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Novel ruthenium nitrosyl complex [Ru(#'-L!)(PPh3),(NO)Cl,] (2) (where L'H is 3-chlorobenzoic acid and
H is dissociable proton) was synthesized and characterized by spectroscopic and electrochemical studies.
Molecular structure of complex 2 was determined by X-ray crystallography. The diamagnetic behaviour
of 2 was established by NMR spectral studies and redox property of 2 was investigated. DFT optimization
of the structure of 2 provided a linear geometry of {Ru'~NO*} moiety. The nitrosyl complex acted as novel
nitric oxide (NO) donor upon illumination of light and photoreleased NO was trapped by reduced myo-
globin. Amount of photolytically cleaved NO was quantified by Griess reagent. The precursor complex
[Ru(n?-L1)(PPh3),Cl,] (1) was obtained after photorelease of NO and was found to be a potential NO scav-
enger. Flipping of denticity of carboxylate ligand was observed during NO donation and scavenging. DPPH
(2,2-diphenyl-1-picrylhydrazine) radical quenching assay was performed to estimate the amount of gen-
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erated reactive nitrogen species or/and reactive oxygen species during photolysis of NO.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Carboxylates are an important class of organic oxo-anionic li-
gands which bind to metal ions in different coordination modes
[1,2] and constitute a large variety of coordination complexes. In
biosystem, amino acids having carboxylate function (e.g. aspartic
acid and glutamic acid) in their side chains, are found in the me-
tal-site(s) of several metalloproteins [2,3]. Hence, metal complexes
ligated to carboxylato ligand are often used for the structural and
functional modeling of metalloproteins [3,4]. Moreover binding
of calcium and magnesium ions by carboxylate function is impor-
tant for biological activities [3]. In recent past, considering the re-
search in the field of inorganic chemistry, a remarkable example of
versatile coordination chemistry exhibited by this oxo-anionic li-
gand, would be the synthesis of metalloorganic frameworks
(MOFs). Systematic use of building blocks having carboxylate func-
tional group(s) gave rise to a gamut of MOFs [5].

Research interest in the area of interaction of nitric oxide (NO)
with transition metal complexes has grown extensively in the re-
cent years [6,7]. Nitric oxide synthase (NOS) enzyme is responsible
for the generation of NO in biosystem and NO is known to be in-
volved in several biological pathways. It has been also found out
that biological activities exhibited by NO are concentration depen-
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dent [7c]. Hence the molecules which could donate [6-10] as well
as those compounds which could scavange [11] NO are extremely
important for the treatment of diseases caused by unusual concen-
tration of NO. There are several organic molecules which are used
for NO delivery, however controlled and target specific delivery of
NO could be achieved by inorganic complexes. For example, com-
pounds which could deliver NO upon illumination of light are use-
ful in photodynamic therapy (PDT) [7a,8¢,12].

Investigation of literature revealed that in very few cases ruthe-
nium complexes having carboxylate ligand(s) were used for the
coordination and delivery of NO [7b,11]. During last few years,
we have been working with ruthenium nitrosyl complexes which
could deliver and/or scavenge NO [10]. Herein we report very sim-
ple but useful ruthenium complexes [Ru(#?-L')(PPhs),Cl,] (1) and
[Ru(#n'-L')(PPh3),(NO)Cl;] (2) (where L'H = 3-chlorobenzoic acid
and H is dissociable proton) (Scheme 1) for scavenging and dona-
tion of NO respectively. These complexes flip the denticity of car-
boxylato ligand during coordination and photolability of NO and
to the best of our knowledge, there is no such report available in
the literature. The molecular structure of the nitrosyl complex 2
was determined by X-ray crystallography.

The photodissociation of NO was examined under visible as
well as in UV light. The amount of photoreleased NO was quanti-
fied using Griess reagent and the data was compared with the data
obtained from sodium nitroprusside (SNP) under the same experi-
mental conditions. Photoreleased NO obtained from 2 was trapped
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Scheme 1. 1" — ? flipping of carboxylate group during photorelease and coordi-
nation of nitric oxide.

by reduced myoglobin and amount of the generated reactive nitro-
gen species and/or reactive oxygen species during photolysis reac-
tion was determined by DPPH (2,2-diphenyl-1-picrylhydrazine)
radical quenching studies. The NO scavenging activity of complex
[Ru(#2-L1)(PPh3),Cl,] (1) will also be scrutinized in this report.

