudo-first-order conditions with respect to either the
Pt(II) complex or the nucleophile concentration to force the re-
actions to go to completion. Due to the stereogenic nitrogen
donor atom of the NHR2 unit, and the possibility of H-exchange

at this nitrogen atom, there should always be a mixture of dia-
stereomers and enantiomers present in solution. During the
kinetic experiments, no evidence was observed for the different
reactivity of the different species in solution. We assume that
the configuration at the NHR2 unit does not affect the rate of
the substitution reactions, since the hydrogen atom that can
switch its position is small and sterically nondemanding. The
mononuclear reference complex Pt(amp) includes no stereo-
genic center after complexation due to its NH2 group.

Reactions with Thiourea. Thiourea (tu) is a biphilic
nucleophile, since it combines the ligand properties of thio-
lates20 (π donors) and thioethers21 (σ donor, π acceptor), and
is furthermore an often used nucleophile due to its good solu-
bility, neutral character, and high nucleophilicity. Furthermore,
tu is of biological interest because it can act as a so-called pro-
tecting agent to reduce nephrotoxicity.7,10 The replacement of
coordinated water was investigated at pH 2 in earlier work for
10NNpy4 and Pt(amp)9 as a mononuclear reference complex.
The results are summarized here for comparison with data for
other nucleophiles and pH values.
Due to the neutral character of thiourea, the charge of the

complex does not change during the substitution reaction. Con-
sequently, the dinuclear 10NNpy complex shows two
substitution steps for the displacement of altogether four water
molecules, since the two water molecules at each Pt(II) center
are equivalent and displaced simultaneously. Plots of kobs1,2
versus thiourea concentration led to a linear dependence with
no meaningful intercept for both complexes and both sub-
stitution reactions. The results imply that kobs for the first and
second substitution step can be expressed by eqs 1 and 2, where
Nu = thiourea, and the results are summarized in Table 1.

= + ≈−k k k k[Nu] [Nu]obs1 1 1 1 (1)

= + ≈−k k k k[Nu] [Nu]obs2 2 2 2 (2)

The displacement of the first water occurs trans to the
pyridine unit, which is in contrast to the determined pKa values,
but can be explained by a favored rearrangement of the transi-
tion state during the substitution reaction as described pre-
viously (for a detailed description of the substitution mech-
anism of 10NNpy with thiourea at pH 2, see ref 4).
It is interesting to compare the substitution behavior at pH 2

with the behavior under physiological conditions, since increas-
ing the pH changes the reactivity of the complexes, and
different results are therefore expected. At pH 7.4, the Pt(amp)
complex exists predominantly in its dihydroxo form (85%), and
only 15% aqua-hydroxo species are present in solution, as seen
in Figure S8. The distribution was calculated on the basis of the
recently determined pKa values for Pt(amp) (pKa1 = 4.77,

Table 1. Summary of Rate Constants for the Displacement of Coordinated Water by a Range of Nucleophiles at Various pH and
Temperature

k1 or k3 in M−1 s−1 k2

T in °C pH Pt(amp) 10NNpy Pt(amp)9 10NNpy

tu 25 2 233 ± 59 52.2 ± 0.34 38 ± 1 M−1 s−1 0.35 ± 0.014 M−1 s−1

37 7.4 1.40 ± 0.02 0.424 ± 0.007
L-Met 25 2 2.15 ± 0.059 1.86 ± 0.02 (0.12 ± 0.03) × 10−3 s−1 (0.13 ± 0.03) × 10−3 s−1

37 7.4 0.381 ± 0.002 0.030 ± 0.001
GSH 25 2 0.406 ± 0.005 0.500 ± 0.006

40 2 1.04 ± 0.01 (0.26 ± 0.01) × 10−4 s−1

37 7.4 0.71 ± 0.01 1.65 ± 0.02
5′-GMP 40 2 12.5 ± 0.59 3.75 ± 0.07 0.97 ± 0.02 M−1 s−1 0.81 ± 0.01 M−1 s−1
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pKa2 = 6.56).4 Therefore, it is clear that the reactive species
have to be the aqua-hydroxo complex, where one remaining
water ligand can be substituted. The 10NNpy complex seems
to be more complicated, since it includes four water molecules
with four pKa values. Figure S9 depicts the distribution diagram
as a function of pH with altogether five successively generated
species in solution, whereupon no tetraaqua, 5% diaqua-
dihydroxo, 56% aqua-trihydroxo, and 39% tetrahydroxo species
are present in solution at pH 7.4. Again, this distribution
diagram is based on the four pKa values determined for
10NNpy, viz. pKa1 = 3.77, pKa2 = 4.20, pKa3 = 6.45, and pKa4 =
7.56.4 To obtain more information on the substitution behavior
of 10NNpy around the physiological pH, we initially performed
pH dependent substitution reactions with thiourea in the pH
range 6.0−8.5 (Figure S10 depicts the resulting pH profile).
The kinetically determined pKa value of 7.7 ± 0.9 is within the
error limits close to the value obtained by pH titration. To sum
up, we suggest that the active species of 10NNpy at
physiological pH is the monoaqua-trihydroxo species with
one labile water molecule left within the coordination sphere,
which is stable in solution under the selected conditions, viz.
pH 7.4 and I = 0.1 M (Hepes buffer).
Figure 3 shows the absorbance changes that occur during the

reaction with thiourea at pH 7.4 for both complexes. The
absorbance changes are larger in this case as compared to the
changes observed at pH 2.
In general, we found slower reactions at higher pH, which can

be accounted for by the formation of hydroxo species that led to a
less labile and less electrophilic Pt(II) center. Following
deprotonation, the resulting hydroxo ligand was found to be
practically inert to substitution, presumably due to a back-bonding

