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Luminescent platinum cyclometalated complexes are species of interest mainly
due to their applications in the optoelectronic and biological fields, especially
with regard to their anticancer activity. Given this level of interest, a series of
cyclometalated (2-[2/-thienyl]|pyridinate, thpy and 2-[2,4-difluorophenyl]pyridi-
nate, dfppy) platinum complexes with N-donor, PTA (1,3,5-triaza-7-phosphaa-
damantane) or chrysin-derived ligands (incorporating piperidine, HL1, or
morpholine, HL2, fragments) were synthesized. The complexes are lumines-
cent with tunable emission wavelengths. Aggregation in solution was observed
for [Pt(dfppy)L1], 5. Density-functional theory (DFT) studies provided descrip-
tions of the highest occupied molecular orbital (HOMO) and least unoccupied
molecular orbital (LUMO) characteristics and their influence on the photophy-
sical properties. The orbitals of 5-6 were different in nature to those of 1-4.
Time-dependent DFT (TD-DFT) calculations showed that for 1-4 the excited
states S; and T; reflect metal-to-ligand charge transfer (MLCT) and ligand-
centered (LC) (CAN) contributions while for 5-6 these states are an LC transi-
tion centered on L1 or L2. The speciation in DMSO and DMSO/H,0 was eval-
uated. Biological studies showed that [Pt(thpy)Cl(Hthpy)], 1, [Pt(dfppy)Cl
(Hdfppy)], 2, and 5 exert significant cytotoxic activity against human cervical
(HeLa) and lung (A549) carcinoma cells. The cytotoxicity of 1 increased
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1 | INTRODUCTION

Interest in luminescent platinum cyclometalated com-
plexes has been aroused due to their applications in the
optoelectronic!'™ and biological fields,!”! amongst
others. The strong ligand field produced by the
o-donating carbon atom of the metalated ring ensures a
large gap between the filled dy, and vacant dy,_,, metal
orbitals, thus ensuring that the d-d states are not energet-
ically accessible at room temperature and minimizing the
nonradiative decay. In this way, the emission from ligand
centered (LC) or charge transfer states (usually MLCT,
metal-to-ligand charge transfer) is more favorable. Fur-
thermore, the cyclometalated ligands are quite kinetically
inert and this imparts stability to the complexes. These
properties can be fine-tuned by modifying either the
cyclometalated or ancillary ligands.!®~*"!

As far as biological applications are concerned, it has
been reported that the complex [Pt(ppy)Cl(Hppy)]
(Hppy = 2-phenylpyridine) exhibits higher cytotoxic
activity than cisplatin in certain cell lines."! Other cyclo-
metalated platinum derivatives have shown interesting
anticancer activity,!®*"”! including compounds with
phosphane ligands."®??! PTA (1,3,5-triaza-7-phosphaa-
damantane) is a ligand that is frequently employed in
anticancer complexes, including cyclometalated Pt
compounds.!?*2*! Although nuclear DNA is a common
target in platinum (II) chemistry, in the case of
Pt(II) cyclometalated complexes,'>'#1721-22] other targets
such as cytoplasm,'®* nucleolus,!*®  cytoplasmic
structures,*! the endoplasmic reticulum,?*! or the tubu-
lin cytoskeletum™*'®! have been reported. Mitochondria
play numerous basic functions in cells and these include
adenosine triphosphate (ATP) production, regulation of
cell death, and also redox balance.[?”?*! Thus, mitochon-
dria are attracting increasing interest as target organelles
for killing cancer cells, especially for PDT (photodynamic
therapy) treatments.*’! In particular, mitochondria-
targeted agents have emerged as potential drugs to

2.84-fold upon irradiation (blue). Microscopy assays on 5 showed that this com-
pound accumulates in cytoplasmic organelles, preferentially in mitochondria.
Mitochondrial metabolism was disrupted by the activity of the complexes, lead-
ing to a decline in the adenosine triphosphate (ATP) cellular content. Overall,
the results show an alternative anticancer activity for complexes 1, 2, and 5,
which could be of great interest for the treatment of tumors with acquired

resistance to conventional DNA-targeted anticancer drugs.

anticancer, chrysin, cyclometalated, platinum, TD-DFT

circumvent some mechanisms of resistance to chemo-
therapeutic drugs currently in use.*>*! Platinum com-
pounds that target mitochondria are not common.2-3%33
In some cases, mitochondria-targeting ligands are intro-
duced into the complex.**3”! Those complexes that con-
tain cyclometalated ligands are very scarce, and they are
usually cationic.">**3*! Two [Pt(CANAN)(PPh;)]" com-
plexes with mitochondria-specific localization have been
described, and these contain a chain with a piperidine or
morpholine fragment.**°!

An interesting approach in the field of chemothera-
peutic agents with metal centers is the use of multitar-
geted drugs, which may combat the emergence of
resistances through a dual mechanism of action. This
goal can be achieved by linking bioactive ligands to the
metal fragments. In this context, flavonoids are a group
of naturally occurring plant phenolic compounds that
exhibit interesting biological properties, including
antioxidant,***?! anti-inflammatory, and anticancer
activity.!***~%l The corresponding metal derivatives
with flavonoid-derived ligands have also been explored as
cytotoxic agents.[*”*®! Some anticancer platinum com-
plexes that contain natural**"! or synthetically modi-
fied!>>2! flavonoids have been reported. The natural
flavonoid chrysin (5,7-dihydroxy-2-phenyl-4H-chromen-
4-one),[53] along with some derivatives with different sub-
stituents at the —OH group at position 7,1**>*351 have
demonstrated pharmacological potential as anticancer
agents. Although some metal complexes with chrysin
derivatives have been reported,’**”! the synthesis and
study of the biological properties of platinum complexes
with chrysin or chrysin-derived ligands have not been
addressed. In a recent study involving Ru, Rh, and Ir
complexes with chrysin-derived ligands, we observed a
marked increase in cytotoxicity when a piperidine frag-
ment was present in the flavonoid ligand.'*®!

Taking into account the information outlined above,
it was decided to synthesize a series of cyclometalated,
2-(2-thienyl)pyridinate ~ and  2-(2,4-difluorophenyl)
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SCHEME 1 Structure of proligands HL1 and HL2

pyridinate, platinum complexes with N-donor, PTA, or
chrysin-derived ligands (incorporating piperidine, HL1,
or morpholine, HL2, fragments, see Scheme 1). The aim
was to evaluate the influence of the cyclometalated or
ancillary ligands on the photophysical properties and the
anticancer behavior of the complexes. Time-dependent
density-functional theory (TD-DFT) studies®® were
planned as they represent a valuable tool to explain the
photophysical properties and to obtain information about
the orbitals involved in the absorption or emission pro-
cesses. This approach makes it is easier to predict how to
modulate these photophysical properties. Besides, compu-
tational studies on PTA or chrysin-derived cyclometalated
Pt complexes have not previously been reported. In the
case of the chrysin derivative, it was found that the ancil-
lary ligand had an unusual effect on the orbitals involved
in absorption or emission. Three of the compounds were
cytotoxic against two types of cell lines and the mechanism
of action involved mitochondrial dysfunction.

