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ABSTRACT

Capitalising on the previous identification of a distyryl coordinated Ru(ll) polypyridine complex
as a promising photosensitizer for photodynamic therapy, eight new complexes were
synthesized by modifications of the ligands or by changing the metal coordinated. We report
in this work the effects of these modifications on the physical, spectroscopic, and biological
properties of the synthesized complexes. Subtle structural modifications of the distyryl ligand
only had a moderate effect on the corresponding complexes visible light absorption and
singlet oxygen quantum yield. These modifications however had a significant effect on the



lipophilicity, the cellular uptake and the phototoxicity of the complexes. Although the
lipophilicity of the complexes had a somewhat expected effect on their cellular uptake, this
last parameter could not be directly correlated to their phototoxicity, revealing other
underlying phenomena. Overall, this work allowed to identify two promising ruthenium
complexes as photosensitisers for photodynamic therapy and provides some guidance on how
to design better photosensitizers.

INTRODUCTION

As an alternative to conventional cancer treatments, photodynamic therapy (PDT) has
become an intensively investigated field of study these past decades.! In particular, the
development of new photosensitizer (PS), able to efficiently harvest the energy from light
irradiation to generate oxidative damages to the targeted tissues is an everlasting challenge.?
Although the first studied PSs were purely organic molecules, our group and others have
focused on the development of metal-containing PSs, such as ruthenium (Ru) polypyridyl
complexes. These metal complexes are ideal candidates due to their attractive photophysical
and biological properties (i.e., high water solubility, high biocompatibility, high chemical
stability, high production of reactive oxygen species, large Stokes shift).31

We recently described a series of Ru(ll) polypyridyl complexes bearing a 4,4'-di(styryl)-2,2'-
bipyridine ligand as efficient 1- and 2-photon PSs (Fig. 1) and their encapsulation into polymers
for selective delivery.'?™'* These PSs were rationally designed to generate compounds with a
bathochromic absorption shift by m-extension of the ligand scaffold and functionalisation with
electron donor substituents of the respective Ru(ll) polypyridine complexes. This is a desired
property as longer wavelengths penetrate deeper in the tissues, allowing to potentially target
deeply implanted tumours.
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Figure 1. Molecular structures of some of the previously studied distyryl ligand-based Ru
PSs.1214

Although this strategy yielded efficient PSs with an absorption tail near the biological spectral
window (600-900 nm), other properties need to be considered from a drug development point
of view, such as solubility, cellular uptake and, eventually, photodynamic efficiency. These
properties can be drastically affected by the nature of a single substituent, as we recently
reported in the case of Ru(dppz)s complexes.'® In this work, we report the results of a
structure-activity relationship (SAR) study based on the structure of complex 1.2

RESULTS AND DISCUSSION
Scope

In this work, a SAR study of complex 1, which showed the strongest therapeutic effect during
previous investigations,? was attempted in order to further improve its therapeutic efficiency
(Fig. 2). Eight complexes were synthesized, by varying the position of the methoxy substituent
on the distyryl ligand’s phenyl ring (complexes 2 and 3) or the nature of this substituent, using
electron-donating or -withdrawing groups (complexes 4-7). Complex 8 was obtained by
exchanging the two 2,2’-bipyridine ligands with two 2,2’-bipyrazine ligands in an attempt to
increase the aqueous solubility of the complex. Finally, complex 9 was obtained by replacing



the Ru metallic centre with osmium, as coordinatively saturated osmium complexes have
demonstrated a great PDT potential owing to their increased photostability and higher

absorption wavelengths.16-22
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Figure 2. Molecular structures of the evaluated complexes. The complexes were isolated as
PFs salts and used as racemic mixtures.

Synthesis and Characterization

The synthetic strategy for the synthesis of the desired Ru(ll) polypyridine complexes is
outlined in Scheme S1. The hydroxy and nitro functionalised ligands were synthesised
according to previously published procedures.?®> The methoxy or fluoro substituted distyryl
ligands were prepared from 4,4 -dimethyl-2,2"-bipyridine and the respective benzaldehyde in
the presence of potassium tert-butoxide. Attempts to synthesise the amine functionalised
distyryl ligand analogously were unsuccessful. The synthetic strategy was therefore changed,
and this ligand was prepared from a sodium dithionite-mediated reduction of the nitro ligand.
With these ligands in hand, the desired Ru(ll) polypyridine complexes were synthesised. Ru(lll)
chloride was reduced to Ru(ll) with ethanol. Upon addition of two equivalents of the nitrogen
donating bidentate ligand (2,2 -bipyridine or bipyrazine) and an excess of lithium chloride, the
dichloro biscoordinated Ru(ll) polypyridine complexes were prepared. Finally, the chloride
ligands were substituted with the previously prepared distyryl ligand and the desired metal
complexes formed. All complexes were characterized by *H and 3C NMR (Fig. $S1-S14) and
HRMS (Fig. S15-521) and their purity was confirmed by elemental analysis. Of note, complex
5 has already been described previously, but to the best of our knowledge has never been
evaluated as a PDT PS.%*

