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Further studies on the photoreactivities of ruthenium-nitrosyl complexes with terpyridyl ligands

This study focuses on the two cis/trans-(Cl,Cl)-[Ru(R-Phtpy)Cl2(NO)] + isomers, where the R group is a NEt2 on the 4'position of the phenylterpyridine (Phtpy). The photophysical characteristics properties of the two isomers as well as those of one nitrosamine derivative are described. The NO release properties are evaluated and show that the cis isomer is the most efficient with a good quantum yield of NO release. X-ray structures of three ruthenium-nitrosyl complexes and one of a photoproduct are presented.
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Introduction

Nitric oxide (NO), known as an atmospheric pollutant, has become the source of intensive and exciting research in animals, since its identification as an endothelium-derived relaxing factor (EDRF) in the 1980s. 1 NO is a gaseous radical species with a half-life of a few seconds and is produced by a family of NO synthases (NOS) identified as: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). NO is recognized as a broad-spectrum biological signalling molecule that operates at both systemic and specific cellular levels. 1 The participation of NO in various physiological roles such as neurotransmission, 2 immunology, 3 local blood flow and platelet function 4 , vasodilatation, 5 angiogenesis 6 etc. is well established. NO balance and bioavailability are of primary importance in the regulation of these various physiological processes. In order to deliver NO in a controlled manner, during the past few decades, researches have aimed to develop NO-donors prodrugs as potential therapeutics that exploit NO's vast biological roles. Among them, metal nitrosyl compounds became extremely popular thanks to their ability to deliver NO after photoactivation.

In particular, ruthenium-nitrosyl complexes, because they offered superior design flexibility and solution stability compared to oxygen-sensitive Fe and Mn congeners. 8 Numerous recent reviews have reported their NO release under irradiation.

For instance, our group studied ruthenium-nitrosyl complexes with a fluorenyl terpyridine ligand and demonstrated their phototoxicity and photobactericidal capabilities in correlation with NO delivery.

In our former investigations, we also studied a series of Ru-nitrosyl complexes with substituted terpyridine (tpy) ligands on the 4' position, bearing electron-donating or electron withdrawing groups. We planned to find out whether these substituents had any influence on the Ru(NO) / Ru(ON) photoisomerization and on the NO photorelease. 11,12 In addition, DFT calculations were carried out to elucidate the mechanism of release. 13 Similarly, this particular study focuses on the two cis/trans-(Cl,Cl)-[Ru(R-Phtpy)Cl 2 (NO)] + isomers with NEt 2 as R on the 4'-position of the Phtpy (Scheme1). This strong electron-donating substituent was chosen from the expectation of a better efficiency in the NO release process by virtue of an enhanced «push-pull» effect towards the electronwithdrawing NO ligand. In addition, DFT calculations suggest a shift of the absorption of the cis/trans-(Cl,Cl)-[Ru(R-Phtpy)Cl 2 (NO)]

+ complexes to longer wavelengths. It is important for biological applications that the molecules are activated by less energetic irradiation, as it avoids deleterious effects of UV irradiation. 14 This paper describes the synthesis of the ruthenium-nitrosyl complexes with diethylanilineterpyridyl-based ligands which leads to three different final compounds with various NO releasing efficiencies. In addition, the structures of three ruthenium-nitrosyl complexes and one of a photoproduct are solved by X-ray diffraction.

