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ABSTRACT

The problems of resistance and side effects associated with cisplatin and other
chemotherapeutic drugs has boosted research aimed at finding new compounds with improved
properties. The use of platinum(IV) prodrugs is one alternative, although there is some
controversy regarding the predictive ability of the peak reduction potentials. In the work described
here a series of fourteen chloride Pt(Il) and Pt(I\VV) compounds was synthesised and fully
characterised. The compounds contain different bidentate arylazole heterocyclic ligands. Their
cytotoxic properties against human lung carcinoma (A549), human breast carcinoma (MCF7) and
human colon carcinoma (HCT116 and HT29) cell lines were studied. A clear relationship between
the type of ligand and the anti-proliferative properties was found, with the best results obtained
for the Pt(11) compound that contains an aniline fragment, (13), thus evidencing a positive effect
of the NH_ group. Stability and aquation studies in DMSO, DMF and DMSO/water mixtures were
carried out on the active complexes and an in-depth analysis of the two aquation processes,
including DFT analysis, of 13 was undertaken. It was verified that DNA was the target and that
cell death occurred by apoptosis in the case of 13. Furthermore, the cytotoxic derivatives did not
exhibit haemolytic activity. The reduction of the Pt(1\VV) compounds whose Pt(Il) congeners were
active was studied by several techniques. It was concluded that the peak reduction potential was
not useful to predict the ability for reduction. However, a correlation between the cytotoxic

activity and the standard reduction potential was found.

Keywords: Platinum, cancer, heterocyclic ligands, standard reduction potential, aniline,

Pt(IV)

1. Introduction

Since the discovery of the cytotoxic properties of cisplatin [1], and its approval as an
anticancer drug in 1979, numerous Pt compounds have been synthesised as potential drugs with
better properties [2-4]. However, 40 years later only two other compounds, carboplatin and
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oxaliplatin, have been approved as anticancer drugs worldwide [2]. Nedaplatin, lobaplatin and
heptaplatin are being used in Japan, China and South Korea, respectively [5,6]. It is worth noting
that all of these compounds contain ammonia or amino groups in the cis position. The
effectiveness of the platinum compounds is reflected by the fact that they are used as anticancer
agents in 50% of all chemotherapeutic regimens administered in the clinic [7,8]. However, to
different degrees these compounds cause several undesirable side effects due to their poor
selectivity towards tumoral cells and this fact limits the dose that can be administered to patients
[9]. Additionally, intrinsic or acquired drug resistance is also a problem encountered with some
of these compounds. It is therefore necessary to design new compounds that may have improved
properties when compared to the previously approved anticancer drugs. New types of compounds
such as monofunctional platinum drugs [10], trans-configured [11], sterically hindered
complexes, complexes with biologically active or targeting ligands, and polynuclear platinum
complexes are being explored [12-14].

With the aim of broadening the spectrum of complexes and overcoming the constraining
issues of classical platinum complexes, new platinum anticancer derivatives containing different
kinds of N-heterocycles have been found to show promising results [15-18]. The replacement in
cisplatin of one or both ammonia molecules with other non-leaving N-heterocyclic ligands
generally affects the pharmacological behaviour of the drug. The lead compound of the series was
picoplatin, in which only one ammonia of cisplatin was replaced with a picoline ligand [19].
Monodentate heterocycles have also been included in trans-dichloro platinum complexes [20,21]
or in monofunctional derivatives [22,23], with the phenanthriplatin derivative (cis-[Pt-
(NHs)2(phenanthridine)CI]*) as an outstanding example [24]. In the last decade, a great deal of
effort has been focused on the substitution of the second ammonia, especially given the
remarkable results obtained with the coordination of a bidentate ligand such as DACH (1,2-
diaminocyclohexane) as in oxaliplatin. Pyridine-based ligands with other functional groups, e.g.,
aminophosphonate esters [25], amino-thiazolidinone [26] or benzimidazole [27], amongst others,

have been reported and attention has also been drawn to a series of N-heterocyclic ligands with



different levels of hindrance, such as imidazole [28], oxadiazole, oxoisoaporphine or
benzothiazole moieties [15].

A promising alternative to reduce the side effects of Pt(Il) compounds is the use of Pt(1V)
pro-drugs [10,13,29-34]. Pt(IV) complexes have a low-spin d® octahedral geometry and are
considered to be substitution-inert. As a consequence, reactions with biological nucleophiles are
slow and the circulation lifetime in the blood of an administered Pt(I\V) prodrug will be higher
than that of a Pt(ll) complex. This opens the way to oral administration and to the reduction of
side effects. Several Pt(IVV) compounds have entered clinical trials [29]. The nature and geometry
of the equatorial ligands determine the cytotoxicity of platinum(IV) compounds and it is believed
that the axial ligands are lost upon reduction, although studies have shown that the resulting Pt(l1)
species is not always the one expected and it depends on the nature of the reducing agent present
[29,35]. Gibson and other authors have reported examples where these axial ligands are bioactive
giving rise to multiaction prodrugs [36—39] or targeting entities have been included [29,30].
Sadler and co-workers prepared a series of Pt(IV) complexes with azides to enable their selective
activation in tumour tissue by irradiation [40-42].

The redox properties of Pt(IV) complexes have an important influence on their
pharmacological profile. Fast reduction could result in high systemic toxicity, whereas very slow
reduction could lead to low anticancer activity. Activation by reduction is believed to occur
primarily inside the cancer cell by a two-electron reductive elimination reaction with reducing
agents such as ascorbic acid or glutathione to give the active Pt(I11) compound [29]. A substantial
reduction by cellular proteins or NADH has also been reported [43-45]. The nature of the axial
ligand affects the reduction potential of the complexes (and also the lipophilicity) and can be
tuned to achieve the optimal release of the platinum(Il) moiety [31,46]. It has been proposed that
the pharmacology of Pt(1VV) compounds depends on how readily they are reduced [31]. It has been
recently reported that some trans-Platinum(1V) pro-drugs exhibit unusual resistance to reduction
by endogenous reductants and blood serum but are rapidly activated inside cells [47]. Different
mechanisms of reduction have been proposed [43] but there is some controversy concerning the
utility of the reduction potential obtained as the irreversible peak (Ep) in the cyclic voltammogram
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as a measure of the stability towards biological reducing agents and cytotoxicity. It has been
proposed that reduction rates correlate with reduction potentials [31,46] and E, could be used to
predict in vitro cytotoxicity [48-50], but cases have been reported where the E; value is not useful
for predicting biological behaviour [30,46,51-54]. Baik and co-workers [55] recently reported
that the peak potentials for processes such as the reduction of Pt(I\V) compounds, which not only
involve electron transfer but also M—L bond cleavage and thus are irreversible, are not appropriate
to reflect the reduction thermodynamics of the derivatives and it is more convenient to determine
the standard reduction potential (E[1) with measurements at different scan rates.

Based on these premises, in the present study we decided to carry out the synthesis, full
characterisation and study of the cytotoxicity against several cancer cell lines, as well as other
biological properties, of a family of chloride Pt(ll) and Pt(I\VV) complexes containing bidentate
chelating N-heterocyclic ligands in order to perform an SAR study. Considering the positive
results obtained on using ligands with pyridine or imidazolyl rings, the potential bidentate chelate
NAN’ ligands L1-L7 (Figure 1) were selected. One aim was to analyse the differences in
behaviour depending on the presence of an imidazolyl or benzimidazolyl fragment and
substituents were also included in the NH group, e.g., methyl or cyanoethyl, to modulate the
properties and to determine the benefit of the NH group. In particular, the cyanoethyl fragment
(L3) has improved the cell permeability of drugs such as various Janus protein tyrosine kinase
(JAK) inhibitors [56]. Bearing in mind that the majority of successful drugs contain an amino
group and the good activity found in a dichloride platinum complex with a 2(amino-methyl)
aniline [57], we also envisaged the inclusion of a ligand with an aniline fragment (L7), which led
to be the most cytotoxic derivative. The hydrolysis process was studied by DFT analysis for this
derivative. The corresponding Pt(IV) compounds were obtained in order to evaluate their
cytotoxicity and to ascertain, considering the controversy in the bibliography, whether a
correlation could be established in this family between the antiproliferative behaviour and the

standard reduction potential.
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Figure 1: Ligands used in this work.

2. Experimental Section

2.1.Materials and physical methods.

Unless otherwise stated, reagents and solvents used were commercially available and were
reagent quality. Solvents and K>COs; were purchased from Scharlab. Deuterated solvents were
purchased from Eurisotop. K2[PtCl4] was purchased from Johnson Matthey PLC. L1, L4, L5 and
L7 were purchased from Sigma-Aldrich. L2 [58], L3 [59] and L6 [59] were prepared according
to the literature.

