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ABSTRACT 
     
Coordination chemistry deals with the study of complexes having a central atom (a metal 

ion) bound to a set of ligand(s). The properties of metal complexes are manifestation of the 

nature, coordination number as well as oxidation state of metal ion and the donating 

properties of the bound ligands. Unlike the organic compounds, different ligands bind to 

metal ion in different coordination modes. Hence, coordination complexes are found to 

possess different coordination numbers, coordination geometries, and redox properties. On 

the other hand, a particular coordinated ligand stabilizes the metal ion in a particular 

oxidation state or may be in more than one oxidation states.  

The thesis entitled “Studies on new ruthenium complexes and their reactivities” is divided 

into six chapters. 

In the present report, we have synthesized different ligands having various groups such as 

diazo (–N=N–), azomethine (–CH=N–) and carboxamide (–CONH–)groups. These ligands 

were treated with different precursor ruthenium complexes to afford corresponding 

ruthenium complexes. These ruthenium complexes were characterized by various 

spectroscopic techniques like IR, UV-Vis spectroscopy, EPR, 1H as well as 31P NMR spectral 

studies. Some ruthenium complexes were also treated with in situ generated nitric oxide 

(NO) from acidified sodium nitrite (NaNO2) solution (pH ~ 2-3) to produce ruthenium 

nitrosyl complexes. Nitrosyl complexes were characterized by IR, UV-Vis spectroscopy, 1H 

as well as 31P NMR spectral studies. Molecular structures of complexes were authenticated 

using X-ray crystallography. The redox properties of the ligand as well as metal center in the 

ruthenium complexes with non innocent ligands were investigated using cyclic voltammetry. 
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Theoretical calculations were also performed on the structure of the complexes to better 

understand the electronic properties. 

In chapter one, literature on the redox, photophysical and photochemical properties of 

several ruthenium complexes along with brief introduction about coordination complexes and 

general properties of ruthenium will be reviewed. Role of ruthenium complexes as potential 

catalysts in organic and organometallic syntheses, transfer hydrogenation along with the 

importance of these complexes in different fields of bioinorganic chemistry will be 

scrutinized. Along with nitric oxide releasing molecules (photoNORMs), CO releasing 

molecules (photoCORMs) will also be described in brief. Various chemical methods and 

equipments used were comprehensively summarized. 

In chapter two, organometallic ruthenium(III) complexes [Ru(L1)(PPh3)2Cl2] (1) (where 

L1H2 =(E)-4-chloro-N-(2-(phenyldiazenyl)phenyl)benzamide and H = dissociable proton ) 

and [Ru(L2)(PPh3)2Cl](2)(where L2H2 = (E)-2-((4-(dimethylamino)phenyl)diazenyl)-N-(p-

tolyl)benzamide and H = dissociable protons )  were synthesized through C-H bond 

activation. Complexes 1 and 2 were treated with acidified nitrite solution to afford 

organometallic ruthenium nitrosyl complexes [Ru(L1)(PPh3)2(NO)Cl](ClO4)(3) and 

[Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4). All the complexes were characterized by UV-vis, IR, 

ESI-MS, NMR spectroscopic studies. Molecular structures of complexes 3 and 4 were 

authenticated using X-ray crystallographic studies. Coordinated NO in ruthenium nitrosyls 3 

and 4 was found to be photolabile under visible light and photo released NO was transferred 

to reduced myoglobin.  Cytotoxic effects of complexes as well as photo-released NO were 

investigated. Gene expression studies were performed to understand the different stages of 

apoptotic cell death.  
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In chapter three, novel ruthenium(II) coordinated stable aminyl radical complex 

[Ru(L5.)(PPh3)2Cl2] (5), was synthesized using ligands L3-5. Cleavage of most stable amide 

bond and simultaneous production of nitrogen centred radical took place during the reaction 

course. Complex 5 was characterized by IR, UV-vis and EPR spectroscopic studies. 

Molecular structure of 5 was authenticated using single crystal X-ray crystallography. Along 

with spectroscopic characterization, theoretical calculations completely supported the 

nitrogen centred radical. The interaction of NO with the complex 5 afforded nitrosyl complex  

[Ru(L5')(PPh3)2(NO)Cl](ClO4) (6). Molecular structure of the resultant nitrosyl complex 6 

was authenticated by single crystal X–ray diffraction study. The photolability of coordinated 

NO was examined by using electronic absorption spectral studies under illumination of UV 

light.  

In chapter four, organometallic ruthenium(II) complex [Ru(L6CNN)(PPh3)2(CO)] (7) 

[where L6H2 is (E)-N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] [H represents 

dissociable proton] was synthesized via C-H bond activation using different synthetic 

strategies. Ruthenium hydrido carbonyl complexes  [Ru(L6NN)(PPh3)2(CO)H]  (8) [where 

L6H2 is (E)-N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] and 

[Ru(L7NN)(PPh3)2(CO)H] (9) [where L7H2 is (E)-N-((1H-pyrrol-2-yl)methylene)-1-

phenylmethanamine] were isolated. All the complexes were characterized by UV-Vis, IR and 

NMR spectral studies. Molecular structures of complexes 7, 8 and 9 were authenticated using 

X-ray crystallography. Geometry optimization of the complexes 7–9 have been performed 

using Density Functional Theory (DFT) studies. Time-dependent DFT calculations were 

performed to better understand the electronic properties of complexes 7–9. Complex 7 was 

utilized as catalyst in transfer hydrogenation of ketones. On the basis of literature study, the 
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plausible mechanisms were proposed for hydride formation and catalytic transfer 

hydrogenation. Coordinated CO in organometallic ruthenium carbonyl complex 7 was found 

to be photolabile upon visible light illumination.  

