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ABSTRACT: A series of novel dinuclear platinum(II) complexes
were synthesized containing a mixed nitrogen—sulfur donor [ -
bidentate chelate system in which the two platinum centers are | *- s AT
connected by an aliphatic chain of variable length. The bidentate :
chelating ligands were selected to stabilize the complex toward
decomposition. The pK, values and reactivity of the four o
synthesized complexes, namely, [Pt,(S",S*bis(2-pyridylmethyl)-
1,4-butanedithioether) (OH,),]*" (4NSpy), [Pt,(S',S-bis(2-pyri-
dylmethyl)-1,6-hexanedithioether) (OH,),]* (6NSpy), [Pt,(S',S®-
bis(2-pyridylmethyl)-1,8-octanedithioether) (OH,),]* (8NSpy),
and [Pt,(S',S'%-bis(2-pyridylmethyl)-1,10-decanedithioether)-
(OH,),]*" (10NSpy), were investigated. This system is of special
interest because only little is known about the substitution behavior
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of dinuclear platinum complexes that contain a bidentate chelate that forms part of the aliphatic bridging ligand. Moreover, the
ligands as well as the dinuclear complexes were examined in terms of their cytotoxic activity, and the 10NSpy complex was found
to be active. Spectrophotometric acid—base titrations were performed to determine the pK, values of all the coordinated water
molecules. The substitution of coordinated water by thiourea 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 results
for the dinuclear complexes were compared to those for the corresponding mononuclear reference complex
[Pt(methylthiomethylpyridine)(OH,),]** (Pt(mtp)), by which the effect of the increasing aliphatic chain length of the bridged
complexes could be investigated. The results indicate that there is a clear interaction between the two platinum centers, which
becomes weaker as the chain length between the metal centers increases. Furthermore, differences and similarities of the
N,S-system were compared to the corresponding dinuclear N,N-system studied previously in our group. In addition, quantum
chemical calculations were performed to support the interpretation and discussion of the experimental data.

B INTRODUCTION

During the past decades, numerous Pt-containing compounds
have been synthesized, and their cytostatic activity has been
analyzed." The main goal was to create new possibilities for
anticancer therapy. Since the discovery of the cytostatic activity
of cisplatin, the first platinum containing anticancer drug, in
1969, much more has been learned in terms of cytostatic
properties of platinum drugs. Mononuclear Pt(I) as well as
Pt(VI) compounds have been developed and improved step by
step (Figure 1). Cisplatin was part of the first generation of
Pt-containing drugs. Efforts to develop cisplatin analogues with
reduced toxicity and a broader range of therapeutic activity
led to the discovery of carboplatin (a second generation drug).
By replacing chloride with 1,1-cyclobutanedicarboxylate, as new
leaving group, carboplatin aquates slower compared to cisplatin
and therefore is significantly less toxic,** but displays similar
activity when used to treat ovarian cancer.’”'* Another problem
was the cross resistance of carboplatin to cisplatin, and as a
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consequence in a next step the spectator ligands were changed,
which resulted in the development of numerous different
compounds, for example, oxaliplatin (a third generation
drug)."""* In oxaliplatin the two ammine ligands were replaced
by a single bidentate ligand, namely, (1R,2R)-cyclohexane-1,2-
diamine."”® Oxaliplatin shows no cross-resistance to cisplatin
and carboplatin because of a differently formed DNA adduct.'*
By synthesizing different platinum compounds, investigating
their cytostatic activity and comparing the results, the so-called
structure—activity relationship was summarized.'> This postu-
lation was helpful for further synthetic work to be able to predict
cytostatic activity. Naturally, research always continues and
scientists like Farrell and co-workers developed the so-called
nonclassical platinum drugs,"® which are multinuclear and
therefore offer a completely different mechanism of binding to
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Figure 1. Selection of Pt(II)-based anticancer drugs, which have
gained marketing approval for human use (upper row) or which have
entered phase II clinical trials (BBR3464).

DNA, although some violate the classical structure—activity
relationship.”_21 BBR3464 is a trinuclear Pt(II) drug chosen as
the lead agent from a family of di- and trinuclear complexes. It
displays higher and faster uptake into cisplatin sensitive and
resistant cells** and faster DNA binding.23 However, the crucial
point is the formation of a range of unique DNA adducts that
are thought to be the mechanism by which it derives its potent
cytotoxicity.

In the past almost all medicinal used platinum drugs con-
tained exclusively nitrogenous donor ligands. Not until
the past 10 years have S-containing donor ligands and their
corresponding platinum complexes been synthesized. The
group of Sadler for instance developed a sulfur analogue of
the well-studied Pt(H,NCH,CH,NH,)Cl, complex, namely,
Pt(CH,SCH,CH,SCH;)Cl,, and Bugardi¢ et al. found the
complex to be cytostatic active against MCF7 (breast cancer)
cell lines.”* Besides exclusively sulfur donor containing com-
pounds, complexes with mixed spectator ligands have been
developed.”*” For example the complex dichloro(2-
methylthiomethylpyridine)platinum(II), Pt(mtp)Cl,, is a com-
plex with nitrogen as well as sulfur donor ligands. In the
literature different synthetic pathways are described,”® > and
the bidentate mixed N,S-complex was found to be a promising
cytostatic agent.>’ Furthermore, the correspondin§ diaqua
complex was recently studied in detail in our group.”” Hardly
any literature is presently available on di- or polynuclear Pt(II)
complexes with S-containing donor ligands.

The present study is a continuation of earlier work performed
in our group, where dinuclear nitrogen donor containing Pt(II)
complexes were investigated.”> We now switched from
exclusively N-containing to mixed N- and S-containing dinuclear
Pt(I) complexes. Figure 2 shows the novel complexes used in
this study as well as their mononuclear analogue, which was also
investigated in our group.’> The complexes consist of a pyridyl
unit (N-donor) and a thiomethylether unit (S-donor). The two
Pt(II) centers are connected by an aliphatic chain of variable
length. The dinuclear complexes are abbreviated according to
their aliphatic chain length, the employed N,S-donor atoms, and
the presence of a pyridine ring, namely, 4NSpy, 6NSpy, 8NSpy,
10NSpy, and Pt(mtp) for the mononuclear reference complex,
respectively.

Usually, complexes with bidentate coordination spheres show
higher cytostatic activity than their analogue with only one
vacant coordination site.>* In addition, it is known from multi-
nuclear complexes that the DNA adducts of such complexes are
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Figure 2. Structures of the studied dinuclear N,S—Pt(I) complexes
(NSpy system) and their mononuclear analogue Pt(mtp).

more flexible and long ranged, with a high degree of interstrand
cross-links.>> Furthermore, it is interesting to study the
combination of a strong o-donor and a m-acceptor within the
same complex. Surprising results may show up as observed in the
work of Hofmann et al,** who combined pyridyl (7-acceptor)
with benzyl moieties (6-donor) within the same complex.

In the present work, we focused on the nature of the
substitution reactions with thiourea and their dependence on
the chain length of the complexes. We used thiourea as a strong
S-containing nucleophile because of its good water solubility,
high nucleophilicity, and neutral character. The high affinity of
Pt(II) for sulfur is also of interest in terms of chemo-protective
ability. Thiourea or methionine were especially used against
nephrotoxicity, to suppress the coordination of platinum to
S-containing proteins, which is responsible for several side
effects.>” We report thermodynamic (pK, values) and kinetic
data (rate and activation parameters) for the complexes studied,
and used quantum chemical calculations to support the inter-
pretation of the experimental results. The corresponding
Pt(mtp) reference complex’® and the previously obtained
information on its kinetic behavior is useful for comparison
with the here studied dinuclear system. In addition, cytostatic
cell tests of all ligands and dinuclear complexes were carried out
using the HeLa S3 cell line.

B EXPERIMENTAL SECTION

Chemicals. The starting materials 2-picolyl chloride hydro-
chloride, the different alkyl dithiols, 1,10-decanedibromide, the
nucleophile thiourea, trifluoromethanesulfonic (triflic) acid, and silver
triflate were purchased from Acros Organics. Potassium
tetrachloroplatinate(II) was obtained from Strem Chemicals. The
deuterated chemicals, such as D,0, deuterated triflic acid (CF;SO;D)
and NaOD, were obtained from Deutero GmbH. All other used
chemicals were of the highest purity commercially available and were
used without further purification. For all preparations of aqueous
solutions, ultra pure water was used.

