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Triphenylphosphane platinum complexes bearing the deprotonated form of 3-hydroxyflavone,
quercetin and ethyl gallate were synthesized. DFT studies on the hydrolysis pathway for the 3-
hydroxyflavone and ethyl gallate complexes explained the different cytotoxic activity observed for

the two compounds on the basis of the different intermediates formed during hydrolysis.
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Abstract

Platinum complexes bearing phosphane ligands in cis configuration with deprotonated flavonoids
(3-hydroxyflavone, quercetin) and deprotonated ethyl gallate were synthesized starting from cis-
[PtCI>(PPh3),]. In all cases, O,0’ chelate structures were obtained. While quercetin and ethyl gallate
complexes are quite stable in solution, the 3-hydroxyflavonate complex undergoes a slow aerobic
photodegradation in solution with formation of salicylic and benzoic acids. The XRD structures of
quercetin and ethyl gallate complexes are reported. Cell cycle studies (in the dark) of the complexes
in two human cell lines revealed that the cytotoxic activity of the complex bearing 3-
hydroxyflavonate is higher than those exhibited by 3-hydroxyflavone or by cis-[PtCl,(PPh3);]
alone, thus showing a synergic effect between the ligand and the starting platinum complex. DFT
studies on the hydrolysis pathway for the 3-hydroxyflavone and ethyl gallate complexes explained

the different cytotoxic activity observed for the two compounds on the basis of the different
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intermediates formed during hydrolysis (relatively inert hydroxy Pt complexes for ethyl gallate and

monoagua complexes for 3-hydroxyflavone).

Keywords Platinum(1l) complexes; Cytotoxic activity; Natural Polyphenols; Flavonoids; DFT.

1. Introduction

The discovery of antiproliferative activity of cisplatin by Rosenberg et al. [1] in 1965 contributed to
the development of cancer chemotherapy. Today cisplatin is a widely used drug in chemotherapy,
but its applicability has many disadvantages, as it causes many severe side effects including:
nephrotoxicity, neurotoxicity, myelotoxicity, hematological toxicity and gastrointestinal reactions
[2]. In addition, some tumors have acquired resistance to cisplatin, while others develop resistance
after the initial treatment. In view of these limitations, research has been extended to other platinum
complexes. A large number of platinum analogues have been tested during the last 30 years [3].
Unfortunately, the vast majority of these compounds were rejected in preclinical or early clinical
stages of testing (only carboplatin and oxaliplatin, Scheme 1, are in world-wide clinical use) and the

discovery of a new platinum drug more selective and less toxic than cisplatin is still highly
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Scheme 1. Platinum based anticancer drugs used in clinical therapies.



Recently, the antitumor activity of dietary flavonoids (flavus = yellow), which are primarily benzo-
v-pyrone (phenylchromone) derivatives (Scheme 2), comprising a massive group of polyphenolic
compounds [4] universally distributed in the plant kingdom, has been reviewed [5]. The
pharmacological effects of flavonoids include induction of apoptosis, suppression of protein
tyrosine kinase activity, antiproliferation, antimetastatic and antiinvasive effects, and anti-

angiogenesis [5].

/ chromone

Scheme 2. Flavone backbone.

Because of structural differences, flavonoids are divided into eight different groups, being flavonols
one of them. 3-Hydroxyflavone (Scheme 3a) is the backbone of all flavonols [6], while quercetin
(Scheme 3b) is another very important flavonol with well-known anticancer activity [7]. Due to
their polyphenolic structure, flavonols are effective metal ion chelators, playing a key role in the
initiation of free radical and antioxidant processes [8]. Moreover flavonols can intercalate into
deoxyribonucleic acid (DNA) as well as covalently bind to DNA and proteins [9]. As a result of
these characteristics, flavonols have complex biological interactions and in some therapies they are
combined with cisplatin increasing efficacy over individual treatments [10] and reducing side
effects associated with cisplatin [11]. However, combinations of flavonols with platinum are poorly
understood, although multiple theories currently exist trying to explain the interactions between

cisplatin and flavonols [12].
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Scheme 3. (a) 3-Hydroxyflavone; (b) quercetin; (c) ethyl gallate.

Like flavonols, also plant phenols, such as ethyl gallate (Scheme 3c), have antitumor activity [13]
and can effectively bind metal ions.

All these considerations prompted us to check whether platinum complexes of natural polyphenols
would exhibit synergic cytotoxic activity. Although since the early 1980s scientists have
investigated more than 40 metal-flavonoid complexes [14], to the best of our knowledge Pt(ll)
complexes with 3-hydroxyflavone and ethyl gallate as ligands have never been synthesized. On the
contrary, the synthesis of a platinum(Il) complex with quercetin has already been reported [15]. Its
formula is cis-[Pt(NHs)2(que)] (que = dianion of quercetin) and a complexation of platinum(ll) to
the ligand through oxygen atoms at C*’ and C* was hypothesized, although no XRD neither
citotoxicity studies were carried out.

Phosphane ligands with hydrophobic character have been shown to increase in some cases the
cytotoxicity of their platinum complexes, possibly by enhancing the cellular membrane transfer
process [16]. Interesting results were also obtained with platinum complexes bearing an amine and
a phosphane ligand in trans position [17]. Although the total replacement of the usually employed

amine carrier ligands (Scheme 1) for air and water stable triarylphosphanes may exhibit some



disadvantages (the major of them being that a tertiary phosphane cannot establish any hydrogen
bond with the DNA backbone), however it has been found that triarylphosphane ligands may
stabilize DNA-Pt adducts through n—r interactions occurring between the phosphane phenyl groups
and the nucleobases [18]. Indeed, some examples exist on the interaction between DNA and
bisphosphane platinum complexes [19]. In addition, PR3 ligand has a kinetic trans effect stronger
than NHj3, which can facilitate the leaving group displacement by H,O in the human cell. The ligand
release by hydrolysis is a key-step for the DNA-adduct formation and attracted numerous
experimental studies[20]. Furthermore, in the last decade a variety of theoretical approaches have
been applied to obtain an accurate picture of the hydrolysis mechanism of Pt(Il)-based anticancer
drugs and ultimately of the structure-activity relationship [21].In this framework, we started a
project aiming at preparing new platinum complexes containing triphenylphosphane as carrier
ligand and flavonolates or natural polyphenolates as leaving groups. Herein, we report on the
synthesis, characterization, cytotoxicity and DFT studies of cis-[Pt(PPhs3).(que)] (1, que = dianion
of quercetin), cis-[Pt(PPhs).(3-HfD]CI (2, 3-Hfl = monoanion of 3-hydroxyflavone), and cis-

[Pt(PPh3)(etga)] (3, etga = dianion of ethyl gallate).

2. Experimental Section

2.1. Material and methods.

Tap water was de-ionized by ionic exchange resins (Millipore) before use. All chemicals and
solvents were purchased from commercial suppliers and used without further purification. cis-
Pt(PPhs),Cl, was synthetized according to literature procedures [22].

