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Increased Lipophilicity of Halogenated Ruthenium(II) Polypyridyl Complexes Leads to Decreased Phototoxicity in vitro when Used as Photosensitizers for Photodynamic Therapy
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Ru(II) polypyridyl complexes are prime candidates for the development of new photosensitizers for photodynamic therapy. Increasing their lipophilicity could results in improved pharmacological properties. Relationship between lipophilicity and in vitro phototoxicity of halogenated Ru(II) complexes was investigated.

Introduction

With 18 million new cases in 2018, cancer incidence is rapidly growing worldwide, as is mortality.

Taking into account the evolution of our lifestyle and demographic changes, this number is expected to grow to about 30 million new cases in 2040. [START_REF]Global Cancer[END_REF] This ever-expanding disease has impelled researchers to constantly improve cancer treatments' efficacy and safety. Surgery, chemotherapy and radiotherapy, the oldest treatment methods, have been completed or even supplemented over the years by immunotherapy, gene therapy, hyperthermia and more recently, photodynamic therapy (PDT). [START_REF] Arruebo | [END_REF] PDT involves the local or systemic administration of a non-toxic photosensitiser (PS), followed by irradiation of the diseased tissues. Light-mediated excitation of the PS leads to generation of reactive oxygen species (type I mechanism) or singlet oxygen ( 1 O2 , type II mechanism), which in turn induce cellular damages in a spatially and temporally controlled manner. [3]- [5] First-generation and most studied PSs are based on porphyrin, phthalocyanine or chlorin scaffolds (e.g., Photofrin ® , Photosens ® , Foscan ® ; Figure 1) and are often associated with severe drawbacks, including fast photobleaching upon light irradiation, poor water solubility and slow elimination rates leading to prolonged photosensitivity in treated patients. [6] Of note, some of these drawbacks (i.e., low aqueous solubility, poor stability, and limited efficacy) have been addressed, notably through the incorporation of a metal centre in these tetrapyrrolic scaffolds, to yield secondgeneration PSs (e.g., TOOKAD ® Soluble; Figure 1). [7] Figure 1. Structure of the first and second-generation tetrapyrrolic PSs.

More recently, Ru(II) polypyridyl complexes have sparked great interest due to their exceptional properties, including generally good water solubility, high 1 O2 production rates and high photochemical stability as well as original mode of actions related to their unique intracellular distribution (i.e. mitochondria, nucleus, lysosome, etc). [8]- [18] As a proof of the promising nature of these third-generation PSs, TLD-1433 (Figure 2) has recently entered a phase II clinical trial for the treatment of non-muscle invasive bladder cancer. [7] [19] Over the years, in order to increase chemotherapeutics efficacy, reduce side effects and overcome resistance mechanisms, the development of organelle-targeted drugs appeared highly beneficial.

Indeed, targeting essential cell organelles such as mitochondria, nucleus, lysosomes, Golgi apparatus and endoplasmic reticulum have proven to be effective in increasing the efficacy of anticancer drugs, including PDT PSs. [20]- [38] In particular, targeting the nucleus, and more specifically DNA, seems especially attractive, considering the clinical and commercial success of cisplatin. [39] In this context, the complex [Ru(bpy)2dppz] 2+ (bpy = bipyridine; dppz = dipyrido[3,2-a:2'-3'c]phenazine; Figure 2) and its derivatives have been studied for their exceptional DNAintercalating properties and light switch effect. Upon irradiation, these complexes are able to generate 1 O2 in the direct DNA's vicinity, inducing its oxidative cleavage. [8][40]- [65] We previously showed that minor structural modifications of the dppz ligand could greatly affect the complex's DNA binding constant, its 1 O2 production rate as well as its cellular internalisation and phototoxicity. [66] In light of these results, we believe further structural optimisations are needed to further improve this class of complex PDT potential.

In the medicinal chemist toolbox, halogen groups are of particular interest. They can be used as hydrogens or methyl group bioisosteres to improve the modified drug metabolic stability, or as a radiolabeling moiety (e.g., 18 F). They also generally increase the lipophilicity of the modified drug, enhancing its membrane permeability. Additionally, they allow for the formation of new interactions with their target through halogen bonding. [67] Based on these two last features, we thought that the dppz ligand could greatly benefit from this halogenation strategy to enhance the cellular internalization and DNA binding affinity of its corresponding complexes, further improving their PDT potential, as already successfully performed with other metal complex classes. [68][69] For these reasons, in this article, we report on the synthesis, physical, photophysical and biological characterization of 4 new Ru(II) homoleptic complexes based on halogenated dppz ligands.

