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ABSTRACT

The use of Photodynamic Therapy (PDT) for the treatment of several kinds of cancer as well
as bacterial, fungal or viral infections has received increasing attention during the last decade.
However, the currently clinically approved photosensitizers (PSs) have several drawbacks,
including photobleaching, slow clearance from the organism and poor water solubility. To
overcome these shortcomings, much effort has been made in the development of new types of
PSs, such as Ru(Il) polypyridyl complexes. Nevertheless, most studied Ru(Il) polypyridyl
complexes have a low absorbance in the spectral therapeutic window. In this work, we show
that, by carefully selecting substituents on the polypyridyl complex, it is possible to prepare a
complex absorbing at much higher wavelength. Specifically, we report on the synthesis and in-
depth experimental and theoretical characterisation of a Ru(Il) polypyridyl complex (complex
3) combining a shift in absorbance towards the spectral therapeutic window with a high '02
production. To overcome the absence or poor selectivity of most approved PS into targeted
cells/bacteria, they can be linked to targeting moieties. In this line, compound 3 was designed
with reactive aldehyde groups, which can be used as a highly versatile synthetic precursor for
further conjugation. As a proof of concept, 3 was reacted with benzylamine and the stability of
the resulting conjugate 4 was investigated in DMSO, PBS and cell media. 4 showed an
impressive ability to act as a PDT PS with no measurable dark cytotoxicity and
photocytotoxicity in the low micromolar range against cancerous HeLa cells from 450 nm up

to 540 nm.



1. INTRODUCTION
Photodynamic Therapy (PDT) is a medical technique for the treatment of several kinds of
cancer (i.e. lung, bladder, oesophageal and brain cancer) as well as bacterial, fungal or viral
infections. The mechanism of action of PDT relies on a combination of a photosensitizer (PS),
oxygen and light. To date, the majority of investigated and approved PS are based on a
tetrapyrrolic scaffold (i.e. porphyrins, chlorins), leading, generally, to similar properties and
therefore to similar drawbacks. In the context of PDT, these shortcomings are 1) poor water
solubility; 2) photobleaching; 3) low selectivity for cancer tissue and 4) slow clearance from
the body causing photosensitivity to the patients. To overcome these limitations, there is a need
for modification of existing PSs or the development of new classes of PSs.[1-11] Among other
classes of compounds, the development of Ru(II) polypyridyl complexes is receiving increasing
attention due to their excellent properties (i.e. high water solubility, high chemical stability and
photostability, intense luminescence, large Stokes shifts, high 'Oz production). As a highlight,
TLD-1433 from the McFarland group has just completed phase I clinical trial as a PDT agent
against bladder cancer.[8§] However, most synthesised and studied Ru(Il) polypyridyl
complexes lack absorbance in the spectral therapeutic window (600-900 nm). Therefore, a lot
of efforts have recently been made towards the development of Ru(Il)-based PDT PSs showing
a red shift in absorbance with respect to parent compounds.[9-14] As a highly investigated class
of compounds, [Ru(phen)s]*" derivatives have been studied as PDT PSs.[15-18] Several
examples have shown that the photophysical properties, including absorption, emission as well

as excited states lifetimes can be influenced by choice of the coordinated ligands.[5, 9, 11, 13,

19]

Next to suitable photophysical properties, the biological abilities of a PS including, for example,
cellular localisation or mechanism of cellular uptake, play a predominant role in the efficiency
of the treatment. As a model complex, [Ru(phen)s]>" was found to be strongly binding to the
minor groove of the DNA.[20, 21] By causing oxidative stress upon light irradiation, the
replication machinery and integrity of the genetic material can be damaged.[13-15, 22, 23] To
improve the PDT ability of a PS, the biological (e.g. cellular uptake and localisation) and
pharmacological properties can be tuned by functionalisation with a different moieties. These
additional fragments can be 1) a biologically active molecule which acts through a different
mechanism than the PS [24-26]; 2) a luminescent moiety for imaging[27]; 3) hydrophilic or
hydrophobic groups to change the lipophilicity to increase cellular uptake and/or change the

cellular localisation[12, 28] or 4) a targeting moiety to selectively deliver the PS to
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tumor/bacteria.[ 14, 29, 30] Herein, we have designed a Ru(II) polypyridine complex bearing
two aldehyde functional groups (complex 3, Scheme 1). As demonstrated in numerous
examples,[31, 32] aldehydes are known to be very reactive groups, that can be used versatilely
in organic synthesis. Importantly, it has already been shown that small organic molecule
functionalized with an aldehyde group can be linked to peptides or proteins at room temperature

in biological buffers.[33-35]

Herein, we report on the synthesis of the Ru(II) polypyridine complex 3 as a synthetic precursor
for long-wavelength PDT. We have investigated experimentally as well as by theoretical
calculations the photophysical properties of 3. As a proof of concept of its high versatility as a
synthetic precursor for conjugations, we condensated the aldehyde groups with benzylamine.
The stability of the conjugate was tested in DMSO, PBS and cell media. As shown below, the
conjugate 4 is highly toxic to cervical cancer HeLa cancer cells upon light irradiation (450, 480,
510 and 540 nm) with ICso values in the low micromolar range and, importantly, no measurable

dark cytotoxicity.