Results and discussion

Synthesis

As previously reported, the preparation of ruthenium-nitrosyl complexes with tpy ligands can be carried out by using K 2 [RuCl 5 NO] which already includes the nitrosyl ligand. Unfortunately, most of the time, the main product is the homoleptic complex with two tpy ligands around the metal ion. 11 However, in the synthesis of complexes 1, by adding K 2 [RuCl 5 NO] in small portions to the solution of the ligand, we were able to decrease the proportion of homoleptic complex and obtained the trans isomer as the major compound (Fig. S1, ESI). Another way is to bubble NO gas on the starting complex [R-tpyRuCl 3 ]: only the cis and trans isomers are formed with the trans one as major compound. 12 Thus, by bubbling In the last case, as NO is in excess, in the presence of air, it can react with the tertiary amine function on the phenyl ring and leads to the corresponding nitrosamine as highlighted by X-ray analysis of a crystal of trans-

(Cl,Cl)-[Ru(NEt(NO)-Phtpy)Cl 2 (NO)](PF 6 ) [2t] + (PF 6 ) (vide infra).
1 H NMR spectroscopy is in accordance with this structure: the aliphatic protons are largely deshielded and the peaks area integrations for these protons are consistent with five protons and confirm the presence of a single ethyl chain on the amine function. In order to obtain the mixture of [1t]

+ and [1c] + by this method, we have to carefully bubble argon to eliminate any trace of NO before opening the flask for further work-up (see experimental part). In fact, [1t] + can be obtained as a pure compound whereas [1c] + is always isolated with some [2c] + (around 10%) even after separation by HPLC. In order to obtain [1c] + as a pure compound, we had to use the other synthetic route, the one with K 2 [RuCl 5 NO]. As it is well known, N-nitrosamines are found in many foods due to the use of nitrite to prevent the growth of Clostridium botulinum. 15 They are formed by reaction of organic amines with nitrosating agents. 16 In fact, free NO is a poor nitrosating agent and becomes powerful when oxidized by molecular oxygen. [START_REF] Williams | Nitrosation reactions and chemistry of nitric oxide[END_REF] This is in line with our observations: the nitrosamine formation leading to [2] + is only obtained when NO and air are present together in the reaction flask. Most of the reactions described in the literature deal with N-nitrosamines formation from secondary amines. In our case, the reaction took place on a tertiary amine. 19 A tentative mechanism is proposed (Scheme 2), based on literature. [START_REF] Williams | Nitrosation reactions and chemistry of nitric oxide[END_REF]19 Favourable factors are brought together to yield nitrosamine: warming (the reaction is carried out at 80°C), dipolar solvent (DMF) and decrease of the basicity of the amine function (due to the electro-attractive character of the nitrosyl ligand). In fact, in our previous syntheses such an effect was nor observed as no function sensitive to oxidation was available. 12 It is reported that there might be a parallel pathway to nitrosamine formation in which the cation radical partitions between C-nitro and N-nitroso products. [START_REF] Williams | Nitrosation reactions and chemistry of nitric oxide[END_REF] In the present case, we only obtained the N-nitroso compound and the C-nitro derivative was obtained by another way, with concentrated nitric acid (vide infra). Full characterization will be presented only for complexes [ + (PF 6 ) was fairly pure and was in accordance with the X-ray structure. We could identify only three aromatic protons belonging to the phenyl ring (instead of four protons in the starting compound) with coupling constants consistent with an AMX system (Fig. S2, ESI). Nitration in so mild conditions on a derivative of a tpy ligand is surprising as strong acidic medium and heating are usually required. It has been described in the literature that nitration in organic solvents can proceed with nitric acid in large excess. 20 The nitronium ion formed by heterolysis of nitric acid as being the active reagent in solution, is under discussion. The NEt 2 substituent favours nitration on the ortho-position due to stabilization of the resonance forms by its lone-pair (para-position is not available) as usually described for anilines and as observed in the present case. This particular reactivity of the aromatic ring of the Phtpy is probably due to the fact that the Phtpy ligand is engaged in the coordination of the ruthenium atom. Moreover, it is noticed that the nitration occurred on the phenyl ring and not on the pyridine rings. The same experiment was carried out on the free ligand NEt 2 Phtpy and did not lead to any modification of the starting material. This observation is in line with some part of the literature: it has been fully reported that some reactions can be carried out on complexes more easily and/or more specifically than on free ligands.