2 | EXPERIMENTAL

2.1 | Materials and physical methods

Unless otherwise stated, reagents and solvents were
reagent quality and commercially available. Solvents and
K,CO; were purchased from Scharlab. Deuterated solvents
were purchased from Eurisotop. K,[PtCl,] was purchased
from Johnson Matthey PLC. Hthpy and Hdfppy were pur-
chased from Sigma-Aldrich. HL1 and HL2 were prepared
according to the literature methods.[*>*®! All synthetic
manipulations were performed under an inert, oxygen-
free, dry nitrogen atmosphere using standard Schlenk
techniques. Solvents were distilled from the appropriate
drying agents and degassed before use. Elemental analyses
were performed on a Thermo Quest FlashEA 1112 microa-
nalyzer. Analytical data for the new complexes were
obtained from crystalline samples where possible. FAB*
MS (mass spectrometry) data were recorded on a Thermo
MAT95XP mass spectrometer. Multinuclear nuclear mag-
netic resonance (NMR) spectra were recorded at 298 K on
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a Varian Unity Inova 400 or on a Varian Inova 500 spec-
trometer. '"H NMR chemical shifts were internally refer-
enced to tetramethylsilane via the residual proton solvent
resonances. '°F and *'P{'"H} NMR resonances were refer-
enced to CFCl; and H3;PO, (85%), respectively. Chemical
shift values are reported in parts per million and coupling
constants (J) in Hertz. The splitting of proton resonances
is defined as follows: s = singlet, d = doublet, t = triplet,
q = quadruplet, m = multiplet, bs = broad singlet. The
letters o, m, and p stand for ortho, meta, and para, respec-
tively. COrrelation SpectroscopY (COSY) spectra were
recorded using standard pulse-pulse sequences. All NMR
data processing was performed using MestReNova version
6.0. Infrared (IR) spectra were registered with a Shimadzu
IR-Affinity-1S spectrophotometer equipped with ATR
(ZnSe prism) and the treatment of the data was performed
with the software LabSolutions IR 2.11.

2.2 | Photophysical properties
Ultraviolet-visible (UV-vis) absorbance measurements
were performed using a Secomam Uvikon XS spectropho-
tometer using the LabPower Junior program. Quartz
cuvettes with 1- or 0.1-cm optical path length were used
for the measurements. Fluorescence measurements were
performed using PTI Quanta Mater of Photon Technology
International (PTI) with a Xenon lamp (75 W) and an
814PTM detector. The samples were analyzed with the
program Felix32. Products were dissolved in acetonitrile in
the absence of oxygen at 10> M. The stability of the spe-
cies in solution was studied at different times by monitor-
ing the absorbance properties by UV-vis absorption. The
effect of the concentration in the case of 5 was analyzed
in degassed acetonitrile at concentrations in the range
10"*-10"° M. The quantum yield of fluorescence was cal-
culated using the complex [Ir(ppy).(bpy)]PFs as reference
with a quantum yield of 7.07 and applying formula 1.1°!

Areaem S .Aref (1)
(pems (pem ref Areaem ref As

where the subindexes § and . correspond to the complex
and the reference, respectively, Area., represents the
area under the curve of the emission spectra, and A is the
absorbance at the excitation wavelength employed in the
fluorescence spectra at the same conditions: solvent, con-
centration, and optical length.

Photophysical properties at different solvents were
performed in similar conditions as described previously.
To be sure that the complexes are solved, stock solutions
of 107> M in acetonitrile were prepared and then they
were diluted to 107> M with dichloromethane (DCM) or
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dimethylsulfoxide (DMSO), respectively, with a final ratio
of solvents 1:99 (MeCN:solvent).

For the determination of the luminescence lifetime of
the compounds, the fluorescence decay was measured on a
PTI Time Master fluorimeter equipped with a picosecond
nitrogen laser and a wavelength selector when necessary.
This system was used with the dye 2-(1,1'-biphenyl)-4-yl-
5-[4-(1,1’-dimethylethyl)phenyl]-1,3,4-oxadiazole =~ (BPBD)
for complex 1. The stroboscopic detector was coupled to a
Czerny-Turner monochromator on the emission port. The
system was connected to a personal computer via an
Ethernet interface and governed by Felix32. The instru-
mental parameters used were as follows: maximum Ay
and A, for each compound, 300 channels, integration
time = 50 ps, 10 averages per decay, 5 shots per channel,
laser pulse frequency = 5 Hz, 10- or 20-nm excitation and
emission slit widths, and a logarithmic collection step.

2.3 | X-ray diffraction study

Data collection for compounds 2a and 4 was carried out
on an X8 APEX II diffractometer, using Mo-Kol® radia-
tion at room temperature. The data reduction was per-
formed with the APEX31 software and corrected for
absorption using SADABS.!®*! Crystal structures were
solved by direct methods and refined by full-matrix least-
squares on F2 including all reflections using anisotropic
displacement parameters by means of the WINGX crys-
tallographic package.!®*°> All non-hydrogen atoms were
refined anisotropically, and all hydrogen atoms were geo-
metrically placed and refined using a riding model. Depo-
sition numbers were 2181281 for compound 2a and
2181282 for compound 4.

24 | Computational studies

DFT and TD-DFT calculations were performed using
Becke's three-parameter B3LYP exchange-correlation
functional'®*®” implemented in Gaussian09.°*! The basis
sets used to define the atoms were LANL2DZ!*! along
with an f-polarization function for Pt and 6-31G(d.
p)!7%7! for the other atoms. The empirical dispersion cor-
rection was taken into account using Grimme's disper-
sion with Becke-Johnson damping, GD3BJ.I">”3l The
solvent (acetonitrile) effects were considered within the
self-consistent reaction field theory using the solvation
model SMD, as described by Marenich et al.’l The
geometries of the triplet states were calculated at the
spin-unrestricted UB3LYP level with a spin multiplicity
of 3. TD-DFT!**7>7%! calculations of the lowest-lying
10 singlets and triplets were performed in the presence of

the solvent for all complexes (1-6) at the minimum-
energy geometry optimized for the ground state (Sy).

2.5 | Stability experiments by NMR

Each product (1.5 mg) was dissolved in deuterated
solvent (0.5 ml): DMSO-ds, or DMSO-ds/D,0. For the
mixtures of solvents, the ratio was 90:10 except for
complex 5, for which a ratio of 95:5 was used due to its
low solubility. The evolution of "H NMR resonances was
evaluated at different times to track the appearance and
disappearance of different species.

2.6 | Celllines

Human lung (A549) and cervix (HeLa) carcinoma cell
lines were purchased from the American Type Culture
Collection (ATCC). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Lonza) supplemen-
ted with 10% fetal bovine serum (FBS) (Gibco-BRL), 1 m
% L-glutamine (Lonza) and 1% penicillin-streptomycin
(Lonza) at 37°C in a humidified atmosphere containing
5% CO,. Possible contamination with mycoplasma was
routinely checked using the VenorH GeM Mycoplasma
Detection Kit (Minerva Biolabs).

2.7 | Cytotoxicity experiments

The cytotoxic activities of the complexes were
determined by the  3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. A549 or
HeLa cells were seeded onto flat-bottomed 96-well plates
at a density of 4000 cells per well and allowed to attach
for 24 h. Complexes were first diluted in DMSO and ster-
ile milli-Q water to prepare 1 mM stock solutions, which
were then diluted in culture medium to obtain solutions
ranging from 0 to 50 pM. The final concentration of
DMSO in these solutions did not exceed 1%. Cells were
treated for 48 h, and the cell viability was determined by
the MTT assay as previously described.””! Each treat-
ment was tested in quadruplicate in three independent
experiments. The concentration that reduced the cell
viability by 50% (ICsy) was established for each com-
pound using the Gen5 software (BioTek).

For photodynamic studies, cells were pre-incubated
with the compounds for 4 h to enable their cellular inter-
nalization. Cells were then irradiated with a blue LED sys-
tem (LuxLight) at a wavelength of 460 nm for 1 h, giving a
total dose of 24.1 J cm 2. The phototoxic index (PI = ICs,
dark/ICs0, 1ight) Of each compound was determined.
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2.8 | Hemolysis assay

The hemolytic activities of the complexes were deter-
mined by measuring hemoglobin release from red blood
cell (RBC) suspensions. RBCs were collected from fresh
swine blood diluted to 5% v/v in phosphate-buffered
saline (PBS) solution by centrifugation at 1000 rcf for
10 min and washed three times with PBS. Subsequently,
RBC suspension (150 pl) was mixed with 150 pl of each
complex at different concentrations (10, 25, and 50 pM).
A solution of 2% Triton X-1000 in PBS was used as posi-
tive control to induce complete hemolysis. PBS alone was
used as negative control. Samples were incubated for 1 h
at 37°C under continuous shaking (50 rpm) and then
centrifuged at 3500 rcf for 10 min. 80-pl aliquots of the
supernatant were transferred to a 96-well plate and
diluted with 80 pl of Milli-Q water. Hemolysis was evalu-
ated by measuring the absorbance of the samples at
540 nm with a plate reader (BioTek, Winooski, VT,
USA). The percentage of hemolysis (H) was calculated
using the equation: H =100 [(As — An) / (Ap — An)],
where As is the absorbance for a given sample, An is the
absorbance for the negative control, and Ap is the absor-
bance for the positive control. Each sample was tested in
triplicate.

