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synthesis of solvento species, blue-violet [Ru(OH2)(tpy)(RaaiR´)](ClO4) (2a-
2i), [RaaiR´ =p-R-C6H5-N=N-C3H2-NN, abbreviated as N,N'-chelator, R = Me,
Et, Bz, p-R=H Me, Cl] that have been reacted with NaNO2 in warm EtOH
resulting in violet nitro complexes of the type, [Ru(NO2)(tpy)(RaaiR)](ClO4)
(3a-3i). The nitrite complexes are useful synthons of electrophilic nitrosyls, and
on triturating the nitro compounds with conc. HClO4 nitrosyl derivatives,
[Ru(NO)(tpy)(RaaiR)](ClO4)3 are isolated. The diazotization of the primary
aromatic amines with a strongly electrophilic mononitrosyl complex in
acetonotrile and dichloromethane solution was thoroughly studied.
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INTRODUCTION

Ruthenium is a component of mixed-metal oxide (MMO) anodes used for cathodic
protection of underground and submerged structures, and for electrolytic cells for chemical
processes such as generating chlorine from salt water. The fluorescence of some ruthenium
complexes is quenched by oxygen, which has led to their use as optode sensors for oxygen.
Ruthenium red, [(NH3)5Ru-O-Ru(NH3)4-O-Ru(NH3)5]

6+, is a biological stain used to stain
polyanionic molecules such as pectin and nucleic acids for light microscopy and electron
microscopy (Atsushi et al., 2014 ; Anna Rathgeb et al.; 2014; Sarat Chandra Patra et al.;
2014, Stephan Sinn et al.; 2014, Stephan Sinn et al.; 2014). The beta-decaying isotope 106 of
ruthenium is used in radiotherapy of eye tumors, mainly malignant melanomas of the uvea.
Ruthenium-centered complexes are being researched for possible anticancer properties.
Compared with platinum complexes, those of ruthenium show greater resistance to hydrolysis
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and more selective action on tumors. NAMI-A and KP1019 are two drugs undergoing clinical
evaluation against metastatic tumors and colon cancers. Because of its ability to harden
platinum and palladium, ruthenium is used in platinum and palladium alloys to make wear-
resistant electrical contacts. In this application, only thin plated films are used to achieve the
necessary wear-resistance (Justin Neill et al.; 2008; ); Maria Abrahamsson et al., 2008 ; Fábio
G. Doro et al., 2008; Wai-Man Cheung et al., 2008; Konstantinos Gkionis et al., 2008; Seann
P. Mulcahy et al., 2008 (Communication), Aaron Staniszewski et al., 2008
(Communication), Ali H. Younes et al., 2008; Devis Di Tommaso et al., 2008; James K.
Hurst et al., 2008). Because of its lower cost and similar properties compared to rhodium, the
use as plating material for electric contacts is one of the major applications. The thin coatings
are either applied by electroplating or sputtering. Ruthenium dioxide and lead and bismuth
ruthenates are used in thick-film chip resistors. These two electronic applications account for
50% of the ruthenium consumption. Only a few ruthenium alloys are used other than those
with other platinum group metals. Ruthenium is often used in small quantities in those alloys
to improve some of their properties. The beneficial effect on the corrosion resistance of
titanium alloys led to the development of a special alloy containing 0.1% ruthenium.
Ruthenium is also used in some advanced high-temperature single-crystal superalloys, with
applications including the turbine blades in jet engines. Several nickel based superalloy
compositions are described in the literature. Among them are EPM-102 (with 3% Ru) and
TMS-162 (with 6% Ru), as well as TMS-138 and TMS-174 both containing 6% rhenium.
Fountain pen nibs are frequently tipped with alloys containing ruthenium. From 1944 onward,
the famous Parker 51 fountain pen was fitted with the "RU" nib, a 14K gold nib tipped with
96.2% ruthenium and 3.8% iridium.