In chapter five, reaction of (E)-4-((2-nitrophenyl)diazenyl)phenol (L8H, H = dissociable 

proton) with Ru(PPh3)3Cl2 afforded novel organometallic anion radical complex [Ru(LA
8-

.)(Cl)(PPh3)2] (10). During the synthesis of complex 10, nitro group in ligand converted to 

nitroso group through oxygen atom transfer to labile triphenylphosphine. One electron 

reduced nitroso group was coordinated to ruthenium in 1(N) mode. Complex 10 was treated 

with acidified nitrite to afford nitrosyl complex [Ru(LB
8-.)(PPh3)2(NO)](ClO4)(11) and it is a 

rare example of an organometallic ruthenium complex having azo anion radical as well as 

two different noninnocent ligands coordinated to one metal. Both the complexes were 

characterized by UV-vis, IR, NMR spectroscopic studies. Redox properties of complex 10 

were investigated using cyclic voltammetry. Molecular structures of complexes 10 and 11 

were authenticated using X-ray crystallographic studies. DFT calculations were performed to 

better understand the electronic properties of complex 10. 

In chapter six, half sandwich ruthenium complexes [(p-cym)RuII(L9-12)Cl]PF6(12-15) 

containing NN chelating schiff base ligand were successfully designed and synthesized. All 

the synthesized complexes were characterized by UV-vis, IR, ESI-MS, NMR spectroscopic 

studies. Molecular structures of 12 and 15 were authenticated using X-ray crystallography. 

Complexes 12-15 were utilized to investigate the anti-cancer activity studies on MCF-7, 

MDA-MB-435s and HEK-293 cell lines. Among all the complexes, complex 15 was found to 

be more potent against MCF-7 and MDA-MB-435s cancer cells as compared to complexes 
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12-14. However, all the complexes exhibited less cytotoxicity or almost inactivity towards 

HEK-293 normal cells. 
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Chapter 1 

 
Abstract 

Literature on the redox, photophysical and photochemical properties of several ruthenium 

complexes along with brief introduction about coordination complexes and general properties 

of ruthenium will be reviewed in this chapter. Role of ruthenium complexes as potential 

catalysts in organic and organometallic syntheses, transfer hydrogenation along with the 

importance of these complexes in different fields of bioinorganic chemistry will be 

scrutinized. Along with nitric oxide releasing molecules (photoNORMs), CO releasing 

molecules (photoCORMs) will also be described in brief. Various chemical methods and 

equipments used were comprehensively summarized. 
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1.1. Introduction 

Coordination chemistry deals with the study of complexes having a central atom (a metal 

ion) bound to a set of ligand(s). The properties of metal complexes are manifestation of the 

nature, coordination number as well as oxidation state of metal ion and the donating 

properties of the bound ligands. Unlike the organic compounds, different ligands bind to 

metal ion in different coordination modes. Hence, coordination complexes are found to 

possess different coordination numbers, coordination geometries, and redox properties. On 

the other hand, a particular coordinated ligand stabilizes the metal ion in a particular 

oxidation state or may be in more than one oxidation states.1−3  

From investigation of literature on coordination complexes it was found that ligands having 

hard donors like carboxamido nitrogen, carboxylate and phenolato oxygen donor center(s) 

stabilize the metal ion in the higher oxidation state(s). However, ligands having soft donors 

like pyridine nitrogen, imidazole nitrogen, thiol and thioether donor center(s) stabilize the 

metal ion in the lower oxidation state(s).2,4 Hence, the rational designing of new ligands 

which can stabilize the metal in one or more than one oxidation state(s) is of huge interest in 

the area of chemical research.  

Literature survey on the coordination complexes completely revealed that several interesting 

properties, for example, tunable redox properties,5–8 photophysical and photochemical 

properties9–12 have been shown by the ruthenium complexes and such properties are very 

significant for their applications in chemical as well as biological research. Hence, 

coordination chemistry of ruthenium with different ligands has received considerable current 

attention.  
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1.2. Chemistry of ruthenium: General comments 

Ruthenium is an element, having symbol Ru and atomic number 44 (Table 1.1) with the 

electronic configuration [Kr]4d75s1 in Group VIII and Period V of the periodic table. It was 

first discovered by a Russian scientist Karl Ernst Claus in 1844. It was isolated from the 

crude platinum part and belongs to the platinum group of metals.1,13,14 Ruthenium is 

generally found in ores with the other platinum group metals but small quantities are also 

found in pentlandite extracted from Sudbury, Canada and in pyroxenite deposits in South 

Africa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1 Some properties of ruthenium.14 

      Properties Value 

Atomic symbol Ru 

Group/Period 8th/5th 

Atomic number 44 

Atomic weight (gmol−1) 101.07(2) 

Electronic configuration [Kr]4d75s1 

Natural abundance/ppm 0.0001 

Density (20⁰C)/gcm−3 12.37 

Melting point/⁰C 2282 (± 20) 

Boiling point/⁰C 4050 (± 100) 

Electronegativity (Pouling scale) 2.2 

Number of naturally occurring isotopes 7 

Metal radius (12-coordinate)/pm 134 

Most common oxidation states 2+ and 3+ 
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Generally, ruthenium contains variable number of the oxidation states from 0 to 8 and –2. 