Result and Discussion

Synthesis and Characterization

We first attempted the synthesis of these complexes using route A (Scheme 1). For this purpose, dppz and dppz-F2 ligands were synthesized by reacting 1,10-phenanthroline-5,6-dione (phendione) with benzene-1,2-diamine and 4,5-difluorobenzene-1,2-diamine, respectively.

Refluxing a mixture of dppz or dppz-F2 with RuCl3 afforded the respective complexes 1 and 2 in 20 to 25 % yields. As the purification using silica column chromatography was tedious, and in order to improve the yield, we adopted route B (Scheme 1) as used previously by Leveque et al. for their synthesis of dendritic tetranuclear Ru(II) complexes. [70] This route involves the synthesis of Ru(phendione)3 as an intermediate starting from phendione and Ru(DMSO)4Cl2. Ru(phendione)3 was then reacted with benzene-1,2-diamine and 4,5-di-halo-benzene-1,2-diamines to give the ruthenium complexes 1-5. Compounds 1, 2, 4 and 5 were isolated with 75-90 % yields.

Unlike other complexes, we observed several unidentified impurities together with 3 during the reaction of Ru(phendione)3 and 4,5-di-chloro-benzene-1,2-diamine. After HPLC purification, compound 3 was isolated in 21% yield. The compounds were unambiguously characterized using purity was confirmed by elemental microanalysis. Scheme 1. Synthetic routes A and B for the preparation of ruthenium polypyridyl complexes studied in this work.

UV-Vis Absorption and Distribution Coefficient

Having the complexes in hand, we studied their UV-Vis absorption properties. Absorption wavelength of PSs is one of the most important properties as it directly correlates with the tissue penetration depth of the light during PDT treatments. Therefore, the absorption profiles of 1-5 were recorded in CH3CN and are presented in Figure 3 and Table 1. The absorption bands are similar to those reported previously for ruthenium polypyridyl dppz complexes. [66] The broad band centered at about 450 nm is due to MLCT transition and does not seem to be affected by the incorporation of halogen groups in the ligand structure. The bands in the 320-380 nm region and below 300 nm region are solely ligand centered, originating from intra and inter-ligand charge transfers. Interestingly, this band is slightly red-shifted in the order 5 > 4 ≈ 3 > 2 ≈ 1. This could be due to an electronic contribution of the halogen groups.

The octanol-water partition coefficient (LogP) is an important parameter for drug candidates as it highly affects its passive diffusion-mediated cellular uptake. [71] We employed the "shake-flask" method to measure the LogP values of 1-5 and used the ALOGPS 2.1 program to calculate the LogP values of the free ligands (Table 1). As expected, a linear correlation between the LogP of ruthenium complexes and their corresponding free ligand was observed (Figure 3b). The nonhalogenated derivative 1 and its ligand dppz have the lowest LogP values. Introduction of fluoride substituents, as in the case of 2, only slightly increased the logP values of the complex and free ligand (0.4 unit). However, other halogens significantly increased the log P values (more than 1 unit.). Overall, the lipophilicity of the complexes [Ru(dppz-X2)3] 2+ increases in the order H < F < Cl < Br < I. UV-Vis spectra recorded in acetonitrile. b Experimentally determined using the shake-flask method. c Calculated using the ALOGPS 2.1 online software.

