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Anthracenyl-Hydrazinyl-Thiazolo Arene Ruthenium
Complexes Coupled to Photosensitizers as PDT Agents

Chrysanthi Papadimou,' Frédérique Martin,’®! Bertrand Liagre,’®’ and Bruno Therrien*[!

Four anthracenyl-functionalized hydrazinyl-thiazolo pro-ligands
(Ly-L4) have been synthesized and characterized. Complexa-
tion to p-cymene ruthenium units has been conducted in
methanol, affording four p-cymene ruthenium complexes [Ru(p-
cymene)(n?-L)CIICl (abbreviated [Rul;4CIICl). The ligands are
coordinated to ruthenium by two nitrogen atoms, thus forming
five-membered metalla-cycles. Then, these four arene ruthe-
nium piano-stool complexes (Rul;4) were coordinated at the
periphery of three pyridyl-functionalized porphyrin compounds,
5-pyridyl-10,15,20-triphenylporphyrin  (MPP), 5,15-dipyridyl-10,20-
diphenylporphyrin (DPP), and 5,10,15,20-tetrapyridylporphyrin
(TPP), after removal of the chlorides in [RuL;4ClICl by addi-
tion of silver triflate, to produce the corresponding dicationic

1. Introduction

The insertion of ruthenium (Ru) complexes in photodynamic
therapy (PDT), in view to produce a synergetic effect between
a photosensitizer (PS) and a Ru-based drug, has been stud-
ied for at least 30 years.!” Ru-based drugs are promis-
ing chemotherapeutics,®¥ as well as excellent antibacterial
agents,””! while the use of PS has seen a constant develop-
ment since the commercialization of the first PDT agents.[°
Therefore, it is not surprising that the two modalities have
been merged in single compounds and evaluated as photo-
activating biological agents. Different strategies can be used to
insert Ru in PDT modalities. Other that the coordination of a
Ru(ll) at the core of a first generation PS,"?! one consists of
using the photochemical properties of polypyridyl-ruthenium
complexes to be electronically involved in the photosensitizing
process,”° while another strategy consists of coordinating Ru-
complexes at the periphery of a more traditional PS (porphyrin,
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[MPP(RuL.4)]**, tetracationic [DPP(RulLi4),]*" and octacationic
complexes [TPP(RuL;4),1%". All organic molecules (L;-Ls, MPP,
DPP, TPP), organometallic complexes ([RuL;4CI]Cl), as well as the
12 porphyrin arene ruthenium systems [MPP(RuL;.4)](CF;SOs),,
[DPP(RuL;.4),1(CF3SO3); and [TPP(RuL;4)4](CF3SO3)s have been
tested as anticancer agents on the colon cancer cell line
HCT116. In addition to cytotoxicity, the phototoxicity of the
porphyrin-containing derivatives MPP(RuL;4), DPP(RuL;,4), and
TPP(RulL,4),;, together with MPP, DPP, TPP, and [RuL;,Cl]Cl,
were evaluated under blue (420 nm, 20 J/cm?), green (527 nm,
72 J/cm?), and red (630 nm, 71 J/cm?) light, showing a phototoxi-
city in the lower nanomolar range as well as excellent phototoxic
indexes.

phthalocyanine)."® The second strategy limits the electronic
impact on the photo-chemistry of the PS, but modify other prop-
erties such as solubility, lipophilicity, and bio-activity (Figure 1).
Nevertheless, all strategies have been extensively explored in
PDT.

Traditional PS tend to aggregate, as they are often porphyrin-
based compounds.""! Such planar aromatic derivatives pos-
sess a large conjugated surface, thus favoring m-m stacking
interactions in aqueous solution, which can often block the
photochemical process to take place. Consequently, instead of
functionalizing porphyrin-based compounds through organic
chemistry transformations,!'®! limiting aggregation can also be
achieved by coordination chemistry."3! Like organic groups,
introduction of complexes at the periphery of PS reduces the
m—n stacking surface, adding knots that can be hydrophilic or
charged, and offering the possibility to fine-tune the water sol-
ubility, bio-activity and bio-distribution of the PS, while limiting
aggregation. Arene Ru-complexes are particularly appealing for
this manner, being water soluble,!”! having several coordination
sites, and quite easy to synthesize.'®! They are also biocom-
patible, with cytotoxicity being mostly associated to the nature
of the ligands, not the metal.'”?? Consequently, several arene
Ru-complexes have been associated to PS and evaluated as
anticancer agents.|24]