But 2+ and 3+ are the most stable oxidation states of this element. In general, the geometries 

of the ruthenium complexes are octahedral for coordination number VI, trigonal bipyramidal 

for V and tetrahedral for IV coordination number.1,14 Ruthenium complexes in 3+ oxidation 

state are low-spin octahedral and paramagnetic with d5 electronic configuration containing 

one unpaired electron.14 Ruthenium complexes in 2+ oxidation state are low-spin octahedral 

and diamagnetic with d6 electronic configuration. 

1.3. Applications of ruthenium complexes 

1.3.1. Water oxidation by ruthenium complexes  

The oxidation of water to molecular oxygen (2H2O → O2 + 4H+ + 4e−) is well known 

photosystem-II (PS-II) reaction involved in natural photosynthesis.15,16,17 Protons and 

electrons required to store solar energy in chemical bonds are provided by the oxidation of 

water to oxygen.18 For a long time, scientists have tried to imitate the photosynthesis owing 

to increased demands imposed by worldwide energy consumption. To reach this goal, the 

development of more efficient water oxidation catalysts has become a challenging area of 

chemical research. 

In the 1982, Meyer and coworkers19 reported the dinuclear ruthenium(III) complex 

[(bpy)2(H2O)RuIII(μ-O)RuIII(H2O)(bpy)2]4+ (where bpy = 2,2′-bipyridine) having an oxo-

bridged ligand as a water oxidation catalyst with a turn over number (TON) of 13.2, also 

known as ‘blue dimer’ due to its characteristic color. Mechanism of the water oxidation by 

this blue dimer using an excess amount of Ce(IV) as a chemical oxidant (shown in Scheme 

1.1) was proposed the Meyer’s group.20,21  
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 Llobet and co-workers22 were reported the first well-characterized dinuclear Ru complex 

[Ru2
II(bpp)(terpy)2(H2O)2]3+ (Hbpp=2,2'-(1H-pyrazole-3, 5-diyl)bis(pyridine) bridged 

through the terpy-Ru-bpp motif. It was found to be more active than the blue dimer for 

homogeneous oxygen evolution due to the absence of the μ-oxo bridge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1 The proposed mechanism of water oxidation using blue dimer catalyst. 
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Several groups Llobet’s23,24 and Hurst’s group25–27 have used dinuclear and mononuclear 

ruthenium complexes (Fig. 1.1) catalyst for the oxidation of water into molecular oxygen 

which contain at least one aqua molecule as a ligand and they have proposed the mechanism 

of water oxidation into molecular oxygen.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 1.1 Mononuclear and dinuclear ruthenium complexes used for water oxidation. 
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On the other hand, Thummel and coworkers28−30 have also synthesized some non-aqua 

mononuclear as well as dinuclear ruthenium complexes for water oxidation. In the water 

oxidation process, Thummel30 and Meyer31 and their coworkers were observed a seven 

coordinated ruthenium intermediate in the catalytic cycle. In the recent past, Duan et al.32 

were isolated a very uncommon seven-coordinated Ru(IV) dimeric complex μ-(HOHOH)-

[RuIV(L)(pic)2]2(PF6)3·2H2O which was obtained as an intermediate in the water oxidation 

reaction catalyzed by complex [RuIIL(pic)2]. Recently, Llobet and coworkers33 also 

synthesized the seven-coordinated mononuclear Ru(IV) complex, [RuIV(OH)(tda-κ-

N3O)(py)2]+ with high turnover frequencies of 8000−50000s−1 depending on pH. 

1.3.2. In organic and organometallic syntheses 

Cyclometalation, one of the most convenient methods for syntheses of organometallic 

entities, has gained significant current interest probably because of mildest route followed for 

activation of strong C-H bonds. The chemistry of organometallic compounds has become fast 

grown area in the field of chemical research because of vast applications of these complexes 

in catalysis, organic transformation , bioorganometallic chemistry, photophysical devices 

etc.34 Because of versatile chemistry of ruthenium, its complexes were found to have 

significant contribution in organic35–48 and organometallic syntheses.49–61  

Catalytic reactions involving the cleavage of a sp3 C–H bond adjacent to a nitrogen atom in 

N-2-pyridynyl alkylamines were described by Murai and coworkers.39 Reaction of α,-

unsaturated imines with CO and alkenes to obtain α,α-disubstituted ,-unsaturated -

butyrolactams in the presence of Ru3(CO)12 as a catalyst were also explained.41 
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The proposed mechanism for ortho-alkylation via C-H bond activation by ruthenium 

complex RuH2(CO)(PPh3)3 is shown in Scheme 1.2.38,45 In this reaction, first, chelation of the 

carbonyl oxygen to ruthenium initiates cleavage of the C-H bond at the ortho position to 

generate a metallacycle intermediate. Next, a metal alkyl intermediate is formed during olefin 

coordination and subsequent migratory insertion. Lastly, during the reductive elimination, 

ortho alkylated product is obtained with simultaneous regeneration of the initial catalyst, 

completing the catalytic cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2 The proposed mechanism for C–H bond activation in Murai’s reaction. 
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Chatani and coworkers44 have also utilized the ruthenium complexes as catalysts for organic 

transformations via C–H bond activation. Aromatic amides were used as bidentate N,N 

chelating directing groups. The functionalization of ortho C–H bonds was observed during 

the reaction of aryl halides with aromatic amides in the presence of ruthenium catalysts. 

Substituent effects on aryl bromides as well as aromatic amides were also investigated during 

the reaction (Scheme 1.3). 

 

 

 

 

 

 

 

 

Scheme 1.3 Functionalization of ortho C–H bonds in the presence of ruthenium catalyst. 
 