effect of the lone pair electrons on the hydroxo ligand with the
pz orbital of the metal.21−23 The Pt(amp) complex shows ex-
actly a single reaction step, and the kinetic traces could be fitted
perfectly to a single exponential function. As mentioned above,
the dihydroxo species is inert to substitution. Therefore, we
assume that the only active species at pH 7.4 is the aqua-
hydroxo species, where the remaining water molecule is displaced
by thiourea. In principle, the coordinated thiourea ligand can
affect the pKa value of the remaining hydroxo ligand. The
decrease in electrophilicity of the Pt(II) center should result in
a less acidic pKa value. However, in the case of Pt(amp), we
observed no further reaction, which indicates that the influence
of coordinated thiourea is too weak to significantly change the
pKa value. Plots of kobs3 versus thiourea concentration lead to a
linear dependence and can be analyzed using eq 3. Scheme 1
summarizes the substitution reaction of Pt(amp) with different
nucleophiles at pH 7.4. The successive reaction steps described
in Scheme 1 were postulated by Summa et al.9 and were
extended for reactions at pH 7.4 in the present study.

= + ≈−k k k k[Nu] [Nu]obs3 3 3 3 (3)

In the case of 10NNpy, two reaction steps were observed,
one fast and one remarkably slow reaction. As an example, the
kinetic traces for 10NNpy including the necessary time scales
for both reaction steps are depicted in Figure 4 (see also
Table S2). We assume that the active species is the monoaqua-
trihydroxo species, which is predominantly present in solution
(56%). Plots of kobs3 versus thiourea concentration result in a
linear dependence with no intercept, as seen in Figure 5; the
results obey eq 3 and are summarized in Table 1. We found a
rate constant k3 of 0.424 ± 0.007 M−1 s−1 for 10NNpy

Figure 3. UV−vis spectra recorded for the reaction of 0.125 mM Pt(amp) (left) and 0.1 mM 10NNpy (right) each with 5 mM thiourea at pH 7.4
and 25 °C (I = 0.1 M Hepes) for 45 min reaction time. Arrows indicate absorbance increase or decrease.

Scheme 1. Simplified Substitution Scheme for Pt(amp) with Different Nucleophiles (Nu = tu, L-Met, GSH, 5′-GMP, and
n+ Depends on the Selected Nucleophile)
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compared to 1.40 ± 0.02 M−1 s−1 for Pt(amp) at 25 °C. We
know from a previous study that the first deprotonation steps of
10NNpy take place trans to the pyridine unit.4 Therefore, the
last water ligand is localized trans to the secondary amine NHR2 at
pH 7.4. This assumption was verified using a dinuclear NNpy
complex with a shorter aliphatic bridge (4NNpy). As a result, we
found the water displacement to be accelerated (k3 = 1.53 ±
0.02 M−1 s−1), which can be ascribed to a clear dependence on
the bridging element, which consequently proves that the displace-
ment at pH 7.4 takes place trans to the NHR2 group (Figure S11).
A general presentation of the substitution reactions for the
dinuclear 10NNpy complex is presented in Scheme 2.
In contrast, plots of kobs4 versus thiourea concentration show

that the reaction is independent of the nucleophile concentration
(Figure 5). On the basis of Scheme 2 and the obtained informa-
tion on the Pt(amp) complex, the second reaction of 10NNpy

has to involve a reaction step that is independent of the thiourea
concentration, or the observed reaction is not the rate-determining
step. An acid−dissociation equilibrium, where hydroxo ligands can
be protonated due to a change in pKa, can be excluded since it
would occur very fast and a subsequent attack of the nucleophile
would lead to a concentration dependent process. This very slow
reaction can either be due to decomposition of the complex
system or formation of oligomers, which both would be indepen-
dent of nucleophile concentration. We assume that over the long
time scale, decomposition processes most probably occur.

Reactions with L-Met. The biomolecule L-methionine is a
thioether containing an essential amino acid with two acid
dissociation constants, pKCOOH = 2.1325 and pKNH3+ = 9.2.26

On the basis of the pKa values for L-Met, it is clear that at pH 2
the carboxylate group is protonated to an extent of about 50%,
resulting in an overall charge of +1. The residual 50% exists in

Figure 4. Absorbance-time traces for the reaction between 10NNpy and 5 mM thiourea, (a) on a short time scale for k3 and (b) on a long time scale
for k4 at pH 7.4.

Figure 5. Plots of kobs3 and kobs4 vs thiourea concentration for the reaction with 0.125 mM Pt(amp) and 0.1 mM 10NNpy at pH 7.4 and 37 °C (I =
0.1 M, Hepes).

Scheme 2. Proposed Substitution Pathway for the Reaction of 10NNpy with a Nucleophile (Nu) (Charge Omitted for Clarity)
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its zwitterionic form (see Figure 1). Usually, we assume that at
pH 2 the reaction takes place between the zwitterion and the
positively charged diaqua Pt(amp) or tetraaqua 10NNpy
complexes. Even if the positively charged L-Met species would
interact with the Pt(II) complex, it is expected to immediately
deprotonate due to a significant decrease in the pKa value upon
coordination to the metal center. Therefore, the product
complex will again be of the same charge as the starting com-
plex. At pH 7.4, the zwitterionic form is predominantly present
in solution and interacts with the Pt(II) compound.
Spectral changes of the reaction with L-Met were recorded to

establish a suitable wavelength at which the kinetic measure-
ments could be performed. The so-obtained UV−vis spectrum
for 10NNpy is illustrated in Figure S12. L-Met contains differ-
ent types of donor atoms, but the first nucleophilic attack
occurs through the sulfur donor of the thioether group. We
found two successive substitution reactions for the 10NNpy
complex, whereupon the first step shows a linear concentration
dependence and the second step was found to be independent
of the L-Met concentration, typical for a ring-closure reaction
that was also observed for the Pt(amp) complex. Plots of kobs1,2
versus L-Met for 10NNpy are reported in Figure S13 (also
Table S3), and the so-obtained rate constants, k1 and k2, are
summarized in Table 1. These results are very similar to those
reported by Summa et al.9 and imply that kobs1 and kobs2 for
10NNpy can also be expressed by eqs 1 and 4.

