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A new family of luminescent [Pt(pbt),(CgFs)L
(n = 1, 0) complexes: synthesis, optical and
cytotoxic studiest

David Gomez de Segura,® Nora Giménez,? David Rincon-Montén,?
M. Teresa Moreno, (2 *@ José G. Pichel, (2 °< |ciar P. Lépez*® and Elena Lalinde (2 *®

Given the widely recognized bioactivity of 2-arylbenzothiazoles against tumor cells, we have designed a
new family of luminescent heteroleptic pentafluorophenyl-bis(2-phenylbenzothiazolyl) Pt" derivatives,
fac-[Pt(pbt),(CeFs)L1"* (n = 1, 0) [L = 4-Mepy 1, 4-pyridylbenzothiazole (pybt) 2, 4,4'-bipyridine (4,4'-bpy)
3, 1,2-bis-(4-pyridyl)ethylene (bpe) 4 (E/Z ratio: 90/10), 1,4-bis-(pyridyl)butadiyne (bpyb) 5, trifluoroace-
tate (TOCOCF3) 6] and a dinuclear complex [{Pt(pbt),(CeFs)}2(p-bpyb)l(PFe), 7, in which the trans ligand to
the metalated C-(pbt) was varied to modify the optical properties and lipophilicity. Their photophysical
properties were systematically studied through experimental and theoretical investigations, which were
strongly dependent on the identity of the N-bonded ligand. Thus, complexes 1, 3 and 6 display, in
different media, emission from the triplet excited states of primarily intraligand ILCT nature localized on
the pbt ligand, while the emissions of 2, 5 and 7 were ascribed to a mixture of close *IL'(N donor)/*ILCT
(pbt) excited states, as supported by lifetime measurements and theoretical calculations. Irradiation of the
initial £/Z mixture of 4 (15 min) led to a steady state composed of roughly 1:1.15 (E: 2) and this complex
was not emissive at room temperature due to an enhanced intramolecular E to Z isomerization process of
the 1,2-bis-(4-pyridyl)ethylene ligand. Complexes 1-3 and 6 showed excellent quantum yields for the
generation of singlet oxygen in aerated MeCN solution with the values of ¢#(*0,) ranging from 0.66 to
0.86 using phenalenone as a reference. Cationic complexes 1-3 exhibited remarkable efficacy in the
nanomolar range against A549 (lung carcinoma) and Hela (cervix carcinoma) cell lines with notable
selectivity relative to the non-tumorigenic BEAS-2B (bronchial epithelium) cells. In the A549 cell line, the
neutral complex 6 showed low cytotoxicity (ICsp: 29.40 pM) and high photocytotoxicity (ICso: 5.75) when
cells were irradiated with blue light for 15 min. These complexes do not show evidence of DNA
interaction.

sensing,” photosensitizers in medicinal chemistry® and opto-
electronic devices.” In particular, d® (Ru", Os", and Ir"™)*"®

Luminescent complexes based on organic chromophores have
attracted great interest due to their wide range of potential
applications in fields such as photocatalysis," biological
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and d® (Pt")°® cyclometalated compounds have been extensively
studied due to their ability to promote large spin-orbit coup-
ling in the organic chromophore upon photoexcitation. This
leads to fast singlet-triplet intersystem crossing (ISC) between
singlet and triplet manifolds, giving rise to potentially emis-
sive low-lying triplet excited states of different characters,
including *MLCT, *LC (xn*) or *LC/°MLCT, and *LLCT/*MLCT
mixtures, depending on the ligands and the electronic density
of the metal involved. The selection and/or functionalization
of the cyclometalated group and/or the auxiliary ligands are
typical approaches for a facile modification of luminescence
properties (dem, ¢), thus widening the diversity of potential
applications. In this framework, cyclometalated complexes of
metal ions such as d® (Pt™)” or d® (Pd"® or Au™?)
have received considerably less attention than the related

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/dalton
http://orcid.org/0000-0002-7744-9805
http://orcid.org/0000-0001-8580-0952
http://orcid.org/0000-0001-7402-1742
https://doi.org/10.1039/d3dt01759a
https://doi.org/10.1039/d3dt01759a
https://doi.org/10.1039/d3dt01759a
https://www.ciberes.org
https://www.ciberes.org
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt01759a&domain=pdf&date_stamp=2023-09-12
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt01759a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052035

Open Access Article. Published on 04 August 2023. Downloaded on 10/17/2025 7:31:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

isoelectronic octahedral d® Ir™ or square planar d® Pt"
systems, likely due to the highly electrophilic nature of these
metal ions. This decreases the metal orbital involvement in
the low-lying excited state and also stabilizes the d-d metal
centred (MC) states, facilitating luminescence quenching at
room temperature through thermally activated access to non-
radiative d-d states, which compete with the typical emissive
intra-ligand (*LC, ’ILCT) or ligand-to-ligand charge transfer
(*LLCT) transitions.'® Among these metals, homo- and hetero-
leptic bis- and tris(cyclometalated) Pt" complexes have been
successfully investigated by the research group of Gonzalez-
Herrero,”" ! our laboratory,'* and others.'® In general, these
complexes exhibit long-lived and easily tuned emissions from
essentially ligand-centred triplet excited states (°LC), with a
very low contribution of metal-to-ligand charge-transfer
(MLCT), which makes them potential candidates for the devel-
opment of photoinduced systems such as 'O, sensitizers,
photocatalysts and sensors.