Please do not adjust margins Please do not adjust margins spectroscopic data are gathered in Table 1. The spectrum of the ligand consists in two main bands located in the 270-400 nm range, arising from two main components ( max at 290 and 356 nm) and exhibits extinction coefficients (of about 22 000 mol The main features of the spectra of the ruthenium complexes can be resumed as followed: (i) (iv) additional transitions of lower intensities are present as shoulders between the main bands.

As predicted, visible to the naked eye, a strong bathochromic shift is observed for complexes 1. This suggests that NO-release on this series could be carried out by visible irradiation. By contrast, the colour of complex [2t] + (PF 6 ) bearing the nitrosamine substituent, is similar to the previously prepared compounds 12 as the electrondonating property of the NONEt substituent is decreased compared to NEt 2 .

The DFT computed data are gathered in Table 1 and compared with the data extracted from the UV-visible spectra. In the case of the ligand, the agreement appears excellent between theory and experiment, with the low energy transition exhibiting net aniline to tpy charge transfer character. On the other hand, there are some discrepancies for the ruthenium nitrosyl complexes [1c] + , [1t] + , and

[2t] + . Here there are energy differences of about 0.4 eV between the experimental and theoretical low lying transition. Although significant, this difference is still acceptable, taking into account the presence of heavy atom (ruthenium), large molecular size and intense charge transfer character. 22 The lowest transition energies in the trans(Cl,Cl) vs cis(Cl,Cl) observed by UV-visible spectroscopy (1200 cm . In both cases, the HOMO (133) to LUMO (134) excitation brings the major contribution to this transition arising from a sizeable aniline to Ru(NO) charge transfer effect.

X-ray analysis

Crystals of complexes [1c] + and [2t] + and [3t]

+ allowed to elucidate their structures by X-ray diffraction. Selected bonds are depicted in Table 2 and crystal data are given in Tables S2-S4. On the starting complexes [1t] + (PF 6 ) and [1c] + (PF 6 ) before irradiation, three reduction peaks are observed (Fig. 3): the one at the more positive value is reversible and the two others are irreversible at the CV time scale; the first reduction corresponds to the Ru-NO + / . process, according to previous reported studies on polypyridine Ru II (NO) systems. An oxidation wave at ≈ 1 V/SCE observed in the ligand (Fig. S4,ESI) and in the complexes [1] + (PF 6 ) before and after irradiation could be attributed to the oxidation of NEt 2 group of the tpy ligand. 27 Its value is slightly lower in the free ligand (0.84 V) in comparison with the values measured on the complexes (0.96 to 1.06 V) indicating that once the ligand is engaged in coordination, the metal ion depletes electron density on the tpy ligand and its substituent.

Photochemical properties

The complexes [1] + (PF 6 ) and [2t] + (PF 6 ) were found to be stable in acetonitrile solutions at room temperature when protected from the light. On exposure to light, photo-labilization of NO led to the respective solvate species.

The overall photochemical process can be represented by equation ( 1):

[(L)Ru II -NO + ] + solvent [(L)Ru III -solvent] + NO • ( 1 
)
Under monochromatic continuous irradiation and assuming that the reacting solution is homogeneous, the evolution of the reactant concentration [Ru II ] is given by equation ( 2 We also noticed a better photoreactivity of the cis isomer [1c] + (PF 6 ). 12 TD-DFT and DFT investigations of the excited states involved in the photolytic cleavage of the Ru-NO bond have highlighted the crucial role of a metastable state also known as the MS2 isomer. 13 In the ground state, the NO ligand is bound to the ruthenium atom through N, while the metastable isonitrosyl isomer termed MS1 is bound through O, and the sideways-bound isomer is denoted MS2. Alary et al. suggest that differences in photoreactivity between cis and trans isomers may be linked to the different absorption properties shown by the sideways-bound isomer MS2 that is involved in the absorption of a second photon. Compound  NO trans isomers  NO cis isomers [1] + (PF 6 ) 0.09 (0.01) 0.12 (0.045) [2] + (PF 6 ) 0.13