1.3.2.1 Olefin metathesis and Grubbs’ catalysts 

The olefin metathesis is a fundamental chemical transformation that involves formation of 

carbon-carbon double bonds (Scheme 1.4). It proceeds via a series of the alternating [2 + 2] 

cycloadditions and cycloreversions and the generation of metallacyclobutane intermediates 

during the coordination of the olefin(s) to a metal alkylidene. It can be applied in various 

synthetically advantageous permutations, such as ring-closing and ring-opening metathesis, 

cross metathesis (CM), olefinic polymerization.  
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Scheme 1.4 Generalized scheme for olefin metathesis. 

Ruthenium-carbene complexes also called as Grubbs’ catalysts, named after an American 

chemist Robert H. Grubbs who first synthesized them, used as catalysts for olefin 

metathesis.62-64 In year 2005, the Nobel Prize in chemistry was awarded jointly to Robert H. 

Grubbs, Yves Chauvin and Richard R. Schrock for the development of the metathesis 

method in organic synthesis. In Grubbs’ catalyst, the geometry around ruthenium centre is 

found to be distorted square pyramidal as found to be surrounded by five ligands.64 Because 

of their low sensitivity to air, moisture and a significant tolerance to different functional 

groups such as esters, amides, ketones, aldehydes and even for protic functionalities like 

alcohols, water and acids, Grubbs' catalysts have gained considerable current interest.64,65 The 

catalytic activity of Grubbs' catalysts depends on phosphine group as well as on the carbene 

moiety and the less lability of carbene ligand over phosphine makes these more stable in 

terms of oxidative and thermal in comparison to corresponding organometallic complexes.66  

The first well-defined ruthenium-based olefin metathesis catalyst known as Grubbs 1st 

generation catalyst was reported by Grubbs and co-workers (Fig. 1.2).64,67  
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Fig. 1.2 Chemical structures of first and second generation Grubbs’ catalysts. 

Replacement of one of the phosphine ligand in Grubbs 1st generation catalyst by N-

heterocyclic carbenes (NHCs) which were observed as the mimics of phosphine led to 

Grubbs 2nd generation catalyst (Fig. 1.2).68 In fact, the reactivity as well as the stability of 

second-generation Grubbs’ catalysts was improved after the involvement of NHC ligands. 

After that, Grubbs 3rd generation catalyst and Hoveyda catalyst were also synthesized.69-71 

The olefin metathesis reactions proceed in a dissociative fashion according to the mechanism 

shown in Scheme 1.5. 
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Scheme 1.5 Mechanism of olefin metathesis with Grubbs’ catalyst. 
 

1.3.2.2. Hydrogenation and transfer-hydrogenation (TH) 

Hydrogenation and transfer hydrogenation (Scheme 1.6) of unsaturated hydrocarbons such as 

olefins, ketones, and imines to produce alkanes, alcohols and amines respectively are 

amongst the most important synthetic reactions catalyzed by ruthenium complexes not only 

from academic point of view but also of industrial importance bacause of operational ease, 

environment-friendliness and economics 72-74 A hydrogen donor such as molecular hydrogen, 

alcohol, formic acid is catalytically activated by appropriate transition metal complexes to 

deliver the two hydrogen atoms to unsaturated bonds to produce the corresponding reduced 

products. The discovery of RuO2
75,76and RuCl2{P(C6H5)3}3

77 as selective hydrogenation 

catalysts provided an opportunity to the development of ruthenium-based catalysts.  
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Scheme 1.6 Schematic representation of hydrogenation reactions. 
  

Ruthenium-NHC complexes having a pyridine moiety were well documented as a promising 

new class of transfer-hydrogenation catalysts.78,79 Remarkably, a very less catalyst 

concentration of only 0.1 mol % was found to be adequate for the transfer-hydrogenation of a 

wide range of ketones and imines.78 Albrecht and co-workers80 prepared a family of different 

donor substituent-functionalized NHCs ruthenium complexes. Among them, the olefin-

tethered NHC ruthenium complex was found to be a very efficient and versatile transfer-

hydrogenation catalyst for olefins, alkynes, ketones, nitrobenzene, benzonitrile under 

different conditions. 

Singh and co-workers81 also reported half-sandwich ruthenium(II) complexes as the catalysts 

bearing tridentate ligands and gave admirable results in the transfer-hydrogenation of 

ketones. The landmark discovery of the Noyori catalysts in transfer-hydrogenation still 

inspires the development of new analogues.82-85  

1.3.3. Ruthenium based complexes in biological system 

1.3.3.1. Anti-cancer agents 

Cancer, one of the most fatal diseases, embraces a large collection of heinous diseases in the 

world and causes the death of millions of people every year. It is characterized by the 
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uncontrolled division of abnormal cells that invade and disrupt tissues. Both, external (e.g., 

chemicals, radiation, viruses) and internal (e.g., hormones, immune conditions, inherited 

genes) may be responsible for the initiation and promotion of cancer.86-89 

Platinum based metallodrugs e.g. cisplatin, carboplatin, oxaliplatin and satraplatin (Fig. 1.3), 

were widely used as chemotherapeutic agents for cancer treatment. However, tumour 

resistance and their several side effects like renal toxicity, neurotoxicity, myelosuppression, 

immunosuppression, severe nausea, vomiting has significantly slowed down the introduction 

of new platinum-based derivatives into clinical studies. Therefore, the approaches to explore 

new anticancer drugs based on transition metal complexes with particular attention to 

ruthenium most likely due to the ability of ruthenium to mimic iron in binding to 

biomolecules,89 with similar therapeutic profiles to cisplatin, but without its drawbacks 

