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ABSTRACT:

The synthesis of six novel cyclometallated platinum(IV) iodido complexes is accomplished by
intermolecular oxidative addition of methyl iodide (compounds 2a—2c¢) or iodine (compounds 3a—3c¢)
upon cyclometallated platinum(II) compounds [PtX{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (1a—1c: X =
Cl, CH3 or I). The X-ray molecular structures of platinum(Il) compound 1c and platinum(IV)
compounds 3b and 3a’ (an isomer of 3a) are reported. The cytotoxic activity against a panel of human
adenocarcinoma cell lines (A-549 lung, MDA-MB-231 and MCF-7 breast, and HCT-116 colon), DNA
interaction, topoisomerase I, Ilo, and cathepsin B inhibition, and cell cycle arrest, apoptosis and ROS
generation of the investigated complexes are presented. Remarkable antiproliferative activity was
observed for most of the synthesized cycloplatinated compounds (series 1-3) in all the selected
carcinoma cell lines. The best inhibition was provided for the octahedral platinum(IV) compounds 2a—
2¢ exhibiting a methyl and an iodido axial ligand. Preliminary biological results point to a different
mechanism of action for the investigated compounds. Cyclometallated platinum(Il) compounds la—1c
modify the DNA migration as cisplatin. In contrast, cyclometallated platinum(IV) compounds 2a—2¢ and
3a—-3c did not modify the DNA tertiary structure neither in the absence nor in the presence of ascorbic
acid, which made them incapable of reducing platinum(IV) compounds 2b and 2¢ in a buffered aqueous
medium (pH 7.40) according to 1H NMR experiments. Remarkable topoisomerase Ila inhibitory
activity is reported for platinum(IV) complexes 2b and 3a and in addition, for the last one, a moderate
cathepsin B inhibition is reported. Cell cycle arrest (decrease in GO/G1 and G2 phases and arrest in the S
phase), induction of apoptosis and ROS generation are related to the antiproliferative activity of some

representative octahedral cyclometallated platinum(IV) compounds (2band 2c).
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INTRODUCTION

Following the well-established square-planar platinum(II) anticancer drugs, octahedral platinum(I'V)
complexes currently attract a great deal of attention as they display a number of advantages related to
their inertness and to the possibility of tuning their properties through the additional axial ligands.1—4
Although several platinum(IV) complexes have undergone clinical trials, none has been approved to
date, and the rational design of new platinum(IV) potential antitumor agents still remains a challenge.
On the other hand, in the last few years, the antitumor properties of cyclometallated platinum(II)
compounds have been studied by several groups5—12 including ours.13—16 These compounds present
several advantages such as high stability and increased lability of the leaving groups due to the strong
transeffect of C-donor ligands. Surprisingly, very little attention has been devoted to cyclometallated
platinum(IV) compounds16,17 although these species combine the properties imparted by the presence
of a platinum(IV) center and a cyclometallated ligand.

Cyclometallated platinum(IV) compounds can be obtained in a straightforward process consisting of
intramolecular C—X bond activation from an adequate platinum(II) substrate and a potentially tridentate
[C,N,N'] ligand (method A in Scheme 1).16,18-22 Alternatively, these compounds can be

obtained in a two-step process in which the previous synthesis of cyclometallated platinum(II)
compounds is followed by intermolecular oxidative addition (method B in Scheme 1). The second route
presents some advantages since it allows the synthesis of cyclometallated platinum(IV) compounds with
either identical or distinct axial ligands as well as a direct comparison of the properties of the
platinum(IV) compounds with those of the parent cyclometallated platinum(Il) compound. Moreover, in
these compounds, the nature of the axial ligands Y, Z and that of the equatorial ligand X (see Scheme 1)
can be easily modified.

Intermolecular oxidative addition has been extensively studied on square-planar platinum(II)
compounds and it is generally observed that the set of equatorial ligands of the resulting platinum(IV)
compounds retain the stereochemistry of the starting platinum(Il) compound while the new ligands
occupy the axial positions.23,24 Intermolecular oxidative addition on coordination compounds such as
cisplatin, carboplatin and their analogues is often the method of choice to prepare platinum(I'V) prodrugs
with the most widely used oxidizing agents being halogens or hydrogen peroxide.25-31

Oxidative addition reactions on cyclometallated platinum(II) compounds have received less attention
and often involve reagents such as methyl iodide.32-35 In this work, the oxidative addition of both
methyl iodide and iodine to several cyclometallated platinum(II) compounds was studied with the
purpose of developing a systematic method to prepare novel octahedral cyclometallated platinum(I'V)

compounds potentially useful as antitumor agents.
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RESULTS AND DISCUSSION

Syntheses and characterization

Three [C,N,N'] cyclometallated platinum(II) compounds of the general formula

[PtX {(CH3)2N(CH2)3NCH(4-CIC6H3)}] (1a—1c) were prepared from imine (CH3)2N(CH2)3NCH(4-
CIC6H3) and adequate platinum precursors (see Scheme 2). The synthesis of compound 1a (X = Cl)
from cis-[PtCI2(dmso)2] and the molecular structure of 1a have been previously reported.36 Compound
1b (X = CH3) was prepared from [Pt2(CH3)4{u-S (CH3)2}2] following previously reported procedures
for analogous compounds.19,37 Interest in compounds containing a methyl ligand arises from the fact
that additional C-donor ligands might further increase both the stability of the compound and the lability
of the ligand in trans. In addition, in view of the renewed interest in iodinated platinum(II) complexes as
antitumor agents,38—40 platinum(II) compound 1c containing an iodido ligand was also prepared in this
work. This compound was initially obtained from the reaction of 1a with AgNO3, followed by a
reaction with potassium iodide. However, better yields and purity were achieved using cis-
[PtI2(dmso)2]41 as a metallating agent, reaction conditions similar to those previously described for the
synthesis of 1a36 and a reaction time of 48 hours. The structure of compound 1c was determined
crystallographically and is shown in Fig. 1. As expected,19,36,37 the metallacycle adopts a practically
planar arrangement and is nearly coplanar with the coordination plane, the dihedral angle between the
mean planes being 4.02°. Although the chelate six-membered ring deviates from planarity, the mean
plane of the (N,N’) chelate is only tilted 7.17° from the coordination plane. Most bond angles at
platinum are close to the ideal value of 90°, and the smallest angle (80.64°) corresponds to the
metallacycle. A comparison of the bond distances with those of 1a reveals that the presence of an iodido
instead of a chlorido ligand shortens the Pt—Nimine bond in trans while the bond distances in cis (Pt—
N(CH3)2 and Pt-C) are elongated.

In addition, the new cyclometallated platinum(II) compounds 1b and 1¢ were characterized by NMR
spectroscopy. For both compounds, N(CH3)2 appears as a singlet integrating for 6H and coupled to
platinum and the imine proton is also coupled to platinum. The 3J (Pt-H) values (59.6 Hz for 1b and
139.0 Hz for 1c) are consistent with the presence of a methyl or an iodido ligand in trans, respectively.
In addition, the aromatic proton Ha is also coupled to 195Pt (3J (Pt—H) = 65.2 Hz for 1b and 48.6 Hz for
I¢) and is down-field shifted for 1¢ when compared to 1b (8.75 vs. 7.63 ppm).

Oxidative addition reactions with methyl iodide and iodine were carried out on compounds la—1c in
order to produce octahedral cyclometallated platinum(IV) compounds containing either two distinct (2a—
2¢) or two identical (3a—3c) ligands in the axial positions (see Scheme 1). The proposed mechanisms for
both methyl iodide24 and iodine42 oxidative addition reactions point to the formation of octahedral
platinum(IV) compounds in which the new ligands are mutually trans as depicted in Scheme 3.

Nevertheless, further isomerization reactions might bring these ligands to mutually cis positions.
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Compound 1b containing an electron-donating methyl ligand is expected to react more readily in these
reactions. In fact, the oxidative addition reactions took place in all cases but it was observed that while
the reaction of 1b with CH3I is completed in one hour, 1a and 1c require longer reaction times. The
obtained compounds 2a—2¢ were characterized by 1H NMR spectra in which the N(CH3)2 and the
(CH2)3 protons are diastereotopic due to the absence of a symmetry plane. In contrast, compounds 3a—
3c obtained in the reactions with iodine display simpler 1H NMR spectra due to the equivalence of the
dimethylamino and the methylene protons. Selected IH NMR data of platinum(IV) compounds 2a—2c¢
and 3a—3c are collected in Table 1 along with those obtained for the parent platinum(Il) compounds la—
lc.

