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ABSTRACT

The easy tunable photophysical properties of Ru(ll) polypyridyl complexes, together with
their water solubility, photochemical stability and high biocompatibility make them suitable
as agents for photodynamic therapy (PDT). The development of complexes containing new
ligands is a step forward in the improvement and application of these compounds as
photosensitizer and photocytotoxic agents. We report the synthesis of a set of Ru(ll)-
polypyridyl complexes with different electronic properties and delocalized © systems: one
homoleptic complex [Ru"(dpbpy)s](PFe). (1), and three heteroleptic complexes
[Ru'(dpbpy)a(phen)](PFe)2 (2), [Ru'(dpbpy)(phen),](PFe)2 (3) and [Ru'(dpbpy)(CN-
Me)|(PFs)2 (4). All of them contain 4,4’-diphenyl-2,2’-bipyridine (dpbpy) and 1,10-
phenantroline (phen) or N-methyl-N’-2-pyridilimidazolium (CN-Me) ligands. The
complexes have been characterized by spectroscopic, structural and electrochemical
methods. UV-vis absorption in solution show the red shift for the metal to ligand charge
transfer (MLCT) transitions after changing phen by dpbpy and CN-Me carbene ligands. The
photoluminescence emission spectra of 1-4 supported by theoretical calculations using time-
dependent density-functional theory (TDDFT) suggest that the lowest energy excited state is
mainly *MLCT. Complex 2 exhibits the highest phosphorescence emission with a quantum
yield (®p) in CH,Cl, of 44.1%, followed by complex 1 (®p = 40.0%), whereas complex 4
shows the lowest quantum efficiency (®p=16.0%), what suggest that the introduction of the
CN-Me carbene ligand produces a significant quenching of the phosphorescence.
Phosphorescence triplet state lifetimes between 0.96 and 1.74 us were shown for 1-4 in
degassed CH,Cl,. The trend in the redox potentials becomes more positive by increasing the
number of phen ligands in the complexes, in full agreement with the HOMO’s energy level
and the blue shift of the MLCT transitions in the absorption spectra. Complexes
internalization was analysed in tumorigenic mammary epithelial SKBR-3 cells, being
complexes 1 and 2 the most well internalized. The effect of the photodynamic treatment
using light-activated complexes 1 and 2 for 10 min demonstrated to increase cell death,
being the homoleptic complex 1 an outstanding candidate as potential theranostic agent

for bioimaging and PDT.
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INTRODUCTION

Photodynamic therapy (PDT) is a cancer treatment that uses a photosensitizer agent (PS)
capable of killing cancer cells using a special type of light." A photosensitizer must fulfil a
list of requirements to be a good PDT agent: (1) large molar extinction coefficient (2)
effective 'O, generation, (3) selective accumulation in tumour cells, (4) amphiphilic structure,
(5) no dark toxicity and (6) solubility in injectable formulations. In the PDT the
photosensitizer generates cytotoxic reactive oxygen (ROS) after activation with light at a
specific wavelength in the presence of molecular oxygen (°02). When the photosensitizer
is internalized in the cell the generation of ROS leads to significant cell damage and
eventually cell death.>** Some of the most promising PSs are phorphyrinoids
(porphyrins and phtalocyanines),>® however they have important limitations as PSs: on
the one hand its main absorption band locates in the ultraviolet-visible (UV-vis), and on the
other hand its tendency to aggregate in culture medium through m-n stacking interactions
leads to the quenching of their excited states and, consequently, the decrease of their ability
to produce 'O,. Then, great efforts have been devoted to design and synthesize new PSs with
maxima absorption at higher wavelengths, i.e red and near-infrared (NIR) light-triggered PSs,
because these sources of light can afford greater penetration depths and lower phototoxicity
to normal tissues than UV and visible light.” Another type of PSs includes metal-organic

1,9,10,11,12,13

frameworks (MOFs)® and metal complexes, among others.

Owing to their attractive photophysical properties, Ru(ll) polypyridyl complexes have been
studied and applied in a large number of different applications, such as photocatalysis,***®
solar energy conversion,™ luminescence biological imaging*’ and photodynamic therapeutic
applications.®1°2% Apart from their outstanding photophysical behaviour, these kind of
complexes show excellent biological properties as water solubility, high biocompatibility
and photochemical stability, large Stokes shifts, great ‘O, production quantum yield and

low toxicity in the dark, making them suitable agents for PDT.?1:22:232425.:26



As previously mentioned, the use of lower energy light is desired in PDT treatments
since it allows a better introduction into the tissues without causing great damage. In d®
ruthenium complexes the lowest energetic absorption bands in the visible region are the
metal to ligand charge transfer (MLCT). Therefore, the development of new ruthenium
(1) complexes with a red shift of the MLCT absorption bands is desirable for PDT. On
the other hand, an improvement in the photocytotoxic activity has also been observed in
ruthenium (II) complexes containing m-expansive ligands, which present long lived
intraligand excited states (IL), which are sensitive to oxygen.?" %%

Therefore, a compromise between the above considerations should be considered when
designing new compounds that may be interesting for their application as PSs. Part of the
success of a photosensitive complex lies in being able to tune their properties by
modification of the electronic structures of the ligands. In this way, the energies of the
frontier orbitals could be modified allowing to control their photophysical activities. In
this work we have developed a family of homo- and heteroleptic polypyridyl Ru(ll)
complexes, 1-4 (Scheme 1), that contain 4,4’-diphenyl-2,2’-bipyridine (dpbpy) ligands
along with 1,10-phenantroline (phen) or N-methyl-N’-2-pyridilimidazolium (CN-Me) (Chart
1). The carbene ligand shows a higher electron-donating character than the other polypyridyl
ligands, however, dpbpy and phen display higher n delocalization.*® These complexes have
been designed in order to study their photoluminescent (PL) properties in solution and to
establish a relationship between these properties and the electronic nature of the ligands in
our complexes. For this purpose, photophysical properties in solution supported by TDDFT
theoretical calculations have been performed. All compounds I-1V and 1-4 have been
synthesized (Scheme 1) and characterized spectroscopically and electrochemically in
solution. The crystal structures of complexes | and 1-3 have been analysed by X-ray
diffraction. In addition, in vitro cellular uptake of homo- 1 and heteroleptic complexes 2-4
and the cytotoxicity of complexes 1 and 2, both in dark and light conditions, have been

assessed using a human tumorigenic cell line (SKBR-3).



phen [HCN-Me]PF,

dpbpy

Chart 1. Drawing of the ligands used in this work

RESULTS AND DISCUSSION
Synthetic strategy and chemical structure

The synthetic strategy for the preparation of complexes I-1V and 1-4 is outlined in
Scheme 1. Complexes [Ru'(dpbpy)s](PFe)2 1, [Ru"(dpbpy)2(phen)](PFe), 2,
[Ru'(dpbpy)(phen),](PFe), 3 and [Ru'(dpbpy).(CN-Me)](PFs). 4, are obtained from
different precursors [RuCl,(dmso)s],®* cis-[Ru''Cl(dpbpy).] 1, cis-[Ru"Cl,(phen),] I11
and [Ru(CH3CN)4(CN-Me)](PFs)2 IV (Scheme 1). Il and 111 were also synthetized by the
reaction of Ru"'Cl;-2,5 H,O with the ligands dpbpy or phen in 1:2 ratio, using Zn
granules (Method 1) or DMF (Method 2) as reducing agents of Ru'"' to Ru'"". We have also
tried to synthesize complex I1 through the reaction of [Ru"Cl,(DMSO),] with 2,5 mols of
dpbpy in methanol at reflux under N in the absence of light. In all cases, we obtained the
cis,cis-[Ru'"Cly(dmso)2(dpbpy)] I, where only one dpbpy ligand has been coordinated to
ruthenium. This complex is also obtained through equimolecular amounts of
[Ru"Cl(dmso)s] and dpbpy ligand in methanol. Complex IV was obtained from the
reaction of [Ru(p-cymene)Cl;], and the carbene ligand in acetonitrile.