2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterisation
Complex 3 was synthesised as described in Scheme 1. To the best of our knowledge, the
synthesis of 3 has not been reported yet, whereas the syntheses of the ligand intermediates
(E,E’)-4,4’-bis(N,N-dimethylaminovinyl)-2,2’-bipyridine 1  and  2,2'-bipyridine-4,4'-
dicarboxaldehyde 2 were previously published.[36] However, here, slightly different
experimental procedures were utilized. 1 was synthesised by an enamination reaction with tert-
butoxy bis(dimethylamino) methane, also known as the Bredereck reagent. Subsequently, 2
was formed by an oxidative cleavage of the double bond with sodium periodate. The Ru(Il)
precursor dichlorobis(1,10-phenanthroline)ruthenium(Il) RuClx(phen) was synthesised as
previously published.[37] Finally, the desired complex 3 was prepared by complexation of
RuClz(phen): with 2. The identity of the complex was confirmed by 'H, *C-NMR and ESI-
HRMS and the purity by HPLC and elemental analysis (Figure S1-S4).

o]
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Scheme 1.  Synthesis of the desired complex 3. a) tert-butoxy
bis(dimethylamino)methane/Bredereck reagent, DMF, 140 °C for 24 h under N2 atmosphere,
79%; b) NalO4, THF/H20 (1:1), 50 °C for 20 h under N2 atmosphere, 78%; c) EtOH, reflux for
3h, DMSO, 150°C for 2 h, 86%:; d) 1,10-phenanthroline, LiCl, DMF, reflux overnight under N2
atmosphere, 63%; e¢) EtOH/H20 (1:1), reflux for 18 h under N2 atmosphere, 69%.



2.2. X-ray Crystallography
Two batches of crystals of complex 3 were obtained from vapour diffusion of
acetone/chloroform (a) and acetonitrile/tetrahydropyran (b).[38] Single crystal X-ray
diffraction studies carried out on a selected crystal from each batch gave different cell
parameters. Crystal data, structure refinement parameters and molecular structures of 3a and
3b are presented in Table S1 and Figures 1 and S5. The crystals grown from acetone/chloroform
(3a) contain a ruthenium(Il) dicationic complex, two PFe¢ counterions and two solvent
molecules of chloroform. The crystals of 3b were all very flat and twinned along the smallest
direction, it was physically not possible to get rid of the twinning but the diffraction intensities
were successfully integrated according to the non-merohedral twin law (1 -0.559 -0.180 0 -1 0
0 0 -1) in the direct space. The structure of 3b was solved but some regions of severely
disordered solvent molecules could not be refined with a reasonable modelling. The SQUEEZE
routine in PLATON][39] was used to take into account the solvent contribution to the calculated
structure factors: 125 electrons were found in the P1 unit cell, which were considered as two
molecules of CsHi0O and one molecule of CH3CN. In both structures, the Ru(Il) ion is
coordinated by two phenantroline ligands and one substituted bipyridine ligand through the N
atoms in a distorted octahedral geometry. Despite all aromatic rings present in the dicationic
molecules, there are no =...7 interactions in the crystal structures, the supramolecular structures

are formed by weak C-H...O and C-H...F interactions.



Figure 1. Molecular structure of 3b. The thermal ellipsoids are drawn at the 30 % probability

level and selected H atoms are omitted for clarity.

2.3. Photophysical properties
To evaluate the potential of complex 3 as a PDT PS, we performed photophysical
measurements. Due to the direct influence of the wavelengths used in PDT on the light
penetration depth into tissue, the absorption of the compound was measured in CH3CN. Based
on the comparison with similar Ru(II) polypyridyl complexes, the absorption bands (Figure 2)

were experimentally assigned.[40, 41]
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Figure 2. Normalised absorption spectrum of 3 and [Ru(bipy)3]** in CH3CN.