All synthetic manipulations were performed under an inert, oxygen-free, dry nitrogen
atmosphere using standard Schlenk techniques. Solvents were distilled from the appropriate
drying agents and degassed before use. Elemental analyses were performed on a Thermo Quest
FlashEA 1112 microanalyser. The analytical data for the new complexes were obtained from
crystalline samples where possible. IR spectra were recorded on a Shimadzu IR Affinity- 1S IR
spectrophotometer equipped with an ATR unit. Only relevant bands are quoted. FAB MS were
recorded on a Thermo MAT95XP mass spectrometer, whereas ESI MS were recorded on a QStar
Elite LC/MS mass spectrometer. NMR spectra were recorded at 298 K on a Varian Unity Inova
400 or on a Varian Inova 500 spectrometer. *H NMR chemical shifts were internally referenced
to tetramethylsilane (TMS) via the residual *H DMSO-ds (& = 2.50 ppm) according to the values

reported by Fulmer et al. [60]. Chemical shift values are reported in parts per million and coupling
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constants (J) are in Hertz. The splitting of proton resonances is defined as s = singlet, d = doublet,
t =triplet, g = quadruplet, m = multiplet, bs = broad singlet. o, m and p stand for ortho, meta and
para, respectively. 2D NMR spectra were recorded using standard pulse—pulse sequences:
COrrelation SpectroscopY (COSY), NuclearOverhauser Enhancement SpectroscopY (NOESY).
The probe temperature (1 K) was controlled by a standard unit calibrated with a methanol
reference. All NMR data processing was performed using MestReNova version 6.0. Conductivity
measurements were carried out with a CRISON 522 conductimeter, connected to a conductivity
cell CRISON 52 92 with platinum electrodes. The solutions of the complexes (10 M, in
acetonitrile) were prepared in 5 mL volumetric flasks and measured in test tubes.
2.2.X-ray diffraction studies.

X-ray structure determination was carried out for 6:H,O, 7-0.33(Me,CO) and 10-Me,CO.
Data were collected on a Bruker X8 APEX Il CCD-based diffractometer, using a Mo-Ka
radiation source (L = 0.71073 A). The raw data frames were integrated with the SAINT+
programme [61] using a narrow-frame integration algorithm. Corrections for Lorentz and
polarization effects were also applied with SAINT+. The absorption correction was based on
fitting a function to the empirical transmission surface as sampled by multiple equivalent
measurements [62]. The structure was solved by a combination of direct methods and difference
Fourier syntheses and refined by full-matrix least-squares on F2 with the WINGX software
package [63,64]. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were placed using a ‘riding model’ and included in the refinement at calculated
positions. CCDC numbers for the new structures are the following: 2023022-2023024.

2.3.Cyclic Voltammetry.

CV Pt(IV) was performed on a potentiostat/galvanostat DropSens uStat400 coupled to a
Metrohm 757 VA Computrace cell at a potential sweep rate of 100 mV/s. A glassy carbon (GC)
disk electrode (3 mm diameter) served as the working electrode, a coiled platinum wire was used
as the counter electrode, and a Ag/AgCl (3M KCI) electrode was used as reference.

Electrochemical measurements were performed in a 10 mL cell at an approximate complex



concentration of 10 mM using 0.1 M NaClO4 in DMSO as supporting electrolyte. The samples
were degassed by bubbling N, into the solution for 10 min before the voltammograms were
recorded to ensure that they were oxygen-free. The GC electrode was polished with 0.05 um vy-
alumina slurry, rinsed clean with deionized water and ethanol, and subsequently dried. Each
compound was obtained against its corresponding background, and all voltammograms were
back-ground-corrected.

For standard reduction potentials (E[1) determination, the same procedure described above
was followed but a polished platinum disk electrode (3 mm diameter) was used as working
electrode. Scan rates ranging from 0.01 to 1 V s™* were used and CVs were collected at different
scan rates. Three CVs scan rate of 0.1 V s™* were carried out at the beginning, in the middle and
at the end of the measurements series in order to check the reproducibility of the system. Overall,
the peak potentials obtained at 0.1 V s did not change significantly (maximum uncertainty of
~19 mV). In each case the electrochemical transfer coefficient (o) and the effective or applied

potential (Eapp) Were calculated using the following equations.

F
a=05+ ﬁ(Eapp - E)

47.4

& SE,.(mV)

6Epc = |Epc - Epc/zl

Eo Epe + Epc2
app — 2

Where X is the reorganization energy, dEp is the voltammetric peak width and Ep is the
potential at the half-height of the peak. The peak potential (Eyc) was plotted against the logarithm
of the scan rate (log v) and the o value against Eapp (See Supporting Information) obtaining the
corresponding standard reduction potential value, E[].

2.4.UV-Visible spectroscopy.
Visible ultraviolet absorbance measurements were performed using a Secomam Uvikon XS

spectrophotometer using the LabPower Junior program. Quartz cuvettes with 1 cm optical pitch



were used for the measurements. Matlab 2018b was used to adjust the experimental data to a by
exponential data and obtain the hydrolysis constants.
2.5.Cytotoxicity assays.

Lung cancer cell line (A549) and colon cancer cell lines (HCT116 and HT-29) were
purchased from ATCC (LCG Promochem). The breast cancer cell line MCF-7 was kindly
provided by Dr. Alberto Ocafia (Translational Research Unit, Complejo Hospitalario
Universitario de Albacete, Spain). Cells were maintained in a humidified incubator at 37°C in a
5% CO; atmosphere and subcultured 2—3 times a week with an appropriate plating density. Cells
were grown in Dulbecco’s Modified Eagle’s medium supplemented with 10% heat inactivated
fetal bovine serum, 1% glutamine plus antibiotics (Penicillin and Streptomycin). All cell culture
reagents were provided by Lonza.

For dose-response assays, 1x 10* cells/well were seeded in 24-well plates. Twenty-four hours
later, cells were treated at different concentrations of the compounds for 48 h and then, MTT
assays were performed. The stock solutions for the different complexes were prepared at a
concentration of 25 mM for DMSO and 6.25 mM for DMF. The corresponding volume of these
solutions was taken to get the indicated final concentrations in the dose-response assays. The
final concentration of DMSO/DMF in cell culture medium did not exceed 0.4%. Control cells
were exposed to the maximum dose of solvent (DMF/DMSO 0,4% vol/vol) showing almost no
toxicity (<6%) and used as 100% viability. Toxicity in dose-response assays was measured by
using an MTT-based assay. Briefly, Thiazolyl Blue Tetrazolium Blue (MTT, Sigma-Aldrich) at
0.5 mg/ml in PBS (Phosphate Buffer Saline, pH 7,4) was added to the medium in each well at
final concentration of 0.05 mg/ml and plates were incubated at 37 °C and 5% CO-, for 1 h. Then,
the medium-MTT was then removed and 500 ul DMSO were added to each well. Plates were kept
in agitation for 5 min in the dark to dissolve the MTT-formazan crystals. The absorbance of the
samples was then recorded at 570 nm in a Biochrom Asys UVM340 Microplate Reader. Data are
the average of, at least, three independent experiments performed in triplicated cultures.

To calculate the 1Cso value, the decimal logarithm of the concentration is plotted against
survival, and a non-linear regression is performed using a dose-response inhibition equation with

10



variable slope (four parameters) using the GraphPad Prism 6 software. The equation obtained has

the following formula:

(Top — Bottom)
(1 + 10((LogICSO—x)*HillSlope))

y = Bottom +

The ICso value is obtained from LoglCso.

2.6. Stability/speciation studies

NMR studies: 8 mM solutions (DMSO-ds, DMF-ds or DMSO-ds /D0 80/20) were prepared.
H-NMR spectra were recorded at different times to follow the appearance and disappearance of
the different species.

Uv-vis studies: the uv-vis spectra of 10° solutions of the complexes were registered at
different times. For DMSO solutions, the spectra were collected every 2 min until 2 h, every 30
min until 7 hours and then, every 1.5 h until 24 h. For DMSO:H,0 (5:95) solutions, the spectra
were collected every 3 min until 1h, every 20 min until 4h 20 min and every 90 min up to 19h 20
min. The absorbance at the different times at the specified wavelengths was recorded.

2.7. Calculation of pKa.

Solution of the complexes at 10° M in the DMSO/H,0O (80/20) mixture with BusNBF; at
5mM were studied by UV-vis. Evolution of the peaks were studied at different pH. Aliquots of
10 pL of HCI (0.002M) or 10 yL of NaOH (0.002M) were added to a solution of 2 mL of
complexes 9 and 13, to vary the pH. The absorbance spectrum was recorded after that.

The absorbance versus pH plot (Figures S47 y S48) enables to determine one constant
according to equation from the Wilson and Lester method:[65]

Am — Aa

logK = 1ogm +

pH

where Aa is the absorbance for the acid species, Ab is the absorbance for the basic species and
Am is the absorbance of the mixture. Representing log(Am-Aa)/(Ab-Am) versus pH, the
intersection will provide the pKa value; when log(Am-Aa)/(Ab-Am) is equal to cero, the pKa

equals to pH.
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2.8. Electrophoretic Mobility in Agarose Gel.

The pUC18 plasmid DNA was used at a concentration of 0.5 pg/pL. (1512 pM nucleotides;
756 uM bp). Complex stock solutions at 500 UM were freshly prepared in Milli-Q from a 10 mM
solution of the complex in DMSO to facilitate the dissolution of the compound, giving a 5 % of
DMSO in the stock solutions. Reactions were performed by mixing 0.5 pL of pUCI18 with
appropriate aliquots of complex solutions. Tris—EDTA (TE) (Tris—H4edta, tris(hydroxymethyl)
aminomethane ethylenediaminetetracetic acid) buffer solution (50 mM NaCl, 10 mM Tris—HCI,
0.1 mM H4edta, pH 7.4) was added to the mixture to give a final volume of 20 uL. The maximum
percentage of DMSO was 2% for the most concentrated solution used, 200 uM. The final
concentration of pUC18 DNA was 37.8 uM in nucleotides (18.9 uM bp). The samples were
incubated at 37 °C for 16 hours. The reactions were quenched by adding a buffer solution (4 pL)
consisting of bromo-phenol blue (0.25%), xylenecyanole (0.25%), and glycerol (30%). The
samples were then subjected to electrophoresis on 0.8% agarose gel in 0.5 x TBE buffer (0.045
M Tris, 0.045 M boric acid, and 1 mM EDTA) at 100 V for 1 h 40 min. Finally, the DNA was
dyed with an ethidium bromide solution (10 mg/mL in TBE) for 15 min and the DNA bands were
visualized on a capturing system (ProgRes CapturePro 2.7). Samples of Pt(IV) complexes were
treated as described above but adding 2.25 pL of 2 mM ascorbate.