2. Experimental
2.1. General procedures

All the chemicals used were of reagent grade. Analytical grade
reagents sodium nitrite, 3-chloroperbenzoic acid (Sigma Aldrich,
Steinheim, Germany), RuCl;-3H,0, triphenylphosphine (SRL, Mum-
bai, India), naphthylethylenediamine dihydrochloride (NED), sulfa-
nilamide (Himedia Laboratories Pvt., Ltd., Mumbai, India),
disodium hydrogen phosphate anhydrous (RFCL Ltd., New Delhi,
India) and sodium dihydrogen phosphate (Chemport India Pvt.,
Ltd. Mumbai, India) were used as obtained. Double distilled water
was used in all the experiments. Equine skeletal muscle myoglobin
was obtained from Sigma Aldrich, Steinheim, Germany.

'H and *'P NMR spectra were recorded on Bruker AVANCE,
500.13 MHz spectrometer in the deuterated solvents. Electronic
absorption spectra of complexes 1 and 2 were recorded with Evo-
lution 600, Thermo Scientific UV-Vis spectrophotometer. Infrared
spectra were recorded on Thermo Nicolet Nexus FTIR spectropho-
tometer and were obtained in KBr pellets using 16 scans (in cm ™).
Cyclic voltammetric study was performed on a CH-600 electroan-
alyzer in dichloromethane solution with 0.1 M tetrabutylammo-
nium perchlorate (TBAP) as supporting electrolyte. The working
electrode, reference electrode and auxiliary electrode were glassy
carbon electrode, Ag/AgCl electrode and Pt wire respectively. The
concentration of the compound was ~10~2 M. The ferrocene/ferro-
cenium couple appeared at E;,=+0.52 (92)V versus Ag/AgCl
(scan rate 0.1 V/s) in dichloromethane under the same experimen-
tal conditions. Chemical actinometry study (with ferrioxalate acti-
nometer) was performed to determine the quantum yield of
photoreleased NO. The ESI-mass spectrum of the sample (metha-
nolic solution was used) was recorded in the positive ion mode
using Thermo Finnigan LCQ Deca mass spectrometer.

2.2. Synthesis of [Ru™(n?-L")(PPh3),Cl,] (1)

Complex 1 was synthesized from the reaction of Ru(PPhs);Cl,
with 3-chloroperbenzoic acid (where L'H = 3-chlorobenzoic acid
and H is dissociable proton) in dichloromethane under nitrogen
atmosphere according to the method reported earlier [13].

2.3. Synthesis of [Ru(n'-L")(PPh3),(NO)Cl;] (2)

A batch of complex 1 (0.043 g, 0.05 mmol) was dissolved in
25 mL of dichloromethane to obtain a red brown solution in round
bottom flask of 100 mL. To the above solution, sodium nitrite
(0.4 g, 6 mmol) with acidified distilled water (20 mL, pH 3.0) was

added and the mixture was stirred at room temperature for an
hour to get yellowish orange solution of complex 2. Dichlorometh-
ane layer was separated out and the solvent was evaporated under
dark conditions. Complex 2 (0.032 g, 0.036 mmol) was eluted from
an alumina column by dichloromethane:methanol (9:1) mixture.
To obtain single crystals of 2 for X-ray crystallography, a solution
of 2 in dichloromethane/methanol mixture was kept in vapor dif-
fusion of diethyl ether. Yield: 72%. Anal. Calc. for C43H34NCl305P,Ru
(882.11): C, 58.55; H, 3.88; N, 1.59. Found: C, 58.49; H, 4.11; N,
1.61%. IR (KBr disk, cm™'): 1880 (vno), 1620(vco), 1570, 1482,
1434, 1318, 1264, 1190, 1092, 745, 692, 518 (vppn3) cm™ L. UV-Vis
(CHyCly; Amax, nm (g, M~' cm™1)): 237 (35084), 320 (27017). 3'P
NMR (CDCls, 500 MHz): 6 16.55 ppm. 'H NMR (CDCls, 500 MHz):
6 7.85-7.81 (m, 12H), 7.35-7.28 (m, 18H), 7.24 (s, 1H), 7.21 (d,
1H), 7.18 (d, 1H), 7.00 (t, 1H).