Now, nitric oxide (NO) has been the focus of discussion because of the discovery of its
role in immune defense mechanisms, neuronal signaling processes, cardiovascular systems
and in environmental chemistry (Robert Staehle et al., 2014; Amlan K. Pal et al., 2014;
Joaquín Alós et al., 2014; Zahra Almodares et al., 2014; Katharine A. Smart et al., 2014;
Sumit Saha et al., 2014; Melissa V. Werrett et al., 2013; Christi L. Whittington et al., 2013).
The recent observations of the relevance of nitric oxide (NO) in a wide range of biological
and environmental processes have led to a resurgence of interest in the area of nitrosyl
chemistry. Moreover, the development of metal nitrosyl complexes having a high degree of
electrophilic character of the coordinated NO function (νNO > 1900 cm-1) is a formidable
challenge, since the electrophilic NO centre is susceptible to fascinating molecular
transformations in contact with nucleophiles. Extensive studies have been made on
ruthenium nitrosyls and appreciable variation of the electronic aspect of the NO function
attached to the metal centre has been observed depanding on the nature of the ancillary groups
present. This has prompted me to develop a new class of ruthenium nitrosyl complexes
encompassing a combination of strong π-acidic heterochelates. The primary intention is to
introduce a high degree of electrophilicity at the nitrosyl centre and subsequently explore the
reactivity of this centre to nucleophiles. A new class of ruthenium nitrosyl complexes of the
type [Ru(tpy)(L)(NO)] (tpy = terpyridine; L = azo-imine functionalities) and their precursor
nitro complexes [Ru(tpy)(L)(NO2)] have been synthesized. The azoimidazole ligand (L) has
selectively been chosen as this in combination with terpyridine has generated highly acidic
aqua derivatives (Nathir A. F. Al-Rawashdeh et al., 2013, Rongwei Zhou et al., 2013; Wei
Su et al., 2013; Michael R. Norris, etal., 2013; Onduru S. Odongo et al., 2008; Kevin D. Hesp
et al., 2008 (Communication), Júlio S. Rebouças et al., 2008; Priti Singh et al.,2008).
Consequently the presesent nitrosyl derivatives [Ru(tpy)(L)(NO)] exhibit the strongest
electrophilic NO centre (νNO ≈ 1960 cm-1) ever reported in ruthenium mononitrosyl
chemistry (Susanne Karlsson et al., 2008; Ariadna Garza-Ortiz et al., 2008; Gina L. Fiore et
al , 2008; Olof Johansson et al., 2008; Wai-Lun Man et al., 2008; Olivier Hamelin et al. ,
2008; Ying Cui et al., 2008; Fabienne Alary et al., 2008). Recently, we have developed the
arylazoimidazole chemistry of ruthenium and have synthesised chloro, aquo, nitro, nitroso
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componds and tris chelate species reacting with camphor and hydrazone derivatives [L=

RaaiR´ =p-R-C6H5-N=N-C3H2-NN, abbreviated as N,N
/
-chelator, R = Me (a), Et (b), Bz (c),

p-R=H, Me, Cl]. The nitrites are useful synthons of nitrosyls, and mononitrosyl compounds
are produced in perchloric acid medium. The diazotozation of primary amines with the nitroso
complexes and after all their coupling product were isolated and also were thoroughly
examined.

EXPERIMENTAL

Materials and Physical measurements
Published methods were used to prepare [Ru(OH2)(tpy)(RaaiR)](ClO)2. All other

chemicals and organic solvents used for preparative work were of reagent grade (SRL). The
purification of MeCN and preparation of [n-BuN][ClO] respectively used as solvent and
supporting electrolyte in electrochemical experiments were done following the literature
method. Microanalytical data (C, H, N) were collected using a Perkin Elmer 2400 CHN
instrument. Solution electronic spectra were recorded on a JASCO UV-VIS-NIR V-570
spectrophotometer. I.r. spectra were obtained using a JASCO 420 spectrophotometer (using
KBr disks, 4000-200 cm). The H nmr spectra in CDCl3 were obtained on a Bruker 500 MHz
FT n.m.r spectrometer using SiMe4 as internal reference. Solution electrical conductivities
were measured using a Systronics 304 conductivity meter with solute concentration 10 M in
acetonitrile. Electrochemical work was carried out using an EG & G PARC Versastat
computer controlled 250 electrochemica system. All experiments were performed under a N2

atmosphere at 298K using a Pt-disk milli working electrode at a scan rate of 50 mVs-1. All
results were referenced to a saturated calomel electrode (SCE).

Preparation of the Complexes
CAUTION ! Perchlorates of heavy metal ions with organic ligands are potentially

explosive. Due care must be exercised to avoid explosion hazards,Preparation of Nitro-{-2-
(p-tolylazopyrimidine}-(terpyridine)-ruthenium(II), [Ru(NO2)(tpy) (RaaiMe)](ClO4)

To an EtOH blue-violet solution (15 cm) of [Ru(OH2)(RaaiMe)(tpy)](ClO4) (0.1 g, 0.14
mmol) was added 0.019 g (0.27 mmol) of solid NaNO2, and the mixture was stirred at 343-
353 K for 12 h. The violet solution that resulted was concentrated (4 cm) and kept in a
refrigerator overnight (12 h). The precipitate was collected by filtration, washed thoroughly
with water and dried in vacuo over CaCl2. Analytically pure dinitro complexes were obtained
after chromatography over an alumina (neutral) column on eluting the violet band with
toluene-acetonitrile (4:1, v/v) and evaporating slowly in air. The yield was 0.088 g (80%).
Analysis for [Ru(O2N)(HaaiMe)(tpy)](ClO4), 3a, Found: C, 45.6, H, 3.3, N, 16.8 Calcd for
[C25H21N8RuO2](ClO4), C, 45.1, H, 3.2, N, 16.8; IR(KBr disk, cm-1) (NO2)asy 1300,
(NO2)sy 1250, (N=N) 1371, (C=N), 1575, ESIMS, 665.5[M+], 566[M-(ClO4)]; UV-Vis