Preparation of the (N,S)-Ligand System. S',S*bis(2-pyridyl-
methyl)-1,4-butanedithioether (1), S',S8%-bis(2-pyridylmethyl)-1,6-
hexanedithioether (2), S',S%-bis(2-pyridylmethyl)-1,8-octanedi-
thioether (3), and S',S'%-bis(2-pyridylmethyl)-1,10-decanedithioether
(4), were prepared according to a well-known procedure:*® A sodium
ethoxide solution was prepared by addition of 0.92 g (40 mmol) of
sodium metal to 20 mL of dry ethanol at 0 °C followed by addition of
the corresponding dithiol (S mmol) and an ethanolic solution of
3.28 g (20 mmol) of 2-picolyl chloride hydrochloride, while keeping
the temperature at 0—S °C. The resulting suspension was allowed to
reach room temperature, stirred for 30 min, followed by stirring for 2 h
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under reflux. The mixture was cooled to room temperature, and 50 mL
of water was added to destroy remaining sodium ethoxide, and finally
the ethanol was removed under reduced pressure. The product was
extracted with dichloromethane (4 X 20 mL), the combined organic
layers were dried over Na,SO,, and the product was obtained by
removing the solvent under reduced pressure. The 4-(N,S)- and
6-(N,S)-ligands were obtained as orange oils, while the ligands with
longer chains such as the 8-(N,S)- and 10-(N,S)-ligands were found to
be lightly yellow solids. All ligands were characterized and identified by
NMR spectroscopy and used for complex-formation without further
purification.

The bridging reagent 1,10-decanedithiol (4a) is commercially not
available and was therefore grepared following the reported procedure
with slight modifications:* To a solution of 6.0 g (20 mmol) of
1,10-decanedibromide in SO mL of ethanol, 3.2 g (42 mmol) of solid
thiourea were added within 10 min and stirred under reflux overnight.
The reaction mixture was then cooled to room temperature, treated
dropwise with 90 mL of 10% NaOH solution and again refluxed
(110 °C) for 3 h. After cooling to room temperature, the mixture was
diluted with 100 mL of a 1 M HCI solution until pH 7 was reached.
The product was extracted with diethyl ether (2 X 200 mL) and
obtained as colorless oil after evaporation of the solvent. The crude
product was identified by NMR spectroscopy and used for the next
step without further purification.

1: C,¢HyoN,S, (M = 304.5 g/mol). 'H NMR (CDCl,, 298.2 K): &
8.43 (d, ¥y = 4.8 Hz, 2H), § 7.56 (dt, *Jyyy = 7.7 Hz, “Jyy = 1.7 He,
2H), 6 7.27 (d, *Jyy = 7.7 Hz, 2H), 6 7.06 (dd, *Jyy = 4.8 Hz, ¥y =
7.7 Hz, 2H), 6 3.73 (s, 4H), 6 2.38 (t, 3Jyy = 6.5 Hz, 4H), § 1.59—1.52
(m, 4H). 3C NMR (CDCl,, 2982 K): § 158.7, 149.0, 136.5, 122.8,
121.6, 37.9, 30.9, 28.0.

2: CigHy,N,S, (M = 332.5 g/mol). 'H NMR (CDCl,, 2982 K): &
8.43 (d, *Jyu = 4.8 Hz, 2H), 6 7.62 (dt, *Jyqy = 8.5 Hz, *Jyy = 1.7 Hz,
2H), 6 7.34 (d, *Jyg = 7.8 Hz, 2H), & 7.12 (dd, 3y = 4.8 Hz, “Jypy =
7.8 Hz, 2H), 6 3.79 (s, 4H), 5 2.4 (t, Jyup = 7.4 Hz, 4H), 5 1.55—1.46
(m, 4H), § 1.35—1.26 (m, 4H). '*C NMR (CDCl,, 298.2 K): 6 158.9,
149.0, 136.5, 122.9, 121.7, 38.1, 31.5, 28.9, 28.2.

3: CyoHyN,S, (M = 360.6 g/mol). "H NMR (CDCl, 298.2 K): &
8.43 (d, ¥y = 4.8 Hz, 2H), § 7.56 (dt, *Juy = 8.5 Hz, *Jyy = 1.6 Hg,
2H), 6 7.29 (d, *Jyy = 7.8 Hz, 2H), § 7.06 (dd, *Jyy = 4.8 Hz, Yy =
7.8 Hz, 2H), § 3.75 (s, 4H), 6 2.39 (t, ¥z = 7.3 Hz, 4H), § 1.50—1.41
(m, 4H), 6 1.28—1.14 (m, 8H). *C NMR (CDCl,, 298.2 K): § 158.9,
149.0, 136.4, 122.8, 121.6, 38.1, 31.5, 29.0, 28.8, 28.5.

4a: CyoH,,S, (M = 2064 g/mol). '"H NMR (CDCl,;, 2982 K): §
246 (t, Yy = 7.2 Hz, 4H), 5 1.60—1.50 (m, 4H), 5 1.35—1.20 (m,
12H). C NMR (CDCl;, 2982 K): § 34.01, 29.41, 29.02, 28.34,
24.63.

4: C,,H;,N,S, (M = 388.6 g/mol). "H NMR (CDCl,, 298.2 K): §
8.44 (d, *Jygy = 4.8 Hz, 2H), 6 7.57 (dt, *Jqy = 8.5 Hz, *Jyy = 1.7 Hz,
2H), 6 7.30 (d, *Jyy = 7.8 Hz, 2H), § 7.07 (dd, iy = 4.8 Hz, iy =
7.8 Hz, 2H), 6 3.75 (s, 4H), 6 2.40 (t, *Jyy = 7.3 Hz, 4H), § 1.52—1.42
(m, 8H), § 1.19—1.12 (m, 8H). *C NMR (CDCl,, 298.2 K): § 159.0,
149.1, 136.5, 122.9, 121.7, 38.1, 31.6, 29.3, 29.1, 29.0, 28.7.

Synthesis of the (N,S)-Complex System. [Pt,(S',S*bis(2-
pyridylmethyl)-1,4-butanedithioether)CL,] (5), [Pt,(S",S%bis(2-pyri-
dylmethyl)-1,6-hexanedithioether)Cl,] (6), [Pt,(S',S®-bis(2-pyridyl-
methyl)-1,8-octanedithioether)Cl,] (7), and [Pt,(S",S'-bis(2-pyridyl-
methyl)-1,10-decanedithioether)Cl,] (8) were synthesized according
to a literature method.*® To 0.48 mmol of the corresponding ligands
(1-4), a solution of 400 mg (0.96 mmol) of K,PtCl, in water was
slowly added using a dropping funnel, under vigorous stirring at room
temperature. The reaction mixture was further stirred until the
characteristic red color of dissolved K,PtCl, disappeared (3—6 h). The
resulting yellow precipitate was filtered off, washed with water,
ethanol, and diethyl ether, and dried under vacuum. During com-
plexation the SR,—sulfur donor atom becomes a stereogenic center
and three configurations, namely, R.R; S,S and R,S are possible. We
were not able to isolate single diastereomers because of rapid
(S)-inversion at the sulfur atom (for further discussion, see kinetic
measurements), and consequently used a mixture of the generated
species in all measurements.

5: Yield: 337 mg (0.40 mmol, M = 836.4 g/mol, 84%). Anal. Calcd
for C,H,0CLN,PL,S,: C, 22.97; H, 2.41; N, 3.35; S, 7.67%. Found: C,
22.90; H, 2.40; N, 3.25; S, 7.92%. "H NMR (dmso-d, 298.2 K): 6 9.38
(d, *Jun = 4.9 Hz, 2H), 6 8.16 (t, *Jyy = 7.7 Hz, 2H), 5 7.80 (d, *Jyyy =
7.7 Hz, 2H), § 7.54 (m, 2H),  4.76 (d, AB-spin system, *J; = 17.0
Hz, 2H), 5 4.48 (d, AB-spin system, *J;yy; = 17.0 Hz, 2H), § 2.88—2.67
(m, 4H), § 1.91—1.76 (m, 4H). MS-FAB (NBA, 70 €V) 801 [M—CI]*.

6: Yield: 278 mg (0.32 mmol, M = 864.5 g/mol, 67%). Anal. Calcd
for C,4H,,CLN,PL,S,: C, 25.01; H, 2.80; N, 3.24; S, 7.42%. Found: C,
24.83; H, 2.77; N, 2.96; S, 7.61%. "H NMR (dmso-d,, 298.2 K): § 9.41
(d, *Jun = 5.5 Hz, 2H), 6 8.17 (t, *Jyyyy = 7.7 Hz, 2H), 5 7.82 (d, *Jyyys =
7.7 Hz, 2H), § 7.56 (m, 2H), § 4.76 (d, AB-spin system, *J; = 17.0
Hz, 2H), 5 4.48 (d, AB-spin system, *J;;;; = 17.0 Hz, 2H), § 2.89—2.65
(m, 4H), 6 1.71-1.56 (m, 4H), 5 1.44—1.34 (m, 4H). MS-FAB (NBA,
70 V) 830 [M—Cl]*.