UV-Vis Absorption

To better understand the individual effect of each modification on the photophysical
properties of the synthesized complexes, their UV-Vis absorption spectrum was recorded in
MeCN and compared with the one of complex 1 (Fig. 3). As shown in Fig. 3, every complex
displays an absorption band in the UV (290 nm) corresponding to bipyridine-centred
transitions, with a 10 nm bathochromic shift in the case of the bipyrazine-coordinated
complex 8. The complexes display a second band in the near-visible region corresponding to
distyryl ligands-centred transitions. Both the position and the nature of the ligand influenced
this absorption band. A bathochromic shift was observed with electron-donating group-
substituted ligands (i.e., OMe, NH;, and OH) compared to electron-withdrawing groups (i.e.,



NO,, F). The effects were however modest on the absorption band in the visible region
corresponding to metal to ligand centred transitions. A 50 nm hypsochromic shift was
observed in the case of complex 8. Interestingly, a slight bathochromic shift was observed in
complex 7, in which the electron-donating OMe group was replaced with an electron-
withdrawing NO; group. Finally, a characteristic broad absorption band (550-750 nm) was
observed for the Os derivative, corresponding to spin forbidden metal to ligand centred
transitions as described in previous studies.?%2>
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Figure 3. Complexes 1-9 UV-Vis absorption spectra measured in MeCN. A. Superimposed
spectra; B. Comparison of the effect of the OMe substituent position; C. Comparison of the
effect of electron-donating or withdrawing groups at the para position; D. Comparison of the
effect of the replacement of the metal centre or of the bipyridine ligand.

Hydrophobicity

The lipophilicity of one drug can often be correlated to its plasma membrane penetration and
to its eventual absorption, biodistribution and disposition.?®?’ For this reason, the partition
coefficients between water and octanol, also known as Log P, of the complexes were
determined by the shake-flask method. PBS (pH = 7.4) was used instead of water to normalize
the effect of pH on the complexes’ lipophilicity. As shown in Fig. 4, all compounds were found
to be lipophilic, with a preferential partition in the octanol layer. The OMe group position had
a slight effect on the lipophilicity of the complexes in the order m-OMe > 0-OMe > p-OMe. As
expected, hydrophobic substituents or groups able to form hydrogen bonds had a significant
effect on the Log P in the order F > OMe > OH > NH,. On the contrary, replacing the two 2,2’-
bipyridine ligands by 2,2’-bipyrazine ligands failed at improving the complex’s hydrophilicity.
Finally, the heavy Os nucleus slightly increased the complex’s Log P. The Log P of complex 7
could not be precisely measured using this method due to its poor solubility in both phases.
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Figure 4. Octanol/PBS partition coefficients of complexes 1-6, 8 and 9.

Of note, in our previous study, the Log P of complex 1 as a chloride salt was measured as 0.5,
which shows than the exchange of the counter ion could further increase the complexes’
hydrophilicity.*?

Singlet oxygen production

The ability of the synthesised complexes to produce singlet oxygen (*0;) upon irradiation at
450 nm in MeCN and D,0 was evaluated by direct observation of 0, phosphorescence at
about 1270 nm using phenalenone or [Ru(bipy)s]Cl, as references, respectively. As shown in
Tab. 1, structural variations on complex 1 only had minor effects on the compound’s ability to
sensitise O, although a significant decrease in the quantum yield could be observed for
complex 8. Nevertheless, all complexes demonstrated the potential to generate *0,, which
can cause oxidative damage in tissue. Notably, with our experimental setup, only singlet
oxygen quantum yields higher than 0.2 can be observed. The absence of 0, phosphorescence
signal in D,0 is the indication that the 0, production of these PSs is below this threshold.
Previous investigations have shown that this observation does not hamper the generation of
a phototoxic effect in cancerous cells.

Table 1. Singlet oxygen quantum vyields of studied complexes measured in MeCN and D,0.
N.D.: Not Detected.

Complex $10,(MeCN) $'0,(D,0)
1 0.37 N.D.
2 0.38 N.D.
3 0.47 N.D.
4 0.31 N.D.
5 0.50 N.D.
6 0.53 N.D.
7 0.35 N.D.
8 0.25 N.D.
9 0.45 N.D.



Cellular uptake

Since the biological efficiency is highly dependent on the PS ability to be taken up by the cell,
the cellular uptake of each complex was determined in HelLa (human cervical adenocarcinoma)
cells by inductively coupled plasma mass spectrometry following 4 hours of incubation with 5
UM of the complexes. The results gathered in Fig. 5 show that all tested complexes except 5
and 7 share similar uptake levels.
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Figure 5. Ruthenium content in Hela cells following 4 hours of incubation with 5 uM of
complexes 1-8.

Complex 5 displayed a reduced uptake compared to the other derivatives, which could be due
to its reduced lipophilicity, as low lipophilicity is generally correlated to poor plasma
membrane penetration.?® The cellular uptake of complex 7 was found to be about 4 times
higher compared to complex 1, which could again be linked to a higher lipophilicity, although
this could not be precisely determined during the partition experiment.