Melting points were determined with a Biichi Melting Point B-540 apparatus and are uncorrected.
Elemental analyses were carried out with a Perkin Elmer 2400 CHN Elemental Analyser at the
Microanalytical Laboratory of the University of Bari, Department of Pharmacy. IR spectra were

recorded on a Bruker-Vector 22 spectrometer. NMR spectra were recorded on a BRUKER Avance
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400 spectrometer; frequencies are referenced to Me,Si (*H and **C), 85% HsPO4 (**P) and H,PtCls
(**Pt). The signal attributions and coupling constant assessment were made on the basis of a
multinuclear NMR analysis of each compound including, besides 1D spectra, *H-**P HMQC, *H-
%pt HMQC, H-C HSQC, H-*C HMBC and 'H COSY. High resolution mass spectrometry
(HR-MS) analyses were performed using a time-of-flight mass spectrometer equipped with an
electrospray ion source (Bruker micrOTOF). The sample solutions were introduced by continuous
infusion with the aid of a syringe pump at a flow rate of 180 puL/min. The instrument was operated
at end plate offset —500 V and capillary —4500 V. Nebulizer pressure was 1.5 bar (N), and the
drying gas (N2) flow was 10 L/min. Capillary exit and skimmer 1 were 120 and 40 V, respectively.
The drying gas temperature was set at 220°C. The software used for the simulations is Bruker

Daltonics Data Analysis (version 3.3).

2.2.Synthesis of cis-[Pt(PPhs).(que)] (que = dianion of quercetin) (1)

A solution of KOH (2.90 mmol, 162.7 mg) in ethanol (7.0 mL) kept at 40°C was added dropwise to
a clear yellow solution of cis-[PtCl,(PPhs);] (1.45 mmol, 1.149 g) and quercetin (1.45 mmol, 0.439
g) in CH,C1, (80 mL) at room temperature under stirring. After overnight stirring at room
temperature, the resulting dark orange reaction mixture was filtered (in order to remove KCI) and
dried under reduced pressure. The red orange residue was dissolved in CH,Cl, (10 mL) and added
of n-hexane (30 mL), which caused the formation of a red-orange precipitate. This solid was filtered
after overnight cooling at 4°C, washed with n-hexane (3 x 10 mL) and dried under vacuum.

Yield: 1.073 g, 72 %. Mp=212.5°C (dec).

Relevant *H and *C{*H} NMR features are reported in tables 3 and 2, respectively, except those
belonging to PPhs groups. PPhs region: *H NMR (400 MHz, dmso-ds, 25 °C) & = 7.45 ppm (m, 12
H, Hortho), 7.42 ppm (M, 6 H, Hyara), 7.29 ppm (M, 12 H, Hera); “C{"H} NMR (100 MHz dmso-d,

25 OC) 8 = 134.7 ppm (S, Cortho), 131.6 (S, Cpara), 128.8 (S, Cipso), 128.6 (S, Cmeta).



$pfIH} NMR (121.5 MHz, dmso-dg, 25 °C): & = 9.6 ppm (d, 2Jpp = 23 Hz, 'Jpp = 3565 Hz); 8.3
ppm (d, 2Jpp = 23 Hz, *Jpp = 3600 Hz).

1%pifI1H} NMR (85.99 MHz, dmso-ds, 25 °C): & = —4062 ppm (dd, Jpp = 3565 Hz, 1Jpp = 3600
Hz).

IR (KBr, cm™): 3372-3633 (b, m, O-H), 3058 (m, C-H), 1650 (s, C=0), 1617 (s, C=C), 1515 (s,
C=C), 1491 (s, C=C), 1426 (s, C=C), 1354 (m, O-H), 1270 (s, C-O-C), 1162 (m, O-H), 1099 (m, C-
H), 997 (m, C-O-C), 741 (m, C-H), 530 (m, Pt-O).

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for Cs;Hzs07P,Pt [M]* 1019.1740; found
1019.1681. HRMS (ESI, acetonitrile, negative ion mode) m/z: calcd. for Cs;Hs;07P,Pt [MJH]

1018.1672; found 1018.1678.

2.3.Synthesis of cis-[Pt(PPhs),(3-Hfl)]Cl (3-Hfl = monoanion of 3-hydroxyflavone) (2)

A solution of KOH (0.64 mmol, 35.9 mg) in ethanol (4.5 mL) kept at 40 °C was added dropwise to
a clear yellow solution of cis-[PtCl,(PPhs),] (0.64 mmol, 506.0 mg) and 3-hydroxyflavone (0.64
mmol, 152.5 mg) in CH,Cl;, (40 mL) at room temperature under stirring. After overnight stirring at
room temperature, the reaction mixture was filtered to remove KCI and the resulting orange
solution was concentrated to 2 mL under reduced pressure and added of ethanol (10 mL). Addition
of pentane (30 mL) caused the precipitation of an orange solid from the solution. The solid was
washed with n-pentane (3 x 10 mL) and dried under vacuum.

Yield: 0.403 g, 63.5 %. Anal. Calcd. for 2, Cs1H3903P,PtCl: C, 61.68; H, 3.93. Found: C, 61.09; H,
4.18. Mp=219.1°C (dec).

'H and *C{*"H} NMR features are reported in tables 3 and 2, respectively, except those belonging
to PPhs groups. PPhs region: *H NMR (400 MHz, dmso-dg, 25 °C) & = 7.78-7.16 ppm; *C{*H}

NMR (100 MHz, dmso-ds, 25 °C) & = 135-128 ppm.



$1pf1H} NMR (121.5 MHz, dmso-dg, 25 °C): & = 8.60 ppm (d, 2Jpp = 24 Hz, *Jpp = 3667 Hz); 4.26
ppm (d, 2Jpp = 24 Hz, *Jpp = 3991 Hz).

1%pifI1H} NMR (85.99 MHz, dmso-ds, 25 °C): & = —4077 ppm (dd, *Jpp = 3667 Hz, *Jpp = 3991
Hz).

IR (nujol mull, cm%): 3059 (m, C-H), 1613 (s, C=0), 1568 (s, C=C), 1257 (m, C-O-C), 1093 (m, C-
H), 996 (m, C-O-C), 755 (s, C-H), 515 (m, Pt-0).

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for Cs;Hz903P.Pt [M-CI]* 956.2021; found

956.2021.

2.4.Synthesis of cis-[Pt(PPhs).(etga)] (etga = dianion of ethyl gallate) (3)

A solution of KOH (1.29 mmol, 72.4 mg) in ethanol (4.5 mL) kept at 40 °C was added dropwise to
a clear yellow solution of cis-[PtCl,(PPh3),] (0.64 mmol, 0.505 g) and ethyl gallate (0.64 mmol,
126.8 mg) in CH,CI, (40 mL) at room temperature under stirring. After overnight stirring at room
temperature, the reaction mixture was filtered to remove KCI and the resulting solution was
evaporated under reduced pressure and added of CH,Cl, (10 mL). Addition of n-pentane (30 mL)
caused the precipitation of a yellow solid from the dark yellow solution. The solid was washed with
n-pentane (3 x 10 mL) and dried under vacuum.

Yield: 0.376 g, 69.1%. Anal. Calcd. for 3, C39H440sP,Pt: C 58.97, H 4.15; found C 58.41, H 4.22.
IR (nujol mull, cm™): 3496 (s, O-H), 3049 (m, C-H), 2000-1813 (w, aromatic overtone), 1688 (s,
C=0), 1591 (s, C=C), 596 (s, Pt-O).