7: Yield: 300 mg (0.34 mmol, M = 892.6 g/mol, 70%). Anal. Calcd
for CooH,sCLN,PLS,: C, 2691; H, 3.16; N, 3.14; S, 7.14%. Found: C,
27.02; H, 3.19; N, 2.88; S, 7.43%. "H NMR (dmso-d,, 2982 K): 5 9.40
(d, *Ju = 54 Hz, 2H), 6 8.16 (t, 3y = 7.8 Hz, 2H), 6 7.81 (d, *Jy =
7.8 Hz, 2H), § 7.55 (m, 2H), § 4.75 (d, AB-spin system, *J;;; = 17.0
Hz, 2H), & 4.48 (d, AB-spin system, Yum = 17.0 Hz, 2H), 5 2.86—2.64
(m, 4H), § 1.75—1.59 (m, 4H), 5 1.40—1.31 (m, 4H), § 1.22—1.15 (m,
4H). MS-FAB (NBA, 70 eV) 857 [M—CI]".

8: Yield: 358 mg (0.39 mmol, M = 920.6 g/mol, 81%). Anal. Calcd
for C,,Hy,CIN,PL,S,: C, 28.70; H, 3.50; N, 3.04; S, 6.97%. Found: C,
28.44; H, 3.39; N, 2.82; S, 6.97%. "H NMR (dmso-d,, 298.2 K): & 9.40
(d, *Jun = 5.4 Hz, 2H), 6 8.16 (t, *Jyyy = 7.8 Hz, 2H), 5 7.81 (d, *Jyyy =
7.8 Hz, 2H), 6 7.55 (m, 2H), § 4.76 (d, AB-spin system, *Jy; = 17.0
Hz, 2H), 5 4.49 (d, AB-spin system, *J;;;; = 17.0 Hz, 2H), § 2.86—2.64
(m, 4H), § 1.75—1.59 (m, 4H), 5 1.40—1.31 (m, 4H), § 1.22—1.15 (m,
4H). MS-FAB (NBA, 70 V) 885 [M—CI]*.

Preparation of the Complex Solutions.*" Solutions of the aqua
complexes were prepared by suspending a defined amount of the
corresponding chloro complexes $—8 in 0.001 M triflic acid and
adding a stoichiometric excess of silver triflate (4.1 equiv) with respect
to the chloro ligands. The mixture was then stirred in the dark for at
least 2 days at 45 °C, which led to the formation of silver chloride. The
precipitated silver chloride was filtered off, and the pH of the resulting
solution was increased to 11 by addition of small amounts of 0.1 M
NaOH. This led to the formation of brown silver oxide (from the
excess silver triflate), which was then removed with a Millipore filter,
and the pH of the remaining solution was adjusted to pH 2 with triflic
acid to give the desired complex concentration of 0.2 mM. For all
kinetic investigations the pH of the solution was kept at 2, and the
ionic strength was adjusted to I = 0.01 M (triflic acid). After aquation,
the complex solutions were characterized using NMR spectroscopy
and mass spectrometry (see further Discussion).

Cytostatic Tests. Cell tests for all four dinuclear Pt(II) tetra-
chloro complexes (5—8) and for all ligands (1—4) were performed.
The cytotoxicity of the 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 sensitivity, 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 fluo-
rescent resurufin (7-hydroxy-3H-phenoxazin-3-one). In the commonly
used MTT assay, the formed formazan is insoluble in the cell-culture
medium and requires dimethyl sulfoxide (dmso, DMSO) as an
additional solubilizer. The handling of the AlamarBlue assay is thus
much simpler, readout by fluorescent detection is directly achieved
without additional steps.** Cells were cultivated at 37 °C and 5% CO,
atmosphere in 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 (4 000 cells/
well) 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 medium to give final concentrations
with a maximum DMSO content of 1%. The cells were then incubated
for 48 h with 100 pL each of above dilution series. After removal of the
medium, AlamarBlue solution (10 yL (BioSource Europe) diluted with

dx.doi.org/10.1021/ic2018902 | Inorg. Chem. 2011, 50, 12747-12761



Inorganic Chemistry

90 uL 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
conditions. 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 Measurements. 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. 'Pt-NMR measurements were
performed on a Bruker Avance DRX 400WB with K,PtCl, (in D,0/
CF;SO;D) as reference (§ = —1620 ppm). Mass spectrometric
measurements were performed on an UHR-TOF Bruker Daltonik
(Bremen, Germany) maXis, an ESI-TOF mass spectrometer capable of
a resolution of at least 40000 fwhm used by the group of Prof. Ivana
Ivanovi¢-Burmazovic at the University of Erlangen-Niirnberg. A Varian
Cary 1G spectrophotometer equipped with a thermostatted cell holder
was used to record UV—vis spectra for the determination of the pK,
values of the aqua complexes. Kinetic measurements on fast reactions
were carried out 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 performed on a laboratory-
made high-pressure stopped-flow instrument for fast reactions.* The
temperature of the instruments was controlled throughout all kinetic
experiments to an accuracy of +0.1 °C. The values of the reported
pseudo-first-order rate constants are the average of at least four kinetic
measurements.

Computational Details. We performed B3LYP/LANL2DZp
hybrid density functional calculations, that is, with pseudopotentials
on the heavy elements and the valence basis set augmented with
polarization functions.*~>° During the optimization of the structures
no constraints other than symmetry were applied. In addition, the
resulting structures were characterized as minima by computation of
vibrational frequencies. The Gaussian 03 suite of programs was used
throughout.*

B RESULTS AND DISCUSSION

Characterization of the Tetraaqua Complexes. The
chloro complexes of the NSpy system were fully characterized
as reported in the Experimental Section. However, a closer look
at the resulting solution has to be taken following aquation and
removal of chloride ions. Aquation of the chloro complexes
involves an increase in pH up to 11. This high pH leads to
deprotonation of the water ligands and probably to the
formation of y-OH dimers. After slow addition of concentrated
triflic acid, the pH is decreased to 2 and the dimers are expected
to decompose. To clarify the composition of the solution after
removing the chloride ions, we performed NMR spectroscopic
and mass spectrometric measurements.

For NMR measurements the aquation was carried out as
mentioned in the Experimental Section using D,0, deuterated
triflic acid (CF;SO;D), and NaOD instead of H,O, triflic acid,
and NaOH. After aquation the pH* (without correction) of the
samples was adjusted using drops of concentrated deuterated
triflic acid to obtain a pH* of 2. We performed 'H- and '**Pt-
NMR measurements to detect the species present in solution
and to check the purity of the solution. By way of example,
Figures 3 and 4 show the 'H- and '"Pt-NMR spectra of
6NSpy. The spectra of the three remaining NSpy complexes
are shown in Figures S1—S6 of the Supporting Information.
The '"H NMR spectrum clearly shows evidence for complex-
formation because of the presence of two doublets at 4.45 and
4.19 ppm, which represent the AB-spin system of the CH,
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Figure 3. 'H NMR spectrum of the 6NSpy complex at pH 2 (D,0/
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Figure 4. "*Pt-NMR spectrum of the 6NSpy complex at pH 2 (D,0/
CF;SO;D).

group “S” between the pyridine ring and bridge (see drawing in
Figure 3), and demonstrates the purity of the aqua complex
solution. The concentration of the solution is quite low, which
can be seen in the large D,O solvent peak at 4.79 ppm.
Dimeric as well as OH-containing species can be analyzed
using 'Pt-NMR. In general, bridged y-OH dimers show a
clear shift to lower fields because of deshielding of the Pt(II)
center.”” Furthermore, different species present would lead to
more than one signal in the spectra. The Pt(mpt) chloro
complex, [Pt(2-methylthiomethylpyridine)Cl,], as mononu-
clear analogue was used as reference to locate the ppm region
for the subsequent measurements of the dinuclear system.
Pt(mpt) was measured in dmso-ds because of the poor
solubility of the neutral chloro complex in D,O and exhibits
one peak at —2780.5 ppm and its reference-spectrum is
reported in Figure S7 of the Supporting Information. The '**Pt-
NMR measurements were performed in two ppm ranges from
—2000 to —3000 ppm, where the signals of the dinuclear
system are supposed to occur, and also at lower field from
—1000 to —2000 ppm to check for the presence of dimeric
species. Because of the symmetry of the dinuclear system, the
two Pt(II) centers are equivalent and exhibit the same chemical
shift. According to this, exactly one peak was observed in the
195pt-NMR spectra, which can be seen in Figure 4 for the
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Figure 5. Mass spectrum of the 10NSpy complex at pH 2 (left) and the isotopic pattern as well as the simulated pattern for the main peak at m/z =

406 (right).

