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Abstract

This study describes the synthesis and reactivity in aqueous media of a new potential
NO/HNO-donor: trans-[Ru(NO)(NH3)4P(O")(OEt),](PFs)2. This compound exhibits a
remarkable robustness over a wide range of pH relative to other similar ruthenium phosphorus
nitrosyl complexes. At pH 3.0 and 25°C, frans-[Ru(NO)(NH3)4P(O")(OEt)2](PF¢), decays,
yielding free diethyl phosphite with a half-life of 9 days (k = 8.9 x 107 s, At pH 7.5 and
25°C, this complex is competitively consumed by diethyl phosphite dissociation (k = 5.15 x
10° s™") and nucleophilic attack at the nitrosyl group (k = 7.25 x 107 s™). Nevertheless, the
trans-[Ru(NO)(NH3)4P(O")(OEt),](PFs), exhibits a half-life of 1.5 h (pH 7.5 and 25°C) for
delivering NO/HNO by electrochemical activation at potentials of -0.50 and
-0.80 V vs SCE. The NO liberation from trans-[Ru(NO)(NH3)4P(O")(OEt),]" ion occurs with

kno=0.24 £0.01 s'l, and electrochemical data indicate that k. gno >> kno.
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1. Introduction

Ruthenium nitrosyl complexes of the type frans-[Ru(NO)(NH;),L]** are a promising
nitric oxide donor (NO-donor) platform [1, 2]. In vitro and in vivo tests have successfully
established their activity in the hippocampus [3], aorta rings [4-6] and against Chagas disease
[7-9], Leishmania major [10] and cancer cells [11]. Among the tested compounds-are those in
which L = 4-pic, py, pz, imN, imC, nic, ina and P(OEt); [2, 6, 7, 9-12]. Their biological
activity is attributed to their NO-donor ability upon reduction, which can be modulated
through the judicious choice of L. Phosphorus(IIl) ligands, such as phosphites (P(OR)3) and
phosphines (P(R)3) are interesting due to their high trans effect and trans influence [12-15]
properties, which can tune the reduction potential (Exo’/no) and the specific rate constant for
NO liberation (k.no) of the NO* fragment in these nitrosyl complexes [4, 5, 14]. Furthermore,
due to the possibility of varying the nature of R, additional tuning of the phosphorus atom ¢
and 7 donor/acceptor abilities and the complex solubility can be achieved.

For example, trans-[Ru(NO)(NH;),P(OEt);](PF¢); exhibits Exo /o = -0.24 V vs SCE
and kno = 0.97 s [14], characteristics that are relevant for situations in which fast nitric
oxide liberation is required. In addition, after NO-donation, the resulting complex ion
trcms—[Ru(HzO)(NH3)4P(OEt)3]2+ is able to react with nitrite (NO,") and, through an acid-base
equilibrium, convert NO,™ into NO" ligand [16], renewing the NO source. This system would
be very interesting in hypoxic conditions, where oxygen-dependent NO synthases may be
inhibited, by providing an alternative pathway for the production of nitric oxide through
nitrite conversion [17]. It is interesting to recall that nitrite is present in plasma at an average
concentration of 11411 nmol L™ [18], and the reduction potential of the [RuNO]3 * fragment

is accessible to biological reductors [9, 10, 14].
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Despite the interesting characteristics of trans-[Ru(NO)(NH;)4P(OEt);](PFs); as a
NO-donor, it is not stable for practical application in biological media (pH > 5) due to
nucleophilic attack at the triethyl phosphite ligand and at the nitrosonium group [19],
decreasing the NO-donation efficiency of this compound.

Recently, phosphorous acid (the simplest phosphite) was chosen as a probe in which
nucleophilic attack on the phosphite molecule is avoided by the absence of carbon chains
[20]. In this case, the trcms—[Ru(NO)(NH3)4P(O')(OH)2]2+ undergoes isomerization promoted
by the nitrosyl group, yielding trans—[Ru(NO)(NH3)4(O)P(OH)2]2+ and
trcms—[Ru(NO)(NH3)4(O)P(H)(OH)2]3+ ions in aqueous media. This isomerization reaction
also would reduce the compound NO-donor efficiency [20].