'H NMR (400 MHz dmso-dg, 25 °C) & = 7.44 ppm (m, 12 H, Hortho, PPh3), 7.43 ppm (m, 6 H, Hpara,
PPhs), 7.28 ppm (m, 12 H, Hpeta, PPh3), 6.56 ppm (s, 1H, 6-H), 6.41 ppm (s, 1H, 2-H), 5.60 ppm (s,
1H, 5-H), 4.10 ppm (q, 2H, CHy, %Jun = 7.1 Hz), 1.20 ppm (t, 3H, CHs, %34y = 7.1 Hz). BC{*H}
NMR (100 MHz dmso-ds, 25 °C) & = 167.2 ppm (s, CO), 163.1 ppm (s, C%), 154.6 ppm (s, C?),

144.6 (s, C°), 134.8 ppm (s, Cortho, PPh3), 131.8 ppm (S, Cpara, PPh3), 128.8 ppm (S, Cieta, PPh3),
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128.5 ppm (s, Cipso, PPh3), 116.8 ppm (s, C), 109.6 ppm (s, C), 104.3 ppm (s, C°), 59.9 8s, CH,),
14.8 (s, CHa).

$1p{IH} NMR (121.5 MHz, dmso-ds, 25 °C): & = 11.2 ppm (d, Jpe = 3552 Hz, “Jpp = 24 Hz); 6.4
ppm (d, Jpe = 3660 Hz, 2Jpp = 24 Hz).

1%pt NMR (85.99 MHz, dmso-ds, 25 °C): & = 4062 ppm (pseudo t).

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for C4sH3s0sP,Pt [M]* 916.1841; found
916.1845; calcd. for CysHzgOsP;PtNa [M+Na]® 938.1739; found 938.1755; calcd. for

CusH3g05P,PtK [M+K]" 954.1478; found 954.1496.

2.5.Photodegradation of 2
Four NMR tubes were filled with a dmso-ds solution (0.6 mL) of 2 (10°° mol), two of them under
aerobic conditions and the others under nitrogen atmosphere, using de-aerated solvent. Each tube
was then capped and a *H NMR spectrum was immediately recorded. Afterwards, one of the NMR
tubes under air and one under nitrogen were placed in the dark, leaving the others in the daylight.

The solutions were checked by *H NMR after five days.

2.6.Crystallographic analysis
Compounds 1 and 3 underwent batch crystallization, by slow diffusion of n-pentane in a solution of
tetrahydrofuran containing the respective complex. Crystals suitable for diffraction analysis were
obtained after 2 weeks.
The single-crystal X-ray diffraction data for crystals 1 and 3 were collected on a Kappa CCD
Nonius area detector diffractometer, in ¢ and @ scans mode. Reflection data were measured at 293
K, using graphite monochromated Mo Ka radiation (A = 0.71073 A). Data were corrected for

Lorentz and polarisation effects [23] and for absorption [24].



The structures were solved by the Patterson deconvolution procedure of SIR2014 [25] and refined
by the full-matrix least-squares technique based on F? with SHELXL2014/7 [26], using collected
reflections with 1>24(1); up to 0.85A (crystal 1) and 0.83A (crystal 3) resolution; measured
reflections with |(lops —lcar)/SigW(I)| > 10 were excluded during the refinement process. The non-
hydrogen atoms were refined with anisotropic thermal parameters. The aromatic, methyl and
hydroxyl hydrogen atoms were placed in calculated positions, refined with isotropic thermal
parameters [U(H) = 1.2Ueq(C), U(H) = 1.5Ueq(Me,O)], and allowed to ride on their carrier atoms.
The SQUEEZE routine in PLATON [27],designed to treat electron density of disordered and
diffused solvents, was applied to improve the structure refinement for 1. Crystallographic data
collection and refinement parameters are given in Table 1. Molecular graphics were generated by
using MERCURY CSD 2.0 [28] and JAV [29]. Two atoms separated by less than the sum of their
Van der Waals radii have been considered in contact: for intermolecular contacts the two atoms
must belong to different symmetry-equivalent molecules, for intramolecular contacts the additional
requirement is that the two atoms must be separated by more than 4 bonds. The cif files CCDC-
1430059 for 1 and -1430058 for 3 contain the supplementary crystallographic data for this paper.

These data can be obtained free of charge from the Cambridge Crystallographic Data Centre.
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Table 1. Crystal data, experimental details and refinement parameters for 1 and 3.

1 3
Chemical formula Cs1H330,P,Pt C45H3305P,Pt
M; 1019.84 915.78
Crystal system Orthorhombic Triclinic
Space group Pbnb Pi
a, b, c(A) 15.372, 22.066, 32.445 11.038, 12.269, 15.242
a, B,y (°) 90.00, 90.00, 90.00 72.53, 85.17, 89.25
V (A% 11005.3 1961.9
VA 8 2
F(000) 4064 912
Dy (Mg m™) 1.231 1.550
u (mm™) 2.65 3.70
Crystal shape Prismatic Rod-shaped
Colour Red Pale yellow

Crystal size (mm)

No. of measured reflections

No. of independent reflections

Rint

0 values (°)

0.25x0.25%0.10

87739

9323

0.175

emax = 247, emin = 20 emax = 254, emin = 26

11

0.25x0.13 x 0.03

20140

7162

0.127
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RIF* > 26(F?)], wR(F?), S 0.064, 0.178, 0.98 0.060, 0.167, 0.89

No. of observed reflections [I > 26(1)] 5316 4984
No. of parameters 553 479
Apmaxs Apmin (€ A7) 2.01,-0.73 0.90, —1.54

2.7. Computational details
In this work we studied the hydrolysis reaction for cis-[Pt(PMes).(etga)], cis-[Pt(PMes)2(3-Hf)]",
and cis-[PtCl(PMes);] by means of Density Functional Theory (DFT) calculations using
mPW1PW91 functional, which has been previously demonstrated to provide reliable structures and
energies for cisplatin and its derivatives [Error! Bookmark not defined.a]. Geometry
optimizations were carried out in vacuum and with a 6-31+G(d) basis set for all atoms except the
platinum atom, which was described by the quasi-relativistic Stuttgart-Dresden pseudopotential
(SDD) [30]. In order to confirm that stationary points were actually minima or transition state
geometries, the analytical calculation of second derivatives of the energy and vibrational frequency
analysis were carried out. Potential energy profiles were estimated from total electronic energies
and adding zero point energy (ZPE) and thermal corrections at 298.15 K.
DFT calculations were performed with the Gaussian 09 program [31]. Phenyls in PPhs groups have
been replaced by methyl (Me) groups for computational convenience.
Also the solvent influence has been included, due to the demonstrated fundamental role in
influencing thermodynamic and kinetic parameters in metal complex reactivity [32].
Thus, the energies reported in this work are all calculated in water represented by a polarizable