=k kobs2 2 (4)

It is noted that the displacement of the first water molecule
in the case of 10NNpy (1.86 ± 0.02 M−1 s−1) is nearly as fast as
for the Pt(amp) complex9 (2.15 ± 0.05 M−1 s−1 at 25 °C). This
behavior is surprising since we found the mononuclear complex
to react 4.5 times faster than the dinuclear complex using
thiourea as a nucleophile (see Table 1), which is in agreement
with the observed pKa values. Furthermore, the metal centers of
10NNpy are slightly less electrophilic due to the electron
donating ability of the aliphatic bridge. We suggest that the
entering nucleophile is the crucial factor, because all other factors
like pH or electrophilicity of the metal centers are similar in both
reactions. However, L-Met as a weak nucleophile is not able to
benefit from the different electrophilicities of the Pt(II) centers as
thiourea does. A similar behavior was also found in the work of
Hofmann et al., who studied the reactions of different
mononuclear Pt(II) complexes with a series of nucleophiles.27

The final displacement of the remaining water ligands occurs at
the same rate, within the experimental error limits, for the mono-
nuclear as for the dinuclear complex with a rate constant k2 =
(0.13 ± 0.03) × 10−3 s−1 (see Table 1), and is independent of
nucleophile concentration. Summa et al.9 were able to prove that
the second substitution of Pt(amp) with L-Met is due to a chelate
formation process, whereupon ring closure was accomplished by the
amino group, which leads to a favored six-membered ring. NMR
experiments by Appleton et al. confirmed the S,N-chelate to be the
only significant product present in solution.28 However, it should be
mentioned that Sadler et al.29 found that an initial O-binding of
L-methionine can also occur as the first substitution step, followed
by fast O to S bond conversion. In such a case, O-binding will be
the rate-determining step, and a single exponential kinetic trace
will be observed if the subsequent O to S bond conversion is fast.
Nevertheless, the overall final reaction product will be the S,N-
chelated species for Pt(amp) as well as for the 10NNpy complex.
In addition, we note that the substitution behavior of 10NNpy

confirms our assumption of a rather good stability of the din-

uclear system, because the amine linker is not substituted by a
second trans labilizing L-Met nucleophile as in the case of, e.g.,
BBR3610, a dinuclear Pt(II) complex studied previously in our
group.30 The decomposition of a polynuclear structure into
mononuclear Pt(II) complexes and the aliphatic linker was also
reported by Farrell et al. for the reaction with different S-con-
taining nucleophiles.31,32 By insertion of a chelating ligand, we
found an improved complex stability, and degradation of the sys-
tem occurs very slowly even in the case of stronger nucleophiles
like thiourea.4

Kinetic investigations with L-Met were also carried out at pH
7.4 and 37 °C. Figure S14 shows the UV−vis spectra for both
complexes recorded during the reaction. Compared to the
observations at pH 2, the spectral changes are larger. An iso-
sbestic point occurs at 274 nm for Pt(amp), and a rather
unclear isosbestic point at 268 nm is observed for 10NNpy.
Substitution of the single coordinated water molecule at pH 7.4
by L-Met leads to a linear concentration dependence with no
intercept in both cases, for which the two rate constants differ
by a factor of 10, viz. k3 = 0.381 ± 0.002 M−1 s−1 for Pt(amp)
and k3 = 0.030 ± 0.001 M−1 s−1 for 10NNpy. Again, the
reactions at pH 7.4 are significantly slower than at pH 2, as seen
in Figure 6 and Table 1 (see also Table S4). The sterically more

demanding coordination sphere of 10NNpy and the larger
entering nucleophile L-Met (compared to tu) may account for
the 10 times slower displacement of water compared to the
mononuclear complex. Furthermore, at pH 7.4, three hydroxo
ligands are present in the coordination sphere of 10NNpy, which
leads to a significant decrease in electrophilicity of the Pt(II)
center and therefore to slower reactions compared to Pt(amp),
where only one hydroxo ligand is present. On the Pt(II) center
where water is displaced, there is only one hydroxo ligand for both
complexes. However, in the case of the dinuclear complex, the two
metal centers interact with each other, and the one Pt(OH)2
center of 10NNpy also influences the other Pt(II) center. This
interaction leads to a decrease in electrophilicity, since the leaving
water ligand is coordinated trans to the bridging group.
No second reaction step was observed for both complexes. The

obtained traces can be perfectly fitted to a single exponential. As
mentioned before, the hydroxo ligand is strongly bound to the
Pt(II) center and therefore cannot be displaced by L-Met. A
change in the acidity of the hydroxo ligand following the

Figure 6. Plots of kobs3 vs L-methionine concentration for the reaction
with 0.125 mM Pt(amp) and 0.1 mM 10NNpy at pH 7.4 and 37 °C
(I = 0.1 M Hepes).
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coordination of L-Met is in principle possible. However, we
suggest that the influence of L-Met on the electrophilicity of the
metal center is too weak to convert the hydroxo ligand into a
displaceable water molecule. Consequently, only one reaction
occurs with L-Met at pH 7.4 and 37 °C for both complexes.
Reactions with GSH. The tripeptide glutathione (GSH, γ-

L-glutamyl-L-cysteinyl-glycine) consists of the three amino acids
glutamic acid, cysteine, and glycine. It is a ubiquitous thiol
found in the cells of microorganisms, fungi, and plant and animal
tissues, with intracellular concentrations between 0.1 and 10 mM.33