The expected reduction of J (Pt—H) values upon oxidation18,19,43 is observed for the imine proton
when platinum(IV) compounds are compared with the corresponding parent platinum(II) precursor (2a
and 3a vs.la, 2b and 3b vs. 1b, 2¢ and 3¢ vs. 1¢) and as indicated for platinum(Il) compounds, the value
of this coupling constant strongly depends on the nature of the group in trans to the imine. The values of
2J (Pt—H) for the methyl ligand also decrease upon oxidation of the platinum,19 for instance 2J (Pt-H) =
80.8 Hz for 1b decreases to 69.2 Hz upon oxidative addition of iodine (3b). It is interesting to point out
that compounds 2¢ and 3b are geometric isomers with the methyl ligand, either trans to the iodido ligand
(2¢) or to the imine group (3b). The methyl-platinum protons of these isomers are observed at distinct
chemical shift values (1.71 (2¢) vs. 2.21 ppm (3b)) while only a small difference in the 2J (Pt—H) values
is observed (65.5 vs. 69.2 Hz, respectively). Similar 2J (Pt—H) values are obtained for 2b which contains
two methyl ligands, the equatorial trans to an imine and the axial trans to an iodido ligand. In addition,
compound 3b was characterized crystallographically (see below).

While compounds 2a, 2c, 3b and 3¢ are obtained as a single isomer according to the obtained NMR
spectra, a careful inspection of the 1H NMR spectra of the cyclometallated platinum(IV) compounds 2b
and 3a reveals the presence of a minor isomer in an amount of less than 10% of the mixture. The
isomerization of compound 3a could arise from the exchange of the positions of the chlorido and the
iodide ligands leading to 3a’ depicted in Scheme 4. This is consistent with the fact that compound 3c,
containing only iodide ligands, does not show isomerization. In addition, upon crystallization of 3a in
dichloromethane—methanol mixtures, crystals of 3a’ were obtained as deduced from crystallographic
analyses (see below). In contrast, the presence of a minor isomer of 2b should be assigned to the
I/N(CH3)2 exchange leading to compound 2b”, since the three C-donor ligands always adopt a fac-PtC3
arrangement in octahedral platinum(IV) compounds. 17,19,20 This type of mer- to fac-[C,N,N']
isomerization has been described for analogous cyclometallated platinum(IV) compounds containing
three C-donor ligands.19,20

The structures of 3b and 3a’ were determined crystallographically and are shown in Fig. 2 and 3,
respectively. For 3b, two independent molecules with bond parameters equal within the experimental
error [36] are present in the asymmetric unit. As expected from NMR studies, for both 3b and 3a’, the

platinum atom displays an octahedral coordination with a meridional tridentate [C,N,N'] ligand. An
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equatorial methyl and two axial iodido ligands (3b) or an axial chloride and two mutually cis iodido
ligands (3a’) complete the coordination around the platinum. The main distortion from the ideal
octahedral coordination is due to the small bite angle of the metallacycles (3b, 79.76(8)° and 3a’,
80.5(3)°). In both cases, the metallacycle is planar and nearly coplanar with both the coordination plane
and the mean plane of the (N,N’) chelate. For 3b, the axial ligands form an [-Pt-I angle of 170.128(6)°,
somewhat smaller than that reported for the platinum(I'V) prodrug of cisplatin cis,cis,trans-
[Pt(NH3)2CI212].25 A comparison of the bond distances with those of 1c reveals that the equatorial Pt—
Nimine, Pt—N(CH3)2 and Pt—C bond lengths are moderately longer for the platinum(IV) compounds 3b
and 3a’. In addition, the Pt~Nimine bond is longer for 3b (trans to the methyl ligand) than for 3a’ (trans

to the iodido ligand) in agreement with the higher trans influence of C-donor ligands.

Solution studies: stability and reduction behavior with ascorbic acid

The stability of platinum(IV) compounds 2b and 2¢ in the aqueous biological media was evaluated by
recording the 1H NMR spectra of the compounds (1 mM) in 50 mM phosphate buffer (in D20, pD
7.40); 2 drops of deuterated DMSO were added to solubilize the compound in the media. The obtained
spectra, shown in the ESI (Fig. S1 and S27), were compared with those obtained at different storage
periods. For 2b, from the very beginning until the last recorded spectrum after 10 days, the same product
is observed. This compound displays an imine resonance at 8.59 ppm coupled to 195Pt (3J(H-Pt) = 52
Hz) and two methyl resonances coupled to platinum at 0.65 ppm (2J(H-Pt) = 80 Hz) and 0.92 ppm
(2J(H-Pt) = 64 Hz) assigned to the axial and equatorial methyl ligands, respectively. These results are
consistent with a fast substitution of the axial iodido ligand (trans to the axial methyl ligand) in
compound 2b by water or dimethylsulfoxide in agreement with the high trans influence of the carbon
atom. The newly formed solvated species (Ib) is stable after 10 days without any evidence of
decomposition (Fig. S1 in the ESIt). For 2c, two products showed up from the very beginning and the
relative intensities of the signals changed along the monitored period (Fig. S2 in the ESIt). This result
suggests that in this case substitution of both iodido ligands for the solvent might take place sequentially
leading to species Ic and II as shown in Scheme 5. The substitution is faster for the iodido in trans to the
methyl group than for the iodido in trans to the nitrogen atom and the proportion of solvated species 11
increases with time while that of species Ic decreases. The replacement of the N(CH3)2 moiety of the
[C,N,N'] ligand by either D20 or d6- DMSO leading to species III cannot be ruled out since platinum
satellites could not be observed clearly for this signal.

The reaction with ascorbic acid, a biologically relevant reducing agent, was monitored by 1H NMR
spectroscopy using analogous conditions [1 mM of platinum(IV) compound + 2 drops of deuterated
DMSO + 50 mM phosphate buffer and 25 Mm ascorbic acid] and the obtained spectra are given in the
ESI (Fig. S3 and S4+). Again, for compounds 2b and 2c, the aromatic and imine regions were most
informative since in these regions neither the solvents nor the ascorbic acid interfere with the signals of

complexes 2b and 2¢. No evidence was found for the reduction of the platinum(IV) complexes 2b and
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2¢ to the corresponding reduced platinum(Il) compounds 1b and 1c. For 2b, the initially formed species
is stable after ten days as evidenced by the lack of changes in the aromatic and imine regions (Fig. S3 in
the ESIT). The two methylplatinum resonances at 0.45 ppm (2J(H-Pt) = 56 Hz) and 0.92 ppm (2J(H-Pt)
= 64 Hz) also remain unchanged after ten days. A comparison of these values with those observed for
species Ib indicated that the axial methyl signal is shifted from 0.65 ppm (2J(H-Pt) = 80 Hz) to 0.45
ppm (2J(H-Pt) = 56 Hz) and this suggests that the solvent coordinated in trans to the axial methyl in Ib
could be replaced by ascorbic acid, leading to species IV. For 2c, a new species that remains stable after
72 h is formed upon adding the ascorbic acid (Fig. S4 in the ESIt). Since compound 2¢ displays two
labile Pt—I bonds, the coordination of ascorbic acid in both positions, either as two monodentate or one
bidentate ligand as shown in species V, is possible. In this case, a comparison of the obtained NMR data
with those of Ic suggests that a change of both the axial and the equatorial ligands should affect more the
chemical shift of the aromatic and imine signals of the final product than when exclusively the axial

ligand is changed as for species I'V.
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BIOLOGICAL STUDIES

Antiproliferative assay

The antiproliferative activity of cyclometallated Pt(Il) (1a—1c)and cyclometallated Pt(IV) (2a—2c and
3a—-3c) complexes along with cisplatin, as a positive control, was determined by using the MTT assay.
The non-small A-549 lung, HCT-116 colon and MCF-7 and MDA-MB-231 breast adenocarcinoma cell
lines were used in the study. The half-maximal inhibitory concentration (IC50) values of cisplatin and
the investigated compounds evaluated after 72 h of drug exposure are depicted in Table 2 and Fig. 4.
Series 1 [square planar Pt(II) compounds] and series 2 an 3 [octahedral Pt(IV) compounds] exhibited
remarkable cytotoxicity in all the carcinoma cell lines selected, although showing great differences in
their cytotoxic effectiveness. Cyclometallated Pt(IV) series 2, with CH3/I as axial ligands, showed the
lowest IC50 values of the series and special sensitivity for A-549 lung (1.42-2.62 uM) and HCT-116
colon (1.26-5.43 uM) and MDA-MB-231 (2.06-3.45 uM) breast cancer cells. Compound 2¢, exhibiting
an iodido group in trans to the imine nitrogen, was approximately up to 3.5-, 5- and 5-fold more potent
than cisplatin itself in A-549 lung, HCT-116 colon and MDA-MB-231 breast cells, respectively.
Interestingly, considering the breast adenocarcinoma cells (MDA-MB-231 and MCF-7), series 2 showed
stronger selectivity for the triple negative (ER, PR and HER2 negative) MDA-MB-231 (2.34-3.45 uM)
than for the ER and PR positive MCF7 (6.90-37.78 uM) cancer cells.

DNA interaction in the presence or absence of ascorbic acid

The interaction of cyclometallated Pt(II) (1a—1c) and cyclometallated Pt(IV) (2a—2c and 3a—3c)
complexes with DNA was assessed by their ability to modify the electrophoretic mobility of the
supercoiled closed circular (sc) and the open circular (oc) forms of pBluescript SK+ plasmid DNA. The
sc form usually moves faster due to its compact structure.