2.9 | Confocal microscopy

Subcellular localization of the complexes was assessed by
confocal fluorescence microscopy; 100,000 HeLa or A549
cells were seeded on coverslips and allowed to attach
overnight. Cells were then treated with 1, 2, or 5 diluted
to 25 uM in DMEM without FBS. Colocalization with
mitochondria was analyzed with the mitochondria-
specific dye MitoTracker™ Red CMXRos (molecular
probes) at 100 nM. Cells were incubated for 1 h at 37°C.
The medium was removed, and cells were washed with
cold PBS and fixed with 4% paraformaldehyde in PBS for
15 min at 4°C. After washing twice with PBS, the cover-
slips were mounted using ProLong™ Antifade Mountant
(Invitrogen). Images were taken on a Nikon A1R confo-
cal microscope and analyzed using the NIS-Elements AR
(Nikon, Japan) and Fiji/Image]J software.

2.10 | Effecton cell cycle

The effect of the complexes on cell cycle progression was
studied by propidium iodide (PI) staining and flow cyto-
metry analyses. A total of 1,000,000 HeLa cells were
seeded in six-well plates and allowed to attach for 24 h.
Cells were then treated with 5-pM cisplatin, 0.5-pM

Organometalllc_Wl LEYJS—Om
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doxorubicin, or with complexes 1, 2, and 5 at the corre-
sponding ICs,. After 24 h, cells were collected by trypsini-
zation, washed with PBS, and fixed in ice-cold 70%
ethanol for 24 h at 4°C. Ethanol was removed by centri-
fugation, and the cell pellets were washed twice with cold
PBS. DNA was stained with 50 pg/ml PI (Sigma) in the
presence of 50 pg/ml RNase A (Sigma). Of each sample,
20,000 cells were analyzed with a NovoCyte flow cyt-
ometer and divided into the different phases of the cell
cycle (G1, S, and G2/M) according to their phase-specific
DNA-content.

211 | ATP content measurement

The effect of the complexes on the mitochondrial func-
tion was assessed by evaluating their ability to inhibit
ATP synthesis. 4000 A549 cells were seeded into opaque-
walled multiwell plates and allowed to attach for 24 h.
Cells were then exposed to complexes 1, 2, and 5 at the
corresponding ICs, or medium alone as a control for 4 h
at 36°C. ATP levels were measured with the CellTiter-
Glo® luminescent assay (Promega) according to the man-
ufacturer's instructions. Each compound was assayed in
quadruplicate, and the luminescence of each well, corre-
sponding to the ATP content, was quantified with a plate
reader (BioTek, Winooski, VT, USA) and expressed as
percentage relative to untreated control cells.

2.12 | Statistics

Statistical analyses were performed with the GraphPad
Prism software. Quantitative variables are expressed as
mean or median and standard deviation (SD). Statistical
differences were analyzed by the Mann-Whitney non-
parametric test. A value of p < 0.05 was considered
significant.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization

Complexes 1-6 were synthesized according to the reac-
tions outlined in Scheme 2. Complexes 11278 and 2[7°5°!
had been obtained previously, but their biological proper-
ties had not been studied, and DFT studies had not been
carried out to explain their photophysical behavior. In
the chrysin ligands, the —OH group at position 7 of chry-
sin was functionalized with alkyl chains with two differ-
ent terminal groups: piperidine for HL1 or morpholine
for HL2. The ligands were synthesized according to
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literature procedures./*®®! Complexes 1 and 2 were pre-
pared from K,[PtCly] and 2-(2'-thienyl)pyridine (Hthpy)
or 2-(2,4-difluorophenyl)pyridine (Hdfppy), respectively.
The reactions of these compounds with PTA led to the
displacement of the monodentate N-donor ligands by the
phosphine and compounds 3 and 4 were obtained. The
deprotonation of HL1 or HL2 with KOH and reaction
with 2 yielded derivatives 5 and 6, respectively. The iso-
mers proposed for complexes 1-4 are consistent with the
higher trans influence of the cyclometalated rings and
the lower trans influence of the chloride ligand. The trans
disposition of the C and N atoms was confirmed in the
structure determined by X-ray diffraction for 1,!”®! for the
similar complex with phenylpyridinate,[u] and for 4 and
[Pt(dfppy)CI(DMSO)], 2a, both of which are reported

SCHEME 2 Scheme for the
synthesis of complexes 1-6 and atom
numbering scheme. (i) ethoxyethanol:
water (3:1) 80°C, (ii) CHCl;, and

(iii) KOH, CH,CL.

here. The NMR data also support this ligand arrange-
ment (see below).

Complexes were characterized by elemental analysis,
mass spectrometry, and multinuclear NMR spectroscopy
in CDCl; (see Figures S1-S35). The mass spectra con-
tained envelope peaks with an m/z ratio and isotopic dis-
tribution compatible with the [M]" cations. In addition,
the [M—CIl]" fragments were also detected for 1 and 2. In
the IR spectra of 5 and 6 bands, assigned to ¥(C=0) and
W(C—O0) vibrations, were found.

On the basis of 'H-"H-COSY experiments and prior
knowledge, nearly all of the '"H NMR resonances were
assigned (see Figure 1 and Tables S1 and S2 for a compar-
ison of the chemical shifts of the resonances of complexes
and those of the Hthpy and Hdfppy ligands). Proton H°
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FIGURE 1
complexes 1 and 3.

was most strongly affected by coordination, and this was
shifted to much lower field with respect the signals of the
free ligands. It is worth to note the broad '*°Pt satellites
due to *Jygs,,,, coupling, with values that depend on the
specific ring and are in accordance with reported
values.!” The Jyos, ,, couplings were not clearly observed
for complexes 5 and 6. Remarkably, in the cases of com-
plexes 1 and 2, the resonances of the proton of the CH
group adjacent to the cyclometalated carbon appeared to
be highly shielded (6.05ppm for H'® in 1 and 5.67 ppm
for H' in 2). This observation is probably due to the
effect of the ring current anisotropy of the pyridine ring
of the nonmetalated ligand, a fact that reflects a preferen-
tial orientation of the mono-coordinated ligand, even in
solution. Coincidentally, in the structure of 1, as deter-
mined by X-ray diffraction,”®! a weak CH-r interaction
between H'® and the pyridine ring of the Hthpy ligand
was observed. For complexes that do not contain a ligand

Selected region of the "H nuclear magnetic resonance (NMR) spectra (CDCly) of the proligand Hthpy and the corresponding

with this pyridine ring, the signal for the corresponding
proton appears at around 7 ppm.

A singlet at around —65 ppm was observed for com-
plexes 3 and 4 in the *'P{"H} NMR spectrum, and this sig-
nal was shifted to lower field with respect to that of free
PTA (—101.9 ppm). The value is similar to those reported
for other PTA cyclometalated Pt complexes.>%*! 19°pt
satellites with coupling constants Jpep of 3743 and
3769 Hz were detected in the cases of 3 and 4, respec-
tively. The high value for these coupling constants is con-
sistent with the trans disposition of the phosphine
ligands with respect to the N atom.!*!

The 'F NMR spectra contained the expected reso-
nances for complexes 3-6 (in general a quartet for F*° or
F'% and a triplet for F® or F*). These signals were trans-
formed into doublets in the case of '*F{'H} NMR spectra
(Figure S1). The coupling of F'* or F* with H'? for the
nonmetalated ligand (Hdfppy) was also observed in
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2 (Figure S2 for F'%). Broad '°°Pt satellites were

detected for both types of F atoms in complexes 2 and

4 (see Figure S1).