GSH has numerous cellular functions, e.g., working as an anti-
oxidant to protect cells against reactive oxygen species, UV radia-
tion, and heavy metals such as mercury, cadmium, and lead.34,35

Furthermore, GSH is used in biological detoxification
processes since it is known that complex formation between
a heavy metal ion and GSH is the key step in detoxifica-
tion.36−42 The role of glutathione in the presence of cisplatin
was studied in detail.43−45 Glutathione is also present in
significant concentrations in cytoplasma and may consequently
react with platinum compounds before they can reach the
DNA,46,47 or may react with them after they are bound to
DNA.47−49 In a clinical phase-I study with cisplatin, it was
observed that glutathione can be used as a so-called protecting
agent since it interacts readily with the platinum drug and
therefore reduces toxicity combined with less negative effects on
the antitumor efficiency.50 The role of glutathione appears to be
dual, viz. it deactivates as well as activates cisplatin.51 The higher
activity of cisplatin has also been demonstrated by coadministering
cisplatin and glutathione in patients. However, it is still not clear
whether this increased activity arises from the reduced toxicity or
from the modification of the platinum drug by binding to
glutathione. Due to its significant biological role, the investigation
of the reactivity of 10NNpy with GSH is of special interest.
Since it was clear that glutathione plays a crucial role in the

reactions of platinum compounds with DNA, there has con-
sequently been considerable interest in the reactions of glutathione
with cisplatin and its analogues. For example, Odenheimer and
Wolf reported that the reaction of cisplatin with 2 mol equiv-
alents of glutathione resulted in a yellow solid that was meant
to contain [Pt(GS)2], where glutathione acts as an bidentate
ligand and both the leaving groups and ammine ligands had
been displaced.52 Roos et al. also studied this reaction close to
physiological conditions using UV−vis spectroscopy. They

found that an initial rapid reaction was followed by a much
slower second reaction, but the UV−vis spectra did not allow
identification of the generated products.53 Reedjik et al. have
shown that the diethylenetriamine complex [Pt(dien)Cl]Cl
reacts initially with glutathione to form a 1:1 complex with the
ligand bound through sulfur, with a subsequent reaction to
form a complex in which sulfur bridges between two Pt(dien)
units.54 Subsequently, Appleton et al. studied the reaction of
the [cis-Pt(NH3)2(OH2)2]

2+ cation with several S-containing
amino acids and also with glutathione.55 They also found a
different reaction behavior with thiol-containing biomolecules,
where the nucleophile could act as a bidentate as well as mono-
dentate ligand. Sadler et al. investigated the reaction of [Pt(en)Cl2]
(en = ethylendiamine) with glutathione and observed a bicyclic
complex containing a 10-membered macrochelate ring.56 Further-
more, polymeric structures via sulfur-bridged elements were found
using NMR spectroscopy and mass spectrometry. Nowadays, it is
well-known that the absorbance at 260 nm reflects the presence of
platinum−sulfur and disulfide bonds, but the nature of the final
reaction product remains unpredictable.57

On the basis of this information, we performed reactions of
both complexes with glutathione, since Pt(amp) had so far not
been investigated using GSH. First of all, reactions at pH 2
were investigated. We note that at pH 2, one of the major
species is the zwitterionic form of GSH. The observed spec-
tral changes during the reaction with GSH can be seen in
Figure S15. Two reaction steps could be observed for both
complexes at pH 2, one relatively rapid reaction that probably
generated the 1:1 complex, followed by a drastically slower one.
Plots of kobs1 against the glutathione concentration resulted in a
linear dependence with no meaningful intercept for both
complexes, and the experimental results obey eq 1 (Table 1 and
also Table S5). The reactivities of the dinuclear and mononuclear
complexes at pH 2 are nearly identical with rate constants k1 =
0.500± 0.006 M−1 s−1 for 10NNpy and k1 = 0.406± 0.005 M−1 s−1

for the Pt(amp) complex, as seen in Figure 7a (also Table 1).
In terms of the lower nucleophilicity due to the lack of an
electron donating methyl group at the sulfur atom, it is not
surprising that the substitution reaction with GSH at pH 2 occurs
slower compared to the reactions with L-Met and tu, where for all
three nucleophiles coordination takes place through the sulfur
donor. Consequently, the similar reactivity of the mono- and
dinuclear complexes can again be explained by the weakness of

Figure 7. (a) Plots of kobs1 vs glutathione concentration for the reaction with 0.125 mM Pt(amp) and 0.1 mM 10NNpy at pH 2 and 25 °C (I = 0.01
M, triflic acid). (b) Plots of kobs3 vs glutathione concentration for the reaction with 0.125 mM Pt(amp) and 0.1 mM 10NNpy at pH 7.4 and 37 °C
(I = 0.1 M, Hepes).
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the entering nucleophile as in the case of L-Met. Finally, we note
that after binding to the Pt(II) center, the thiol group has to
deprotonate since the hard and small proton cannot compete
with the soft and large platinum metal. Consequently, the charge
changes during the reaction from 4+ to 2+ (see Scheme 3).
The second reaction step is drastically slower than the first

one for both complexes. We observed large spectral changes,
and the solution turned yellow after a few hours, which was also
observed by Appleton et al.55 However, after three days the re-
action still did not come to completion. Therefore, we repeated
the kinetic measurements exclusively with the dinuclear 10NNpy
complex at pH 2 and increased the temperature to 40 °C. Under
these conditions, the reaction comes to an end after 40 h, and
plots of kobs2 versus [GSH] show no dependence on the GSH
concentration, as seen in Figure S16 (see also Table S6). The
obtained kobs2 values obey eq 4 and result in a first-order rate
constant k2 of (0.26 ± 0.01) × 10−4 s−1, as seen in Table 1.
As mentioned before, it is not easy to manifest the nature of