As complexes [1] + (PF 6 ) display absorption at longer wavelengths in the visible part, we also carried out the irradiation at 546 nm in order to evaluate the efficiency at this wavelength as the ruthenium-nitrosyl fragment has a dominant contribution at this wavelength. The NO decreased at longer  irr , but the complexes remain photoactive, as also observed by Ghosh.
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In addition, it should be noted that the final spectra after photoinduced NO release are similar for [1c] + (PF 6 ) and [1t] + (PF 6 ). We already reported the same observation: cis and trans isomers lead to the same photoproduct, the trans solvated product. 12 The structure of photoproduct [4] + (PF 6 ) is shown on Fig. 5 and crystal data are given in Table S5 (ESI). We can corroborate the conclusions from electrochemical measurements: photorelease of NO leads to a Ru III complex as demonstrated by the presence of one (PF 6 ) -as counter-anion. The nitrosyl ligand is replaced by a molecule of solvent used for irradiation, ie acetonitrile. Selected bonds and angles are given Table S6 (ESI). We can observe the appearance of a large band at ≈ 1000 nm, on the UV-visible spectrum of [4] + (PF 6 ) (Fig. S6,ESI).

Although large drawn against the light wavelength, the bandwidth in energy at half-maximum is equal to 3 800 cm -1 and is readily attributed to a single transition predicted at 1241 cm -1 by DFT calculation (Table 1). The agreement between computation and experiment (≈ 240 cm -1

) appears therefore excellent, together with the reduced intensity of this low-lying transition. 21 Interestingly, the charge transfer direction observed from the aniline towards the NO-containing metal fragment, in all instances, is reversed from the metal (HOMO) to the aniline (LUMO) in the photoproduct, due to the absence of the strongly withdrawing NO substituent.

Materials and methods,

Materials

2-acetylpyridine and the N-diethylamino-4-benzaldehyde were obtained from Alfa-Aesar; copper was furnished by Sigma-Aldrich and RuCl 3 .nH 2 O by Strem; the solvents were analytical grade and used without further purification. K 2 [RuCl 5 NO] was prepared as decribed.
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Instruments

Elemental analyses were performed at LCC with a Perkin Elmer 2400 serie II Instrument. Please do not adjust margins Please do not adjust margins

[nBu 4 N](PF 6 ) (Fluka, 99% puriss electrochemical grade) was used as received and simply degassed by bubbling argon. Acetonitrile (MeCN) of CHROMASOLV® grade (gradient grade) was obtained from Aldrich (˃99.99%). The solution concentrations used for electrochemical studies were typically 1 mM in complex and 0.1 M in the supporting electrolyte. Before each measurement, the solutions were degassed by bubbling argon and the working electrode was polished with a polishing machine (Presi P).

The UV-visible spectra were obtained on a Hewlett Packard 8454A diode array spectrophotometer. To a solution of 2-acetylpyridine (1.12 mL, 10 mmol) in ethanol (15 mL) was added 1 mL of aqueous NaOH (10 M). 4-Diethylaminebenzaldehyde (885 mg, 5 mmol) was added and the reaction mixture was refluxed for 4 hours. After cooling down, the solvent was evaporated to dryness and the resulting paste was taken in 50 mL of 95% EtOH. After few hours, some precipitate appeared. It was filtrated and gave 690 mg of pale yellow powder.

The next day some more precipitate appeared in the filtrate and gave 155mg of the compound. Yield: 44%. , was bubbled in the solution for 2 hours. The color turned from dark-brown to violet. After stopping the heating, when opening the reaction flask under the hood to the air, we observed that the color of the solution changed from violet to red-brown. The solvent was evaporated to dryness and gave 168 mg of a brownish powder. 1 HNMR of the crude product indicated a 10/90 ratio of cis/trans isomers. The mixture was submitted to HPLC for the separation of the two isomers and gave 59 mg (yield = 25%) of trans isomer and traces of cis isomer after metathesis.