Phototoxicity

In order to evaluate the potential of the complexes as PDT agents, their toxicity in the dark or
upon light irradiation at 480 nm was evaluated on Hela and RPE-1 (normal human epithelial
cells immortalized with hTERT) cells, following incubation for 4 hours with increasing
concentrations of the complexes. The concentration needed to reduce the cell viability to 50%
(ICs0) is presented in Tab.2. Of note, all compounds were found to be non-toxic in the dark
(>100 uM) except 3 which demonstrated a slight cytotoxicity. In the case of complex 7,
insoluble aggregates were observed at the highest concentration tested (100 uM). The
complex appeared however fully soluble in the culture medium at 30 uM and below. For
comparative purposes, a bar graph representation can be found in the supplementary
information (Fig. S22).

ICs0 (M)
Hela RPE-1
Compound dark 480 nm, 10 min Pl dark 480 nm, 10 min Pl
3.2J/cm? 3.2J/cm?
1 >100 0.56 £ 0.07 179 >100 1.6+0.2 >63

2 >100 0.6+0.3 >167 >100 1.6+£0.2 >63



3 62+10 0.5+0.1 124 >100 1.52 £0.09 >66
4 >100 1.0+£0.3 >100 >100 1112 >9
5 >100 1.4+0.1 >71 >100 81 >13
6 >100 0.8+0.1 >125 >100 1.47 £ 0,06 >68
7 >100 4+1 >25 >100 15+1 >7
8 >100 59+8 >2 >100 >100 ND
9 >100 276 4 >100 30+7 >3

Table 2. Cytotoxicity (dark) and phototoxicity of complexes 1-9 on Hela and RPE-1 cells after
4 h of incubation and upon irradiation at 480 nm for 10 min (3.2 J/cm?).

Complexes 1-6 showed similar and high phototoxicities, with ICso in the range 0.5-1.4 uM and
good phototoxicity indexes (Pl = ICso(dark)/ICso(light)) higher than 167 for complex 1 and 2.
Interestingly, complexes 1-3 had a similar phototoxicity on cancerous (Hela) and on normal
(RPE-1) cells, whereas complexes 4 and 5 seemed significantly less toxic on normal cells. On
the other hand, complexes 7-9 were found to be significantly less phototoxic compared to
complex 1. In particular, complex 8 was found to be only slightly phototoxic, with ICses of 59
and >100 on Hela and RPE-1 cells respectively. This result could be due to lower singlet oxygen
production, in line with the lower quantum yield measured for this complex (see Tab. 1).

CONCLUSIONS

This structure-activity relationship study demonstrated that subtle structural modifications on
a given ligand can lead to significant changes in the corresponding complex’s physical and
biological properties. Some of these effects were to be expected. In particular, the
introduction of hydrophilic groups on the distyryl ligand’s phenyl ring had a positive effect on
the hydrophilicity of complexes 4 and 5. However, most of the structural modifications had
somewhat unexpected or counterintuitive effects on the final complexes. The introduction of
a nitro substituent in 7 led to a significant decrease in its aqueous solubility. On the other hand,
the introduction of this electron-withdrawing substituent did not lead to a significant and
detrimental hypsochromic shift in the metal to ligand centred transitions related absorption
band compared to electron-donating substituents, as was postulated before. This is also the
case in 6, also it is generally admitted that the inductive effects in para-substituted
fluorobenzene derivatives are compensated by mesomeric effects.?® Additionally, the superior
cellular uptake of 7 did not confer a superior phototoxicity to this complex. Moreover, the
introduction of bipyrazine ligands, able to interact with water through hydrogen bonding, did
not improve complex 8 hydrophilicity, although it appeared to affect negatively its 10,
guantum yield, and therefore its phototoxicity. Finally, the replacement of the Ru centre by
an Os centre in 9 had a detrimental effect on the complex’s phototoxicity, although it unlocked
the possibility to excite it at up to 750 nm. It is important to note that, at this stage, other
features (e.g. (photo)stability, subcellular localization...) could significantly affect the eventual
phototoxicity of the complexes. Overall, this study highlights the crucial importance of
empirical characterisations over mere simulations and provides some guidance on how to
design new Ru-based PSs. Importantly, 4 and 5 displayed a similar phototoxicity in comparison
to 1 on cancer cells but appeared less phototoxic on normal cells. Additionally, they displayed



an improved hydrophilicity, which could lead to better pharmacological properties. These two
complexes appear therefore as good candidates for further developments.

EXPERIMENTAL SECTION
Materials

All chemicals were obtained from commercial sources and were used without further
purification.