the final product of this reaction. The independence of the
nucleophile concentration suggests that glutathione could act as
a bidentate ligand, and ring-closure could occur as a rate-deter-
mining step. However, these unusually large spectral changes
could also be caused by the generation of sulfur bridged dimers
and oligomers, which would then also result in no dependence
on the GSH concentration. To enlighten these circumstances,
we performed mass spectrometric measurements by reacting
the 0.05 mM complex with 0.5 mM GSH at pH 2. Figure S17
shows a selected part of the recorded mass spectra within the
interesting m/z range after a reaction time of 24 h and 14 days.
It can be seen that the peaks of the free 10NNpy−aqua
complex (m/z = 927 and m/z = 1059) nearly disappeared after
the longer reaction time and that some complex−GSH product
peaks increased in intensity. Table 2 summarizes the main

peaks, their corresponding composition, intensity (in % relative
to the highest peak), and the charge of the species. The main
reaction products include one platinum complex and two GSH
molecules. After 14 days, no evidence for a higher substituted
complex nor for oligomers with larger m/z values could be
observed. From a combination of the kinetic observations and
the mass spectrometric results, we suggest that one GSH ligand
coordinated to each Pt(II) center, and in a second reaction step,
ring-closure occurred, where GSH acts as a bidentate ligand and
forms a five-membered S,N-chelate.55

Substitution reactions with GSH at pH 7.4 were also per-
formed for both complexes, and the spectral changes observed
during the reaction can be seen in Figure S18. The absorbance
traces for both complexes again indicate a rapid first and a dras-
tically slower second reaction. Plots of kobs3 versus glutathione con-
centration result in linear dependences for both complexes with no
meaningful intercept, as shown in Figure 7b (see also Table S7),
and can be analyzed using eq 3. In contrast to pH 2, 10NNpy
reacts two times faster than Pt(amp), and both complexes
show a higher reactivity at pH 7.4. Since we assumed that L-Met
is the stronger nucleophile and should exhibit a faster water
displacement, it is interesting to note that at pH 7.4 GSH
shows the faster water displacement, and in the case of
10NNpy, even faster than thiourea (see Table 1).
At this point, it is necessary to take a closer look at the GSH

species present in solution. The average pKa values reported for
the deprotonation of Glu-COOH, Gly-COOH, Cys-SH, and
Glu-NH3

+ are pKa1 = 2.06, pKa2 = 3.50, pKa3 = 8.69, and pKa4 =
9.62, respectively.58 On the basis of the pKa values, at pH 2 the
zwitterion is one of the major species in solution and acts as an
altogether neutral nucleophile (as in the case of L-Met),
whereas at pH 7.4 the nucleophile is overall −1 negatively
charged and therefore has a higher nucleophilicity. As a con-

Scheme 3. Summary of Substitution Reactions of 10NNpy with Glutathione at Different pH Values

Table 2. Results of Mass Spectrometric Measurements for the Reaction of 10NNpy with Glutathione

m/z charge composition intensity (24 h) intensity (14 d)

542 +2 (C22H34N4Pt2)(C10H15N3O6S) 3.2% 33.6%
753 +2 (C22H34N4Pt2)(C10H16N3O6S)2(CF3SO3H) 1.7% 46.0%
828 +2 (C22H34N4Pt2)(C10H16N3O6S)2(CF3SO3H)2 3.7% 100%
914 +2 (C22H34N4Pt2)(C10H16N3O6S)2(CF3SO3H)2(CF3SO3)Na 1.6% 38.7%
927 +1 (C22H34N4Pt2)(CF3SO3)(OH)2 74.6% 4.7%
1059 +1 (C22H34N4Pt2)(CF3SO3)2(OH) 100% 4.4%
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sequence, water displacement by [GSH]− can occur faster com-
pared to GSH. For clarification, Scheme 3 summarizes the
reactions of glutathione including structures for GSH and
[GSH]− at each pH value to show the changes in charge during
the reaction. The 10NNpy complex was used exclusively for
illustration, but the reaction mechanism is also valid for its
mononuclear analogue. This reaction behavior with negatively
charged nucleophiles is of special importance when performing
kinetic investigations as a function of pressure (see further
discussion and activation parameters).
Besides the first reaction step, an extremely slow successive

reaction was again observed for both complexes. Even at high
temperatures (40 °C) and after 100 h, the reaction did not reach
completion. Therefore, we did not investigate this reaction any
further. The second-order rate constants k1 and k3 for the reaction
at pH 2 and 7.4 are close to each other. To check whether the
higher reactivity at pH 7.4 arises due to the higher temperature of
37 °C, we performed a concentration dependent study with
10NNpy and GSH at pH 2 and 40 °C. The results are reported in
Figure S19 and Table S8 and show a rate constant k1 of 1.04 ±
0.01 M−1 s−1 (Table 1), which is of course higher compared to the
value at 25 °C, but significantly lower than for the reaction at pH
7.4. This means that the faster reaction with [GSH]− is due to the
different pH value and not due to the higher temperature.
Reactions with 5′-GMP. Guanosine-5′-monophosphate is a