2.9. Flow cytometry.
For apoptosis detection, 2-10° cells were seeded in 6 cm plates, 24 h later cells were treated for
24 h with the indicated amounts of each compound and then trypsinized. Next, cells were washed
with PBS and resuspended in Anexin V Binding Buffer (Immunostep). The cells were then
incubated with Annexin V-FITC (Immunostep) for 20 min in dark and then incubated with 10
ug/ml propidium iodide (PI) and 20 pg/ml RNase for 10 min in dark. Samples were analysed in
a MACSQuant Analyzer 10 (Miltenyi Biotec). Data were analysed by using FlowingSoftware
(University of Turku).
2.10. Haemolytic activity.

The haemolytic activity of the compounds was evaluated by determining haemoglobin

release from erythrocyte suspensions. To this end, swine blood was freshly obtained and diluted
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5% vl/v in PBS. Blood was centrifuged at 1000 rcf for 10 minutes, washed three times with PBS
and resuspended in PBS to reconstitute the starting volume. Subsequently, 150 pL of red blood
cells suspension were mixed with 150 pL of each compound at different concentrations (5, 10,
25 and 50 uM). A solution of 2% Triton X-1000 in PBS was used as positive control to achieve
complete haemolysis. PBS alone was used as negative control. Samples were incubated for 1h at
37 °C under continuous shaking (50 rpm) and then centrifuged at 3500 rcf for 10 minutes. Eighty
microliters aliquots of the supernatant were transferred to a 96-well plate and diluted with Milli-
Q 80 pL of water. Haemolysis was evaluated by measuring the absorbance of the samples at 540
nm with a plate reader (BioTek, Winooski, USA). The percentage of haemolysis (H) was
calculated using the equation: H=100 [(As-An) / (Ap-An)], where As was the absorbance for a
given sample, An for the negative control and An for the positive control. Each sample was tested
by triplicate.
2.11. Cellular uptake studies.

To assess the cellular internalization of compounds 7, 8, 13 and 14, 2 x 10® MCF7 cells were
plated in 60 mm Petri dishes and allowed to attach for 24 h. The plates were then exposed to the
compounds at a concentration equivalent to the 1Cso value of the Pt(IT) congener (5 uM for 7 and
8 and 2 uM for 13 and 14). Cisplatin was included at the same concentrations as a positive control.
Additional plates were incubated with medium alone as negative control. All treatments were
conducted in triplicate. After 3 h of incubation, cells were washed three times with cold PBS and
harvested by trypsinisation. The cells were then centrifuged to obtain the whole cell pellet. The
platinum content inside the cell was next determined by ICP-MS analysis. To this end, the cell
pellets were dissolved in 400 uL of 69% v/v nitric acid (PanReac Applichem) and heated in a
water bath at 100 °C for 18 h. Samples were then allowed to cool and diluted with Milli-Q water
to a final volume of 10 mL. Platinum content was analysed on an ICP-MS Agilent 7500c
instrument at the Serveis Tecnics de Recerca de la Universitat de Girona. The platinum standards
were freshly prepared from a platinum atomic absorption standard solution at 1000 ppm Pt in 5%
HCI (Aldrich) diluted in Milli-Q water with 2% HNOs. The concentrations used for the calibration
curve were 0, 0.2, 0.4, 1, 2, 5 and 10 ppb. Three isotopes were analysed (}*Pt — 1Pt — %pt) and
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all readings were made in triplicate. Rhodium was added as an internal standard at a concentration
of 100 ppb in all samples.
2.12. Quantum chemical calculations.

The software package Gaussian 09 [66] (see full reference in SI) was employed to perform
all the calculations. The structures of complexes 13 and 14 were optimised by DFT calculations.
For the aquation studies, the geometries of molecules and transition states (TS) were optimised
using the functional B3LYP [67,68] and to obtain better descriptions, D3 Grimme dispersion was
added with the Becke—Johnson damping, including ‘ultrafine integration grid” implemented in
Gaussian 09 [69].

The Pt atom was described using LAND2DZ[70] complemented with a set f polarization
function [71]. The 6-31G(d,p) basis set was used for the other elements [72]. The structures of
the reactants, intermediates, transition states and products were optimised in water solvent (g =
78.35) using the cluster-continuum model (SMD) [73]. Frequency calculations were carried out
for all of the optimised geometries to characterise the stationary points (zero imaginary frequency)
as either minima or transition states (one imaginary frequency). Intrinsic reaction coordinate
(IRC) calculations were carried out for the transition states to confirm that they connected with
the corresponding structures [74]. All energies collected in the text are Gibbs energies in water at
298 K.

Single point calculations with the large basis set 6-311++G (d, p) for the C, H, O, N, ClI
atoms and LAN2DZ+f for Pt, using previously optimised geometries, were performed in order to
obtain more accurate relative energies. Potential energy profiles were estimated from total
electronic energy at the 6-311++G (d, p) level and adding the enthalpy corrections at the standard
state, at 298.15 K and 1 atm. The rate constants (k) for each step were calculated according to

Eyring’s equation [75].

k(T) = (KB Ty h) ¢ /rr
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T is the absolute temperature and Kg, h, and AG* are the Boltzmann constant, Planck constant
and the free energy of activation of each step, respectively. All calculations were performed at
standard concentrations (c® = 1 mol/dm?3).

In an effort to explain the photophysical properties of 13 the lowest-lying singlets (S.) were
computed using the Time-Dependent Density Functional Theory (TD-DFT) approach[76] at the
B3LYP-D3/6-31G(d,p)/LANL2DZ level of theory. These calculations were performed on the
minimum-energy geometry previously optimised for So in acetonitrile as solvent (€ = 37.5).

2.13. Synthesis and characterisation of the new complexes.

This aspect is included in the Supporting Information.

3. Results and Discussion

3.1.Synthesis and general characterisation.

Ligands L1, L4, L5and L7 were commercially available, whereas L2 [58] and L3 [59] were
prepared by previously reported methods. The synthesis of L6 is described for the first time in
this work and the same synthetic methodology was used as for L2-L3.

Complexes 1-14 (see Figure 2) were synthesised as indicated in Scheme 1. Compounds 1
[77-81], 7 [79] and 9 [82] and were previously described but were synthesised in this work in
order to obtain structure-activity relationships (SAR) with other complexes and to compare their
behaviour with that of their Pt(IV) analogues. The cytotoxic activities of complexes 1 [77,78,81]
and 9 [82] were studied and they were found to be active against several cell lines. We previously
reported the synthesis of 5 [59], which showed cytotoxic activity against HeLa and serum-

deprived A549 cell lines.
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Figure 2: Pt(11) and Pt(IVV) compounds synthesised in this work.

Oxidation with Cl, or H;O of the corresponding Pt(Il) precursors is the most common
method to obtain anticancer Pt(IV) derivatives that can be further derivatized [83], but in this case
the formulation of the target Pt(IV) complexes prevented the use of this oxidation step. It has been
reported that complexes of the type [Pt(L"L)Cl,], where L~L is a chelating diamine ligand, can
be synthesised by the reaction of the sodium or potassium salts of the [PtClg]>~ anion with L~L in
water, usually under reflux [83-88]. The procedure was modified by using H,[PtCls].6H-0 as the
precursor, which facilitates the solubility of the ligand in the acetone/water mixtures used and the
reactions were performed under mild conditions at room temperature or 50 °C. In the case of L7,
the resulting platinum(lVV) compound, 14, contained two coordinated chelate ligands
[PtCIx(L7)2]Cl.. This compound was formed on using equimolar quantities of ligand and
H»[PtCls] or even with an excess of the platinum precursor. The 1:2 electrolyte character was
verified by measuring the conductivity [89]. The value obtained was 193.6 S. cm2.mol=. This

complex can exist as four possible isomers (see Figure 3). DFT calculations were carried out to
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determine that the most stable isomer is that with the chloride ligands in a trans arrangement and

the similar fragments of the bidentate ligand in a cis orientation.

N H,O/Acetone N, _ .«
< KAPCl] (P
N rtor50°C N
HL1-HL7
N
H,O/Acetone N
< + HyptClg _ - ( gy
\ r.t or 50 °C N | Y
HL1-HL6

Scheme 1: Synthesis of Pt(11) and Pt(1VV) complexes.

TTT (4.07)

cec@s3) CTC (3. 545 =

Figure 3. Possible isomers of complex 14 and the corresponding AG(kcal/mol) relative
values, calculated by DFT studies. (T = trans, C = cis, the order used to specify the relative
arrangement of the ligands is chloride, aniline and benzimidazole fragments of the chelate ligand).
H atoms have been omitted for clarity.