Fig. 5 shows the electrophoretic mobility of pBluescript SK+ plasmid DNA incubated with
cyclometallated series 1, 2 and 3 at increasing concentrations. For comparison, the incubation of DNA
with cisplatin and ethidium bromide (EB) was also performed.

As was expected, based on the previous results, square planar platinacycles 1a—1c alter the mobility of
plasmid DNA (Fig. 5), especially compound Ic. A decrease in mobility was observed at quite high
concentrations tested in the experiment (up to 50 uM for compound 1¢ and 100 uM for compounds 1a
and 1b). For comparison, the reference cisplatin modifies the DNA electrophoretic migration at a
considerably much lower concentration (2.5 uM). On the basis of this gel mobility shift assay, it is
hypothesized that platinacycles 1a—1c alter the DNA tertiary structure by the same mechanism as the
standard reference, cisplatin, but at higher concentrations. In contrast with these findings, octahedral
Pt(IV) compounds 2a—2c¢ and 3a—3c (Fig. 5) did not modify the plasmid DNA electrophoretic mobility,

pointing to a different mechanism of action or an alternative biomolecular target. It is worth mentioning
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that Pt(II) compounds, triggering the greatest effect in the DNA tertiary structure, were not the more
cytotoxic agents of the studied series.

In order to investigate the effect of ascorbic acid on the in vitro activity of the octahedral platinum(IV)
compounds 2a—2c¢ and 3a—3c, further experiments were conducted. Supercoiled pBluescript SK+
plasmid DNA was co-incubated with series 2 and 3 (0-200 pM) in the absence and presence of ascorbic
acid (500 pM) at 37 °C for 24 h (Fig. 6). No alteration on the DNA electrophoretic mobility was
observed for the Pt(IV) compounds investigated at any of the concentrations tested. Hence it is assumed
that no reduction took place to yield the corresponding platinum(Il) cyclometallated compounds la—Ic,
which were able to modify the DNA migration in the previous electrophoretograms.

These results were in accordance with the above 1H NMR experiments performed in the presence of
ascorbic acid (aqueous solution at pH = 7.40). The reluctance of the Pt(IV) cyclometallated compounds
under study (2a—2c¢ and 3a—-3c¢) to be reduced is also in agreement with the previously published results

on Pt(IV) cyclometallated compounds.17

Topoisomerase inhibition

Topoisomerases are essential nuclear enzymes that maintain the topological change of DNA and play a
key role in transcription, replication and chromosome segregation.44 Human DNA topoisomerases (topo
I and topo II) are expressed at different levels in different cancer types. For instance, topo I is
overexpressed in colon cancer cell lines, while topo II is overexpressed in breast and ovarian cancer cell
lines.45 Camptothecin and etoposide, topo I and topo II inhibitor, respectively, are clinically approved
anticancer drugs. Human topoisomerases operate in two different ways. One causes single-strand breaks
(SSBs, called type I), and the other induces double-strand breaks (DSBs, type II), during cell
proliferation processes. Between these two types of topoisomerases, topoisomerase Il is essential to
relax supercoiled DNA through a catalytic cycle of DSBs.45 There are two isoforms of topoisomerase
IL, a and B forms. Despite their similarities, the two enzymes have distinct patterns of expression and
physiological functions in vertebrate cells. The expression level of topoisomerase Ila is up-regulated
dramatically during cell proliferation. 46 It is found at replication forks and remains tightly associated
with chromosomes during mitosis.47 In contrast, the expression of the B isoform is independent of the
proliferative status of cells and the enzyme dissociates from chromosomes during mitosis.48 Therefore,
topoisomerase Ila has been considered as a more attractive target than topoisomerase 11§ for the
development of chemotherapeutic agents.47

To evaluate the ability of the platinum(IV) complexes 2a—2¢ and 3a—3c¢ to inhibit topoisomerase I or to
intercalate into DNA, a topoisomerase-based gel assay was performed.49 Supercoiled pBluescript
plasmid DNA was incubated in the presence of topoisomerase I at increasing concentrations of
compounds 2 and 3. Ethidium bromide (EB), used as an intercalator control, prevents the shift of

supercoiled DNA into a relaxed state. The results showed that none of the investigated compounds
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prevent unwinding of DNA by the action of topoisomerase I, indicating that the compounds are neither
intercalators nor the topoisomerase I inhibitor (not shown).

To evaluate the ability of the platinum(IV) complexes 2a—2c and 3a—3c to inhibit topoisomerase lia, a
similar topoisomerase-based gel assay was performed.50 Supercoiled pBluescript plasmid DNA was
incubated in the presence of topoisomerase Ila at increasing concentrations of compounds series 2 and
3. Etoposide was used as a control of the topo Ila inhibitor. Fig. 7 summarizes the topo Ila inhibitory
activity of the assayed compounds. Platinum(IV) complex 3¢ showed strong topo Ila inhibitory activity
at 100 uM and platinum(IV) complexes 2b and 3a showed considerable topo Ila inhibitory activity at 20
UM. These results are very remarkable, taking into account that, under the conditions of the experiment,
platinacycles 2b, 3a and 3c, in particular 2b and 3a, are by far more potent than the anticancer marketed
drug etoposide. Further experiments are ongoing to study the poison or catalytic character of the
synthesized topo Ila inhibitors.

Cathepsin B inhibition Cathepsin B is a metalloprotease that has been proposed to participate in
metastasis, angiogenesis, and tumor progression in solid tumors. Recently, an excellent correlation
between cathepsin B inhibition and cytotoxicity for some metallacycles has been reported.51 It should
be noted that platinum(IV) compound 3a inhibits cathepsin B (IC50 = 55 + 4 uM). In contrast, while
compounds 3b and 3¢ present a very similar chemical structure, platinum(Il) compounds la—1¢ and

platinum(IV) compounds 2a—2c¢ did not show any significant cathepsin B inhibitory activity.

Effect of compounds 2b and 2c¢ on cell cycle distribution

Cell cycle is the organized and monitored process between two mitotic divisions which assure the proper
cell proliferation.52 Cell cycle distribution basically consists of three main phases: quiescent and gap1
(GO and G1), synthesis (S), and gap2 and mitosis (G2 and M) phases. It is a very tightly regulated set of
events that involves various checkpoints and several proteins which are proposed as antitumor targets,
and any disruption in this machinery causes oncogenesis.52—54 The effect of compounds 2b and 2c¢ (as
representative examples of platinum(IV) compounds) on the cell cycle distribution was studied over the
A-549 lung cancer cell line. A-549 cells were incubated with these compounds at their half maximal
inhibitory concentrations (IC50) for 72 h and then analyzed by Fluorescence Activated Cell Sorting
(FACS) using propidium iodide (PI) staining to quantify the DNA content of each cell population. As
shown in Fig. 8, it is observed that both compounds have a similar decrease in the GO/G1 and G2 phases
while they lead to a significant arrest in the S phase of the cell cycle distribution (over 20%) where the

cells supposedly stop DNA replication.

Effect of compounds 2b and 2c¢ on apoptosis induction
Organisms have evolved in a way that unhealthy or damaged cells are eliminated from the body in a
programmed cell death mechanism known as apoptosis. Unlike healthy cells, as a cancer hallmark,

cancer cells often avoid the apoptotic stimuli which are caused under increased stress conditions.55,56
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Therefore, chemotherapeutic-induced apoptosis is of great interest in cancer therapy. On the other hand,
any alteration in the cell cycle may induce apoptosis,57 and therefore, the apoptotic properties of
compounds 2b and 2c (as representative examples of platinum(IV) compounds) in the A-549 cell line
were investigated. A-549 cells were incubated with these compounds at their half maximal inhibitory
concentrations (IC50) for 72 h and then analyzed by flow cytometry using fluorescein- labeled annexin
V (AV-FITC, annexin V-fluorescein isothiocyanate) and propidium iodide (PI) staining.

Apoptosis starts with the loss of plasma membrane symmetry, and phosphatidylserine (PS) is
translocated from the inner membrane to the outer. In this way, the externally exposed PS can bind to
the annexin V-FITC conjugate with a high affinity in the outer environment of the cell. The integrity of
the cell membrane is lost at the late apoptotic/necrotic stages, thus allowing PI to access the nucleus and
intercalate between the DNA bases.58,59 Flow cytometry analysis with annexin V-FITC staining and PI
accumulation was used to distinguish the non-apoptotic cells (annexin V— and PI-), early apoptotic cells
(annexin V+ and PI-) and late apoptotic/necrotic cells (PI+).