continuum model (PCM) [33].
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2.8. Cytotoxicity Assays
Cell Lines: U87 cells from human glioblastoma and MCF-7 cells from breast carcinoma were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Euroclone). The complete culture
medium was supplemented with 10% heat-inactivated fetal bovine serum (Euroclone), streptomycin
(0.2 mg mL™), and penicillin (200 IU mL™). For U87 cells the complete medium was added with
1% of non-essential amino acids. Cells were incubated at 37 °C and 5% CO; in a humidified
incubator. The cytotoxicity assays were performed as previously described [34]. Briefly, U87 cells
from human glioblastoma and MCF-7 cells from breast carcinoma were exposed to tested
compounds for a period of 72 h. All tested compounds were dissolved in dmso prior to their
dilution with complete cell culture medium to the predetermined experimental concentrations
(seven concentrations ranging from 0.10 to 200 uM). In all experiments the percentage of dmso
never exceeded 1%. Cytotoxicity (ICsp) values for the tested compounds were determined using the
metabolic reduction of the soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) by a mitochondrial enzyme of cultured cells into an insoluble colored formazan product. In
particular, cells were seeded at a density of about 5,000 cells/well in a 96 well plate and incubated
at 37 °C for 72 h in the presence and absence of the tested compounds. Untreated cells were used as
positive control. Then, 10 pL of 5 mg mL > MTT solution was added to each well and the plates
were incubated for additional 3 h at 37 °C. Next, cells were lysed by the addition of 150 puL of 50%
(v/v) dmso and 50% (v/v) ethanol solution, and the absorbance of each individual well was
measured using a microplate reader at 570 nm (Wallac Victor3, 1420 Multilabel Counter, Perkin-
Elmer). The reported values are the average of triplicate measurements performed in three separate

experiments.
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3. Results and Discussion

3.1 Synthesis and characterization of platinum polyphenolate complexes.

The synthesis of the platinum polyphenolate complexes was achieved by reaction of cis-
[PtCI>(PPhs),] with deprotonated forms of the selected biologically active natural polyphenols in
dichloromethane/ethanol [35]. The coordination of an alcoholic oxygen atom (hard donor) to
platinum (soft acid) is thermodynamically disfavored and occurs when it is supported by an
additional driving force, like for example the precipitation of an insoluble side product. In our case,
insoluble KCI was recovered at the end of the reactions.

The reaction between cis-[PtCl,(PPhs).] and quercetin leading to cis-[Pt(PPhs).(que)] (1, que =
dianion of quercetin) is depicted in Scheme 4. The target complex was obtained in high yield and
ca. 95% purity by slowly adding ethanolic KOH to a dichloromethane solution of cis-PtCl,(PPhs),.
The presence of ca. 5% impurities, which we were not able to separate from the major product,
prevented the use of complex 1 in cytotoxic essays. The formation of side-products in the synthesis
of 1 is probably due to the presence of several coordination sites in quercetin [36]. In fact, beside
metal complexes whereby quercetin is bonded via C*-O and C*-O [37] as in 1, metal(ll)
complexes of quercetin bonded through the keto group (C*=0) and the C*-~O oxygen atom are
known [14a,38] and, in principle, also C'—O bonded metal complexes may form.

When we tried to obtain 1 by adding an ethanolic solution of the pre-formed salt of quercetin to a
solution of cis-[PtCl,(PPhs),], the reaction was even less selective and several platinum compounds

formed, as shown by 3P NMR analysis.

14



Ph,P

N/

cl
n
AN
cl

Ph,P

+2 KOH

CH,Cl,/EtOH | —2KCl

O\Pt/PPh3
A

PPh,

Scheme 4. Synthesis of cis-[Pt(PPhs),(que)] (que = dianion of quercetin) (1).

The formula proposed for 1 was confirmed by HR ESI-MS analysis. The ESI-MS spectrogram in
negative mode of a diluted acetonitrile solution of 1 showed an intense peak at m/z 1018.1678,
whose isotope pattern is perfectly superimposable to that calculated for the anion [Cs;H3707P2Pt]™
(corresponding to [1-H]"), obtained by deprotonation of an hydroxyl group under analysis

conditions (Figure 1).
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Figure 1. Experimental (top) and calculated (bottom) HRMS-spectra of 1 showing the ion [1 — H]".

The error between the calculated and observed isotopic patterns is 3.4 ppm.

The **P{"H} NMR spectrum of 1 in dmso-ds showed two mutually coupled doublets (%Jpp = 23 Hz)

flanked by '*°Pt satellites at § 9.6 (*Jpip = 3565 Hz) and & 8.3 ({Jpip = 3600 Hz). The *!p-3p

coupling constant indicates a structure in which the PPhz groups are mutually cis, while the direct

$1p_19pt coupling constant values are compatible with phosphane groups in trans position to an

oxygen atom [37]. The *C{*H} NMR spectrum of complex 1 showed a ca. 20 ppm downfield shift

with respect to the free ligand of the carbon signals which are close to the coordination sites. In fact,

the resonance of C* and C* signals were found (by means of *H-*C HMBC and *H-'*C HSQC

experiments, Figures S5 and S6) at 6 166.6 and 6 163.4, respectively, with those of free quercetin
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falling at & 143.6 and & 145.0, respectively (Table 2). All *H NMR signals were unambiguously
assigned by means of 1D and 2D NMR experiments and are reported in Table 3. The signal of
C°0H (Avip = 2 Hz) is much sharper than those of C*OH (Avy, = 12 Hz) and C'OH (Avy, = 94
Hz), probably due to the formation of intramolecular C°OH---OC* hydrogen bond in solution. This
is confirmed by the high value of the chemical shift found for the C°OH proton (8 12.64). The large
broadness of the C’OH proton signal is ascribable to the fast exchange with water. The **°Pt{'H}
NMR spectrum of 1 consists of a doublet of doublets at & —4062, in the region of Pt(Il) phosphane

complexes [37].

Table 2. *C NMR spectral data of 1, 2 , quercetin and 3-hydroxyflavone (dmso-ds, 298 K). Bold
typeface refers to largest changes in chemical shifts observed comparing free with metal

coordinated ligand.

Complex 1 quercetin Complex 2 3-hydroxyflavone

C? 128.9 135.6 1736 139.1
c? 149.4 146.8 182.6 145.2
ct 175.5 175.7 207.0 173.1
c® 161 160.6 125.5 124.8
c® 98.5 98.1 128.9 124.5
C’ 163.8 163.8 134.3 133.7
ct 93.6 93.3 118.3 118.4
c® 156.3 156.1 155.2 154.6
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cl 103.2

c’ 118.4
c” 114.1
c¥ 166.6
c? 163.4
c¥ 115.1
c® 118.1

103

121.9

115.1

147.6

145.0

1155

119.9

121.8

131.8

128.2

128.4

129.1

128.4

128.2

121.2

131.3

127.6

128.6

129.6

128.6

127.6

Table 3. "H NMR spectral data of 1, 2 , quercetin and 3-hydroxyflavone (dmso-ds, 298 K).