6NSpy complex. We note that because of the low solubility of
the 10NSpy complex, the poor signal-to-noise ratio of the '**Pt
spectrum hampers the analysis. However, only one signal is
recognizable and furthermore the 'H spectrum also clearly
shows the presence of only one species. No signals were observed
in the low field range. The chemical shifts of the dinuclear
Pt(II) complexes are independent of the chain length and
appear in the same region. We found values of —2324.0 ppm
(4NSpy), —2323.4 ppm (6NSpy), —2324.3 ppm (8NSpy), and
—2323.0 ppm (10NSpy), which are in good agreement for
platinum complexes in the oxidation state 2+ and bidentate
coordination spheres.>”

In addition, mass spectrometric measurements were
performed and in general confirm the information obtained
from the NMR measurements. As an example, Figure 5 depicts
the mass spectrum in the m/z range of 200—1500 for the
10NSpy complex. The main peaks can be found at m/z = 406
(2+), 961 (1+), and 1039 (1+), which consist of [(C,,H;,-
N,Pt,S,)(OH),], [(Cy,H3,N,Pt,S,)(OH),(CF;S0;,)], and
[(C,H3,N,P,S,) (OH)(CF;3S0;),] and represent fragments
of the 10NSpy aqua complex. Furthermore, Figure S depicts the
isotopic pattern at m/z = 406 and its corresponding simulated
pattern (also Figures S8—S13, Supporting Information).

The mass spectra of all aqua complexes show similar
fragments for the entire dinuclear system, that is, no dimers
or polymers were observed. Such species would exhibit a
different isotopic pattern and would have been detected during
simulation of each peak. Intramolecular y-OH species can not
be distinguished from normal OH-coordinated species in the
mass spectrometric measurements, since they exhibit the same
isotopic pattern, but can be excluded on the basis of the NMR
spectra. The appearance of hydroxo ligands on the complex
observed in the mass spectra is due to the ionization of
coordinated water. Beside the complex peaks, a few single peaks
can be found that belong to organic fragments generated during
the evaporation procedure (180 °C).

On the basis of the NMR and mass spectrometric
measurements, we conclude that after aquation and increasing
the pH to 11, the possible generated hydroxo and u-OH
bridged species decompose during acidification of the solution.
Consequently, the tetraaqua complexes are predominantly
present in solution at pH 2, which could also be verified by
performing a pH speciation for the complete dinuclear NSpy
system (see further discussion).

We also tried to isolate crystals for the aqua and chloro
complexes, but unfortunately were not successful. The chloro
complexes are neutral compounds and poorly soluble in any
common solvent. Furthermore, the aqua complexes were

treated with different kinds of counteranions, such as ClO,~,
BF,”, PF¢, and NT£,”", but no crystals were obtained.

pK, Determination of the Tetraaqua Complexes. For
further mechanistic clarification, it is important to obtain
information on the acidity of the coordinated water ligands and
therefore on the reactivity of the aqua complexes. For this
reason spectrophotometric pH titrations with NaOH as base in
the pH range of 1—10 were performed. The spectrophoto-
metric pK, determination was done using a Hellma optical cell
for flow-through measurements attached to a peristaltic pump.
Thereby, it was necessary to keep the concentration of the
complex solution constant, to avoid absorbance corrections
because of dilution. This can be achieved by using a large
volume of 100 mL complex solution during the titration.
Starting at pH 1, the pH was increased by addition of small
portions of solid NaOH to the solution until a pH of 3 was
reached. For further increase in pH, a series of NaOH solutions
of different concentrations were used. The consecutive pH
changes were obtained by dipping a needle into these NaOH
solutions and then in the complex solution. After each addition
of base, samples of 500 uL were taken from the complex
solution, and the pH was measured at 25 °C using an InLab
Semi-Micro pH electrode. This electrode was calibrated using
standard buffer solutions at pH 4, 7, and 10, purchased from
Fisher Scientific. Afterward the samples were discarded because
of a possible chloride ion contamination coming from the pH
electrode. Each pK, titration was performed at least two times
and an average of both values was taken. The pH dependence of
the aqua complex was monitored by UV—vis spectroscopy. The
so-obtained data were analyzed using the Specfit Global Analysis
software. Specfit is a multivariant data analysis program for
modeling and fitting of chemical kinetics and a variety of
equilibrium titrations that are obtained from multiwavelength
spectrophotometric measurements. An important advantage of
this program is the inclusion of all the data measured as a
function of wavelength for the calculated pK, values.

The pK, values were determined by probing different models
for the systems studied. The model selected was that which
gave the best statistical fit. A very low complex concentration of
0.05 mM was used during the pH titration to prevent dimer or
polymer formation, since it is known from the literature that
u-OH bridged dimers, trimers, or tetramers can accumulate in
solution at higher pH.>*~% Because of the dinuclear system, a
local high concentration can lead to intramolecular ring-closure
through u-OH bridges during the pH titration. Trials were
made to fit the spectrophotometric data assuming the
formation of a ring-closed dimer at higher pH, but this resulted
in a very poor fit of the data.
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Figure 6 (and Figures S14—S16, Supporting Information)
shows a typical example for 8NSpy of a titration with its

T T
240 280 320 360

wavelength in nm

Figure 6. UV—vis spectra recorded for 0.05 mM 8NSpy in the pH
range 1—10 at 25 °C.

spectral changes recorded as a function of pH. The obtained
pK, values for the coordinated water ligands are summarized in
Table 1. The fit-report for each complex is summarized in
Tables S1—S4 of the Supporting Information.

In general, we found four pK, values for the platinum bound
water molecules for 4NSpy, 6NSpy, and 8NSpy. The 10NSpy
complex with the longest methyl chain shows only two
pK, values. Plots of absorbance versus pH illustrate this fact.
Figure 7 depicts the absorbance traces at one specific
wavelength for all four complexes. Although this wavelength
exhibits only small spectral changes, it was selected on purpose
because in this region the absorbance spectra reflected best the
change from one species into another. Figures S17-S520
(Supporting Information) report the data for three other
wavelengths by way of further examples. We note that not every
deprotonation step is visible at each wavelength.

A similar behavior is already known from the work of Farrell
et al®® and was also observed in our group.***” The
determination of pK, values for polynuclear Pt(II) complexes,
where the relevant Pt centers are far away from each other, show
only one pK, value for two symmetrically equivalent water
molecules. Thus, we assume for the complexes studied in this
work, that on reaching a chain length of 10 methylene groups
(distance between Pt—Pt = 18.40 A (B3LYP/LANL2DZp)), it
is not possible to differentiate between the two metal centers in
terms of their acidity anymore. The dinuclear 10NSpy complex
behaves like two mononuclear complexes and shows only two
pK, values for a total of four water molecules. For better
comparison with the other dinuclear complexes, we entitled the
deprotonation of the first two water molecules trans to the
pyridine nitrogen as pK,; and the second deprotonation of the
last two water molecules trans to the sulfur as pK,; in Table 1. It
is noticeable that the two pK, values for I0NSpy and Pt(mtp)
differ in the first as well as in the second value (see Table 1).
The 10NSpy complex behaves like the mononuclear complex,
but it is and remains dinuclear with an overall charge of 4+ and a
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Figure 7. Plots of absorbance versus pH at specific wavelengths for the
NSpy complex system.

methylene chain with an inductive effect. This of course has an
influence on the pK, values and leads to a decrease in pK,
because of a higher positive charge of the tetra-aqua complex,
and to an increase in pK,; because of the electron donating
effect of the aliphatic chain trans to the second deprotonated
water molecule.

Since the complex system includes two different type of
donors, namely, an aromatic pyridine unit with z-accepting
ability and a sp*>-hybridized thioether unit (SR,) with strong
o-donating ability, it is possible to distinguish which water
molecule is deprotonated first. The sulfur donor with its strong
o-donor effect labilizes the water molecule in the trans position,
such that the Pt—O bond trans to sulfur is elongated, which
leads to a higher pK, value. Moreover, it is known from
previous work that through the presence of an in-plane pyridine
unit in the chelate system, the electron density on the Pt(II)
center and the hydroxo ligand is stabilized better by the
electron withdrawing ability of the 7z-accepting pyridine ring.*®
Consequently, the water molecule trans to the pyridine
nitrogen donor is deprotonated first and the resulting hydroxo
ligand with its negative charge can perfectly be stabilized trans
to the pyridine donor. Scheme 1 shows the proposed stepwise
deprotonation steps for the pH dependence of the dinuclear
system.