2.4. Griess reagent assay

Griess reagent was prepared by mixing equal volumes of 1% sul-
phanilamide in 5% orthophosphoric acid and 0.1% naphthylethy-
lenediamine dihydrochloride (NED) in distilled water. The
estimation of NO or nitrite (NO, ™) ion was measured by observing
the increase in the absorbance near 538 nm due to the formation of
azo dye. Aqueous solutions of sodium nitrite with different concen-
trations (5-50 uM) were used to prepare standard curve for the
determination of nitrite [10a].

2.5. Quantum yield measurements

Standard ferrioxalate actinometer (0.006 M solution of potas-
sium ferrioxalate in 0.1 N H,SO,4) was used to determine the inten-
sity of the UV light (4 =365 nm). Quantum yield (®yo) of NO
photorelease for complex 2 was determined from the decrease in
its absorption band with /.« near 320 nm when irradiated with
the light of a UV lamp (/;r = 365 nm) and was calculated by follow-
ing the procedure reported earlier [10a]. The cuvette was kept 3 cm
away from the UV source to measure the quantum yields.

2.6. DFT study and computational details

The DFT calculation for complex 2 was carried out using GAUsSIAN
03 program package [14,15]. The Becke’s three parameters hybrid
exchange functional with the Lee-Yang-Parr (LYP) non-local corre-
lation functional was used throughout the computational study
[9a,15,16]. A LANL2DZ basis set [14] for ruthenium metal and 6-
31G(d) basis set [9a,14a] for non metal atoms was used in the cal-
culation. The coordinates oobtained from X-ray crystal structure
were used as input data for geometry optimization. The Gauss
View-4 program was used for pictorial representation of spin den-
sities and frontier molecular orbitals. The NO stretching frequency
was calculated using scaling factor of 0.97 for LANL2DZ basis set
[17].

2.7. X-ray crystallography

Red orange crystals of complex 2, suitable for diffraction study,
were obtained via vapor diffusion of diethyl ether into a solution of
2 in dichloromethane/methanol mixture. The X-ray data collection
and processing for complex 2 was performed on Bruker Kappa
Apex-II CCD diffractometer by using graphite monochromated
Mo Ko radiation (1=0.71073 A) at 273 K. Crystal structure was
solved by direct method. All calculations were performed using
the sueixtL [18,19] software package for structure solution and
refinement. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in geometrically calculated positions
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and refined using a riding model. The images were created with the
DIAMOND program [20].

2.8. DPPH quenching assay

Amount of NO as well as other reactive oxygen and/or reactive
nitrogen species was estimated by DPPH radical quenching assay
using UV-Vis spectrophotometer [21]. The electronic spectra were
recorded in dichloromethane solutions. UV-Vis spectrum of DPPH
radical (~3.5 x 107> M) showed a band near 520 nm. Now a
dichloromethane solution of 2 (~5.0 x 10~> M) was added to the
same solution. There was no loss of NO when the solution mixture
was kept in dark for 30 min. Exposure of low intensity UV light to
the same solution resulted in the disappearance of the band near
520 nm (electronic spectra were recorded at 30 s intervals). The
decrease in electronic absorption spectrum of DPPH radical in pres-
ence of 2 clearly depicted the formation NO and/or any other rad-
ical species in solution.