Among arene Ru-complexes, those with chelating ligands
are particularly attractive to ensure coordination stability. Often,
monodentate ligands are labile,?! which can be advantageous
or not, depending on the kinetics of the process, the nature
of the ligands, or the exchanged mechanism involved. A rapid
release, before reaching the target is counterproductive, how-
ever, after internalization, it might be beneficial to have the lig-
and being freed.?®? Nevertheless, chelating ligands are expected

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH.
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Figure 1. Selected examples of Ru-based PDT agents, with the ruthenium being at the core (left) of the PS,!" at the periphery (center)™ or electronically

involved (right).l”!
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Scheme 1. Synthesis of the monocationic arene ruthenium complexes [Ru(p-cymene)(n?-L)CIICI ([RuL,,CIICI) from L;-L, and [Ru(p-cymene)Cl];.
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Scheme 2. Synthesis of the dicationic p-cymene Ru-porphyrin-based complexes [MPP(RuL,_,)](CF35S0;),.

to stay attached to the Ru-center for longer periods, and enter
cells together with the arene Ru-unit, thus forming a stable
(arene)RuL entity (L = ligand). Hydrazinyl-thiazole derivatives
are well-known pharmacophores,'”??¢! and they are generally
NNN or NNO double-coordinated to arene Ru-complexes.!?3"
Moreover, they are easy to synthesize,*?! and they can be func-
tionalized in several positions, thus being ideal for drug design
optimization, and accordingly, to be used as chelating ligands
with arene Ru-complexes.

Colorectal cancer (CRC) remains one of the most deadli-
est cancer,33! despite progress in prevention, early diagnosis
and improved treatments.** The disease follows different path-
ways, involves various mechanisms, and therefore, demands

ChemistrySelect 2025, 10, e05556 (2 of 6)

multiple treatment modalities to increase survival rate.!*> PDT
is an emerging option for treating CRC, and it offers great
perspectives,®®! but it hasn't reach the clinic yet. Therefore, there
is a tremendous interest in developing new PDT agents for CRC,
especially in combination with other therapy. We have recently
evaluated the potential of arene Ru-porphyrin derivatives on
colon Colo205 cancer cells, and found that the arene Ru-units
were crucial for the internalization of the PS and the biologi-
cal activity.>! Moreover, our results confirmed that production
of reactive oxygen species (ROS) in the vicinity of the PS local-
ization was responsible for cell death, and that the presence
of arene-Ru units did not hamper the PDT efficiency. Therefore,
based on these results and to potentially increase the amount

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH.
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[MPP(RuL4.4)(CF3S05),

[DPP(RuL4.4),])(CF3S03)4

[TPP(RuL.4)4J(CF5S03)s

Figure 2. Molecular structures of the pyridyl porphyrins (MPP, DPP, and TPP) and the corresponding mono-, di- and tetra-substituted arene
Ru-porphyrin-based complexes [MPP(RuL,4)1(CF3S0s),, [DPP(RuL,4):]1(CF3S03)s, and [TPP(RuL,4)4](CF3S0s)s, the orange Ru sphere represents the RulL units

at the periphery of the PS.

of O, near the arene Ru-porphyrin PS, an anthracenyl group
has been introduced on the chelating ligand: Anthracenes being
prone to react with oxygen, to form endoperoxides.’”38! This
addition of O, to anthracene is reversible, and can be exploited
in biological applications to increase oxygen concentration at
specific sites.>!

Herein, we report the synthesis and characterization of
four anthracenyl-functionalized hydrazinyl-thiazolo derivatives,
their coordination to arene Ru-complexes, and the further
coordination of the chelate-complexes at the periphery of
three pyridyl-functionalized porphyrin-based PS. The organic
hydrazinyl-thiazolo and pyridyl-porphyrin ligands, the corre-
sponding (p-cymene)ruthenium complexes, and the 12 hybrid PS
systems have been tested as PDT agents on the CRC cell line
HCTM6. The cytotoxicity of all compounds was evaluated in the
dark, as well as under blue (420 nm, 20 J/cm?), green (527 nm,
72 J/cm?), and red (630 nm, 71 J/cm?) light.