Instrumentation and methods

'H- and 13C-NMR spectra were recorded on a 400 MHz NMR spectrometer (Bruker). Chemical
shifts (8) are reported in parts per million (ppm) referenced to tetramethylsilane (6 0.00) ppm
using the residual proton solvent peaks as internal standards. Coupling constants (J) are
reported in Hertz (Hz) and the multiplicity is abbreviated, as follows: s (singlet), d (doublet),
and m (multiplet). Electrospray lonization-Mass Spectrometry (ESI-HRMS) experiments were
carried out using a LTQ-Orbitrap XL from Thermo Scientific (Thermo Fisher Scientific) and
operated in positive ionization mode, with a spray voltage at 3.6 kV. No sheath and auxiliary
gas was used. Applied voltages were 40 and 100 V for the ion transfer capillary and the tube
lens, respectively. The ion transfer capillary was held at 275 °C. Detection was achieved in the
Orbitrap with a resolution set to 100,000 (at m/z 400) and an m/z range between 150 and
2000 in profile mode. Spectrum was analyzed using the acquisition software XCalibur 2.1
(Thermo Fisher Scientific). The automatic gain control (AGC) allowed for the accumulation of
up to 2-10° ions for Fourier Transform Mass Spectrometry (FTMS) scans, maximum injection
time was set to 300 ms and 1 ps scan was acquired. 10 uL was injected using a Thermo Finnigan
Surveyor HPLC system (Thermo Fisher Scientific) with a continuous infusion of methanol at
100 pL-mint. Elemental microanalyses were performed on a Thermo Flash 2000 elemental
analyzer.

Synthesis

The ligand (E,E’)-4,4"-Bis[p-methoxystyryl]-2,2"-bipyridine and complex 1 were synthesized in
a previous study and used without further purification.'? Dichlorobis(bipyridine)ruthenium(ll)
(Ru(bpy)2Cl2), dichlorobis(bipyrazine)ruthenium(ll) (Ru(bpz).Cl,),
dichlorobis(bipyridine)osmium  (Il)  (Os(bpy)2Clz),  (E,E’)-4,4'-Bis[p-hydroxystyryl]-2,2"-
bipyridine and (E,E’)-4,4 -Bis[p-nitrostyryl]-2,2 -bipyridine were synthesized as reported in the
literature, 2329731

Synthesis of the ligands:

(E,E’)-4,4"-Bis[m-methoxystyryl]-2,2"-bipyridine



The synthesis of (E,E’)-4,4"-Bis[m-methoxystyryl]-2,2 -bipyridine has already been described
but in this study another synthetic route was employed.3? 4,4’-Dimethyl-2,2"-bipyridine (4.95
g, 26.9 mmol, 1.0 equiv.) was dissolved in dry DMF (100 mL) under nitrogen atmosphere and
3-methoxybenzaldehyde (7.2 mL, 59.1 mmol, 2.2 equiv.) was added to the solution.
Afterwards potassium tert-butoxide (12.05 g, 107.0 mmol, 4.0 equiv.) was added slowly and
the mixture was stirred for 24 h. The mixture was then poured into H,O (200 mL) and the
suspension cooled down to 5 °C. The crude product which precipitated, was filtered, and
washed with methanol. The product was purified by recrystallization from boiling acetic acid.
The obtained solid was dissolved in Dichloromethane and the mixture was washed with a 5%
LiCl aqueous solution, brine, and H,0. The solvent was removed to yield (E,E’)-4,4 -Bis[m-
methoxystyryl]-2,2 -bipyridine as a beige solid (8.69 g, 20.7 mmol, 77%). Spectroscopic data
were in accordance with the literature.

(E,E’)-4,4 -Bis[o-methoxystyryl]-2,2"-bipyridine

The synthesis of (E,E’)-4,4"-Bis[o-methoxystyryl]-2,2 -bipyridine has already been described
but in this study another synthetic route was employed.3? 4,4’-Dimethyl-2,2"-bipyridine (1.00
g, 5.43 mmol, 1.0 equiv.) was dissolved in dry DMF (50 mL) under nitrogen atmosphere and 4-
methoxybenzaldehyde (1.63 mL, 13.57 mmol, 2.5 equiv.) was added to the solution.
Afterwards potassium tert-butoxide (2.44 g, 21.74 mmol, 4.0 equiv.) was added slowly and the
mixture was stirred for 24 h. The mixture was then poured into H,O (500 mL) and the
suspension cooled down to 5 °C. The crude product which precipitated, was filtered, and
washed with methanol. The product was purified by recrystallization from chloroform to yield
(E,E’)-4,4’-Bis[p-methoxystyryl]-2,2"-bipyridine as a beige solid (1.85 g, 4.40 mmol, 81%).
Spectroscopic data were in accordance with the literature.

(E,E’)-4,4 -Bis[p-aminostyryl]-2,2"-bipyridine



The synthesis of (E,E’)-4,4’-Bis[p-aminostyryl]-2,2 -bipyridine has already been described.3
However in this study, (EE’)-4,4 -Bis[p-aminostyryl]-2,2"-bipyridine was synthesized by
sodium dithionite-mediated reduction of (E,E’)-4,4"-Bis[p-nitrostyryl]-2,2 -bipyridine. Under
nitrogen, (E,E’)-4,4"-Bis[p-aminostyryl]-2,2"-bipyridine (450 mg, 1.0 mmol, 1 equiv.) and
sodium dithionite (1.22 g, 7.0 mmol, 7.0 equiv.) were dissolved in DMSO (10 mL). Distilled
water (1 mL) was added, and the mixture was heated at 90 °C for 15 h. The mixture was then
cooled down and poured in water (100 mL). NaHCOs saturated in water was added to adjust
the suspension pH to 7 and the mixture was agitated for 10 min. The solid was then filtered
and washed with cold water, followed by cold ethanol and diethyl ether, and then dried under
vacuum to yield a yellow powder (183 mg, 0.46 mmol, 46%). Spectroscopic data were in
accordance with the literature.