TABLE 1 Selected bond distances (A) and angles (°) for 4 and

2a
Complex 4 Complex 2a
Pt(1)—C(1) 2.01(1)  Pt(1)—C(1) 2.000(5)
Pt(1)—N(1) 2.091(8)  Pt(1)—N(1) 2.052(5)
Pt(1)—P(1) 2212(3)  Pt(1)-S(1) 2.222(2)
Pt(1)—Cl1(1) 2.379(3)  Pt(1)—Cl(1) 2.380(2)
N(1)—Pt(1)—Cl(1)  93.83) N(1)—Pt(1)—CI(1)  92.7(1)
P(1)—Pt(1)—CI(1) 88.9(1)  S(1)—Pt(1)—Cl(1) 89.96(6)
C(1)—Pt(1)—N(1) 80.0(4)  C(1)—Pt(1)—N(1) 80.1(2)
C(1)—Pt(1)—P(1) 97.3(3) C(1)—Pt(1)—S() 97.3(2)

3.2 | Solid-state structure of 4 and
(Pt [dfppy]Cl [DMSO]), 2a

The molecular and crystal structures of complexes 4 and
2a (formed on studying the stability of 2 in solution,
see below) were determined by X-ray diffraction. The
structure of 2a confirms our proposal for the evolution of
2 in DMSO. Complex 4 crystallizes in the orthorhombic
system and in the space group Pbcm and 2a in the
triclinic system and space group P-1. Selected bond
distances and angles are gathered in Table 1, and the
corresponding crystallographic data are compiled in
Table S3. The ORTEP representation is provided in
Figure 2. As one would expect, the arrangement around
the platinum center is a distorted square-planar geometry
formed by the cyclometalated ligand, a chloride ligand,
and the phosphorus atom of the PTA ligand in the case
of 4 and the S atom of DMSO for 2a. In both complexes,

FIGURE 2 Molecular structures of complexes 4 (a) and 2a (b). H atoms are omitted for clarity. Ellipsoids at the 30% level.
TABLE 2 Selected photophysical properties of complexes 1-6 in acetonitrile
e/Mlcm Y/  Aew/nm
Complex  Absorbance, A/nm (¢/10° M ' cm %) (at 460 nm) (Aexe/nm) ¢pL (%) 7 (ns)
1 256 (31.75), 281 (24.24), 305 (22.50), 335 (9.65), 710 567™%, 616 (382) 6.8 1592 + 1.070
381 (7.49), 420 (1.76)
2 321 (11.93), 339 (6.28), 378 (2.88), 400 (3.20) 3 395, 421™% (337) 43 2.382 + 0.03755
3 276 (11.26), 300 (12.74), 382 (2.16), 440 (0.30) 130 568™%, 606 (330) 0.9 1658 + 2.013
4 270 (17.08), 322 (9.07), 338 (4.25), 350 (3.1), 1 3933 415 (336) 0.2 2.069 + 0.02399
374 (2.04), 400 (2.30)
5 262 (45.13), 370 (8.13), 440 (2.29) 1490 5570 59719 (262) 0.9 127.7 + 5.897
6 260 (19.36), 302 (11.45), 366 (7.13), 450 (1.68) 1106 579 (372) 0.9 n.m.
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the chloride ligand is trans to the difluorophenyl ring, as
also found in complexes 17*! and 2,1*" and, as explained
above, this is consistent with the respective trans influ-
ence of the ligands. The bite angle of the cyclometalated
ligand is 80.0(5)° in 4 and 80.1(2)° in 2a and the torsion
angle of this ligand (C[1]-C[6]-C[7]-N[1]) is 0.0° in
4 and 2.5° in 2a, thus confirming the planarity. The
Pt—C, Pt—Cl, and Pt—N distances are standard!®'®7582l.
the Pt—P distance is similar to those found in other
platinum PTA-containing complexes'?**!; and the Pt—S
distance is also similar to those in other Pt-DMSO
derivatives.!®354]

In the 3D-structure, a double n—x stacking interaction
between pairs of molecules in a head-to-tail orientation is
observed in both complexes, and this leads to the formation
of columns with an A-B-A-B disposition that extend along
the c axis for 4 and the a axis for 2a (see Figures S36-S37
and Table S4). However, the pairs of rings involved are
different:  pyridine-pyridine = and  difluorophenyl-
difluorophenyl in 4 and pyridine-difluorophenyl (x2) in
2a. Hydrogen bonds are also formed between the chloride
ligand and F, N, or O atoms as H-bond acceptors and
different CH groups as H-bond donors.

3.3 | Photophysical properties

The UV-vis absorption spectra of 1-6 in acetonitrile were
recorded (Figure S38), and the data are summarized in
Table 2. The spectra contain high-energy bands
(M <330 nm, approximately) that are dominated by
spin-allowed 'LC ligand-based (CAN, HCAN) n — x*
transitions.'*'®*78] Low-energy bands with moderate
intensity and a Ap.y in the range 330-390 nm were also
observed, and these are typical of cycloplatinated
systems.!®) According to theoretical studies (see below),
these low-energy absorptions, in the cases of complexes
1-4, can be classified as a combination of MLCT
(Pt to CAN), 'LC (C”N), and 'LLCT (Cl to CAN in 1, 2,
and 4 or PTA to C/N in 3) transitions. In the case of
5 and 6, the transition is mainly 'LC (L1 for 5 and L2
for 6) with some contribution of *"MLCT (Pt to L1 [5] or
L2 [6]).

On comparing 1 and 2 (or 3 and 4) a blue shift was
observed for the complexes with the dfppy ligand, and
this is consistent with a decreased HOMO energy level
due to the presence of the electron-withdrawing fluoro-
substituents. There are bands of lower energy that tail off
beyond 400 nm, and these have higher intensities for
complexes 1, 5, and 6. (Figure S38)

Complexes 1-6 were emissive in degassed acetonitrile
at room temperature. The excitation and emission spectra
are shown in Figure 3, and the data are gathered in
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FIGURE 3 Emission spectra of complexes 1-6 in degassed
acetonitrile (107> M) at room temperature. The bands at 372~
373 nm for 2 or 4 are Raman peaks, and the peak at 652 nm for 3 is

second-order artefact.

Table 2. Structured bands can be observed for 1-5, and
the structure is clearer for complexes 1 and 3. As one
would expect, the emission for the dfppy derivatives
(2 and 4, 400-430 nm) was blue-shifted with respect to
the corresponding thpy complexes (1 and 3, 560-
600 nm).[”®! The emissions of 5 and 6 were clearly
different to that of the dfppy congeners 2 and 4, and the
maximum is observed at 597 nm (5) or 579 nm (6). The
¢pr, values range from 0.2% to 6.8%.

The lifetimes of the thpy complexes (Table 2) were
long, 1592 and 1658 ns for 1 and 3, respectively, reflecting
phosphorescence while for the equivalent derivatives
with dfppy that exhibited emissions of higher energy,
they were in the order of nanoseconds (2.382 and
2.069 ns for 2 and 4, respectively), a fact that reveals a
process of fluorescence. The distinctive feature of 5, as
compared with the other dfppy complexes, is also
reflected in a value of lifetime of 127.7 ns.

The UV-vis absorption and emission spectra of 1-5
were also recorded in other solvents as DCM and DMSO
(Figures S39-S43 and Table S5) in order to give support
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to the nature of the transitions. For 1-4, the charge trans-
fer character of the low-energy bands in the UV-vis
absorption (‘MLCT and 'LLCT) and in the emission
bands CMLCT and *LLCT, see below in Section 3.4) spec-
tra fits with the dependence of the band position with the
solvent. The "MLCT component was higher for 2 and 4,
and this is consistent with a more marked solvent effect
than for 1 and 3. Coincidentally, the predominantly "LC
character of the transitions in the case of 5 is in accor-
dance with the very small effect of the solvent polarity in
the position of the bands.