The reaction of [Ru'"'Cl,(dmso)4] with 3 equiv of dpbpy led to the formation of complex 1
in good yield, after the addion of NH4PFs. Complex 2 was prepared in an easy way,
through a modification of the synthesis described in the literature,® by reaction of 11 with
phen in MeOH/H,0. A similar procedure was used for the formation of 3 but using
complex Il as starting material and dpbpy ligand. Complex 4 was obtained from the
reaction of 1V, with two equiv of dpbpy in MeOH, leading to the substitution of the four

5



acetonitrile ligands by two dpbpy. Complexes 1-4 were isolated as PFg salts without
purification through column chromatography.
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Scheme 1. Synthetic strategy for the preparation of 1-1V and 1-4 complexes: (i) 4 h reflux in MeOH,
(ii) 12 h reflux in EtOH, and precipitation with an excess of saturated aqueous solution of NH,PFs,
(iii) 12 h reflux in MeOH using 2,5 mols of dpbpy (1:2,5), (iv) 12 h reflux in EtOH using LiCl and Zn
granules under or 16 h reflux in DMF using LiCl, (v) 24 h reflux in MeOH/H,O (4:1), presence of
NH,OAc and precipitation with an excess of saturated aqueous solution of NH4PFg (vi) 12 h reflux in
DMF using LiCl and purification in column chromatography, (v) 24 h reflux in MeOH/H,O (4:1),
NH,OAc, precipitation with an excess of saturated aqueous solution of NH4PFs and recrystallization
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in CH,CI; (viii) five days heated at 45 °C in acetonitrile in presence of KOAc and KPFg, (ix) 24 h
reflux in MeOH, precipitation with an excess of saturated aqueous solution of NH,PFs and
recrystallization in CH,Cl,. All synthesis was done under N, atmosphere and in the dark.

Crystal structures of I, 1-3 have been determined by X-ray diffraction analysis. Figures 1-2
and S1 display their molecular structures, whereas the main crystallographic data and
selected bond distances and angles can be found in the Supplementary Information section
(Tables S1 and S2).

In all cases, the Ru metal centres adopt a distorted octahedral type of coordination (Figure 1).
In the case of complex cis,cis—[RuHClz(dmso)z(dpbpy)] I, the diphenyl-bipyridine ligand acts
in a bidentate fashion through its N-atoms and the two monodentate chlorido and dmso
ligands occupy the other four coordination positions, adopting a cis coordination with respect
to each other. All bond distances and angles are within the expected values for this type of
complexes.”>* It is interesting to note that the Ru-N12 bond length (2.085 A), where the N
atom is placed frans to the S atom of dmso ligand, is larger than the distance found for Ru-
N23 bond (2.065 A), where a Cl ligand is situated trans to the N atom. This denotes the
stronger trans influence of the dmso with respect to the chlorido ligand. The complex
displays two intramolecular hydrogen bonds in the equatorial plane, i) a strong hydrogen
bond between the oxygen atom of the equatorial dmso ligand and the close hydrogen atom of
the bipyridine ring (H22-O5 = 2.245 A), then placing the methyl dmso groups above and
below the equatorial plane; and ii1) a second weak interaction takes place between the
equatorial chlorido ligand and the other hydrogen atom of the bipyridine (H13-C13=2.718 A)
(Figure Sla). Remarkably, the phenyl substituents are no coplanar with the bipyridine
aromatic rings, showing torsion angles of 22.37 and 24.11°,

For the complexes rac-1-3 all the ligands are coordinated in a bidentate fashion through their
N atoms. The distorted octahedral geometries observed are due to the geometrical restrictions
imposed by the dpbpy and phen bidentate ligands, presenting angles less than 90° (78.2-78.8°
for rac-1, 78.13-80.78° for rac-2 and 78.41-79.77° for rac-3), as a consequence other angles
are larger than the 90° expected for an ideal octahedral geometry. Similar to I in these
complexes the phenyl substituents are no coplanar with the bipyridine aromatic rings. All

bond distances and angles are within the expected values for this type of complexes.*



The crystal structures of the three complexes show the presence of two enantiomers A and A

as can be observed in Figures 2 and S1.

a) b)

Figure 1. Crystal structures and labelling schemes for complexes | (a), 1 (b), 2 (c) and 3 (d).

Unlike complex rac-1, the structure of rac-2 displays n-stacking interactions between the

phenyl substituent of one enantiomer and one of the bipyridine rings of the other
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enantiomer (Figure S1c). The packing of rac-3 along the b and c axis shows solvent
molecules and anions PFg" between the ruthenium cations and also n-stacking interactions

between phen rings of neighbouring molecules (Figure S1d and S1e).

Figure 2. Crystal structures and labelling schemes for enantiomers A-3 and A-3.

Spectroscopy characterization

The IR spectra of all complexes showed vibrations around 3090 cm™, which can be assigned
to the v(=C-H) stretching modes corresponding to the aromatic rings, the spectra also
displayed vibrations around 1600 cm™ and 1389-1412 cm™, which were assigned to v(C=C)
and v(C=N) of the ligands. The observed peaks at 1300-1110 cm™ can be assigned to 5(C-H)
in the plane. In compound 1, the vibration at around 1090 cm™ was attributed to the v(S-O)
stretching due to the presence of the dmso ligand.

The 1D and 2D *H-NMR spectra of I-1V and 1-4 complexes were recorded in acetone-d,
dichlorometane-d, or acetonitrile-ds; and are displayed in Figures 3 and $2-S9. *H-NMR of |
showed two sets of resonances (Figure S2), one in the aromatic region corresponding to the
protons of the dpbpy, and four singlets in the aliphatic region, at 6 = 3.50-2.57 ppm, due to
the CH3 of the dmso ligands. This pattern of resonances indicates that complex I is an
asymmetric molecule corresponding to the cis(Cl), cis(dmso)-isomer, which is in agreement

with the structure in solid state. As expected, resonances from complexes I1-111 appeared in
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the aromatic region and can be assigned to the aromatic protons from the polypyridyl ligands
dpbpy and phen (Figures S3 and S4). The spectral pattern confirms the asymmetry of the
corresponding ligands when are coordinated to the Ru centre, where the two “pyridine” rings
have different environments, which is in accordance with the presence of the cis isomers in
both complexes. The higher deshielding observed for Hc, with respect to Hc” in 11 (10.21 vs
7.71ppm) and Ha with respect to Ha’ in 111 (10.54 vs 7.84 ppm), are due to the close chlorido
ligands that are placed in cis position to the former protons (Figure S3 and S4). For
compound 1V (Figure S5) we observed three resonances in the aliphatic region: one due to
the CHj; groups of two acetonitrile ligands in trans position (2.14 ppm), and two at 1.86 and
2.54 ppm corresponding to the protons of the two non-equivalent acetonitrile ligands.

The *H-NMR spectrum of the homoleptic 1 containing three bidentate dpbpy ligands (Figure
S6) showed the same name of resonances that the spectrum of the free dpbpy ligand, but
different chemical shifts, which indicates the symmetry of 1. However, for the heterolytic
complexes 2 and 3, a loss of symmetry was observed by the appearance of new resonances,
which indicateed different chemical environments for the protons of the two dpbpy or phen
ligands in complexes 2 and 3, respectively, due to the coordination of a different ligand
(Figure 3). In both cases, the pyridinic protons (Hc and Ha) did not show high values of
chemical shifts, as those observed in the starting complexes Il and 111 (Figures S7 and S8).
Both complexes 1V and 4 revealed two set of signals (Figure S5 and S9) in the aromatic and
aliphatic regions, and the disappearance of the C-H proton from the carbene ligand at 9.8
ppm clearly indicating its coordination to the metal.