dominate the research in field of cancer.90,91 

Anti-cancer property of ruthenium(III) complexes was first described by Clarke for Ru(III) 

ammines; however they were found excessively insoluble to be used in the clinic.92 Two 

most promising Ru(III) complexes which have entered clinical trials are trans tetra 

chlorodimethylsulfoxideimidazoleruthenate(III) (NAMI-A) and trans tetrachlorobis (1H-

indazole) ruthenate(III) (KP-1019) (Fig. 1.4).93 Ruthenium–arene complexes with modified 

ligands also find their significance as anticancer agent.94 For example, [(ƞ6-THA)Ru(en)Cl]+ 

where THA= tetrahydroanthracene and en=ethylenediamine  and the ruthenium arene 

complex [Ru(arene)Cl2(PTA)], commonly known as RAPTA, (where PTA= 1, 3, 5-triaza-7-

phosphaadamantane) (Fig. 1.4) are another examples which have been used as anticancer 

agents in human cancer cell lines.95  
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Fig. 1.3  Chemical structures of the carboplatin, oxaliplatin and satraplatin. 

 

 

 

 

 

 

 

Fig. 1.4 Schematic diagram of ruthenium-based anti-cancer complexes NAMI-A, KP1019, 
[(ƞ6-THA)Ru(en)Cl]+ and RAPTA. 

 

1.3.3.2. DNA interaction 

Transition metal complexes have potential applications in medicinal chemistry and these 

metal complexes interact with nucleic acids, damage DNA and induce apoptosis in human 

cells. Ruthenium complexes can also bind with DNA through covalent as well as non-

covalent interactions.  

Ruthenium complexes [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+ (Fig. 1.5) containing one 

intercalating dppz ligand which can readily -stack into the DNA duplex because of parallel 
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orientation to the base pairs of the DNA, displayed a significant enhancement in 

luminescence upon intercalation into duplex DNA.96,97 

     

 

 

 

 

 

Fig. 1.5 Ruthenium complexes [Ru(bpy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ utilized for DNA 
intercalation 

 

Covalent binding of different polypyridyl ruthenium complexes to DNA was demonstrated 

by Grover and co-workers.98 Later on, the dinuclear aqua complex [(bpy)2Ru(OH2)]2O4+ 

which was found to bind stereo selectively with CT-DNA and showed more efficient binding 

over the mononuclear ruthenium complex was reported by the same group.99 Novakova and 

co-workers100 examined polypyridyl ruthenium chloro complexes of chemical formulas 

[RuCl(bpy)(terpy)]Cl, cis-[Ru(bpy)2Cl2] and mer-[RuCl3(terpy)] (bpy=2,2'-bipyridyl, 

terpy=2, 2':6',2''-terpyridine) for DNA binding and among all these complexes mer-

[RuCl3(terpy)] complex showed significantly higher DNA interstrand cross-linking as 

compared to other complexes. The interactions of ruthenium arene complexes such as [(η6-

arene)Ru(en)Cl]+ (where arene was biphenyl (BIP), dihydroanthracene (DHA), 

tetrahydroanthracene (THA), p-cymene (CYM) or benzene (BEN) and en was ethylene 

diamine) to CT-DNA through covalent as well as minor groove binding were investigated by  
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Sadler and his group.101,102 In these pseudo-octahedral piano-stool complexes, three 

coordination sites were occupied by the arene ring and the remaining sites by one halide 

along with two diamine nitrogens. It was observed that binding of ruthenium (II) arene 

complexes to DNA was faster  as compared to cisplatin. Binuclear ruthenium (II) polypyridyl 

complex (Fig. 1.6) synthesized by Kumbhar and co-workers103 was also utilized for the DNA 

interaction. 

 

 

 

 

 

 

Fig. 1.6 Binuclear ruthenium(II) polypyridyl complex used for DNA interaction. 

1.3.3.3. Ruthenium complexes as anti-microbial agents 

Because of the capability of ruthenium-based complexes to firmly bind nucleic acids and 

proteins, the iron mimicking property in binding to biological molecules and ligand exchange 

kinetics similar to those of their platinum counterparts, these complexes have been largely 

examined for noteworthy biological activity.104-108 Moreover, the photophysical properties of 

many ruthenium(II) complexes make possible flow cytometry and con-focal microscopy 

studies for cellular accumulation and localization.105,106 Therapeutic potential of these  
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complexes as anti-cancer and anti-microbial agents has been demonstrated over the last 

decade.109 

Biological activity of polypyridyl metal complexes was initially examined by Dwyer and co-

workers.110 They investigated mononuclear complexes with ligands such as 1,10-

phenanthroline, bipyridine and their derivatives coordinated primarily to iron or ruthenium, 

for the antibacterial activity against Gram-positive, Gram-negative and acid-fast bacteria.110 

[Ru(phen)3] 2+ (Fig. 1.7 (a)) was found to be inactive against all the bacterial strains. 