(E,E’)-4,4 -Bis[p-fluorostyryl]-2,2"-bipyridine

4,4’-Dimethyl-2,2-bipyridine (1.00 g, 5.43 mmol, 1.0 equiv.) was dissolved in dry DMF (50 mL)
under nitrogen atmosphere and 4-fluorobenzaldehyde (1.46 mL, 13.57 mmol, 2.5 equiv.) was
added to the solution. Afterwards potassium tert-butoxide (2.44 g, 21.74 mmol, 4.0 equiv.)
was added slowly. The colour of the solution turned to green, and the mixture was stirred for
24 h. After that the mixture which turned bright was poured into H,O (500 mL) and the
suspension cooled down to 5 °C. The crude product which precipitated, was filtered, and
washed with methanol. The product was purified by recrystallization from boiling acetic acid.
The obtained solid was dissolved in Dichloromethane and the mixture was washed with a 5%
LiCl aqueous solution, brine, and H,0. The solvent was removed to yield (E,E’)-4,4"-Bis[p-
fluorostyryl]-2,2 -bipyridine as a beige solid (1.38 g, 3.48 mmol, 64 %). H-NMR (400 MHz,
CD,Cl,): & 8.75 (dd, J = 5.0, 0.7 Hz, 2H), 8.68 (dd, J = 1.7, 0.7 Hz, 2H), 7.69 (dd, J = 8.7, 5.3 Hz,
4H), 7.55 (d, J = 16.5 Hz, 2H), 7.52 (dd, J = 5.0, 1.7 Hz, 2H), 7.22 (dd, J = 8.7, 5.3 Hz, 4H), 7.20
(d,J=16.5Hz, 2H); ESI-HRMS (positive detection mode): calcd for C6H19N2F2, 397.1516; found,
397.1513.

Synthesis of the complexes:




General procedure

Under nitrogen, Ru(bpy):Cl; (1.0 equiv., for complexes 2-7), Ru(bpz).Cl, (1.0 equiv., for
complex 8) or Os(bpy)2Cl; (1.0 equiv., for complex 9) and the corresponding ligand (1.2 equiv.)
were heated in EtOH (80 °C, 6 h) or ethylene glycol (130 °C, 24 h). Then the solution was cooled
down to room temperature and a saturated aqueous solution of NH4PFs was added. The crude
product, which precipitated as a PFs salt, was collected by filtration and washed with water
and diethyl ether. When indicated, the crude product was purified by silica gel
chromatography using acetonitrile/potassium nitrate 0.3 M in water (9:1 v/v) as eluent. The
fractions containing the product were collected and the solvent evaporated. The residue was
dissolved in acetonitrile and filtered. The filtrate was concentrated to dryness under vacuum.
The residue was dissolved in ethanol and a saturated aqueous solution of NH4PFs was added.
The precipitate was filtered, washed with water and diethyl ether, and dried under vacuum.

[Ru(bpy)2((E,E’)-4,4"-Bis[m-methoxystyryl]-2,2 -bipyridine)][PFs]2 (2)

] #2(PFey

Synthesized from Ru(bpy).Cl, and (E,E’)-4,4"-Bis[m-methoxystyryl]-2,2 -bipyridine on a 0.41
mmol scale in EtOH (50 mL). 2 was obtained without purification as a dark red solid (390 mg,
0.35 mmol, 85%). *H-NMR (400 MHz, CDsCN): & 8.72 (d, J = 1.9 Hz, 2H), 8.52 (d, J = 8.2 Hz, 4H),
8.07 (td, J=17.9, 1.5, 4H), 7.85 (d, J = 5.6 Hz, 2H), 7.78-7.61 (m, 6H), 7.54-7.09 (m, 14H), 6.95
(dd, J = 7.3, 1.9, 2H), 3.84 (s, 6H). 13C-NMR (CDCls, 101 MHz): & = 161.2, 158.2, 158.0, 152.7,
152.4,147.6,138.8, 138.3,137.2,131.1,128.6,125.4,125.3,125.2,121.7,121.3, 116.4, 113.2,
56.0. ESI-HRMS (positive detection mode): calcd for CagHaoNeO2RU m/z [M]?* 417.1128; found:
417.1126. Elemental analysis calcd for CagHaoF12NsO2P2Ru (%): C 51.30, H 3.59, N 7.48; found:
C51.06,H3.61, N 7.38.