Complex 1 quercetin Complex 2 3-hydroxyflavone
H® 8.81 9.6 — 9.68
H°® 12.64 12.42 8.10 8.16
(d, *s =84 (d, *Ipspe= 8.1
Hz) Hz)
H°® 6.12 6.18 7.51 (m) 7.50 (m)
(d, 4\]H6,H8 =21 HZ) (d, 4\]H6,H8 =2.0 HZ)
H’ 10.63 10.76 7.87 (m) 7.82 (m)
H® 6.32 6.40 7.98 7.78
(d, 4\]H6,H8 =21 HZ) (d, 4\]H6,H8 =2.0 HZ) (d, 3J|-|7,|-|8: 1.7 (d, 3JH7,H8: 8.0
Hz) Hz)
H” 7.00 7.67 8.24 8.26

(d, 4~]H2’,H6’ =20 HZ)

(d, Vi e = 2.2

Hz)
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HY - 9.31 7.74 (m) 7.63 (m)

H ) 9.39 7.55 (m) 7.54 (m)
a 6.19 6.89 7.74 (m) 7.63 (m)
d, *Juspe=84Hz)  (d, usue=18.3
Hz)
H® 7.25 (m) 7.53 8.24 8.26
(dd, 8.3 Hz, 2.2 Hz) (d,*Jusne=7.7 (d, *Jus = 7.9

Hz) Hz)

The IR spectrum of 1 showed broad bands at 3372-3633 cm™* that can be assigned to the hydroxyl
groups C’O—H, C°0-H and C*0-H, along with the typical bands ascribed to the skeletal C=C
(1650 and 1426 cm™) and C-O-C (1270 cm™) stretchings. All IR bands of coordinated
deprotonated quercetin are only slightly shifted in comparison to those assigned to free quercetin
[39]. In particular, the 1650 cm* band assigned to the C*=0 stretching (1661 cm ™ in free quercetin)
confirms that the coordination of quercetin does not involve the oxygen atom of the carbonyl group
(the 11 cm* red-shift can be due to ring deformation caused by platinum bonding to quercetin).

Complex 1 was crystallized from thf/n-pentane to give crystals suitable for X-ray diffraction. An
ORTEP [40] drawing of the molecule is shown in Figure 2. Table 4 reports selected bond lengths
and angles for 1. The Pt atom has a distorted square-planar coordination geometry imposed by the
0,0’ chelation of quercetin. In the molecular unit of 1 the Pt atom is displaced from the mean plane
passing through the basal atoms P1, P2, O5 and O2 by 3.0 A. The Pt—P (2.25 A) and Pt-O (2.06 A)
distances are similar to those reported for other triarylphosphane platinum(l1) complexes containing
chelating phenoxides [41]. Complex 1 has orthorhombic symmetry, and a large crystal cell (cell
volume 11005.3 A3, volume per atom 22.6 A®). The packing in the crystal cell is dominated by the
interactions among the PPhj3 rings, which arrange them in planes perpendicular to the longer c axis.

The dianion of quercetin are instead arranged parallel to the ¢ axis, spacing out the stacked PPh;
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ligands. The O8-H8 hydroxyl group and O7 give rise, also in the solid state, to an intramolecular

hydrogen bond.

Figure 2. ORTEP [40] drawing of 1, by using ellipsoids at 50% probability level.

Table 4. Selected bond lengths [A] and angles [°] for complex 1.

Bond lenghts

Pt1-P2
Pt1-P1

Pt1-O5

2.253(2)  Ptl-02
2.249(3)  C17-05

2.055(6) C7-02

2.059(6)
1.338(10)

1.386(10)

Angles

P1-Pt1-P2
P2-Pt1-05
P1-Pt1-05

Pt2-03°-C17

98.67(9)  P2-Ptl-02
84.78(18) P1-Pt1-02
176.51(18) Pt1-02-C7

110.6(6)  05-Pt1-02

167.27(19)
93.48(18)
108.0(57)

83.02)
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When 3-hydroxyflavone reacted with cis-[PtCl,(PPhs),] under alkaline conditions, complex salt cis-
[Pt(PPh3),(3-HfI)]CI (2, 3-Hfl = monoanion of 3-hydroxyflavone) formed (Scheme 5), in which
deprotonated 3-hydroxyflavone coordinates Pt through its O and O* atoms. The formula proposed
for 2 was indicated by HR ESI(+)-MS analysis which showed an intense peak at m/z 956.2021,
whose isotope pattern is perfectly superimposable to that calculated for [CsiH39O3P2Pt]
corresponding to the cation cis-[Pt(PPhs)2(3-Hf)]".

The ionic structure for 2 was confirmed by comparing the dmso-dg solution **P NMR signals of 2
before and after addition of solid AgBF,. The addition of AgBF, to the yellow solution of 2 caused
the immediate precipitation of AgCl, and the chemical shifts of the *P NMR signals of 2 did not
change after replacement of the chloride with a poorly coordinating anion (BF4"), ruling out, for

instance, the possibility of a neutral penta-coordinated structure [19a] for 2.
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Scheme 5. Synthesis of cis-[Pt(PPh3),(3-Hfl)]CI (3-Hfl = monoanion of 3-hydroxyflavone) (2).

'H, 3P and Pt NMR features of 2 (Table 3 and Experimental Section) are consistent with the
structure proposed in Scheme 5. As for complex 1, the *C{*H} NMR spectrum of 2 showed a
significant downfield shift of the carbon signals close to the coordination site, passing from 5 173.1
(C%, 8 145.2 (C% and & 139.1 (C?) for free 3-hydroxyflavone, to & 207.2 (C*); & 173.4 (C®) and
§154.0 (C? for complex 2 (Table 2). On the contrary, the ®*C NMR chemical shift values
belonging to nuclei of A- and B-rings were very similar to the ones reported for free 3-
hydroxyflavone [42]. The IR spectrum of 2 exhibited a strong sharp peak at 1613 cm™* which can be
assigned to the coordinated carbonyl group, while no absorptions were observed in the O-H

stretching region. The ca. 50 cm™ red shift of the carbonyl band observed with respect to free 3-
22



hydroxyflavone [36a] indicates that the metal coordination involves the oxygen atom of the
carbonyl group.

Single crystals of 2 obtained by slow diffusion of n-pentane into the thf reaction solution were
submitted to XRD analysis, but were not of sufficient quality to warrant a complete X-ray structure
determination. Nonetheless, the collected data confirmed unambiguously for 2 the atom
connectivity shown in Scheme 5, with the chlorine atom, whose refined occupancy was 0.45, placed
in the same plane of the monoanion of 3-hydroxyflavone unit and far away from the coordination
sphere of the platinum center. Three additional molecules were found in the elementary cell (vide
infra), due to photodegradation processes.

Complex 3 was synthesized by reacting ethyl gallate with cis-[PtCl,(PPhs),] under alkaline
conditions (Scheme 6). The formula proposed for 3 was confirmed by HR ESI-MS analysis. The
ESI-MS spectrogram in positive mode of 3 showed an intense peak at m/z 916.1845, whose isotope
pattern is perfectly superimposable to that calculated for the radical cation

[C4sH3305P,Pt]" (corresponding to [3]7).

23



HO
Ph;P cl N
Np”

+

Ph3P/ N
HO
+ KOH OH
KCl

CH,Cl,/EtOH

Scheme 6. Synthesis of cis-[Pt(PPhs),(etga)] (etga = dianion of ethyl gallate) (3).