It was assumed that complex 4 presents a similar geometry to 2 and 3, however, the presence
of the asymmetric carbene ligand caused a decrease of the symmetry in the molecule and the
appearance of a higher number of resonances, which indicates different chemical
environments for all the protons that are chemical and magnetically non-equivalent (Figure
S9). The 1D- NOESY together with 2D COSY, TOCSY and NOESY NMR correlations
allowed assigning most of the non-equivalent protons, however, in some cases, an
overlapping of the signals is observed, especially for the different protons of the phenyl

substituents, preventing the individual assignment of each of them.
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Figure 3.'H-NMR spectrum of complex 3

The ESI-MS spectra for neutral compounds Il and 11 displayed peaks at m/z 788.2 and 532,
respectively, that can be assigned to the molecular weight of the oxidized species, [M]". For
complex 1V two peaks at m/z 528.9 and 487.9 were observed, that correspond to [M-PFe-
CHsCN]" and [M-PFs-2CH3CN]" monocations, respectively. Compounds 1-4 displayed
peaks corresponding to [M-PFs]* monocations and [M-2PFg]** dications. The ESI-MS spectra

are shown in Figure S10.

Photophysical Properties

The photophysical properties of the complexes have been studied by absorption and emission
spectroscopy in CH3CN and CH,Cl,. Tables 1 and S3 collect the photophysical data for 1-4
and the spectra are displayed in Figures 4 and S11. The UV-Vis spectra exhibited ligand
based n-n* bands below 350 nm corresponding to the polypyridyl ligands and relatively
intense bands above 350 nm, mainly due to dr(Ru)-n*(L) MLCT transitions.*® A different
pattern of absorption bands was observed for Il and Il complexes, where significant
absorption was observed in the visible region between 500-600 nm. These bands were
attributed to pn(Cl)-dn(Ru) LMCT transitions in related systems. 37 In contrast, investigating
the charge density difference map of the corresponding transitions in Il and 111 (Figure S12),
it can be established that the transitions have Ru(dr)-n* MLCT and Cl(n)-n* LLCT

character.
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It is worth mentioning that all the complexes showed red shift of their MLCT transitions in
comparison to the [Ru(bpy)s]** that are located at 450 nm.?" A blue shift of 9 nm to higher
energy absorptions was observed for the MLCT transitions by changing dpbpy to phen
ligands in complexes 1-3 (Table 1 and Table S3). This agrees with the weaker o-donor
capacity of the phen ligand,*® in parallel, a weaker n-acceptor character could be expected,
which results in a relative stabilization of the donor dr(Ru) orbitals caused by the phen
ligand. In full agreement the calculated HOMO’s energy level decreases in the order 1>2>3
(Figure S13-S16) vide infra. Moreover, complex 4 with the carbene ligand showed longer
wavelength than 2 and 3 due to the higher o-donor character, and similar values of
wavelength that complex 1 with three dpbpy ligands. This fact may be due to the higher
delocalized & electron density of the dpbpy ligands.

Compounds I-1V do not show any photoluminescent properties. A possible explanation could
be the existence of non-emissive, dissociative excited states.*****! These results agreed with
the DFT calculations, where ligand dissociation could be observed during the optimization of
the triplet states. Since our target compounds were 1-4, we have not investigated in more
details these non-emissive compounds. A significant solvatochromic effect was observed for
the PL properties of complexes 1-4. The emission maxima for 1-4 was in the range from 615
to 628 nm in CH3CN, whereas a blue shift of 4 to 15 nm was observed in the less polar
CH.Cl,, with emission between 600 and 620 nm (Figure 4b), due to the different polarities of
solvents. Compound 4 containing a CN-Me ligand featured an emission red-shift (Ae,, = 628
nm) compare to those of 1-3, whereas compound 3 with two phen ligands is blue shifted (Aem
= 615 nm) with regards to the other complexes. These results indicated that changing a bpbpy
by a phen ligand produces a blue-shift of the emission band, whereas the introduction of a
carbene ligand (CN-Me) shifts the emission to lower energies. The phosphorescence spectra
of 1-4 with non vibronic structures suggest that the lowest energy excited state is mainly
’MLCT in character. Evaluation of the phosphorescence quantum efficiency indicated that
quantum yields from complexes 1-4 are nearly four times higher in CH,Cl, than in CH3CN.
Complex 2 exhibited the highest phosphorescence emission with a quantum yield (®p) of
44.1% in CH,Cl, followed by complex 1 (®p = 40%), being much lower in degassed CH3;CN

(18.4% and 13.7%, respectively) under N, atmosphere. Contrarily, complex 4 exhibited the
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lowest quantum efficiency with a ®p of 16%, what suggested that the introduction of the CN-
Me ligand significantly decreases the emission of the parent system.

Because of the highest quantum yields measured for 1-4 in degassed CH,Cl,, their
photophysical properties were further investigated in this solvent. On the one hand, triplet
state lifetimes (tp) were determined under nitrogen atmosphere, which correlated with the
emission quantum yields measured- i.e., higher ®p values were found for 1 and 2 exhibiting
the largest phosphorescence efficiencies (Figure S17). On the other hand, when working with
aerated CH,CI, solutions, the emission quantum yields 1-4 decreased about 3-/4-fold, as
expected. However, all these complexes preserved rather large ®p values at this condition (>
5%), which suggested that they could be used as emission probes in biological samples. In all
cases, the quantum yields dropped considerably in non-degassed solutions, which clearly
evidence the effect of the O,, indicating that the triplet emissive states are preferably
consumed by non-radiative ET process via oxygen quenching. As the *MLCT state is highly
sensitive to ground-state 30, as in presence of oxygen, the energy transfer from the triplet
excited state of the complex to triplet oxygen should produce the quenching of the emission
intensity and possibly the generation of cytotoxic singlet oxygen (*O,), which should be
favourable for PDT. To investigate the singlet oxygen photosensitizing properties of 1-4, we
used 9,10-dimethylanthracene as a specific 'O, chemical trap. DMA is well-known to
undergo efficient photooxidation in the presence of *O,, which results in the disappearance of
their characteristic absorption bands in the 300-400 range due to the formation of an
endoperoxide product. In light of this, we investigated photometrically the photooxidation of
DMA when mixed with 1-4 in CH,Cl, and illuminated with visible light that is selectively
absorbed by the complexes. While no intrinsic photoreactivity was observed for separate
DMA under these irradiation conditions, fast DMA photobleaching was measured for the
mixtures with the complexes (Figure S18). In addition, no reactivity was registered for these
mixtures in the dark. Therefore, these results demonstrate the capacity of 1-4 to behave as 'O,
photosensitizers. In combination with their high ®p, this prompted us to explore the
application of these complexes in vitro as both emissive probes for bioimaging in confocal

microscopy and PDT agents for tumorigenic mammary epithelial SKBR-3 cells (vide infra).

13



Table 1. Photophysical and electrochemical data of complexes 1-4.

Complexes Aabs hem Dp Aabs hem @p Tp ®p

E
omy | ome | @ | ome | ome | @0 | )t | 06 | (RUMRUV)

1 475 624 13.7 475 620 | 40.0 | 1.61 | 105 1.31
2 466 619 18.4 466 612 | 441 | 1.74 | 140 1.34
3 457 615 9.3 457 600 | 264 | 1.14 | 9.0 1.38
4 476 628 5.2 474 618 | 16.0 | 096 | 5.1 1.15

 Absorption, emission and phosphorescence quantum vyields for degassed solutions in CH;CN;
*[Ru(bpy)s]*" as the standard (@, = 9.4% in degassed MeCN):** © Absorption, emission and
phosphorescence quantum yields for degassed solutions in CH,Cl,; “phosphorescence lifetimes
measured in degassed CH,Cl, solutions at Ae. = 355 nm and room temperature; *emission quantum
yields measured in air in CH,CI, solution at A, = 445 nm, using N,N’-bis(butyl)-1,6,7,12-tetra-
(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic diimide as a standard (®f = 1 in
CH,CL)*; 'CH,Cl, + 0.1 M TBAH.
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Figure 4. a) Normalized UV-visible absorption and photoluminescent (PL) emission spectra for 1-4
in CH,ClI,. b) Normalized emission for compounds 1-4 in CH3;CN (solid line) and CH,Cl, (dot line).