As mentioned before, the results shown in Table 1 indicate a
correlation between the pK, values and the chain length of
the complexes. We found lower pK,, values for the dinuclear
N,S-system compared to the Pt(mtp) complex. This can be
explained by the higher charge of 4+ compared to 2+ and
was also found for the corresponding dinuclear N,N-system
studied in our group before.>® The pK,, value is very similar for
all dinuclear complexes with a slight increase on going from
4NSpy to 10NSpy. This effect was also observed for the

Table 1. Summary of pK, Values Obtained for the Stepwise Deprotonation of Platinum Bound Water

4NSpy 6NSpy 10NSpy Pt(mtp)**
pK,, 2.16 + 0.01 2.38 + 0.03 2.32 + 0.01 2.46 + 0.07 pKy 3.15 + 0.03
pK, 522 + 0.02 5.09 + 0.06 4.86 + 0.09
pKy 7.14 + 0.03 7.44 + 0.06 7.86 + 0.03 8.45 + 0.07 pKa 6.84 + 0.07
pKa 9.33 + 0.03 921 + 0.03 9.23 + 0.03
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Scheme 1. Proposed Stepwise Deprotonation for the pH
Dependence of the Dinuclear System
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corresponding N,N-complex system,>” and we suggest that the
slight increase arises from a decrease in communication
between the two Pt(II) centers accompanied by a decrease in
the localized charge. We want to note that this small decrease in
acidity is a result of charge effects and not of o-donation by the
aliphatic chains. The second deprotonation step occurs trans to
the pyridine unit at the second Pt(II) center, and the pK,,
values are significantly higher compared to pK,;. This effect can
be ascribed to the change in overall charge from 4+ to 3+ and
therefore to less electrophilic metal centers. As mentioned
above, 10NSpy shows no second deprotonation step in this pH
area since it is not possible to distinguish between the two
water molecules in each Pt(II) center. In addition, it is
noticeable that the differences between pK,; and pK,, become
smaller with increasing chain length (about 0.2 units for each
additional two CH, groups). This again corroborates earlier
work performed in our group.33”57 As mentioned above, the
effect of charge addition decreases as the distance between the
Pt(II) centers becomes longer. This effect explains why with

increasing chain length the difference between pK,, and pK,,
becomes smaller.

At this stage both water ligands trans to pyridine are
deprotonated, and the overall charge of the diaqua-dihydroxo
species is 2+. The third deprotonation step now occurs trans to
the sulfur donor. Because of the decreased overall charge, the
pK_; values are higher compared to those for the first two steps.
As seen in Table 1, the pK_; values are drastically influenced by
the aliphatic chain length. The labilizing effect of the sulfur
donor is accompanied by the inductive effect of the methyl
chain. With increasing chain length the SR, unit receives more
electron density and therefore exhibits a stronger o-donor effect
on the trans localized water molecule. Consequently, the water
molecule becomes more labilized and the pK_; values increase
in the order 4NSpy < 6NSpy < 8NSpy < 10NSpy. Although
the 10NSpy complex offers only two pK, values, it fits perfectly
into the series and shows the highest pK,; value.

Naturally, the final deprotonation step shows the highest pK,
values. We found very similar values for the three complexes
4NSpy, 6NSpy, and 8NSpy, and assume that the presence of
three hydroxo ligands in the complex overrules the inductive
effect of the aliphatic chain. Therefore, the pK,, values are
independent of the chain length. We want to note that the dif-
ference between pK,; and pK,, becomes smaller with increasing
chain length as seen in Table 1. This again is a charge effect as
mentioned above.

Finally, we want to discuss the relatively low pK,,; values for
the dinuclear NSpy complexes as compared to the correspond-
ing dinuclear NNpy system (for more information concerning
the NNpy system see ref 33). Such low pK,, values for platinum
bound water molecules are known in the literature. For
example, Soldatovi¢ et al. determined a pK,, value for a mono-
nuclear N,S—Pt(II) complex of 3.49,%° but offered no explana-
tion for the relatively low value. To find similarities and
differences in the NSpy and NNpy systems, we took a closer
look at the geometry using quantum chemical calculations. We
simulated the first two deprotonation steps to end at the 2+
charged diaqua-dihydroxo species for all dinuclear complexes.
From a comparison of the tetraaqua species with the diaqua-
dihydroxo species of the 4NSpy with the 4NNpy complexes
as shown in Table 2, and also for the other complexes in
Tables S5—S7 (Supporting Information), the lengths of the
Pt—O bond trans to the pyridine nitrogen are essentially the

Table 2. Calculated Bond Lengths and Angles (B3LYP/LANL2DZp) for the 4NSpy and 4NNpy Complexes and for the

Corresponding Deprotonated Species

(:-H1

Y XNX

4NNpy [Pt,(OH,),]*

4NSpy [Pt,(OH,),]*

a (deg) 923 94.4
B (deg) 85.4 97.7
7 (deg) 96.3 95.6
5 (deg) 85.8 82.2
d Pt—X (A) 2.31 2.07
d Pt-N,, (&) 2.01 2.00
d Pt—0,0s x (A) 216 2.13
d Pt—0ypn; oy (A) 2.13 215

12753

B

x

4NSpy [Pt,(OH,),(OH),]*" 4NNpy [Pt,(OH,),(OH),]**

100.2 102.5
76.3 77.7
97.4 97.4
86.1 82.3
2.28 2.05
2.07 2.06
2.15 2.12
1.99 2.00
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same for both complex systems. The differences in the Pt—O
bond length trans to X, where X is either NH or S (see drawing
in Table 2), are mainly due to the stronger o-labilization in case
of NSpy, but have no influence on the first pK,; value. Further
differences can be seen in terms of the angles, where the major
difference is related to angle f, the angle between the two
platinum bound water ligands (see drawing in Table 2).

During deprotonation trans to the pyridine nitrogen donors,
the angle between the two water molecules decreases more in
the case of the NNpy system. Consequently, the necessary
rearrangement in geometry after deprotonation is more favored
in the NSpy system, where only small changes in geometry
occur. Therefore, we assume that the resulting diaqua-dihydroxo
NSpy species is more stable and consequently leads to lower
pK,, values compared to its N,N-analogues.

Kinetic Measurements with Thiourea. The kinetics of
the substitution of coordinated water was investigated
spectrophotometrically by following the change in absorbance
at suitable wavelengths as a function of time. A pH of 2 was
selected to guarantee the presence of tetra-aqua species in
solution. The investigations act as preliminary tests to study the
behavior of the aqua complexes and to compare the results for
the series complexes with different chain length. By way of
example, the absorbance changes observed during the reaction
of 0.1 mM 10NSpy with 5 mM thiourea are presented in
Figure 8, and Figures $21—523 (Supporting Information) show

absorbance

0,44

wavelength in nm

Figure 8. UV—vis spectra recorded during the reaction of 0.1 mM
10NSpy with S mM thiourea at 25 °C and pH 2 (I = 0.01 M, triflic
acid). Inset: absorbance spectrum of 0.1 mM 10NSpy in the absence
of thiourea.

the plots for the other three complexes. The spectra illustrate a
large change in absorbance that results in an isosbestic point
around 310 nm, which represents the first fast substitution step,
followed by a steady increase in absorbance until the end of the
reaction is reached. On the basis of the information obtained
from these spectra, the wavelength 310 nm was selected to
follow the first fast reaction and 290 nm was selected to observe
the second slower substitution step. In addition, it should be
pointed out that the N,S-system includes a stereogenic center at
each sulfur donor atom SR,. Yates et al. studied the behavior
of the mononuclear NSpy complex [Pt(methylthio-
methylpyridine)Cl,] in solution using variable-temperature
NMR spectroscopy.”’ Their experiments showed that the
dichloro complex undergoes fluxional processes in solution at
ambient temperature, which was confirmed by density func-
tional theory (DFT) calculations to be mainly (S)-pyramidal
inversion at the sulfur center. For the dinuclear system there is
a long aliphatic chain instead of a methyl group. However, the

chain is flexible and can easily undergo rotation and flipping. We,
therefore, assume that the evidence of (S)-inversion is of significant
importance in our case because it explains why in solution a mixture
of all possible configurations was always observed and that it is
impossible to isolate one of them in a pure form. Because the
nucleophilic attack occurs above or below the square planar
coordination sphere of the Pt(II) complexes, the configuration of
the sulfur donor atom has no effect on the substitution rate.

In the kinetic measurements at least a 50-fold excess of
thiourea relative to the complex concentration was used to
guarantee pseudo-first-order conditions for the consecutive
substitution reactions. Since it is known that triflate anions do
not coordinate to Pt(I) metal centers,®" 0.01 M triflic acid
(pH 2) was used as solvent for all measurements, which leads to
an ionic strength of I = 0.01 M. Furthermore, the pH of 2 was
selected to guarantee the evidence of the tetra-aqua complex
and to prevent the formation of hydroxo species, which are
known to be inert against further substitution.”>*> The time
dependent spectra observed for the reactions of 4NSpy, 6NSpy,
and 8NSpy can be analyzed using a double-exponential fit,
which indicates that there are two consecutive reactions observed
at 310 nm (see Figures $24—S26, Supporting Information). The
10NSpy complex is an exception in this respect and shows a
different behavior compared to its shorter-bridged analogues in
that it exhibits only one reaction step at 310 nm, which can be
fitted by a single exponential function as illustrated in Figure S27,
Supporting Information. This different behavior in kinetic
reactivity fits perfectly to the information based on the pK,
values for 10NSpy (see further discussion). At 290 nm, the data
for the slowest reaction clearly shows a single exponential
behavior for all four studied complexes because at this selected
wavelength, the first rapid steps were not to be taken into
account (see Figures $S28—S31, Supporting Information). On
using thiourea as a neutral nucleophile, the charge on the
complex remains constant during the substitution steps, and
because of the C-symmetry of the complexes, we expect two
water ligands to be equivalent and substituted simultaneously.