[2t]

+ (PF 6 ) Please do not adjust margins Please do not adjust margins and 1.4 Hz, 2H); 7.44 (d, J = 8.9 Hz, 1H); 3.42 (q, J = 7.1 Hz, 4H); 1.23 (t, J = 7.1 Hz, 6H).

Computational details

The four ([1c]

+ , [1t] + , [2t] + , and [4] + ) ruthenium complexes were fully optimized using the Gaussian-09 program package [START_REF] Frisch | Gaussian 09, Revision A.02[END_REF] within the framework of the density functional theory (DFT) at the PBE0/6-31G* level. [START_REF] Perdew | [END_REF]34 The PBE0 functional was selected in agreement with our previous investigations which revealed that PBE0 performed better than the widely used B3LYP and B3PW91 functionals, to reproduce the geometry of [Ru II (R-Phtpy)Cl 2 (NO)] + species. 11,12 The LANL2DZ basis set was applied for the heavy ruthenium atom, to account for the relativistic effects. 35 The computations were performed in acetonitrile medium, using the polarizable continuum model (PCM) in the SCRF procedure available in Gaussian09. 36 The vibrational analyses were conducted at the same level to verify that the stationary points correspond to minima on the potential energy surfaces. No symmetry requirement was considered first. Nevertheless, the C 2 symmetry was found for [1t] + , within a tolerance of 0.002 Å. Therefore, the final computations were performed within this symmetry for this complex. In the case of photoproduct [4] + , although the presence of a methyl on the acetonitrile ligand prohibits any symmetry, it is worth pointing out that the optimized molecule in which the methyl fragment is removed exhibits the C 2 symmetry, within a tolerance of 0.13 Å.

The computations of the UV-visible spectra in acetonitrile medium were performed at the same PBE0/6-31G* level. This TD-DFT method was selected for a consistency with our previously reported study of [Ru II (R-Phtpy)Cl 2 (NO)] + species. 12 Additionally, PBE0 was found to reproduce the energy of the low-lying charge transfer transition of [1t] + within a discrepancy of less than 3 000 cm -1 , which is better than the standard B3LYP, CAM-B3LYP, or B3PW91 method, and which is found to fall in the common range of uncertainty, taking into account the presence of heavy (Ru) atom and long range charge-transfer effects (see ESI).
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Crystallography

Data were collected at low temperature (100(2) K) on a Bruker Kappa Apex II diffractometer equipped with a 30 W air-cooled microfocus, using MoKα radiation (λ = 0.71073 Å), and an Oxford Cryosystems Cryostream cooler device. Phi-and omega-scans were used for data collection. An empirical absorption correction with SADABS was applied. 38 The structure were solved by intrinsic phasing method (SHELXT). 39 All non-hydrogen atoms were refined anisotropically by means of least-squares procedures on F² with SHELXL. 40 All the hydrogen atoms were refined isotropically at calculated positions using a riding model with their isotropic displacement parameters constrained to be equal to 1.5 times the equivalent isotropic displacement parameters of their pivot atoms for terminal sp 3 carbon and 1.2 times for all other carbon atoms.

CCDC 1911757-1911760.

Conclusions

We have synthetized ruthenium-nitrosyl complexes which were able to release NO upon irradiation. The use of a tpy ligand bearing NEt 2 as electron-donating ligand led to complexes with absorption bands in the visible part. However, quantum yields of NO release greatly decreased when irradiation was conducted with visible light instead of UV light. This result shows that experimental data need a more sophisticated conceptual approach. We have also shown that the reactivity of the ligand once coordinated to the ruthenium ion may be affected. One important point concerning the NO delivery, is that in ruthenium-nitrosyl complexes, the nitrosyl ligand should be trans to a chlorido ligand to enhance the NO release efficiency. This is in line with previous results 12,41 and opens new insights in the conception of next rutheniumnitrosyl complexes.