Therefore, this work presents a synthesis and reactivity study in aqueous media of the
new trans-[Ru(NO)(NH3)4P(O)(OEt),](PFs), complex. Diethyl phosphite is an interesting
alternative to the phosphorus(Ill) ligand because, unlike triethyl phosphite and phosphorous
acid, it maintains both the dissociable proton (hydroxyl group) and the ethyl groups (electron

donors).

2. Experimental Section

2.1 Chemicals and reagents
All chemicals were of analytical grade (Sigma-Aldrich, Strem or Merck). Ruthenium
trichloride (RuCls-3H,O) was the starting reagent for the synthesis of the ruthenium nitrosyl
complex described herein. The solvents were purified following literature procedures [21]. All

syntheses and manipulations were carried out under an argon atmosphere [22].

2.2 Synthesis of the complexes
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The trans-[Ru(NH3)sCI](Cl), [23] and trans-[Ru(H,O)(NH3)5](PF¢), [24] complexes

were synthetized according to literature procedures.
2.2.1 trans-[Ru(NO)(NH3)4P(O")(OEt)2J(PFgs); synthesis

First, 3.4 x 10 mol of trans-[Ru(H,0)(NH3)s](PFs), (169 mg) and 3.9 x 10*mol of
diethyl phosphite (0.5 mL) were added into 15 mL of argon-degassed acetone. After 1 h, NO
was bubbled into the solution for 4 h. Next, the acetone was evaporated, and 100 mg of
NH4PFs and 50 mL of ether/ethanol (10:1) were added. The light red solid obtained was
separated through filtration, dried and stored under vacuum and the absence of light.
Yield: 40%.
Theoretical elemental analysis for frans-[Ru(NO)(NH3)4P(O")(OEt),](PF¢),- 1/2CH;CH,OH:

C9.25,H3.88 and N 11.09. Found: C 9.23, H3.71 and N 11.05.

2.3 Instruments

UV-vis spectra were acquired using a Hitachi U-3501 instrument, 1.0-5.0 cm quartz
cells and a thermostatic bath at25 + 0.1°C.

Infrared spectra were obtained using a Bomem-102 instrument using KBr pellets (32
scans) for solid analysis and a silicon window with a 0.05-mm Teflon spacer (8 scans) for
solutions at a resolution of 2 cm’.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed
in-a Princeton Applied Research 264A instrument. The electrochemical cell was composed of
a saturated calomel electrode (SCE), a platinum plate and a glassy carbon electrode as the
reference, auxiliary and working electrodes, respectively.

The specific rate constant for NO liberation (k no) was calculated using the Nicholson
and Shain electrochemical method [25] at pH 2.0, p = 0.1 mol L' and 25 + 0.1°C.

Considering the NO dissociation from trans-[Ru(NO)(NH;),L]™ fragments as a charge

4
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transfer followed by an irreversible chemical reaction, the specific rate constant for the NO
liberation (k.no) was calculated based in the /I ratio with the scan rate variation [25]. The
slope of the plot of k.t (obtained from the working curve [25]) versus T gives the kno value.
NMR spectra were acquired in a Agilent 500/54 Premium Shielded instrument-using a
5-mm probe and 3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid (TMSP-D4) (8im,13c =
0 ppm) or NH4PF; salt (83;p = -144 ppm) as internal references and D,0O as the solvent. All of
the solutions were degassed using argon, their pH and strength ionic were controlled. For the
solutions at pH 7.5, tris(thydroxymethyl)aminomethane (TRIS) buffer was used. Unless

otherwise noted, trifluoroacetic acid (HTFA) was employed for pH adjustment.

2.4 Kinetic measurements
The trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ ions were analysed in aqueous medium at pH
3.0 and 7.5 using *'P NMR, UV-vis and IR. All experiments were carried out at 25°C. The

data were modelled as a first-order reaction, with k being estimated from In(A-A;) vs time.