As shown in Fig. 9, both compounds have high apoptotic effects on A-549 cells. Treatment with
compound 2b at its half maximal inhibitory concentrations (IC50) for 72 h resulted in 80% decrease in
the healthy cell population while early apoptotic and necrotic populations increased significantly (35%
and 44%, respectively). Similarly, treatment with compound 2c at its half maximal inhibitory
concentrations (IC50) for 72 h resulted in around 20% decrease in healthy cell population and the
population of early apoptotic cells has increased around 20%. Compound 2¢ did not induce any
significant necrosis. These results indicate that both compounds, 2b and 2c, have highly potent
antiproliferative effects on the A-549 lung cancer cells. The mechanism of action of the compounds is a
combination of cell cycle arrest and particularly apoptosis induction. Compound 2¢ mostly induces an
increase in the population of early apoptotic cells, while 2b induces an increase both in apoptotic and

necrotic cells, hence indicating the potential of these compounds to be used in cancer chemotherapy.

Generation of reactive oxygen species (ROS)

Reactive oxygen species (ROS) include molecules with increased reactivity such as superoxide (02 —),
hydrogen peroxide (H202), hydroxyl radical (*OH) and singlet oxygen (102) and are produced in all
cells as normal metabolic by-products. The effect of ROS on cells depends on its concentration, and low
ROS concentrations are reported not only to contribute to cell survival and proliferation as it plays a role
in post translational modification of phosphatases and kinases60,61 but also to be required for
homeostatic signaling events, cell differentiation and cell mediated immunity. While moderate ROS
levels lead to the expression of some stress responsive genes involving HIF-1, which in turn triggers the
expression of prosurvival proteins,62 high ROS levels may induce severe damage to several cellular
macromolecules involving proteins, lipids, nuclear and mitochondrial DNA and cause the induction of
cell senescence or crisis.63 High ROS levels may also lead to permeabilization of mitochondria which

causes the release of cytochrome ¢ and in turn, apoptosis.64 It has been reported that ROS may play an
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important role in cisplatin-induced cytotoxicity65 since cisplatin is known to produce ROS.66
Nevertheless, the ROS formation of platinum(I'V) complexes has not been studied widely so far.

In this study, the amount of ROS generated by compounds 2b and 2c (as representative examples of
platinum(IV) compounds) in the A-549 cell line was investigated. A-549 cells were incubated with these
compounds at their half maximal inhibitory concentrations (IC50) for 72 h and then analyzed by flow
cytometry using the DFCH-DA (2',7'-dichlorofluorescein diacetate) assay. As shown in Fig. 10,
compound 2b did not cause significant ROS generation while the production of ROS in A-549 cells
incubated with compound 2c increased significantly compared to control cells. These results are in
accordance with the previous studies exhibiting that certain platinum(IV) complexes are able to induce

elevated ROS levels as part of their biological activities in cancer cells.17,67,68
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CONCLUSIONS

A systematic method to prepare novel octahedral cyclometallated platinum(IV) compounds containing
one, two or three labile iodido ligands is presented. Six new cyclometallated platinum(IV) compounds
including two geometrical isomers (2¢ and 3b) were prepared from the intermolecular oxidative addition
of methyl iodide (compounds 2a—2c) or iodine (compounds 3a—3c) to cyclometallated platinum(II)
compounds [PtX {(CH3)2N(CH2)3NCH(4-CIC6H3)}] (1a—1c: X = CI, CH3 or I). All compounds were
characterized by NMR spectroscopy and elemental analyses. The molecular structures of platinum(II)
compound 1c¢ and platinum(IV) compounds 3b and 3a’ (an isomer of 3a) were solved by X ray analyses.
The cytotoxic activity against a panel of human adenocarcinoma cell lines (A-549 lung, MDA-MB-231
and MC-7 breast, and HCT-116 colon) was determined for these compounds and the cyclometallated
platinum(II) precursors. All compounds exhibited a remarkable cytotoxicity in all the selected cancer
cell lines and cyclometallated compounds 2a—2c¢ containing a methyl and an iodido axial ligand are the
most potent. The electrophoretic mobility of platinum(Il) compounds 1a—1¢ indicates alteration of the
DNA tertiary structure in a similar way to cisplatin, although at higher concentrations. In contrast,
platinum(IV) compounds 2a—2c¢ and 3a—3c were not effective at all for removing the plasmid DNA
supercoils, not even in the presence of ascorbic acid. Consistently, IH NMR experiments carried out for
2b and 2c¢ did not show evidence of reduction in the presence of ascorbic acid. Topoisomerase-based gel
assays indicated that none of the compounds 2a—2¢ and 3a—3c were topoisomerase I inhibitors, but
compounds 2b and 3a, and to a lesser extent 3¢ showed considerable topo Ila inhibitory activity. In
addition, compound 3a inhibits cathepsin B. Compounds 2b and 2¢ were found to supress A-549 lung
cancer cell growth by a combination of cell cycle arrest and apoptosis induction. Moreover, compound
2c¢ can induce the ROS levels. As a whole, these studies indicate that these new cyclometallated
platinum(IV) compounds containing iodide ligands display a high potential to be used in cancer
chemotherapy. Their biological properties can be tuned by a careful choice of the nature, number and

arrangement of the iodide ligands in the coordination sphere of platinum(IV).
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EXPERIMENTAL SECTION

Chemistry

General. Microanalyses were performed at the Centres Cientifics i Tecnologics (Universitat de
Barcelona). Mass spectra were performed at the Unitat d’Espectrometria de Masses (Universitat de
Barcelona) in a LC/MSD-TOF spectrometer using H2O-CH3CN 1 : 1 to introduce the sample. NMR
spectra were performed at the Unitat de RMN d’Alt Camp de la Universitat de Barcelona using a
Mercury-400 (1H, 400 MHz; 13C, 100.6 MHz) or a Bruker 400 Avance III (195Pt, 85.68 MHz) and
referenced to SiMe4 (1H and 13C) or to H2PtCI6 in D20 (195Pt). & values are given in ppm and J
values in Hz. Abbreviations used: s = singlet; d = doublet; t = triplet; m = multiplet.

Preparation of the complexes. All reagents were obtained from commercial sources and used as
received. Ligand 4-CIC6H4CHN(CH2)3N(CH3)2 36 and compounds [Pt2(CH3)4 {u-S(CH3)2}2],69
cis-[PtI2(dmso)2],41 and [PtCI1{(CH3)2N(CH2)3NCH (4-CIC6H3)}]36 (1a) were prepared as reported
elsewhere. Compound la was purified by column chromatography using SiO2 as the stationary phase
and dichloromethane—methanol (100 : 1) as the eluent.

[Pt(CH3){(CH3)2N(CH2)3NCH(4-CIC6H3)}] (1b) was obtained from 0.207 g (0.4 mmol) of
[Pt2(CH3)4{p-S(CH3)2}2] and 0.146 g (0.7 mmol) of imine 4-CIC6H4CHN(CH2)3N(CH3)2, dissolved
in toluene (40 mL). The mixture was refluxed for 1 hour obtaining a red-garnet solution. The solvent
was removed and the solid was treated with diethyl ether (5 mL) and filtered. Yield: 0.227 g (64%). 1H-
NMR (400 MHz, CDCI3): 6 8.56 [s, 3] (Pt-H) = 59.6, 1H, Hd] 6 7.63 [d, 3] (Pt-H) = 65.2, 4J(H-H) =
1.6, 1H, Ha] 6 7.18 [d, 3J(H-H) = 8.0, 1H, Hc] ¢ 6.95 [dd, 3J(H-H) = 8.0, 4J(H-H) = 2.0, 1H, Hb] 3
3.85[t, 3J(H-H) = 4.6, 2H, He] 6 2.91 [m, 2H, Hg] 6 2.73 [s, 3] (Pt-H) = 23.6, 6H, Hh] 6 2.02 [qi,
3J(H-H) = 5.1, 2H, Hf ] 8 0.99 [s, 2J (Pt-H) = 80.8, 3H, Hi]. 13C-NMR (100.6 MHz, CDCI3): 8 171.6
[2] (Pt—C) = 82.1, Cd] 5 146.4, 144.9, 136.8 [Caromatics] & 132.8 [Ca] 6 128.5 [3] (Pt—C) =45.9, Cc] d
122.1 [Cb] 6 65.1 [Cf] 6 56.4 [Ce] 6 49.8 [Ch] 6 27.58 [Cg] 6 10.53 [Ci]. 195Pt-NMR (85.68 MHz,
CDCI3): —3735.55 [s]. Anal. calc. for CI13H19CIN2Pt (%): C, 35.99; H, 4.41; N, 6.46. Found (%): C,
35.71; H, 4.58; N, 6.19.