DNA model molecule and consists of a phosphate and sugar
(2′-ribose) moiety connected to the nucleobase guanine
(see Figure 1). It includes N-donor atoms and is a model for
binding to a nucleobase. We performed substitution reactions
at pH 2 and detected two successive reaction steps. The spec-
tral changes during the reaction of 10NNpy with 5′-GMP are
very small. Due to the high absorbance of 5′-GMP, it was
necessary to study the first reaction step with the platinum com-
plex in excess. Thereby, plots of kobs1 versus platinum concen-
tration and kobs2 versus nucleophile concentration both result in a
linear dependence with no intercept (see Figure S20 and Table S9).
The results imply that kobs for the first and second substitution
step can be expressed by eqs 1 and 2, where Nu = 5′-GMP, and
the data are summarized in Table 1. At pH 2, the first reaction step
of 10NNpy (k1 = 3.75 ± 0.07 M−1 s−1) occurs more slowly
compared to the first step of Pt(amp) (k1 = 12.5 ± 0.5 M−1 s−1),9

whereas the second substitution stepthe displacement of the last
water ligandis very similar for both complexes.
Keeping in mind the competition between N and S donors

within the cell,58 it is noted that 5′-GMP reacts faster than L-Met
and GSH for both the mono- and dinuclear complexes under
these experimental conditions (pH 2). Figure 8 depicts the struc-
ture of 5′-GMP at different pH’s including atom numbering and
pKa values. It is known that the N7 site of 5′-GMP is strongly
favored for binding to metal centers.59−64 According to the
pKa(N7) value of 2.48,

61 65−75% of the 5′-GMP is protonated
at N7 at pH 2, and therefore the molecule carries no charge,

whereas 25−35% of 5′-GMP has a negative charge due to a single
deprotonated phosphate group. We assume that the non-
protonated N7 of the negatively charged 5′-GMP reacts with the
platinum center, and the acid−base equilibrium rapidly generates
nonprotonated N7.9 This is the reason for the faster reaction of
5′-GMP compared to L-Met and GSH. However, 5′-GMP as the
N donor is not able to compete with thiourea under these con-
ditions (see Table 1). In addition, mass spectrometric measure-
ments were carried out to confirm the final product after the
reaction. The main peaks in general confirm a 1:4 complex−
nucleophile adduct where at each Pt(II) center the two water
ligands have been displaced by two 5′-GMP ligands.
We also studied the substitution behavior under physiological

conditions. Figure S21 shows the spectral changes observed
during the reaction of 10NNpy with 5′-GMP at pH 7.4.
According to the pKa values for the second phosphate oxygen
(pKa = 6.25),57 the nucleophile is partly 2-fold negatively
charged at pH 7.4. Unfortunately, the absorbance changes
during the reaction are too small and attempts to vary the
complex and nucleophile concentrations were limited by the
relatively high absorbance of free 5′-GMP and the low solubility
of the complexes. Therefore, we did not study the reactions
with the nucleophile 5′-GMP at pH 7.4 any further.

Activation Parameters. In addition, temperature and
pressure dependence studies were performed to gain further
insight into the nature of the substitution mechanism from the
thermal and pressure activation parameters. Since all of the
studied reactions did not include a back reaction, the thermal
parameters ΔH# and ΔS# were determined by measuring the rate
constants of the first and second reaction steps of each complex
at a fixed nucleophile (tu, L-Met, GSH, and 5′-GMP) concentra-
tion as a function of the temperature (Tables S10−S15). Figure 9

Figure 8. Structures of the acid−base equilibrium of guanosine-5′-monophosphate at pH 2.

Figure 9. Eyring plots for the reaction of 0.1 mM 10NNpy with
15 mM L-methionine at pH 2 (I = 0.01 M, triflic acid) and pH 7.4
(I = 0.1 M, Hepes).
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exemplarily shows the Eyring plots for the successive reactions
of L-Met with 10NNpy at pH 2 and the single reaction step at
pH 7.4. The Eyring plots for all other studied reactions at each
pH are reported in Figures S22−S26. The activation parameters
were calculated using the Eyring equation for which the
observed first-order rate constants were converted to second-
order rate constants (k = kobs/[Nu]), and the results are sum-
marized in Tables 3 and 4 for measurements at pH 2 and 7.4,
respectively. Pressure dependent studies were performed for
the first step, and for some of the second substitution steps by
measuring the rate constants kobs for each complex at a fixed
nucleophile concentration as a function of pressure (Figures
S27−S31 and Tables S16−S20). The volumes of activation
ΔV#, calculated from the slope of the plots of ln(kobs) versus
pressure, are summarized in Tables 3 (pH 2) and 4 (pH 7.4).
By way of example, Figure 10 depicts plots of ln(kobs) versus
pressure for the successive reaction steps of 10NNpy with tu at
different pH’s. The kobs values for all reactions increased with
increasing pressure and show a linear dependence on pressure
as depicted in Figure 10. The negative activation volumes are

very typical for associative substitution reactions on square-
planar complexes,65−67 where the volume decrease results from
bond formation on going from the square-planar reactant state
to the trigonal bipyramidal transition state. This mechanistic
assignment is furthermore in good agreement with the negative
activation entropies found for the reaction steps for all
nucleophiles studied (see Tables 3 and 4).
The trend in reactivity of the 10NNpy complex with the

studied nucleophiles is also reflected in the activation enthalpy.
The faster the reaction, the lower are the values for the
activation enthalpy due to a more favored transition state, viz.,

tu < 5′-GMP < L-Met < GSH (at pH 2). The ΔS#1 values also
become less negative in the order tu < 5′-GMP < L-Met < GSH
(at pH 2). Moreover, the negative values for the activation
entropy correlate with an associative substitution mechanism
and can be interpreted in terms of a stronger associative
character of the transition state due to stronger nucleophiles in
the above-described order.
It is noted that the activation entropy as well as the activation

volume for the second reaction step with L-Met, which is
known to be a ring-closing reaction,9 are significantly more
negative compared to that for the first step. This can be
explained by the ring closure itself, which implies deprotonation
of the NH3

+ group. The released proton immediately under-
goes strong solvation in solution and causes an increase in
electrostriction which is accompanied by a volume collapse.
Millero68 reported the partial molar volume of a proton to
be −4.2 cm3 mol−1. This volume collapse has to be added to the
negative activation volume resulting from the chelation reaction
and therefore results in such large negative activation volumes
for both complexes, viz. ΔV#

2 (10NNpy) = −20.2 cm3 mol−1

and ΔV#
2 (Pt(amp)9) = −24 cm3 mol−1.