2.5 Computational details

The ‘Gaussian03 [26] package was used to perform the calculations. The Kohn—Sham
density functional theory (DFT) [27] with the Becke three-parameter hybrid exchange-
correlation functional (B3LYP) and the standard DGAUSS basis set (DGDZVP for Ru,
DGDZVP2 for P and DGTZVP for H, C, N and O) was used to carry out the molecular
geometry optimizations [28, 29]. Symmetry conditions were not imposed [30]. The IEPCM
model of solvation with water as the solvent was used [31-33]. The vibrational frequencies
were carried out using the same method and the basis set under the keyword freq and did not
exhibited imaginary frequencies indicating a true minimum. The orbital population was

obtained from pop = full keyword and the electronic spectra were obtained using the TD-DFT

5



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

calculation as implemented in the Gaussian03 package. The NBO 3.0 programme
implemented in the Gaussian03 package [34, 35] was used for natural bond orbital
calculations. For all of the structures calculated herein, the orientation is as follows: the
(NO)-Ru—(P(OH)(OEt),) vector is the z-axis, and the x and y-axis correspond to the H;N-

Ru-NHj; vectors.

3. Results and Discussion

3.1 Trans-[Ru(NO)(NH;)4+P(O )(OEt),](PFs), characterization

Trans-[Ru(NO)(NH3)4P(O")(OEt),](PF¢), was isolated as an EPR-silent orange solid.
The orbital composition for this complex showed that the HOMO is 94% localized in Ru (dxy)
and the LUMO+0,1 are composed of 23% Ru (dy,, dy,) and 74% NO (px, py; ©*). The Ru-
N=O angle obtained from DFT calculations is 175°, which strongly suggests that the NO
ligand has nitrosonium character [2]:

The [Ru(NO)]3+ fragment exhibits a Ru(Il) metal center with Ru(III) character. Indeed,
the pK, for water and phosphorous acid molecules in trans-[Ru(NO)(H,0O)(salen)]” (pK, =
4.50) [36] and trans-[Ru(NO)(NH;)4(P(OH);)]* (pK, = 0.74) [20] are slightly smaller than
those ~in  the respective aqua-ruthenium(Ill) complexes: trans-[Ru(H,O),(salen)]*
(pK, =5.90) [36] and trans-[Ru(H,0)(NH3)4(P(OH)3)]** (pK, = 1.0) [37]. Thus, the pK, for
diethyl phosphite molecule in trans-[Ru(NO)(NH;)4P(OH)(OEt),]** is estimated to be of the
same order of magnitude as that in trcms—[Ru(HzO)(NH3)4P(OH)(OEt)2]3+
(pKa = 1.5) [37]. According to UV-vis experiments (Fig. 1S), a band enlargement with an
increase of absorbance at 270 and 360 nm and, a small blue shift of A =4 nm are observed
when the solution pH changes from 1.0 to 3.0. This could be an indicative of the diethyl
phosphite ligand deprotonation which would occurs at pH higher than 2.0, but it does not

6
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enable an accurate pK, calculation. Therefore, in this study, in aqueous medium at pH > 2.0,
the diethyl phosphite in trans-[Ru(NO)(NH3),P(O")(OEt),]** will be depicted in its
deprotonated form because it will certainly be the dominant form present under these
conditions.

The electronic spectrum of trans-[Ru(NO)(NH;)4P(O)(OEt),]** in solution at pH 2.0,
W = 0.1 mol L' (Fig. 2S), similarly to those observed for other compounds of the
trans-[Ru(NO)(NH;)4L]X, series [38, 39], exhibited bands at A ~ 530 nm
(e ~20 Lmol” cm™), 310 nm (¢ =956 L mol”' cm™) and 242 nm (€ = 1509 L mol”* cm™).

According to TD-DFT calculations, the absorption at 530 nm is assigned to the metal-
ligand charge transfer (MLCT) HOMO(d,,Ru) = LUMO+0,1(x*NO), while the 310 nm
band would be a mixture of ligand-ligand charge transfer (LLCT), (P(O")(OEt),)HOMO-1 =
LUMO+0,1(7t*NO) and MLCT HOMO-3,4(dy,,dy,Ru) > LUMO(m*NO).
The most intense band at 242 nm is mainly composed by an LLCT
(P(O)(OEt);) HOMO-2,5 = LUMO+0,1(n*NO) and a d-d transition of the HOMO-
3,4(dxz,dy,Ru) = LUMO+2,3(d2dx>-y2Ru) type.