[Ru(bpy)2((E,E’)-4,4 -Bis[o-methoxystyryl]-2,2"-bipyridine)][PFs]2 (3)



] 2 2PRey

Synthesized from Ru(bpy).Cl, and (E,E’)-4,4"-Bis[o-methoxystyryl]-2,2"-bipyridine on a 0.31
mmol scale in EtOH (50 mL). 3 was obtained without purification as a dark red solid (225 mg,
0.20 mmol, 65%). *H-NMR (400 MHz,CDsCN): & 8.71 (d, J = 1.9 Hz, 2H), 8.59-8.33 (m, 4H), 8.07
(m, 4H), 7.95 (d, J = 16.5 Hz, 2H), 7.84 (d, J = 4.3 Hz, 2H), 7.74 (ddd, J = 5.6, 1.5, 0.8 Hz, 2H),
7.68 (dd, J = 7.7, 1.7 Hz, 2H), 7.61 (d, J = 6.0 Hz, 2H), 7.42 (m, 10H), 7.06 (m, 4H), 3.94 (s, 6H).
13C-NMR (CDCl3, 101 MHz): 6§ = 158.9, 158.2, 158.0, 152.6, 152.2, 148.3, 138.7, 132.7, 132.0,
129.0, 128.5, 125.8, 125.4, 125.2, 125.0, 121.9, 121.8, 112.6, 56.3. ESI-HRMS (positive
detection mode): calcd for CagHaoNsO2RU m/z [M]?** 417.1128; found: 417.1126. Elemental
analysis calcd for CagHa0F12NeO2P2RU+H,0 (%): C 50.49, H 3.71, N 7.36; found: C 50.27, H 3.41,
N 7.66.

[Ru(bpy)2((E,E’)-4,4"-Bis[p-hydroxystyryl]-2,2 -bipyridine)][PF¢]2 (4)

OH T 2+ 2(PFg)

Synthesized from Ru(bpy).Cl, and (E,E’)-4,4"-Bis[p-hydroxystyryl]-2,2 -bipyridine on a 0.31
mmol scale in ethylene glycol (5 mL). 4 was obtained without purification as a dark red solid
(297 mg, 0.27 mmol, 87%). 'H-NMR (CDsCN, 400 MHz): 6 = 8.66 (d, J = 1.9 Hz, 2H), 8.50 (d, J =
8.1 Hz, 4H), 8.05 (td, J = 8.0, 1.5 Hz, 4H), 7.84 (d, J = 5.1 Hz, 2H), 7.74 (d, J = 5.0 Hz, 2H), 7.68
(d, J = 16.4 Hz, 2H), 7.61 - 7.51 (m, 6H), 7.46 - 7.35 (m, 8H), 7.12 (d, J = 16.5 Hz, 2H), 6.90 (d, J
= 8.6 Hz, 4H). 3C-NMR (CDsCN, 101 MHz): 6 =159.5, 158.01, 157.95, 152.6, 152.1, 148.2, 138.6,
137.3, 130.2, 128.7, 128.5, 125.1, 124.9, 122.1, 121.2, 116.9. ESI-HRMS (positive detection
mode): calcd for C46H3sNeO2RU m/z [M]?** 403.0972; found: 403.0970. Elemental analysis calcd
for CasH36F12NsO2P2RU+H,0 (%): C 49.60, H 3.44, N 7.55; found: C 49.46, H 3.35, N 7.31.

[Ru(bpy)2((E,E’)-4,4"-Bis[p-aminostyryl]-2,2 -bipyridine)][PFs]2 (5)



Compound 5 was synthesized following a procedure described in the literature.?*
Spectroscopic data were in accordance with the literature. Elemental analysis calcd for
CasH3sF12NsP2Ru+3H,0 (%): C 48.13, H 3.86, N 9.76; found: C 48.09, H 3.37, N 10.05.

[Ru(bpy)2((E,E’)-4,4 -Bis[p-fluorostyryl]-2,2"-bipyridine)][PFs]2 (6)

] #2(PFey

Synthesized from Ru(bpy)2Cl; and (E,E’)-4,4 -Bis[p-fluorostyryl]-2,2 -bipyridine on a 0.50 mmol
scale in EtOH (50 mL). 6 was obtained after silica gel purification as a dark red solid (273 mg,
0.29 mmol, 57%). *H-NMR (CDsCN, 400 MHz): 6 = 8.72 (d, J = 1.9 Hz, 2H), 8.53 (d, J = 8.2 Hz,
4H), 8.07 (t, J=7.9 Hz, 4H), 7.85 (d, J = 5.6 Hz, 2H), 7.80 - 7.68 (m, 8H), 7.65 (d, J = 6.0 Hz, 2H),
7.52-7.36 (m, 6H), 7.26 (d, /= 16.5 Hz, 2H), 7.19 (d, / = 8.8 Hz, 4H). 13C-NMR (CD3CN, 101 MHz):
8 =164.3 (d, 1 cr = 248 Hz), 158.2, 158.0, 158.0, 152.7, 152.4, 147.6, 138.8, 136.0, 133.4 (d,
4Jer=3 Hz), 130.5 (d, 3Jcr = 8 Hz), 128.6, 125.2, 125.0, 121.8, 116.9 (d, ?Jcr = 22 Hz). 1F NMR
(376 MHz, CD3CN) 6 =-72.77 (d, J = 706.7 Hz), -112.83. ESI-HRMS (positive detection mode):
calcd for CssH3aNeF2RU m/z [M]?* 405.0928; found: 405.0927. Elemental analysis calcd for
CasH34F1aNsO2P2RU+H,0 (%): C 49.43, H 3.25, N 7.52; found: C49.76, H 3.02, N 7.47.