Generation of Singlet Oxygen

To evaluate the PDT potential of our newly synthesized PSs, we measured their ability to produce singlet oxygen 1 O2 ( 1 ∆g) upon irradiation at 420 nm in acetonitrile and PBS. This wavelength is commonly used to evaluate photoactivatable anticancer compounds and all of our compounds showed a broad absorbance between 410 to 480 nm. [66][72]- [74] We employed an indirect method involving the use of a probe molecule (p-nitrosodimethyl aniline, RNO). The absorbance of RNO is quenched is the presence of an imidazole-peroxide adduct generated by the reaction of imidazole and 1 O2. [66][75] The quantum yields for the formation of 1 O2 (ф) are calculated using a reference compound (phenalenone, ф = 95 %) and are presented in Table 2. In acetonitrile, 1-5 showed high ϕ values ranging from 58 to 88 % upon irradiation at 420 nm, which are comparable to structurally similar ruthenium polypyridyl complexes reported previously. [10][12][14][15] [66] However, we noted that ф values are much lower (2-6%) when measured in PBS. This observation is consistent with our previous studies on polypyridyl complexes and attributed to the interaction of the dppz ligands with water molecules, which does not allow energy transfer to molecular oxygen. [66] Based on this observation, we anticipated that 1 O2 will be produced upon irradiation only when the complexes occupy hydrophobic environments following their binding to protein or DNA inside cells (light switch effect). µM and 4 µM in MRC5 and HeLa cells, respectively and therefore is more cytotoxic compared to complexes 1-5. The effect of light irradiation at 420 nm was studied on HeLa cells. To this end, cells were incubated for 4 h with increasing concentrations of the compounds. The media was then replaced with fresh media, cells were irradiated with light for 20 min at 420 nm (9.27 J.cm -2 ) and were incubated for an additional 44 h before determining the cell viability (Figure S18, for dose response curves). [66] As shown in Table 3, compounds 4 and 5 showed no phototoxicity in the presence of light. Compound 3 exhibited moderate toxicity with an IC50 value of 55 µM. However, 1 and 2 showed a remarkable phototoxic effect with IC50 values of 2 µM and 5 µM, respectively (Figure 2). Importantly, these values are comparable with the clinically used PDT agent photofrin and the chemotherapeutic agent cisplatin. [76][77] Comparison of IC50 values in the dark and in the presence of 420 nm light in HeLa cells revealed the high phototoxic indexes (PI = IC50 in the dark/IC50 upon irradiation) of 1 (>47) and 2 (>18). [b] HeLa dark [b] HeLa 420 nm [ [d] taken from literature. [66] Overall, the phototoxicity of complexes [Ru(dppz-X2)3] 2+ decreases in the order I < Br < Cl < F < H. Therefore, the phototoxicity of these complexes does not increase when their lipophilicity increases, as we initially expected.

Conclusion

Thanks to its DNA-intercalating properties, the dppz ligand is of great interest in the development of new DNA-targeted PSs. In this study, our aim was to increase the lipophilicity of dppz-based Ru(II) complexes through an halogenation strategy in order to increase their membrane permeability and therefore their PDT potential. Although the lipophilicity of the resulting complexes 2-5 was effectively increased compared to the complex [Ru(dppz)3] 2+ , the latter was still the most phototoxic PS of our scope. We could argue that although the enhanced lipophilicity of complexes 2-5 could contribute positively to their PDT potential, the incorporation of a bulky halogen group may affect the complexes' binding to DNA, which is essential to their activity.

Indeed, dppz-based Ru(II) complexes have been described to bind DNA through the minor groove. [40] This intercalation process requires the dppz ligand to get through the DNA's double helix, which could be prevented by bulky halogen atoms. Thus, the phototoxicity of complexes 1-5 seems to decrease when the atomic radius of the substituent increases. This phenomenon could be linked to a very recent study by Chao and coworkers, where poly-fluorinated cyclometalated Ru(II) complexes were found to be less cytotoxic than the mono-fluorinated derivative. [69] This study highlights the high structural sensitivity of dppz ligands regarding their ability to bind to DNA. Alternatively, changes in halogen substitution on dppz ligands may also modulate the cellular uptake and intracellular localization of the resulting ruthenium complexes, which might also, at least in part, influence the phototoxicity.

Experimental Section.

General information.

Materials. All chemicals were of reagent grade quality or better, obtained from commercial suppliers, and used without further purification. Solvents were used as received or dried over molecular sieves. All preparations were carried out using standard Schlenk techniques.

[Ru(phendione)3](PF6)2, [70] dipyrido[3,2-a:2',3'-c]phenazine (dppz), [78][79] were prepared following literature procedures and the characterization data matches those reported previously.