2.9. Preparation of phosphate buffer and myoglobin (Mb) stock
solution

A 50 mM phosphate buffer solution of pH 6.8 was prepared by
adding 0.4192 g of NaH,P04-2H,0 and 0.3283 g of anhydrous
Na,HPO,4 to 50 mL of MilliQ water. The volume of the solution
was made 100 mL in volumetric flask. Now to prepare myoglobin
stock solution, 5 mg of equine skeletal muscle myoglobin was
dissolved in 5 mL of buffer solution (vide infra). 100 pLL of myoglo-
bin stock solution was diluted to 1 mL in a quartz cuvette with an
optical length of 1 cm and was sealed with a rubber septum.

3. Results and discussion
3.1. Syntheses

A brown red complex [Ru(#2-L)(PPhs),Cl,] (1) (where
L'H = 3-chlorobenzoic acid and H is dissociable proton) was syn-
thesized from the reaction of Ru(PPhs)sCl, with 3-chloroperben-
zoic acid under nitrogen atmosphere [13]. A dichloromethane
solution of 1 was treated with in situ generated NO derived from
acidified sodium nitrite solution (pH 3.0) to obtain the nitrosyl
complex [Ru(n'-L')(PPh;),(NO)Cl,] (2) (Scheme 1) in good yield.
Both the complexes (1 and 2) were found to be highly soluble in
all the organic solvents such as dichloromethane, benzene, metha-
nol, acetonitrile and dimethylformamide, however they were less
soluble in water. Complex 2 was recrystallized from the vapor dif-
fusion of diethyl ether into dichloromethane/methanol solution.

3.2. General properties

Complex 2 was obtained by the reaction of non-innocent ligand
NO with complex 1 and {RuNO}® moiety was found to be present in
2 [22]. The NO stretching frequency (vno) appeared at 1880 cm™!
in the IR spectrum of complex 2 (shown in Fig. S1). This was ex-
pected for ruthenium nitrosyl complexes having {Ru-NO}® moiety
[7b]. The value of vno Was in the range of 1820-1960 cm™! and a
description of {Ru"-NO"}® was proposed for {Ru-NO}® species
[7b]. The appearance of a peak at ~1625 cm™! in the IR spectrum
of 2 supported the presence of metal ligated monodentate carbox-
ylate group [23]. The presence of phosphine ligands was clearly
indicated by IR bands near 750, 692 and 518 cm™! for both the
complexes [10].

The electronic absorption spectra of complexes 1 and 2 are dis-
played in Fig. S2. UV-Vis spectrum of complex 1 exhibited two
absorbtion bands near 283 nm and 296 nm. On the other hand,

absorption spectrum of 2 afforded a metal to ligand charge transfer
(MLCT) transition near 320 nm. It is well known in the literature
that the photolability of NO arises by photo-excitation of electron
from dn(M) — 7*(NO) in nitrosyl complexes [7a,7b]. Hence, these
bands are important for the application of nitrosyl complexes in
photodynamic therapy PDT [7a].

Complex 2 was found to be diamagnetic which was confirmed
by 'H and 3'P NMR spectral studies (Figs. S3 and S4). 'H NMR spec-
trum of 2 showed expected multiple signals in the range of 6.5-
8.0 ppm. A single resonance for two PPhs groups was found in
the 3'P NMR spectrum of 2 at ~16.55 ppm which authenticated
the trans disposition of phosphine groups in complex 2 [10].

ESI-MS study for 2 was investigated in methanolic solution and
experimental data was deposited in Fig. S5. The molecular ion peak
at m/z=881.01 (M)" for 2 was not detected in the ESI-mass spec-
trum, however the most abundant peak was observed at m/
z=727.8 [M-(3-chlorobenzoate)]".

3.3. Description of molecular structure

Molecular structure of the complex [Ru(#!-L!)(PPhs),(NO)Cl,]
(2) is depicted in Fig. 1. The matrix parameters of this complex
are described in Table 1 and the selected bond distances and bond
angles are listed in Table 2. In the molecular structure of 2, ruthe-
nium center was found to be octahedrally coordinated having
phosphine groups at the axial positions trans to each other. Nitro-
gen atom N1 from NO moiety, one carboxylato oxygen (02) and
two chlorine atoms (CI1 and CI2) constituted the equatorial plane.
One chlorine atom (CI1) was found at the position trans to NO. The
Ru-N(NO) (1.704(8)A) and N-O (N1-01=1.164(7)A) distances
were consistent to the values reported in the literature [7,9]. The
geometry was found to be distorted octahedral which was also re-
flected in all the bond parameters around ruthenium center in
complex 2 (see Table 2).