On the other hand, since the serendipitous finding of the
anticancer activity of cisplatin, the search for new designed Pt
and other transition metal (Au,"* Pd,'*> Ru,'® and Ir*'”)-based
compounds including multimetallic systems,'® has contribu-
ted to the development of new promising anticancer drugs, in
many cases with unique anticancer mechanisms.’® In Pt
chemistry, libraries of antiproliferative Pt complexes have been
investigated but only a few of them (carboplatin, oxaliplatin,
heptaplatin, lobaplatin, and nedaplatin) have entered clinical
use.”® The cytotoxicity of these drugs is mainly based on the
formation of intrastrand cross-links with guanine residues,
triggering the inhibition of DNA transcription and apoptosis
of cancer cells. To reduce adverse side-effects, circumvent
acquired resistance and/or increase selectivity, research has
focused on the study of new Pt and other transition metal-
based compounds® and also on the development of novel
approaches® such as photodynamic therapy,> encapsulation
of drugs into delivery systems>* and targeted and immunologi-
cal therapies.?® In recent years, octahedral d® Pt" complexes
have emerged as attractive prodrugs of existing clinical Pt"
compounds, as these complexes are kinetically stable under
physiological conditions being activated by reduction with
ascorbic acid or glutathione, preferentially in cancer cells.*®
During this process, they release axial ligands and form their
related cytotoxic Pt" counterparts. By incorporation at the axial
sites of other biologically active molecules, these Pt" com-
plexes behave as multi-acting targets capable of releasing
various antiproliferative molecules inside the tumour cell, thus
modulating the pharmacologic action of the Pt" drug.*”

The above-mentioned cyclometalated luminescent com-
plexes represent another important growing class of com-
pounds with potential clinical significance. These complexes
are excellent probes for cellular imaging or as new trackable or
photoactivatable anticancer drugs, acting as multifunctional
theranostic systems. Much effort has been devoted to d° (Ir'™,
Ru™)?*?® and d® (Pt" and Au™)*° cyclometalated complexes,
which often elicit their activity through different mechanisms
from that of cisplatin or trigger their efficiency by increasing
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reactive oxygen species (ROS) upon photoexcitation.*® Indeed,
some cyclometalated complexes are found in the cytoplasm
and do not reach the nucleus.?’ However, despite the increas-
ing importance of Pt"-based complexes as prodrugs in anti-
cancer therapeutics,®® reports on the biological activity of
related luminescent cycloplatinated Pt" derivatives remain
sparse.

Given the wide applicability of benzothiazole in medicinal
chemistry®® and as a continuation of our ongoing interest in
the biological activity of 2-arylbenzothiazol-based cycloplati-
nated complexes,® in this work we designed bis(cyclometa-
lated) Pt" compounds featuring a fac-Pt(pbt),(CeFs) frame-
work. In detail, we present the synthesis and optical properties
of new mononuclear cationic fac-[Pt(pbt),(CeFs5)(L)](PFe) [L =
4-Mepy (1), pybt (2), 4,4"-bpy (3), bpe (4), bpyb (5)] and neutral
Sfac-[Pt(pbt),(CeF5)(OCOCF;)] (6) pentafluorophenyl-bis(cyclo-
metalated) Pt compounds and a dinuclear complex [{Pt
(pbt)(CeFs)}2(p-bpyb)](PFe), (7), in which the trans ligand to
the metalated C-(pbt) is varied to modify the optical properties
and lipophilicity. Computational studies based on density
functional theory (DFT) and time-dependent DFT (TD-DFT)
were also performed to deepen the understanding of their
excited state properties. Complexes 1-3 showed in vitro cyto-
toxicity against human tumour A549 (lung carcinoma) and
HeLa (cervix carcinoma) cell lines with notable selectivity with
respect to the non-tumorigenic BEAS-2B (bronchial epi-
thelium) cells and complex 6 exhibited highly efficient photo-
induced cytotoxicity upon short light irradiation by 'O, gene-
ration. Finally, we evaluated a plausible mechanism of action
of these complexes by analysing their interaction with DNA.

Results and discussion
Synthesis and characterization

The synthetic pathway of the complexes presented in this work
is summarized in Scheme 1. Cationic bis(cycloplatinated) Pt"
complexes, fac-[Pt(pbt),(CeFs5)(L)](PFs) 1-5, were prepared by
employing a chloride derivative fac-[Pt(pbt),(CeF5)Cl] as the
precursor, previously synthesized in our group.'*® The displa-
cement of the chloride by the corresponding N-donor ligand
required drastic conditions and took place at reflux in 1,2-
dicloroethane with an excess of the corresponding N-donor
ligand and TIPF¢ (2 equiv.) as well as K(ClO,) (excess) to facili-
tate the abstraction of Cl™. The reaction times to form the
corresponding cationic complexes fac-[Pt(pbt),(CeFs)(L)](PFs)
[L = 4-Mepy (1), pybt (2), 4,4"-bpy (3), bpe (4), bpyb (5)] varied
between 5 and 15 h, and the progress was monitored by '°F
{'"H} NMR spectroscopy (Fig. S1-S71). The reaction with the
trans-bpe ligand was carried out protected from light and even
under these conditions the final solid contained the ligand in
a mixture of the E: Z ratio (90: 10) (see Fig. S87). In the case of
the synthesis of 1,4-bis(4-pyridyl)butadiyne complex 5, was
always impurified by an small amount of the bimetallic deriva-
tive fac-[{Pt(pbt),(CeFs)}2(n-bpyb)](PFe), (7) featuring a 1,4-bis
(4-pyridyl)butadiyne ligand acting as a symmetrical bridging
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bpyb

Scheme 1 Labelling; reagents and conditions: (i) L (3 equiv. of 1, 2, 4
and 5; 5 equiv. of 3); TIPFg (2 equiv.); KClO4 (exc.); CoH4Cly; reflux (5 h
for 1; 15 h for 2, 3 and 5; 10 h for 4) and for 6 AgCFsCO, (1 equiv.);
acetone; reflux (6 h). (i) bpyb (0.5 equiv.); TIPFg (3 equiv.); KClO4 (exc.);
C,H4Cly, reflux 6 h.

ligand of two Pt" {Pt(pbt),(CeFs)} units. Complex 7 was alter-
natively obtained in high yield by using a Pt:bpyb
1:0.5 molar ratio. The neutral complex fac-[Pt(pbt),(CsFs)
(OCOCF;)] (6), containing an O-donor trifluoroacetate ligand
trans to a metalated C-pbt, was generated by a reaction at
reflux of the chloride precursor with a stoichiometric amount
of AgCF;CO, in acetone for 6 h. It is worth noting that all the
reactions took place with retention of the fac-C,C,C geometry
of the chloride precursor, as assessed by NMR spectroscopy.
This result is in contrast to the easy fac- to mer-isomerization
that we found in the formation of the cyanide complex mer-[Pt
(pbt),(CgF5)(CN)] starting from the same precursor.'>*

The complexes were isolated as white solids in moderate to
high yields. They were fully characterised by IR spectroscopy,
mass spectrometry, elemental analysis and multinuclear NMR
spectroscopy (see the Experimental section and Fig. S1-S77 for
details). The molecular structures were confirmed by X-ray
diffraction for 1, 4 and 6. ESI(+) spectra showed a peak envel-
ope compatible with cationic fragments of the formula [Pt
(pbt)o(CeFs)(L)]" for 1-6, whereas the bimetallic complex 7
exhibited a peak for [{Pt(pbt),(CcF5)}»(bpyb) + PFs]".