However, addition of methyl group as substituents on the phenanthroline ligands (Fig. 1.7 

(b)), significantly increased the activity against all bacteria indicative of the significance of 

lipophilicity on the antibacterial action. Mononuclear ruthenium(II) polypyridyl complexes 

that could bind to DNA through intercalation were examined by Aldrich-Wright and co-

workers.111 These complexes exhibited remarkable bactericidal action against B. subtilis and 

S. aureus strains. Moreover, the treatment with the most active compound, [Ru(2, 9-

Me2phen)2(dppz)]2+ (Fig. 1.7 (c)), increased the survival population of Caenorhabditis 

elegans that were infected with S. aureus, indicating the relatively less toxicity against 

eukaryotic systems.111 Satyanarayana and co-workers also observed that mononuclear 

ruthenium complexes with derivatives of either dppz or 2-phenyl-imidazo-1,10-

phenanthroline ligands had shown moderate activity.112 In contrast, [Ru(L)2bdppz]2+ {where 

L= bipyridine or 1, 10-phenanthroline and bdppz=9a,13a-dihydro-4,5,9,14-tetraaza-

benzotriphenylene-11-yl)-phenyl-methanone} had shown high anti-microbial activity at 1500 

mg ml-1 against S. aureus and E. coli.113 Although, DNA binding is a considerable factor in 

terms of anti-microbial activity of the polypyridyl ruthenium(II) complexes, Lam and co- 
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workers114 recently explained that a bis(bipyridine)-ruthenium(II) complex having N-phenyl-

substituted diazafluorene ligand considerably enhanced the production of reactive oxygen 

species in MRSA. The authors suggested that high activity observed against MRSA (6.25 mg 

ml-1) may be due to DNA damage caused by elevation in level of the reactive oxygen 

species. 

 

 

 

 

 

Fig. 1.7 Mononuclear polypyridylruthenium(II) complexes exhibiting antimicrobial activity 
(a) [Ru(phen)3]2+ (b) [Ru(Me4phen)3]2+ (c) [Ru(2, 9-Me2phen)2(dppz)]2+. 

Aldrich-Wright and co-workers studied  the intercalative dinuclear complex [{Ru(dpq)2}2(m-

phen-x-SOS-x-phen)]4+ (dpq=dipyrido[3,2-d:20 30-f]quinoxaline; SOS=2-mercaptoethyl 

ether; x=3, 4 or 5) and observed that the complex had a improved DNA binding affinity of 6 

x107 M‒1, as compare to  the mononuclear analogues [Ru(dpq)2(phen)]2+ (K=5.4x104 M‒1), 

[Ru(dpq)2-(phen-4-SOS)]2+ (K=2.3x106 M-1), or [Ru(bpy)2(dpq)]2+ (K=5.9 x 104 M‒1 ).115,116 

Because of having DNA binding capability, Rubbn complexes were highly active against a 

variety of pathogenic bacteria, particularly Gram positive strains.117 

 

1.3.4. Photophysical as well as photochemical properties and applications in DSSC 

 For many years, there has been a huge current interest to study photophysical properties of 

ruthenium(II) complexes with polypyridine ligands such as 2, 2’-bipyridine and 1,10-
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phenanthroline  and their derivatives.118-120 These complexes have redox optical properties 

due to the presence of electron accepting polypyridine ligands and an electron-rich metal 

centre.121 These particular complexes have applications in different areas including solar 

energy conversion122 and molecular electronic devices.123 Ruthenium polypyridine complexes 

have ability to absorb a major part of the visible light and the non-radiative decay of metal to 

ligand charge transfer (MLCT) excited states takes place at room temperature.121 Decrease in 

the energy gap between the ground and excited state increases the rate of this decay.124,125 

Hence, absorption bands of low energy gap, make these complexes weak emitters having 

short-lived excited states. Luminescence properties of the [Ru(bpy)3]2+ and related 

polypyridine type complexes were illustrated by Crosby and co-workers 126. 

Balzani and co-workers120,121 investigated photochemical and photophysical properties of a 

series of ruthenium polypyridyl complexes and some of the complexes showed long-lived 

ligand-centered phosphorescence. They also described the applications of these complexes as 

luminescent and electroluminescent sensors and solar energy conversion. In 1988, Juris and 

co-workers127 reported a series of nine tris-heteroleptic ruthenium(II) polypyridyl complexes 

of the type [Ru(bpy)(biq)(L)]2+ (where bpy=2, 2’-bipyridine, biq=2, 2’-biquinoline and L was 

Me2-bpy, 1,10-phenanthroline, 3, 3’-biisoquinoline or 2, 2’-bipyrimidine) and the 

electrochemical behavior as well as luminescence properties were investigated.  

Recently, dye sensitized solar cells (DSSCs) have gained considerable attention. Over 20 

years ago, Gratzel and co-workers developed the simple method of conversion of solar 

energy to electricity by dye-sensitized solar cell (DSSC).128 DSSCs have a wide band-gap 

semiconductor, generally titanium dioxide (TiO2) which is covered with a dye to absorb most  
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of the visible light.129 Nano-crystalline DSSCs have also gained considerable interest as cost-

effective alternatives to present p-n junction photovoltaic devices due to their potential 

applications and high efficiency.129,130 Gratzel and O’Regan131 introduced a dye-sensitized 

solar cell anchored with the surface of nano-crystalline TiO2 and an electron is injected from 

the excited dye to the TiO2 conduction band upon visible light excitation. Since then, several 

ruthenium polypyridyl complexes have received great attention in DSSCs as a result of their 

promising performance as sensitizers.132,133  

Ruthenium complexes were found to be suitable as sensitizers for DSSC because of their 

spectral, photophysical and photochemical properties and comparative stability in the 

oxidized and reduced forms. To absorb in the range of whole visible spectrum, different 

strategies have been successfully applied in designing ruthenium complexes.134 To date, 

several ruthenium(II) polypyridyl complexes particularly [cis-(dithiocyanato)Ru-bis(2, 2’-

bipyridine-4,4’-dicarboxylate)] complexes commonly known as N3 and N719 dyes (Fig. 1.8) 

have been used as the most efficient dye sensitizers.135,136 

 

 

 

 

 

 

 

 
 

Fig. 1.8 The structures of Gratzel’s best DSSC dyes. 
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1.3.5. NO releasing molecule (NORM) 