[PtI{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (1c) was obtained from 0.426 g (0.70 mmol) of cis-
[PtI2(dmso)2], 0.158 g (0.75 mmol) of imine 4-CIC6H4CHN(CH2)3N(CH3)2 and 0.063 g (0.77 mmol)
of sodium acetate dissolved in methanol (30 mL). The mixture was refluxed for 48 hours, then the
solvent was removed and the solid was extracted with dichloromethane (20 mL) to yield a dark red
solution that was evaporated to dryness. The residue was recrystallized at room temperature from
dichloromethane— methanol. Yield: 0.166 g (44%). Alternatively, compound 1lc — slightly impure with
traces of la according to the IH NMR spectrum — was obtained from la. 76 mg (0.17 mmol) of 1a were
dissolved in 15 mL of dichloromethane and a solution of AgNO3 (34 mg, 0.20 mmol) in 5 mL of
methanol was added. After stirring for one hour, the mixture was filtered and 60 mg (0.36 mmol) of KI

were added. After stirring for 30 minutes, the solvent was removed and the residue was recrystallized in
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dichloromethane—methanol. Yield 0.160 g (42%). 1H-NMR (400 MHz, CDCI3): 6 8.75 [d, 3] (Pt-H) =
48.6, 4J(H-H) = 2.0, 1H, Ha] 6 8.42 [s, 3] (Pt-H) = 139.0, 1H, Hd] ¢ 7.18 [d, 3J(H-H) = 8.0, 1H, Hc] &
6.95 [dd, 3J(H-H) = 8.1, 4J(H-H) = 2.0, 1H, Hb] 6 3.84 [td, 3] (Pt-H) = 33.9, 3J(H-H) = 4.6, 4J(H-H)
= 1.6, 2H, He] 6 3.01 [s, 3] (Pt-H) = 16.7, 6H, Hh] 6 2.82 [m, 2H, Hg] 6 2.06 [m, 2H, Hf ]. HRMS-ESI-
(+) {H20 :CH3CN (1 : 1)}, m/z: 459.0897 (calc. for C14H19N3CIPt 459.0909) [M — NH4 + CH3CN]+.
Anal. calc. for C12H16CIIN2Pt (%): C, 26.41; H, 2.96; N, 5.13. Found (%): C, 27.60; H, 3.09; N, 5.25.
[Pt(CH3)CII{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (2a) was obtained from 0.050 g (0.11 mmol) of the
cyclometallated [PtC1{(CH3)2N(CH2)3NCH(4-CIC6H3)}] 1a dissolved in acetone. 1 mL of CH3I was
added and the mixture was stirred for 24 hours. After this time, the solvent was removed, the residue
was washed with diethyl ether (10 mL) and the yellow solid was filtered under vacuum. Yield: 0.034 g
(52%). 1H-NMR (400 MHz, acetone-d6): & 8.77 [t, 3] (Pt—H) = 116.4, 4J(H-H) = 1.8, 1H, Hd] 6 7.94
[d, 3] (Pt-H) = 32.4, 4J(H-H) = 2.0, 1H, Ha] & 7.66 [d, 4] (Pt-H) = 4.8, 3J(H-H) = 8.4, 1H, Hc] 6 7.22
[dd, 3J(H-H) = 8.0, 4J(H-H) = 2.0, 1H, Hb] 6 4.30 [m, 2H, He] ¢ 3.43 [s, 3] (Pt-H) = 11.6, 3H, Hh] &
2.93 [m, 2H, Hg] 6 2.67 [s, 3] (Pt-H) = 15.2, 3H, Hh'] 6 2.21 [m, 2H, Hf ] 6 1.54 [s, 3J (Pt-H) = 64.8,
3H, Hj]. Anal. calc. for CI3H19CI2IN2Pt-H20 (%): C, 25.42; H, 3.44; N, 4.56. Found (%): C, 24.93; H,
3.02; N, 4.27.

[Pt(CH3)2I{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (2b) was prepared from 0.080 g (0.2 mmol) of
[PtCH3 {(CH3)2N(CH2)3NCH (4-CIC6H3)}] 1b using the same procedure and a reaction time of 1
hour. Yield: 0.071 g (67%). IH-NMR (400 MHz, CDCI13): 6 8.39 [s, 3] (Pt-H) = 47.6, 1H, Hd] 6 7.39
[d, 3] (Pt-H) = 47.0, 3J(H-H) = 8.0, 1H, Ha] & 7.32 [d, 4] (Pt-H) = 7.6, 3J(H-H) = 8.0, 1H, Hc] 6 7.03
[dd, 3J(H-H) = 8.0, 4J(H-H) = 1.9, 1H, Hb] ¢ 4.25 [tt, 3J(H-H) = 13.2, 4J(H-H) = 2.6, 1H, He] 5 3.98
[dt, 2J(H-H) = 15.2, 3J(H-H) = 4.2, 1H, He'] 6 3.60 [m, 1H, Hg] 8 3.19 [s, 3J (Pt-H) = 13.2, 3H, Hh] §
2.71 [m, 1H, Hg'] 6 2.43 [s, 3] (Pt-H) = 17.2, 3H, Hh'] 6 2.05 [m, 2H, Hf ]  1.38 [s, 2J (Pt-H) = 66.0,
3H, Hi] 6 0.79 [s, 2J (Pt—H) = 69.2, 3H, Hj]. In addition, resonances corresponding to a minor isomer
(<10%) were observed at 6 8.45 [s, 3J (Pt-H) = 40.0, 1H, Hd] 6 7.38 [d, 3J(H-H) = 8.0, 1H, Ha] 6 7.07
[dd, 3J(H-H) = 8.0, 4J(H-H) = 2.0, 1H, Hb] 8 2.93 [s, 3J (Pt-H) = 16.0, 3H, Hh] 6 2.45 [s, 3] (Pt-H) =
16.0, 3H, Hh'] 6 1.23 [s, 2] (Pt-H) = 65.3, 3H, Hi] 6 0.61 [s, 2J (Pt—-H) = 71.5, 3H, Hj]. Anal. calc. for
C14H22CIN2Pt (%): C, 29.20; H, 3.85; N, 4.87. Found (%): C, 29.00; H, 4.01; N, 4.65.
[Pt(CH3)I2{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (2¢) was prepared from 0.060 g (0.11 mmol) of
[PtI{(CH3)2N(CH2)3NCH(4- CIC6H3)}] 1c using the same procedure and a reaction time of 24 hours.
Yield: 0.066 g (73%). 1H-NMR (400 MHz, CDCI3): 6 8.75 [d, 3] (Pt-H) = 39.8, 4J(H-H) = 1.8, 1H,
Ha] 6 8.22 [s, 3J (Pt-H) = 104.0, 1H, Hd] 6 7.36 [d, 4] (Pt-H) = 4.8, 3J(H-H) = 8.4, 1H, Hc] 6 7.08 [dd,
3J(H-H) =8.1,4J(H-H) = 1.9, 1H, Hb] 6 4.39 [m, 1H, He] 6 3.72 [d, J(H-H) = 17.0,1H, He'] 6 3.64 [s,
3J (Pt-H) =13.9, 3H, Hh] 6 3.42 [m, 1H, Hf ] § 2.72 [s, 3] (Pt-H) = 16.1, 3H, Hh'] 6 2.65 [m, 1H, Hf'] &
2.18 [m, 1H, Hg'] 6 2.07 [m, 1H, Hg] & 1.71 [s, 3] (Pt-H) = 65.5, 3H, Hj]. ESI-MS(+): 560.9914 [M —
I[]+. Anal. calc. for C13H19CII2N2Pt (%): C, 22.71; H, 2.79; N, 4.07. Found (%): C, 23.11; H, 2.83; N,
4.28.
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[PtCII2{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (3a) was obtained from 0.039 g (0.1 mmol) of the
cyclometallated [PtC1{(CH3)2 N(CH2)3NCH(4-CIC6H3)}] la dissolved in acetone (15 mL) and 0.023
g (0.1 mmol) of 12 dissolved in acetone (6 mL). The solution was stirred for 75 minutes, the solvent was
removed and 10 mL of diethyl ether were added. The obtained solid was filtered under vacuum. Yield:
0.055 g (90%). ITH-NMR (400 MHz, CDCI3): 6 7.92 [s, 3] (Pt-H) = 95.2, 1H, Hd] 6 7.91 [s, 3] (Pt-H) =
28.0, 1H, Ha] 6 7.46 [d, 3J(H-H) = 8.1, 1H, Hc] & 7.00 [dd, 3J(H-H) = 8.1, 4J(H-H) = 1.9, 1H, Hb] &
4.11 [td, 3J(H-H) = 5.3, 4J(H-H) = 1.3, 2H, He] ¢ 3.44 [s, 3] (Pt-H) = 14.8, 6H, Hh] 6 3.02 [m, 2H, Hg]
0 2.26 [m, 2H, Hf ]. In addition, resonances corresponding to a minor isomer (<10%) were observed at o
8.09 [s, 1H, Hd] 6 7.97 [d, 4J(H-H) = 2.0, 1H, Ha] 6 7.45 [d, 3J(H-H) = 8.1, 1H, Hc] & 7.13 [dd, 3J(H-
H)=28.0,4J(H-H) = 2.0, 1H, Hb] 6 3.27 [s, 3] (Pt-H) = 16.0, 6H, Hh]. Anal. calc. for
CI12H16CI212N2Pt (%): C, 20.36; H, 2.28; N, 3.96. Found (%): C, 20.27; H, 2.32; N, 4.00.
[Pt(CH3)I2{(CH3)2N(CH2)3NCH(4-CIC6H3)}] (3b) was prepared following the same procedure
from 0.080 g (0.2 mmol) of [PtCH3 {(CH3)2N(CH2)3NCH(4-CIC6H3)}] 1b and 0.047 g (0.2 mmol) of
12. Yield: 0.087 g (69%). IH-NMR (400 MHz, CDCI3): 6 8.16 [s, 3] (Pt—H) = 46.8, 1H, Hd] ¢ 7.30 [d,
3J(H-H) = 8.0, 1H, He] 6 7.21 [d, 3] (Pt-H) = 36.0, 4J(H-H) = 1.8, 1H, Ha] & 6.85 [dd, 3J(H-H) = 8.0,
4J(H-H) = 1.9, 1H, Hb] 6 4.04 [td, 3] (Pt-H) = 20.8, 3J(H-H) = 5.5, 4J(H-H) = 1.7, 2H, He] 6 3.11 [s,
3J (Pt-H) = 17.6, 6H, Hh] 6 3.05 [m, 2H, Hg] 6 2.21 [s, 3] (Pt-H) = 69.2, 3H, Hi] 6 2.15 [m, 2H, Hf ].
Anal. calc. for CI3H19CII2N2Pt (%): C, 22.71; H, 2.79; N, 4.07. Found (%): C, 22.94; H, 2.90; N, 3.99.
[PtI3{(CH3)2N(CH2)3NCH(4-CIC6H3)}| (3¢c) was prepared following the same procedure from 0.080
g (0.11 mmol) of [PtI{(CH3)2N(CH2)3NCH(4-CIC6H3)}] 1c and 0.028 g (0.11 mmol) of 12 and a
reaction time of 2 hours. Yield: 0.073 g (83%). lH-NMR (400 MHz, CDCI3): 6 8.49 [d, 3] (Pt-H) =
32.7,4J(H-H) = 1.9, 1H, Ha] 6 7.99 [t, 3] (Pt-H) = 88.0, 4J(H-H) = 1.6, 1H, Hd] ¢ 7.42 [d, 3J(H-H) =
8.1, 1H, Hc] 6 6.93 [dd, 3J(H-H) = 8.1, 4J(H-H) = 1.9, 1H, Hb] & 3.97 [td, 3J(H-H) = 5.3, 4J(H-H) =
1.6, 2H, He] 6 3.57 [s, 3J (Pt—=H) = 16.8, 6H, Hh] & 2.93 [m, 2H, Hg] & 2.33 [m, 2H, Hf ]. ESI-MS(+):
800.7796 [M + H]+. Anal. calc. for C12H16CII3N2Pt (%): C, 18.03; H, 2.01; N, 3.51. Found (%): C,
18.41; H, 2.01; N, 3.51.