[λmax(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 500(8379), 311(28913), 280(26000), 222(50232); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.33(100), -0.68(90), -0.81(100), -1.36(80). Analysis for

[Ru(O2N)(MeaaiMe)(tpy)](ClO4), 3b, Found: C, 45.9, H, 3.4, N, 16.5 Calcd for
[C26H23N8RuO2](ClO4), C, 45.1, H, 3.2, N, 16.1; IR(KBr disk, cm-1) (NO2)asy 1300, (NO2)sy

1254, (N=N) 1371, (C=N), 1585, ESIMS, 679.5[M+], 580[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 509(8379), 319(27913), 281(24099), 226(56232); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.39(110), -0.78(90), -0.89(100), -1.39(90). Analysis for

[Ru(O2N)(ClaaiMe)(tpy)](ClO4), 3c, Found: C, 42.6, H, 2.8, N, 16.0 Calcd for
[C25H20N8RuClO2](ClO4), C, 42.1, H, 2.9, N, 16.8; IR(KBr disk, cm-1) (NO2)asy 1309,
(NO2)sy 1259, (N=N) 1371, (C=N), 1575, ESIMS, 700[M+], 600.5[M-(ClO4)]; UV-Vis
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[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 503(8079), 319(28913), 289(20000), 229(44232); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.38(100), -0.61(90), -0.89(100), -1.39(90). Analysis for

[Ru(O2N)(HaaiEt)(tpy)](ClO4), 3d, Found: C, 45.6, H, 3.3, N, 16.8 Calcd for
[C26H23N8RuO2](ClO4), C, 45.1, H, 3.4, N, 16.8; IR(KBr disk, cm-1) (NO2)asy 1300, (NO2)sy

1258, (N=N) 1379, (C=N), 1579, ESIMS, 679.5[M+], 580[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 509(8079), 319(20913), 289(26099), 225(50882); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.43(100), -0.61(100), -0.89(100), -1.46(100). Analysis for

[Ru(O2N)(MeaaiEt)(tpy)](ClO4), 3e, Found: C, 46.6, H, 3.6, N, 16.8 Calcd for
[C27H25N8RuO2](ClO4), C, 45.8, H, 3.9, N, 16.1; IR(KBr disk, cm-1) (NO2)asy 1300, (NO2)sy

1259, (N=N) 1371, (C=N), 1575, ESIMS, 693.5[M+], 594[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 501(8009), 319(20013), 289(26011), 223(50200); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.34(100), -0.78(90), -0.89(100), -1.46(100). Analysis for

[Ru(O2N)(ClaaiEt)(tpy)](ClO4), 3f, Found: C, 43.6, H, 3.3, N, 15.8 Calcd for
[C26H22N8RuClO2](ClO4), C, 43.1, H, 3.2, N, 15.8; IR(KBr disk, cm-1) (NO2)asy 1310,
(NO2)sy 1253, (N=N) 1379, (C=N), 1575, ESIMS, 714[M+], 614.5[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 500(8379), 311(28913), 280(26000), 222(50232); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.33(100), -0.68(90), -0.81(100), -1.36(80). Analysis for

[Ru(O2N)(HaaiBz)(tpy)](ClO4), 3g, Found: C, 50.6, H, 3.3, N, 15.8 Calcd for
[C31H25N8RuO2](ClO4), C, 50.1, H, 3.2, N, 15.1; IR(KBr disk, cm-1) (NO2)asy 1309, (NO2)sy

1259, (N=N) 1371, (C=N), 1579, ESIMS, 741.5[M+], 642[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 507(8009), 319(28003), 289(26033), 224(50442); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.37(100), -0.68(100), -0.84(80), -1.34(80). Analysis for

[Ru(O2N)(MeaaiBz)(tpy)](ClO4), 3h, Found: C, 51.6, H, 3.6, N, 15.1 Calcd for
[C32H27N8RuO2](ClO4), C, 51.8, H, 3.7, N, 15.0; IR(KBr disk, cm-1) (NO2)asy 1309, (NO2)sy

1259, (N=N) 1371, (C=N), 1575, ESIMS, 755.5[M+], 656[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 510(8300), 311(28003), 280(26011), 222(50202); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.33(80), -0.68(100), -0.81(100), -1.36(80). Analysis for

[Ru(O2N)(ClaaiBz)(tpy)](ClO4), 3i, Found: C, 47.6, H, 3.1, N, 14.8 Calcd for
[C31H24N8RuClO2](ClO4), C, 47.1, H, 3.2, N, 14.8; IR(KBr disk, cm-1) (NO2)asy 1309,
(NO2)sy 1259, (N=N) 1371, (C=N), 1575, ESIMS, 776[M+], 676.5[M-(ClO4)]; UV-Vis

[λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 506(8009), 319(29013), 280(26333), 227(50232); Cyclic

Voltammetry [E/V (ΔE
P

/ mV)], 1.23(100), -0.78(90), -0.88(80), -1.36(80).