Theoretical calculations

In order to get deeper insight into the electronic structure of these complexes, DFT
calculations were performed and computed vertical transition energies were obtained using
TDDFT (more details in the Sl). Investigating the Kohn-Sham orbitals (Figure S13-S16 and
S18-S19) in the SI), it can be established that, the central Ru has major contribution to
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highest occupied molecular orbitals (HOMO-HOMO-2), while the lowest unoccupied orbitals
localised at the ligands. In case of compounds 1-4, HOMO-LUMO MLCT transition
responsible for intense absorption between 457-476 nm (in acetonitrile) and as it can be
expected the absorption around 300 nm belongs to ligand-centered w-nt* transitions, mainly
from orbitals below the energy level of HOMO-5 towards the LUMO or LUMO+L1. In case of
1 and 2 the shoulder around 430-440 nm can be attributed to HOMO-2->L+1 and HOMO-1-
>L transitions. In case of 3 the lower level of the HOMO results blue shift of the HOMO-
LUMO transitions, moreover the lower oscillator strength (which corresponds to the intensity
of the peaks in the experimental spectra) were calculated of the transitions around 300 nm in
full agreement with the experimental spectra. It is notable in case of 4, the good &-electron
donor carbene ligand increases the energy level of the HOMO, and the double bond and the
lone pairs of the nitrogen of the NHC moiety have some contribution to this orbital (Figure
S16) as well.

To better identify the origin of the non-emissive character of I-1V, the triplet states of the
above-mentioned systems were examined. It can be established that the dmso, CH3CN or CI
ligands dissociate during the geometry optimization of the triplet state of I, Il and IV, which
can cause a very effective non-radiative decay. Interestingly, no ligand dissociation could be
observed in complex Il after the optimization of the triplet state. For I and 11 the triplet
states are less stable, only 25.0 and 28.0 kcal/mol respectively (Table S17 in the Sl), which
means that the lack of phosphorescence can most probably be attributed to the smaller

singlet-triplet gap resulting from ligand dissociation in the case of these complexes.

Electrochemical characterization

The redox properties of complexes I-1V and 1-4 have been studied by cyclic voltammetry
(CV) experiments in CH3CN and CH,Cl, + 0.1 M TBAMH, using glassy carbon (GC) as
working electrodes and the redox potentials are referred to saturated calomel electrode (SCE).
Table 1 and Table S18 show the summary with the redox potential values and the CV of the
complexes are displayed in Figures S20 and S21. All CV exhibited one-electron oxidation

wave that correspond to Ru""/ Ru" redox couple.

15



The redox potential values observed for complexes I, 11 and 11, all containing two chlorido
ligands, are E1,= 1.1, 0.37 and 0.38 V, respectively (Figure S20). The highest potential value
observed for I is indicative of the highest n-acceptor character of two dmso ligands with
respect to one dpbpy ligand in 11 and I11. An additional wave at E,.= 0.30 V is also observed
in 1, that evidences a dmso linkage isomerization process.** After oxidation of Ru'(dmso-S)
species to Ru'"(dmso-S) at Epa = 1.17 V, the latter undergoes a fast linkage isomerization,

"(dmso-0). This species is reduced to Ru'(dmso-O) upon back-scanning, with a

forming Ru
cathodic peak at E,c = 0.30 V. The shift to lower potential values for the O-coordinated dmso
complex is due to the lower electron-withdrawing ability of the O-coordinated dmso.
Voltammograms of complexes 1-4 (Figure S21) exhibited a one-electron quasi-reversible
redox wave at potential values around of E;,=1.31V (1),1.34V (2) 1.38 V (3) and 1.15 V
(4) corresponding to the Ru"'/Ru" redox couples. It can be observed that the trend in the
redox potentials from 1 to 3 complexes becomes more positive with the increasing number of
phen ligands in the complexes, in full agreement with the HOMO’s energy level and the
observed blue shift of the MLCT transitions in the absorption spectra. This evidence seems
indicate that the phen ligand is more electron-withdrawing that the dpbpy ligand. On the other
hand, the lowest potential value observed for complex 4, containing the heterocycle carbene
ligand, indicates that this ligand is more c-electron donating than the polypyridilic ligands,
dpbpy and phen, then doing more electron rich the ruthenium centre and easier to oxidize.

All previous results suggested that complexes 1-4 could be potential candidates as PSs for
PDT, which encouraged us to accomplish preliminary biological in vitro assays to discern
whether these compounds have the required properties to become PDT agents.

Biological in vitro studies

The complexes internalization was evaluated using confocal laser scanning microscope.
Tumorigenic mammary epithelial SKBR-3 cells were incubated with 10 pug/ml of complexes
1-4 for 4 h to allow their internalization (Figure 5). Then, complexes were irradiated (light-
activated) using the specific wavelength excitation light for each compound and detected
according to the emission properties of the complexes. The same caption parameters were

used for all complexes and results showed that SKBR-3 cells were able to internalize all of
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them. Images from confocal microscopy (Figure 5) clearly showed that complexes 1 and 2
much better internalized compared to 3 and 4. Complexes 1 and 2 demonstrated to be the
most promising candidates as in vitro bioimaging probes due to their high luminescence
emission and cellular uptake. On the contrary, complexes 3 and 4 with lower internalization
and phosphorescence efficiency were not considered adequate as luminescent probes. It is
well known that certain luminescent Ru (II) polypyridyl compounds containing lipophilic
ligands have an affinity for hydrophobic membranes.”**® According to our results, we
hypothesize that complex 1 with three bulky dpbpy ligands has the highest lipophilic
character, followed by complex 2. This would allow them to cross the cell membrane and
accumulate inside the cell, whereas the introduction of phen or CN-Me ligands would hamper

the internalization of complexes 3 and 4 in the cell.

Figure 5. Confocal laser scanning microscope (CLSM) images of live SKBR-3 cells incubated with
10 pg/ml of complex 1 (a), 2 (b), 3 (c), and 4 (d) for 4 h. Cell membrane was stained by Cell Mask
Deep Red Plasma Membrane dye (green) and complexes emission was detected in the red spectrum
range (red). On the right of each image an enlarged area can be seen.
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Once the internalization was verified, complexes 1 and 2 were the selected candidates to
pursuit the cytotoxicity studies due to i) the degree of internalization, ii) the complex
brightness and iii) the highest phosphorescence efficiency.

To evaluate the cytotoxic effect of complexes 1 and 2, SKBR-3 cells were incubated with
three different concentrations (5, 10 and 20 pg/ml) of the complex, and a control (0 pg/ml)
for 4 h, and then irradiated, using an 8 W lamp and a wavelength in the range 400-600 nm for
10 min, or kept in dark conditions. The cytotoxicity of the complexes was evaluated in both
light-activated and dark conditions after 48 h in culture using Alamar Blue, a metabolic
activity assay.
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Figure 6. Cell metabolic activity for SKBR-3 cells incubated with different concentrations (5, 10 and
20 pug/ml), and a control (0 ug/ml) of complex 1 (a) and 2 (b) after 48 h post-irradiation in dark
conditions (non-irradiated) and light-activated (irradiated). Asterisks denote statistical differences in
the metabolic activity.

Results for complex 1 did not show cytotoxicity in dark conditions for any of the
concentrations analysed (Figure 6a). However, a significant decrease in the metabolic activity
was observed when cells were incubated with 20 pg/ml of complex 1 and irradiated for 10

min. The concentrations of 5 pg/ml and 10 pg/ml did not show any cytotoxic effect when
irradiated.
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Regarding complex 2, results showed a significant decrease in the metabolic activity when
cells were incubated with 10 pg/ml of the complex 2 and irradiated for 10 min compared to
non-irradiated cells (Figure 6b). However, no significant differences were observed between
irradiated and non-irradiated cells at 5 pg/ml and 20 pg/ml concentration. Regarding the
effect of complex 2 on the metabolic activity in dark conditions, a significant decrease was
observed when incubated with 20 pug/ml of the complex compared to control samples. In
addition, no differences were observed for control samples between dark or irradiated
conditions.