The highest energy bands were attributed to ligand centered (LC) transitions while lowest
energy absorption bands were assigned to a metal-to-ligand charge transfer (MLCT) transition.
Comparison (Figure 2) with the prototype complex, [Ru(bipy)s:]**, enables to show that the
MLCT transition, occurring at 450 nm in the latter[42] is red-shifted of roughly 35 nm in the
case of 3 with an absorption tail towards the therapeutic spectral window (600-900 nm). At this
stage, it is important to highlight that, despite the low absorption in the therapeutic spectral
window of the complex, it is still possible to envision an irradiation at these wavelength, as

demonstrated by McFarland.[8]

The experimental assignment was confirmed by Density Functional Theory (DFT) and Time
Dependent DFT (TDDFT) calculations (see also the Computational Details section). The full
list of computed transition energies and corresponding intensities (oscillator strength, f) is given
in SI (Table S2) while the corresponding computed spectrum, obtained by the means of a
Gaussian convolution of the vertical transitions represented as vertical bars is reported, together

with experimental spectrum, in Figure 2. Overall, while bands at high energies are
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quantitatively reproduced by TD-DFT calculations, a shift towards higher energies is observed

for the broad band observed between 400 and 500 nm which is thus only qualitatively predicted.

Indeed, the first intense electronic transition is computed at 447 nm and corresponds to the third
excited state, the first two ES (computed at 518 and 489 nm) being only very weakly absorbing.
Analysis of the nature of computed transitions allows to confirm the experimental attribution
of the main bands. In particular, the band observed —and computed- at 262 nm corresponds
essentially to an intense LC transition while several transitions with non-negligible intensity
contribute to the lowest energy band. Among these transitions, the lowest energy one (ES1, in
Figure 3) as well as the most intense ones (ES3 and ES6, Figure 3) have a clear Metal to Ligand
Charge Transfer (MLCT) character as highlighted by the analysis of the excited state density.
The computed difference between excited (ES) and ground state (GS) densities (reported in
Figure 3) allows to visualize the regions corresponding to an increase or a depletion of
electronic density upon excitation. These regions, depicted in yellow and blue, respectively,
basically cover the donor/acceptor moieties of the molecule involved in each transition. In order
to provide a more quantitative information concerning the CT character associated to each
transition, a charge transfer length (Dct)[43-45] can be computed from these density difference
distributions as the distance between the barycentres of the density depletion and increase
zones. These barycenters, represented as yellow and blue dots in Figure 3, provide a simple
picture of the hole and the electron position for each transition. As depicted in figure 3, for these
transitions the hole is essentially localized on the metal while an electron density increase on

the ligand carrying the aldhehydes substituents as expected in the case of a MLCT transition.

The emission of these complexes in CH3CN was determined upon excitation at 355 nm.
Complex 3 shows an emission maximum at 710 nm (Figure S6), which results in a large Stokes
shift implying minimal inference between excitation and luminescence. Consequently, the
luminescence quantum yield (@em) of the complex was determined upon excitation in CH3CN
at 355 nm and compared with the prototype complex [Ru(bipy)3]*" in CH3CN (®Pem=0.059
%)[46]. The value was found to be 0.011 %, in a range similar to that of other Ru(II)
complexes.[47-49] Additionally, the luminescence lifetime was determined upon excitation at
355 nm in CH3CN. Compound 3 has a lifetime of 578 ns in a degassed and of 120 ns (Figure
S7) in an air saturated CH3CN solution. The obtained values are in the same range as compared

with other Ru(Il)-complexes.[47-49] More importantly, these values show that the presence of
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oxygen has a significant influence on the lifetime of the excited state. This indicates that

molecular oxygen can interact with the triplet state of the complex.

1.2
= Calculated

1.0+ ﬂ ===== Experimental
= S 3
‘B 0.81::
5
k=
3 0.61
o]
E

0.4 4 .
z

0.2- £ N L

0.0 } mu‘ln ul |||| “ ” : B |

200 300 400 500 600 700

A (nm)
Figure 3. Experimental and computed absorption spectra of 3. Vertical bars correspond to

computed vertical transitions while the computed spectrum was obtained by a Gaussian

convolution (see Computational Details).
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ES1

Der =2.126

Figure 4. Plots representing the difference in density between ES and GS computed for the first
(ES=1, A=518 nm, =0.01 a.u.), the third (ES=3 A=447 nm, =0.248 a.u.) and the sixth (ES=6;
A=384 nm, f=0.166 a.u.) vertical transitions and are shown together with the corresponding Dct
values (in A). Yellow regions are characterized by an increase in density upon excitation while
blue ones show a decrease in electron density. Barycenters of the density increase/decrease
density distributions are represented in blue and yellow, respectively. Atoms colorscheme: C-

green; H-white; N-blue; O-red, Ru-brown.