Preparation of [Ru)(NO)(HaaiMe)(tpy)](ClO4)3 (4a)
[Ru(NO2)(HaaiMe)(tpy)]+ (3a) (0.1 g, 0.17 mmol) and conc. HClO4 (3 cm3) were placed in

a small beaker, and the mixture was triturated with a glass rod for 1 h. The mixture
immediately changed from violet to orange-red. The pasty mass was extracted with CH2Cl2 (4
× 5 cm3) and concentrated under reduced pressure. The dark red crystalline product was
separated by filtration, washed with chilled H2O containing a few drops of dil. HClO4 and
dried in vacuo over P4O10 to yield analytically pure (4a), [Yield 0.092 g (70%)]; Analysis for
[Ru(ON)(HaaiMe)(tpy)](ClO4)3, 4a, Found: C, 35.6, H, 2.3, N, 13.8 Calcd for
[C25H21N8RuO](ClO4)3, C, 35.1, H, 2.2, N, 13.8; IR(KBr disk, cm-1) (NO) 1900, (ClO4)
1140,1100,1090,640,625, (N=N) 1371, (C=N), 1575, ESIMS, 848.5[M+], 550[M-

3(ClO4)]; UV-Vis  [λ
max

(nm)(10
-3

ε/dm
3
mol

-1
cm

-1
)], 360(8009), 320(10913), 280(14000),
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220(30032); Cyclic Voltammetry [E/V (ΔE
P

/ mV)], 1.7(80), 0.7(90), 0.04, -0.68(90), -

0.81(80), -1.3(80). Analysis for [Ru(ON)(MeaaiMe)(tpy)](ClO4)3, 4b, Found: C, 36.6, H, 2.7,
N, 12.8 Calcd for [C26H23N8RuO](ClO4)3, C, 36.1, H, 2.7, N, 12.8; IR(KBr disk, cm-1) (NO)
1909, (ClO4) 1140,1109,1090,649,625, (N=N) 1379, (C=N), 1575, ESIMS, 862.5[M+],
564[M-3(ClO4)];. Analysis for [Ru(ON)(ClaaiMe)(tpy)](ClO4)3, 4c, Found: C, 33.6, H, 2.3,
N, 12.8 Calcd for [C25H20N8RuClO](ClO4)3, C, 33.1, H, 2.2, N, 12.8; IR(KBr disk, cm-1)
(NO) 1900, (ClO4) 1140,1100,1090,640,625, (N=N) 1371, (C=N), 1575, ESIMS,
883[M+], 584.5[M-3(ClO4)];.  Analysis for [Ru(ON)(HaaiEt)(tpy)](ClO4)3, 4d, Found: C,
36.6, H, 2.7, N, 12.8 Calcd for [C26H23N8RuO](ClO4)3, C, 36.1, H, 2.7, N, 12.8; IR(KBr disk,
cm-1) (NO) 1909, (ClO4) 1140,1109,1099,649,625, (N=N) 1371, (C=N), 1575, ESIMS,
862.5[M+], 564[M-3(ClO4)];. Analysis for [Ru(ON)(MeaaiEt)(tpy)](ClO4)3, 4e, Found: C,
36.6, H, 2.8, N, 12.8 Calcd for [C27H25N8RuO](ClO4)3, C, 36.9, H, 2.8, N, 12.8; IR(KBr disk,
cm-1) (NO) 1909, (ClO4) 1149,1109,1099,649,625, (N=N) 1379, (C=N), 1579, ESIMS,
876.5[M+], 578[M-3(ClO4)];.  Analysis for [Ru(ON)(ClaaiEt)(tpy)](ClO4)3, 4f, Found: C,
34.6, H, 2.5, N, 12.8 Calcd for [C26H22N8RuClO](ClO4)3, C, 34.1, H, 2.5, N, 12.8; IR(KBr
disk, cm-1) (NO) 1909, (ClO4) 1140,1109,1099,649,625, (N=N) 1379, (C=N), 1575,
ESIMS, 897[M+], 598.5[M-3(ClO4)];.  Analysis for [Ru(ON)(HaaiBz)(tpy)](ClO4)3, 4g,
Found: C, 39.6, H, 2.7, N, 11.8 Calcd for [C31H25N8RuO](ClO4)3, C, 39.1, H, 2.9, N, 11.8;
IR(KBr disk, cm-1) (NO) 1902, (ClO4) 1140,1100,1090,640,625, (N=N) 1371, (C=N),
1575, ESIMS, 934.5[M+], 636[M-3(ClO4)];  Analysis for [Ru(ON)(MeaaiBz)(tpy)](ClO4)3,
4h, Found: C, 40.6, H, 2.9, N, 11.8 Calcd for [C32H27N8RuO](ClO4)3, C, 40.9, H, 2.9, N, 11.8;
IR(KBr disk, cm-1) (NO) 1909, (ClO4) 1149,1109,1099,640,625, (N=N) 1379, (C=N),
1575, ESIMS, 938.5[M+], 640[M-3(ClO4)];.  Analysis for [Ru(ON)(ClaaiBz)(tpy)](ClO4)3, 4i,
Found: C, 38.6, H, 2.5, N, 11.8 Calcd for [C31H24N8RuOCl](ClO4)3, C, 38.1, H, 2.2, N, 11.8;
IR(KBr disk, cm-1) (NO) 1909, (ClO4) 1140,1109,1090,649,625, (N=N) 1371, (C=N),
1575, ESIMS, 959[M+], 660.5[M-3(ClO4)].