2. Results and Discussion

The anthracenyl-hydrazinyl-thiazole derivatives were synthe-
sized in two steps following an established procedure (Scheme
S1).281 First, the formation of (E)-2-(anthracen-9-yimethylene)
hydrazine-1-carbothioamide, followed by a cyclization step with
4 different a-halocarbonyl derivatives, providing 4 anthracene-
hydrazinyl-thiazole pro-ligands (L;-L4). Then, these molecules
were coordinated to a (p-cymene)ruthenium unit, by reacting
0.5 equivalent of [Ru(p-cymene)Cl,], with 1 equivalent of L;-
Ly in methanol (Scheme 1). All complexes were isolated as
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their chloride salts in excellent yield, and they have been fully
characterized by 'H NMR, ®C NMR, UV-vis and infrared spectro-
scopies, as well as by mass spectrometry (see Supporting Infor-
mation). The [Ru(p-cymene)(n?-L)CIICl (abbreviated [Rul,;4CIICl)
chiral-at-metal complexes were isolated and analyzed as racemic
mixtures.

Upon complexation, differences in the '"H NMR spectra of
Li-Ls with those of [Ru(p-cymene)(n?-L)CIICl confirm the coor-
dination of L to Ru by two nitrogen atoms (Figures S1-521). A
downfield shift of more than 1 ppm is observed for the N—H and
C—H protons of the hydrazinyl group, while the methyl group
of the thiazole ring (R; in L;-L3) is also downfield shifted, but
to a lesser extent. The complexation is further confirmed by
the diastereotopic nature of the p-cymene protons, appearing
as four doublets between 5 and 6 ppm. The coordination of L;-
L, to Ru is also supported by the *C NMR and infrared spectra,
where changes can be observed, especially for the hydrazinyl
moiety. Finally, ESI-MS in positive mode shows for all com-
plexes the expected monocationic peak, which correspond to
[Ru(p-cymene)LCI]™ after the loss of the chloride counter anion
(Figures S57-S65).

Coordination of RuL;-; (Ru = Ru(p-cymene)) to three pyridyl-
functionalized PS, 5-pyridyl-10,15,20-triphenylporphyrin (MPP),
5,15-dipyridyl-10,20-diphenylporphyrin  (DPP), and 5,10,15,20-
tetrapyridylporphyrin (TPP), was also performed in methanol,
by a standard synthetic strategy (Scheme 2).'"”! This strategy
involves addition of silver triflate to extract the chlorides, fol-
lowed by the addition of the pyridyl-functionalized PS (DPP,
MPP, TPP) in an appropriate stoichiometric amount to ensure

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH.
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Figure 3. UV-visible spectra (1.0 x 107> M concentration) of the ligands (L;-L,), the PS (MPP, DPP, TPP), the [RuL,,CIIC| complexes, and the corresponding
mono-, di- and tetra-substituted arene Ru-porphyrin-based complexes [MPP(RuL,4)](CF35S03),, [DPP(RuL,4),](CF3S05)4, and [TPP(RuL,4)4](CF3S05)s.

coordination of the N-pyridyl atoms to Ru-centers. Then, all
complexes [MPP(RuL;.4)1**, [DPP(RuL,4),]*", and [TPP(RuL;.4),]%*
were isolated by filtration, after precipitation of the triflate salts
upon addition of diethyl ether to the methanol solution. A
schematic representation of the molecular structure of the
mono-pyridyl-porphyrin  (MPP), di-pyridyl-porphyrin  (DPP),
and tetra-pyridyl-porphyrin (TPP) derivatives are presented in
Figure 2, together with their corresponding codenames.