2.4. Singlet oxygen generation
The drastic decrease of the excited state lifetimes of complex 3 in a degassed in comparison to
an air-saturated solution indicates that the excited state of 3 is able to interact with molecular
oxygen (°0z2). Having this in mind, we performed a quantification of the singlet oxygen ('02)
production. The 'Oz quantum yields were determined by two methods, as previously published
by our group:[50, 51] 1) direct method by measurement of the luminescence of 'Oz at 1270 nm,
2) indirect method by measurement of the variation in absorbance of the reporter molecule
imidazole (in CH3CN) or histidine (in PBS). The obtained values were compared with a
reference, namely phenalenone (@('O2)phenateonc=0.95) in CH3CN [52] and [Ru(bipy)s]Cl2
(D(1O2)Rubipy)3c12=0.22) in a aqueous solution.[47] The results obtained are shown in Table 2.
Compound 3 was found to exhibit an about 2.5 times higher singlet oxygen production in
CH3CN than in an aqueous solution. This observation as well as the data itself is comparable

with previously reported data on Ru(Il) complexes investigated as PDT PSs.[12, 13, 28, 47]
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Table 2. Singlet oxygen quantum yields (@('02)) in CH;CN and aqueous solution determined

by direct and indirect methods by excitation at 450 nm. Average of three independent

measurements, +-10%.

Compound CH;CN CH;CN DO PBS
Direct Indirect Direct Indirect
3 0.64 0.69 0.23 0.27

2.5. Conjugation of the synthetic precursor 3 to benzylamine

After having fully assessed the photophysical properties of the Ru precursor 3, we investigated
the possibility of conjugation of the Ru(Il) polypyridine complex 3 to other molecules through
the reactivity of the aldehyde groups. So far, bipyridine derivatives bearing aldehyde functional
groups have been used for conjugation via imines,[53-59] Wittig reactions,[60-64] Baylis—
Hillman reactions,[65] Knoevenagel condensations[66-68] or aldol condensations[69]. To
evaluate the potential of 3 to act as a synthetic precursor, we synthesised, as a proof of concept,
an imine adduct via condensation of the aldehyde with the amine group of benzylamine
(Scheme 2). The identity of the synthesised conjugate was confirmed by 'H, *C-NMR and ESI-
MS (Figure S8-S10).

X OH
— a)
-
N
= H
= ]

3

Scheme 2. Synthesis of conjugate 4. a) benzylamine, EtOH, 50°C for 2 h under N2 atmosphere,
54%.
TD-DFT spectrum of compound 4 (computed in CH3CN for the sake of consistency and

reported in SI as Figure S11) predicts a slight enhancement of the absorbance with respect to
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compound 3 in the 400-500 nm region together with a slight blue shift of this absorption band.
The most intense electronic transition contributing to this band is indeed blue shifted of roughly
20 nm. Analogously to what computed for compound 3, this electronic transition corresponds
to third excited state (ES3) as reported in Table S3 and Figure S12. The nature of the first three
transitions giving rise to the broad band in the 400-500 nm region is indeed unchanged with
respect to compound 3, all having a MLCT character. The imine groups seem to act as weak
acceptors, the MLCT transitions being directed from the metal center towards the ligand

carrying the imine substituents in analogy with the behavior observed for compound 3.

2.6. Stability of the conjugate 4
A crucial parameter for the use of a compound for any kind of biological application is its
stability in a biological environment. As a first experiment, we have investigated the stability
of 4 in DMSO since it has been shown already in the literature that this solvent is potentially
problematic.[70, 71] For this purpose, the complex was dissolved in DMSO and the solution
stored in the dark. After 0, 4, 8, 12, 24 and 48 h incubation, the absorption spectrum has been
measured and compared. Even after 48 h (Figure S13), no significant change was observed,
indicating that no decomposition occurred. As a second experiment, the stability of the
compound was investigated in phosphate-buffered saline (PBS) following the same
experimental protocol used for DMSO. The results (Figure 5) showed small changes in the
absorption spectrum after 12 h, which increased with longer incubation times. As a third
experiment, 4 was incubated in DMEM and DMEM/F-12 which are the used media for cell
experiments (see section below). As expected, the absorption spectrum of the compound in
DMEM (Figure S14) and DMEM/F-12 (Figure S15) did also change, suggesting a structural
modification of the complex. Worthy of note, imines are well known to undergo slowly

hydrolysis in an aqueous neutral solution,[72, 73] potentially explaining the decomposition of

4.
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Figure S. Temporal change of the UV/Vis spectra upon incubation of 4 in PBS.