Interconversion: [Ru(NO)(RaaiMe)(tpy)](ClO4)3 (4a)→ [Ru(NO2)(RaaiMe)(tpy)] (ClO4)
(3a)

To an aqueous solution of (4a) (0.1 g, 0.13 mmol) was added an equivalent amount of
KOH in the same solvent. The orange-red solution immediately turned violent, and was
extracted with CH2Cl2. The solvent was removed by evaporation under reduced pressure and
the pasty mass, dissolved in a minimum vol. of CH2Cl2, was chromatographed on an alumina
(neutral) column. A deep violet band was eluted with toluene-acetonitrile (4:1, v/v). The
identity of the product as (3a) was checked by comparing properties with an authentic sample.
The yield was almost quantitative.

Reaction of Primary Amines with [Ru(NO)(RaaiMe)(tpy)](ClO4)3

Method (a): To a acetonitrile solution (20 cm) of [Ru(NO)(RaaiMe)(tpy)](ClO4)3 (0.2 g,
0.26 mmol) equivalent amounts of aniline (0.054 g, 0.26 mmol) was added, and the mixture
was stirred for 30 min at room temperature and then evaporated to dryness using a vacuum
pump. The crude pdt was then extracted with 30 cc of ice-cold water and the aquous solution
was collected by filtration. To the aquous solution an aquous solution of alkaline b-naphthol
was added with continious stirring over a period of 15 min. Red crystal of 1-phenylazo-2-
naphthol were separated and recrystalised from methanol. The residue was dried and
dissolved in dichloromethane and brown crystal of [Ru(S)(RaaiMe)(tpy)]ClO4 ( S = CHCN )
(6a) were obtained.

Method (b): To a dichloromethane solution (20 cm) of [Ru(NO)(RaaiMe)(tpy)](ClO4)3

(0.2 g, 0.26 mmol) equivalent amounts of aniline (0.054 g, 0.26 mmol) was added and the
mixture was stirred for 30 min at room temperature and then evaporated to dryness using a
vacuum pump. Brownish white needles of [C6H5N][ClO4] were collected. The residue was
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then extracted with 30 cc of ice-cold water and the aquous solution was collected by filtration.
To the aquous solution an aquous solution of alkaline b-naphthol was added with continious
stirring over a period of 15 min. Red crystal of 1-phenylazo-2-naphthol were separated and
recrystalised from methanol. The residue was dried and dissolved in dichloromethane and
brown crystal of [Ru(S)(RaaiMe)(tpy)](ClO4)2.H2O (S=H2O) (7a) were obtained. These were
collected by filtration and dried in vacuo over P4O10.

RESULTS AND DISCUSSION

Synthesis and formulation

Aquo complexes [Ru(OH2)(RaaiR)(tpy)](ClO4)2, prepared by Ag
+
-assisted aquation of

[RuCl(RaaiR)(tpy)]+ (1a-1i), [RaaiR´ =p-R-C6H5-N=N-C3H2-NN, abbreviated as N,N
/
-

chelator, R = Me, Et, Bz, p-R=H, Me, Cl] were reacted with NaNO2 (excess amount >2 mol)
under stirring at 343-353 K in aqueous alcohol to give [Ru(NO2)(RaaiR)(tpy)]+ (3a-3i) in
good yield (65-85%). The synthetic routes are shown below. The nitrites were synthesized in
low yield either directly on stirring NaNO2 in ethanol-acetone mixture for 30 h or in situ
synthesis of the aquo complex by AgNO3 followed by the reaction with NaNO2. The
composition of the complexes is supported by microanalytical results. Room temperature
solid state magnetic susceptibility measurements show that the complexes are diamagnetic.
Trituration of solid [Ru(NO2)(RaaiR)(tpy)](ClO4) in concentrated HClO4 at ambient condition
gives an orange-red solution from which the nitrosyl complexes
[Ru(NO)(RaaiR)(tpy)](ClO4)3 are isolated. In alkaline media nitrosyl complexes, regenerate
the corresponding nitrite precursors (3a-3i). The reaction of H+ with coordinated NO+ group in
nitrite complexes and the nucleophilic attack of OH- on the NO in nitrosyls are the key steps
for such reaction.