Scheme 1 :

 1 Scheme 1: Structure of the studied compounds.

3 Scheme 2 :

 32 Scheme 2: Tentative mechanism for the formation of N-nitrosamine.

Fig. 1 :

 1 Fig. 1: Electronic spectra of the ligand (blue) and the three complexes in acetonitrile: [1t] + (PF6) orange), [1c] + (PF6) (grey) and [2t] + (PF6) (yellow).
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  + and [1t] + , we can notice that Ru-N(1) bond length is longer in the cis isomer and that it is similar in the three trans isomers, indicating no influence of the electron-donating ability of the tpy substituent. However, a characteristic difference, because of the strong -acceptor character of the nitrosyl ligand is observed. The N-O distance in [1c] + (1.055(10) Å) is greater than that of [1t] + (1.017(12) Å) because of the weak -donor and the -donor characters of the chlorido ligand compared to the -acceptor character of the py ligand, as previously reported by Coe 23 and observed by Nagao. 24 Moreover, we notice that the nitrosyl ligand is slightly bent in [1c] + (angle Ru-N-O = 163.7(9)°) in comparison with the other trans isomers (angle Ru-N-O 175.5(2) to 177.8(2)°). The Ru-N distance to the linear nitrosyl (≈1.76 Å) in the trans isomers, is significantly shorter than that to the slightly bent nitrosyl (1.836(8) Å) in [1c] + , suggesting the greater π-back donation to the linear nitrosyl. Besides, in the coordination sphere of the ruthenium atom, the next shortest bond is the one between the metal ion and the central pyridine N(3) with both bonds being trans to a chlorido ligand. Regarding complexes [2t] + and [3t] + , both include a withdrawing group on the phenyl ring: a nitrosamine in [2t] + and a nitro group in [3t] + . The geometries around the metal ion are very similar for both structures. The main differences are related to the N-O bond length which is the longest in [2t] + , in which the deactivation occurs directly on the amine group with NONEt as substituent instead of NEt 2 in [1t] + . In fact, given that in [3t] + , the NO 2 withdrawing group is on the phenyl ring in ortho position to the NEt 2 function, it seems to have less influence on the N-O bond length. The same observation may be drawn by examining the N(5)-C(19) bond length which is longer for [2t]+ . For the latter, the mesomeric form is disfavoured due to the nitrogen doublet, but it could have a contribution in the three other complexes.

Fig. 2 :

 2 Fig. 2: Molecular structures of [1c] + (upper), [2t] + (middle) and [3t] + (down). Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms are omitted for clarity.ElectrochemistryCyclic voltammetry (CV) experiments were conducted on 1 M solutions of the three complexes in MeCN (Fig.3for complexes [1t]+ (PF 6 ) and [1c] + (PF 6 ) and Fig.S3, ESI for complex [2t] + (PF 6 )). The cyclic voltammograms reveal multiple couples resulting from redox processes centred at the metal, the nitrosyl ligand and the tpy ligand.

Fig 3 :

 3 Fig 3: Cyclic voltammograms of [1t] + (PF6) (upper) and [1c] + (PF6) (down) before ( ) and after(---) irradiation with a Xenon lamp, 1mM in MeCN, 0.1M (nBu4)[PF6], vs SCE, working electrode Pt disk, scan 0.2 V/s. The Ru-NO + / . peak potential is sensitive to the nature of the tpy ligand and more particularly to the substituents on the 4'-position, NEt 2 or NONEt, as it can be inferred from values in Table 3. The NEt 2 substituent is electron-donating and the reduction of the corresponding Ru-NO + / . in [1t] + (PF 6 ) is more difficult compared to that of complex [2t]+ (PF 6 ) with NONEt, which is less electrondonating. In fact, in the trans isomers the Phtpy affects the nitrosyl ligand due to its position, as there is an effective electronic transfer from the Phtpy ligand to the NO.