2.7. (Photo-)cytotoxicity
We have then investigated the biological influence of 3 as well as the conjugate 4 on non-
cancerous retinal pigment epithelium (RPE-1) and human cervical carcinoma (HeLa) cells. For
this purpose, cells were incubated with the compounds in the dark and upon light irradiation
and their cell viability determined using a fluoremetric resazurin assay. For a better evaluation
of its ability, we compared 3 and 4 with the clinically approved chemotherapeutic drug cisplatin
and the PDT PS Protoporphyrin IX (PpIX). The results (Table 3) show the remarkable ability
of 4 to act as a PDT PS. The compound has no cytotoxic effect up to >100 uM in the dark which
indicates that 4, despite its instability in aqueous solutions, do not influence cell survival. In
contrast, compound 4 showed high phototoxicity in the low micromolar range upon light
exposure with a phototoxic index (PI) of up to >10.8 in HeLa and >7.3 in RPE-1 cells. A low
selectivity between non-cancerous RPE-1 and cancerous HelLa cells was observed. In
comparison to this, 3 had only a neglible effect with no cytotoxic effect up to >100 uM in the

dark and minimal phototoxicity. Importantly, we could show that 4 was able to have a
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phototoxic effect from 450 nm up to 540 nm enabling potentially higher penetration depth

during PDT treatment.

Table 3. ICso values in the dark and upon irradiation at 450, 480, 510 and 540 nm for 3 and 4

in comparison to cisplatin and PpIX on non-cancerous retinal pigment epithelium (RPE-1) and

human cervical carcinoma (HeLa) cells. Average of three independent measurements. n.d. =

not determinable.

Dark | 450 nm | PI 480 nm PI 510 nm PI | 540 nm PI
(10 min, (10 min, (20 min, (40 min,
4.7 J/em?) 3.1 J/cm?) 5.0 J/cm?) 9.5 J/em?)
3 HelLa | >100 |81.3+82 |> 842+95 | > > 100 n.d. | > 100 n.d.
1.2 1.2
RPE- | > 100 |>100 nd. | >100 nd. | >100 n.d. | > 100 n.d.
1
4 HeLa | >100 | 182+0.3 | > 11.8+0.8 | > 9.3+0.8 > 264+21 | >
5.5 8.5 10. 3.8
RPE- | >100 |23.6+1.0 |> 170+ 1.5 | > 13.7+1.1 |> 313£34 | >
1 4.2 5.9 7.3 3.2
Ppl | HeLa | >100 |2.8+0.1 |> 25+0.1 > 21+03 > 21+03 | >
X 35.7 40.0 47. 47.6
6
RPE- | > 100 [42+£02 |> 3.8+0.1 > 3.1+0.1 > 33+0.1 | >
1 23.8 26.3 32. 30.3
3
Cis | HeLa | 10.5 = | - - - - - - - -
plat 0.8
in | RPE-|29.3 £ - - - - - - - -
1 1.4
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3. CONCLUSION
In summary, we were able to prepare and characterise a Ru(II) polypyridyl complex 3 bearing
two aldehyde functionalities. This complex showed good photophysical properties including a
strong luminescence and a high 'Oz production. Importantly, 3 has a strong red shift of the
MLCT transition of 35 nm towards the spectroscopic therapeutic window which enables the
possibility to irradiate the PS at higher wavelengths, in comparison to its parent complex
[Ru(bipy)s]*". Based on the reactivity of the aldehyde groups on the ligand, as a proof of
concept, we condensated 3 with benzylamine to prepare conjugate 4. Further investigations on
conjugate 4 revealed a good chemical stability in DMSO but slow degradation in an aqueous
solution or cell media. Cell experiments on conjugate 4 in non-cancerous retinal pigment
epithelium (RPE-1) and human cervical carcinoma (HeLa) cells showed no cytotoxicity in the
dark. However, 4 was found to be highly phototoxic up to 540 nm in the low micromolar range.
In comparison, 3 had only a neglible effect on the cell viability, both in the dark and upon light
irradiation. Overall, we could show the potential of 3 with favourable photophysical properties

and reactive aldehyde functions to act as a versatile precursor for conjugation.
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4. EXPERIMENTAL SECTION

4.1. Materials
All chemicals were obtained from commercial sources and were used without further
purification. Solvents were dried over molecular sieves if necessary. The Ru(II) complexes
Dichlorobis(1,10-phenanthroline)ruthenium(Il) RuCla(phen): was synthesised as previously
published using the respective ligand.[37] Dulbecco’s Modified Eagles Medium (DMEM),
Dulbecco’s Modified Eagles Medium supplemented with nutrient mixture F-12 (DMEM/F-12),
Fetal Bovine Serum (FBS), Gibco Penicillin-Streptomycin-Glutamine (Penstrep), Dulbecco’s
Phosphate-Buffered Saline (PBS) were purchased from Fisher Scientific and Resazurin from

ACROS Organics.

4.2. Instrumentation and methods
'H and '*C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. Chemical
shifts (0) 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), dd (doublet
of doublet), m (multiplet). ESI mass spectra were recorded on a Bruker ESQUIRE-LC
quadrupole ion trap spectrometer. Elemental microanalyses were performed on a LecoCHNS-

932 elemental analyser.