Although the diethyl phosphite ligand presents a dissociable proton, the infrared
spectra of the nitrosyl complex of diethyl phosphite in the solid state (KBr) and in aqueous
medium (hydrogen ion concentration of 2.0 mol L' to 10® mol L) exhibited just one VNO*
at 1887 cm™. This is different from the observations for the protonated and deprotonated
forms of frans-[Ru(NO)(NH3)4P(OH)s]**/trans-[Ru(NO)(NH;)sP(O)(OH),]** ions, which
exhibit two VNO®" (1892 and 1879 cm'l), one for each species [20]. The DFT
calculation for the structures trans—[Ru(NO)(NH3)4P(OH)(OEt)2]3+ and
trans-[Ru(NO)(NH;),P(O)(OEt),]** yielded NO* frequencies at 1893 and 1883 cm’,
respectively. These values are similar to one another, suggesting the possibility of band

overlap in the experimental spectra. Indeed, the plot of both theoretical vno+ presented a
7
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bandwidth at half-maximum (w;) of 22 cm'l, which is the same value observed
experimentally for Vo, = 1887 cm’™ in the title complex (Fig. 35).

The *'P NMR spectra for trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ obtained in solution
from 2.0 mol L™ HTFA until reaching pH 7.5 exhibited just one singlet at 68 ppm (Table 1).
This single chemical shift is different from that observed when phosphorous acid (P(OH);) is
bonded to [Ru(NO)(NH;),]*". In the last case, a singlet at 68 ppm for the protonated form and
a singlet at 60 ppm for the deprotonated form can be observed [20]. Howeyver, for the diethyl
complex, the NBO charges from DFT calculations show that the charge on the
phosphorus atom does not change substantially after the deprotonation of
trans-[Ru(NO)(NH3),P(OH)(OEt),]** (1.150) to form: trans-[Ru(NO)(NH;)4P(O")(OEt),]**
(1.158), thus corroborating the experimental data. Table 1 shows the lH, BC and *'P NMR

data for trans-[Ru(NO)(NH;)sP(O")(OEb),]** in D,O.

Insert Table 1

The cyclic voltammograms for solutions containing
trans-[Ru(NO)(NH;)4P(O)(OEt),]** are depicted in Fig. la. The nitrosonium ligand is
reduced at E¢; = -0.50 V vs SCE (reaction 1), and the nitric oxide ligand is then reduced at E,
= -0.80 V vs SCE (reaction 2). Considering that the pK, for HNO molecule in
trans-[Ru(HNO)(NH;),P(OEt);]** estimated from DFT calculations is 9.9 [40] and
P(O)(OEt), exhibits a mw-acidity less than that of P(OEt); [12], in
trans-[Ru(HNO)(NH;),P(O)(OEt),]**, the HNO molecule probably exhibits pK, > 10. Thus,
in solutions with pH < 10, the second reduction process (reaction 2) would yield
trans-[Ru(HNO)(NH;)4P(O")(OEt),]** instead of frans-[Ru(NO")(NH;3),P(O)(OEt),]*. The
NO/NO" and HNO/NO oxidation waves are only partially observed in Fig. 1a at E,, = -0.42 V

8
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and E,p =-0.63 V vs SCE due to the high trans effect of the phosphite ligand, which leads to a
fast NO/HNO dissociation. The reversible couple observed at 0.29 V vs SCE is attributed to

the Ru"/Ru" couple in the aqua complex (reaction 3).

trans-[Ru(NO*)(NH;),P(O")(OEt),]*" i_—ee- trans-[Ru(NO)(NH;),P(0")(OEt),]* (1)

trans-[Ru(NO)(NH;),P(O")(OEt),]" % trans-[Ru(HNO)(NH;),P(O)(OEt),]" (2)

trans-[Ru(H,0)(NH;),P(O")(OEt),]>* l—e_: trans-[Ru(H,0)(NH;),P(O")(OEt),]" (3)

Insert Figure 1

Applying the approach —of Nicholson and Shain [25], the kwno value for
trans-[Ru(NO)(NH3)4P(O")(OEt)2]" ion was calculated as 0.24 + 0.01 st at pH 2.0 and 25 +
0.1°C (Fig. 4S). This value is four times smaller than the value measured for
trans-[Ru(NO)(NH3),P(OEb);]** (kno = 0.97 s™' [14]). The ko (the specific rate constant
for nitroxyl liberation) for this complex was not calculated using the Nicholson and Shain
[25] method because the oxidation process of the coordinated HNO was not clearly observed,
even at 5°C and a high scan rate 2 V s'l), which indicates that kuyno >> kno for
trans-[Ru(NO)(NH3)4P(O")(OEt),](PF¢), complex.