1 )

 1 ): d[Ru II ]/dt = - RuII l [Ru II ] I 0 F (2) 28 where F stands for the photokinetic factor: F = (1 -10 -Abs )/Abs with Abs = ( RuII [Ru II ] +  RuIII [Ru III ]) l.  is the photochemical quantum yield, I 0 is the incident photon flux (in M.s molar extinction coefficient of the ruthenium nitrosyl complexes and l (in cm) is the length of the optical irradiation path. The values of the quantum yield and extinction coefficients of the Ru III species are obtained by fitting of the model on two experimental wavelengths, the irradiation wavelength (365 nm) and an observation wavelength ( obs ) chosen for its significant amplitude variation during irradiation. All experiments could be reproduced with a good accuracy. On exposure to irradiation with a Hg lamp ( irr = 365 nm) the acetonitrile solution of [1c] + (PF 6 ) or [1t] + (PF 6 ) (cis or trans(Cl,Cl)-[Ru(NEt 2 -Ph)Cl 2 (NO)](PF 6 )) undergo a colour change from dark-blue for [1t] + (PF 6 ), or dark-red for [1c] + (PF 6 ) to orange over a period of 75 min.

Fig. 4 :

 4 Fig.4: Time evolution of the electronic spectra of [1t] + (PF6) (upper) and [1c] + (PF6) (down) under irradiation at 365 nm in MeCN at 293K.

Fig. 5 :

 5 Fig. 5: Molecular structure of the photoproduct [4] + (PF6). Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms are omitted for clarity.

1 H and 13 C

 113 NMR spectra were obtained at 298 K in CDCl 3 , CD 3 CN or (CD 3 ) 2 SO taking as internal reference and were recorded on a Bruker Avance 400 (400 MHz for 1 H NMR and 100 MHz for 13 C). J values are given in Hertz. Electrospray Ionization Mass Spectroscopy measurements were carried out on a Xevo G2 Q TOF (Waters) spectrometer. Separation of the complexes was achieved by preparative HPLC on Acquity chain (Waters SA) with UV-Vis detector diode array (200-800 nm). The used column is Acquity BEH C18 50 mm x 2.1 mm (inverse phase). Elution was carried out with a mixture of water acidified with 1% of trifluoroacetic acid and acetonitrile, in variable proportions with time. Voltammetric measurements were carried out using a potentiostat Autolab PGSTAT100. The experiments were performed at room temperature in a home-made airtight three electrode cell connected to a vacuum/argon line. The reference electrode consisted of a saturated calomel electrode (SCE) separated from the solution by a bridge compartment. The counter electrode was a platinum wire of ca. 1 cm 2 apparent surface. The working electrode was a Pt microdisk (0.5 mm diameter). The supporting electrolyte

1 H

 1 (400 MHz; CD 3 CN)  (ppm): 8.75 (ddd, J = 4.8; 1.8; 1 Hz, 2H), 8.73 (s, 2H), 8.70 (dt, J = 7.9; 1.1 Hz); 7.98 (td, J= 7.5; 1.8 Hz, 2H); 7.83 (d, J= 9 Hz, 2H); 7.46 (ddd, J = 7.5; 4.8; 1.2 Hz, 2H); 6.89 (d, J = 9 Hz, 2H); 3.49 (q, J= 7.1 Hz, 4H); 1.22 (t, J = 7.0 Hz, 6H).

UV-Visible spectroscopy and DFT analysis

  

	The UV-Visible spectra of the ligand NEt 2 Phtpy, [1t] + (PF 6 ) , [1c] + (PF 6 ) and [2t] + (PF 6 ) in acetonitrile are shown in Fig. 1 and the main

Table 1 :

 1 

Experimental and computational (DFT) data for the tpy ligand and the related complexes.