All of the complexes were isolated as brown, orange or yellow solids in moderate-to-good

yields. All of the complexes are soluble in DMSO and moderately soluble in the DMSO/H,0O

mixtures used in the biological studies, with the exception of compounds 3 and 4, for which the
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lack of solubility in DMSO and DMSO/H,0 mixtures made it impossible to study their biological
properties. Ligands and complexes were characterised by NMR and IR spectroscopies. Fast atom
bombardment (FAB*) and Electrospray ionization (ESI) mass spectra for the complexes were also
recorded. The peaks observed are consistent with the proposed formulations. [M — Cl + DMSO]*
or [M + Na]* peaks were observed in the FAB* and ESI spectra, respectively (see Experimental
Section, in SI). The assignment of the NMR resonances was facilitated by two-dimensional
experiments such as gCOSY and NOESY. As one would expect, the coordination of the ligands
caused deshielding in the tH-NMR resonances of the protons of the coordinated rings. The effect
was more marked for the protons adjacent to the N-donor atoms (see Experimental Section and
Tables S1-S2, where the data for the ligands are also included). In general, the resonances of the
Pt(IV) complexes appear at lower fields than those of their Pt(1l) counterparts. The effect is more
marked in the pairs 5/6, 9/10 and 11/12. **Pt-'H coupling satellites were observed in the signals
corresponding to CH protons adjacent to the coordination sites (3Jpi.4 = 26-28.5 Hz and 8-11 Hz
for the pyridine and imidazolyl rings, respectively). In complex 14, this coupling in the amino
resonance was not observed, probably due to the broadening of the signal. The ***Pt-H coupling
could not be observed in their Pt(Il) analogues. This fact has been previously reported and is
attributed to the presence of larger *Jpi.n values (often hundreds of Hz) in Pt(11) complexes, which
may, along with sizeable N relaxation rates, cause a more severe shortening of T2 (**Pt) [90].
It is interesting to analyse the resonances of ligands L1, L5 and L7, in which protrotropy
processes are possible (see Scheme 2) and compare them with those of the corresponding
platinum complexes, with special attention paid to complex 14 as it has a different stoichiometry.
In the three ligands this interchange process may be restricted by the formation of hydrogen
bonds. In fact, in ligands L1 and L5 broad resonances are observed for the benzimidazolyl (L1,
H* and H® broad resonances, H* and H®> same multiplet) or imidazolyl (L5, broad signal for
H*+H®) rings and this reflects a dynamic process, although the situation of fast interchange is not
reached. When the ligands are coordinated, the resonances are all narrow and this indicates that

the prototropy process has been arrested and shows the asymmetry of the corresponding rings.
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Scheme 2. Protrotropy process for ligands L1 and L5.

The situation for L7 and its Pt complexes is different (see Figure S1). Firstly, in the ligand
all of the signals of the benzimidazole fragment are narrow and different, which shows the
absence of protrotropy, probably due to the formation of a hydrogen bond with the amino group
that is stronger than that found in L1 or L5. If we define A3 = Scomplex — Siigand, IN the case of
complex 13 the highest values (positive) are observed for NH,, H®, H® and H® (A8 = 0.7-0.8 ppm,
see Scheme 3 for atom numbering of the ligand), an effect that should be due to coordination to
the metal fragment. In the case of 14, the AS values are generally smaller, and this indicates a
possible weaker coordination and a significant difference with respect 13 is observed: all
resonances of the benzimidazole ring are broad and even the protons H® and H* appear together
in the same broad signal (see Figure S1). This observation can be explained by a dynamic process
of partial de-coordination of the N atom of the benzimidazole fragment, which is thought to be
caused by the higher steric hindrance in 14 due to the presence of two ligands in the octahedral
environment. The rotation around the C(aniline)-C(benzimidazole) bond accompanied by
prototropy and re-coordination of the other N atom should interconvert H® with H® and H* with
H% (see Scheme 3). This prototropy can take place in the case of 14 because the amino group is

involved in the coordination to the metal centre.
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Scheme 3. Proposed dynamic process for the interconversion of the benzimidazole protons
of a [M]-L7 fragment in 14. The atom numbering is shown.

3.2.X-ray diffraction studies.

Single crystals of complexes 6.H,O, 7.(Me2CO)o33 and 10.Me,CO suitable for X-ray
diffraction analysis were obtained by recrystallisation from DMSO (for complex 6) or by slow
diffusion of an acetone solution of the corresponding ligand to an aqueous solution of the platinum
precursor. The crystal data are provided in Table S3 and selected coordination distances are
gathered in Table 1. The ORTEP representation of the Pt(I1) complex 7 is shown in Figure 4 and
those of the Pt(IV) complexes 6 and 10 are shown in Figure 5. In the case of 7, there are three
independent molecules in the unit cell and, as one would expect, the geometry around the Pt(I1)
centre is square planar. The t4[91] value is 0.05 or 0.07 depending on the molecule and therefore
the geometry is only slightly distorted. An octahedral geometry was found for the Pt(IV)
complexes. The bite angle in 7 has values of 81.1°, 80.6° and 80.6° while this angle is slightly
smaller for 6 (79.7°) and 10 (79.9°). The ligands are essentially planar and the dihedral angles
between the pyridine ring and the other fragment of the ligand are 3.1-4.6° for 7, 2.9° for 10 and
a value higher (6.4°) for 6. The Pt—N and Pt—Cl distances are in the expected range according to
the bibliography [80,87,88,92-95]. In the case of the two Pt(IV) complexes, the Pt—Cl distances
are slightly longer when the chloride ligand is trans to another chloride than when it is trans to an
N-donor fragment. The marked variation in the Pt—Cl and Pt-N(benzoxazole) distances in the

three molecules of 7 is worth highlighting and this shows a significant contribution of the weak
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interactions in the crystal. Concerning the Pt—N distances of a given complex, a slightly higher

value is found for the Pt—N(pyridine) bond.

c10 N\ C12 4
N2 N1 ¢
c11 \ /

Pt1

C|2/ \ ci

Figure 4: ORTEP diagram of complex 7 (molecule containing Pt1). H atoms and solvent
molecules have been omitted.

ci3 N4
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Figure 5: ORTEP diagrams of complexes 10 (left) and 6 (right). H atoms, except that of
the NH group in 10, and solvent molecules have been omitted.

-L?E)Cl:el ind Pt—N bond distances of compounds 10.Me2CO, 7.(Me2CQ)o.33 and 6.H20.
Complex Bond Distance (A)
7.(Me2CO)o.s Pt(1)-N(2) 2.04(1)
Pt(2)-N(4) 2.02(1)
Pt(3)-N(6) 2.00(1)
Pt(1)-N(1) 2.02(1)
Pt(2)-N(3) 2.03(1)
Pt(3)-N(5) 2.03(1)
Pt(1)-CI(2) 2.313(5)
Pt(2)-CI(4) 2.87(4)
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Pt(3)-CI(6) 2.298(4)

Pt(1)-CI(1) 2.289(4)
Pt(2)-CI(3) 2.291(4)
Pt(3)-CI(5) 2.297(4)
6.Hz0 Pt(1)-N(1) 2.053(3)
Pt(1)-N(2) 2.016(3)
Pt(1)-CI(2) 2.293(1)
Pt(1)-CI(1) 2.294(1)
Pt(1)-CI(3) 2.308(1)
Pt(1)-CI(4) 2.311(1)
10.Me2CO Pt(1)-N(2) 2.002(3)
Pt(1)-N(1) 2.046(3)
Pt(1)-CI(3) 2.304(1)
Pt(1)-CI(2) 2.289(1)
Pt(1)-CI(4) 2.309(1)
Pt(1)-CI(1) 2.300(1)

As far as the 3D structure is concerned, in the case of complex 7.(Me2CO)o.33 columns of
stacked molecules are formed that extend along the a axis and this follows the order
Ptl.--Pt2.--Pt3---Ptl---Pt2.... There are Ptl---Pt2 and Pt2---Pt3 contacts and =-m stacking
interactions (double in the case of the contact between molecules with Pt1 and Pt3) involving the
benzoxazole moieties (for further details see Figure S2 and Table S4). The interactions between
columns take place through hydrogen bonds involving chloride ligands, acetone molecules and
02 of a benzoxazole ring (see Figure S3). There are also lone pair-r interactions between some
chloride ligands and oxazole or pyridine rings. In the 3D crystal structure of 6.H,0O, chains of
molecules that extend along the b axis are also observed. In these chains two types of loop
alternate (Figure S4). One loop is formed by two hydrogen bonds that involve a chloride ligand
and two equivalent n-n stacking interactions of the benzimidazole unit that is arranged in a head-
to tail fashion. In the formation of the other loop, hydrogen bonds that involve the N atom of the

CN group participate along with a n-n stacking interaction between two pyridine rings (Table
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S4). The 3D structure is shaped by the direct interaction of the chains through hydrogen bonds
with the participation of chloride ligands and also with the participation of the water solvent
molecules (Figure S5). In the case of complex 10.Me.CO, n-n stacking interactions are also
observed and columns are formed along the c axis, with stacking between pairs of pyridine rings
of two ligands and also between pairs of imidazolyl rings. The ligands of adjacent molecules are
oriented in a head-to-tail manner (see Figure S6 and Table S4). In the 3D structure, hydrogen
bonds involving the complexes and the acetone molecules are observed and CI---Cl interactions
[96] are also formed (see Figure S7).
3.3.Electrochemical studies.

The redox potentials of complexes 1-12 were measured (10 mM DMSO solutions) by cyclic
voltammetry. Complexes 3 and 4 could not be studied due to their poor solubility in the medium.
The potential corresponding to the reduction of the Pt(IV) centre (Table 2) was found by
comparing the cyclic voltammograms of the Pt(IV) complexes with those of their Pt(ll)
analogues, as an irreversible peak is found in the former but not in the latter (see Supporting

Information, Figures S8-S13). The rest of the peaks were assigned as ligand redox processes [51].

Table 2.
Peak reduction potentials of the complexes in DMSO solution vs Ag/AgCl. In bold,
reduction potentials assigned to the reduction of the Pt(IV) centre.