The metabolic activity of the cells is directly related to the cell viability, therefore these
results suggested that complex 1 is not cytotoxic for any concentrations tested and 2 is
cytotoxic at 20 pg/ml when incubated in dark conditions. However, when samples were
irradiated, a cytotoxic effect was observed at 20 pg/ml for complex 1 and 10 pg/ml for
complex 2. These results indicated that light-activated complexes 1 and 2 were able to induce
cell death on tumorigenic mammary epithelial SKBR-3 cells without any deleterious effect
when in dark conditions. We hypothesize that these two complexes generate ROS which lead
to intracellular damage and cell death.?'® Thus, the results obtained for internalization and
cytotoxicity analyses denoted the potential of both complexes as a candidate for PDT.

The results indicate that complex 1 would be a good candidate for PDT as it presents a
balance between its hydrophobic character and its cytotoxic properties.*” On the one hand, its
hydrophobicity seems suitable for cellular uptake and intracellular accumulation, particularly
within the cytoplasm. Remarkably, even at a concentration as high as 20 pg/ml, complex 1
exhibits negligible cytotoxicity in the absence of light activation. In contrast, complex 2,
while similarly proficient in cellular internalization, manifests a degree of cytotoxicity prior

to light activation at the same concentration of 20 pg/ml.

CONCLUSIONS

A series of homo- (1) and heteroleptic Ru(ll) polypyridyl complexes (2-4), containing 4,4’-
diphenyl-2,2’-bipyridine (dpbpy) and 1,10-phenantroline (phen) or N-methyl-N’-2-
pyridilimidazolium (CN-Me) ligands, have been successfully synthesized and studied as

potential PDT photosensitizers. Their structures in solid and solution were fully confirmed by
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X-ray diffraction, multinuclear NMR and ESI-MS measurements. For all complexes, the UV-
Vis spectra displayed ligand based m-n* bands at high energies corresponding to the
polypyridyl ligands and relatively intense MLCT transitions in the range 457-476 nm, that
were red shifted when changing phen by dpbpy or CN-Me ligands, due to the weaker o-
donor capacity of phen. A different pattern of absorption bands was observed for the starting
chlorido complexes, corresponding to pn(Cl)-dn(Ru) LMCT transitions, in the visible region
between 500-600 nm. DFT calculations confirmed that the HOMO-LUMO MLCT transition
is responsible for the intense absorptions between 457-476 nm and the absorption around 300
nm belongs to ligand-centered n-t* transitions, mainly from orbitals below the energy level
of HOMO-5 towards the LUMO or LUMO+1. The electrochemical studies showed one-
electron oxidation waves corresponding to Ru"'/ Ru" redox couple, with the exception of
complex | where an additional wave at E,.= 0.30 V is also observed, that evidences a dmso
linkage isomerization process. For 1-4 the redox potentials become more positive when
increasing the number of phen ligands in the complexes, in full agreement with the energy
level of the HOMO and the observed blue shift of the MLCT transitions in the absorption
spectra.

Starting 11-1V did not show any PL properties, whereas their derivatives 1-4 displayed
phosphorescence emission in the range from 615 to 628 nm in CH3CN and in the range from
600 to 620 nm in CH,CI,, indicating a solvatochromic effect. Studies using degassing
solutions confirmed the triplet nature of the emissive states (“MLCT). In both solvent,
complexes 1 and 2 exhibited the highest phosphorescence emission with quantum efficiencies
of 40.0% and 44.1% in degassed CH,Cl,, respectively. On the contrary, complex 4 showed
low quantum efficiency suggesting that the introduction of a carbene ligand produces a
significant quenching of the phosphorescence. All of them show lower quantum yields in
aerated solutions Furthermore, complexes 1-4 have phosphorescence triplet state lifetime in
the range 0.96 and 1.74 ps in degassed CH,Cl,. TDDFT theoretical analysis seems to indicate
that the origin of the non-emissive character of I, Il and IV is the dissociation of dmso,
CH3CN or Cl ligands.

Complexes 1 and 2 displayed the highest luminescence efficiency and cellular uptake in
tumorigenic mammary epithelial SKBR-3 cells and demonstrated to induce cell death after
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light-activation. However, an important difference between the two complexes must be
stressed: while complex 2 shows a certain cytotoxicity in dark conditions, which rules it out
as a PDT agent, complex 1 seems to possess a perfect balance between its hydrophobicity and
low cytotoxic properties in the dark. These results suggest that complex 1 could be a good
candidate as theranostic agent for bioimaging and PDT.

The development of these type of complexes allows for the construction of future light-
activated molecules which are able to act as highly reactive PDT agents that can be excited
with red light and use oxygen-independent mechanisms of action. We will continue to strive
and work on the development of synthetic methodologies and improved purification methods
for the production of new systems based on polypyridyl Ru complexes, as well as the study

of their photophysical properties and biomedical applications.

EXPERIMENTAL SECTION

Materials

All reagents used in the present work were obtained from Sigma-Aldrich and were used
without further purification. Reagent grade organic solvents were obtained from Carlo Erba
and high purity de-ionized water was obtained by passing distilled water through a nano-pure
Mili-Q  water  purification  system.  3-methyl-1-(pyridin-2-yl)-1H-imidazol-3-ium

hexafluorophosphate (HCN-Me)PFs ligand was prepared according to literature procedures.*®

Instrumentation and Measurements

IR spectra were recorded on an Agilent Cary 630 FTIR spectrometer equipped with an ATR
MK-II Golden Gate Single Reflection system. Cyclic voltammetry (CV) and Differential
Pulse Voltammetry (DPV) experiments were performed in an IJ-Cambria 660C potentiostat
using a three electrode cell. Glassy carbon electrode (3 mm diameter) from BAS was used as
working electrode, platinum wire as auxiliary and SCE as the reference electrode. The
complexes were dissolved in solvents containing the necessary amount of n-BusN'PFg
(TBAH) as supporting electrolyte to yield a 0.1 M ionic strength solution. All Ey;, values
reported in this work were estimated from cyclic voltammetry experiments as the average of
21



the oxidative and reductive peak potentials (EpatEyc)/2. The NMR spectroscopy was
performed on Bruker DPX 300 and 400 MHz spectrometers. Samples were run in CD,Cl;,
CDgCO or CD3CN. Elemental analyses were performed using a CHNS-O Elemental Analyser
EA-1108 from Fisons. ESI-MS experiments were performed on a Navigator LC/MS
chromatograph from Thermo Quest Finnigan, using acetonitrile as mobile phase.

Crystallographic Data Collection and Structure Determination

The X-ray intensity data were measured on a Bruker D8 QUEST ECO three-circle
diffractometer system equipped with a Ceramic x-ray tube (Mo Ka, A = 0.71076 A) and a
doubly curved silicon crystal Bruker Triumph monochromator, using APEX3 software
package.**The frames were integrated with the Bruker SAINT.>® Data were corrected for
absorption effects using the Multi-Scan method (SADABS).** The structures were solved and
refined using the Bruker SHELXTL.

The crystallographic data as well as details of the structure solution and refinement
procedures are reported in supplementary information. CCDC 2235126 (for cis,cis-1),
2235127 (for 1), 2235128 (for 2), and 2235125 (for 3) contain the supplementary
crystallographic data for this paper.