In recent work, we performed a detailed study on the
mononuclear NSpy complex (Pt(mtp), see Figure 1).** This
complex now acts as a reference for the here studied dinuclear
system. In general, we found similar and well-established
reactivity with thiourea as entering nucleophile. Especially the
10NSpy complex with the longest methyl chain shows very
similar behavior compared to Pt(mtp), whereas the shorter-
bridged complexes differ in reactivity. For the further discussion
and for clarity concerning the introduced rate constants, we
suggest the successive substitution steps outlined in Scheme 2
by way of a first approach.

Scheme 2. Suggested Substitution Mechanism for the
Dinuclear Complex System with Thiourea (tu)

K ko ks
[Pt(NpyS)(OH,), 1" —s [Pto(NpySNOH,);(tu);]** == [P1,(NpyS)(tw)s]*— = [Pt,(H,NpyS)(tu)]**
2t ka 2t
-2H,0 +2H"

+2m
-2H,0

Because of the strong trans labilizing effect of the sulfur
donor, the displacement of the water ligand trans to sulfur
occurs in the first reaction step. For this step the different chain
lengths have an influence on the rate of the substitution
reaction. As the aliphatic chain becomes longer, more electron
density is pushed into the metal center because of the inductive
effect of the methylene groups, with the consequence that the
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Table 3. Summary of the Rate Constants and Activation Parameters for the Displacement of Coordinated Water by Thiourea at

25 °C and pH 2

Pt(mtp)* 4NSpy
ke, (M71s™h) 634 + 10 252 + 3
k, M~ s™h) 18.8 + 0.3
ko, (571 0.031 + 0.004
kK, (M2 s7h) 733 + 0.8
kK, M2 s7h 249 + 04
AH*) in kJ mol™ 30+ 1 34+ 1
AS* (J mol™ K7) -90 + 3 -84+ 3
AH*, (k] mol™) 48 + 1
AS*, (J mol™' K1) —59 + 4
AH*_, (k] mol™) 65 + 4
AS*_, (J mol™' K1) —54 + 13
AH*,; (J mol™) 12.5 £ 05
AS*,5 (J mol™ K7) —169 + 2
AH*, (k] mol™) 18.8 + 0.6
AS*,, (J mol™ K1) —1585 £ 2
AV# (cm® mol™) -5.5 4+ 0.1 -75+02
AV*, (ecm® mol™) —4.8 +£ 0.2
AV*_, (cm®) —109 + 0.5

6NSpy 8NSpy 10NSpy
221 £ 5 211 +2 203 £ 5
16.7 + 0.1 17.7 £ 0.2
0.034 + 0.001 0.033 + 0.001
23.1 +£ 02
22.1 + 0.6 21.8 + 0.2
372 +£03 39+1 41.3 + 0.4
=71+ 1 —66 + 4 —61 +1
47 +2 47 £ 2
-63+6 —64 + 5
64 +2 64+ 5
=S7+7 —=57 + 16
18.0 + 0.3
—-158 + 1
18.7 £ 0.8 182 + 0.6
155+ 3 —157 + 2
—6.96 + 0.03 —=5.6 £ 0.2 —4.73 £ 0.02
—4.6 + 0.2 —49 £ 0.3
—87 + 0.2 —7.7 £ 02

Pt(II) center becomes less electrophilic and the nucleophilic
attack occurs slower. The described effect leads to a clear
decrease in reactivity in the order 4NSpy (252 M~' s7') >
6NSpy (221 M~'s7!) > 8NSpy (211 M~ s™') > 10NSpy (203
M's7!) at 25 °C (also Table 3). The first substitution step for
the Pt(mtp) complex is almost three times faster (634 M™'
s™"), which is in good agreement with the obtained pK, values
and the reduced charge of 2+. The observed rate constants for
the dinuclear systems and, for comparison, the rate constants
for the mononuclear complex are summarized in Table 3,
where eq 1 presents the rate law for the first substitution step.

tu = thiourea (1)

The determined pseudo-first-order rate constants, k., were
plotted against the thiourea concentration, and resulted in a linear
dependence with no meaningful intercept as seen in Figure 9 (see
also Table S8, Supporting Information). This indicates that the
reverse reaction with water is too slow and can be neglected.
The subsequent reaction occurs trans to the pyridine unit and
involves the displacement of the second water ligand at each
Pt(II) center. This substitution step is about ten times slower
compared to the first one, since the first thiourea ligand has
already entered the coordination sphere, thereby increases the
electron density on the Pt(II) center with its o-donating ability,
which results in a slower nucleophilic attack. Furthermore, the
second step is not influenced by the bridging element. In
consequence, we found nearly the same rate constants k, for the
complexes 4NSpy (18.8 M™' s7!), 6NSpy (16.7 M™" s7"), and
8NSpy (17.7 M™' s7! at 25 °C) within the standard error limits
(see Table 3). Figure 10 shows plots of k., against the
nucleophile concentration, which result in a linear dependence
with a small but clear intercept (see also Table S9, Supporting
Information). The corresponding rate law is given in eq 2 and

the values of k, and k_, are summarized in Table 3.
kopsy = ka[tu] + k_, tu = thiourea )

The back reaction (k_,) for the second substitution step
can be accounted for in terms of the competing three sulfur

o-donor ligands at the Pt(II) center (viz. SR,, first and
second thiourea ligands), which leads to a labilization of the
second entered thiourea ligand and displacement by water.
Furthermore, the rate constants k_, for the back reaction are
the same within the experimental error limits (0.033 s™").
No second substitution reaction on this time scale could
be found for the 10NSpy complex at 310 nm as mentioned
above.

A final reaction step could be observed for all four dinuclear
complexes at 290 nm. It is the second observed reaction step,
kqps3, for I0NSpy and the third observed reaction step, kg, for
4NSpy, 6NSpy, and 8NSpy. All four complexes show nearly
the same observed rate constants, k4 for this final step
(approximately 23 M s™' in terms of a third-order rate
constant), from which we suggest that the final step involves
dechelation of the pyridyl rings. The rate for dechelation
does not depend on the length of the aliphatic chain because
two thiourea ligands have already entered the Pt(II)
coordination sphere and overrule the earlier effect of the
aliphatic chain. Plots of the obtained rate constants, ks,
against the thiourea concentration lead to a square
concentration dependence that is shown exemplarily in
Figure 11 (see also Table S10, Supporting Information) for
the 10NSpy complex, and Figures $32—S34 (Supporting
Information) show plots of k. against the thiourea
concentration for the 4NSpy, 6NSpy, and 8NSpy complexes,
which also result in square concentration dependences (see
also Table S11, Supporting Information).

In summary, we observed a different reaction behavior for
the 10NSpy complex than for the shorter-bridged NSpy
complexes, and they are therefore discussed separately. As
known from the pK, determination, the 4NSpy, 6NSpy, and
8NSpy complexes involve platinum centers that can
communicate among each other. Therefore, changes in charge
during substitution reactions could play a crucial role. The first
and the second reaction steps, k; and k,, were found to be the
displacement of coordinated water by neutral thiourea ligands
and consequently the overall charge of 4+ remained constant.
As seen in Scheme 3, the dechelation of one pyridine ring and
the immediate protonation of the pyridine nitrogen atom lead
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Figure 9. Plots of k,,,, vs thiourea concentration for the reaction with 0.1 mM complex in 0.01 M triflic acid (pH 2, I = 0.01 M) at 25 °C.

to an increase in charge from 4+ to S5+. Because of the
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Figure 10. Plots of k,,, vs thiourea concentration for the reaction with
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Inset: Plot of kg, vs [thiourea]® for the 10NSpy complex.
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expected, where the first dechelation, k; occurs as a pre-
equilibrium, K, followed by a fast second dechelation step, k,.
This behavior leads to a square concentration dependence, and
the rate law for the third-order rate constant, k,Kj, is given by
eq 3.

(W’ith K3 = k3fk_3) (3)

The substitution of the second water molecule leads to three
sulfur donor atoms at each Pt center. The remaining N, —Pt
bond is strongly labilized by the trans effect of the thiourea
nucleophile. We, therefore, suggest that the third step—the
dechelation of the NSpy ligand—happens fast. Moreover, fast
dechelation is enforced by the immediate protonation of the
free pyridine nitrogen atom. Fischer et al.%* found a pK, value
of about 4.50 for such substituted pyridine derivatives. This
means that at the studied pH of 2 the nitrogen atom of the
pyridine ring is protonated and avoids rechelation, and
therefore forces the reaction in one direction (Scheme 3).