The HNO dimerizes to N2O (kgim = 8 x 10° M s [41]) in aqueous medium. Thus the
N-O identification [40] (E¢p = -0.32 V at pH 5.0 [42]) in solution, after one electron reduction
of trans-[Ru(NO)(NH;);P(O")(OEt),]", can be a good indication of the HNO presence The
Fig. 2 shows the differential pulse voltammetric experiments carried out using a N,O

saturated solution and a solution containing trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ at 2.5 £

9
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0.1°C and pH 5.0 (the N,O detection is pH dependent) before and after electrode polarization
at -1.0 V. The E., = -0.32 V observed in N,O saturated solution is similar to the one observed
in the solution containing trans-[Ru(NO)(NH3),P(O")(OEt),]** indicating the release of HNO

in solution and its consequent dimerization into N,O.

Insert Figure 2

3.2 Aqueous medium stability oftrcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+

Trans-[Ru(NO)(NH;3)4P(O")(OEt),]** was monitored at pH 3.0 using °'P NMR. The
’'P NMR spectra initially exhibited just one peak at .68 ppm, which decayed (reaction 4) with
k=890x 107 s (t1p=9 days), yielding as the main product free diethyl phosphite and its

hydrolysed products (15-0 ppm), which were formed with t;, = 8.6 days.

trans-[Ru(NO)(NH3),P(O")(OEt),]** % trans-[Ru(NO)(NH;),(OH,) 3" + P(O")(OEt), (4)
31p = 68 ppm 031p = 15-0 ppm

Two peaks of very low intensity at 66 and 62 ppm were also observed, corresponding
to trans-[Ru(NO)(NH;),P(OH),(OE)]** and trans-[Ru(NO)(NH;),P(O)(OH),]**, respectively.
However, as judged from the product distribution analysis, the main reaction is the diethyl
phosphite dissociation (reaction 4) and not the phosphite ligand hydrolysis.

According to 'P. NMR kinetic data obtained at pH 3.0 and 25 %= 0.1°C,
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ (tip = 9 days) is at least 3 times more stable than
trcms—[Ru(NO)(NH3)4P(OEt)3]3+ (tin = 2.8 days) [43] and 269 times more stable than

trans-[Ru(NO)(NH3)4P(O")(OH),]** (12 = 47.7 min) [20].
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However, the behaviour of trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ in aqueous media
does not match that observed for the corresponding nitrosyl complexes of triethyl phosphite
[43] or phosphorous acid [20] wunder the same experimental conditions.
Trans-[Ru(NO)(NH;),P(OEt);]** undergoes phosphorous ligand hydrolysis, whereas the
trans-[Ru(NO)(NH;)4P(O)(OH),]** isomerizes to the O-bonded compound
(trans—[Ru(NO)(NH3)4(O)P(OH)2]2+) and only then undergoes phosphorus ligand dissociation
[20]. On the other hand, the diethyl phosphite in
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ neither hydrolyses nor isomerizes but dissociates as is.
This probably occurs due to the combination of the c-inductive effect of the ethyl groups,
which are absent in phosphorous acid, and the dissociable proton, which is absent in triethyl
phosphite, which results in an extra negative charge over the phosphorus ligand, decreasing
the hydrolysis and isomerization reaction rates and favouring the dissociation.

Considering that trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ is potentially useful as a
NO/HNO-donor in biological media, the stability of this complex was also monitored as a
function of time at pH 7.5 (TRIS buffer) by *'P NMR, IR and UV-vis spectroscopy as well as
cyclic voltammetry:

Fig.©3 shows the time course of the *'P NMR chemical shift areas for
trans-[Ru(NO)(NH;)4P(O)(OEt),]** at pH 7.5 and 25 + 0.5°C. The decay and formation
profile shown in Fig. 3 is not trivial, indicating that consecutive and/or competitive reactions

are taking place.

Insert Figure 3

Assuming first-order kinetic behaviour, the observed rate constants (k) of the decays
and formations of each &3p in Fig. 3 can be obtained by plotting In (A-Ay) versus time (s).
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In the time range of 0 to 7,000 s, the trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ peak at 68
ppm decays, yielding peaks at 15-0 ppm, corresponding to free diethyl phosphite and its
hydrolysed products (Kf(15-0 ppmyotat = 1.14 X 104 s'l), and a peak at 138 ppm (K138 ppm) = 7.50
x 107 s™).