Comp. Peak reduction potential (V)

-0.03 (r), -1.5 (r)

0.03(r), -0.43 (ir), -1.34 (ir)
-0.98 (ir), -1.27(r)

-0.31 (ir), -1.0(ir), -1.25 (r)
-1.03 (1)

-0.15 (ir), -1.05 (r)

0.01 (r), -1.36 (ir)

10 0.03 (r), -0.37 (ir), -1.3 (ir)
11 -1.2 (ir), -1.5 (ir)

© 00 N o o NP
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12 -0.33 (ir), -1.2 (ir), -1.52(1)
13 0.01(r), -1.43 (ir)
14 -0.1 (r) -0.67 (ir), -1.38 (ir)

3.4.Electronic spectra and TD-DFT analysis of 13.

Considering that complex 13 is the most interesting compound in terms of the biological
properties (see below), it was decided to characterise this compound in more detail by recording
the ultraviolet-visible (UV-vis) absorption spectrum (acetonitrile solution, room temperature, see
Figure S14). Time-Dependent Density Functional Theory (TD-DFT) was applied in an effort to
understand the nature of the electronic transition.

The theoretically calculated electronic transition of 13 was found at 305 nm, which is in good
agreement with the experimental value of Amaxat 299 nm (Figure S14).

The isovalue contour plots of some frontier orbitals are presented in Figure 6 along with the
energy levels (see Table S5 for the energy of a selection of molecular orbitals). The HOMO-

LUMO energy gap is 4.25eV.
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Figure 6. Energy (eV) and contours of some frontier molecular orbitals of complex 13 in
acetonitrile. See Experimental Section for details.

The assignments of the calculated transitions to the experimental bands (summarised in
Table 3) are based on the criteria that the oscillator strengths and the orbital contributions are
greater than 0.01 and 10%, respectively. The TD-DFT calculated excited singlet states that show
a better fit with the experimental values of 299 nm are Sg and S7, which display predicted energies
of 4.06 eV (305 nm) and 4.10 eV (302 nm), respectively. Both states are mainly defined by
transitions from the HOMO-1 to LUMO (48% in S¢ and 28% in S;) and HOMO-2 to LUMO
(24% in Sg and 25% in Sy) (see Table S6 for the single states S:—S4 and Table S7 for the calculated
contributions of the atomic orbitals in the frontier molecular orbitals). In the case of Sy there is
also a contribution (38%) of a transition from the HOMO-2 to LUMO+1. The HOMO-1 to LUMO
can be described as a metal-to-ligand charge transfer (:MLCT) transition because of the reduction
in the participation of the orbitals of the platinum in the LUMO when compared with the HOMO-

1 (see Table S7). In addition, this transition shows some metal-centred (:MC) character due to the
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different atomic orbitals of the platinum atom involved in these two molecular orbitals, and this
transition also displays ligand-centred (*LC) character because of the different natures of the
orbitals belonging to the N-donor ligand (n-bonding in HOMO-1 and n* in LUMO). The
transition HOMO-2 to LUMO can be described as a metal-to-ligand charge transfer *MLCT)
because of the reduction in the participation of the orbitals of the platinum in the LUMO when
compared with HOMO-2 (see Table S7). For a similar reason, this transition can also be described
as a ligand-to-ligand charge transfer (*LLCT) from a p orbital of the chloride ligand labelled as
CI3 to a #* molecular orbital of the N-donor ligand. The transition HOMO-2 to LUMO+1 found
in S7 shows a metal-centred (*MC) nature due to the different atomic orbitals of the platinum atom
involved in these molecular orbitals. This transition also shows some metal-to-ligand charge
transfer *MLCT) and a ligand-to-ligand charge transfer (:LLCT) from a p orbital of the chloride

ligand labelled as CI3 to a n* molecular orbital of the N-donor ligand.

Table 3
Vertical excitation energies for lower excited states calculated at TD-DFT B3LYP-D3
(6-31G** / LANL2Dz+f) in acetonitrile solution.

State E(eV,nm)/f Monoexcitations  Nature Description
Ss 3,86; H— L (51%) d(Pt) + m7 + po— MC,ILC,
321,35/0.145 dx(Pt) + 77 ILLCT, IMLCT
H — L+1 (42%) d«(Pt) + 77+ pa— MC,'LC,
do(Pt) + T*L7 + pei ILLCT
Se 4.06; 305,19/ H-2— L (24%) d:(Pt) + pci — IMC, ILLCT
0.183 dz(Pt) + ¥17
H-1— L (48%) dA(Pt) + 7 — IMC, ILC,
da(Pt) + 7% 7 IMLCT
S7 4.10;302,12/  H-2 — L (25%) d(Pt) + pci — IMC, ILLCT,
0.048 da(Pt) + %7 IMLCT
H-2 — L+1 (38%)  dx(Pt) + pci — IMC, ILC,
d(Pt) + ¥ 7+ pa MLCT,ILLCT
H-1 — L (28%) da(Pt) + L7 — IMC, ILC,
d(Pt) + ¥ .7 IMLCT

3.5.Cytotoxicity.
The cytotoxicity of all of the compounds was studied in human lung carcinoma (A549),
human breast carcinoma (MCF7) and human colon carcinoma (HCT116 and HT29) cell lines.

The maximum concentration used in the studies was 25 uM and the incubation time was 48 h.
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Three Pt(Il) compounds (7, 9 and 13) and only one Pt(IV) compound (10) showed
cytotoxicity in the studied cell lines with the concentration limit of 25 uM. The half maximal

inhibitory concentration (ICso) values are summarised in Table 4 (see Figures S15-S18).

Table 4

ICso values (uM) of compounds 7, 9, 10, and 13 in different tumoral cell lines (48 h
incubation time).

Compound A549 MCF7 HCT116 HT29

7 >25 482+ 125 1.29+0.28 8.3+4.7

9 >25 > 25 139+14 12.1 1.7
10 >25 > 25 16.5+0.6 >25

13 <2 1.99+0.99 1.25+0.18 21+05
Cisplatin 16.30+3.79 16.74+2.23 15.36+4.76 18.93+3.19

Complex 9 has a slightly better cytotoxicity than cisplatin in colon cell lines (HCT116 and
HT29), with values of ICso > 25 in the rest of the studied cell lines. The cytotoxicity of 7 is quite
high in all cell lines except for A549, with 1Cso values lower than 10 uM. The best results were
obtained with 13, which killed 50% of the cell population at less than 2 uM in all cell lines. It is
noteworthy that complex 13 is the only complex (apart from cisplatin) that is active in the A549
cell line. Thus, it can be concluded that in the case of complexes with ligands containing a pyridine
fragment, the most cytotoxic compound is that with a benzoxazole unit but the most notable
increase in the cytotoxic behaviour is achieved when the aniline fragment is present in the N*N’
ligand. Cytotoxicity relatively similar to that of cisplatin has been previously found in platinum
complexes with monodentade aniline derived ligands [97,98] and, as stated in the introduction, it
has been described a dichloride platinum complex with a bidentate 2(amino-methyl)aniline ligand
with high cytotoxicity [57] but complex 13 exhibits better performance.

As far as the Pt(1V) derivatives are concerned, only compound 10 showed a cytotoxicity
similar to that of its Pt(Il) analogue in the HCT116 line, which means that it is reduced inside the
cells but, curiously, this is not the case for the HT29 cell line (ICso > 25). In contrast to 10, Pt(1V)

compounds 8 and 14 do not have the same cytotoxicity than their Pt(1l) analogues and in fact, are
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not cytotoxic in the concentration limit studied. Thus, taking account of the results reported in the
literature with other axial ligands [29,31,43], compounds with formula [PtCls(N*N’)] are not the
best candidates for Pt(IV) prodrugs.

Considering a previous work [99] where a deleterious effect of the DMSO solvent in the
cytotoxicity of several Pt(Il) complexes and the influence of DMSO observed in complexes with
other metals were described [100], we decided to test the cytotoxicity using DMF instead of
DMSO for the active compounds and the non-active 11 (the complexes were scarcely soluble in
other solvents). This study was performed for the HCT-116 cell line. Cell viability were very
similar in both solvents (see Figures S19-S23) with the exception of compound 10 at high
concentrations, showing better results for DMSO. Thus, the rest of the studies of this work were
performed using DMSO, due to the higher solubility of the complexes.

The final concentration of DMSO/DMF in cell culture medium did not exceed 0.4%. Control
cells were exposed to the maximum dose of solvent (DMF/DMSO 0,4% vol/vol) showing
negligible toxicity (<6%) and used as 100% viability (Figure S24).

Stability and speciation studies in DMSO-ds.

The stabilities of compounds 7, 8, 9, 10, 13 and 14 were analysed by *H NMR spectroscopy.
These compounds were selected due to their cytotoxic activity or, in the case of 8 and 14, because
of the activity of their Pt(Il) congeners. The complexes are not sufficiently soluble in D,O and
the studies were performed in DMSO-dg, i.e., the solvent in which the stock solutions for
biological studies were prepared (see Figures S25-S33). Because some cytotoxicity experiments
were also performed in DMF, the stability was also studied in this solvent (see Figures S34—S40).
It must be taken into account that when preparing samples for the cytotoxicity studies, the
complexes are in DMSO (or DMF) solution a maximum time of 15 minutes before adding the
culture medium. In any case, longer times were registered for this stability studies.