Table 2 :

 2 Selected bonds for complexes [1c], [1t] + , [2t] + and [3t] +

	Selected	[1c] +	[1t] + 11	[2t] +	[3t] +
	bonds (Å)				
	Ru-N(1)	1.836(8)	1.762(10)	1.752(2)	1.764(2)
	Ru-N(2)	2.075(7)	2.081(5)	2.085(2)	2.079(2)
	Ru-N(3)	1.964(6)	1.988(5)	2.0089(19) 2.001(2)
	Ru-N(4)	2.090(7)	2.089(5)	2.077(2)	2.076(2)
	Ru-Cl(1)	2.319(2)	2.3197(19) 2.3533(7)	2.3422(11)
	Ru-Cl(2)	2.403(2)	2.305(3)	2.3641(7)	2.3652(11)

N(1)-O

1.055

(10) 

1.017(12) 1.237(3) 1.131(3) N(5)-C(19) 1.384(12) 1.373(7) 1.423(3) 1.380(12) In [1c] + , one ethyl group was disordered over two positions in 68 :32 ratio. By comparing the bond lengths between the ruthenium atom and the nitrosyl ligand in [1c]

Table 3 :

 3 Values of the waves measured by cyclic voltammetry (V)

	Compound	Before irradiation	After irradiation
			Red	a	Ru III /Ru II
	[1t] + (PF 6 )	-0.24	-0.57 ; -1.31	0.37
	[1c] + (PF 6 )	-0.15	-0.47 ; -1.27	0.40
	[2t] + (PF 6 )	-0.13	-0.65 ; -1.18	0.41

b Ru-NO + /Ru-NO . Complex 1mM in MeCN, 0.1M (nBu4)[PF6], vs SCE, working electrode Pt disk, scan 0.2 V/s; (a) irreversible waves (b) with a Xenon lamp for two hours Under irradiation the voltammograms of the resulting complexes appear deeply different: disappearance of the two reduction waves ascribed to Ru-NO + / . and Ru-NO . / -processes that indicate complete NO release and appearance of a fully reversible reduction wave at ≈ 0.40 V attributed to the Ru III /Ru II couple.

26

Table 4 :

 4 Quantum yields of NO release with irradiation at 365 nm (546 nm).

  Hz, 2H); 8.18 (dd, J = 9 and 2.5 Hz, 1H); 7.89 (ddd, J = 7.8; 5.6 This journal is © The Royal Society of Chemistry 20xx

	1 H NMR (400 MHz; CD 3 CN)  (ppm): 8.82 (m, 2H); 8.81(s, 2H);
	8.72(ddd, J= 8.0; 1.4 and 0.7 Hz, 2H); 8.44(dt, J = 7.9 and 1.4 Hz, 2H);
	8.25(d, J = 8.8 Hz, 2H); 7.98(d, J = 8.8 Hz , 2H); 7.91(ddd, J = 7.8; 5.7
	and 1.4 Hz, 2H); 4.19 (quad, J= 7.2 Hz); 1.22 (t, J = 7.2Hz).	13 C {	1 H}
	NMR (100MHz; CD 3 CN) (ppm): 155.3; 155.0; 154.2; 153.2; 144.4;
	142.5; 133.1; 130.1; 129.8; 126.7; 122.7; 119.5; 38.4; 11.0.
	Elemental analysis (%): calc. for C 23 H 19 N 6 RuO 2 Cl 2 PF 6 , C: 37.93; H:
	2.63; N: 11.54 with PF 6 . found C: 38.64; H: 2.50; N: 10.91. IR (ATR) :  NO = 1894 cm -1 . ESI-MS: m/z = 582.9993 [M] + .
	[3t]	+ (PF 6 ) by nitration of [1t] + (PF 6 )	
			71 (d,
	J = 7.7 Hz, 2H); 8.70 (s, 2H); 8.50(d, J = 2.5Hz, 1H); 8.42(dt, J = 7.9;
	1.5		

1 H NMR (400 MHz; CD 3 CN)  (ppm): 8.78 (d, J = 5.2 Hz, 2H); 8.
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