Instrumentation and methods. Thin layer chromatography (TLC) was performed using silica gel 60 F-254 (Merck) plates with spot detection using UV light. NMR spectra were recorded on Bruker 400 and 500 MHz spectrometers at 20 °C. All the measurements were carried out using deuterated solvents, chemical shifts δ are reported in parts per million (ppm) and coupling constants J are given as absolute values in Hz. The residual solvent peaks were used as an internal reference for 1 H and 13 C NMR spectra and chemical shifts are expressed relative to tetramethylsilane (SiMe4, δ = 0 ppm). Abbreviations for the peak multiplicities are as follows: s (singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), and br (broad). ESI mass spectra were recorded on a Bruker Esquire 6000 spectrometer. Elemental microanalyses were performed on a LecoCHNS-932 elemental analyzer. UV/Vis absorption spectra were measured on a Varian Cary 50 Scan UV/vis spectrophotometer. Analytical HPLC was performed using a Hitachi

Chromaster UPLC system fitted with a reverse phase Acquity UPLC column (BEH C18, 1.7 µm, 2.1 mm ID x 50 mm). The flow rate used was 0.6 mL min -1 with a linear gradient of solvent A (distilled H2O containing 0.1% TFA) and B (acetonitrile): t = 0-0.5 min., 5% B; t = 9.5 min., 100% B; t = 10 min., 100% B. Electronic absorption was measured at 300 nm. Preparative HPLC was performed using a Varian ProStar 320 system fitted with a C18 reverse-phase column (Agilent Zorbax SB-C18, 21.2 mm × 250 mm, 7 μm). The flow rate was 10 mL min -1 and electronic absorption were monitored at 300 nm.

Synthesis of ligands 11,12-difluoro-dipyrido[3,2-a:2',3'-c]phenazine (dppz-F2

). Phendione (44.4 mg, 0.211 mmol) and 4,5-difluorobenzene-1,2-diamine (60.5 mg, 0.420 mmol) were dissolved in 5 mL of glacial acetic acid. The solution was heated at 110 °C and stirred for 2 h under reflux, then it was let equilibrate in air. 60 mL of water were added to the solution and a precipitate was formed. The yellowish precipitate was washed with 5 mL of water, 5 mL of ethanol, 3 mL of acetone and 3 mL of diethyl ether. The product was then dried under vacuum. Yield: 130 mg, 89%. The compound was used without further purification for the next synthetic step. 

Synthesis of ruthenium complexes

Synthetic route A. Ruthenium(III) chloride (0.042 mmol, 8.7 mg) and the respective ligands (0.17 mmol, 4 equiv.) were suspended in ethylene glycol (10 mL). The solution was degassed for 5 min and then refluxed overnight (~ 15 h). The mixture was then cooled to room temperature and aqueous NH4PF6 (10 %, 15 mL) was added to precipitate the crude product. The precipitate was collected using vacuum filtration, washed with water, ice cold ethanol, diethyl ether, and dried under reduced pressure. The red powder was then purified by flash column chromatography on silica gel using CH3CN/KNO3 aqueous solution 0.4 M (25:1) as eluent. The fractions containing the product were combined and solvent was removed using a rotary evaporator. The residue was dissolved in CH3CN (30 mL) and the excess KNO3 was removed by filtration. The red filtrate was concentrated to ca. 3 mL and NH4PF6 (10 %, 15 mL) was added to precipitate the complex as a PF6 salt, which was collected by vacuum filtration, washed with water (50 mL), ice cold ethanol (25 mL) and diethyl ether (25 mL) and dried. Compounds were obtained as red powders (yields:

13 mg, 24 % for 1, 15 mg, 26 % for 2).

Synthetic Route B.

A mixture of [Ru(phendione)3](PF6)2 (1 equiv.) and phenylenediamine derivatives (5.8 equiv.) in 32 mL degassed CH3CN/EtOH (1/3, v/v) was heated at 80 °C for 20 h under N2 atmosphere. A reddish suspension starts to appear during the reaction. The reaction mixture was then concentrated using a rotary evaporator (to ca. 10 mL) and cooled to room temperature. Addition of 15 mL of water followed by 15 mL of a saturated NH4PF6 solution resulted in the formation of a red/orange precipitate. The precipitate was collected using vacuum filtration, washed with distilled water, ice cold ethanol followed by ethanol and finally with diethyl ether. The precipitate was dried under reduced pressure to give the desired ruthenium complex.