4.3. Synthesis

4,4’-Bis(N,N-dimethylaminovinyl)-2,2’-bipyridine (1)

The synthesis of 1 was previously published but, in this study, another synthetic route was
employed. 4,4'-Dimethyl-2,2"-bipyridine (2.00 g, 10.86 mmol, 1.0 equiv.) was dissolved in

18 mL dry DMF under N2 atmosphere and tert-butoxy bis(dimethylamino)methane/Bredereck
reagent (10.3 mL, 49.9 mmol, 4.6 equiv.) was added. The reaction mixture was stirred at 140 °C
for 24 h. After that the orange solution was cooled to room temperature and H20 (35 mL) was
added leading to a colourless precipitate. The solid was separated by filtration and dissolved in
DCM. The organic phase was dried over MgSOa4 and filtered. The solvent was removed by
rotary evaporation and the crystalline yellow/orange product was washed with Et2O. Yield:

79%. Experimental data fits with the literature.[36]
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2,2'-Bipyridine-4,4'-dicarboxaldehyde (2)

The synthesis of 2 was previously published but, in this study, another synthetic route was
employed. 1 (1.00g, 3.40 mmol, 1.0 equiv.) was dissolved in 100 mL THF under N2
atmosphere. Dropwise, a solution of NalOs (7.27 g, 33.97 mmol, 10.0 equiv.) in 100 mL H20
was added. The mixture was heated to 50 °C for 20 h. During this time, the formation of a white
suspension was observed. After this time, the solution was cooled down to room temperature
and the solvent removed. The residue was dissolved in DCM and washed with H20. The organic
phase was dried over MgSOs, filtered and the solvent was removed by rotary evaporation. The
product was dissolved in DCM and isolated by precipitation from pentane. The solid was
obtained by filtration as a pale yellow solid. Yield: 78%. Experimental data fits with the
literature.[36]

(2,2'-Bipyridine-4,4'-dicarboxaldehyde)bis(1,10-phenanthroline)ruthenium(Il)

hexafluorophosphate (3)

RuClz2(phen)2 (150 mg, 0.28 mmol, 1.0 equiv.) and 2 (66 mg, 0.31 mmol, 1.1 equiv.) were
dissolved in a 1:1 mixture of H2O/EtOH (20mL) and were refluxed for 18 h under N2
atmosphere. The solvent was evaporated by rotary evaporation and the residue redissolved in 5
mL of H20. A saturated, aq. NH4PFs solution was added and the resulting precipitate was
collected by vacuum filtration. The solid was washed with H2O (50 mL) and Et2O (50 mL). The
product was purified twice by column chromatography on silica gel with an CH3CN /aq. KNO3
(0.4 M) solution (10:1) and (20:1). The fractions containing the product were united and the
solvent was removed. The residue was dissolved in CH3CN and undissolved KNO3 was
removed by filtration. The solvent was removed and the product was dissolved in H20 (50 mL).
Upon addition of NH4PFs the product precipitated as a PFe salt. The solid was obtained by
filtration and was washed with H20 (50 mL) and Et2O (50 mL). The product was dried in high
vacuum. Yield: 69%. '"H NMR (400 MHz, CD3CN) § = 10.17 (2H, s), 9.04 (2H, dd, ] = 1.8 Hz,
0.8 Hz), 8.69 (2H, dd, J = 8.3 Hz, 1.3 Hz), 8.60 (2H, dd, J = 8.3 Hz, 1.3 Hz), 8.29-8.24 (4H,
m), 8.15 (2H, dd, J=5.3, 1.3 Hz), 7.99 (2H, d, J = 5.8 Hz), 7.87 (2H, dd, J = 5.3, 1.3 Hz), 7.78
(2H, dd, J = 8.3 Hz, 5.3 Hz), 7.66 (2H, dd, ] = 5.8, 1.7 Hz), 7.60 (2H, dd, J = 8.3, 5.3 Hz). 13C
NMR (100 MHz, CD3CN) 6 = 191.3, 159.6, 155.0, 153.9, 153.5, 148.5, 148.1, 143.0, 138.5,
138.3,132.1, 132.1, 129.1, 129.1, 127.1, 127.1, 126.5, 123.9. HR-MS (ESI + m/z): Calcd. [M-
2PF 6 +2MeOH] 2+ : 369. 07588; found: 369.07601. EA (%): Calcd. for (C3sH24F12N6P202Ru):
C 44.87,H2.51, N 8.72; found: C 44.72, H 2.57, N 8.62.
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(4,4’-Bis(N-Benzylimine)-2,2’-bipyridine)bis(1,10-phenanthroline)ruthenium(II)
hexafluorophosphate (4)