After 7,000 s, the peak at 138 ppm decays, yielding a peak at 136 ppm (k136 ppm) =
7.45 x 107 s™"). This last peak also decays, yielding free diethyl phosphite and its hydrolysed
products (Ki5-0ppmp2 = 6.25 x 107 7).

After 7,000 s, only the species at 136 ppm is able to generate free diethyl phosphite in
solution, with Kgis.0ppmye = 6.25 x 107 s™'. However, within the first 7,000 s, free diethyl
phosphite is produced at a rate of K¢is.oppmyotat = le14oX 107 s'l, indicating that during this
period, free diethyl phosphite is produced not only from the species at 136 ppm but also from
the initial species at 68 ppm. Thus, the rate of the dissociation of diethyl phosphite from
trans-[Ru(NO)(NH3),P(O")(OEt),]** can be estimated as kes.oppm1 = 5.15 x 107 s from k5.
oppm)1 = Kf(15-0ppmytotal = Ke(15-0ppm)2-

The peaks at 68 ppm and 15-0 ppm, as described above, are known to correspond to
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ and P(OH)(OEt), and its hydrolysed species,
respectively: This is not the case for the peaks at 138 and 136 ppm. To identify these species,
trans-[Ru(H,0)(NH3)4P(O7)(OEt),](PF¢) was synthesized, and the 3P NMR spectra of the pH
7.5 solution containing this complex were obtained.

The *'P NMR spectrum of trans-[Ru(H,O)(NH3)4P(O")(OEt),](PFs) at pH 7.5
exhibited just one peak at 138 ppm. This peak diminishes as a function of time, yielding the
peak at 136 ppm. Thus, the peak at 136 ppm probably corresponds to the complex product of

diethyl phosphite ligand hydrolysis: trans-[Ru(H,O)(NH;3),P(O)(OH)(OE®)]".
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trans-[Ru(NO)(NH;)4(OH)J*" + P(O")(OEt), )

ss 831p = 15-0 ppm
\‘> +\
Q@
trans-[ Ru(NO)(NH3)4P(O )(OEt),]**
d31p = 68 ppm
trans-[Ru(NO,)(NH;),P(O")(OEt),] + H,O (6)
o PN
trans-[Ru(H2O)O\IH3)4P(O')(OE‘[)2]+ + NOZ_ (7)
d31p = 138 ppm £

trans-[Ru(H,0)(NH;)4P(O")(OH)(OEt)]" + EtOH (8)
d31p = 136 ppm

trans-[Ru(OH,),(NH;),]*" + P(O)(OEt),  (9)
d31p = 15-0 ppm

Therefore, in solution at pH 7.5, trans-[Ru(NO)(NH3)4P(O)(OEt),]* (831p = 68 ppm)
is consumed competitively, yielding free diethyl phosphite (33;p = 15-0 ppm, reaction 5) and
trans-[Ru(H,O)(NH;3),P(O)(OEt),]* (831p = 138 ppm, reaction 7). This last complex
undergoes hydrolysis, giving rise to trans-[Ru(H,O)(NH3),P(O)(OH)(OEt)]" (831p = 136
ppm, reaction 8), which also decays, yielding free diethyl phosphite (d31p = 15-0 ppm,
reaction 9) as follows:

To produce trans-[Ru(HO)(NH;3),P(O)(OEt),]* (8;ip = 138 ppm) from
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+, a reaction centred on the nitrosonium ligand must occur.
According to the literature [14, 16], at pH > 5.0, the nitrosyl complex undergoes nucleophilic
attack on the NO' group, yielding a nitrite complex. The formation of

trans-[Ru(NO,)(NH;3)4P(III)]" can be indirectly determined spectrophotometrically through
13
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the aquation of the nitrite ligand using pyrazine as an auxiliary ligand (reactions 10 and 11)

[16].

trans-[Ru(NO,)(NH;),P(IID)]" + HyO === trans-[Ru(H,0)(NH;),PIID)]""! + NO,  (10)

trans-[Ru(H,O)(NH;),P(IID]""! + pz === trans-[Ru(pz)(NH;),PIID]""" + H,O (11)