Furthermore, the substitution reaction with glutathione as
the nucleophile is worth mentioning. GSH coordinates via the
sulfur donor as mentioned before. During nucleophilic attack,
the Pt(II) center competes with the hydrogen atom of the thiol
donor, although the small and hard proton cannot compete
with the large and soft platinum center. As a consequence, the
proton is released during the reaction. GSH is not comparable
with L-Met, because the proton liberation in the case of L-Met is
necessary before nucleophilic attack can occur, whereas in the
case of GSH the deprotonation occurs after the nucleophilic
attack. This is important since it explains why we observe
relatively negative activation volumes due to proton liberation
for L-Met, but not for GSH (see Tables 3 and 4).
A closer look has to be taken at the activation volumes for

the reaction with GSH at pH 7.4. As mentioned above (see
Scheme 3), glutathione at pH 7.4 exists predominantly as a −1
charged nucleophile, and substitution of the water ligand results
in a decrease in charge from +1 to −1 for both the di- and
mononuclear complexes. The activation volumes for this

Table 3. Activation Parameters for the Two Successive Reactions by a Range of Nucleophiles at pH 2

complex ΔH#
1 [kJ mol

−1] ΔS#1 [J mol−1 K−1] ΔV#
1 [cm

3 mol−1] ΔH#
2 [kJ mol−1] ΔS#2 [J mol−1 K−1] ΔV#

2 [cm
3 mol−1]

10NNpy tu 44 ± 24 −66 ± 64 −7.8 ± 0.14 37 ± 14 −128 ± 34 −12.6 ± 0.24

L-Met 51 ± 1 −68 ± 4 −7.5 ± 0.2 28 ± 1 −191 ± 3 −20.2 ± 0.2
GSH 57 ± 1 −59 ± 4 −7.5 ± 0.3
5′-GMP 51 ± 1 −66 ± 3

Pt(amp) tu 52 ± 39 −28 ± 99 −6.3 ± 0.19 35 ± 19 −95 ± 39

L-Met 52 ± 29 −72 ± 69 −12 ± 19 41 ± 59 −181 ± 169 −24 ± 49

GSH 61 ± 1 −53 ± 3 −6.4 ± 0.2
5′-GMP 54 ± 29 −52 ± 89

Figure 10. Plots of ln(kobs) vs pressure for the reaction steps of 0.1
mM 10NNpy with 25 mM thiourea at 25 °C and pH 2 (I = 0.01 M,
triflic acid) and 37 °C and pH 7.4 (I = 0.1 M, Hepes).

Table 4. Activation Parameters for the Two Successive
Reactions by a Range of Nucleophiles at pH 7.4

complex
ΔH#

3
[kJ mol−1]

ΔS#3
[J mol−1 K−1]

ΔV#
3

[cm3 mol−1]

10NNpy tu 45 ± 1 −103 ± 4 −9.0 ± 0.3
L-Met 61 ± 1 −77 ± 3 −13.3 ± 0.3
GSH 66 ± 3 −33 ± 10 −2.6 ± 0.2

Pt(amp) tu 43 ± 1 −102 ± 4 −5.2 ± 0.1
L-Met 48 ± 1 −100 ± 4 −10.9 ± 0.7
GSH 69 ± 2 −22 ± 6 −4.6 ± 0.1

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202351r | Inorg. Chem. 2012, 51, 3025−30383035



reaction are ΔV#
3 = −2.6 ± 0.2 cm3 mol−1 (10NNpy) and

ΔV#
3 = −4.6 ± 0.1 cm3 mol−1 (Pt(amp)), and these activation

volumes have the smallest absolutes values observed for all
studied reactions. The value of ΔV# is composed of the contri-
bution for bond formation, which is expected to be significantly
negative for an associative mechanism, and the contribution of
charge neutralization, which leads to an enlarged solvation shell
on forming the transition state and consequently to a less
negative activation volume.
Cytostatic Activity. Dr. Thomas Huhn from the University

of Konstanz and his team performed cell tests on the pre-
viously4 synthesized dinuclear NNpy complex system. They
examined the cytotoxicity of the tetra-chloro complexes and the
ligands using the AlamarBlue assay in the human cervix
carcinoma cell line HeLa S3. Fluorescence measurements and
comparison with a negative control gave the relative number of
cells that survived the treatment. The results revealed that only
complex 2 is cytostatically active, i.e., the here studied 10NNpy
complex. We found a rather good IC50 value of 6.0 ± 0.8 μM
for complex 2, which describes the concentration at which 50%
of the cells remained viable with respect to the control. The
resulting dose−response curve for the HeLa S3 cell line is
shown in Figure S32, and the experimental results are sum-
marized in Table S21. Cisplatin was also tested as a reference
compound and exhibited an IC50 value of 1.2 ± 0.4 μM. We
note that the free ligand itself shows some cytotoxic activity
(36 μM, not shown), but the IC50 values clearly demonstrated
that complex 2 results in a much higher activity than the ligand.
The chloro complexes were used for the cell tests instead of the
corresponding aqua species due to their biological and medical
relevance.
The 10NNpy complex is a dinuclear species, and it is known