Even more than the monocationic [Rul; 4CI]CI complexes,
the porphyrin derivatives show complexed 'H NMR spectra. In
addition to the diastereotopic nature of the RuL units, which
reduces the symmetry of the functionalized PS, the pyridyl and
phenyl groups of the porphyrin have limited rotational freedom,
thus increasing the broadening of signals (Figures S22-545).
Nevertheless, typical signals such as the central NH porphyrin
protons at ~ —3.0 ppm, the four doublets of the aromatic p-
cymene protons between 5 and 6 ppm, and the hydrazinyl
NH proton over 11 ppm, are observed, in accordance with the
expected structures (Figure 2). Moreover, 'H DOSY (diffusion
ordered spectroscopy) spectra show an alignment of signals,
confirming the presence of only one large molecule in solution
(Figures S46-556). The ESI-MS of these large systems shows in
multiple occasions the expected mass after the loss of triflate
anions (Figures S66-S77).
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The UV-visible spectra of the ligands and the different com-
plexes are presented in Figure 3. The anthracenyl-functionalized
hydrazinyl-thiazolo pro-ligands (L;-Ls) have maxima associated
to m-m* transitions (= 260 nm), while the [Rul;.4CI]ClI com-
plexes show additional MLCT (metal-ligand charge transfer)
bands in the visible region of the spectra. On the other
hand, all porphyrin-based complexes are dominated by the
absorption bands of the porphyrin (MPP, DPP, TPP), showing
an intense Soret band at 420 nm, and the typical Q bands
between 475 and 675 nm.!*?! The addition of RuL at the periph-
ery of the PS doesn’t affect the photo-physical behavior of
the porphyrin core. On the other hand, the water solubil-
ity of the porphyrin-based Ru-complexes increases significantly
with the number of RulL units, thus modifying the lipophilic-
ity/hydrophilicity of the PS, an important factor in drug design
optimization.[*"

The antiproliferative activity of the pro-ligands (L-Ly),
the PS (MPP, DPP, TPP), the monocationic complexes
[RuL; 4ClIICl, as well as the 12 porphyrin-based arene Ru-
systems [MPP(RuL;4)1(CF3S0s),, [DPP(RuL;4),](CF3SO;), and
[TPP(RuL;.4)4](CF3SO3)s have been evaluated on the CRC cell line
HCT116 (see Table 1). In addition to dark toxicities, phototoxi-
cities of the porphyrin-containing complexes [MPP(RuL,)I*",
[DPP(RuL;4),]**, and [TPP(Rul;4);1®*, together with MPP, DPP

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH.
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Table 1. IC5p values (nM) of pro-ligands (L;-L,), mononuclear arene Ru-complexes [RuLCIICl, PS (MPP, DPP, and TPP), and the corresponding porphyrin-
based complexes [MPP(RuL;.4)](CF3S0s),, [DPP(RuL;.4),](CF3S0s)s, and [TPP(RuLy.4)4](CF3SO3)s on HCT116 cancer cells after 24 h exposure, in the dark and
under light (blue, green, and red).
Compound Dark Blue Green Red

(20 J/cm?) (72 J/cm?) (71 J/em?)
L, 41740 + 10 000
L, 44750 £ 10 000
L3 36730 + 10 000
Ly 39880 £ 10 000
[RuL,Cl]ICI 7410 £ 2500 3970 + 400
[RuL,ClICl 7260 + 2500 1900 =+ 180
[RuL3ClICl 4920 + 2000 380 + 240
[RuL,ClICI 5200 + 2000 5130 + 440
MPP > 12 000 > 10 000 > 10 000 > 12 000
[MPP(RuL,)](CF3S0s), 7803 =+ 297 613 + 43 5279 + 133 6741 & 490
[MPP(RuL,)](CF3S03), 6098 & 513 443 + 62 3634 + 192 6001 =+ 364
[MPP(RuLs)](CF3S03), 5623 + 318 575 & 27 3485 + 205 5548 + 408
[MPP(RuL4)](CF3503), 5813 + 216 600 + 41 3539 + 227 5753 + 247
DPP > 6000 > 6000 > 6000 > 6000
[DPP(RuL,),](CF3S03)4 5322 + 16 155 £ 275 136 + 1.08 810 £ 16
[DPP(RuL;),;](CF3S0s), 4828 + 321 239 £ 05 403 + 1.66 250 £ 6
[DPP(RuL3),](CF3503)4 3706 =+ 136 262 + 0.42 51.0 £ 170 256 + 37
[DPP(RuL,4);](CF3S0;3), 5643 + 278 737 £133 437 £ 30 354 4 157
TPP > 5000 > 5000 > 5000 > 5000
[TPP(RuL4)4]1(CF3S03)s 3062 + 59 11+ 06 483 + 1.67 223 £ 19
[TPP(RuL;)4](CF3503)g 2010 £+ 54 9+ 05 42 +14 292 £ 25
[TPP(RuL3)4](CF3503)g 1761 + 37 16 £ 1 46 + 1.8 580 £ 10
[TPP(RuL4),4](CF3S0;3)s 2231 £ 58 203 £ 195 49 £ 0.8 578 £ 71

and TPP, were determined under blue (420 nm, 20 J/cm?), green
(527 nm, 72 J/cm?), and red (630 nm, 71 J/cm?) light irradiation,
and the proliferative activity evaluated 24 h after light exposure.