The *P{*H} NMR spectrum of 3 in dmso-ds showed the expected doublets at & 11.2 (*Jpyp = 3552
Hz) and & 6.4 ({Jpp 3660 Hz), while the ***Pt{*H} NMR spectrum showed a pseudo-triplet at & —
4400. The C°-OH proton of 3 (8 5.60) was significantly shielded respect to the free ligand (8 9.30),
presumably due to the weakening of the hydrogen bond system caused by Pt coordination. The
BC{"H} NMR spectrum confirmed the coordination of the C*-O and C*-O phenoxides onto Pt. In
fact, C* and C* signals of the coordinated ethyl gallate were found at & 163.1 and 6 154.6, ca. 18
ppm down-field shifted respect to the free ligand (5 145.6 for C* and & 138.3 for C*).

Slow diffusion of n-pentane into a thf solution of 3 afforded crystals suitable for XRD analysis. An
ORTEP [40] drawing of 3 is shown in Figure 3, while relevant bond lengths and angles are
collected in Table 5. The Pt atom adopts an almost square-planar coordination geometry imposed

by the 0,0’ chelation of the dianion of ethyl gallate, as well as by the crystal packing on the PPh3
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ligands. In the elementary cell, ethyl gallate moieties are all aligned in the (113) plane. Deviation
from planarity of the PtP202 plane was observed, as measured by the improper dihedral angle value
(3.2°), being the plane of the two P atoms rotated with respect to the plane of the ethyl gallate

molecule.

Figure 3. ORTEP [40] drawing of 3 by using ellipsoids at 50% probability level.

Table 5. Selected bond lengths [A] and angles [°] for complex 3.

Bond lenghts

Pt1-P1 2.261(3) Pt1-O1 2.028(7)

Pt1-P2 2.260(3) C7-02 1.346(13)

Pt1-02 2.053(7) C1-01 1.357(13)
Angles

P1-Pt1-P2  99.17(10)  P1-Pt1-O1  169.9(2)
P1-Pt1-02  87.6(2) P2-Pt1-0O1  90.4(2)

P2-Pt1-02  172.3(2) Pt1-02-C7  109.6(6)
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Pt1-01-C1  110.3(6) 01-Pt1-02  83.1(3)

3.2. Photo degradation of 2 under aerobic conditions
The photo degradation of 3-hydroxyflavone to 3-hydroxy-3-phenyl-1,2-indandione (4, Scheme 7)
[43] is a well-known phenomenon, which has attracted the interest of the academic community
[43,44]. In fact, the photo degradation of 3-hydroxyflavone affects both its biological and
antioxidant activities [45] as well as its peculiar photochemical properties [46].
Conrard and coworkers reported that Zn(1l) and Pb(Il) 3-hydroxyflavonate complexes decompose
when exposed to daylight affording 4 under both aerobic and anaerobic conditions, thus indicating

that the coordination to the metal center does not influence the decomposition pathway [47].

OH

Scheme 7. Photo degradation of 3-hydroxyflavone in the absence of metal ions.

On the contrary, Berreau and coworkers reported that Pb(Il), Zn(I1), Ru(ll) and other divalent metal
flavonolate complexes undergo oxidative photochemical degradation with loss of CO [48] and
formation of O-benzoyl salicylate complexes under aerobic conditions, and can act as catalysts for

the photoinduced oxidative ring opening of 3-hydroxyflavone to give O-benzoyl salicylic acid (5)
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[49]. A similar behaviour was observed by Speier and coworkers for Cu(ll) flavonolate complexes
under aerobic and thermal conditions [50].

In our case, we observed an oxidative photo degradation of 2 under aerobic conditions. In fact,
when a dmso-dg solution of 2 was left standing under air in the daylight for five days, a new
compound formed in ca. 10 % yield, which was characterized (NMR and GC-MS) as O-benzoyl
salicylic acid (5). This compound was not observed when a similar solution of 2 was left standing
for ten days either in the dark and/or in the absence of dioxygen.

In addition, as previously mentioned, XRD analyses of crystals obtained by a slow diffusion of n-
pentane/thf solution of 2 kept one month under air in daylight showed in the elementary cell
additional atoms beside those belonging to complex 2. They have been placed to interpret clear
peaks emerging in the difference Fourier electron density, and allowed to improve significantly the
refinement of the whole structure. Such atoms are grouped to form three additional molecules: a
salicylic acid, a thf (crystallization solvent) molecule and a fragment, which was tentatively
identified as benzoic acid, but whose low resolution prevented a conclusive assignment.

On the basis of these observations, the photo degradation pathway followed by 2 should resemble
the one already reported by Berreau and coworkers for Ru(ll) flavonolate complexes [48] (Scheme
8). Aerobic oxidation of 2 would result in a carbonyl Pt complex bonded to the anion of O-benzoyl
salicylic acid. This intermediate can decompose, in the presence of adventitious water, to give 5
plus unidentified Pt species. The formation of salycilic acid and benzoic acid during slow

crystallization of 2 in n-pentane/thf might then derive from hydrolysis of 5.
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3.3.DFT calculations
On the basis of a large number of experimental data, it is widely accepted that the hydrolysis of
platinum(1l) anticancer complexes is a bimolecular nucleophilic substitution (Sy2) which is the rate-
determining step of the process leading to the formation of the adduct with DNA nucleobases
[Error! Bookmark not defined.]. In particular, for cisplatin the mono-aquo species is believed to
be the key player, since it coordinates to the N7 atom of a guanine base in DNA producing a
monofunctional adduct [Error! Bookmark not defined.,51]. Once coordinated, the second
chloride is released and platinum binds a second base producing the crosslink, which distorts DNA
[Error! Bookmark not defined.]. Due to their importance, the hydrolysis reactions of platinum

complexes have been studied by means of a variety of theoretical methods in the last decade [21]. In
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our case, the activation energies for the hydrolysis reactions of complexes 2 and 3 have been
calculated because they could be correlated to their potential synergic cytotoxicity, since
polyphenols are released in solution.

The first hydrolysis leads to the ring-opening process, with the 3-Hfl and etga derivatives remaining
mono-coordinated to the metal ion center. The second hydrolysis (second step) leads to the
complete release of 3-Hfl and etga (Scheme 9).

For comparison purposes, we considered also the hydrolysis of cis-[Pt(PMes),(Cl)] (see

Supplementary Information), and that of cisplatin [Error! Bookmark not defined.a].

3.3.1. Hydrolysis reaction for cis-[Pt(PMes),(etga)].

The optimized geometry parameters of the model complex cis-[Pt(PMes),(etga)] (Table S1) are in
excellent agreement with the experimental ones found for complex 3 (Table 5), thus confirming the
reliability of the computational protocol used. In Figure 4 the structures of reactants (R), products
(P) and transition states (TS) are shown for both reaction paths (Scheme 9a) while the energy
profiles are shown in Figure 5. The energy (E) values are referred to the separated reactants (R)
rather than reactant adducts (RA) (Figure 4), since it is wide accepted that at the beginning of the
reaction, the water molecule in the second coordination shell of the metal is possible only in
vacuum, but it seems an artifact in solution [52]. Relevant bond distances of all optimized
complexes are reported in Table S2. The energy values corresponding to Figure 5 are reported in
Table S3.