3 (100 mg, 0.10 mmol, 1.0 equiv.) was dissolved in dry EtOH (30 mL) and benzylamine
(113 uL, 1.04 mmol, 10.0 equiv.) was added dropwise to this solution. The reaction mixture
was heated at 50 °C for 2 h. After this time, the solution was cooled down to room temperature
and the product precipitated upon addition of Et2O. The resulting solid was collected via
centrifugation. The product was washed with Et2O and pentane. The product was isolated via
fractionated precipitation from CH3CN by adding dropwise Et20. The product was dried in
high vacuum. Yield: 54 %. 'H NMR (400 MHz, CD3CN) § = 8.85 (2H, d, J = 0.9 Hz), 8.66
(2H, dd, J = 8.2 Hz, 1.0 Hz), 8.59-8.52 (m, 4H), 8.29-8.18 (m, 8H), 7.87 (2H, dd, J = 5.1, 1.1
Hz), 7.79-73 (m, 4H), 7.59-7.54 (m, 6H), 7.38-7.34 (m, 6H), 7.31-7.27 (m, 2H), 4.89 (s, 2H),
13C NMR (100 MHz, CD3CN) 6 = 159.5, 158.8, 153.9, 153.7, 153.5, 148.7, 148.3, 145.4,
139.6, 138.0, 137.9, 132.0, 132.0, 129.5, 129.2, 129.0, 128.2, 127.0, 126.9, 125.9, 123.1, 65.6.
MS (ESI +) m/z: Calcd. [M]2+ : 426.1; found: 426.4, Calcd. [M-PF6]+ : 997.2; found: 998.0.

4.4. X-ray crystallography
The single-crystal Xray diffraction studies were carried out at 183(1) K on a Rigaku OD
SuperNova diffractometer (CCD Atlas detector) for 3a and on a Rigaku OD XtalLAB Synergy
Dualflex diffractometer (Pilatus 200K detector) for 3b, using Oxford liquid-nitrogen
cryostream coolers. Single wavelength X-ray sources from micro-focus sealed X-ray tubes
were used with the Mo K radiation (A= 0.71073 A)[74] for 3a and with the Cu K radiation (A
= 1.54184 A)[74] for 3b. The selected single crystals were mounted on a flexible loop using
polybutene oil fixed on a goniometer head and transferred to the diffractometer. Pre-
experiments, data collections, data reductions and analytical absorption corrections[75] were
performed with the program suite CrysAlisPro.[76] Using Olex2,[77] the structures were solved
with the SHELXT][78] small molecule structure solution program and refined with the SHELXL
program package[79] by full-matrix least-squares minimization on F>. The representations of
the molecular structures were generated using Mercury 4.0./80] CCDC 1891337 (3b) and
1891338 (3a) contain the supplementary crystallographic data for these compounds, and can be
obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.
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4.5. Spectroscopic measurements
The absorption of the samples has been measured with a SpectraMax M2 Spectrometer
(Molecular Devices). The emission was measured by irradiation of the sample in fluorescence
quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical parametric oscillator
(Ekspla) at 355 nm. Luminescence was focused and collected at right angle to the excitation
pathway and directed to a Princeton Instruments Acton SP-2300i monochromator. As a detector

a XPI-Max 4 CCD camera (Princeton Instruments) has been used.

4.6. Luminescence quantum yield measurements
For the determination of the luminescence quantum yield, the samples were prepared in an
CH3CN solution with an absorbance of 0.1 at 355 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical
parametric oscillator (Ekspla) at 355 nm. The emission signal was focused and collected at right
angle to the excitation pathway and directed to a Princeton Instruments Acton SP-23001
monochromator. As a detector a XPI-Max 4 CCD camera (Princeton Instruments) has been
used. The luminescence quantum yields were determined by comparison with the reference

[Ru(bipy)3]Cl2 in CH3CN (®em=5.9%)[46] applying the following formula:

(Dem, sample = (Dem, reference (Freference / Fsample) * (Isample / Ireference) * (nsample / 1’11’eference)2
F=1-10%
®em = luminescence quantum yield, F = fraction of light absorbed, I = integrated emission

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength.

4.7. Lifetime measurements
For the determination of the lifetimes, the samples were prepared in an air saturated and in a
degassed CH3CN solution with an absorbance of 0.1 at 355 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical
parametric oscillator (Ekspla) at 355 nm. The emission signal was focused and collected at right
angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i

monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) has been used.

4.8. Computational Details
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All calculations were performed using the Gaussian 09 software package [81]. All calculations
were performed using Density Functional Theory (DFT) and Time Dependent DFT (TD-DFT)
to characterize ground or excited states, respectively. Solvent effects were included using an
implicit model (i.e. the Polarizable Continuum Model - PCM [82]). In line with available
experimental data, acetonitrile was considered as solvent. All calculations were performed
using the global hybrid functional PBEO[83] in conjunction with the Los Alamos LANL2[84]
effective core potential and the corresponding double-zeta basis set for the Ruthenium atom,
with all other atoms treated with the Pople[85] double-zeta basis set with a single set of

polarisation[86, 87] functions on non-hydrogen atoms (6-31G(d)).