[Ru(bpy)2((E,E’)-4,4 -Bis[p-nitrostyryl]-2,2"-bipyridine)][PFs]2 (7)



Synthesized from Ru(bpy)2Clz and (E,E’)-4,4 -Bis[p-nitrostyryl]-2,2 -bipyridine on a 0.31 mmol
scale in ethylene glycol (5 mL). 7 was obtained without purification as a dark red solid (276 mg,
0.24 mmol, 77%). 'H-NMR (CDsCN, 400 MHz): & = 8.78 (d, J = 1.9 Hz, 2H), 8.53 (dt, J = 8.3, 1.1
Hz, 4H), 8.23 (d, J = 8.9 Hz, 4H), 8.08 (tdd, J = 8.0, 2.5, 1.5 Hz, 4H), 7.87 - 7.83 (m, 6H), 7.80 -
7.71 (m, 6H), 7.52 (dd, J = 6.0, 1.8 Hz, 2H), 7.49 - 7.39 (m, 6H). 33C-NMR (CDsCN, 101 MHz): &
= 158.3, 157.88, 152.7, 152.6, 148.8, 146.6, 143.1, 138.8, 134.6, 129.3, 129.1, 128.6, 125.6,
125.2, 125.1, 122.1. ESI-HRMS (positive detection mode): calcd for CasH3204NsRu m/z [M]?*
432.0873; found: 432.0871. Elemental analysis calcd for CasH34F1204NsP2Ru (%): C 47.88, H
2.97,N9.71; found: C47.73,H 2.78, N 9.41.

[Ru(bpz)2((E,E’)-4,4"-Bis[p-methoxystyryl]-2,2 -bipyridine)][PFs]2 (8)

Synthesized from Ru(bpz),Cl, and (E,E’)-4,4’-Bis[p-methoxystyryl]-2,2"-bipyridine on a 0.21
mmol scale in ethylene glycol (5 mL). 8 was obtained after silica gel purification as a dark red
solid (43 mg, 0.04 mmol, 19%). *H-NMR (CDsCN, 400 MHz): 6 =9.76 (t, J = 1.5 Hz, 4H), 8.71 (d,
J=1.9 Hz, 2H), 8.61 (dd, J=9.8, 3.2 Hz, 4H), 7.90 (dd, J = 3.3, 1.2 Hz, 2H), 7.87 (dd, /= 3.2, 1.2
Hz, 2H), 7.76 (d, J = 16.4 Hz, 2H), 7.66 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 6.0 Hz, 2H), 7.48 (dd, J =
6.1, 1.8 Hz, 2H), 7.19 (d, J = 16.3 Hz, 2H), 7.03 (d, J = 8.8 Hz, 4H), 3.85 (s, 6H). 3C-NMR (CDsCN,
101 MHz): 6 = 162.2, 157.2, 152.6, 151.7, 149.7, 149.34, 149.30, 147.9, 147.3, 146.1, 138.0,
130.2,129.2, 125.3, 122.2, 121.6, 115.5, 56.1. ESI-HRMS (positive detection mode): calcd for
CaqH36N1002RU m/z [M]** 419.1033; found: 419.1030. Elemental analysis calcd for
Ca4H36F12N1002P2RU+4H,0 (%): C 44.04, H 3.70, N 11.67; found: C44.11, H 2.95, N 11.60.

[Os(bpy)2((E,E’)-4,4"-Bis[p-methoxystyryl]-2,2"-bipyridine)][PFe]2 (9)



] 2 2PFey

Synthesized from Os(bpy).Cl, and (E,E’)-4,4 -Bis[p-methoxystyryl]-2,2 -bipyridine on a 0.17
mmol scale in degassed ethylene glycol (5 mL). 9 was obtained without purification as a dark
brown solid (189 mg, 0.16 mmol, 94%). *H-NMR (CDsCN, 400 MHz): 6 = 8.64 (d, J = 2.0 Hz, 2H),
8.49 (d, J = 8.0 Hz, 4H), 7.86 (ddt, J = 9.7, 8.2, 1.7 Hz, 4H), 7.74 (d, J = 5.4 Hz, 2H), 7.71 - 7.59
(m, 8H), 7.50 (d, J = 6.1 Hz, 2H), 7.38 - 7.26 (m, 6H), 7.16 (d, J = 16.3 Hz, 2H), 7.02 (d, J = 8.8 Hz,
4H), 3.84 (s, 6H). 13C-NMR (CDsCN, 101 MHz): 6 = 162.0, 159.97, 159.92, 159.87, 151.8, 151.7,
151.3, 147.5, 138.0, 137.2, 130.1, 129.3, 129.0, 125.4, 125.2, 122.2, 121.4, 115.4. ESI-HRMS
(positive detection mode): calcd for CagHaoNeO20s m/z [M]?* 462.1414; found: 462.1406.
Elemental analysis calcd for CagHaoF12Ns020sP2+H,0 (%): C 46.83, H 3.44, N 6.83; found: C
46.92, H 3.29, N 6.34.

positive detection positive detection positive detection positive detection positive detection
positive detection positive detection

Spectroscopic measurements

The absorption of the samples was measured with a Cary 4000 UV-Vis spectrophotometer
(Agilent).