The detachment of the etga ligand in the first hydrolysis can occur in two different ways (Scheme
9a): by rupture of the bond that involves the oxygen in o position to the OH group (O1 path) or by
breaking the other Pt-O bond (02 path). Both O1 and O2 paths (Figure 4a) showed a proton transfer
from the incoming water molecule to the closer oxygen of the ligand (OL). This result has been
previously reported also for the hydrolysis of other platinum drugs under neutral conditions [Error!

Bookmark not defined.c,Error! Bookmark not defined.d]. Mono- and di-hydroxo complexes
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should form under physiological conditions, although it has been reported that the local pH in the

vicinity of macromolecules could be different from the physiological one [53].
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Scheme 9. Hydrolysis reactions for: a) cis-[Pt(PMes),(etga)] and b) cis-Pt[(PMes)2(3-HfD)]*
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Figure 4. Optimized structures for the hydrolysis reaction of cis-[Pt(PMes).(etga)]. a) first step; b)

second step.

The energy profiles for the first step of the hydrolysis indicate that the formation of the reactant
adducts (RA1-0O1 and RA1-02) is energetically favored (Figure 5a and Table S4).
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Figure 5. Activation energy profiles of: a) the first and b) the second step of the hydrolysis reaction
of cis-[Pt(PMes),(etga)] (both O1 and O2 paths), cis-[PtCl,(PMes).] and cisplatin in PCM water.
The energy values for cisplatin are taken from ref. [Error! Bookmark not defined.a].

Both transition states TS1-O1 and TS1-O2 have a penta-coordinated structure, with imaginary
frequencies of 99.7 cm™ for TS1-O1 and 157.8 cm ™ for TS1-O2 corresponding to the rupture of the
platinum-ligand bond (Pt-OL) and the simultaneous formation of a new bond between the metal and
a water molecule. The activation energies (Ea = Etransition state — Ereactants) fOr the two paths are rather
different: for the O1 path E, = 22.8 kcal mol™, while the O2 path shows a E, = 18.7 kcal mol™
(Table S4). According to these results, the release of ethyl gallate by the opening of the Pt-O2 bond
is kinetically preferred. Furthermore, O2 pathway leads to the most stable product [AE = E(PA1-
O1)-E(PA1-02) = 3.6 kcal mol™]. This difference could be due to the formation of two hydrogen
bonds in the case of PA1-O2 with respect to PA1-O1 where only one hydrogen bond is possible
(Figure 4a).

The transition states in the second hydrolysis have a penta-coordinated structure with imaginary

frequencies of 103.9 cm™ for TS2-O1 and 101.7 cm* for TS2-02 (Figure 4b) corresponding to the
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simultaneous rupture of the bond between platinum and the ligand (Pt-OL) and the formation of the
metal-water bond. The calculated profiles (Figure 5b) show that the two reaction paths have
comparable activation energy [AE, = E4(TS2-O1)- Eo(TS2-02) = 0.4 kcal mol ™, Table S4]. Also the
final products (P2) have almost the same energy of TS2-O1 and TS2-02 (Table S3).

As shown in Figure 5 and Table S4, the first hydrolysis step has a higher activation energy with
respect to the second step, irrespective of the ring opening order, thus the first hydrolysis process is
the rate determining step (RDS) of the whole reaction leading to the release of ethyl gallate in
solution.

Regarding the first hydrolysis (Figure 5a), by comparing the energy profiles of cis-
[Pt(PMe3),(etga)] with those of the highly cytotoxic cisplatin, it appears that the E, in O2 path is
lower than the cisplatin one (AE, = E4(TS1-02) — Ea(cisplatin) = —2.7 kcal mol™); on the contrary
the E, in O1 path is higher than the one calculated for cisplatin (AE, = +1.4 kcal mol™) (Figure 5a
and Table S4). For the second hydrolysis step, E, values for both O1 and O2 paths are much lower
than cisplatin one (AE, = —6 kcal mol™ for O1 path and AE, = —6.4 kcal mol™ for O2 path) (Figure
5b and Table S4). The obtained results suggest that cis-[Pt(PMej3),(etga)] smoothly leads to a mono-
hydroxo complex with etga mono-coordinated to the metal, which promptly reacts with another
water molecule giving the di-hydroxo species. The mono-hydroxo and di-hydroxo species are
considered poorly reactive for DNA coordination, thus their formation can limit the efficacy of a
platinum metallodrug [54]. Furthermore, the low activation energy barriers of the second step and
the consequent high hydrolysis reaction rate might make this complex subject to fast degradation,
causing potentially poor pharmacological activity [55]. In fact, the E, values (11.3 and 12.9 kcal
mol ™ for the first and second hydrolysis process, respectively) calculated for cis-[PtCl,(PMes)s]
(taken as a model for the biologically inactive (vide infra) cis-[PtCl,(PPhs).]) are much lower than

the hydrolysis activation energies calculated for both cis-[Pt(PMe3),(etga)] and cisplatin (Figure 5
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and Table S4). In conclusion, on the basis of DFT calculations, complex 3 should not be expected

highly cytotoxic.
3.3.2. Hydrolysis reaction for cis-[Pt(PMe3),(3-Hfl)]™.

In Figures 6 the optimized structures of the complexes involved in the hydrolysis of cis-

[Pt(PMes)2(3-Hfl)]" are displayed, with relevant bond distances reported in Tables S4 and S5.
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Figure 6. Optimized structures for the hydrolysis reaction of cis-[Pt(PMes),(3-Hfl)]". a) first step;
b) second step.
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Figure 7. Activation energy profiles of: a) the first and b) the second step of the hydrolysis reaction
of cis-[Pt(PMes),(3-Hfl)]" (both O1 and O2 paths), cis-[PtCl,(PMe3),] and cisplatin in PCM water.

The energy values for cisplatin are taken from ref. [Error! Bookmark not defined.a].

The energy (E) profiles for the reactions in Scheme 9b are shown in Figure 7 (values in Table S3).
The formation of the intermediate RA1-O2 is slightly energetically favored, while RA1-O1
formation energy is slightly positive. Also in this case, the transition states of both O1 and O2 paths
have a penta-coordinated structure with imaginary frequencies of 87 cm™* for TS-O1 and 78 cm™*
for TS-O2. The calculated E, values are 14.4 kcal mol™ and 15.7 kcal mol™ for O1 and O2 path,
respectively. The O1 opening produces the mono-aqua derivative, while in the O2 path a proton
transfer leading to the mono-hydroxo complex occurs. Also the PA1-O1 is more stable than PA1-
02 [AE = E(PA1-O1)-E(PA102) = —1.8 kcal mol™, Table S4]. In conclusion, in the first hydrolysis
step the O1 path, leading to a monoaqua Pt complex, should be more favored than the O2 one
(which leads to a monohydroxo Pt complex).