It is known from the literature® that at a specific chain
length the two metal centers within a dinuclear complex do not
interact with each other anymore. The required chain length to
reach two independent Pt(Il) centers is different for each
complex system. Therefore, we suggest that the 10NSpy
complex with the longest aliphatic chain behaves like a
mononuclear complex and consequently has similar mecha-
nistic properties to the Pt(mtp) reference complex as
mentioned before. The observed behavior during the pH
titration confirms this assumption. In a recent study,” we
postulated for the Pt(mtp) complex that the displacement of
the last water molecule and the dechelation of the pyridyl unit
occur as a pre-equilibrium followed by a fast second step, which
can not be separated from each other. This behavior results in a
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Scheme 3. Proposed Reaction Mechanism for the Reactions of 4NSpy, 6NSpy, and 8NSpy with Thiourea (n = 4, 6, and 8)
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dechelation of the pyridyl rings. Because the Pt(II) centers do
et . PYIAy” ring o ( ) exemplarily for the 6NSpy complex. The data were calculated
not interact with each other anymore, the change in charge has ) ) - -
. L : using the Eyring equation for which the observed first-order
no influence on the substitution process, and dechelation
. . - rate constants k., were converted to second-order rate
occurs simultaneously for both pyridyl rings. The so-defined obs
S - . . constants (k = k,,/[tu]) based on eq 1 and converted to the
rate law is given in eq 4 and the obtained third-order rate . obs 5
. o third-order rate constants (k = k,,/[tu]?) based on eq 3, and
constant, k;K,, for 10NSpy is summarized in Table 3. o
the results are summarized in Table 3.
ky X K, [tu]2 N As expected, the activation enthalpy AH" and entropy AS*,
b3 = =~ kgKg[tu] of the first reaction step increase with elongation of the
L+ Kftu] aliphatic chain. This collaborates perfectly with the obtained
(with Ky = k/k_,) (4) rate constants. A slower reaction is accompanied by an
unfavorably high transition state and therefore higher activation
Finally, we note that after coordination of a third thiourea enthalpies and less negative activation entropies, thus a higher
ligand to each Pt(II) complex, the strong trans-labilizing effect activation barrier. Only for the shorter-bridged complexes
of thiourea will also affect the thioether donor, which is the 4NSpy, 6NSpy, and 8NSpy the displacement of the second
only connection in the dinuclear system. The excess of thiourea water molecule at each Pt(II) center could be followed. In that
is large enough to displace the last donor in the ligand system case, the values of k, in general decrease compared to the rapid
to produce [Pt(tu),]**. However, this decomposition is very first step, which is also reflected in the activation parameters.
slow and was not studied in the present work. The activation enthalpy as well as the activation entropy show
Activation Parameters for the Reaction with lower values than for the first step. Moreover, nearly the same
Thiourea. In addition, temperature and pressure dependence values for AH", (47 k] mol™) and for AS*, (=62 J mol™ K™')
studies were performed to gain more insight into the nature of can be found. Since the substitution reaction occurs trans to the
the substitution mechanism from the thermal and pressure pyridine nitrogen donor, the rate and activation parameters are
activation parameters. The thermal parameters AH* and AS* not influenced by the chain length. The back reaction k_, also
were determined by measuring the rate constants of the first shows similar activation parameters (AH"_, ~ 64 kJ mol™" and
and last substitution step of each complex at a fixed thiourea AS*_, ~ =57 J mol™ K") for the three complexes, which
concentration as a function of temperature (Figures S35—S42 means that the displacement of thiourea by water is also not
and Tables S12—S14, Supporting Information). Complete influenced by the chain length. The same trend can be seen
concentration dependence studies at different temperatures for the last step, k; 4, for the shorter- brldged NSpy complexes
were performed for the second reaction step since it includes an We found very similar values for AH" 34 (18.5kJ mol™) and for
intercept, namely, the back reaction (Figures S43—SS1 and AS#3 4+ (=155 J mol™ K™'), which again indicates that the third
12757 dx.doi.org/10.1021/ic20189021/norg. Chem. 2011, 50, 1274712761
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reaction step belongs to dechelation of the pyridine unit, which
is independent of the bridging element. The stepwise
dechelation of the first and second pyridine ring cannot be
observed separately, and consequently the activation parame-
ters AH #3,4 and AS#3I4 are composed of both steps. In addition,
we note that the activation parameters for the displacement of
the last water molecule and the simultaneous dechelation of
both pyridine rings shows similar values for AH #2,3 and AS #2]3
in the case of 10NSpy.

In addition, pressure dependence studies were performed for
the first and second substitution steps by measuring the rate
constants kg, for each complex at a fixed thiourea con-
centration (25 mM) as a function of pressure for the first step
(Figures S52—S5S and Table S22, Supporting Information) and
by performing a concentration dependence at different pres-
sures for the second substitution step k, (Figures S56—S64 and
Tables S23—S28, Supporting Information). The volumes of
activation AV*, calculated from the slope of plots of In(k)
versus pressure, are summarized in Table 3, and by way of
example Figure 13 depicts plots of In(kg,,) versus pressure for
the successive reaction steps of the 8NSpy complex.

4,04

kl
k
354 2
°
i .
30 & *
- AV, =-4.94 0.3 em’ mol
3
= 25—
=
0,754
AV =-56+02 em’ maol” 2
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0 20 40 60 80 100 120 140

pressure in MPa

Figure 13. Plots of In(ky,) vs pressure for the first and the second
reaction steps of 0.1 mM 8NSpy with 25 mM thiourea at 25 °C and
pH 2 (I = 0.01 M triflic acid).

Throughout the series of complexes the substitution
reactions were accelerated with increasing pressure. The so-
obtained activation volumes are very typical for associative
substitution reactions on square-planar comple)(es,66_68 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 two reaction steps for all dinuclear
complexes (see Table 3). The AV*, values increase in the order
4NSpy (=7.5 cm® mol™') < 6NSpy (—6.96 cm® mol™) <
8NSpy (—5.6 cm® mol™) < 10NSpy (—4.73 cm® mol™) at
25 °C. Since the first substitution step takes place trans to the
sulfur donor, the chain length has an influence on the activation
volume AV*. With elongation of the methylene bridge, more
electron density is pushed into the metal center, which leads to
a decrease in electrophilicity of the Pt(II) center. In
consequence, the entering nucleophile is less attracted, which
leads to a less associative transition state and therefore to
smaller negative activation volumes. For the displacement of
the second water ligand at each metal center the activation
volume AV¥, could only be determined for the shorter-bridged
complexes. This substitution step occurs trans to the pyridine
unit and is therefore independent of the chain length. For this

reason it is not surprising that we found very similar AV*,
values for 4NSpy, 6NSpy, and 8NSpy as seen in Table 3. Since
the second substitution reaction includes a back reaction, the
activation volumes AV¥_, for the back reaction were
determined and found to be significantly negative. We found
a clear tendency for the activation volumes of the back reaction
in the order 4NSpy < 6NSpy < 8NSpy. However, in this case
the change is not caused by electron donation, but in fact by
charge effects. With elongation of the methylene chain, the
overall charge at each Pt(I) center decreases. On using water
as a weak nucleophile (compared to thiourea), we suggest that
the slight change in charge has an influence on the activation
volume AV*_, such that the back reaction has a stronger
associative character for the shorter aliphatic chain and
therefore a slightly more electrophilic metal center.
Cytostatic Activity. Dr. Thomas Huhn from the University
of Konstanz and his team performed cell tests for all four
dinuclear Pt(1I) tetra-chloro complexes. The cytotoxicity of the
chloro complexes S—8 (see Figure 2) was studied using the
AlamarBlue assay in the human cervix carcinoma cell line HeLa
S3. Of all new complexes tested only 8, the complex with the
longest methylene chain, showed cytostatic activity. We found
an ICs, value of 21 + 9 uM for complex 8, which describes the
concentration at which 50% of the cells remained viable with
respect to the control (see Table $S29, Supporting Information).
The resulting dose—response curve for the HeLa S3 cell line is
shown in Figure 14. Cisplatin was also tested as a reference

100

S
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T T T T T 1

9 -8 7 K 5 4 3

log ¢ [M]

Figure 14. Dose—response curves for the HeLa S3 cell line for
complex 8.