The "H and “C{"H} NMR spectra of all compounds showed
two sets of resonances corresponding to the inequivalent pbt
ligands due to the asymmetric nature of the coordination
environment around the metal and signals due to the co-
ordinated N-donor ligand (1-5, 7). The most characteristic
resonances in the proton spectra were the signals due to the
ortho protons of the metalated C of the pbt groups, H'! and
H'(pbt), which appeared as pseudo-triplets due to the
additional space through dipolar coupling to the o-F of the
CeFs unit (Jui1-m10 ~ Jui1-0r ~ 6-7 Hz), thus supporting the

12392 | Dalton Trans., 2023, 52,12390-12403
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retention of the fac-C,C,C configuration. This spectroscopic
feature was clearly visible for H'", which appeared in all com-
pounds at a high field (6 ~ 6.88). The coordination of the
N-donor ligands was inferred by the low field shift of the o-H
of the corresponding pyridine rings in relation to the free
ligands (5§ H'*: 9.10 1 vs. 8.40, 4-Mepy; 9.10 2 vs. 8.90, pybt;
9.06 3 vs. 8.70, 4,4-bipy; 8.90 4 vs. 8.61, bpe; 9.02 5, 7 vs.
8.65 ppm, bpyb) and the presence of '*>Pt coupling (*/p.y ~
25 Hz). The “F{'"H} NMR spectra showed five signals corres-
ponding to the C¢F5 group with two o-F signals exhibiting Pt
coupling constants (*Jwspewp = 97-113.5 Hz), consistent with
previously reported analogues,’**” together with the expected
doublet due to PFs~ (5§ —72.6) in complexes 1-5 and 7. The
coordination of CF;CO,~ to the platinum in complex 6 was
supported by the presence of platinum satellites in the reso-
nance due to CF; (6 = —75.3, *Jpe_r = 4.1 Hz). As noted before,
the "H NMR spectrum of fac[Pt(pbt),(C¢Fs)(bpe)](PFs) 4
revealed the presence of two isomers in a ca. 1:0.1 molar
ratio, which were attributed to the two conformations E and Z
of the 1,2-bis(4-pyridyl)ethylene (bpe) ligand. The major com-
ponent is tentatively assigned to the E-form around the C=C
double bond because this isomer is expected to reduce the
steric constraint about the Pt centre. Unfortunately, the olefin
protons overlapped with other resonances. The presence of the
Z form, in a small amount, suggested that the bpe ligand
suffers from easy photoisomerization. This light isomerization
has been recently observed in bimetallic Pt" compounds with
the bpe bridging unit.*® Indeed, control of the photoisomeriza-
tion process in an acetone-d® solution, with a 125 W lamp,
revealed that a final photostationary state between both
isomers, with a proportion of 1:1.15 (E: Z), was reached after
40 min (Fig. S8t). It is worth noting that the E or Z orientation
of the ligand caused a negligible influence on the chemical
shifts of the fluorine resonances of CgFs, as assessed by '°F
{'H} NMR spectroscopy.

X-ray crystallography

Crystals of complexes 1, 4 and 6 were obtained by slow diffusion
of n-hexane into a solution of the complexes in acetone at
room temperature. The crystal structures of 1-CH;COCH;,
4-2CH3;COCH; and 6 are shown in Fig. 1. For complex 4, two
sets of conditions were used, in the dark and in the presence of
ambient light. For crystals in the dark the quality of data collec-
tion, although not good enough, allowed us to confirm that the
main complex formed has the trans (E) configuration at the ole-
finic double bond (Fig. 1b). For this complex, the crystals grown
under ambient light were not of good quality either.

However, although the structure could not be completely
refined, the connectivity of the structure was established and
revealed a positional disorder of the bpe ligand in two posi-
tions, E and Z in a proportion of 60 and 40%, respectively
(Fig. S91). This result is consistent with the NMR studies and
with previous work reported by Wang, et al. for triarylboron-
functionalized Pt" dinuclear complexes with bpe bridging
unit, where the growth of the crystals, either at room or at low
temperature, in the dark gave only the E isomer, whereas the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Molecular view of the cations in (a) 1-CH3sCOCHs3, (b) [Pt(pbt),(CeFs)(E-bpe)l(PFg)-2CH3COCH3 (4:2CH3COCHs5) (crystals grown in the dark)

and (c) of 6.

ambient light illumination was the key factor for Z-isomer for-
mation.®*® The collected crystal data, refinement parameters,
and selected bond lengths and angles are summarised in
Tables S1 and S2.1 The complexes were chiral, but crystalized
in centrosymmetric space groups, with the two enantiomers (A
and A) present in the unit cell (A enantiomer is depicted). The
structures showed an octahedral geometry around the Pt
center and confirmed the relative fac disposition of the three
carbon atoms ( fac-C,C,C). The Pt-N(2) bond distances trans to
the metalated Cppe [2.121(5)-2.135(5) A] were shorter than
those of Pt-N(1) [2.165(5)-2.301(6) A], indicating a higher trans
influence of C,, relative to C¢ g.. The Pt-N(3) lengths in com-
plexes 1 [2.170(3) A] and 4 [2.172(6) A] were almost identical and
within the range expected for these bonds. The Pt-C(13) dis-
tances in 1 and 4 [2.041(4) 1, 2.042(7) A 4] were identical within
the experimental error, according to a similar ¢rans influence for
the 4-Mepy and bpe ligands, whereas in complex 6 this distance
[2.011(7) A] was relatively shorter, in agreement with a lower
trans influence of the trifluoroacetate ligand (O-donor). As far as
we know, examples of X-ray structures of cyclometalated Pt"
complexes with monodentate pyridines are very scarce.’” In 4,
the bpe ligand adopted a trans configuration with a C38-C39
distance [1.321(10) A] typical of a double bond, and it was essen-
tially coplanar. The dihedral angle between the pyridine rings
(given by the dihedral angle C37-C38-C39-C40) was 6.83°.
Molecular packing revealed the presence of dimers generated by
short mype+Tppe (~3.4-3.5 A) interactions in complexes 1 and 4,
which further involved through Fc, g, -+-Fc,r, contacts (2.825 A) in
complex 1 (Fig. S10 and S11%). For 6, only secondary contacts
Fer,Mpbe (2.927 A), C-H-+-O (2.686 A) and C-F---Fcy, (2.764 A)
were observed (Fig. S121).