Compound 1. The compound was prepared following route B. The reaction was done on a 0.12 mmol scale of [Ru(phendione)3](PF6)2 and the ruthenium complex 1 was isolated as a deep orange powder (yield: 130 mg, 89%). [START_REF]Global Cancer[END_REF] H NMR (500 MHz, DMSO-d6): δ (ppm) 9.67 (d, 6H, J = 7.8 Hz), 8.55 (dd, 6H, J = 6.5, 3.4 Hz), 8.38 (d, 6H, J = 4.9 Hz), 8.22 (dd, 6H, J = 6.5, 3.5 Hz), 7.97 (dd, 6H, J = 8.2, 5.4 Hz). 13 

Measurement of octanol-water partition coefficient (log P)

The log P values for compounds 1-5 were determined using the shake-flask method. Octanol used in this experiment was pre-saturated with PBS by overnight incubation with shaking of a biphasic mixture of the two at room temperature. Each complex was added into 1 mL of n-octanol to give a final concentration of 20 μM. To this solution was added 1 mL of phosphate buffer (10 mM, pH 7.01), and the mixture was shaken for 1h using an automated shaker and allowed to stand for 1 h.

Aliquots from the n-octanol phase and the aqueous phase were extracted and analyzed using RPUPLC to determine their relative concentrations in each phase. The measurements were repeated three times for each complex.

Measurement of singlet oxygen quantum yields

Quantum yields for singlet oxygen formation (ф) were determined in both acetonitrile and PBS using a comparative method with phenalenone as reference (фref = 95%). For measurements in acetonitrile, a 1 mL solution containing the complex (at a concentration with OD = 0.1 at the irradiation wavelength), p-nitrosodimethyl aniline (RNO; 24 μM), and imidazole (12 mM) was prepared in a luminescence quartz cuvette. The solution was then irradiated in a Rayonet RPR-200 photochemical reactor for different time intervals. For measurements in PBS, a 1 mL solution containing the complex (OD = 0.1 at the irradiation wavelength), RNO (20 μM), and histidine (10 mM) was used instead. After each irradiation interval, the absorbances were recorded at 420 nm and these data were used to create plots of the variations in absorbance (A0 -A, where A0 is the 

Cell lines and cell culture conditions

HeLa (human cervical cancer) cells were grown in DMEM (Gibco) medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. MRC5 (normal human fetal lung fibroblast) cells were maintained in F-10 (Gibco) medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were cultured at 37 ⁰C in a humidified atmosphere containing 5% CO2.

Dark and phototoxicity assays

The fluorometric resazurin (Promocell GmbH) assay was used to determine the cytotoxicity of the ruthenium complexes in vitro. HeLa (4000/well in 100 µL medium) and MRC5 (7000/well in 100 µL medium) cells were seeded in 96-well plates and incubated overnight. The following day, freshly prepared stock solutions (20 mM) of the ruthenium complexes in DMSO were serially diluted using culture media and 100 µL of the corresponding dilutions were added to each well (total volume 200 µL/well). Cells were then incubated for 48 h. The medium was aspirated, fresh media containing resazurin (0.2 mg.mL -1 ) was added (100 µL/well) and incubated for 4 h. The fluorescence of the resorufin metabolite was quantified at 590 nm with an excitation wavelength of 540 nm using a SpectraMax M5 microplate reader.

For phototoxicity studies, cells were incubated with increasing concentrations of compounds for 4 h. Subsequently, the medium was replaced with 200 μL fresh medium and cells were irradiated for 20 min at 420 nm (9.27 J cm -2 ) in a Rayonet Chamber Reactor. Light doses were evaluated with a Gigahertz Optic X1-1 Optometer. Afterwards, cells were incubated for an additional 44 h and cell viability was evaluated using the resazurin assay as described above. Fluorescence values were normalized to control wells and plotted as concentration of test compound versus % cell viability. IC50 values were interpolated from the resulting dose-dependence curves. The reported IC50 values are the average from at least three independent experiments, each of which consisted of either three or six replicates per concentration level.

Figure 2 .

 2 Figure 2. Structures of the Ru polypyridyl complexes TLD-1433 and [Ru(bpy)2dppz] 2+ .

Figure 3 .