Singlet oxygen production measurement

The samples were prepared in an air saturated CH3CN or D;0 solution with an absorbance of
0.2 at 450 nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using
a mounted M450LP1 LED (Thorlabs) whose irradiation, centered at 450 nm, has been focused
with aspheric condenser lenses. The intensity of the irradiation has been varied using a T-Cube
LED Driver (Thorlabs) and measured with an optical power and energy meter. The emission
signal was focused and collected at right angle to the excitation pathway and directed to a
Princeton Instruments Acton SP-2300i monochromator. A longpass glass filter was placed in
front of the monochromator entrance slit to cut off light at wavelengths shorter than 850
nm. As a detector an EO-817L IR-sensitive liquid nitrogen cooled germanium diode detector
(North Coast Scientific Corp.) has been used. The singlet oxygen luminesce at 1270 nm was
measured by recording spectra from 1100 to 1400 nm. For the data analysis, the singlet
oxygen luminescence peaks at different irradiation intensities were integrated. The resulting
areas were plotted against the percentage of the irradiation intensity and the slope of the
linear regression calculated. The absorbance of the sample was corrected with an absorbance
correction factor. As reference for the measurement Phenalenone (¢*0,(MeCN)= 95%)3> and



[Ru(bipy)sCl2] (*0,(D20)= 22%)3® were used in acetonitrile and D,O respectively and the
singlet oxygen quantum yields were calculated using the following formula:

Cb sample = d) reference * (Ssample / Sreference) * (Ireference / |samp|e)
I=1p* (1—10%)

¢ = singlet oxygen quantum yield, S = slope of the linear regression of the plot of the areas of
the singlet oxygen luminescence peaks against the irradiation intensity, | = absorbance
correction factor, lo = light intensity of the irradiation source, A = absorbance of the sample at
the irradiation wavelength.

Of note, for ruthenium complexes, the singlet oxygen luminescence peaks were integrated
between 1220 and 1350 nm. For the osmium complex 9, the luminescence peak was
integrated between 1250 and 1300 nm to reduce the impact of the complex intrinsic
luminescence at these wavelengths.

Distribution coefficient measurement

Octanol and PBS were saturated with each other by continuous mixing at room temperature
for 24 h. The test compounds were dissolved at a concentration of ca. 200 uM in 1 mL of the
octanol phase. An equal volume of the PBS phase was added, and the mixture was agitated at
room temperature for 24 h. The two layers were separated, and the absorbance of each layer
was determined at 450 nm. The log P values were determined as follows:

Abs,so(Octanol)

Log P=Log (= - pEs)

Cell culture

Hela cells were cultured in DMEM media (Gibco, Life Technologies, USA) supplemented with
10 % of fetal calf serum (Gibco). RPE-1 cells were cultured in DMEM/F-12 (Gibco)
supplemented with 10 % of fetal calf serum. All cell lines were complemented with 100 U/mL
penicillin-streptomycin mixture (Gibco) and maintained in an humidified atmosphere at 37 °C
and 5 % of CO..

Cellular uptake

Hela cells were seeded at a 1.10° cells/well density in 6-well-plates (1 mL/well) and were
incubated at 37 °C, 5% CO,. The next day, the medium was replaced with 5 uM of test
compounds dilutions in medium and cells were incubated for an additional 4 h at 37 °C, 5%
CO.. Cells were then washed three times with cold PBS, trypsinized, harvested, and a 10 plL
aliquot of each cell suspension was sampled for accurate counting. The cell suspensions were
centrifuged, and the supernatant was discarded. The pellets were digested in 100 uL of 70%
HNOs at 65 °C for 24 h and then diluted in 5 mL of MilliQ water (final HNOs concentration:
1.4 %). The Ru content in each sample was determined by ICP-MS. Data are presented as a
mean of three independent replicates.



Phototoxicity

Cells were seeded at a 4,000 cells/well density in 96-well plates (100 uL/well) and were
incubated at 37 °C, 5% CO: for 24 h. The medium was replaced by test compound dilutions in
fresh medium (100 pL/well) and cells were incubated at 37 °C, 5% CO; for 4 h. The medium
was replaced by 100 uL of fresh medium. Plates were then irradiated at 480 nm for 10 min at
37 °C (3.2 J/cm?) using a LUMOS-BIO photoreactor (Atlas Photonics). As a control, a plate was
kept in the dark for 10 min at 37°C, 0% CO,. Cells were then incubated for an additional 44 h
at 37 °C, 5% CO,. The medium was replaced with 100 pL of fresh medium containing resazurin
(0.2 mg/mL). After 4h of incubation at 37 °C, 5% CO,, plates were read using a SpectraMaxM?2
Microplate Reader (Aexc = 540 nm; Aread = 590 nm). Fluorescence data were normalized, data
were fitted using GraphPad Prism Software and ICso was calculated by non-linear regression.
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S$21) Comparative representation of complexes 1-9 phototoxicity upon irradiation at 480 nm
for 10 min in HelLa and RPE-1 cells (Fig. S22).
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