Photophysical properties and theoretical calculations

Absorption spectra. The UV/VIS absorption spectra of all the
complexes, recorded in dichloromethane solution at room
temperature, are shown in Fig. 2 with the corresponding data

This journal is © The Royal Society of Chemistry 2023

summarized in Table S3.f The absorption spectra were very
similar in the high energy region (1 < 300 nm) with absorp-
tions mainly ascribed to ligand-based (pbt and L) transitions,
although contributions from ligand to ligand (pbt, CeF5 to L)
and ligand to metal (pbt to Pt) cannot be discarded. The low
energy structured profiles for cations 1, 3, 5 and 6 were rather
similar (¢ = 12000-22000 mol™" L em™") and with minor
changes in their maxima. A stronger and broader low energy
feature was shown for the pybt complex (2, € = 36 000) and the
bimetallic derivative (7, ¢ = 28 000). In order to gain insight
into the nature of low-lying absorptions, DFT/TD-DFT calcu-
lations were carried out for all complexes. Selected frontier
orbitals and vertical excitation energies computed by TD-DFT/
SCRF in CH,Cl, with the orbital involved are provided in Fig. 3
and in the ESI (Fig. S13 and Tables S4-S67).

For the cation 1" and for 6, the frontier orbitals (H-3 to
L+2) were located on the pbt groups with minor contribution
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Fig. 2 Absorption spectra of complexes 1-7 in CH,Cl, (5 x 107° M) at
298 K.
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of the Pt and auxiliary ligands. In these complexes, the two
most intense transitions (S, and S;) have intraligand (IL) char-
acter located on the pbt groups, whereas S; with low oscillator
strength (HOMO-LUMO transition) has mainly ligand to
ligand charge transfer between non-equivalent pbt ligands
(LLCT). In the cation 3", featuring the 4,4"-bpy ligand, the com-
position of the highest occupied orbitals and the LUMO is
similar to those of 1* and 6 but L+1 and L+2, which have a
notable contribution to 4,4-bpy (L+1 69%; L+2 26%), are very
close in energy. The more intense transition S, (339.6 nm) has
IL nature but the close S; has mainly ligand to ligand charge

View Article Online
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transfer character (pbt to 4,4"-bpy). For the cations featuring
4-pyridylbenzothiazole (pybt) 2°, 1,2-bis-(4-pyridyl)ethylene
(bpe) 4" and 1,4-bis-(pyridyl)butadiyne (bpyb) 5%, the corres-
ponding LUMO is essentially located on the N-donor ligand
pybt, bpe and bpyb (L'), respectively, whereas the cyclometa-
lated pbt ligands contribute to L+1 and L+2. The HOMOs are
located on the pbt ligands and, the N-donor contributes to the
closest H—1 and H-2 (see Fig. 3).

In 2" and 5" the calculated most intense transition (S5 for
2%, 343 nm; S; for 57, 367 nm) can be theoretically ascribed to
'IL'CT (pybt 2*; bpyb 5%) with some 'LL'CT (pbt to pybt 2" or

)
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s Lumo LUMO# A A
3 .3 4 A A A~ N
>
o
- -4 -
2 S, S, S, S S, S;
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Fig. 3 Schematic representation of selected excitations for 1*—5*, 6 and 7%*.
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bpyb 5%) contribution, while in 4" S (328 nm) has 'IL'CT (bpe)
with some "ILCT (pbt) character. In 2%, S, (351 nm), with lower
intensity, has "LLCT (pbt — pbt) character with minor 'LL’
CT/'IL'CT contribution and in 4" the closest (less intense)
transition, S, (339 nm), is located in the pbt ligands and S;
(333 nm) has also a mixture of 'IL'CT/'ILCT characters. In the
bimetallic complex cation, 7**, the LUMO (and L+1) is located
in the bridging bpyb ligand, whereas the highest occupied
orbitals (H-3 to HOMO) are located on the cyclometalated
pbt. For this complex, the most intense transition (Se calc.
356 nm) with a complex configuration [H-14 (54%); H—12
(11%) — LUMO; H-17 — L+1 (15%)] is ascribed to an 'IL'CT
(L' = bpyb) with minor ligand to ligand charge transfer contri-
bution (pbt, C¢F5 to bpyb).

Complex 4 absorbs light, as already mentioned, which
results in its isomerization. Thus, a CH,Cl, solution (5 x 107°
M) of crystals of the bpe complex (mixture of 90:10, E:Z
forms) was irradiated using a monochromator centered at
320 nm during 1 h (Fig. 4). The irradiation process, monitored
by UV-VIS spectroscopy, displays a decreased low energy band
centred at ~315 nm and an increased high energy band at
~265 nm, reaching the photostationary state after 15 minutes
of irradiation (Fig. 4a). We tentatively assign this change in the
absorption spectra to an isomerization process of the C=C
bond in the bpe ligand from the E-isomer to the Z-form
(Fig. 4b). Once the photostationary state was reached, sub-
sequent irradiation at 255 nm with a hand-UV lamp was per-
formed to explore if the process could be reversible but, unfor-
tunately, no changes in the absorption of the mixture were
observed under these conditions.