Interestingly we have found that in precursor complex (1), car-
boxylate group was bidentate [13], however, after nitrosylation,
one oxygen atom of —COO group was detached from the metal cen-
ter and carboxylate group became monodentate. In precursor com-
plex, the bidentate carboxylate ligand provided similar C-O bond
distances [13], on the other hand in complex 2, C1-02 and C1-
03 bond distances were found to be 1.285(9) and 1.189(9) respec-
tively. These data clearly indicated the monodentate behaviour of
the carboxylato function and were similar to the values reported
by Carmona et al. [24]. Ru-N and N-O distances along with

Fig. 1. ORTEP diagram (50% probability level) of the complex [Ru(#'-L')(PPhs),(-
NO)Cl;] (2). Hydrogen atoms are not shown for clarity.
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Table 1

Crystal data and the structural refinement parameters for complex 2.
Empirical formula C43H34C13sNOsP,Ru
Formula weight 881.06

T (K) 273(2)

7 (A) (Mo-Kor) 0.71073
Crystal system monoclinic
Space group P21/n

a(A) 10.6581(14)
b (A) 28.646(4)
c(A) 14.0087(19)
o (°) 90.00

y(°) 90.00

B(°) 109.646(9)
vV (A3) 4028.0(10)
z 4

Pcalc (g Cm73) 1.453
F(000) 1792.0

0(°) 1.42-27.50
Index ranges —-13<h<13, -37<k<36,-18<1<18
Data/restraints/parameters 9246/149/478
Goodness-of-fit* on F? 1.362

Ry® [I>20(1)] 0.1141

R [all data] 0.2885
WR2€ [I>20(I)] 0.1416

wR2 [all data] 0.1718

2 GOF = [Z[W(Fo? — F2)?]/M — N]'? (M = number of reflections, N=number of
parameters refined).

> Ry = Z|[Fo| — |Fell/ZIFo).

€ WRy = [Z[W(F,* — F2P)/Z[(Fo? 1]

Ru-N-0 angle (~173°) clearly expressed {Ru'~-NO*}® description of
diamagnetic {Ru-NO}® moiety [7b,22] This was also supported by
IR and NMR spectral data and the presence of phosphine groups
was also confirmed by 3'P NMR data in complex 2 (vide supra).

The non-covalent interactions have been found to be very much
important for supramolecular chemistry and in engineering of
crystals [25]. The intermolecular hydrogen bonding interactions
found in the packing diagram of complex 2 are described in
Table S1 and the interactions are shown in Fig. S6.

3.4. Theoretical calculations

Density functional theory (DFT) computations were employed
to optimize the geometry of complex 2. The calculation was carried
out at B3LYP level [9a,14,16] of theory using LANL2DZ [14] basis
set for ruthenium metal atom and 6-31G(d) basis set [14a] for
non metal atoms (C, H, N, O, P and Cl). Effective core potential
was employed in geometry optimization. The data obtained by
geometry optimization of complex 2 was compared with the data
afforded by X-ray crystallography. This comparison clearly indi-
cated that the bond distances and angles in complex [Ru(r'-L")
(PPhs3)(NO)Cl,] (2) were reproduced quite well (shown in Table 2).
In general, the computed bond lengths and bond angles are slightly

Table 2
Selected bond distances (A) and bond angles (°) for complex 2 along with the
optimized DFT bond parameters for comparison.