from the literature that polynuclear complexes form different
DNA adducts due to their ability to form long-ranged inter-
strand cross-links.70 Widespread studies in cell-free systems
indicate that the formation of interstrand cross-links is a major
event for di- or polynuclear complexes.71 Thus, dinuclear cyto-
statically active complexes may have the advantage of unique
DNA adduct formation.72 As a consequence, the caused DNA
damage cannot be sufficiently repaired, and polynuclear com-
plexes may help in terms of overcoming Pt-drug resistance.
Finally, we want to turn to the different isomers of 10NNpy,

their role as cytostatically active complexes, and the kinetic in-
vestigations. It is known from the literature that the cytostatic
activity can depend on the presence of NH groups in the
carrier ligand due to possible guanine−O6−NH73−76 and/
or phosphate−NH75−82 intramolecular hydrogen bonding.
Consequently, different isomers influence these possible inter-
actions, and as a result different configurations of DNA adducts
occur. Therefore, different configurations can cause different
cytostatic activities. In our case, the achiral N,N-ligand obtains a
stereogenic N-center after coordination to the metal. We
assume that the chirality of the 10NNpy isomers has no sig-
nificant influence on the reaction rates, because the acidic
N-bound proton is sterically nondemanding and, as demonstrated
previously, shows a rapid H-exchange.4 In other words, the
different isomers of 10NNpy are structurally almost equal to
each other. Furthermore, the nucleophilic attack occurs above
or below the square planar coordination sphere, and one can
hardly expect that the position of the small proton significantly
influences the nucleophilic attack. Moreover, it is noted that the
10NNpy−chloro complex shows cytostatic activity, although a
mixture of isomers is present in solution. The fact that the

configuration at the NHR2 donor cannot be fixed due to rapid
H-exchange implicates that the nature of the active isomer
cannot be determined. Maybe the mixture itself is cytostatically
active due to the strong similarity of the isomers.

■ CONCLUSION
In this study, we focused on two known complexes previously
studied in our group, viz. a dinuclear Pt(II) complex with a
bidentate pyridine unit linked to a secondary amine, where the
two metal centers are connected by an aliphatic chain of 10
methylene groups (10NNpy),4 and its mononuclear analogue
(Pt(amp))9 without a bridging element. We wanted to gain
more insight into the reactivity of these N,N-containing com-
plexes under physiological conditions with biologically relevant
nucleophiles, viz. thiourea, L-methionine, reduced glutathione,
and guanosine 5′-monophosphate. First, the reactivity of both
complexes with the selected nucleophiles was investigated at
pH 2, where both complexes exist exclusively in their aqua
form. The substitution of coordinated water by the selected
nucleophiles was studied under pseudo-first-order conditions as
a function of nucleophile concentration, temperature, and
pressure, using stopped-flow techniques and UV−vis spectros-
copy. The reactivity of the aqua complexes 10NNpy and
Pt(amp) was found to be in the order tu ≫ 5′-GMP > L-Met >
GSH at pH 2. Thiourea is the strongest nucleophile and
exhibits by far the fastest substitution reactions for both com-
plexes. This strong interaction between platinum and S-donor
nucleophiles is also of interest in terms of their chemo-
protective ability. Especially against nephrotoxicity, thiourea or
methionine was used to suppress the coordination of platinum
to S-donor proteins, which is responsible for several side
effects.7,10 Furthermore, the N-donor nucleophile guanosine 5′-
monophosphate is able to compete with the S-donor
nucleophiles L-Met and GSH at pH 2. These observations are
of special interest, since under biological conditions and within
the cell, these S-donor biomolecules are present in relatively
high concentrations and therefore compete with the ultimate
target of the platinum drug, viz. the DNA.31,32 Moreover, we
observed ring-closure reactions for the dinuclear 10NNpy
complex with L-Met and GSH, which confirms our assumption
of a rather good stability of the dinuclear system, because the
amine linker is not substituted by a second trans labilizing
S-donor nucleophile.
In a next step, the reactions with 10NNpy and Pt(amp) were

studied at a higher pH (7.4) and higher temperature (37 °C) to
mimic the physiological conditions by using the same selected
nucleophiles. At a higher pH, the aqua complexes undergo
stepwise deprotonation. The reactive species of Pt(amp) at pH
7.4 was found to be the aqua−hydroxo complex (15%), and the
aqua−trihydroxo complex (56%) in the case of 10NNpy. In
general, the observed rate constants are lower compared to
those at pH 2. This is ascribed to the less labile and less electo-
philic Pt(II) centers due to the coordination of hydroxo ligands.
The reactivity at pH 7.4 for 10NNpy with the selected nucleo-
philes was found to be GSH > tu > L-Met, and for Pt(amp),
tu > GSH > L-Met. This difference in reactivity at pH 7.4 arises
from the different species distribution due the different pKa
values of the mono- and dinuclear complexes. The 10NNpy
complex exists at 56% in its reactive form compared to only
15% for Pt(amp). The spectral changes observed during the
reaction with 5′-GMP at pH 7.4 were too small to perform
kinetic concentration-dependent studies. It is noted that the
order of reactivity is different at pH 7.4 compared to pH 2.
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Glutathione reacts faster, which can be explained in terms of
the acidity of its functional groups. At pH 2, GSH exists pre-
dominantly in its zwitterionic form, whereas at pH 7.4 it acts
as a −1 charged nucleophile and therefore exhibits a higher
nucleophilicity.
The acceleration of the reactions by pressure points to an

associative substitution mechanism, which is also supported by
the significantly negative activation entropies typical for square
planar Pt(II) complexes. It is obvious that ΔS#2 and ΔV#

2 for
the second substitution step with L-methionine also exhibits
such negative values. The reaction involves a ring-closure pro-
cess, which initially requires NH3

+ deprotonation prior to
nucleophilic attack. This proton liberation causes a volume
collapse due to highly condensed charge creation in an aqueous
medium, which adds to the volume collapse resulting from
bond formation (ring-closure) and therefore leads to such
significantly negative values.
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