The stability of the Pt(11) derivatives 7, 9 and 13 will be discussed first. In the case of 7, when
the DMSO-dg solution was prepared, small resonances for the free ligand L4 were observed and,

after 5 hours, only the ligand signals were present in the spectrum (see Figure S25). In the case
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of the DMF-ds solution the liberation of ligand is also observed, although partially (see Figure
S34). Thus, this complex liberates the ligand rather easily. It must be considered that the
benzoxazole unit is a weaker donor than the imidazole or aniline fragments present in complexes
9 and 13, respectively, considering the pK, values of these heterocycles as reference points (pKa
= 0.19 for benzoxazole and around 5 for imidazole or aniline). Furthermore, it has been
demonstrated in ‘PdCl,” complexes that ligand L4 is partially displaced by DMSO but not ligand
L1 [101].

The behaviour of 9 and 13 (DMSO-ds) was clearly different. In the case of 9 (Figure S26),
for the freshly prepared sample, the solution shows only the resonances of 9. During the first hour,
there was a significant decrement in the amount of 9, while a new product, 94°, is quickly formed
(see Figure S27) and a minor species, 94°’, is also observed. After 1 hour, the 9:94°:94°" ratio is

42:42:16. After this time, the amount of both 9 and 94” decreased slowly while 94°” and a new

species 94°"” were gradually formed. After 16h, the major component of the mixture was 9q
(42%, see Table 5). We propose that 94° and 94’ are the two mono-solvated species
([PtCI(DMSO)(L5)]*, L5 is asymmetric), being 94’ and 94’ the products of kinetic and
thermodynamic control, respectively. 94’” is proposed to be the di-solvated derivative
[Pt(DMSO0),(L5)]?". The uv-vis spectrum of 9 in DMSO was also registered (Figure S41). Two
processes were detected (Figure S42), suggesting that the reactions leading to the mono-solvated
complexes are not distinguished.

In the case of the *H NMR study of 13, the formation of new species with time was observed
(see Figures S28 and S29). The shape of the resonances in the region 8-8.2 ppm (where doublets
are expected) reflects the overlapping of resonances of two species, that we propose are the two
mono-solvated products [PtCI(DMSO)(L7]", 134’+134’". At long reaction times, a small amount
of free ligand L7 is detected. See Table 5 for the ratio at 16 h. After 48h, the ratio is quite similar.
The uv-vis spectrum of 13 in DMSO (see Figure S43) shows the presence of several isosbestic
points and the analysis of the change in intensity at specific wavelengths (Figures S44-S46)
reflects the presence of a sole process, which must correspond to the formation of the mono-aqua
products.
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Table 5

Ratio of the species formed after 16 hours when 9 or 13 are solved in DMSO-ds or DMSO-
de/D>0, 80:20*

Species Qv 9¢ 13° 13¢
formed

X 20 20 20 4
X’ 15 5 68¢ 86
X 23 62 16
X 42 12 -- --
Free ligand | -- -- 11 (L7) | --

@ X represent the dichloride starting product, X” and X’ the two mono-solvated species and
X’”* the di-solvated complexes. In DMSO-ds, DMSO substitutes the chloride ligands and in
DMSO0-de/D-0, 80:20, water enters into the coordination sphere. ® DMSO-ds; ¢ DMSO-ds/D;0,
80:20; 4 (X’+ X"’)

For Pt(IV) compounds 10 and 14 neither solvolysis products nor free ligand were observed
after 16 hours and 2 days, respectively (DMSO-ds, Figures S30 and S31). Different behaviour
was observed for 8 because the formation of a new Pt(1V) product, 8', (proposed to be a solvolysis
species) and also free ligand L4 were observed with time. After three days the ratio was 8/8'/L4
=40/37/23 (Figure S32). The process was not inhibited by the addition of 10 equivalents of NaCl.
This fact, along with the chemical shifts of the benzoxazole resonances of 8' (resonance
assignment made with the help of 'H,'H-COSY, Figure S33) shifted to high field, led us to
propose a substitution of the benzoxazole fragment by DMSO in 8" (i-L4), thus reflecting the
hemilabile behaviour of L4. It is interesting to note that although Pt(I\V) compounds are
considered to be inert, their hydrolysis behaviour is currently under review — mainly due to their
potential impact as prodrugs — and hydrolysis processes involving not only axial [102,103] but
also equatorial [104] ligands have been reported.

1.1. Aquation and speciation studies. Experimental and DFT analysis

It is known that DNA is the target of cisplatin [105,106] and that it undergoes aquation to
form [Pt(NH3).CI(OH>)]" and [Pt(NH3)2(OH.).]?* once inside the cell, a process that is facilitated
by the low cellular concentration of chloride ions. The reported first-order rate constants for the
first and second aquation steps in pure water are 1.80 x 10~ and 10.4 x 107°, respectively [107],
although other values, albeit similar, have been reported for different conditions [108,109]. The

aquated forms of the complex are more reactive to the cellular targets. Although many cellular
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components interact with cisplatin, DNA is the primary biological target of the drug. The platinum
atom of the water adducts bind covalently to the N7 position of purines to afford primarily 1,2-
or 1,3-intrastrand crosslinks and a lower number of interstrand crosslinks.[110] Considering that
the second aquation takes place with a higher activation barrier, it has been suggested in numerous
studies that cisplatin should bind to DNA in the mono-aquated form.[111,112] However, there
has been some discussion concerning this issue and it has also been proposed that the di-aquated
cisplatin [113] or both forms [114] react with DNA. Cisplatin~DNA adducts cause several cellular
responses, such as replication arrest, transcription inhibition, cell-cycle arrest, DNA repair and
apoptosis.[110,115] The reduced toxicity of carboplatin in comparison with cisplatin is usually
explained by the fact that aquation of the malonate ligand is about one order slower.[116,117]

Thus, considering that aquation is a key step for in vivo activation of Pt drugs for metal-
DNA interaction, we decided to study the aquation process of complexes 9 and 13 by uv-vis
spectroscopy (H.0:DMSO = 95:5) and evaluate the complex speciation by *H NMR in DMSO-
de/D20 (80:20) mixtures. The complexes were not soluble in neat water. We have also performed
a DFT study of the aquation process in the case of the most active complex 13.

The *H NMR spectrum of 9 freshly solved in a DMSO-ds/D,0 (80:20) mixture showed the
presence of three species in a 1:6:2 ratio (se Figure S47 for a COSY spectrum and Figure S48 for
the evolution with time). A comparison with those of the freshly solution of 9 in pure DMSO-ds
suggests that the major component is the dichloride species, 9. The minor component, called 9./,
increased during the first hour and afterwards, it decreased until near disappearance after 16 hours
(see Table 5 and Figure S49). On the contrary, the other component, called 9,’, increases its
relative intensity and becomes the major component after 16 hours. At long reaction times it is
possible to observe a new minor species, 9"’

If we compare the two solvolysis processes studied for 9 in DMSO-ds and DMSO-de/D-0,
some clear differences can be found: i) The process takes place faster in DMSO-ds: D0 than in
DMSO-ds (compare Figures S27 and S49); ii) the ratio of solvate products at a given time is
distinct in both solutions (Table 5); iii) the position of some resonances in both studies is clearly

different (Figures S26 and S48). Taking together these results, we conclude the existence of an
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important effect of the presence of water and that the solvolysis products in DMSO-ds:D,0
involve the coordination of water molecules. To further demonstrate the substitution of the
chloride ligands by water, the pK, of a DMSO/H,O (80:20) solution where the major component
was 9w’’ was determined. The initial pH value of the DMSO/H,O mixture was 8.1 and the pK,
obtained was 6.52+0.20 (see Figure S54). This value is of the same order to that determined in
other Pt(Il) complexes with two N donor atoms [118-122]. Thus, 9y’ should be in the form of
the deprotonated species ([PtCI(OH)(L5)]. It is proposed that both 9w’ and 9w’’ have the same
stoichiometry but are the products of kinetic and thermodynamic control, respectively. The
species 9y’"” should come from the displacement of two chloride ligands.

The uv-vis absorbance spectra between 250 and 800 nm of a 10-° M H,O:DMSO solution
(95:5 ratio) of 9 was registered over time (Figure S50). The absorbance at a chosen wavelength
was then plotted over time and the data were adjusted to a non-linear regression with the formula
of a biexponential curve (inset of Figure 50):

y = aeb* + ce?* + e

where y = absorbance, x =time and b and d are rate constants of the first and second aquation
steps, respectively.

The two processes observed are ascribed to the mono and di-aquation steps and the
corresponding rate constants are reflected in Table 6.

When registering the evolution of 13 by *H NMR in a DMSO-ds/D,0O (80:20) mixture, only
one product was observed in the freshly prepared solution. The chemical shifts of the resonances
are very similar to those of the species observed in the initial DMSO-ds solution (see Figure S51)
and are assigned to the dichloride complex, 13. After 5 minutes, a new species is detected, 13.’.
After 16 and 48 hours, this is the major component of the mixture. A minor component is also
observed, 13, (see Figure S52). The ratio of the different species at 16 hours is reflected in Table
5. It is noteworthy the different evolution of 13 when comparing DMSO-ds or DMSO-ds/D-O
(80:20) solutions (compare Figures S29 and S53) with a higher rate of solvation in the DMSO-
ds/D-0O mixture. Thus, the products formed when DO is present, 13, and 13.’’, are tentatively

assigned to the two mono-aquated complexes. We have determined a pK, value of 8.20+0.13
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(Figure S55) for a DMSO/HO (80:20) solution of 13 where the major component is 13w’.
Considering that the pH of the solvent mixture is 8.1, the two species: [PtCI(L7)(H.O)]" and
[PtCI(OH)(L.7)], should be in equilibrium and with a similar concentration.