 3 Figure 3. a) UV-Vis spectra of the complexes (5 µM) in acetonitrile. b) Correlation between the experimentally determined LogP of 1-5 and calculated LogP of ligands.

  absorbance at time zero) over irradiation time. The slope of the linear regression (Ssample) for the plot was calculated and compared against the slope of the linear regression of the reference compound (Sref) with inclusion of the absorbance correction factors (Iref/Isample) to determine the quantum yield of singlet oxygen formation for the sample (фsample). The following equations were used for the calculations: intensity of the irradiation source in the irradiation interval, and A(λ) = absorbance of sample at λ.

Table 1 .

 1 Absorption wavelengths and LogP values of ruthenium complexes and their free ligands.

		2	274, 313, 350, 358, 369,	2.27 ± 0.09	DPPZ-F2	3.44 ± 0.56
			448			
		3	281, 298, 318, 361, 369,	3.29 ± 0.04	DPPZ-Cl2	4.33 ± 0.85
			381, 453			
		4	284, 298, 319, 363, 369,	3.34 ± 0.20	DPPZ-Br2	4.51 ± 0.85
			384, 454			
	a	5	294, 377, 393, 454	3.56 ± 0.08	DPPZ-I2	4.64 ± 0.99

Compounds UV/Vis λ [nm] a L o g P b Ligands LogP c 1 280, 317, 360, 368, 447 1.87 ± 0.01 DPPZ 3.08 ± 0.76

Table 2 .

 2 Quantum yields for the formation of 1 O2 (ф) upon irradiation at 420 nm of 1-5. ф are presented as the average of three measurements, ± 10%.

	Complexes	Acetonitrile [%]	PBS [%]

compounds, cell viability was determined using the resazurin assay and the IC50 values are presented in Table

3

(Figure

S16

and S17 for dose response curves). Compound 1-5 showed moderate toxicity with IC50 values of 23-43 µM in MRC5 cells. However, in HeLa cells, all the compounds have IC50 values >100 µM in the dark. Of note, cisplatin exhibited IC50 values of 16

Table 3 .

 3 IC50 values of ruthenium complexes 1-5 in MRC5 (human non-cancerous lung) and HeLa (human cervical cancer) cells in the dark and upon light irradiation.[a] 

	Compounds	IC50 values (µM)	PI (IC50 dark/IC50
	MRC5 dark		light) HeLa

  Found 528.1 [M-2PF6] 2+ , calculated m/z for [M-2PF6] 2+ 528.06. Anal. Calcd for C54H24F18N12P2Ru: C 48.19, H 1.80, N 12.49. Found: C 47.95, H 1.67, N 12.22.