Synthesis and characterization of the complexes

Synthesis of cis,cis-[RuCl,(dpbpy)(dmso).], 1. A mixture of dpbpy ligand (0.1 g, 0.32
mmol) and [RuCl,(dmso)4] (0.124g, 0.27 mmol) were dissolved in 15 ml de methanol and the
resulting solution refluxed for 4h, under N, atmosphere and in the dark. An orange-brown
solid was formed and was filtered on a frit, washed with ether and vacuum-dried. Yield:137
mg (75%). Anal. Found (Calc.) for CH2sN2Cl,0,S;Ru: C, 47.37 (47.41); H, 4.12 (4.68); N,
4.79 (4.40). IR (v, cm™): 3063, 2925, 1610, 1539, 1472, 1409, 1297, 1308, 1233, 1099, 1088,
1017, 1002, 958, 898, 864, 868, 775, 760, 734, 715, 686. "H-RMN (400 MHz, CD,Cl,): &
9.80(d, J=5.92Hz, 1H, H,), 9.74(d, J=6.08Hz, 1H, H."), 8.48(d, J=1.68Hz, 1H, H,), 8.44(d,
J=2.0Hz, H,"), 7.80(m,5H, Hy, Hy, Ha), 7.68(dd, J=6.08Hz, J=2.04Hz, 1H, Hy"), 7.60 (m,6H,
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Ht, He, He, He?), 3.50(s,3H), 3.49 (s,3H) 3.15 (3H), 2.57 (3H). *C-NMR (400 MHz, CD,Cl,):
8 156 (C¢), 152 (Co), 120.5 (C,"), 120 (Cy), 127(Cp, Cg, Ca), 123 (Cp), 130 (Cs, Cr, Ce, Ce),
46, 45, 44 (Cchs). UV-Vis (CH,Cly) [Amax, nm (e, M cm™)]: 260 (213334), 299 (186667),
399 (31000). E1;, (CH,Cl, + 0.1M TBAH) = 1.1 V V vs. SCE.

Suitable crystals of cis-cis-1 were grown as pale-yellow plates by diffusion of diethyl ether

into a CH,Cl, solution of the solid.

Synthesis of cis-[RuCl,(dpbpy).], Il. Method 1. A mixture of RuCl; - 2,53 H,O (0.205 g,
0.81 mmol), dpbpy (0.5 g, 1.62 mmol), LiCl (0.1g, 2.43 mmol) and Zn granules (0.16 g, 2.43
mmol) was heated at reflux in 50 ml of EtOH for 12 h, under N, atmosphere and in the dark.
The reaction mixture was filtered, and a purple-black solid was obtained. Yield: 630 mg
(94%). Method 2. A mixture of RuCl3-253 H,O (0.150g, 0.593mmol) and DMF (5ml) was
stirred under nitrogen for 5 minutes, then LiCl (0.162g, 3.809 mmol) is added to the mixture
and stirred until its total dissolution. Then dpbpy (0.366g, 1.186 mmol) along with DMF
(5ml) was added. The mixture refluxed under N, atmosphere for 16 h to give a black solution.
The solution was left to cool at room temperature, then acetone (30 ml) was added and the
solution was cooled in the freezer overnight. The obtained product was filtered, washed with
ether and vacuum dried. Yield: 364.7 mg (78%).

Anal. Found (Calc.) for C44H3,N4Cl;Ru: C, 66.8 (67.0); H, 4.50 (4.09); N, 7.11 (7.10).

IR (v, cm™): 3067, 3063, 1610, 1535, 1464, 1409, 1360, 1248, 1014, 909, 846, 760, 734,
689. 'H-RMN (400MHz, CD,Cly): & 10.21 (d, J=5.9Hz, 2H, H.,), 8.61(s, 2H, Ha), 8,44(s, 2H,
Ha) , 7.94 (d, J= 7.5Hz, 4H, Hy) , 7.83 (d, J=5.8Hz, 2H, Hy), 7.71(d, J=6.1Hz, 2H,Hc’), 7.69-
7.59(m, 8H, He,He), 7.55(t, J=7.3Hz, 2H, H¢) , 7.46 (dqg, J=14.0, 7.0Hz, 6H, Hg¢,H¢), 7.14(d,
J=5.9Hz, 2H, Hy). °C NMR (400MHz, CD,Cl,): & 160 (C,); 158 (C,); 154.8, (C.); 152.5
(Cb); 146.7 (Cy); 145.5 (Cy); 137.3 (Cq); 136.4 (Cy); 129.6, (Ce); 129.5, (Ce); 129.3 (Cy);
129.2 (Cr); 127.2 (Cy); 126.9 (C.); 123.6 (Cy); 122.8 (Cy); 120.6 (Cy); 119.7 (Ca). UVIVis
(CH2Cly), [Amax nm (g, cm™ M™)]: 256 (51860), 381 (11273). E1p(Ru"'/Ru")(CH,CI; + 0.1M
TBAH): 0.371 V vs SCE. ESI-MS [ m/z]: 788.2 [M™].
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Synthesis of cis-[RuCly(phen),], I1l. A mixture of RuCl3-253 H,O (0.20g, 0.79mmol),
phen (0.285 g, 1.581 mmol) and LiCl (0.23 g, 5.53 mmol) was heated at reflux and stirred in
20 ml of DMF for 12 h, under N, atmosphere and in the dark. The solution was left to cool at
room temperature, then a black solid was precipitated. The obtained product was filtered and
purified in column chromatography (Al,Os3, eluent CH,CIl,/MeOH, 99/1). Yield: 141 mg
(33.5%).

IR (v, cm™): 3040, 1565, 1423, 1404, 1281, 1192, 1091, 1047, 838, 719. *H-RMN (400MHz,
CD,Cl,): 6 10.54 (dd, Ja-p=5.3Hz, J,..=1.3Hz, 2H, H,), 8.47 (dd, J.,=8.2Hz, J..,=1.3Hz, 2H,
He), 8.11 (d, Jo.q=8.8Hz, 2H, Hy), 8.08 (dd, Jp.c=8.2Hz, Jp.s=5.3Hz, 2H, Hy), 8.01 (dd, Jc-
p=8.1Hz, Jo.=1.2Hz, 2H, H¢), 7.96 (d, J¢.¢=8.8Hz, 2H, Hg), 7.84 (dd, Jyn-=5.4Hz, J,.
¢=1.2Hz, 2H, Ha), 7.20 (dd, Jp-.-=8.1Hz, Jp-.2-=5.4Hz, 2H, Hy). *C NMR (400MHz, CD,Cl,):
5 154.65 (C,), 152.8 (Cy) 133.33 (C,), 131.55 (C¢), 127.34 (Cy), 127.25 (Cy), 125.1 (Cp),
123.61 (Cp). UV/Vis CH.Cl)), [Anax nm (g, em™ M™)]: 267(67500), 550(12300).
Ex2(Ru"/Ru" )(CH:Cl, + 0.1M TBAH): 0.38 V vs SCE. ESI-MS [ m/z]: 532 [M"].

Synthesis of [Ru(CH3CN)4(CN-Me)](PFs)2, 1V. A mixture of [Ru(p-cymene)Cl,], (0.1g,
0.163 mmol), (CN-Me)PFg (0.099g, 0.326 mmol), KOAc (0.064g, 0.652 mmol) and KPFg
(0.12g 0.652 mmol) was heated at 45 °C in 20 ml of acetonitrile and stirred for five days,
under N, atmosphere and in the dark. Afterwards, the resulting solution was filtered and the
solution was removed. After the addition of diethyl ether was obtained a light brown solid,
which was filtered and dried. Yield: 211 mg (90.5%).