[Ru(tpy)(RaaiR)Cl](ClO4)

AgNO3,EtOH-H2O
(v-v, 1:1,),reflux,
cold NaClO4soln [Ru(OH2)

(RaaiR)(tpy)]
(ClO4)

NaNO2, EtOH +
H2O, 1:1, v:v,
stirring, 343-353 K

[Ru(NO2)(RaaiR)(tpy)](ClO4)

[Ru(NO)(RaaiR)(tpy)](ClO4)3

conc. HClO4
KOH,
MeCN

N

N
N

N N

N-

NO2

NN

N

N

N
Ru

NO

NN

N

N

N
Ru (ClO4)3

R´

RaaiR

45

2

3

7

8

9

R=Me
Et
Bz

6

10

11 tpy tpy

RaaiR
RaaiR

2

(ClO4)

R
R = H, Me, Cl

N N
N

tpy

1a-1i

2a-2i

4a-4i

3a-3i

The violet nitrites are soluble in common organic solvents but insoluble in H2O whereas
the orange-red nitrosyls are soluble in H2O and in a range of common organic solvents viz.,
methanol, ethanol, partly soluble in acetone, acetonitrile, chloroform, dichloromethane. In
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MeCN, nitroso behave as 1:3 electrolytes (Λ = 160-190 Ω cmmol) whereas 1:1 electrolytic
behaviour is found for type nitrite complexes (Λ = 60-90 Ω cmmol) as indicated by their very
low ΛM values. Chemical oxidation of the aqua complex by excess aqueous ceric solution in 1
(N) H2SO4 leads to the spontaneous formation of a yellow colored oxo species and the
process follow by oxidising the benzylic alcohol solution.

[RuII(tpy)(RaaiR)(H2O)]2+

[RuIV(tpy)(RaaiR)(O)]2+

[RuIV(tpy)(RaaiR)(O)]2+

Ce4+ + H+

Ce3+

H2O

1/2O2
at pH 9.5

2e + H+benzyl alcohol

benzaldehyde

[RuII(tpy)(RaaiR)(H2O)]2+

[RuII(tpy)(RaaiR)(HO)]+

Spectral Studies
I.r. spectra of dinitro complexes, [Ru(NO2)(RaaiR)(tpy)] show a 1:1 correspondence to the

spectra of the dichloro analogue, ctc-[RuCl(RaaiR)(tpy)] except the appearance of intense
stretching at 1300-1335 and 1250-1280 cm-1 with concomitant loss of ν(Ru-Cl) at 320-340
cm-1. They are assigned as symmetric and asymmetric stretching of NO2 i.e. ν(NO2)asym and
ν(NO2)sym, respectively(Fig. 1). The ν(N=N) and ν(C=N) appear at 1365-1380 and 1570-
1600 cm-1, respectively. Mono-nitroso-ruthenium(II), [Ru(NO)(RaaiR)(tpy)](ClO4)2 show a
very strong stretch in the 1910-1925 cm-1 range which is conspicuously absent in the spectra
of [Ru(NO2)(RaaiR)(tpy)]. This is certainly due to the stretching mode of ν(NO) of the
coordinated nitrosyl group. Nitric oxide formally acts as cationic donor (NO) and binds both
in the linear and bent N-O fashion. The stretching frequency ν(NO) qualitatively determines

the stereochemistry of M-N-O bonding(angle is nearly 180). Usually, ν(NO) > 1700 cm
-1

has
been assigned to linear M-N-O bond. Thus, the present series of Ru-NO complexes are
assumed to contain linear NO group. Other important frequencies are ν(HO) at 3350-3400 cm
and ν(ClO4) at 1140-1145, 1110-1120 and 1080-1090 cm-1 along with weak bands at 640 and
625 cm-1. Triplet splitting pattern of ClO may presumably be due to some sort of hydrogen
bonding interaction, Cl..O⋅⋅⋅⋅⋅⋅⋅⋅⋅H( O/C ).