Bond distances (A)
X-ray DFT X-ray DFT

Bond angles (°)

Ru(1)-Cl(1) 2.356(2) 2417 N(1)-Ru(1)-0(2)  98.8(3) 97.69
Ru(1)-Cl(2) 2.397(2) 2.487 Cl(1)-Ru(1)-Cl(2) 90.87(8) 92.12
Ru(1)-0(2) 2.077(5) 2.085 N(1)-Ru(1)-P(1)  90.1(2) 93.37
Ru(1)-N(1)  1.704(8) 1770 O(1)-N(1)-Ru(1)  173.1(7) 168.76
Ru(1)-P(1)  2.440(2) 2511 N(1)-Ru(1)-Cl(1) 175.3(2) 175.38
Ru(1)-P(2) 2.449(3) 2513 P(1)-Ru(1)-P(2)  17651(2) 172.54
N(1)-0(1)  1.164(7) 1.146 O(2)-Ru(1)-Cl(2) 176.44(17) 179.05
0(3)-C(1)  1.189(9) 1.241

0(2)-C(1)  1.285(9) 1.300

deviated because the calculations are performed on complexes in
gas phase. The computed v(NO) harmonic vibrational frequency
was found at ~1881 cm™! (scaling factor was 0.97 for LANL2DZ
basis set) [17]. The DFT optimized structure of 2 exhibited nearly
linear geometry of {Ru"-NO*} group in complex 2 with Ru-N-0O
angle of nearly 169°. The N-O bond distance (~1.15 A) and N-O
stretching frequency (vno) at ~1881 cm™! also supported the
presence of {Ru"-NO*}® species in the optimized structure of
complex 2. It is important to note here that the {RuNO}® moiety
present in 2 can be described either as a diamagnetic {Ru’-NO*}
species involving coordination of NO* to a low spin d® Ru" center
or as a diamagnetic {Ru™-NO-} species having coordination of a
neutral NO* to a low spin d® Ru' center. In the nitrosyl complex
containing {Ru"-NO"*} species, the Ru-N-0 angle should be linear
while in the diamagnetic {Ru-NO} species, the Ru-N-O angle
should be bent. The value of Ru-N-0 angle in the computed geom-
etry clearly indicated the coordination of NO* to a low spin d®
ruthenium(Il) center. The major part of HOMO was found to be
located over the metal center and the frontier molecular orbitals
are shown in Fig. S7.

3.5. Electrochemistry

Cyclic voltammetric study was performed to examine the redox
properties of ruthenium center in complex 2 in dichloromethane
solution using 0.1 M tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte. In the precursor complex Ru™/Ru" was
found near —0.4 V versus SCE [13]. On the other hand, only an irre-
versible cathodic peak near —0.87 V versus Ag/AgCl was observed
for 2 (shown in Fig. S8). In the negative potential quasireversible
couples (Ru™/Ru") for nitrosyl complexes were reported [26] by
Mascharak and coworkers. However, Lahiri and coworkers de-
scribed ligand (nitric oxide) centered reduction (Ru"’-NO*)—
(Ru"-NO*) for the appearance of such peak [9b]. The appearance
of irreversible cathodic peak clearly expressed that NO-centered
reduction to afford a complex having {RuNO}’ species is
unfavorable.

3.6. Photolysis experiment for nitrosyl complex

The photolysis experiment of ~10~> M solution of complex 2 in
dichloromethane was carried out under visible light using 100 W

1.0
0.7
*
S 0.6-
c “*
0.8- g N
Qo
2 0.5 >
VN >
8 0.6 < *
c *
® 0.3 * ok ok
2 A 6 5 10 15 20 25
8 0.4 Time of exposure min)
o)
<
0.2
0.0

T T T T T T T
250 300 350 400 450 500 550 600
Wavelength (nm)
Fig. 2. Photodissociation of NO from 2 (~2.3 x 107> M) in dichloromethane under

illumination of visible light (100 W tungsten lamp). Inset: Time dependent changes
in absorbance with /.« near 320 nm at room temperature.
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tungsten lamp and light from an UV lamp (/max = 365 nm). Upon
exposure to visible light, complex 2 afforded slow release of NO
in dichloromethane solution (Fig. 2), however, a rapid spectral
changes were observed when the same solution was exposed to
low intensity light of UV lamp (shown in Fig. S9). During photolysis
(in presence of visible as well as UV light), the electronic spectra of
2 showed the disappearance of the peak near 320 nm. Formation of
new absorption peaks near 283 and 296 nm with two clear isos-
bestic points indicated photocleavage of NO upon illumination of
light. A significant colour change from yellow to brown red was
also observed after the photolysis experiment. Interestingly, we
observed that the electronic spectrum of the photoproduct of com-
plex 2 was similar to the absorption spectrum of complex 1. This
data prompted us to characterize the resultant complex after pho-
tolysis experiment.