Stability and behavior in the presence of ascorbic acid by NMR measurements

The stability of the platinum(IV) compounds under investigation in aqueous solution was monitored by
1H NMR spectroscopy at ambient temperature. Samples were analyzed in the Nuclear Magnetic
Resonance Unit, Scientific and Technological Centers of the University of Barcelona (CCiTUB). The
solutions of the complexes were prepared in 50 mM phosphate buffer (in D20, pD 7,40) and a minimum
amount (2 drops) of d6-DMSO for the solubilization of the compound. The final concentration of the
complex was 1 mM and 1H NMR spectra were recorded with a Varian 400 and a Bruker 400
spectrometer at time periods between 0 h and 10 days. For monitoring the reactivity of the studied

compounds with ascorbic acid, the samples were prepared under the same conditions as described above
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with a final concentration of the complex and ascorbic acid of 1 mM and 25 mM, respectively. |H NMR
spectra were recorded over the same time period as described above.

The stability of compound 2b in aqueous solution: the resonances assigned to the single species initially
formed and stable up to ten days are given. & = 8.59 [s, 3J(H-Pt) = 52, imine], {7.38 [d], 7.27 [s], 7.10
[d], aromatics}, {0.92 [s, 3J(H-Pt) = 64 ], 0.65 [s, 3J(H-Pt) = 80], MePt}. The reactivity of compound
2b with ascorbic acid in aqueous solution: the resonances assigned to a single species initially formed
and stable up to ten days are given. 6 = 8.59 [s, 3J(H-Pt) = 52, imine], {7.38 [d], 7.27 [s], 7.10 [d],
aromatics}, {0.92 [s, 3J(H-Pt) = 64 ], 0.45 [s, 3J(H-Pt) = 56], MePt}.

The stability of compound 2¢ in aqueous solution: the resonances assigned to two observed species are
given. Initial compound: 6 = 8.26 [s, imine], {8.49 [d, Ha], 7.45 [d], 7.18 [d], aromatics}, 1.52 [s, MePt].
The second compound is formed and its relative intensity increases with time. 6 = 8.34 [s, imine], {7.25
[d], 6.98 [dd], aromatics}, 1.10 [s, MePt].

The reactivity of compound 2¢ with ascorbic acid in aqueous solution: the resonances assigned to a
single species initially formed and stable up to 72 hours are given. 6 = 7.75 [s, imine], {8.26 [d, Ha],
7.25[d], 7.08 [d], aromatics}, 1.10 [s, MePt].

X-ray diffraction

Suitable crystals of compounds 1c, 3b and 3a’ were grown at room temperature in dichloromethane—
methanol. X-ray diffraction data were collected for prism-like specimens on a D8 VENTURE system
equipped with a multilayer monochromator and a Mo high brilliance Incoatec Microfocus Source (A =
0.71073 A) at 100 K (1c and 3b) or at 293 K (3a’). The structures were solved and refined using the
Bruker SHELXTL software package.70 Crystallographic details are given in Table 3.

Biological studies

Cell culture and cell viability assay. Human lung adenocarcinoma A-549 cells and human breast
adenocarcinoma cells were grown as a monolayer culture in minimum essential medium (DMEM with
L-glutamine, without glucose and without sodium pyruvate) with the addition of 10% heat-inactivated
Fetal Calf Serum (FCS), 10 mM D-glucose and 0.1% streptomycin/penicillin, under standard culture
conditions (humidified air with 5% CO?2 at 37 °C). Human breast adenocarcinoma MCF-7 cells were
cultured in MEM without phenol red, containing 10% Fetal Bovine Serum (FBS), 10 mM D-glucose, 1
mM sodium pyruvate, 2 mM L-glutamine, 0.1% streptomycin/penicillin, 0.01 mg mL—1 insulin, and 1%
nonessential amino acids. Human colorectal carcinoma HCT116 cells were cultured in a DMEM/HAM
F12 (1 : 1 volume) mixture containing 10% FBS, 4 mM L-glutamine, 12.5 mM D-glucose and 0.1%
streptomycin/penicillin.

For all viability assays, compounds were suspended in high purity DMSO at 20 mM as a stock solution.
To obtain the final assay concentrations, they were diluted in DMEM (Dulbecco’s Modified Eagle’s

Medium) (the final concentration of DMSO was the same for all conditions, and was always lower than
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1%). The assay was performed by a variation of the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) assay described by Mosmann et al.71 and Matito and coworkers72 which
is based on the ability of live cells to cleave the tetrazolium ring of the MTT thus producing formazan,
which absorbs at 550 nm. In brief, the corresponding number of cells per well (2.5 x 103 A-549 cells per
well, 5 x 103 MDA-MB-231 cells per well, 1 x 104 MCF-7 cells per well and 2 x 103 HCT-116 cells
per well) were cultured in 96 well plates for 24 hours prior to the addition of different compounds at
different concentrations, in triplicate. After incubation of the cells with the compounds for 72 h more,
the media were aspirated and 100 pL of filtered MTT (0.5 mg mL—1) were added to each well.
Following 1 h of incubation with the MTT, the supernatant was removed and the precipitated formazan
was dissolved in 100 pL. DMSO. Relative cell viability, compared to the viability of untreated cells, was
measured by absorbance at 550 nm on an ELISA plate reader (Tecan Sunrise MR20-301, TECAN,
Salzburg, Austria). Concentrations that inhibited cell growth by 50% (IC50) after 72 h of treatment were

subsequently calculated.

DNA migration studies

A stock solution (10 mM) of each compound was prepared in high purity DMSO. Then, serial dilutions
were made in MilliQ water (1 : 1). Plasmid pBluescript SK+ (Stratagene) was obtained using a
QIAGEN plasmid midi kit as described by the manufacturer. The interaction of drugs with pBluescript
SK+ plasmid DNA was analysed by agarose gel electrophoresis following a modification of the method
described by Abdullah et al.73 Plasmid DNA aliquots (40 pg mL—1) were incubated in TE buffer (10
mM Tris-HCI, 1 mM EDTA, pH 7.5) with different concentrations of compounds la—1¢, 2a—2¢ and 3a—
3¢, ranging from 0 uM to 200 uM at 37 °C for 24 h. The final DMSO concentration in the reactions was
always lower than 1%. For comparison, cisplatin and ethidium bromide (EB) were used as reference
controls. The aliquots of 20 pL of the incubated solutions containing 0.8 pg of DNA were subjected to
1% agarose gel electrophoresis in TAE buffer (40 mM tris-acetate, 2 mM EDTA, pH 8.0). The gel was
stained in TAE buffer containing ethidium bromide (0.5 mg mL—1) and visualized and photographed
under UV light.