Nitric oxide, a diatomic gaseous molecule plays very important roles in biological systems.137 

It is one electron paramagnetic strong field ligand. NO was declared as the molecule of the 

year by Science in the year 1992138 and Nobel Prize for discovery of NO as a signalling 

molecule was given to three US scientists named as Robert F. Furchgott, Louis J. Ignarro and 

F. Murad in 1998. 

In biosystem, nitric oxide synthase produces NO and various concentration-dependent 

activities of NO were discovered.139,140 On the basis of  the difference in activities and the 

Ca2+-dependence, three NOS isoenzymes have been purified and biochemically 

characterized: neuronal NOS (n-NOS or NOS-1),141,142 inducible NOS (i-NOS or NOS-2)143 

and endothelial NOS (e-NOS or NOS-3)144 (Scheme 1.7).  

 

 

Scheme 1.7 Nitric oxide synthase isoenzymes and their biological functions. 
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NO is formed as a byproduct during the conversion of semi-essential amino acid L-arginine 

(L-Arg) into an equal amount of L-citrulline by NOS (Scheme 1.8).145  

 

 

 

 

 

 

 

Scheme 1.8 Biosynthesis of nitric oxide (NO) by NOS enzyme. 
 

Oxidation of the substrate carried out by a P450 type heme iron centre requires nicotinamide 

dinucleotide phosphate (NADPH) and O2 as co-substrates.146 Hecker and co-workers147 

explained that L-citrulline can be recycled back to L-arginine to retain the NO production.  

1.3.5.1. Organic NO donors 

Various organic NO donors have been synthesized and utilized for nitric oxide (NO) 

donation. Organic nitrites, nitrates and nitrosothiols have been used as potential NO 

donors.148 Glyceryl trinitrate (also known as nitroglycerin, GTN) and isosorbide mononitrate 

(ISMN) have been used as NO donors for the treatment of hypertension and angina pectoris.  
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Table 1.2 Clinically used NO donor drugs and their applications.148 

 

Glyceryl trinitrate has three nitrate moieties but it was found that only one molar equivalent 

of NO is released through enzymatic activation. However, all the molecules are activated by 

enzymatic pathways and physiological changes.149,150 However, these NO donors release two 

molar equivalents of NO at physiological pH and temperature during spontaneous 

decomposition in solution. Several NONOates have been used to treat cardiovascular 

diseases but still not used clinically.151 

1.3.5.2. Metal nitrosyl complexes: Inorganic NO donors 

Spontaneous release of nitric oxide from organic NO donors, make them less useful for 

biological applications. This prompted the scientists to work on metal nitrosyl complexes 

which could release NO on demand and as an alternative to organic NO donors. From the 

past few years, the interaction of transition metals with nitric oxide has been received a  

 NO donor drug Function Trade name 

1. Glyceryl trinitrate (GTN) Dilation of blood vessels to treat 
angina pectoris 

Nitroglycerin 

2. Isosorbide mononitrate (ISMN) Vasodilation Ismo, Imdur 

3. Isosorbide dinitrate (ISDN) Vasodilation Isordil, 
Sorbitrate, 
BiDil 

4. Diazeniumdiolates (NONOates) Treatment of cardiovascular 
diseases 

- 

5. Sodium nitroprusside (SNP)  Lowering of blood pressure Nitropress 

6. Roussin’s black salt Toxic to melanoma cancer cells - 

7. Roussin’s red salt Antibacterial  - 
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significant awareness.152–157 Therefore various photoactive metal nitrosyls (metal-NO 

complexes) were synthesized that release NO in the presence of UV as well as visible light of 

various wavelengths (Scheme 1.9) and are useful in photodynamic therapy(PDT).  

Sodium nitroprusside (Na2[Fe(NO)(CN)5], SNP) and Roussin’s salts (Fig. 1.9) are well 

known NO donor drugs. However, these inorganic NO donors were found to be non-specific 

for PDT as these were sensitive to only UV light158 Additionally, use of  the SNP as NO 

donor was somewhat restricted due to the toxicity of photoproducts. SNP can cause cyanide 

poisoning and found to be unstable in biological media.  

Hence, sensitivity towards visible light was an essential criterion for a metal nitrosyl complex 

to be useful in photodynamic therapy (PDT) because limit of light penetration in skin is 700-

1100 nm (optical window). Several groups produced metal nitrosyl complexes which could 

donate NO on demand upon light illumination.158-161 

Scheme 1.9 Nitric oxide (NO) donation as well as scavenging in the presence of light. 
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Fig. 1.9 Clinically used inorganic NO donating drugs: SNP, Roussin’s red salt and Roussin’s 
black salt. 

 

Mascharak and co-workers utilized an iron nitrosyl complex namely [(PaPy3)Fe(NO)](ClO4)2 

(where PaPy3 was N,N'-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide)160,162 

to study the photolability and observed that it was less stable in the aqueous media although 

photolabile under low-intensity visible light. A number of nitrosyl complexes with other 

transition metals including manganese,163–165 chromium160,166 and molybdenum.159 were also 

reported which demand applications in PDT. 

1.3.5.3. Photoactive ruthenium nitrosyls  

Because of high stability of the ruthenium nitrosyls in aqueous media, these were found to be 

appropriate for biological activities (under physiological condition, pH ~ 7.0). Ruthenium 

nitrosyls which can liberate NO under illumination of visible as well as near infrared light are 

useful for photodynamic therapy (PDT). Generally, one coordinated ligand (L) is replaced by 

a solvent molecule under illumination of light. Behavior of NO in the presence of light was 

extensively studied in the different metal nitrosyls by Mascharak and his coworkers.167–175 
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Franco and co-workers176 have reported some photoactive ruthenium nitrosyls having the 

ammonia (NH3) as additional ligands and investigated the dissociation of ammonia (NH3) as 

well as photorelease of NO in acidic aqueous solutions upon light illumination.  