	[M-2PF6] 2+ , calculated m/z for [M-2PF6] 2+ 710.7. Anal. Calcd for C54H24Br6F12N12P2Ruꞏ(HPF6)0.5:
	C 36.35, H 1.38, N 9.42. Found: C 36.48, H 1.18, N 9.36.				
	Compound 3. The compound was prepared following route B. The reaction was done on a 0.09 Compound 5. The compound was prepared following route B. The reaction was done on a 0.14
	mmol scale of [Ru(phendione)3](PF6)2 and the ruthenium complex 2 was isolated. However, an mmol scale and the ruthenium complex 5 was isolated as a red powder (yield: 230 mg, 83%). 1 H
	extra purification step using preparative HPLC was required to isolate the ruthenium complex 3 in NMR (500 MHz, DMSO-d6): δ (ppm) 9.56 (d, 6H, J = 8.3 Hz), 9.10 (s, 6H), 8.36 (d, 6H, J = 5.2
	its pure form. The runs were performed at 10mL per minute flow rate with linear gradients of Hz), 7.96 (dd, 6H, J = 8.1, 5.5 Hz). 13 C{ 1 H} NMR (126 MHz, DMSO-d6): δ (ppm) 155.2, 151.3,
	millipore water with 0.1% TFA (A) and Acetonitrile with 0.1% TFA (B; Sigma-Aldrich HPLC-141.7, 141.3, 139.1, 133.9, 130.3, 128.1, 115.1. ESI-MS (pos. detection mode): m/z (%): Found
	grade): t = 0-5 min, 30 % B; t = 10 min, 50% B; t = 30 min, 100% B. Absorption was monitored 852.1 [M-2PF6] 2+ , calculated m/z for [M-2PF6] 2+ 851.7. Anal. Calcd for C54H24I6F12N12P2RuꞏH2O:
	at 300 nm. The pure fractions containing the product were collected, acetonitrile was removed C 32.25, H 1.30, N 8.36. Found: C 32.01, H 1.19, N 7.91.
	using a rotary evaporator and remaining water was removed using a freeze dryer. The residue was
	dissolved in 2 mL acetonitrile and 10 mL of a saturated NH4PF6 solution was added. The
	precipitate was collected using vacuum filtration, washed with water (3 x 20 mL) and dried to give
	pure complex 3 as a red solid (yield after HPLC purification: 30 mg, 21%). 1 H NMR (500 MHz,
	CD3CN): δ (ppm) 9.66 (dd, 6H, J = 8.2, 1.1 Hz,), 8.73 (s, 6H), 8.33 (dd, 6H, J = 5.4, 1.1 Hz), 7.87
	C{ 1 H} NMR (126 MHz, DMSO-d6): δ (ppm) 154.9, 151.1, 142.4, 140.7, (dd, 6H, J = 8.2, 5.4 Hz). 13 C{ 1 H} NMR (126 MHz, CD3CN): δ (ppm) 154.9, 151, 141.5, 140.9,
	133.9, 133.1, 130.6, 129.9, 128.0. ESI-MS (pos. detection mode): m/z (%): Found 473.9 [M-136.6, 134.0, 130.5, 130.1, 127.5. 19 F NMR (400 MHz, CD3CN): δ (ppm) -76.4 (residual
	2PF6] 2+ , calculated m/z for M-2PF6] 2+ 474.1 Anal. Calcd for C54H30F12N12P2Ru•(H2O)2: C 50.91, CF3COOH), -72.2 and -73.7 (PF6 ̶ ). ESI-MS (pos. detection mode): m/z (%): Found 577.5 [M-
	H 2.69, N 13.19. Found: C 51.16, H 3.09, N 13.09. 2PF6] 2+ , calculated m/z for [M-2PF6] 2+	577.3.	Anal.	Calcd	for
	Compound 2. The compound was prepared following route B. The reaction was done on a 0.09 C54H24Cl6F12N12P2Ruꞏ(CF3COOH)0.5: C 43.99, H 1.64, N 10.77. Found: C 43.91, H 1.69, N 10.77.
	mmol scale of [Ru(phendione)3](PF6)2 and the ruthenium complex 2 was isolated as an orange Compound 4. The compound was prepared following route B. The reaction was done on a 0.12
	powder (yield: 100 mg, 76%). 1 H NMR (500 MHz, CD3CN): δ (ppm) 9.67 (dd, 6H, J = 8.2, 1.1 mmol scale and the ruthenium complex 4 was isolated as red powder (yield: 170 mg, 85%). 1 H
	Hz), 8.46 -8.21 (m, 12H), 7.87 (dd, 6H, J = 8.2, 5.4 Hz). 13 C{ 1 H} NMR (126 MHz, CD3CN): δ NMR (500 MHz, DMSO-d6): δ (ppm) 9.57 (d, 6H J = 8.1 Hz), 8.97 (s, 6H), 8.39 (d, 6H, J = 4.9
	(ppm) 155.2 (d) and 153.1 (d), 154.7, 150.7, 140.7 (t), 140.2, 133.8, 130.5, 127.5, 114.9 (dd). 19 F Hz), 8.02 -7.94 (m, 6H). 13 C{ 1 H} NMR (126 MHz, DMSO-d6): δ (ppm) 155.3, 151.4, 141.6,
	141.5, 134.0, 133.7, 130.3, 129.0, 128.1. ESI-MS (pos. detection mode): m/z (%): Found 710.9

NMR (400 MHz, CD3CN): δ (ppm) -127.1 (t, J = 9.5 Hz), -72.2 and -73.7 (PF6 ̶ ). ESI-MS (pos. detection mode): m/z (%):

H-,13 C-,19 F-NMR spectroscopies and ESI-mass spectrometry (See supporting information). The
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