The possible occurrence of aggregation phenomena
was investigated by carrying out a concentration depen-
dence UV-vis absorbance study in acetonitrile for one of
the most planar complexes, namely, 5 (from 10> to 10~ %,
because it was not possible to obtain more concentrated
solutions, Figure 4 and S44). On increasing the concen-
tration, similar plots for the absorbance at A = 262,
302, or 366 nm were obtained, and it was observed that
at the two highest concentrations (8 x 10~ and 10°* M)
the Beer-Lambert law was not followed. This finding is
due to aggregation, possibly by n—= stacking and/or Pt-Pt
interactions in the ground state. New bands that could be
assigned to dimer or oligomer transitions were not
observed in the spectra, and the aggregates therefore
could absorb at the same wavelengths but with lower
molar absorptivity than the monomers or formation of
microaggregates in suspension could take place (the pos-
sibility that the aggregates do not absorb cannot be con-
clusively ruled out, but it seems very unlikely). It is
interesting to note that even for complex 4, with a PTA
ligand that disrupts the planarity, n—= stacking was found
in the solid state.

The effect of the concentration on emissive behavior
was examined for complex 5 in degassed acetonitrile. The
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emission and excitation spectra are gathered in Figure
S45, and the normalized emission is provided in
Figure S46. It was observed that upon increasing the
concentration, the emission increased up to 8 x 107° M,
but at 107* M, a decrease was observed. Furthermore,
there was a small blue-shift of the maximum of the
emission. A red-shift is usually observed in such cases
due to the metal-MLCT nature of the emission.!®>%¢
However, the special composition of the HOMO-1 and
LUMO in 5 (see below) may account for the unusual
behavior observed for this complex. The same change in
intensity was found in the excitation spectra. Interest-
ingly, the pattern of the excitation spectrum changed
markedly at concentrations above 6 x 10> (Figure S45).
These findings suggest the existence of aggregates, at
least in the ground state—as concluded from the absor-
bance studies.!?**”]

3.4 | Theoretical studies

In an effort to enhance our understanding of the
photophysical properties of these compounds, DFT and
TD-DFT calculations were carried out for complexes 1-6
(see section 2 for details). Some relevant information is
provided in Table S6, and more detailed data are given in
Table S7. The validity of the level of theory was supported
by the agreement between structural parameters of the
solid-state structure, as determined by XRD, and the
calculated model for complex 4, as can be seen in
Table S8 and Figure S47, which shows an overlap of the
two structures.

Isosurface plots of the selected frontier molecular
orbitals are shown in Figure 5 (for complexes 2 and 5)
and Figures S48-S53. The HOMO in complexes 1 and
2 had contributions from the Pt center and also the

—10-4M
8-10-5M
6-10-5M

4-10-5M

FIGURE 4 UV-vis absorption
spectra of complex 5 in degassed

470 520 acetonitrile at different concentrations.

Inset: representation of absorption
against concentration at A = 366 nm.
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FIGURE 5 Schematic
representation of the frontier orbitals of

complex 2 (left) and 5 (right).

cyclometalating and chloride ligands (see Table S6).
Several differences were observed in the percentage
values, with a higher participation of the Pt orbitals for
2 and those of the CAN ligand for 1. The influence of the
ancillary ligand on the percentage of Pt 5d orbital
character that contributes to the HOMOs was reported
previously.®?! The LUMOs in these complexes had the
same energy and were mainly centered over the
cyclometalated ligand, with contributions around 86%-—
88%. The HOMO was more stabilized in 2, and this is
almost certainly due to the presence of the fluoro-
substituents in the dfppy ligand, which increase the
HOMO-LUMO gap.
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The substitution of the monodentate N-donor ligand
in 1 and 2 by PTA (complexes 3 and 4) led to stabilization
of the orbitals, which involve the participation of the
chelating C”N ligands and the Pt atom (Figure 6). The
orbitals that were mainly contributed by the PTA ligand
appeared at the same energy in both complexes, but in
the case of 3, these orbitals were more stabilized than the
orbital analogous to the HOMO of 1 while in 4, they were
of higher energy. In fact, in complex 4, one of the orbitals
contributed by PTA was the HOMO and that analogous
to the HOMO of 2 was HOMO-2 (Figure 6 and Table S6).
The LUMOs of these complexes were of similar energy
and were also mainly centered over the cyclometalated
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FIGURE 6 Energies (eV) of the main molecular orbitals of complexes 1-4.

ligand, with contributions around 85%. The frontier
orbitals of 1-3 were similar to analogous orbitals
described for other [Pt(CAN)X(L)] complexes.!”:®!
However, the situation found in 4 is unprecedented
in these kinds of complexes with phosphane ligands,
and DFT calculations for platinum cyclometalated
complexes containing a PTA ligand have not been
reported to date.

In complexes 5 and 6, the frontier molecular orbitals
are very similar and markedly different to those of the
other complexes. In these cases, the HOMO was located
over the aliphatic chain and its terminal piperidine
(or morpholine) ring; and for HOMO-1, although there is
some participation of the Pt center, the main contribution
came from the chrysin ligand, especially Ring A. The
orbital in which the Pt atom and the CAN ligand partici-
pated was HOMO-2. The LUMO was spread over the
chrysin fragment and was mainly located in rings C and
B. Thus, the introduction of the chrysin ligand led to a
dramatic modification of the frontier orbitals with respect
those of the dfppy complexes 2 and 4.

TD-DFT calculations were carried out to elucidate the
nature of the low-lying singlet and triplet states at the
geometries of the ground state (see Tables S6 and S7). In
complexes 1-3 the S; state had a contribution from a
HOMO to LUMO transition. In complex 4, however, S,
and S,, which involve the HOMO and HOMO-1 orbitals
participated by PTA, had a negligible oscillator strength,
and the experimental transition should correspond to Ss,
which mainly corresponds to the HOMO-2 to LUMO
transition. In the four complexes, the transition

supported a mixed 'MLCT (Pt to CAN), 'LC (C~N), and
LeT (small participation, Cl to CAN in 1, 2, and 4 and
PTA to C”N in 3) charge transfer character. In complexes
1 and 3—containing the thpy ligand—the contribution
from the 'LC transition was more important while in
2 and 4, the contributions of "MLCT and 'LC were quite
similar. It is interesting to note the similarities between
the theoretical values (Table S6) for the transitions of
1 and 3, on the one hand, and 2 and 4 on the other.
Higher energies were obtained in the case of the dfppy
complexes, and this is in good agreement with the
experimental spectra.

The situation was different for complexes 5 and 6,
and the ligand that participated in the transitions was the
chrysin L1 (5) or L2 (6) and not the cyclometalated
dfppy. The S, state was contributed by a HOMO-1 to
LUMO transition supporting a mixed 'LC (L, 71%) and
'MLCT (Pt to L, 24%) (similar in both complexes) charge
transfer character. Closer inspection of the orbitals
involved (see above) showed that the main character of
the transition can be assigned to a transfer from Ring A
to Rings B and C on the chrysin ligand. The HOMO that
had a contribution from the chrysin ligand, but only in
the lateral chain, did not participate in the transition.

As found for the S; states, the T; states in complexes
1-3 were mainly defined by transitions from the HOMO
to the LUMO, while in 4, the transition was from the
HOMO-2 to the LUMO. Once again, the HOMO and
HOMO-1 orbitals that mainly involved the PTA ligand
did not participate. The aforementioned transitions can
be described as *MLCT (Pt to CAN) along with *LLCT
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(Cl to CAN in 1, 2, and 4 and PTA to CAN in 3) and *LC
(CAN to CAN) triplets. The *LC component was higher
for 1 and 3, and this is consistent with the fact that the
structure of the bands was more clearly observed and
with the lower effect of the solvent polarity in compari-
son with 2 and 4 (Figures S39c-S42c).

In the case of complexes 5 and 6 the calculated T,
was mainly defined by a transition from the HOMO-1 to
the LUMO, and this can be described mainly as *LC (L1
to L1 for 5 or L2 to L2 for 6) but also as *MLCT (Pt to L).
It is noteworthy that, apart from the metal center, the
orbitals that participate in the transition were those of
the chrysin ligand and not those of the dfppy ligand. The
behavior of complexes 5 and 6 was clearly different from
the other complexes, and this highlights the strong
influence of the ancillary L1 or L2 ligands.