IR (v, cm™): 3300, 1494.27, 14043.83,823.52. 'H-RMN (400MHz, CDsCN): & 8.87 (d, 1H,
H,), 8.15 (t, 1H, Hy), 8.0 (d, 1H, Hs), 7.83 (d, 1H, H,), 7.44 (t, 1H, H3), 7.38 (d, 1H, Hg), 4.05
(s, 3H, H), 2,54(s, 3H, CHsCN), 2,14(s, 6H, CHsCN), 1.86 (s, 3H, CHsCN). °C
NMR(400MHz, CD,Cl,): 6 152(C;), 140.8(C,), 125.3(Cs), 122(C3), 116.6(Cs), 111.3(C,),
36.8(Cchs), 21.4(Ccraen), 3.55(Cchiaen), 3-1(Cehiaen). UVIVis (CH3CN), [Amax nm (g, cm™ M”
1)]: 600(9843),338(62148), 265.5(246857). Eps(Ru"'/Ru" )(CHsCN+ 0.1M TBAH): 1.17 V
vs SCE. ESI-MS [ m/z]:528.9, [M-PFs-CH3CN]"; 487,9 [M-PFs-2CH3CN]."
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Synthesis of [Ru(dpbpy)s](PFe)2, 1. A mixture of Ru"Cl,(dmso), (0.1g, 0.22 mmol) and
dpbpy ligand (0.26g, 0.87mmol) en 15 ml of EtOH was heated at reflux for 12 h, under N,
atmosphere and in the dark. Afterwards, the solution was left to cool at room temperature,
then after addition of a saturated aqueous solution of NH4PFs a red-orange precipitate was
formed which was filtered off and washed with cold water and ether and vacuum dried.
Yield: 240 mg (83%). Anal. Found (Calc.) for C¢sHssNgRuP,Fy5: C, 60.39 (60.23); H, 3.35
(3.68); N, 6.48 (6.39). IR (v, cm™): 3055, 1609, 1468, 1408, 827, 760, 693. *H-RMN
(400MHz, (CD3),CO): & 9.40 (s, 1H, H.), 8.30 (d, J=6.0Hz, 1H, H), 7.99 (dd, J=7.9, 1.6Hz,
2H, Hg), 7.94 (dd, J= 6.0, 1.9Hz, 1H, Hp), 7.64-7.53 (m, 3H, He,Hs). *C NMR (400MHz,
(CD3),CO): & 158.8 (Cj), 152.84(Cy), 150.59(C,), 136.68(Cp), 131.41(Cy), 130.35(Ce),
128.33(Cy), 126.07(C.), 123.03(C.). UV/Vis (CH2Cly), [Amax nm (g, cm™ M™H)]: 262 (109000),
348 (32270), 475 (28950). E1(Ru"'/Ru" )(CH,CI, + 0.1M TBAH): 1.31 V vs SCE. ESI-MS
[ m/z]: 1171.2 [M-PFg]*; 513.2 [M-2PF¢].2*

Synthesis of [Ru(dpbpy)2(phen)](PFs)., 2. The complex was synthetized following a
different method described in the literature.® A mixture of 11 (0.043g, 0.054mmol), ligand
1,10-fenantrolina, phen (0.011g, 0.060mmol) and NH4OAc (0.009g, 0.11mmol) was refluxed
in 30ml of MeOH/H,0 (4:1) during 24 h, under N, atmosphere and in the dark. Afterwards,
the solution was left to cool at room temperature, then after addition of a saturated aqueous
solution of NH4PFs an orange precipitate was formed. The solid was filtered off and washed
with cold water and diethylether and vacuum dried. Yield: 45,5 mg (67%). Anal. Found
(Calc.) for CsgHaoNeRUP,F12-2H,0: 54.74 (54.95); H, 3.18 (3.62); N, 6.91 (6.87). IR (v, cm’
1): 3051,1609, 1468, 1408, 819, 760. *H-RMN (400MHz, (CD,Cl,): & 8.68 (s, 2H, H.), 8.64
(s, 2H, H,), 8.59 (d, J=8.1 Hz, 2H, H,), 8.30 (d, J=4.6 Hz, 2H, H,), 8.22 (s, 2H, H,), 8.05(d,
J=5.9Hz , 2H, H."), 7.92(d, J=6.7Hz, 2H, H,), 7.897.85 (m, 3H, Hy Hs), b>7.80-7.74(m, 6H,
He,Hy?), 7.63(d, J=5.9Hz, 2H, Hs), 7.61(s, 4H, Hg), 7.-7.51(m, 14H, He, He, Hg, He). BC
NMR(400MHz, (CD3).CO): 6 152(C,), 151.7(C.+), 136 (C,), 130-125 (Cq, C &, Ce;, C¢)127,9
(Cy), 127.4(Cy), 127(C3), 126.8(Cp, C¢), 125-127 (Cy:, C¢) 121.33(Cy), 121.3(C,). UVIVis
(CH.Cly), [Amax nm (g, cm™ M7Y)]: 265 (120000), 297 (78000), 466 (24400).
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E1(Ru"/Ru')(CH,Cl, + 0.1M TBAH): 1.34 V vs SCE. ESI-MS [ m/z]: 1043.2 [M-PF¢]",
449.1 [M-2PF¢]**.

Synthesis of [Ru(phen),(dpbpy)](PFs)2, 3. A mixture of 111 (0.084g, 0.158 mmol), lligand
dpbpy (0.0487g, 0.158 mmol) and NaOAc (0.0388g, 0.474 mmol) was refluxed in 50 ml of
MeOH/H,0 (4:1) during 24 h, under N, atmosphere and in the dark. Afterwards, the solution
was left to cool at room temperature, then after addition of a saturated aqueous solution of
NH4PFs a orange-red precipitate was formed. The solid was filtered and recrystallized in
CH.Cl,. Yield: 111 mg (66.43% %). Anal. Found (Calc.) for CssH3:NgRUP,F12: 52.42
(52.13); H, 3.18 (3.04); N, 7.74 (7.93). IR (v, cm™): 2917, 1613, 1423, 1103, 827, 764, 719,
700. "H-RMN (400MHz, (CD,Cly): & 8.64 (dd, Jgn=2.1Hz, J4+=0.6Hz, 2H, Hy), 8.61 (dd, J..
v=8.3Hz, J..c=1.2Hz, 2H, H.), 8.51 (dd, Jo.r= 8.3Hz, J,c=1.3Hz, 2H, H¢), 8.37 (dd, Ja
v=5.3Hz, Jo.a=1.2Hz, 2H, H,), 8.22 (d, J4.¢=8Hz, 2H, Hy), 8.18 (d, J4-4=8Hz, 2H, Hg), 7.96
(dd, Ja-=5.3Hz, Jo»=1.3Hz, 2H, Hx), 7.91 (dd, Jp..=8.3Hz, Jy..=5.3Hz, 2H, Hy), 7.74 (d, Je.
=6Hz, 2H, He), 7.68 (dd, Jp.=8.3Hz, Jp.2=5.3Hz, 2H, Hy"), 7.59 (d, Jji=2Hz, 2H, H;), 7.58-
7.55 (m, 4H, 2Hs, 2H;). *C NMR(400MHz, (CD,Cl,): & 153.27(C5), 152.90(C,), 152.55(Ce),
137.52(C.), 137.38(C.), 130.15(C;), 128.84(Cq), 128.79(Cq), 127.85(Cy), 127.12(Cy)
126.99(Cy), 126.28(Cr), 125(C;) 122.09(Cy). UV/Vis (CH2Cly), [Amax nm (g, cm™ M™H]:
264(145000), 382(16600), 456 (23600). Ey;p(Ru"/Ru" )(CH.CI, + 0.1M TBAH): 1.38 V vs
SCE. ESI-MS [ m/z]: 915, [M-PF¢]*; 385, [M-2PFg]*".

Synthesis of [Ru(dpbpy).(CN-Me)](PFs)2, 4. A mixture of 1VV(0.05g, 0.07 mmol), dpbpy
(0.043g, 0.14 mmol) was refluxed in 20 ml of MeOH during 24 h, under N, atmosphere and
in the dark. Afterwards, the solution was left to cool at room temperature, then after addition
of a saturated aqueous solution of NH4PFs a brown-orange precipitate was formed. The solid
was filtered and recrystallized in CH,Cl,. Yield: 29 mg (35.74 %). Anal. Found (Calc.) for
Cs2HaiN7RUP,F1,: 54.30 (54.08); H, 3.23 (3.58); N, 8.17 (8.49). IR (v, cm™): 1584, 1539,
1453, 1360, 1036, 831, 756, 682."H-RMN (400MHz, (CD,Cl,): & 8.64, 8.61, 8.60, 8.58 (s,
4H, H, » 2~2), 8.06 (d, 1H, H¢), 8.03(d, 1H, Hy), 7.98(d, 1H, Hs), 7.96(d, 1H, H.-), 7.814(d,
1H, H.»), 7.70(1H, H.), 7.9-7.7(m, 8H, Hy), 7.68(1H, H3), 7.63(d, 1H, Hyp), 7.54(1H, H,),
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7.6-7.5(m, 3H, Hy. -, 8 H, 1), 7.4-7.3(m, 4H, He Hr), 7.28(m, 1H, Hy), 7.26(d, 1H, He),
3.26(s, 3H, H;). UV/Vis (CHyCly), [Amax nm (g, cm™ M™Y)]: 474(12000), 296(63560),
254(96800). Eyo(Ru"'/Ru" )(CH,Cl, + 0.1M TBAH): 1.15 V vs SCE. ESI-MS [ m/z]: 1022,
[M-PFq]*; 438.7 [M-(2PF¢)]>".