In the second hydrolysis step (Figure 7b), transition states with a penta-coordinated Pt geometry are
obtained (imaginary frequencies: 89 cm™ for TS2-O1 and 83 cm™* for TS2-02). The calculated E,

values are 11.9 kcal mol™ and 9.5 kcal mol™ for O1 and O2 path, respectively (Table S4).
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Therefore, also for cis-[Pt(PMe3),(3-Hfl)]" the first hydrolysis is the rate determining step of the
whole process leading to the complete release of the 3-Hfl. Furthermore, by analyzing the obtained
Ea values (Figures 7b, Figures S1-2 , Table S4), it emerges that the second hydrolysis step proceeds
faster for cis-[Pt(PMes),(3-Hfl)]" (both O1 and O2 paths) than for cisplatin and cis-Pt(PMe3),(egta)
(Figure 6 and Table S4). On the contrary, the first hydrolysis is slower for cis-[Pt(PMe3),(3-Hfl)]"
with respect to cis-[PtCl,(PMes).] (Figure 7a).

In the O1 path the final product shows a proton transfer from the water molecule bonded to
platinum to the closer oxygen of the ligand, while in the O2 path this phenomenon does not occur.
Finally, the final product of cis-[Pt(PMes)2(3-Hfl)]" hydrolysis is the monoagqua-monohydroxo
complex (cis-[Pt(PMej3)2(H20)(OH)]", Figure 6b).

On the basis of DFT calculations, some cytotoxic synergic effect between platinum center and 3-
hydroxyflavon leaving group effect might be expected for cis-Pt[(PMe3),(3-Hfl)]", because the
mono-aqua platinum species formed in both first and second hydrolysis steps, could coordinate
DNA [Error! Bookmark not defined.]. On the other hand, the theoretical hydrolysis activation
energy (mainly affected by the trans influence of the carrier ligand), lower than cisplatin (Figure 7)

could lead to fast deactivation of platinum compound and thus poorer biological activity [55].

3.4. Cytotoxicity

The antiproliferative potential of the new complexes 2 and 3 was assessed in human glioblastoma
(U87) and human breast cancer (MFC-7) cells, being the first cellular line sensitive to cisplatin and
the latter cisplatin resistant. Since complex 2 was found to be photosensitive (see paragraph 3.2),
cytotoxicity studies were carried out in the dark for all examined compounds, in order to avoid
photodegradation processes. Complex 1 was not taken into consideration, due to the difficulty in
separating it from the side-products formed in minor amounts during its synthesis.

For comparison purposes, the cytotoxicity of 3-hydroxyflavone, ethyl gallate and cis-[PtCl,(PPhs).]

was evaluated under the same experimental conditions employed for the other metal complexes.
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Cellular viability was determined by colorimetric MTT assay [MTT = 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]. The viability of cells in the presence of the tested compounds
was compared to that observed for control cultures and the inhibition of growth (%) was calculated.
The half maximal inhibitory concentration (ICso) values obtained following exposure to increasing
concentrations (from 0.10 to 200 uM) of the different compounds for 72 h are shown in Table 6,
which reports also the relevant ICs, values for cisplatin taken from the literature [56].

At the tested concentrations, the Pt complexes 2 and 3 showed a different biological effect on both
U87 and MCF-7 cell lines (Table 6), being 2 more cytotoxic than 3, following the same trend
observed for the relevant ligands. In fact, 3-hydroxyflavone was found more cytotoxic than ethyl
gallate on the examined cell lines. This behavior confirms what predicted by DFT calculations (see
previous paragraph), that is complexes 2 and 3 easily lose their natural ligands with the
consequence that their cytotoxicity is mainly affected by the biological activity of their leaving
groups. Theoretical studies also predicted that the platinum species (intermediates and final
product) obtained from the hydrolysis of complex 3 should poorly interact with DNA: thus the
cytotoxicity of complex 3 is expected to be determined by ethyl gallate only (no synergic effect).
Interestingly, considering the cytotoxicity on MFC-7 cells, complex 2 is more active than the basic
compounds, i.e. 3-hydroxyflavone and cis-[PtCl,(PPhs3),], the latter having a very negligible in vitro
cytotoxicity (ICso > 200 uM) for both studied cell lines. The synergism shown by 2 could be related
to the formation of mono-aqua platinum species which are known to interact with DNA [Error!

Bookmark not defined.].
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Table 6. Cytotoxicity of hydroxyflavone, ethyl gallate, Pt complex 2, Pt complex 3, cis-

[PtCI>(PPhs),] and cisplatin toward U87 and MCF-7 cancer cell lines.

1Cs0 (LM)
Compound ua7ll MCF-71
complex 2 26.3+2.1 55217
3-hydroxyflavone 275123 108.1 + 3.5
complex 3 123.7+3.8 > 200
ethyl gallate 97.7+£2.6 > 200
cis-[PtCl,(PPhs),] > 200 > 200
cisplatin 1.76 £ 0.22 14 + 3!

8 Cells were seeded at a density of ~5000 cells per well into 96-well microliter plates. Following
overnight incubation, cells were treated with a range of drug concentrations (from 0.10 to 200 uM)
and incubated at 37 °C under a humidified atmosphere with 5% CO, for a period of 72 h. Data are
the mean values + SD of three independent experiments performed in triplicate. ™ data taken from

ref [56a]. [! data taken from ref [56b].

4. Conclusions

This article describes the synthesis and in vitro anticancer features of new cis-diphenylphosphane
platinum(Il) complexes bearing biologically active polyphenolate leaving group ligands. The
coordination modes of deprotonated quercetin, 3-hydroxyflavone and ethylgallate to platinum(ll)
were determined in solution by NMR spectroscopy and in the solid state by X-ray diffraction.
Biological assays carried out on complexes 2 and 3 indicate that these compounds did not show
higher cytotoxicity compared to cisplatin for the considered cell lines (U87 and MCF-7). DFT

calculations confirm that the studied complexes easily release their biologically active ligand in
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solution, thus explaining why their observed cytotoxicity features were at least not worse than those
of their natural leaving groups.

Although complexes 2 and 3 have similar O,0’ chelate structure, there is a small difference in their
natural ligand coordination mode, being the leaving group a deprotonated a-hydroxy ketone in the
first complex and a double deprotonated 1,2-diol in the second one. This small difference may
affect the biological activity of the new compounds.

In fact, a biological synergic effect between the ligand and the starting platinum compound was
interestingly observed for complex 2 bearing 3-hydroxyflavonate, for which mono-aqua platinum
species (able to coordinate DNA) smoothly form in both first and second hydrolysis steps,
according to theoretical studies. However, the cytotoxicity of cisplatin is still higher than that of
complex 2 one because of a too fast hydrolysis rate of the latter, due to the higher trans effect of the
carrier ligand.

As to 3, DFT calculations suggest that the lack of synergic cytotoxicity effect may be due either to
production of relatively inert mono- and di-hydroxo complexes under physiological conditions
(determined by ethyl gallate leaving group) and to a too fast hydrolysis rate (determined by carrier
ligand features).

In conclusion, this study suggests that fine tuning of chemical parameters of both leaving groups
and carrier ligands is a key step in designing biologically active Pt complexes. Therefore, further
studies are warranted to synthesize new platinum(ll) 3-hydroxoflavonate complexes bearing carrier

ligands different than triarylphosphanes.
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