To the best of our knowledge, DFT analysis of a
cyclometalated Pt complex with a relatively similar O*O
ligand has not been published to date. The molecular
orbitals and transitions reported for different [Pt(CAN)
(acac)] (or substituted acac) complexes®>**-%°! are not
comparable, and they do not reflect such a strong
participation of the O”O ligand as that found in 5 or 6. It
is necessary to consider that, in contrast to the situation
for L1 or L2, in the acac complexes, both oxygen
atoms are equivalent. In the case of [Pt(ppy)(8-Q)]
(8Q = 8-quinolinate), which is a three-electron ligand
like L1 or L2, the S; and T, states involve a HOMO to
LUMO transition that mainly affects the electron
density on the 8-Q ligand (phenolate to pyridine LC on
the 8-Q ligand) although the transitions do carry some
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contribution of a Pt-ppy MLCT admixture.®'! This case
is more similar to the behavior of 5 or 6, although for
[Pt(ppy)(8-Q)], the HOMO and LUMO exhibit some
degree of participation from the orbitals of the ppy
ligand.

The geometries of the lowest triplet state (T;) of
complexes 1-6 were optimized using the spin-
unrestricted DFT approach. After this geometry relaxa-
tion, the difference in energy of each T; state with its
related Sy was calculated (adiabatic energy differences).
The higher experimental energy values for the dfppy
complexes 2 and 4, as compared with the thpy derivatives
1 and 3, are consistent with the sequence observed in the
theoretical values. The calculated energies of 1 and 3 were
very similar to those obtained experimentally, although
in 2 and 4 they were somewhat underestimated.
Complexes 5 and 6 are a case apart in that, although
there are dfppy complexes, both the experimental and
theoretical energy values were low—although they were
overestimated in the calculations (Table S9).

The spin-density distribution in the optimized T;
states of these complexes supports the conclusions drawn
from the TD-DFT calculations for the T; states. For com-
plexes 1-4, the spin-density distribution in the optimized
T, state was spread over the cyclometalated ligand,
with a small contribution from the metal center (see
Table S10, Figures 7 and S54). However, in complexes
5 and 6, the participation in the spin-density of the ortho-
metalated ligand was very low and the main contribution
was in the oxygen-donor chelating ligand (see Table S10),
with a small participation of the platinum center.

(a)

FIGURE 7

(b)

Calculated spin density distribution for complexes 2 (a) and 5 (b).
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Speciation of 1, 2, and 5 in DMSO

In the biological studies (see below), the complexes were
initially dissolved in DMSO and then in water to prepare
the solutions to be applied to the cell culture medium. As
a consequence, the possible evolution in these solvents of
the most cytotoxic complexes (1, 2, and 5, see below) was
studied. The study was performed by 'H NMR and UV-
vis spectroscopy. The "H NMR analysis was mainly per-
formed by monitoring the H® resonances of the pyridine
ring. These signals are easily distinguished by >Jyy,

which has a value of around 5-6 Hz,

[77,92

| that is, smaller

than the coupling observed for other protons of the aro-
matic rings. Furthermore, '*°Pt satellites were observed

in some cases for these signals.

3.51 | Evolution in DMSO

In the case of 1, 2 h after the addition of DMSO-dg very
small resonances due to the free ligand Hthpy were
observed and a new product 1a appeared, with signals of

L4

the same intensity for both products (see Figure 8).
We propose that this new product is the solvated
species [Pt(thpy)CI(DMSO)], in which one molecule of
DMSO has displaced the Hthpy ligand coordinated only
by the pyridine ring. After 24 h, complex 1 was the
major species in solution (the 1:1a ratio was 76:24).
When the solution was left to stand for 48 h this ratio
was 52:48.

In the case of 2, on addition of DMSO-d; small reso-
nances for the free ligand Hdfppy appeared and a new
product, 2a, was formed (see Figure S55). In a similar
way to the case of 1, we propose that this new product is
the solvated species [Pt(dfppy)CI(DMSO)]. After 24 h, the
complex 2:2a ratio was 47:53, and at 48 h, it was 19:81,
thus showing a higher degree of evolution in 2 than in 1.
This difference could be due to a higher cis effect of the
orthometalated ring in 2, which is more n-electron with-
drawing. Coincidentally, 2 is more cytotoxic than 1 (see
below).

In the DMSO-d¢ solution of 5 (Figures S56-S57), the
formation of a new product, 5a, was barely evident after
1 h. After 24 h, however, the 5:5a ratio was 65:35, and
after 48 h, it was 50:50. Very small resonances due to
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FIGURE 8 'H nuclear magnetic resonance (NMR) monitoring of the evolution of complex 1 in dimethylsulfoxide (DMSO)-ds. Blue

diamonds = 1, red triangles = 1a, green circles = Hthpy.
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HL1 were observed (11% and 12% at 24 and 48 h, respec-
tively). Concerning the composition of 5a, several facts
must be taken into account: (i) this compound contains a
dfppy ligand with resonances similar to those of 5; (ii) 5a
contains a deprotonated chrysin ligand; (iii) the reso-
nances of Ring A of L1 are very similar to those of 5 (6.50
and 6.54 ppm in 5 and 6.58 ppm in 5a) while a more
marked difference is found in the singlet of Ring C
(7.48 ppm in 5 and 7.33 ppm in 5a). We therefore propose
that the stoichiometry of 5a is [Pt(dfppy)(k'-L1)(DMSO)]
with L1 coordinated only by the anionic oxygen atom.
This kind of di- to mono-coordinated evolution after sol-
volysis has been proposed, based on the results of compu-
tational studies, for a 3-aminoflavone coordinated to a
“Pt(PMe;),” fragment.'*!

3.5.2 | Evolution in water
The complexes were not sufficiently soluble in D,0 to
obtain an NMR spectrum, and as a consequence, the
study of the evolution in the presence of water was car-
ried out in DMSO-d¢/D,0 mixtures. The amount of D,O
used was the maximum possible that allowed the solubi-
lization of the complexes to register the 'H NMR spectra.

In the cases of 1 or 2, dissolved in a DMSO-ds/D,0O
(90:10) mixture, the evolution was similar to that
observed in neat DMSO-dg (Figures S58-S59). However,
the rate of formation of 1la or 2a in the mixture was
slower compared with that observed in DMSO-dg alone.
In fact, signals for 1a only became visible after 6 h and
the 1:1a ratio after 48 h was 61:39. The 2:2a ratio in the
mixture of solvents after 48 h was 43:57. The evolution of
2 was also faster than that of 1 under these conditions.
The decrease in the rate of the evolution to 1a or 2a in
the presence of water led us to propose that in this mix-
ture, the same DMSO adducts were formed and the pro-
cess is dependent on the DMSO concentration.
Furthermore, the chemical shifts of the species formed in
both cases are very similar, even with a certain change in
the solvent. Another fact to support this proposal is that a
crystal of 2a (see above for the description of the struc-
ture determined by X-ray diffraction) was formed in an
NMR tube containing a solution of 2 in the DMSO-d/
D,O mixture. The evolution of 1 and 2 was also studied
by UV-vis spectroscopy in a mixture with a higher per-
centage of H,O (DMSO:H,O = 43:57 for 1 and 40:60 for
2) and a transformation was also observed, presumably
corresponding to the formation of 1a or 2a although the
formation of water adducts cannot be completely dis-
carded (Figures S60-S61).