Emission spectra. The photoluminescent properties were
examined in CH,Cl, solution (298 and 77 K), in the solid state
(298 and 77 K) and in a polystyrene film (PS) with a doping
concentration of 10% at 298 K. Selected emission spectra are
shown in Fig. 5-8, overlaid excitation and absorption spectra
are shown in Fig. 5 and S14t and the photophysical data are
summarized in Table 1. Complex 4 is only emissive in glassy
solution at 77 K. In this complex, we attribute the quenching
of the emission at room temperature, upon photoexcitation, to
the occurrence of an enhanced intramolecular E to Z isomeri-
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zation process of the 1,2-bis-(4-pyridyl)ethylene ligand. This
assumption is also supported by theoretical calculations (in
CH,Cl, solution and in the gas phase).

In this complex, T; originates mainly from H-2 to the
LUMO, which are located on the bpe ligand. The spin density
of the optimized T, reveals that in the excited state the ligand
adopts a cis or Z configuration (Fig. 5). In the optimized Tj,
the olefinic C38-C39 distance increases to 1.466 A and the di-
hedral C37-C38-C39-C40 angle decreases to 93.36°, relative to
the values of 1.349 A and 179.66° in the ground state S,
(Table S4t). The process seems to be efficient at 298 K and
somewhat reduced in the frozen matrix. Thus, in glassy
CH,Cl, solution at 77 K, the complex exhibits two overlapping
structured bands with emission maxima starting at 495 (Aexc
340-350 nm) and 515 nm (dex 380-400 nm), respectively. As
seen in Fig. 5, both bands are related to two distinct excitation
spectra, partially overlapping the absorption profile,
suggesting the presence of the two isomers, although some
degree of aggregation cannot be excluded. The emission bands
are tentatively attributed to T, and T; intraligand transitions
located on the coordinated pbt ligands (*ILCT) of both isomers
(E and Z).

Complex 2, featuring the 4-pyridylbenzothiazole ligand,
shows a dual emission in CH,Cl, and in the PS film at 298 K
formed by a low energy structured feature (491, 530, 575, and
627 nm, CH,Cl,) together with an unstructured band centred
at 420 nm. For comparison, the emission of the pybt ligand
was also recorded. The ligand exhibits an intense fluorescence
band at 385 nm and a small structured phosphorescence
feature at 530 nm (CH,Cly, Aeye 330 nm Fig. Si15af). As
expected, for this complex, the low energy emission is
quenched in an aerated solution, being therefore associated
with phosphorescence, whereas the one at higher energy is
essentially unaffected under these conditions (Fig. 6). The
insensitivity against oxygen, the short lifetime and its simi-
larity to the fluorescence from pybt allowed us to ascribe the
high-energy emission band to 'nn* located on the pybt ligand.
Excitation spectra monitored at the maximum of either band
coincide with the electronic absorption spectrum, ruling out
the possibility that any of the bands originate from impurities.
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Fig. 4 (a) Change in the absorption spectra of 4 (crystals, 90:10, E: 2) in CH,Cl, (5 x 10™> M) with 320 nm irradiation; (b) photoisomerization of

complex 4.
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Fig. 6 Emission spectra (lex 365 nm) in several media (deoxygenated and aerated CH,Cl, solution, glassy and PS 10% w/w) of 2 and the spin density

distribution of the optimized T,-Ts5 triplet states in CH,Cl, for 2*.

In glassy CH,Cl, solution (77 K), only the broad structured low
energy emission, slightly red shifted (dey, 511 nm), is observed.
The SOMO and SOMO-1 and the spin density surface for the
optimized T, of 2* are located on the pybt ligand, suggesting
that the low energy emission has mainly *IL' character (Fig. 6
and Table S7t). However, we note that the measured decays on
the first two peaks (~490 and 530 nm) fit to two components,
suggestive of a mixture of close emissive states and calcu-
lations indicate that T, and Tj, of *ILCT character, are rela-
tively close in energy.

Complexes 1, 3, and 5-7 display in fluid solution and in a
polystyrene film at 298 K a long-lived structured emission

12396 | Dalton Trans., 2023, 52,12390-12403

band with a minor change in their A.,, maxima (492-504 nm)
(Fig. 7 and 8). Upon cooling the solutions at 77 K, the emission
of complexes 1, 3 and 6 is slightly blue shifted and the life-
time, which fits to two components, increases notably (see
Table 1). According to calculations, for 1%, 3" and 6 the SOMO
and SOMO-1 are located on one of the cyclometalated pbt
ligands (Table S7t). In these complexes, the T; and T, opti-
mized triplets are very close in energy and their spin density
surfaces are located on the pbt ligands, indicating that the
emission has *ILCT character. In 1" and 6, T, is located on the
pbt( trans to CeFs and T, is located on the pbt(,) trans to
4-Mepy in 1" or trans to OCOCF; in 6, whereas in 3" both

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Emission spectra (lex 365 nm) of 5 and 7 in several media and the spin density distribution of the optimized T, triplet states for the cations in

CH,Cl.

triplets are located on the pbt,) trans to 4,4"-bpy. For 5 and 7
featuring the bpyb ligand (Fig. 8), the emission profiles in
fluid solution and in the PS film at 298 K are similar, exhibit-
ing a broad structured emission with A, ~ 495 nm for 5 and
the emission slightly red shifted for 7 (498 nm). For both com-
plexes, the spin density of the optimized T; in the cations is
located on the low-lying 1,4-bis-( pyridyl)butadiyne ligand, but
T, and T; (and also T, in 7°*), of *ILCT (pbt) character, are
close in energy (Fig. 8). As noted in Table 1, the lifetimes fit to
several components (two for 5 and even three for 7 in PS), indi-

This journal is © The Royal Society of Chemistry 2023

cating that the emission consists of different transitions with
different energies and radiative rates. The emission is there-
fore ascribed to a mixture of close *IL'/’ILCT excited states. In
glassy solution, the emission profile of 5 is vibronically more
complex and red-shifted to 514 nm, close to the phosphor-
escence of free bpyb (525 nm, Fig. S151), indicating more con-
tribution from the low-lying T, located on the bpyb unit.