In our previous report, we have investigated the reversible
binding of phenolato oxygen with the coordination and photolabil-
ity of NO and the photoproduct was having metal in 3+ oxidation
state [10b]. Herein, the reversible binding of carboxylato-O func-
tion was found during the photodissociation and coordination of
NO (Scheme 1). The photocleavage of NO was also examined using
FTIR spectral study in solution. We observed reduced intensities at
1880 and 1625 cm~! of the nitrosyl and carbonyl bands respec-
tively after visible light (100 Watt W-lamp) illumination (shown
in Fig. 3).

3.7. Griess reagent assay: quantification of photoreleased NO

By using Griess reagent assay [10a], we have estimated the
amount of photoreleased NO from complex 2 upon illumination
of UV and visible light. In this reaction, a negligible amount of
NO was found to be released in dark, however, an increase in the
intensity of the band near 538 nm under UV as well as visible light
(Fig. 4 and Fig. S12) clearly indicated the photorelease of NO and
concomitant formation of azo dye. Sodium nitroprusside (SNP) is
known to be a standard drug for delivery of nitric oxide [7b,7d].
A simultaneous measurement of NO release from SNP was also
investigated for the comparison of our data. In Griess reaction,
exposure of UV light for 15 min to 50 pM solution of the complex
2 gave rise to 18 to 20 uM of available NO (Fig. 4). However, in case
of SNP (50 uM), the amount was found to be ~4 uM of NO
(Fig. 5(a)). In visible light, the NO production by complex 2 was
very slow and the amount was around 8 pM (same exposure time,
Fig. 5(b)). This data clearly indicated the photorelease of NO in
solution and the concentration of free NO in complex 2 was found
to be more as compared to NO released by sodium nitroprusside.

|

light exposure \/
15 min

T T T T 1
1800 1600 1400 1200 1000

Wavenumber (cm'1)

T T
2200 2000

Fig. 3. Infrared spectra showing photorelease of NO from 2 with the exposure of

visible light for 10-15 min.
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Fig. 4. Electronic spectra of the formation of dye when Griess reagent (100 pL) was
treated with complex 2 (50 uM) in the presence of light of UV lamp (/max = 365 nm).
Inset: Time dependent changes in absorbance at /=538 nm at room temperature.
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Fig. 5. Bar diagrams to compare the amount of photoreleased NO (dye formation)
from the complex 2 with sodium nitroprusside (SNP) under exposure of (a) UV light
and (b) visible light for 15 min.
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The quantum yield (¢) for NO photorelease from complex 2
(4irr = 365 nm) was found to be 0.018 £ 0.001 in dichloromethane
solution [10a] Fig. 5.

3.8. Scavenging of NO by complex [Ru™(1?-L" )(PPhs),Cl] (1)

We have observed that the photoproduct of complex 2 was
complex 1. This prompted us to study complex 1 as NO scavenger
by using UV-Vis spectroscopy. Electronic absorption spectra were
taken in absence and in presence of complex 1. Nitric oxide scav-
enging ability of complex 1 was observed by Griess reagent assay
with sodium nitrite. The production of nearly 24 uM of NO was de-
tected when 25 pM aqueous solution of sodium nitrite was pre-
pared in a 1 mL cuvette with 100 uL of the Griess reagent (see
Fig. S11). The presence of 50 uM concentration of complex 1 in
the same cuvette lowers the concentration of produced NO from
24 to 4 uM (shown in Fig. 6). These data explain that 1 exhibits
high affinity for NO and could scavenge nitric oxide.