A solution of 5 in a DMSO-dy/D,0 (95:5) mixture led
to the formation of a larger amount of HL1 than in

Chemistry

DMSO-dg alone. HL1 should be formed by protonation
of L1 in the complex. The presence of increasing
amounts of 5a was also observed (Figures S62-63). The
formation of a precipitate was observed and this could
correspond to hydroxo-platinum species.[%] Hydroxo-
platinum complexes have been proposed as evolution
products from cisplatin.'”*! The evolution with time of
the three species detected in solution is represented in
Figure S64. It is noteworthy that the amount of HL1
increased up to three hours and thereafter only small
changes were observed. It is possible that the increase in
pH that should lead to protonation of L1 could slow
down the formation of HL1. For the sake of comparison,
the evolution products of 5 after 48 h in DMSO or in a
DMSO/D,0 (95:5) mixture is shown Figure S65. It was
observed that a higher amount of 5a was formed when
D,0 was present.

The evolution of 5 in a DMSO/H,0 mixture (80:20)
was also monitored by UV-vis spectroscopy. The changes
observed at 272 nm, that is, the region in which HL1
absorbs, were relatively complex, but the formation of a
new product was detected by the presence of a band at
around 332 nm (see Figure S66).

In conclusion, for complexes 1 and 2 in DMSO, sol-
volysis, which started after several hours, was slowed
down in the presence of water and led to the adducts [Pt
(CAN)CI(DMSO)]. In the case of 5, the formation in
DMSO of [Pt(dfppy)(k'-L1)(DMSO)] was monitored, and
when D,0 was present, ligand HL1 was also detected.

3.6 | Biological studies

3.6.1 | Cytotoxic and photocytotoxic activity

The anticancer potential of complexes 1-5 was evaluated
along with the biological mechanism of action. First, the
cytotoxic activity of the complexes towards HeLa human
cervical cancer cells was ascertained by MTT assays. Cells
were cultivated with different concentrations of the com-
plexes (from 0 to 50 uM) for 48 h to determine the con-
centration required to inhibit cell viability by 50% (ICsp)
(Table 3). Cisplatin was included in the experiment as a
chemotherapeutic drug reference. The ICs, values
obtained were 18.82 + 2.93 uM for 1, 10.80 + 1.54 pM for
2, and 31.50 + 5.80 pM for 5. Interestingly, the ICs, value
of complex 2 is similar to that of cisplatin under the same
conditions (7.78 + 0.07 pM). In contrast, complexes 3 and
4 displayed ICs, values > 50 pM and were considered
non-active against cancer cells. The antineoplastic activ-
ity of complexes 1, 2, and 5 was further evaluated against
a lung adenocarcinoma cell line (A549) (Table 3). Once
again, complex 2 displayed the highest cytotoxicity, with
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TABLE 3
photocytotoxic activity

Cytotoxic and
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HeLa A549

ICso (nM) ICso (M)
Cellline  Dark Light PI Dark Light PI
1 18.82 +2.93  6.62+1.11 2.84 2897 +298 21.76 +6.84  1.33
2) 10.80 + 1.54 7.11 + 1.96 1.52 20.67 + 0.73 18.64 + 7.99 1.15
5 31.50 + 5.80 24.05 + 1.43 1.31 30.81 +2.95 26.81 + 5.23 1.15
Cisplatin 7.78 = 0.07 10.40 + 0.34

Note: Cells were treated with the complexes under dark conditions or irradiated with a blue light (1 h,
150 mW/cm?, A: 460 nm) after 4 h of pretreatment. ICs, values were determined 48 h later by an MTT assay.
Data represent the mean + SD of at least two independent experiments, each performed in triplicate. PI,

phototoxicity index = ICsq gark/ICs0,1ight-

an ICsq of 20.67 + 0.73 pM, while the ICs, of complexes
1 and 5 were 28.97 + 298 uM and 30.81 & 2.95 uM,
respectively. These values are two to three times higher
than that of cisplatin (10.40 + 0.34 pM) in A549 cells,
which indicates that the complexes might have a lower
cytotoxic effectiveness against lung adenocarcinomas.
Overall, these results show that compound 2 has the
greatest potential as an antineoplastic agent.

The potential of the complexes as photosensitizers for
PDT was also explored. Different Pt (IV) compounds that
are photoactivated by a PACT (photoactivated chemo-
therapy) mechanism to render Pt (II) cytotoxic agents
have been described,'**! but very few Pt (II) compounds
have been shown to exhibit photosensitizing effects via a
PDT mechanism. Pt-porphyrinl®*°”! or Pt-BODIPY!*®
derivatives and also two cyclometalated derivatives!'*°"]
have been reported as PDT agents. To determine the
potential photodynamic activity of our complexes, HeLa
and A549 cancer cells were incubated with different con-
centrations of 1, 2, and 5 for 4 h to allow their cellular
internalization. The complexes were then photoactivated
for 1 h with a blue light (A;; = 460 nm). A total light dose
of 24.1 J cm > was delivered, which is within the range
of doses applied for the photoactivation of other metal
complexes.”®! In HeLa cells, the cytotoxicity of
1 increased moderately following irradiation to give a
photocytotoxicity index (PI) (ICso qark/ICso 1ight) Of 2.84.
The resulting ICsq jign: value was similar to that of cis-
platin in the dark, thus revealing that the complex would
have a highly effective cytotoxic capacity after photoacti-
vation. In contrast, the activities of complexes 2 and
5 against HeLa cells were only slightly modified by
photoactivation, with PI values <2. In A549 cells, none of
the complexes showed photodynamic behavior (PI < 2).
Overall, these data reveal that only complex 1 exhibits
moderate photosensitizing properties and these seem to
be cancer-type specific. Apparently, the *LC nature of T,
in 5 is not suitable for appropriate photoactivation. As far

as 1 and 2 are concerned, both of which have a T, of
*MLCT and °LLCT nature, the low photoactivation of
2 may be due to a small molar extinction coefficient at
460 nm. In fact, excluding 5, complex 1 exhibits the
highest molar absorption at the wavelength used in the
biological experiments.

The hemolytic activities of complexes 1, 2, and 5 were
explored in order to rule out any toxicity on healthy
erythrocytes through cellular membrane damage. To this
end, freshly isolated porcine RBCs were treated with the
complexes at different concentrations and the hemoglo-
bin release, as a consequence of the membrane rupture,
was measured. As a positive control, RBCs were exposed
to a solution of 2% Triton X-1000 to achieve the maximal
hemoglobin release. Importantly, none of the three
complexes exhibited hemolytic activity (hemolysis <5%
compared with positive control) at concentrations up to
50 uM (Table S11), which is higher than the ICs, values
of the complexes in cancer cells. These results show that
the compounds have good blood compatibility at the
chemotherapeutic dose.

3.6.2 | Cellular localization and damage

The type of cell damage generated by metal-based
complexes depends largely on their location within the
cells. To explore the cellular distribution of complexes 1,
2, and 5, cells were incubated with the complexes at
25 pM, and 3 h later, their localization was examined by
confocal microscopy. An excitation wavelength (Ae,) of
405 nm was applied, and the fluorescence emission was
determined at different wavelengths (Ae,) (450, 525, and
595 nm). Fluorescence was not detected in cells treated
with 1 and 2, probably as a consequence of their low
absorption at 405 nm (See Figures S67-S68). In contrast,
in cells exposed to complex 5, a bright fluorescence
emission was observed at 595 nm (Figure S69). High
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FIGURE 9 Confocal microscopic Complex 5 MitoTracker Red

imaging of the subcellular localization of
complex 5. HeLa (a) and A549 (b) cells
were incubated with the complex at

25 uM for 1 h at 37°C. Mitochondria
were stained with MitoTracker Red™.
The localization of the complex is
indicated by the green fluorescence

(Mex: 488 nm; Aepy: 595 nm).
Mitochondria staining is shown by the
red fluorescence (Aey: 488 nm; Aepy:

595 nm). Colocalization can be observed
in yellow in the merged images.

FIGURE 10
2, and 5 on cell cycle distribution. A549

Effect of complexes 1,

cells were treated for 24 h with medium
alone as a control, cisplatin (Cispt)

(5 pM), doxorubicin (Doxo) (0.5 pM), or
complexes 1, 2, and 5 at the
corresponding ICs. (a) Representative
flow cytometry histograms of cell cycle
distribution of propidium iodide-stained
cells. The percentage of cells in G1, S,
and G2/M phases are indicated.