The solution electronic spectra of these new complexes were recorded in dry acetonitrile.
The nitro complexes in MeCN showed three to four bands in the region 719–254 nm. All the
complexes are diamagnetic, indicating the presence of ruthenium in the +2 oxidation state.
The ground state of ruthenium(II) in an octahedral environment is 1A1g, arising from the t2g

6

configuration. The excited state terms are 3T1g,
3T2g, 1T1g and 1T2g. Hence four bands

corresponding to the transition 1A1g→3T1g, 1A1g→3T2g,
1A1g→1T1g and 1A1g→1T2g are

possible in order of increasing energy. The electronic spectral bands at around 719–653 nm
are assigned to 1A1g→1T1g. The other high intensity band in the visible region around 504–519
nm has been assigned to charge transfer transitions arising from the metal t2g level to the
unfilled pi* molecular orbital of the ligand. The high intensity bands around 330–310 nm and
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272–254 nm has been designated as n–pi* and pi–pi* transitions respectively. The pattern of
the electronic spectra for all the complexes indicate the presence of an octahedral environment
around the ruthenium(II) ion similar to that of other ruthenium octahedral complexes.. The
electronic spectrum of nitroso in an aqueous solution does not reveal the typical bands
observed. These transitions are most probably shifted to much higher energy because of the
strong stabilization of the metal d orbitals. The equivalent intraligand transitions involving
RaaiR appear at higher energy, overlapping with the metal-to-ligand charge-transfer bands
both are thus responsible for the high-intensity absorption in the UV region. Nitro complexes
(3a-3i) exhibit multiple transitions in the uv-visible region.  They display intense MLCT
transition in the 550-560 nm range along with weak longer wavelength absorption near 750
nm (shoulder). In nitroso derivatives, [Ru(NO)(RaaiR)(tpy)](ClO4)3 the intense absorption
bands are further shifted to shorter wavelength, near 420 nm along with a weak band near 600
nm. This is attributed to strong dπ (Ru) → π(NO) back bonding which stabilizes the dπ level
and consequently shifts the MLCT band to the lower wavelength region. The nitrosyl
complexes are found to be stable only in dry acetonitrile solution. In ordinary acetonitrile or
in contact with moister the spectrum spontaneously changes and levels off with the spectrum
of precursor dinitro derivative. The transformation has been proved through product isolation
in one case, and characterized comparing of its properties with an authentic sample. The
conversion from nitroso into the nitro complex is followed by the following mechanism.

[(tpy)Ru ](ClO4)3

N

O
+

(tpy)Ru ](ClO4)3

N

O
+

O

H

H

(tpy)Ru ](ClO4)

N

OO

RaaiR

RaaiR
RaaiR

The
1
H n.m.r. spectra of [Ru(NO2)(RaaiR)(tpy)] (3a-3i) complexes were assigned on

comparing with dichloro precursor (Table 1). The aryl protons (7-H—13-H) of (3a-3i) are
downfield shifted by 0.1-0.07 ppm as compared to those of the parent dichloro derivatives.
They are affected by substitution; 7,8- and 11,12-H are severely perturbed due to changes in
the electronic properties of the substituents in the N-CH3-position. Imidazole 4- and 5-H
appear as doublet at the lower frequency side of the spectra (7.0-7.2 ppm for 4-H; 6.9-7.1 ppm
for 5-H). The aryl-Me (R = Me) in (3a-3i) appears as a single signal at 2.30 ppm and is in
consonance with stereoretentive nucleophilic substitution during synthesis of dinitro
complexes from dichloroparent complexes via aquo derivatives. The mononitrosyls,
[Ru(NO)(RaaiR)(tpy)](ClO4)3 exhibit similar pattern of signals in the aromatic portion and the
spectra have been shifted to higher field by 0.03-0.15 ppm from those of respective dinitro
derivatives. It is due to better dπ(Ru) → π*(NO) charge transfer which increases hardness of
Ru(II) leading to strong σ-interaction with the chelator. The solution 1H NMR spectra support
at least the presence of two isomers in different proportion.
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N

NO2N

N

N

N
Ru

N

NO2N

N

N

N
Ru

Isomer BA

terpyridine terpyridine

Redox Properties
The potential values of the complexes in dry acetonitrile solution are measured (Fig. 1).