The same experimental procedure was carried out incubating plasmid DNA with the platinum(IV)
complexes 2a—2c¢ and 3a—3c¢ (25-200 uM) in the absence or presence of ascorbic acid (500 uM) in a
0.1x Tris-EDTA buffer (pH 7.8) for 24 h at 37 °C, as described elsewhere.67

Topoisomerase inhibition assays

Topoisomerase I-based experiments were performed as described previously.49 Supercoiled pBluescript
DNA, obtained as described above, was treated with topoisomerase I in the absence or presence of
increasing concentrations of compounds 2a—2¢ and 3a—3c. Assay mixtures contained supercoiled
pBluescript DNA (0.8 ug), calf thymus topoisomerase I (3 units) and complexes 2a—2c¢ and 3a—3c (0-
100 uM) in 20 pL of relaxation buffer Tris-HCI buffer (pH 7.5) containing 175 mM KCl, 5 mM MgCI2
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and 0.1 mM EDTA. Ethidium bromide (EB, 10 uM) was used as a control of intercalating agents and
etoposide (E, 100 uM) as a control of the non-intercalating agent. Reactions were incubated for 30 min
at 37 °C and stopped by the addition of 2 puLL of agarose gel loading buffer. Samples were then subjected
to electrophoresis and DNA bands were stained with ethidium bromide as described above.

The DNA topoisomerase Ila inhibitory activity of the compounds tested in this study was measured as
described elsewhere50 with a few modifications. Supercoiled pBluescript DNA was incubated with
topoisomerase Ila (Affymetrix) in the absence or presence of increasing concentrations of compounds
under analysis. Assay mixtures contained supercoiled pBluescript DNA (0.3 pg), topoisomerase Ilo (4
units) and the tested compounds (0—100 uM) in 20 pL of 1x Topoll reaction buffer (PN73592
Affymetrix, Inc.). Etoposide was used at 100 and 50 uM concentration as a control of the topo Ila
inhibitor. Reactions were incubated for 45 min at 37 °C and stopped by the addition of 2 uL. of agarose
gel loading buffer. Samples were then subjected to electrophoresis and DNA bands were stained with

ethidium bromide as described above (0.5 pg mL—1) for 30 min and visualized by transillumination.

Cathepsin B inhibition assay

The colorimetric cathepsin B assay was performed as described by Casini et al.74 with a few
modifications. Briefly, the reaction mixture contained 100 mM sodium phosphate (pH 6.0), 1 mM
EDTA and 200 uM sodium N-carbobenzoxy- L-lysine p-nitrophenyl ester as a substrate. To make the
enzyme catalytically active before each experiment, the cysteine in the active site was reduced by
treatment with dithiothreitol (DTT). For this purpose, 5 mM DTT was added to the cathepsin B sample,
before dilution, and incubated 1 h at 30 °C. To test the inhibitory effect of the platinum compounds on
cathepsin B, activity measurements were performed in triplicate using fixed concentrations of the
enzyme (1 uM) and the substrate (200 uM). The platinum compounds were used at concentrations
ranging from 5 to 100 uM. Prior to the addition of the substrate, cathepsin B was incubated with the
different compounds at 25 °C for 2 h. The cysteine proteinase inhibitor E-64 was used as a positive
control of cathepsin B inhibition. Complete inhibition was achieved at 10 pM concentration of E-64.

Activity was measured over 90 s at 326 nm on a UV spectrophotometer.

Cell cycle analysis

Cell cycle was assessed by flow cytometry using a fluorescence activated cell sorter (FACS). For this
assay, 4 x 104 A-549 cells were seeded in 6 well plates with 2 mL of growth medium. After 24 h of
incubation, compounds 2b or 2¢ were added at their IC50 values 2.62 and 1.42 pM, respectively.
Following 72 h of incubation, cells were harvested by mild trypsinization, collected by centrifugation
and resuspended in Tris buffered saline solution (TBS) containing 50 mg mL—1 PI, 10 mg mL—1
DNase-free RNase and 0.1% Igepal CA-630. The cell suspension was incubated for 1 h at room

temperature to allow for the staining of the cells with PI, and afterwards FACS analysis was carried out
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at 488 nm by employing a Gallios flow cytometer (Beckman Coulter). Data from 1 x 104 cells were

collected and analyzed using the FlowJo software.

Apoptosis assay

Apoptosis was assessed by evaluating the annexin-V binding to phosphatidylserine (PS), which is
externalized early in the apoptotic process. 4 X 104 A-549 cells per well were seeded in 6 well plates
with 2 mL of medium and treated as described for the cell cycle analysis assay. After cell collection and
centrifugation, the cells were resuspended in 95 pL binding buffer (10 mM HEPES/NaOH, pH 7.40, 140
mM NaCl, 2.5 mM CaCl2). 3 uL of the Annexin-V FITC conjugate (1 mg mL—1) were then added and
the suspension was incubated in the dark for 30 min, at room temperature. The cell suspension was
added to a vial containing 500 pL of binding buffer, stained with 20 uL of 1 mg mL—1 PI solution and

analyzed. Data from 1 x 104 cells were collected and analyzed using the FlowJo software.

Determination of intracellular reactive oxygen species (ROS) levels

4 x 104 A-549 cells per well were seeded in 6 well plates with 2 mL of growth medium and treated as
described for the cell cycle analysis assay. First, the cells were washed once with warm PBS, and
incubated with 5 uM 2',7'-dichlorofluorescein diacetate (DCFH-DA, Invitrogen) in PBS supplemented
with 10 mM glucose and 2 mM glutamine for 30 min at 37 °C. Then, DCFH-DA solution in PBS was
replaced with the complete culture medium and the cells were incubated for another 30 min at 37 °C.
Finally, the cells were trypsinized and resuspended thoroughly in 0.4 mL of PBS containing DCFH-DA
(50 uM) and PI (20 ug mL—1).75 The intracellular internalized probe reacts with ROS and emits
fluorescence when excited at 492 nm. Emitted fluorescence was recorded by flow cytometry at 520 nm
using a Gallios flow cytometer (Beckman Coulter). The data of DCF fluorescence concentrations from 1
x 104 PI negative cells were collected and analysed using FlowJo software.

Data analysis. For each compound, a minimum of three independent experiments with triplicate values
were conducted to measure cell viability. A minimum of two independent experiments in triplicates
were performed for cell cycle analysis, assessment of apoptosis and ROS. Significant differences
compared to the control were assessed by Student’s t-test where p < 0.05(*), p <0.01(**) or p <

0.001(***) were taken into consideration. Data are given as the mean + standard deviation (SD).
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Legends to figures

Scheme 1 Possible pathways in the synthesis of cyclometallated platinum(IV) compounds. Method A:
intramolecular C—Z oxidative addition observed for Z = Br or Cl. Method B: intermolecular YZ

oxidative addition on a cyclometallated platinum(II) compound obtained for Z = H. L = labile ligand.

Scheme 2 Synthesis of cyclometallated platinum(II) compounds. (i) +cis-[PtCI2(dmso)2]/NaCH3COO
(1:1: 1) in refluxing methanol, 72 hours; (ii) +[Pt2(CH3)4 {u-S(CH3)2}2] (1 : 0.5) in refluxing
toluene, 1 hour; (iii) +cis-[PtI2(dmso)2]/NaCH3COO (1 : 1 : 1) in refluxing methanol, 48 hours.

Figure. 1 Molecular structure of compound 1c¢ showing 50% probability ellipsoids. Selected bond
lengths (A) and angles (°) with estimated standard deviations: Pt(1)-C(1): 2.002(3); Pt(1)-N(1):
2.031(2); Pt(1)-N(2): 2.199(2); Pt(1)-I(1): 2.5925(2); C(1)-Pt(1)-N(1): 80.64(10); N(1)-Pt(1)-N(2):
94.96(9); C(1)-Pt(1)-1(1): 92.91(7); N(2)-Pt(1)-I(1): 91.36(6).

Scheme 3 Oxidative addition reactions (including the numbering scheme used in the Experimental

section and in Table 1).

Scheme 4 Possible isomers of compounds 2b and 3a leading to a mutually cis arrangement of Y and Z

ligands.