Ground state (singlet) structure of 3 was fully optimized and its nature (minimum) was checked
by a subsequent frequency calculation. Vertical transition energies were obtained at the same
level of theory for the first 60 excited states in order to cover the spectral range of interest, that
is up to roughly 250 nm). Absorption spectra were simulated by convolution with Gaussian
functions with a full width at half maximum (FWHM) of 0.4 eV. In order to characterize the
nature of the lowest energy states possessing a non-negligible intensity (that is an oscillator
strength, f, > 0.1 a.u.) unrelaxed excited state density was also computed together with the
corresponding associated charge transfer distance (Dcr) following the procedure described in

ref[43-45].

4.9. Singlet oxygen measurements

- Direct evaluation

The samples were prepared in an air saturated CH3CN or D20 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-23001 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
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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 in an CH3CN solution phenalenone (®@phenateone=95%)[52] and
for the measurement in a D20 solution [Ru(bipy)3]Cl2 (®rupbipy)3c12=22%)[47] was used and the

singlet oxygen quantum yields were calculated using the following formula:

Dsample = Dreference * (Ssample / Sreference) * (Ireference / Isample)

I[=1o*(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, I = absorbance
correction factor, 10 = light intensity of the irradiation source, A = absorbance of the sample at

irradiation wavelength.

- Indirect evaluation

For the measurement in CH3CN: The samples were prepared in an air-saturated CH3CN
solution containing the complex with an absorbance of 0.2 at the irradiation wavelength, N,N-
dimethyl-4-nitrosoaniline aniline (RNO, 24 uM) and imidazole (12 mM). For the measurement
in PBS buffer: The samples were prepared in an air-saturated PBS solution containing the
complex with an absorbance of 0.1 at the irradiation wavelength, N,N-dimethyl-4-nitrosoaniline
aniline (RNO, 20 upM) and histidine (10 mM). The samples were irradiated on 96 well plates
with an Atlas Photonics LUMOS BIO irradiator for different times. The absorbance of the
samples was measured during these time intervals with a SpectraMax M2 Microplate Reader
(Molecular Devices). The difference in absorbance (A0-A) at 420 nm for the CH3CN solution
or at 440 nm a PBS buffer solution was calculated and plotted against the irradiation times.
From the plot the slope of the linear regression was calculated as well as the absorbance
correction factor determined. The singlet oxygen quantum yields were calculated using the

same formulas as used for the direct evaluation.

4.10. Stability measurements
The stability of the compound in DMSO/PBS/DMEM/DMEM-F12 was determined by UV/Vis
spectroscopy. The compound was dissolved and stored at room temperature in the dark. The
absorption spectrum from 250-650 nm was recorded with a SpectraMax M2 Microplate Reader
(Molecular Devices) after each time interval (0, 4, 8, 12, 24, 48 h) and compared.
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4.11. Cell culture
Human cervical carcinoma (HeLa) cells were cultured using DMEM media and retinal pigment
epithelium (RPE-1) cells using DMEM/F-12 with addition of 10% FBS and 1% penstrep. The
cells were cultivated and maintained at 37 °C in a cell culture incubator at 37 °C with 5% CO2

atmosphere. Before an experiment, the cells were passaged three times.

4.12. (Photo-)cytotoxicity
The cytotoxicity of the compounds was assessed by measuring cell viability using a
fluorometric resazurin assay. The cultivated cells were seeded in triplicates in 96 well plates
with a density of 4000 cells per well in 100 pL of media. After 24 h, the medium was removed
and the cells were treated with increasing concentrations of the compound diluted in cell media
achieving a total volume of 200 pL. The cells were incubated with the compound for 4 h. After
this time, the media was removed and replaced with 200 pL of fresh medium. For the
phototoxicity studies, the cells were exposed to light with an Atlas Photonics LUMOS BIO
irradiator. Each well was constantly illuminated with either a 480 nm or 510 nm irradiation.
During this time, the temperature was maintained constantly at 37 °C. The cells were grown in
the incubator for additional 44 h. For the determination of the dark cytotoxicity, the cells were
not irradiated and after the medium exchange directly incubated for 44 h. After this time, the
medium was replaced with fresh medium containing resazurin with a final concentration of 0.2
mg/mL. After 4 h incubation, the amount of the fluorescent product resorufin was determined
upon excitation at 540 nm and measurement its emission at 590 nm using a SpectraMax M2
Microplate Reader (Molecular Devices). The obtained data was analyzed with the GraphPad

Prism software.
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