3.9. NO trapping by reduced myoglobin

The photoreleased NO from complex 2 was trapped by reduced
myoglobin (Mb) (Fig. S14). The electronic absorption spectrum for
oxidized myoglobin (Mb) (concentration ~2.8 x 10°6 M) showed
an intense band with A,,.x near 409 nm (Soret band). The UV-Vis
spectrum of reduced myoglobin near 433 nm was obtained by
addition of excess sodium dithionite. No reaction was observed,
when acetonitrile solution of complex 2 (~7.5 x 107> M) was
added to buffer solution of reduced myoglobin under dark condi-
tions. The same solution mixture was kept under exposure to the
light of UV lamp (Amax = 365 nm) for 60 s and absorption spectrum
of the solution afforded a peak near 420 nm indicating the forma-
tion of Mb-NO adduct [10,26a].

3.10. DPPH radical quenching studies

DPPH (2,2-diphenyl-1-picrylhydrazine) is an intensely violet-
colored stable free radical which is used to determine the antioxi-
dant properties of different amines, phenols, natural products,
foods etc. [21]. DPPH radical has been used as free radical
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Fig. 6. Electronic spectra showing scavenging of NO in the presence of different
concentrations (7.5-50 pM) of complex 1 in Griess assay (Griess reagent and
sodium nitrite). Inset: Change in amount of dye formation with different concen-
trations of 1 with Griess assay.
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Fig. 7. Reaction of photocleaved NO from 2 (~5.0 x 107> M) with DPPH radical
(~3.5 x 107> M) in dichloromethane solution. Inset: Time dependent changes in
absorbance of DPPH radical at 4y, near 520 nm at room temperature.

scavenger [21a] and it participates in homolytic additions with
other radical species. The reactions of DPPH with different reactive
oxygen and reactive nitrogen species have been widely studied
where violet colour of DPPH turns to light yellow colour (with a
J-shift from 520 to 320 nm) and the antioxidant properties are
quantified. We were interested to observe the disappearance of in-
tense violet colour in presence of NO from the nitrosyl complex 2,
keeping in mind that NO itself as well as other reactive species
could decolorise the solution of DPPH radical. A dichloromethane
solution of 2 (~10~°> M) was exposed to light in presence of the
DPPH radical (~3.5 x 10> M) and we observed a decrease in
absorbance of DPPH near 520 nm (shown in Fig. 7).

We estimated the amount of reactive oxygen and/or reactive
nitrogen species generated due to photorelease of free NO radical
from 2 by monitoring the decrease in absorbance of DPPH
(~35 uM) near 520 nm. Amount of reactive species was found
nearly 30 uM when the solution was exposed to UV light for 5 min.

4. Conclusions

Following are the important findings of the present report. First,
we have synthesized and characterized a simple but novel ruthe-
nium nitrosyl complex which is useful for controlled NO delivery.
The ruthenium nitrosyl complex was photolabile and this complex
demands its possible applications in photodynamic therapy (PDT).
Second, the photoliberated NO was tranferred to reduced myoglo-
bin and concentration of available NO was determined by using
Griess reagent assay. Third, generation of reactive oxygen species
and/or reactive nitrogen species during NO photolysis was investi-
gated by DPPH radical quenching assay. Forth, interestingly, the
precursor ruthenium complex (1) was obtained after NO delivery.
Hence, a unique flipping of #' — #? denticity of carboxylate func-
tion was observed during NO coordination and delivery. Fifth, the
precursor complex (1) was found an excellent candidate for NO
scavenging activity. Hence, attachment of [Ru(PPhs),(Cl),(NO)]
moiety with biomolecules having -COOH function could be
explored. We would like to mention here that the reaction of
[Ru(PPhs),(Cl);(MeOH)] [27] and benzoic acid also afforded com-
plex similar to complex 1. Most important is the simplicity of this
system as —-COOH group is present in several molecules namely
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non-steroidal anti-inflammatory drugs (NSAIDs) and protein side-
chains etc. Water solubility could easily be changed by using differ-
ent phosphines [28]. Synthesis of other related complexes for
delivery and their biological applications are under progress.
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