Figure. 2 Molecular structure of compound 3b (molecule A) showing 50% probability ellipsoids.
Selected bond lengths (A) and angles (°) with estimated standard deviations: Pt(1A)-C(1A): 2.016(2);
Pt(1A)-C(13A): 2.074(2); Pt(1)-N(1A): 2.1364(19); Pt(1A)-N(2A): 2.2672(19); Pt(1A)-1(1A):
2.6463(2); Pt(1A)-1(2A): 2.64964(18); C(1A)-Pt(1A)-C(13A): 94.80(9); C(1A)-Pt(1A)-N(1A):
79.76(81); C(13A)-Pt(1A)-N(2A): 91.01(8); N(1A)-Pt(1A)-N(2A): 94.44(7); C(1A)-Pt(1A)}-1(1A):
84.01(6); C(13A)-Pt(1A)-I(1A): 88.52(7); N(1A)-Pt(1A)-I(1A): 90.10(5); N(2A)-Pt(1A)-I(1A):
96.70(5); C(13A)-Pt(1A)-1(2A): 91.57(7); C(1A)-Pt(1A)-1(2A): 86.14(6); N(1A)-Pt(1A)-1(2A):
88.88(5); N(2A)-Pt(1A)-1(2A): 93.17(5).

Figure. 3 Molecular structure of compound 3a’ showing 50% probability ellipsoids. Selected bond
lengths (A) and angles (°) with estimated standard deviations: Pt(1)-C(1): 2.021(6); Pt(1)-Cl(1):
2.465(5); Pt(1)-N(1): 2.054(6); Pt(1)-N(2): 2.280(6); Pt(1)-I(1): 2.7568(5); Pt(1)-1(2): 2.6331(5); C(1)-
Pt(1)-N(1): 80.5(3); N(1)-Pt(1)-N(2): 95.3(2); C(1)-Pt(1)-CI(1): 83.3(2); C(1)-Pt(1)—CI(1): 89.18(19);
N(2)-Pt(1)-CI(1): 94.83(18); C(1)-Pt(1)-1(2): 94.3(2); N(2)-Pt(1)-1(2): 89.83(15); CI(1)-Pt(1)-1(2):
87.59(9); C(1)-Pt(1)-1I(1): 88.88(19); N(1)-Pt(1)-I(1): 87.21(17); N(2)-Pt(1)-I(1): 92.75(16); 1(2)—
Pt(1)-1(1): 95.368(16).
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Scheme 5 Proposed species formed in solution (the charges of the ionic species are omitted).

Figure. 4 Antiproliferative activity of platinum(Il) compounds 1a—1c, platinum(I'V) compounds 2a—2c
and 3a—3c, and cisplatin (IC50 uM) against A-549 lung, HCT-116 colon, MDA-MB-231 and MCF-7

breast human cancer cell lines.

Figure 5. Interaction of pBluescript SK+ plasmid DNA (0.8 pg) with increasing concentrations of
compounds la—1c, 2a—2c, 3a—3c, cisplatin and ethidium bromide (EB). Lane 1: DNA only. Lane 2: 2.5
uM. Lane 3: 5 uM. Lane 4: 10 uM. Lane 5: 25 uM. Lane 6: 50 uM. Lane 7: 100 uM. Lane 8: 200 pM. sc

= supercoiled closed circular DNA; oc = open circular DNA.

Figure 6 Electrophoretograms of supercoiled pBluescript SK+ plasmid DNA incubated with increasing
concentrations of platinum(IV) compounds 2a—2¢ and 3a—3c in the absence (—AA) or presence (+AA) of
ascorbic acid (500 uM) for 24 h at 37 °C in 0.1x Tris-EDTA buffer (pH 7.8). Lane 1: (—) scDNA only.
Lane 2: 25 uM. Lane 3: 50 uM. Lane 4: 100 uM. Lane 5: 200 uM.

Figure 7 Analysis of compounds 2a—2b and 3a—3c as putative topoisomerase Ila inhibitors. Supercoiled
pBluescript SK+ plasmid DNA was incubated with topoisomerase Ilo (4 units) with increasing
concentrations of the compounds under study. Reactions containing etoposide (Et) are included as
examples of a topoisomerase Ila inhibitor. Lane 1: (=) scDNA only. Lane 2: 0 uM; Lane 3: 5 uM; Lane
4: 10 uM; Lane 5: 25 pM; Lane 6: 50 uM; Lane 7: 100 uM; Lane 8: 150 uM; Lane 9: 200 uM
compound. Except for line 1, all lines included topoisomerase Ila. The conversion of supercoiled DNA
to relaxed DNA was analyzed after 45 min incubation at 37 °C. sc = supercoiled closed circular DNA; R

= relaxed DNA.

Figure 8 Cell cycle phase distribution at 72 h incubation with compounds 2b and 2c¢ at their IC50
concentration in the A-549 lung adenocarcinoma cell line. Cells were stained with propidium iodide (PI)

and their DNA content was analyzed by flow cytometry.

Figure 9 Percentage variations of alive, early apoptotic and late apoptotic/necrotic cell populations at 72
h incubation with compounds 2b and 2c¢ at their IC50 concentration in the A-549 lung adenocarcinoma

cell line. Cells were stained with propidium iodide (PI) and FITC-annexin and were analyzed by flow

cytometry.

Figure 10 ROS levels after 72 h incubation with compounds 2b and 2c¢ at their IC50 concentration in the

A-549 lung adenocarcinoma cell line.
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Table 1 Selected 1H NMR data of the studied compoundsa

HH) [)Pe-H)) &) [ (Pe-H)) HCHa) [ (Pr-H))

12" 8291425 2.8 145 -

1b 856 [598) 2.73 238 099808

lc 842 [139,0 3m 167 —

2a° 8771164 3431165267 [152] 154[64.8)

2b 839 478) 3091325243 [17.2‘ 079 wzl,-x.za[mo]
2¢ 8221040 3641395272[16.1] 171[655

3a 792952 344148 -

3b 816578 3INn17se 221(69.2)

3¢ 799 |880) 357 168 —

“In CDCY; unless atherwise stated 3 in

ppm,/ in Hz, labels as indi-
cated in Scheme 3. * Values taken from ref. 36. “In acetned®.



955  Table 2 Antiproliferative activity on A-549 lung, MDA-MB-231 and MCF-7 breast, and HCT-116 for
956  the studied compounds and cisplatin

957
1Ca" (uM)

Compound  AS5489 MDA-ME-231 MCE7 HCT-116
la 548+3.8 830 £3.60 749 20750 629+ 0.34
1b 962 +2.14 7.3 2093 31.26 £051 1058+ 0.22
1c 625+266 10.18:342 1023 048 705+ 0.18
2a 2.4 +024 234+2033 12392076 543+ 0.13
zb 2622027 2062051 7862072 228+ 0.26
2¢c 1.42+0.13 345+155 672+043 126+ 0.18
3a 4.69 £361 511:2221 H4Z+041 506+ 0.10
ib 6.67 +130 7.252023 745011 395+ 162
3c 30+298 141024407 32.00 +nd 1211+ 069
Ckphin. 930 +3.00 1231 080 2484 2040 2110+ 1.34
“ Data are shown as the mnralnaoftwoeqztimemi performed in
triplicate with the comesponding standand deviations. * Cisplatin (as
[PCL(NH,),]) is taken as the reference compound.
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962

963

Table 3 Crystal data and structure refinement for 1c, 3b and 3a’

Compound 1c 3b 3
Formula CuaHgQINPt  CoHOQRNPt  CaH o ChaNaPt
Crystal size, 0138 x0.101% 0205x 0.169%  0.085x 0.094 x
mm 0095 0074 0ms
Fw 54571 687.64 708.06
Temp., K 100(2) 102) 293(2)
wi A 071073 0.71073 0.71073
Crystal system Monoclinic Triclinic Orthorhombic
Spae group  F2,/n P1 Pna2,
a,A 84203 (4) 85459 (4) 16639 (7)
b,A 19.0185(11) 141617 (7) 73056 (3)
c,A 92913 (5) 14.8385(7) 141494 (6)
a,® €0.0 80425(2) 90.0
B, 109344 (2) 76333 2) 90.0
e €0 86.586(2) 90.0
Volume, A 140392(13) 1720.28(14) 1720.06 (12)
z 4 4 4
Dege,mgm™ 2582 2655 2.734

2 12.364 11891 12047
mm
Flooo) 1000 1248 1280
@ range for 2142 © 30567 2453t030.588 2.840to 30.577
data
collection, ©
Reflns coll/  39267/4288 77810509 809365222
1
Datafrestraint/  4288/0/156 1050905489 S21N785
parameters
GOF on ¥ 11285 1.130 1.124
Final Rindex R, = 00191, Ry = 00170, wRy Ry =0.0217, wR;
(1> 241 wit; = 00372 = 0.0345 = 0.0554
R index (all Ry = 00256, Ry = 00204, wR; R, =0.0224, wR;
data) wit; = 00390 = 0.0353 = 00556
Peak and 0.705 and 0.700and 2.285and
hole, e A~ ~1.465 - 1666 ~2384
cCne 1565438 1565439 1565480
numbers