Thus, the formation of the trans-[Ru(pz)(NH3)4P(O)(OEt),]" product (A= 400 nm
[37], Fig. 4) was  followed in  solution <at ~pH 7.5 containing
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ and an excess of pyrazine. The initial nitrosyl complex
was converted into trans-[Ru(pz)(NH;),P(O)(OEt),], and the observed rate constant (k) for
nitrite aquation in trans-[Ru(NO,)(NH3)/P(O)(OEt),] at pH 7.5 and 25 + 0.1°C was

calculated as 1.19 x 107 s,

Insert Figure 4

The same pH 7.5 solution containing trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ and an
excess of pyrazine at 25 + (0.1°C was also monitored by ’'P NMR. According to the spectra
acquired as a function of time, trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ (331p = 68 ppm) yields
free diethyl phosphite (831p = 15-0 ppm) and trans-[Ru(pz)(NH3)4P(O)(OEt),]" (831p = 132
ppm) with K¢132ppm) = 1.18 x 10* s, This value is experimentally indistinguishable from that
calculated using spectrophotometric data (k = 1.19 x 10™ s™).

Trans-[Ru(NO,)(NH3)4P(O)(OEt),] species were not detected in the 3P NMR spectra
of pH 7.5 solutions containing trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+. This absence is probably
due to rapid  nitrite complex consumption (reactions 7), which precludes

trans-[Ru(NO,)(NH3)4P(O7)(OEt),] accumulation.
14
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The infrared spectra of trcms—[Ru(NO)(NH3)4P(O')(OEt)2]2+ at pH 7.5 exhibited a
decrease in Vnos = 1887 cm’! (Fig. 5S) as function of time, which is also consistent with
nitrosyl complex consumption.

The cyclic voltammograms of trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ atpH 7.5 and 25 +
0.1°C initially exhibited a Ru(Ill)/Ru(Il) couple at 0.15 V and the same reduction processes of
NO*/NO and NO/HNO (E = -0.50 and -0.80 V vs SCE). This observation indicates that this
complex retains its ability to be activated through reduction and acts as a potential NO/HNO-
donor at pH 7.5. With time, the current of these processes decreases, indicating again the
consumption of the nitrosyl species.

It is interesting to note that the =~ Ru(ll)JRu(ll) couple in the
trans-[Ru(H,O0)(NH;)4P(O)(OE),]*/trans-[Ru(H,0)(NH3)4P(O")(OEt),]* species is now (pH
7.5) shifted by +130 mV relative to the voltammogram obtained at pH 2.0 due to the diethyl
phosphite deprotonation. Similar behaviour was observed when the ligand was phosphorous
acid (P(OH)3) [20], in which case the potential shifted by +120 mV.

Regarding nucleophilic attack on phosphite and on the nitrosyl group, the data
collected suggest that trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ (tip=15hatpH 7.5 and 25 £0.5
°C) is the most robust among the trans-[Ru(NO)(NH3)4P(II)]"* complex ions studied to date
[16, 20, ~43]. The formation of trans-[Ru(pz)(NH;),P(O)(OEt),]* from
trans-[Ru(NO)(NH;),P(O")(OEt),]** at pH 7.5 (k = 1.19 x 10™* s) shows that the aquation
rate of the nitrite ligand in trans-[Ru(NO,)(NH3)4P(O")(OEt),] is almost 100 times slower
than that in frans-[Ru(NO2)(NH;3)4P(OEt)s]* (1.30 x 10 s™) [44]. The increase in the stability
of nitrite complex favours the in vivo catalytic cycle previously proposed [6, 9], in which the
nitrite complex is converted into a nitrosyl complex [16], rebuilding the NO/HNO-donor

complex.

15



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

Considering that there are several indications that NO molecules play an important
role in pain modulation and can induce analgesia [45], in vivo tests using
trans-[Ru(NO)(NH;)4P(O")(OEt),]** as a NO/HNO-donor are being carried out. Preliminary
results regarding anti-inflammatory effects indicate that 100 pmol kg'1
trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ considerably reduces the intensity of pain perception

(hypernociception) in Swiss mice (Fig. 6S) [46].