The measured phosphorescence quantum yields in solution
of this series of Pt" complexes are relatively low, in the range
of 0.8-1.2%, and they increase in the rigid PS film by 1.6 to

Dalton Trans., 2023, 52, 12390-12403 | 12397
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Table 1 Photophysical data for complexes 1-77
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CH,CL,’ pS*
$(10:)1%
298 K 77 K 298 K Aerated
MeCN
Amax'/nm [7/ps] @/%  Amax’/mm [7/ps] Amax /nm [z/ps] 1%
1 496[2.9] 1.2 493 [227.3, 82%; 73.4, 18%] 499 [2.9] 49 66

2 420[0.3], 491 [2.5], 530 [2.7, 1.0
36%; 0.9, 64%)] 575, 627,

511 [11.9, 61%; 264.3, 39%]

422 [2.5, 42%; 11.8, 58%)], 491 [13.3, 90%; 1.2 74
49.7, 10%], 535 [11.9, 82%; 49.9, 18%)]

3 493[3.5] 1.0 493 [219.5, 81%; 18.8, 19%)] 497 [2.2] 32 86
a7/ f 495% [197.2, 75%; 21.5, 25%]; 515" [178, 70%; f

26.3; 30%)]
5 495 [0.5, 21%; 3.2, 79%] 0.8 514 [305.5, 59%; 22.6, 41%)] 495 [0.8, 90%; 34.7, 10%)] 1.3
6 504[3.6,39%;11.2,61%] 1.2 500 [150.8, 74%; 21.6, 26%)| 502 [24.0, 84%; 57.7, 16%)] 55 82
7 498[2.1] 0.6 511 [1200.5, 50%; 102.2, 50%)] 498 [3.11, 61%; 25.0, 28%, 68.6, 11%] 1.5

“ Jex 365 nm. ® Deoxygenated, 5 x 107> M. €10 wt%. ? A, = 365 nm. ° Highest energy peaks of the phosphorescence band. ' Non-emissive. & Aex =

340-350 nm. ”* 4., = 380-400 nm.

4.6-fold. This is attributed to the suppression of molecular
vibrations and the oxygen exclusion by the film. In the solid
state, only complexes 1 and 6 are emissive, exhibiting red
shifted weak emissions (Fig. S16t). The notable quenching in
the solid state can be attributed to the low energy trap states
originated from strong intermolecular aggregation through
non-covalent interactions.>®

Singlet oxygen measurements. We examined the ability of
complexes 1, 2, 3 and 6 to generate 'O,. Singlet oxygen is con-
sidered as the main cytotoxic species in photodynamic therapy
through a type II (energy transfer) mechanism. The triplet
energy level (T;) is a critical parameter for efficient energy
transfer (ET) to 0, in the generation of '0,. Indeed, the triplet
energy level of an efficient 'O, photosensitizer has to be
higher than the energy necessary to allow an efficient energy
transfer to ground state molecular oxygen (*0, 0.98 eV) and
promote the formation of '0,.%° The triplet state is of appropri-
ate energy for all complexes (range 1.86-2.08 eV) and the
singlet oxygen sensitization was measured by emission spec-
troscopy. The efficiency of 'O, generation at 298 K in an
aerated acetonitrile solution (5 x 107> M) was directly deter-
mined by monitoring the emission band at 1276 nm using a
near-infrared detector upon excitation at 365 nm (see Fig. 9 for
6). As an universal standard to quantify this emission, phena-
lenone (PN) can be used.*® Thus, the singlet oxygen quantum
yields have been calculated (see ESIT) in comparison with free
PN in an aerated acetonitrile as a reference (QY of 100%).%°?
The high values of ¢(*0,) obtained, ranging from 66 to 86%
(Table 1), suggest that these are efficient
photosensitizers.

complexes

Biological studies

Stability assays. First, the stability of complexes 1-3 and 6
was evaluated by "H NMR in DMSO-d°® solution and DMSO-d®%/
D,O (9/1) (Fig. S17-S20%) or UV-Vis spectroscopy in DMSO-cel-
lular medium (Fig. $211). "H NMR stability studies showed
that complexes 1 and 3 are stable in DMSO or DMSO/D,0 (9/1)
after 72 h (Fig. S17 and S19t). However, complex 2 suffers a

12398 | Dalton Trans., 2023, 52, 12390-12403

ligand exchange process involving the displacement of pybt by
a DMSO molecule, as is evident by "H NMR (Fig. S181) and
especially in the UV-Vis where appears after 6 h a band at
290 nm, corresponding to the free pybt ligand (Fig. S21t).
However, all attempts we made to prepare the expected cat-
ionic [Pt(pbt),(CeF5)(DMSO)](PFs) complex were unsuccessful.
In the case of complex 6, the evolution is somewhat more
complex, appearing in DMSO/D,0 (9/1) at least three different
species, likely by displacement of the trifluoroacetate ligand,
as it is supported by the presence of three para-fluorine
signals in the "F{'H} NMR spectra due to CcFs groups
(Fig. S20%). The photostability of 6 was also assessed by 'H
NMR (see below and Fig. S22 and S23%) and UV-vis spec-
troscopy (Fig. S247).

On the other hand, since it is generally accepted that Pt"
compounds are rapidly reduced under physiological con-
ditions by cellular reducing agents,>® the possible reaction of 1
with ascorbic acid (1:10 molar ratio) in DMSO-d®/D,0 (9/1)

900
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Fig. 9 Emission band of singlet oxygen from fresh solution of 6 in
MeCN in comparison with that of phenalenone (PN) (1ex 365 nm).
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was monitored by 'H and "*F{'"H} NMR spectroscopy (Fig. S25
and S267) as a representative example. No evidence of the reac-
tion was observed excluding easy reduction under biological
conditions.