Photophysical measurements

Optical properties were evaluated in anhydrous grade CH3CN and CH,Cl, purchased from
Sigma Aldrich and used without further purification. UV-vis absorption spectra were
recorded on a JASCO V-780 UV-Visible/NIR spectrophotometer using 1-cm path length
cuvettes. For each compound, measurements were conducted at different concentrations
within the range 10* to 10° M to calculate their molar extinction coefficients (g).
Phosphorescence emission spectra were measured using two different spectrometers: (a) a
VARIANT Cary Eclipse spectrometer, with which phosphorescence excitation spectra were
also recorded (excitation and emission slits = 2.5 mm); (b) a custom-made emission
spectrometer, where emitted photons are detected in an Andor ICCD camera coupled to a
spectrograph that allows conducting time-resolved spectral measurements. Appropriate
excitation wavelengths were selected in each case to maximize phosphorescence emission
while preventing overlap with scattering photons. Fluorescent contaminants were not
detected on excitation at the wavelength region of experimental interest for any of the
samples, while sample concentration was adjusted to have an absorbance between 0.1 and 1
at dexc to avoid inner filter effects. All the emission measurements were carried out in 1-cm
four-sided quartz cuvettes from Hellma Analitics and samples were previously degassed with
a nitrogen flow to avoid triplet state quenching by molecular oxygen.

Phosphorescence quantum vyields (¢) were determined using equation (1) and an external
standard: [Ru(bpy)s]** (®p = 9.4% in degassed MeCN)** or N,N’-bis(butyl)-1,6,7,12-tetra-(4-
tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic diimide (®¢= 1 in CH,Cl,).*

b = s I (1)

In equation 1 ¢s7p is the phosphorescence quantum yield of the standard, | and Istp are the

I Absstp n?

2
STD Abs nsrp

integrated area of the emission band of the sample and the standard, respectively, Abs and

Absstp are the absorbance at the excitation wavelength for the sample and the standard,
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respectively, and n and ngrp are the solvent refractive index of the sample and the standard
solutions, respectively.

Phosphorescence lifetimes were measured with our custom-made spectrometer using the third
harmonic of a Nd:YAG laser (Brilliant, Aexc = 355 nm, pulse width = 6 ns) as excitation
source. Time-resolved spectra were collected with a time resolution of 50 ns from 0 to 10 ps,
and the time decay of the integrated emission intensity was fitted with a monoexponential
function to obtain the characteristic tp Value.

9,10-dimethylanthracene (DMA) was used as chemical trap to investigate the singlet oxygen
photosensitizing properties of complexes 1-4. With this aim, mixtures of DMA and
complexes 1-4 were prepared in CH,Cl, (Coma = 14.0 10° M, c1.4 = 2.0 10° M) and the
variation of their absorption spectra upon visible light irradiation was measured in time. In
these experiments, selective irradiation of the complexes was accomplished by using a 435LP
long-pass filter to spectrally remove the violet component of a white light LED source (power
=28 mW cm™). Control experiments were also conducted to investigate the photostability of
DMA under equivalent illumination conditions as well as the stability of the mixtures of
DMA and complexes 1-4 in the dark.

Theoretical calculations

The Gaussian 16 program package™ was used for all calculations, while Molden 4.3°* and
IQmol 2.15.0> were used for the visualization of the computed structures and orbitals. For
visualization of the TD-DFT results Gaussum program was used.’®

The investigated systems were optimized at the B3LYP/6-31G* (LANL2DZ for Ru) level of
theory. This level of theory was succesfully applied for similar systems.* TD-DFT
calculations were carried out at several theoretical levels (Table S3-S8) for example CAM-
B3LYP/6-31G* (LANL2DZ for Ru), which showed a blue shift compared to the
experimental results. The utilization of PBE1PBE/6-31G* (LANL2DZ for Ru) resulted in a
strong red shift for compounds I and II. The B3LYP/6-31G* (LANL2DZ for Ru) with an
acetonitrile solvent model provided well-correlating data with the experimental results for

molecules 1-4, however, even though LANL2DZ has been used in previous literature for
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molecules containing Ru, some TD-DFT calculations were made at the B3LYP/def2-TZVP
level of theory. This resulted in a small red shift, which might better describe (slightly) the
UV-VIS spectra of 1-4.

Cell culture

Human tumorigenic mammary epithelial SKBR-3 cells (ATCC, USA) were cultured in
McCoy’s 5A modified medium (ThermoFisher Scientific, USA) supplemented with 10%
foetal bovine serum (ThermoFisher Scientific, USA) under standard conditions (37°C and
5% CO,). For internalization of the complexes, 200,000 cells were seeded in special glass
bottom confocal 35 mm dishes (lbidi, DE) and cultured for 24 h. For the cytotoxicity of the
complexes both in dark and light-activated samples, 50,000 cells were seeded in 24 well-

plates and cultured for 24 h to allow cell adhesion.

Internalization of the complexes

The in vitro internalization of complexes 1-4 into SKBR-3 cells was evaluated under
confocal laser scanning microscope. The complexes were diluted in DMSO (Sigma) to a
concentration of 2 mg/ml, and then diluted in McCoy’s 5A modified medium to obtain a final
concentration of 10 pg/ml. After 24 h of cells growing in standard conditions, cells were
incubated with 10 pg/ml of each complex for 4 h. Then, cells were washed with saline
solution and fresh medium was added. Cells were stained with Cell Mask Deep Red Plasma
Membrane dye (ThermoFisher Scientific) according to manufacturer’s protocol, and the
visualization was performed using a confocal laser scanning microscope (Leica SP5). For
each complex, a xyz sequentially acquired images were captured using A 488 laser to
visualize the complexes and L 633 laser for cell membrane visualization. Single plane and

orthogonal projections of the z-stacks were evaluated for each complex internalization.

Cytotoxicity of the complexes
The cytotoxic effect of the complexes both in dark and light-activated samples was evaluated
by the metabolic activity assay Alamar Blue (ThermoFisher Scientific). Complexes 1 and 2

were diluted as previously described and final concentrations of 5 pg/ml, 10 pg/ml, and 20
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pg/ml were used for the experiments. A total amount of 50,000 SKBR-3 cells were seeded in
24 well-plates and cultured for 24 h. Then, different concentrations of the complex were
added to the medium and cell were incubated for 4 h. After that, cells were irradiated using
an 8 W lamp and a wavelength in the range 400-600 nm for 10 min. The metabolic activity of
the cells was quantified after 48 h in culture using Alamar Blue assay, according to
manufacturer’s protocol. Samples containing the complexes in dark conditions were also
evaluated. In both cases, cells cultured without complexes were used as controls for dark and

light-activated conditions. The experiment was performed in triplicate.

Statistical analysis

The quantitative data were presented as the mean with the standard deviation. Statistical
differences were evaluated using the one-way analysis of variance (ANOVA) with the
Newman-Keuls multiple comparisons test. The analysis was performed using GraphPad

Prism, and a p value of p <0.05 was considered statistically significant.
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TOC GRAPHIC AND SYNOPSIS

ARu(Il) polypyridyl complex with three bulky 4,4’-diphenyl-2,2’-bipyridine ligands has
proven to be a promising theranostic agent for bioimaging and PDT
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