In the uv-vis spectrum of 13 on H,O/DMSO (95:5, see Figure 7), two processes were
observed. Considering that the two reactions of formation of the two mono-aquated species are
not usually distinguishable by this technique, we propose that the reactions observed correspond
to the formation of the mono- and di-aquated species. The fact that the di-aquated species is not
detected by *H NMR may be due to the lower amount of D,O present in the NMR solution (the
H,O/DMSO ratio of 95:5 does not allow to get the concentration to register a*H NMR spectrum).
The values of the rate constants for the first and second aquation steps are shown in Table 6. The
first aquation step is faster than the second. It is interesting to note that the values for 13, i.e., the
most cytotoxic derivative, are lower than those found for cisplatin, a fact that could lead to reduced

side effects on using this complex as a metallodrug.

t=5h30min

=——t=11h

t=17h

430 540

Figure 7: Absorbance spectra of compound 13 in DMSO:H;0 (5:95) over time. Inset:
Absorbance vs time at 259 nm.

Table 6.
Rate constants for the first (ki) and second (k2) aquation steps of compounds 9 and 13,
determined from the uv-vis measurements.

Complex ka k2
9 1.011 (+0.093) - 1073 2.425 (+0.41) - 1076
13 8.346 (+0.758) - 1075 4.216 (+0.743) - 107
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In the DFT studies of the aquation process of 13, and considering the asymmetry of the N*N’
ligand, two reaction pathways were analysed [123,124]. In path A the first aquation takes place
at the chloride trans to the aniline ring, while in path B it is the chloride trans to the benzimidazole
heterocycle that is substituted by water in the first step. In both cases, the second step is the
aquation of the second chlorine atom. The structures of the reactants, intermediates, transition
states and products were optimised in water solvent (¢ = 78.35) using the cluster-continuum model
(SMD) [73].

It is widely accepted that ligand substitution in square-planar Pt(Il) complexes is a concerted
Sn2 process [125] and previous DFT studies showed that in aqueous solution these reactions
proceed through a single pentacoordinate transition state [126,127]. We were able to find the
pentacoordinate TS for both paths with their imaginary frequencies (Table S8). Selected distances
and angles for stationary points along the reaction pathway on the potential energy surface (the
reactant, TS and products) are gathered in Table S9 and the corresponding structures are shown
in Figures S56 and S57. In all cases, and as previously observed in other studies [124,128], the
replacement of CI- by H,O on the Pt centre occurs through a distorted trigonal bipyramidal
transition state (TS) in which the central metal atom, the CI~leaving group and the incoming H.O
molecule are in the equatorial plane with a small CI-Pt-O angle (66.3-69.3°). In all cases, the Pt—
Cl bond distance increases as the water molecule approaches the metal centre, until the transition
geometry is reached. In the transition states, the distances of the bonds that are being broken (Pt-
Cl) or formed (Pt-O) are about 15-20% longer than the distances found in the reactant or
products, with similar percentages for the bonds of the ligands that are entering or leaving the
coordination sphere reflecting a synchronous concerted mechanism.

The free energy profiles of the first and second aquation steps are provided in Figure 8 and
the free Gibbs energies (AG*) and rate constants (k) are gathered in Table 7. The free energy of
activation for the first step is similar for both paths and while this value for the second step is
higher in path B, we consider that the difference is not significant enough to determine that path
A is the only one for aguation. Besides, the experimental rate constant values lie between the
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values obtained for the two both paths. Thus, we propose that both alternatives for aquation may
be in operation, although path A may be preferred for a major fraction of the molecules. Taking
into account the small difference between the corresponding activation energies for the first and
second steps through path A, we propose that the complex can interact with DNA in both the
mono- and diaquated form, as previously concluded in other studies [113]. The values for the free
energy of activation for 13 are relatively similar to those of cisplatin [112] and somewhat lower
than those found for carboplatin [117] and oxaliplatin [117], with these two complexes exhibiting
a higher barrier for the first than the second step. The aquation reactions for 13 are endothermic,

with free energy values of 4.6-4.7 Kcal.mol* except for the second step of path B (7.2 Kcal.mol-
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Figure 8. Free energy profiles of the first and second aquation steps for complex 13 along
paths A and B in the SMD/H,O model at the B3LYP-D3/6-311++G(d,p) /LAN2DZ +f level of

theory.

Table 7
Gibbs free energies (AG*) and rate constants (k) for aquation reactions of complex 13
(parameters calculated at the B3LYP-D3 level of theory).

AG"1a (kcal/mol) kia (I/mol.s) AG"2a (kcal/mol) kaa( I/mol.s)
Path A

22.00 2.1x10* 22.20 1.49 x 104
Path B AG"18 (kcal/mol) kis (I/mol.s) AG”28 (kcal/mol) kzs (I/mol.s)
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22.90 4.45x 105 25.88 2.61x107

Structural details of the reactants, transition states and products for both paths can be found
in the Supporting Information as separate files along with the structures of all species.

1.2.DNA binding.

Agarose gel electrophoresis was used to study the ability of the compounds to bind to DNA.
Compounds 7, 9, 10 and 13 were analysed using the supercoiled DNA plasmid pUC18. Initially,
the plasmid is mostly in a supercoiled form (Form 1), although DNA manipulation can introduce
breaks, for example by mechanical shear, which can generate some uncoiling of the plasmid that
can be then detected in control samples (open circular form or form 1) [129]. When a compound
interacts with the plasmid, it changes to the open circular form, which migrates slower than the
supercoiled form. If the compound is able to cleave double strands, a linear form (Form Il1) is
generated that will migrate between form 1 and form 2. The difference in mobility of these three
forms allows us to ascertain whether a given compound binds with DNA.

Compounds 7, 9 and 13 interact with DNA reflecting that, as expected, [130] DNA is
possibly the target of the compounds under investigation. The interaction is observed on using
concentrations from 100 uM in the case of 9 and from 150 uM in the case of 7, which are able to
transform the plasmid to its open circular form (Figure 9). Compound 13 shows higher affinity to
DNA than 7 or 9 as it interacts with the plasmid at a lower concentration (25 M) and cleaves the
pUC18 plasmid at higher concentrations (100 uM). This relatively high affinity of 13 for DNA
may explain the better 1Cso values obtained with this compound. It is to note the effect of the
presence of DMSO in the behaviour of cisplatin, according to previous reported studies [99]. A

similar effect was observed in the presence of DMF (see figure S58).
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DNA DNA+DMSO cis-Pt 200pyM 175uM  150pM  100pM  50uM  25pM
Complex 7

DNA DNA+DMSO cis-Pt 150puM 100pM  50pM 25uM
Complex 9

—Form I
—Form lll

—Form|

DNA DNA+DMSO cis-Pt 100pM  50uM 25uM

Complex 13

Figure 9: Agarose gel electrophoresis of compounds 7 (A), 9 (B), and 13 (C). See
Experimental Section for conditions

As expected, the analogous Pt(1V) compounds (8, 10 and 14) did not interact with DNA,
even at the highest concentrations. Additional studies were performed to compare the interaction
of the Pt(Il) compounds and their Pt(1\V) analogues in the absence and presence of sodium
ascorbate (Figure 10 for complex 10 and Figures S59 and S60 for complexes 8 and 14,
respectively). In the presence of ascorbate, the Pt(I\VV) compounds 8 and 10 showed DNA
interaction in a similar way to their Pt(Il) congeners, 7 and 9, respectively, reflecting that a
reduction process has taken place. In the case of 14 the interaction with DNA seems to be very

weak. See below for more studies concerning the behaviour of these Pt(IV) complexes.
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—Form Il

—Form |

DNA+DMSO cis-Pt  9150uM 10150puM Asc 1.5eq 10+Asci.5eq

Figure 10: Agarose gel electrophoresis of compounds 9, 10, and 10 in the presence of 1.5
equivalents of ascorbate (the concentration of 10 when adding ascorbate is 150 uM).

1.3.Cell death mechanism.

Apoptosis induced by compounds 7 and 13 was evaluated by flow cytometry using
IP/Annexin V staining in the A549 cell line. As shown in Figures 11 and 12, compound 7 did not
modulate the basal level of apoptosis. However, compound 13 induced a potent apoptotic
response in Ab49 cells in a dose-dependent fashion. In addition, the apoptotic effect of 13 was
also evaluated in other cancer-derived cell lines as HCT116, HT29 and MCF7, with a marked
apoptotic response observed in all cases (Figure S61). Therefore, all the evidence indicate that, as
expected for a Pt(I1) complex, [130] cell death associated with 13 correlates with an apoptotic
response in our experimental model. Furthermore, the data obtained in a cell line as HT29, with
mutated p53[131] suggest that the induction of apoptosis could be in a p53-independent fashion.
This observation is especially interesting considering that the tumor suppressor p53 is one of the

key determinants of the cellular response to current chemotherapy cisplatin [132].
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Figure 11. A549 cells were treated with the indicated concentrations of compounds 7 and
13 for 24 hours and then stained with Annexin V-FITC/Propidium lodide for assay by flow
cytometry. Control signifies treated cells with the same amount of vehicle (DMSO). The image
shows a representative single experiment (dot plot) out of three. As shown, compound 7 was
unable to promote apoptosis after 24 hours of incubation at different concentrations while
compound 13 promoted a marked increase in apoptosis under the same conditions.
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Figure 12. Histogram showing the average of three independent experiments to evaluate the
percentage of apoptotic cells after incubating A549 cells with compounds 7 or 13 as in Figure 11.
Data are presented as mean * standard deviation. The statistical significance of differences was
evaluated by Student’s t-test using GraphPad Prism software. *p < 0.05, **p < 0.01 and ***p<0.001.
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1.4.Haemolytic activity.