(b) Stacked bar graphs showing the
percentage of cells in each phase of the
cell cycle.
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magnification images of HeLa and A549 cells revealed a
punctate fluorescence pattern throughout the cytoplasm,
which suggests that complex 5 is mostly localized in
vesicular organelles (Figure 9). In contrast, fluorescent
particles were not detected in the cell nucleus. Co-
staining of the cells with a fluorescent probe for mito-
chondria (MitoTracker Red™) revealed that 5 notably
colocalizes with mitochondria, as seen in yellow in the
merged image (Figure 9). The Manders overlap coeffi-
cient measured between complex 5 and MitoTracker
Red™ was 0.74 in HeLa cells and 0.63 in A549 cells, thus
corroborating a significant accumulation of the complex
in mitochondria.

The cellular damage exerted by chemotherapeutic
drugs, for example, cisplatin and doxorubicin, is medi-
ated mainly by their interaction with genomic DNA,
which triggers a cellular response that culminates in
the activation of apoptosis. However, given that the
intracellular distribution of complex 5 was restricted to
the cytoplasm, it is likely that the cytotoxic effect
induced by complexes 1, 2, and 5 involves an alterna-
tive mechanism of action to DNA damage. This was
investigated by comparing the effect of the complexes
on cell cycle to that of cisplatin and doxorubicin. To
this end, after 24 h of treatment with the complexes at
the corresponding ICso, A549 cells were stained with
PI, a red-fluorescent DNA intercalator, and the DNA
content was examined by flow cytometry. It has been
reported that the interaction of cisplatin with DNA
induces a transient cell cycle arrest in S phase followed
by a durable G2/M arrest.'*! Similarly, doxorubicin
exerts an antiproliferative effect through cell cycle arrest
at the G2/M phase."®!! As expected, an increase in the
proportion of cells in S and in G2/M phases was
detected in cells exposed to cisplatin (19.7% in S and
33.5% in G2/M) and in the G2/M phase (42.6%) after
doxorubicin treatment in comparison with control
untreated cells (12.7% in S and 17.3% in G2/M)
(Figure 10). In contrast, a very modest effect on the cell
cycle progression was observed in cells treated with
complexes 1, 2, and 5. Overall, these results confirm
that the cytotoxic effect of the complexes is generated
by an alternative molecular mechanism to that of nuclear
DNA-damaging chemotherapeutic agents, which would
involve cellular targets outside the nucleus.

Mitochondria are organelles that control essential cell
functions and regulate apoptotic cell death. Importantly,
mitochondria exert central bioenergetic and metabolic
functions that provide energy and anabolites, which in
cancer cells are crucial for tumor growth.""°*! Thus, mito-
chondria constitute promising targets for the develop-
ment of novel anticancer agents. Several Pt
(I1) complexes capable of promoting cell apoptosis by
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FIGURE 11 Effect of complexes on adenosine triphosphate
(ATP) production. A549 cells were incubated for 4 h at 36°C with
complexes 1, 2, and 5 at the corresponding ICs, or with medium
alone as a control. ATP content was measured by adding CellTiter-
Glo® Reagent and recording the luminescence of each sample. Data
shown represent the percentage versus untreated control cells
(mean + SD; n = 4). *p < 0.05 versus control cells.

affecting  mitochondrial  functions have  been
described.'**1%! Thanks to the electron chain transport
complexes and ATP synthase located in the inner mito-
chondrial membrane, mitochondria supply the cell with
energy in the form of ATP from the metabolic oxidation
of substrates. Maintaining stable levels of intracellular
ATP is crucial for normal cell functioning. The high
degree of colocalization of complex 5 in mitochondria
prompted us to analyze the capability of the complexes to
induce mitochondrial damage by determining their effect
on ATP production. The ATP content of the cells was
assessed with the CellTiter-Glo® Luminescent reagent,
which generates a luminescent signal proportional to the
amount of ATP present. It was found that the cellular
ATP levels decreased significantly by 36.6 + 1.8%, 36.7
+ 4.0%, and 17.0 + 6.4% after treatment with 1, 2, and 5,
respectively, at the corresponding ICs, in comparison
with control untreated cells (Figure 11). Overall,
these results point to mitochondria as the principal
intracellular target for the cytotoxic activity of these
complexes.

4 | CONCLUSIONS

A series of cyclometalated (2-[2'-thienyl]pyridinate, thpy,
and 2-[2,4-difluorophenyl]pyridinate, dfppy) platinum
complexes with N-donor, PTA, or chrysin-derived ligands
(incorporating piperidine, HL1, or morpholine, HL2,
fragments) was prepared. The influence that the cyclome-
talated and ancillary ligands have on the photophysical
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and anticancer properties has been demonstrated.
The solid-state structures of [Pt(dfppy)CI(PTA)] and
[Pt(dfppy)Cl (DMSO)] were solved by X-ray diffraction.
Luminescence studies showed that the complexes exhibit
a phosphorescent or fluorescence character (lifetimes in
the range 2.069-1658 ns) with tunable emission wave-
lengths between 393 and 616 nm and quantum yields up
to 6.8%. Aggregation phenomena in solution were found
for complex 5. Supporting TD-DFT studies were
performed and demonstrated the differentiating charac-
teristics of the MOs of [Pt(dfppy)L], (L = L1, 5; L = L2,
6) complexes, with a strong participation of the chrysin
ligand. For the complexes with N-donor or PTA ligands
(1-4) the contribution of the Pt(5d) and CAN orbitals to
the calculated HOMO was ligand-dependent, while the
LUMOs were in general localized over the CAN ligands.
TD-DFT calculations showed that, in the cases of com-
plexes 1-4, the S; and T; states reflect mainly MLCT
(Pt to CAN) and LC (C”N) contributions, with a higher
participation of the LC transition for the thpy derivatives.
The situation is completely different in the case of the
chrysin derivatives 5 and 6. In these compounds the main
contribution to S; and T, states comes from an LC transi-
tion that involves an electron redistribution in the L1 or
L2 ligand, without the participation of the CAN ligand.
Complexes 1 and 2 evolve to [Pt(CAN)CI(DMSO)|" in
DMSO or DMSO/water (90:10), and in the case of 5, the
formation in DMSO of [Pt(dfppy)(x'-L1)(DMSO)] was
monitored, and when D,O was present, HL1 was also
detected.

Biological studies showed that of the different
cyclometalated platinum complexes, complexes 1, 2, and
5 exert cytotoxic activity against human cervical (HeLa)
and lung (A549) carcinoma cells. The best ICs, values
were obtained for compound 2 (10.80 + 1.54 uM in HeLa
cells and 20.67 + 0.73 pM in A549 cells). Interestingly,
the activity of complex 1 increased after irradiation with
blue light, with a photocytotoxicity index of 2.84
obtained. Microscopy assays on complex 5, which exhib-
ited luminescent properties that could be exploited in
imaging techniques, revealed that this complex is local-
ized outside the cell nucleus—mainly in the mitochon-
dria. This finding was supported by analysis of the cell
cycle progression of the cells, where it was observed that
the mechanism of action of the complexes is different
from that of other chemotherapeutic agents such as
cisplatin and doxorubicin, which interact with nuclear
DNA. Our results suggest that the activity of the com-
plexes at the mitochondrial level, which notably reduced
the cellular ATP content, would be highly relevant to
their anticancer activity because interference with mito-
chondrial metabolism has been shown to have a major
impact on tumor progression.

Chemistry

The results of this study illustrate how the choice of
specific ligands around the metal center can have a
dramatic impact on the orbital configuration and the
photophysical and cytotoxic properties. The influence of
the chrysin ligand on the MOs of the corresponding
complex pave the way to modifications of this ligand to
tune the properties. Furthermore, the cyclometalated
platinum complexes developed in this project, in
particular complex 2, could provide an alternative
cytotoxic chemotherapeutic mechanism that is of great
interest for the treatment of tumors with resistance to
current anticancer drugs. In any case, modifications to
the structure would be of interest to increase the
cytotoxic activity.
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