The cyclic voltammogram of [Ru(NO2)(RaaiR)(tpy)](ClO4) exhibit some unusual behaviour
on repetitive cycles. The reduction sweep shows a new wave that has a counter oxidative
wave on the second sweep. The first primary redox process (E = 1.3-1.13 V) is assigned to
Ru(III)/Ru(II) couple. The nitrosyl complexes, [Ru(NO)(RaaiR)(tpy)](ClO4)3 exhibit multiple
redox responses in the potential range +2.0 V to –2.0 V versus s.c.e. Two quasi-reversible
reductive responses in the potential 0.5 to 0.6 V and –0.1 to –0.2 V are seen. The couples IV
and V are assigned to successive one-electron reductions of the coordinated NO unit; [Ru-NO
→ Ru-NO (couple II), Ru-NO → Ru-NO(couple III)]. The couple III is irreversible,
indicating instability of the reduced species. High potential voltammetric wave at 1.4-1.5 V
(couple 1) (ΔE ≥ 120 mV) is assigned to the Ru(III)/Ru(II) couple. The azo group may
accommodate two electrons and hence two coordinated ligands should exhibit four reductive
responses. However, within the available potential window three reductions were clearly
observable. The nitrosyl complexes display multiple redox processes in the experimental
potential range (couples I–VI). At the positive side of the SCE they exhibit systematically one
reversible reductive process near 0.5 V followed by another irreversible reduction near 0.1 V.
The reduced species is found to be unstable even at 273 K, which has precluded its isolation
and further studies. The first two reductions (couples II and III) are assigned to successive
one-electron reductions of the coordinated NO unit, eqns. (1) and (2).

[RuII(RaaiR)(tpy)(NO)]3+ + e = [RuII(RaaiR)(tpy)(NO)]2+ (1)
[RuII(RaaiR)(tpy)(NO)]2+ + e = [RuII(RaaiR)(tpy)(NO)]+ (2)

The reduction potential of Ru–NO-→ Ru–NO [couple II, eqn. (1)] of nitroso-complexes is
close to that of uncoordinated NO (E= 0.74 V). This reveals that the electrophilicity of the
coordinated NO in the present set of complexes is comparable to that of free NO. The
insignificant π interaction of NO in the present nitrosyl complexes is presumably the primary
dictating factor for the observed high reduction potential. Although the first reduction process
Ru–NO-.→ Ru–NO (couple II) is stable on the coulometric timescale, the second Ru–NO.→
Ru–NO- is unstable even on cyclic voltammetric timescale. Nitrosyl complexes show one
additional quasi-reversible oxidation process near 1.60 V. The oxidation process
corresponding to it may be assigned to the ruthenium(II)–ruthenium(III) oxidation as all other
redox active centres in the complex moiety are only susceptible to reduction. The nitro as well
as nitroso complexes display three additional successive one-electron reductions to negative
potentials of the SCE. Since both coordinated ligands are known to accept successively two
electrons in their lowest unoccupied molecular orbitals, the observed reductions are
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considered to be ligand based processes. Electrochemical oxidations of complexes in
acetonitrile solvent at 1.5 V versus SCE develop unstable orange oxidised species. The
oxidised complexes display voltammograms which are identical to those of the starting
bivalent complexes. They exhibit one intense LMCT transition in the visible region and intra-
ligand transitions in the UV region.

Spectroelectrochemical Correlation
Nitro complexes display the lowest MLCT transition of the type t2 (Ru) to Ligand LUMO

near 500 nm. The quasi-reversible Ru(III)/Ru(II) couple lies in the 1.10–1.4 V range, and the
first ligand reduction in the range -0.45–0.67 V (one electron). The energy of the above band
can be predicted from the experimentally observed electrochemical data. There is a linear
relationship between the tMLCT and DE.

Reactivity Study
Reaction of the mononitrosyl complexes with primary amines were studied by the

following sequence. To investigate the reaction mechanism it was studied in two solvents, in
acetonitrile and in dichloromethane. This monoaquo complex produces the monoacetonitrile
complex on treatment with acetonitrile. One real advantage of such reaction is the possibility
of developing analytical route for synthetic nitrosation of organic substrate using
[Ru(NO)(RaaiMe)(tpy)](ClO4)3 as the source of NO under mildly acidic condition.

[Ru(NO)(tpy)(RaaiR)](ClO4)3 [Ru(NO2)(tpy)(RaaiR)](ClO4)
OH-

H+

ArNH2
DCM

[Ru(Solvent)(tpy)(RaaiR)](ClO4)2 + [ArN2]+

NaNO2

S=DCM, H2O

HClO4

[ArN2][ClO4]

alkaline
b-napthol

N=N
R

OH
R=H(a), p-Me(b),
p-OMe(c), p-Cl(d)
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Ru
N

N

N

N

NO+

N

H2N

CH3CN
low temp.

R

Ru
N

N

N

N

CH3CN

N

N

N +

R

N==N-----

OH

R

alkaline b napthol
azo-coupling

RaaiR
RaaiR

tpy

tpy
tpy

tpy

In conclusion, nitro complexes of ruthenium (II)–azoimidazole, [Ru(NO2)(RaaiR)(tpy)]
have been synthesised by stereoretentive reaction of aquo complex [Ru(OH2)(RaaiR)(tpy)]
with nitrite ion. The complexes exhibit strong MLCT transitions. Voltammetric study shows
Ru(III)/Ru(II) couple along with successive ligand-based reductions and additionally NO+

reductions in nitrosyl derivatives. The electrophilic activity of bound NO has been established
through diazotization of ArNH2 .
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