It has been reported that repeated intravenous administration of platinum salts may induce
haemolytic anaemia by interfering with iron metabolism, decreasing the level of red blood cell
precursors and creating an immune-complex between red blood cells (RBC) and cisplatin [133].

Thus, with the aim of gaining some insight into the general toxicity of the complexes, the
most cytotoxic derivatives 7, 9, 10 and 13 were selected for haemolytic studies [134] using
erythrocytes from fresh swine blood. Triton X-100 surfactant was used to achieve complete
haemolysis as a positive control. The four complexes were non-haemolytic at concentrations up
to 50 uM (Table 8), which is between 3- and 40-fold higher than the 1Cs, values determined in
vitro. It is noteworthy that high levels of haemolytic activity were reported for cisplatin (75% at

100 pM) [135].

Table 8
Percentage of haemolysis H(%) induced by compounds 7, 9, 10 and 13 at different
concentrations.

5uM 10uM 25uM 50uM
7 <1 <1 <1 1.2
9 <1 <1 <1 <1
10 <1 <1 <1 <1
13 <1 <1 <1 <1

In all cases the compounds did not interact with erythrocytes, even at high concentrations.

1.5.Behaviour of the Pt(IV) complexes 8, 10 and 14. Cellular uptake and measure of

standard reduction potentials.
As stated, the Pt(IV) complexes, 8, 10 and 14, whose Pt(Il) congeners were cytotoxic,
exhibited different behaviour in this respect. Only complex 10 was cytotoxic in the HCT116 cell

line but 8 and 14 showed ICs values above 25 uM in all cell lines studied. This lack of activity
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of the latter two compounds can be explained by two main reasons: an inability to enter the cells
or incomplete reduction.

In an effort to obtain more information, the cellular uptake of compounds 7, 8, 13 and 14
was studied by ICP-mass spectroscopy (the congeners of Pt(ll), 7 and 13, were also studied for
the sake of comparison). To this end, MCF7 cells were exposed to the compounds at a
concentration equivalent to the 1Cso of the corresponding cytotoxic Pt(1l) analogue (5 uM for 7
and 8 and 5 uM for 13 and 14, respectively) for three hours. Cisplatin was included at the same
concentrations as a reference. The results (see Table 9) show that all of the compounds were able
to enter inside cells, with higher accumulation rates obtained than for cisplatin. Higher values
were obtained for the Pt(Il) derivatives than for the Pt(1V) analogues. Compound 13 entered the
cells at more than twice the level as compound 14, whereas compound 7 has an accumulation rate
three times higher than its Pt(Il) analogue. These results rule out the inability to enter into the

cells as the reason for the lack of cytotoxicity.

Table 9
Pt concentration inside MCF7 cells.
Comp. Pt concentration (ppb)
7 (5 uM) 41,53 +5.89
8 (5 uM) 13.41+1.73
13 (2 uM) 38.78 + 2.93
14 (2 uM) 16.84+ 2.27
Cisplatin (2 uM) 15+0.24
Cisplatin (5 uM) 3.07 £ 0.62

The possible reduction of 8, 10 and 14 with ascorbic acid (10 equiv) was also examined by
H NMR spectroscopy on DMSO-ds solutions. In the case of 10, evidence for the reduction to the
corresponding Pt(1l) congener, 9, was observed and the product of the first aquation of 9 (94°")

was also seen. After three days the ratio was as follows: 10/9/94°" = 50/41/9 (Figure S62). This
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behaviour is typical of a Pt(I\VV) prodrug with the necessary prior reduction to Pt(ll) to undergo
the solvolysis processes that leads to the active species in the binding to DNA.

Reduction was not observed after the addition of ascorbic acid to a solution of 14 even after
two days (Figure S63). Thus, this complex is inert towards solvolysis and reduction under the
conditions applied.

When complex 8 was reacted with ascorbic acid, besides the solvolysis product already
observed in the absence of the reducing agent, the presence of a high amount of free ligand L4
was also detected (Figure S64). The ratio after 24 hours and three days was 8'/L4 = 30/70.
Complex 7 was not detected but the large amount of L4, which was much higher than that
observed after three days with 8 in DMSO solution (23%), and the instability of 7 (see above) led
us to propose that reduction of 8 to 7 and fast liberation of the free ligand from 7 takes place.

These NMR observations fit with the behaviour observed for 8, 10 and 14 in the
electrophoretic experiments. As stated previously, in the presence of ascorbate, complexes 8 and
10 showed DNA interaction, as their Pt(Il) congeners, but the interaction was very weak in the
case of 14.

As far as the reduction process is concerned, if we consider the peak potentials (Table 2) then
the ease of reduction of the Pt(IV) compounds follows the order: 14 < 10 < 8. This is not in
accordance with complex 10 being the only one to exhibit cytotoxicity. However, as stated in the
introduction, there is some controversy around the predictive ability of the peak potentials (E;)
obtained from cyclovoltammetry studies on the reduction of Pt(IV) compounds and the
determination of standard reduction potentials (E[) has been proposed as a more reliable
approach [55]. Thus, we decided to determine E[] for complexes 8, 10 and 14 by registering the
cyclic voltammograms at different scan rates (see Supporting Information, Figures S65-S73 and
experimental part for the methodology). When Ip is plotted against scan rate (Figures S7T4A-S76
A) or against the square root of scan rate (Figures S74B-S76B) for the three complexes, Ip
increases with scan rate and shows a linear relationship with the square root of scan rate. This
suggests that the reduction on the surface of the Pt electrode is a typical diffusion controlled
electrochemical process. The E[1 values are provided in Table 10 and reflect the following order
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of increasing reduction potentials 14 < 8 < 10. The reduction of 10 and 8, observed by NMR (with
ascorbic acid) and its binding to DNA (similar to its Pt(l) congeners, see above), as deduced by
agarose gel electrophoresis in the presence of ascorbate (Figures 10, S62 and S64), are consistent
with this order of reduction potentials (the reduction potential of ascorbic acid at pH = 7 is 0.27
V) [136]. In accordance with these data, reduction was not observed by NMR for 14 and only a
small change in the DNA band was detected, which could be due to a weak interaction, in clear
contrast with the strong binding observed with its Pt(Il) congener 13. In any case — and
considering the notable difference in E[J values between 8 and 10 — we propose that the lack of
cytotoxicity of complexes 8 and 14 may be due to a difficulty in the reduction process under

biological conditions.

Table 10

Standard reduction potentials (E[ 1) for complexes 10, 8 and 14 vs Ag/AgCI.
Complex 10 8 14
EC(v) 0.260.17 —0.29+0.13 -0.47+0.01

2. Conclusions

In order to perform an SAR study with Pt(l1) compounds and to verify the potential of Pt(IV)
derivatives, a set of fourteen dichloride Pt(Il) and tetrachloride Pt(I\V) compounds containing
different arylazole heterocyclic ligands acting as bidentate chelates has been synthesised and fully
characterised. Stacking interactions (Pt---Pt and/or n—m) in the square-planar Pt(Il) or octahedral
Pt(IV) complexes, whose structure was determined by X-ray diffraction, were detected.

The ‘Pt(INCIly” derivatives containing 2-(2'-pyridyl)benzoxazole (complex 7), 2-(2'-
pyridyl)imidazole (9) and especially that containing 2-(1H-benzimidazol-2-yl)aniline (13) were
found to be cytotoxic to different degrees against A549, MCF7, HCT116 and HT29 cancer cell
lines, with the limit of study being a 25 uM concentration. Complex 13 was notably more active
than cisplatin. Similarly to cisplatin, two aquation or solvolysis (DMSO) processes were observed
for 9 and 13 while 7 lost the ligand easily. For the most active complex 13, an in-depth analysis
by DFT calculations of the two aquation processes was carried out. It was found that the two
pathways for the first aquation, considering the asymmetry of the N*N’ ligand, were possible and
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that the second aquation was also feasible. It was verified that DNA was the target by means of
agarose gel electrophoresis and that the cell death took place by apoptosis in the case of 13. A
positive finding for possible future use as drugs is that the cytotoxic derivatives did not exhibit
haemolytic activity.

Although the three Pt(IV) congeners of the Pt(Il) active complexes entered into the cells
(MCF7), only one Pt(IV)compound, [PtCl4(L5)] (10), the congener of complex 9, was cytotoxic
in the HCT116 cell line. What concerns the reduction process, it was concluded that the peak
reduction potential is not a useful parameter to predict the ability for reduction. However, a
correlation between the cytotoxic activity and the standard reduction potential, E[1, obtained by
measuring cyclic voltammetry experiments at different scan rates, was found.

In conclusion, compounds with formula [PtCl4(N”~N’)] are not the best candidates for Pt(IV)
prodrugs. In any case, it has been demonstrated that not only the axial ligands but also the
equatorial ones affect the reduction process and one important conclusion is that the standard
reduction potential (E[1), and not the peak potential, may be a parameter of interest as a predictive
tool for future studies concerning the use of Pt(IV) derivatives as anticancer prodrugs. Besides,
we have demonstrated the positive effect on the cytotoxic activity of an aniline fragment in a
NAN’ ligand in [PtCI;(N"N’)] complexes, a fact that may pave the way to study other Pt

complexes with heterocyclic bidentate ligands containing this ring.

Appendix A. Supplementary data. cif files. x,y,z files from DFT calculations.
Synthesis and general characterization of complexes and NMR data. Crystal data, Figures
and Tables of the intermolecular interactions. Cyclic voltammograms. Electronic spectra.
DFT studies. Aquation processes. NMR studies of the stability in solution and reduction
process of Pt(IV) compounds. Information from biological studies. The following files

are available free of charge.
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