Cytotoxic activity and selectivity index. The IC;, values of
complexes 1-3 and 6 and the pybt ligand were determined
against two different cell lines, human tumour (A549 cells,
lung carcinoma and HeLa cells, cervix carcinoma) and non-
tumoral BEAS-2B (bronchial epithelium), after cellular
exposure to the compounds for 72 h and compared to cisplatin
as a reference (Table 2 and Fig. S27t). Complexes 1, 2 and 3
were more cytotoxic than cisplatin in both A549 [IC54: 1.09 (1);
0.32 (2); 0.66 (3) vs. 6.45 (cisplatin)] and HeLa [ICso: 1.11 (1);
0.39 (2); 4.38 (3) vs. 13.60 (cisplatin)] cell lines (Table 2). As
complex 2 suffers exchange of the pybt ligand for DMSO, the
cytotoxicity values of the pybt ligand were also determined.
The cytotoxicity of pybt was almost negligible towards A549
(ICs50: 99.59 uM) and BEAS-2B (ICsy: 133.90 puM) cell lines;
however, it showed high toxicity against HeLa cells (ICsq:
8.96 uM). In this sense, it was previously reported that pybt
also shows high cytotoxicity towards breast cancer cell lines
(IC50 between 1 and 10 pM).** These results indicate that the
cytotoxicity of pybt is selective for certain cell lines. Therefore,
the occurrence of some synergic effect with the liberated free
ligand in the measured activity of complex 2 towards HeLa
cells is possible. The neutral complex 6, which contains a tri-
fluoroacetate group, showed mild cytotoxic activity, (29.40 and
51.60 in A549 and HeLa cells, respectively) (Table 2 and
Fig. S277). ICs, values for complexes 1 and 2 were found to be
similar in both tumour cell lines; however, complexes 3 and 6
were more active towards the A549 cell line rather than the
HelLa cell line, in accordance with our previous results.*?

Furthermore, to evaluate the selectivity (SI) of these com-
plexes towards tumour cell lines, we had tested the cytotoxic
activity against a normal epithelial lung virus-transformed
(BEAS-2B) non-tumour cell line. Cisplatin showed an ICs,
value towards BEAS-2B of 1.74 pM, slightly lower than those
for A549 and HelLa cells, therefore rendering low selectivity of
this anti-cancer drug for these cell lines (0.27 and 0.13, respec-
tively)*® (Table 2), in good agreement with previously reported

View Article Online
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values.*”* Actually, compounds with a SI values of <2 are
assumed to give general toxicity.”> Based on the ICs, assess-
ment, the better values of the selectivity index (SI) were given
by the pybt ligand in HeLa cells (14.94) as well as complexes 1
and 2 in both tumoral A549 [3.17 (1); 4.75 (2)] and HeLa [3.11
(1); 3.83 (2)] cells, due to their higher cytotoxic activity in these
cells compared to non-tumoral BEAS-2B cells, and to lower
extent by complex 3 towards A549 cells (2.20) against non-
tumour BEAS-2B cells. SI values for complex 6 were 1.71 (A549
cells) and 0.97 (HeLa cells), which indicated low selective tox-
icity towards cancer cells (Table 2). The lowest SI values (<1)
were shown by complex 3 in HeLa cells (0.33). Low SI values
(<2) for related platinum derivatives and other organometallic
complexes with cytotoxic activities toward A549, HeLa, and
other cancer cell lines have been previously described.>”**¢

Photoinduced cytotoxicity. The capability of the complexes
working as photosensitizers (PS) is well stablished in Ir'" and
also in Pt" complexes.?***”*” Due to their ability to generate
'0, upon irradiation and their photostability, they can be con-
sidered as potential tools in phototheranostics.>***® We
decided to evaluate the potential use of complex 6 in photo-
dynamic therapy based on its mild cytotoxic effects under
normal cell culture conditions. First, complex 6 showed good
photostability in DMSO-d® and DMSO-d®/D,0 (9/1) (supported
by 'H and "F{'"H} NMR, Fig. S22 and S$23f) and UV-VIS
absorption in DMSO or DMSO-cellular medium (Fig. S24t) by
exposure to similar conditions to that employed in the photo-
induced activity assays. In order to assess its photobiological
activity, A549 cells were treated with complex 6 in Hank’s
balanced salt solution (HBSS) for 1 h at 37 °C to allow cellular
interaction and internalization. Then, A549 cells were irra-
diated with a 396 nm LED lamp located 91 mm apart (5 mW
cm™?) for 15 minutes (see the ESI{). After irradiation, the cells
were washed and incubated in complete RPMI medium
(without complex 6) for another 72 hours. Finally, cell viability
(ICs0) was assessed by MTS test, as described in the ESL.{ As
shown in Fig. 10, UV light irradiation during 15 minutes
enhanced the antitumor activity, leading to an ICs, value of
5.75 pM, in relation to their basal non-UV-irradiated cell survi-
val rates (50.20 pM). UV irradiation caused 10% mortality in

Table 2 Cytotoxicity ICs values? (uM) and selectivity index? of complexes 1, 2, 3 and 6 in A549, HelLa and BEAS-2B human cell lines compared with

those of cisplatin

IC5° Sr?
Complex A549 HeLa BEAS-2B A549 HeLa
1 1.09 + 0.02 1.11 £ 0.12 3.45 +£0.51 3.17 3.11
2 0.32 +0.12 0.39 £ 0.07 1.51 +0.10 4.75 3.83
3 0.66 + 0.15 4.38 £ 0.50 1.45 +0.29 2.20 0.33
6 29.40 + 4.81 51.60 £ 7.97 50.29 +4.23 1.71 0.97
pybt 99.59 + 8.55 8.96 + 0.36 133.90 £ 2.50 1.34 14.94
Cisplatin 6.45 +0.47° 13.60 + 0.99¢ 1.74 + 0.16° 0.27 0.13

“ICsy values are presented as the mean + standard error of the mean of three different experiments. ? Selectivity index (SI) = IC5, of non-tumor
cells (BEAS-2B)/ICs, cancer cells (A549 or HeLa), as described in ref. 42. © As determined in ref. 35b. ¢ As determined in ref. 35a. ¢ As determined

in ref. 28e.

This journal is © The Royal Society of Chemistry 2023
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A549 cells without the complex compared to non-irradiated
cells. This value was subtracted at all points of the cell survival
curve in order to obtain the ICs, value of photoinduced cyto-
toxicity (Fig. 10).