4. Conclusions

Trans-[Ru(NO)(NH3)4P(O")(OEt),](PFs), is the’ first isolated example in the
trans-[Ru(NO)(NH;)4L]** series of a phosphorus ester of the type P(OH)(OR), being bound
to ruthenium center through the phosphorus atom.

The presence of both 6—inductor-groups (P-O-R) and an acidic proton (P-O-H) bonded
to the oxygen of phosphorus(Ill). precludes the hydrolysis and isomerization reactions on
trans-[Ru(NO)(NH;)4P(O)(OEt),]**. In addition to being important in its own right and to the
chemistry of phosphorous esters as ligands, the obtained information concerning how R/H
groups modulate-the phosphorus(IIl) ligand in terms of nucleophilic attack and isomerization
reactions in the trcms—[Ru(NO)(NH3)4]3+ fragment will be helpful for better tailoring
NO/HNO delivery systems.

Lastly, the data presented herein show that trans—[Ru(NO)(NH3)4P(O')(OEt)2]2+ is a
fast NO/HNO-donor and is rather stable in aqueous media over a wide range of pH (pH 3.0 -
7.5). Thus, it is a potential alternative to the unstable trans-[Ru(NO)(NH;),P(OEt);]** and

trans-[Ru(NO)(NH;),P(0")(OH),]** ion complexes.
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Figure Captions

Fig. 1. Trans-[Ru(NO)(NH3)4P(O)(OEt),]** in aqueous solution at pH 2.0, p = 0.1 mol L™
Cra=15x10"mol L', T=5 £0.1°C. (a) Cyclic voltammogram obtained at a scan rate of
100 mV s™'; (b) differential pulse voltammogram obtained at a scan rate of 10 mV sh

Fig. 2. Differential pulse voltammograms at pH 5.0, i = 0.1 mol L' T=25+0.1°C and scan
rate of 10 mV s™'. Dotted line: DPV of frans-[Ru(NO)(NH3)4P(O")(OEt),]** at Cgy = 3.0 x 107
mol L. Solid line: DPV of trans-[Ru(NO)(NH3)4P(O)(OEt):]** at Cry = 3.0 x 107 mol L™

after electrode polarization at -1.0 V. Dashed line: DPV of N,0O saturated solution.

Fig. 3. Product distribution as a function of time obtained from *'P NMR kinetics data for
trans-[Ru(NO)(NH3),P(O)(OEt),]** at pH 7.5 and 25 + 0.5°C.

() 851p = 68 ppm; trans-[Ru(NO)(NH3)4(P(O)(OEN))|*;

(b) 8311:' =138 ppm; trans—[Ru(OH)(NH3)4(P(O)(OEt)2)];

(c) 831p = 136 ppm; trans-[Ru(OH)(NH3)4(P(O)(OH)(OE))];

(d) 831p = 15-0 ppm; P(OH)(OEt), and its hydrolysed forms.

Fig. 4. Electronic spectra of tmns—[Ru(NO)(NH3)4P(O)(OEt)2]2+ in an excess of pyrazine at
pH 7.5 and 25 + 0.1°C as a function of time. Inserted: In(A-A,) versus time (s); R*=0.997.
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537 Table 1. NMR chemical shifts for trans—[Ru(NO)(NH3)4P(O)(OEt)2]2+ in D,O using the
538 TMSP-D4 and NH4PF; as internal references.

Nuclei Chemical Shift (ppm)

3p 68.0

Bc CH, 65.3

CH; 18.8

'H CH, 4.14

CH; 1.30
539
540
541
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Graphical Abstract

The synthesis and the reactivity in aqueous media of the new compound trans-
[Ru(NO)(NH3),P(O)(OEt),](PFs), are described. This compound
is a potentially good NO/HNO-donor in biological media due to its remarkable robustness
over a wide pH range and exhibits a fast NO/HNO release when activated through one or two
electrons reduction. Preliminary in vivo tests indicate that this complex reduces pain
perception
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553 Highlights

554

555 e The reactivity of the new trans-[Ru(NO)(NH3)4P(O)(OEt),](PFs), in aqueous medium
556 is reported.

557 e This compound is a potential NO/HNO-donor upon electrochemical activation.

558 e [t is stable in aqueous media over a wide pH range.

559 U Trans—[Ru(NO)(NH3)4P(O)(OEt)2]2+ decays with a half-life of 1.5 h at pH 7.5 and
560 25°C.

561
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