compound and exhibited an ICs, value of 1.2 + 0.4 uM. We
note that the free ligand itself shows some cytotoxic activity
(67 uM, not shown), but the ICy, values clearly show that
complex 8 results in a much higher activity than the ligand.
The chloro complexes instead of the corresponding aqua
species were used for the cell tests because of their biological
and medical relevance. In general, a platinum drug such as
cisplatin is injected into the body as the corresponding chloro
species. On its way to the cell, the relatively high chloride
concentration in blood and other tissues suppress the
hydrolysis reactions. After entering the cell (influx), where a
much lower chloride concentration is present, the platinum
drug undergoes hydrolysis. It is nowadays well-accepted that
the active species for cisplatin is [cis-Pt(NH;),(OH,)Cl]*,
where one labile water molecule can easily be displaced.®
Determination of the pK, values is therefore of special interest,
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Table 4. Summary of the Chemical Quantum Calculations for the Mononuclear and Dinuclear Complexes

Pt(mtp)
® (S-C—H,— C,,—N,,) (deg) 294
d Pt—S (A) 2.30
d Pt—Oypps 0 s (A) 2.17
d Pt-N,, (&) 2.00
d Pt=0ys5 10 py (A) 2.14
d Pt—Pt (A)

d S—(CH,,-S) (&)

4NSpy 6NSpy 8NSpy 10NSpy
27.3 27.6 27.7 279
2.31 2.31 2.31 231
2.16 217 217 2.18
2.01 2.01 2.01 2.01
2.13 2.13 2.13 2.13
10.81 13.33 15.88 18.40
7.04 9.57 12.10 14.66

since if the water molecules at the metal center are too acidic,
hydroxo species will be generated under physiologically
relevant pH conditions and such complexes are known to be
inert to further substitution reactions. On the basis of the pK,
values for the cytostatic active 10NSpy complex, we know that
at physiological pH the diaqua-dihydroxo species is present in
solution, where one water and one hydroxo ligand are
coordinated at each Pt(II) center.

The complexes with shorter aliphatic chains show no
cytostatic activity. The mononuclear reference complex Pt-
(mtp) was found to be active.’’ We assume that the cytostatic
activity derives from the same Pt(II) moiety, namely, the
pyridine donor linked to a thioether donor. Furthermore, it was
demonstrated from the pK, determination that at a bridge
length of 10 methylene groups the two Pt(II) metals do not
interact with each other and behave like mononuclear
compounds. However, the complex is dinuclear, and it is
known from literature that polynuclear complexes exhibit
different DNA adducts because of the ability to form long-
ranged interstrand cross-links.”® Widespread studies in cell-free
systems indicate that the formation of interstrand cross-links is
a major event for di- or polynuclear complexes.'® Thus,
dinuclear cytostatic active complexes may have the advantage of
a different binding-mechanism to DNA. As mentioned above,
they form long-ranged interstrand DNA-adducts and the so
caused DNA-damage cannot be sufficiently repaired.”!
Consequently, polynuclear complexes may help in terms of
overcoming Pt-drug resistance.

DFT Calculations. Table 4 summarizes the results of the
quantum chemical calculations. The data show in general
shorter Pt—N bonds than the Pt—O bonds, and of course the
Pt—N,, bond is shorter than the Pt—S bond for each complex.
Furthermore, the Pt—O bond trans to sulfur is longer than the
Pt—O bond trans to N, for each dinuclear complex. This
nicely depicts the trans labilizing effect of the sulfur donor. The
calculated dihedral angles (pr—Ptht—NPy) indicate a twist in
the ring arrangement. An analysis of the calculated Pt—Pt
distances show that two additional CH, groups add 2.52 A to
the Pt—Pt distance, which is very similar to the results of Ertiirk
et al®” and also perfectly comparable to the results of our
recent work.>> Because of the larger sulfur donor atoms, the
Pt—Pt distances for all dinuclear N,S-complexes increases by
0.8 A compared to the corresponding N,N-analogues (for more
information concerning the NNpy system see ref 33).

By way of example, Figure 15 shows the calculated structure
of the 4NSpy complex (for the other structures see Figures
S65—S68, Supporting Information). It is noticeable that the
CH,-group between the pyridine ring and the sulfur donor
extremely sticks out of the square coordination sphere, and the
bridging methylene chain behaves like a staggered zigzag chain.
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Figure 15. Calculated structure (B3LYP/LANL2DZp) (C;) of the
4NSpy complex.

B CONCLUSIONS

In this study, a series of novel dinuclear platinum(II) complexes
were synthesized containing a mixed nitrogen and sulfur donor
bidentate chelate system. The two platinum centers are
connected by an aliphatic chain of variable length by which
the effect of elongating the methylene chain was studied.
Furthermore, it was interesting to study the influence of
combining a strong o-donor and a s-acceptor within one
complex system. We performed spectrophotometric acid—base
titrations to determine the pK, values for the coordinated water
ligands. In general, we found four pK, values for 4NSpy,
6NSpy, and 8NSpy. The 10NSpy complex with the longest
methylene chain shows only two pK, values. This can be
ascribed to a clear correlation between chain length and acidity
of platinum bound water. With elongation of the chain, the
communication between the two Pt(II) centers becomes
weaker and finally ends as seen for the 10NSpy complex,
which behaves like two mononuclear complexes with two
equivalent water molecules at each metal center. Furthermore,
we established a deprotonation pattern, where the first
deprotonation occurs trans to the pyridine nitrogen donors
and the last deprotonation occurs trans to the sulfur donors.
Thereby, the first step is not influenced by the aliphatic chain
length, whereas the last step shows increased pK, values with
increasing chain length, which can be accounted for by the
increasing electron donation effect of the chain. On comparing
the acidity of the N,S-complexes with their corresponding N,N-
analogues, two differences are noted. The pK, values of the
NSpy system are approximately one pK unit lower, which can
be explained by a more favored geometric arrangement
following deprotonation. In contrast to 10NSpy, the two
Pt(II) centers can interact with each other in the case of the
10NNpy. Kinetic measurements were performed with thiourea
as a strong nucleophile under pseudo-first-order conditions as a
function of nucleophile concentration, temperature, and
pressure, using stopped-flow techniques and UV—vis spectros-
copy. The different behavior of the shorter-bridged complexes
and 10NSpy during the pH titrations is also reflected in their
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kinetic reactivity. We found three successive reaction steps for
the shorter-bridged 4NSpy, 6NSpy, and 8NSpy complexes,
which are ascribed to the stepwise displacement of water by
thiourea, followed by a successive dechelation of the pyridine
rings because of the favored protonation of the nitrogen atom
under the selected experimental conditions. The reactivity of
10NSpy is perfectly comzparable to the mononuclear reference
complex studied before.*” Two reaction steps are observed that
belong to the displacement of water by thiourea and finally to a
simultaneous dechelation of both pyridine rings because of
the lack of communication between the metal centers. Since the
first substitution step occurs trans to the o-donating sulfur,
the results for k; indicate that there is a clear dependence on
the aliphatic chain length. With elongation of the chain, more
electron density is pushed onto the metal center, which leads to
slower substitution reactions in the order 4NSpy > 6NSpy >
8NSpy > 10NSpy. Although the dechelation of one donor
atom occurs relatively fast, we found the remaining
[Pt,(H,NpyS)(tu)s]® species to be stable for at least 12 h.
The final decomposition pattern of the complete system was
not studied in this work.

It is known from the literature®® that complexes with
bidentate coordination spheres show higher cytostatic activity
compared to their monodentate analogues with only one vacant
coordination site. In addition, it is well-known from multi-
nuclear complexes that the DNA adducts of such complexes are
more flexible and long ranged, with a high degree of interstrand
cross-links, and consequently are promising compounds to
overcome cisplatin resistance.>> Therefore, cytostatic cell tests
for all dinuclear complexes were carried out using the HeLa
S3 cell line, and the tetrachloro complex 8 with the longest
chain was found to be cytostatic active with an IC, value of
21 + 9 uM.

B ASSOCIATED CONTENT

O Supporting Information

Figures S1—S7 show NMR spectra and Figures S87—S13 mass
spectra of the dinuclear complexes. Figures S$14—S16
summarize UV—vis spectra for the complexes 4NSpy, 6NSpy,
and 10NSpy in the pH range of 1—10, and Figures S17—S20
depict absorbance traces as a function of pH for all dinuclear
complexes. Figures S21—-S64 illustrate different UV—vis
spectral changes, kinetic traces, concentration, temperature,
and pressure dependent studies for all dinuclear complexes.
Figures S65—S68 report the calculated structures of the
dinuclear complexes. Tables S1—S4 summarize the fit reports
for the pK, determination, Tables SS—S8 depict the calculated
bond lengths and angles, and Tables S8—S28 summarize all
values of k., determined for all reactions as a function of
nucleophile concentration, temperature, and pressure for all
dinuclear complexes. Table S29 summarizes the experimental
results for the cytostatic cell tests. This material is available free
of charge via the Internet at http://pubs.acs.org.
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