Relative lipophilicity. To correlate cytotoxic activity and lipo-
philicity, the relative hydrophobicity of the selected complexes
1-3 and 6 was measured by RP-UPLC. All compounds were dis-
solved in acetonitrile (~1 ppm) and the mobile phase used was
a mixture of A (acetonitrile with 0.1% HCOOH) and B (H,O
with 0.1% HCOOH). The hydrophilic behavior was based on
the retention times (g) that account for the interaction and/or
the affinity of the complex for the hydrophobic stationary
phase (Acquity UPCL BEH C18) or the hydrophilic mobile
phase. Complexes with more lipophilicity should have longer
tr.>>>*° The neutral complex 6 shows higher retention time
than the cationic derivatives (complex/tg min: 1/3.8; 2/4.9; 3/
3.0 vs. 6/7.2). Complex 3 exhibits two different retention peaks,
presumably due to the generation of some amount of a dinuc-
lear platinum complex {[Pt(pbt),(CeFs5)]x(}-4,4"-bpy)}(PFs),.
RP-UPLC was coupled with a QTOF mass spectrometer ESI(+)
(Fig. S28,T upper panel). All complexes show, in their retention
time, a similar pattern with the molecular peak [M]" for the
cationic complexes 1-3 (m/z 875 1, 994 2, 939 3), [M + Na]" for
6 (m/z 917) and for all of them, the peak corresponding to the
loss of the N-donor ligand (for 1-3) or the OCOCF; group (for
6) (m/z 782 [M — L]") (Fig. S28,} lower panel). Curiously, the
most lipophilic complex 6 demonstrated a relatively low cyto-
toxicity, a fact that could be attributed to its neutral nature. As
seen in Table 2, we only can establish a relationship between
the lipophilicity and cytotoxic activity for the cationic com-
plexes in HeLa cells, in which the highest cytotoxicity was
found for the most lipophilic complex 2 [(tg)/ICso: 4.9/0.39 (2);
3.8/1.11 (1); 3/4.38 (3)].

Interaction of complexes with DNA. Knowing their cytotoxic
activity, the interaction of Pt" 1-3 and 6 complexes with DNA
was studied by their ability to modify the electrophoretic mobi-
lity of the supercoiled covalently closed circular (CCC) and the

1201
-~ Non UV: 50.20 + 3.09 uM
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Fig. 10 Dose-response curves of the A549 cell line treated with
complex 6 either with (triangles) or without (circles) UV light: irradiation
with a UV 396 nm LED for 15 min, followed by MTS cytotoxic assay per-
formed after 72 h. Non-UV and non-irradiated cells were manipulated
identically to UV-irradiated ones. ICsq values are presented as the mean
+ standard error of the mean of three different experiments performed
in sextuplicate.
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open circular (OC) forms of pBR322 plasmid DNA (Fig. S291).
To provide a basis for comparison, the incubation of DNA with
cisplatin and the pybt ligand was also performed at the same
concentrations and under the same conditions. The binding
of cisplatin to plasmid DNA, for instance, results in a decrease
in the mobility of the CCC form and an increase in the mobi-
lity of the OC form (Fig. $29,1 left panel).**>* No electrophor-
etic mobility changes were observed after DNA treatment with
any of the complexes tested (1-3, 6 and pybt) (Fig. S291 and
data not shown), thus indicating that these compounds were
either not reacting with the DNA or not altering the DNA mobi-
lity in agarose gels.

Conclusions

A series of mononuclear luminescent Pt derivatives, fac-[Pt
(pbty(CeFs)L]* (n = 1, 0, 1-6), and a dinuclear complex [{Pt
(pbt)a(CeFs)}2(p-bpyb)](PFs), 7 have been synthesized and
characterized and their optical properties were examined in
detail. Complexes 1 (L = 4-Mepy), 3 (L = 4,4-bpy) and 6
(TOCOCF;) exhibit typical *ILCT phosphorescence located on
the cyclometalated pbt ligand. However, the incorporation of
auxiliary ligands with stronger delocalization induces its par-
ticipation in the low-lying emitting states. Thus, 5 (bpyb) and 7
display emissions ascribed to a mixture of close ’IL/(N
donor)/’ILCT(pbt) excited states and 2 (L = pybt) shows both
fluorescence and phosphorescence at 298 K, located on the
low lying pybt. Complex 4 (L = bpe) was isolated as an E/Z
mixture of 90/10 that photoisomerizes to a steady state of E/Z
(~46/54). The quenching of the emission for 4 at room temp-
erature is attributed to an easy intramolecular E/Z isomeriza-
tion of the bpe ligand in the T; state and the two closely over-
lapping emission bands observed in glassy solution at 77 K are
attributed to close (T, and T;) intraligand transitions *ILCT
(pbt) in both isomers. Complexes 1-3 and 6 showed remark-
able singlet oxygen generation in aerated solution and was
directly measured with the singlet oxygen emission at
1276 nm. The high $(*0,) (66-86%) suggests that these com-
plexes are efficient photosensitizers.

Cationic complexes 1-3 exhibited, under the usual experi-
mental conditions, ICs, values in the low nanomolar range
towards A549 and HeLa tumour cell lines, resulting in mark-
edly more cytotoxicity than against the non-tumoral BEAS-2B
cells (except complex 3 in HeLa cells). The neutral complex 6
was the least cytotoxic, but under photoirradiation (15 min) it
exhibited high antiproliferative activity against the A549 cell
line. These complexes are rare examples of anticancer lumines-
cent cyclometalated Pt™ complexes. The relative lipophilicities,
according to RP-UPLC-QTOF-MS, followed the sequence of 3 <
1 < 2 < 6. Only for cationic complexes these results can be
related to the cytotoxicity in HeLa cells, being the more lipo-
philic and more cytotoxic against HeLa cell lines. The binding
experiments with the pBR322 plasmid DNA revealed that com-
plexes 1-3 and 6 do not alter the cell cycle progression, which
indicated that they do not target nuclear DNA and exert their

This journal is © The Royal Society of Chemistry 2023
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anticancer activity through mechanisms that are different
from that of cisplatin.
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