The cytotoxicity in the dark of the various compounds is
clearly linked to the presence of the RuL units (see Table 1, 2"
column). The anthracenyl-hydrazinyl-thiazole ligands (L;.4) show
modest activity in the dark with ICs values at &~ 40 uM, being by
far the less cytotoxic compounds. On the other hand, the RuL
derivatives show ICs, values slightly below 10 uM, with the most
cytotoxic being the [TPP(RuL),]*" derivatives at around 2 pM,
which contains 4 units of RuL. Such ICs, values are not surprising,
as most arene Ru-complexes show activity in the uM range, 444
and these metal-based derivatives are no exception. However,
the RuL units are not only providing a degree a toxicity, they also
increase significantly the water solubility of the PS by limiting
aggregation and adding charges. Indeed, without complexation
of RuL at the periphery of the PS, their poor solubility does
not allow a precise determination of their ICs, values, having
the tendency to aggregate."! Nevertheless, like all compounds
studied, the 1Cso values of MPP, DPP, and TPP remain in the uM
range, and appear to be less cytotoxic than the Ru-functionalized
counterpart.

Interestingly, when light is applied, the activity is quite dif-
ferent, and the benefit of combining RuL with pyridyl-porphyrin
PS (MPP, DPP, and TPP) can be fully appreciated, as illustrated
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in Table 1. Alone, all PS are showing activity > 5 pM on HCT116
cancer cells, at the three wavelengths studied 420 nm (20 J/cm?),
527 nm (72 J/cm?) and 630 nm (71 J/cm?), respectively. However,
when multiple RuL units are added to the PS, two RuL units
with DPP and four units with TPP, the phototoxicity increases
significantly, reaching the low nM range, and having a wide pho-
totoxic index (ratio between light and dark toxicities). Indeed,
some ICso values under blue light (420 nm) are as low as 3 nM
for the dipyridyl-porphyrin derivatives [DPP(RuL,),](CF;SOs), and
[DPP(RuL3),](CF3S0s),, with a phototoxic index of about 2000.
The [DPP(RuL,;),](CF3S0;5), complex is also the most active under
green light with an ICsy of 40 nM and a phototoxic index of 100.
Even under red light irradiation, the [DPP(RuL),](CF;S0;), and
[TPP(RuL),](CF3S0s)s show phototoxicity in the nM range, with
a good phototoxic index. However, the mono-functionalized PS
[MPP(RuUL)](CF3S0s), complexes, the less water soluble, show
activity only in the superior nM range.

3. Conclusion

Twelve hybrid PS systems built from four easily synthe-
sized anthracenyl-functionalized hydrazinyl-thiazolo arene
ruthenium complexes and three commercially available pyridyl-
functionalized porphyrin-based PS have been prepared in
excellent yields. All organometallic PS show a degree of photo-

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH.
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toxicity, which can be modulated by the presence of the arene
ruthenium units at the periphery of the PS. In the dark, the
toxicity remains in the uM range for all complexes, while under
light, when two or four arene ruthenium units are surrounding
the polypyridyl-porphyrin PS (DPP, TPP) the phototoxicity shifts
in the nM range, with tremendous phototoxic indexes. The
most active compounds being those with two organometallic
complexes per PS. Therefore, in view of these results, design
optimization strategies can be deployed, by modulating the
nature and number of the hydrazinyl-thiazolo arene ruthenium
units, as well as the polypyridyl-functionalized PS (chlorin, bacte-
riochlorin, phthalocyanines, with 2, 3 or 4 coordinating groups),
ultimately, being an ideal platform for a modular synthetic
approach.[4546]

Supporting Information
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