In the recent years, the heme based nitrosyl complexes containing {Fe–NO}6 species has 

gained a valuable attention. In the biosystem, NO was associated with several processes 

targeting heme-containing enzymes like guanylate cyclase, myoglobin and cytochrome c 

oxidase.177–180 Ford and coworkers181,182 have extensively studied the photochemistry of 

ruthenium nitrosyls having {Ru–NO}n (n = 6,7) species containing porphyrin ligands. 

Ruthenium nitrosyls such as [Ru(TPP)(NO)(Cl)] and [Ru(OEP)(NO)(Cl)] released the NO 

during the photolysis of the Ru–NO bond but these nitrosyls were not used for efficient NO 

delivery due to the fast rate of NO-recombination. 

Several ruthenium nitrosyl complexes with polypyridine ligands were synthesized by Lahiri 

and coworkers.183 They have investigated the transformation of nitroso group into the 

corresponding nitro derivative in the aqueous medium and the rate of conversion was 

examined spectrophotometrically at various temperatures. At this moment, they did not 

observed the photochemical behavior of NO. The electrochemistry and photophysical 

properties of some other ruthenium-terpyridine complexes such as [RuII(trpy)(L)(X)](ClO4)n] 

[trpy = 2,2':6',2''-terpyridine; L = 2,2'-dipyridylamine; and X = Cl–, n = 1; H2O, n = 2; NO2
–, 

n = 1 ; NO+, n = 3] (Fig. 1.13) including a 2,2'-dipyridylamine ancillary ligand have been 

discussed later.184  

Lahiri and coworkers185 further synthesized the polypyridyl-based ruthenium nitrosyls 

[RuII(trpy)(L)(NO+)Cl]BF4 and [RuII(trpy)(L)(NO+)](BF4)2, (trpy = 2,2':6',2''-terpyridine, L– 
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= deprotonated form of unsymmetrical quinaldic acid) (Fig. 1.10). The crystal structures of 

the both nitrosyls were authenticated by X-ray crystallography.  

 

 

 

 

 

 

 
 

Fig. 1.10 Polypyridyl-based ruthenium nitrosyls: (a) [RuII(trpy)(L)(NO+)Cl]BF4 and (b) 
[RuII(trpy)(L)(NO+)](BF4)2 (where L = deprotonated form of unsymmetrical quinaldic acid). 

 

In the complex [RuII(trpy)(L)(NO+)Cl]BF4, the ligand (L–) is attached to the ruthenium ion in 

via carboxylate oxygen (–COO–) but in the complex [RuII(trpy)(L)(NO+)](BF4)2, the ligand 

(L–) is bound through carboxylate oxygen (–COO–) as well as N donor atoms. The nitrosyl 

complexes liberated NO upon illumination of light and formed the solvent bound 

ruthenium(II)–photopruducts. The photoreleased NO was also trapped by reduced myoglobin 

(Mb) in the aqueous solution and Mb–NO adduct was characterized by absorption band at 

λmax = 420 nm. Da Silva and his group186,187 investigated the sensitivity of pyrazine bridged 

binuclear ruthenium nitrosyls such as [Ru(NH3)4(L)(pz)Ru(NO)(bpy)2]5+ (where L = NH3 or 

pyridine, pz = pyrazine and bpy = bipyridine) upon illumination of visible light.  
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Fig. 1.11 Structures of nitrosyl complexes with carboxamido groups: (a) [(Py3P)Ru(NO)(Cl)] 
and (b) [(Me2bpb)Ru(NO)(OBz)]. 

 

Mascharak and co-workers have synthesized carboxamido group based ruthenium nitrosyl 

complexes188,189 namely [(PaPy3)Ru(NO)]2+ and [(Py3P)Ru(NO)(Cl)] (Fig. 1.11) (where 

PaPy3H = N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide and Py3PH2 = 

N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6-dicarboxamide, where H = dissociable protons) and 

examined the photolability of these complexes under UV light.  

Ruthenium nitrosyls [(Me2bpb)Ru(NO)(FlEt)] and [((OMe)2IQ1)Ru(NO)(FlEt)] (where 

Me2bpb = 1,2-bis(pyridine-2-carboxamido)5-dimethylbenzene, FlEt = fluorescein ethyl ester 

and (OMe)2-IQ1 = 1,2-bis(isoquinoline-1-carboxamido)-4,5-dimethoxybenzene) (Fig. 1.12) 

derived from two new fluorescein-tethered tetradentate ligands with carboxamido-N donors 

have been synthesized and characterized by Mascharak and his group.190  
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Fig. 1.12 Ruthenium nitrosyls derived from fluorescein-tethered tetradentate ligands.  
 

In very recent years, ruthenium nitrosyls with modified ligand systems were reported by 

Malfant and her group.191-194 A novel cyclometalated ruthenium nitrosyl namely [Ru(η2-

phpy)(trpy)(NO)][PF6]2 (where phpy = 2-phenyl pyridine and trpy = 2,2':6',2''-terpyridine) 

containing {RuNO}6 moiety have been synthesized by Crutchley and coworkers.195 Ghosh et 

al196 have been reported a novel cyclometalated nitrosyl complex 

[Ru(LPB1)(PPh3)2(NO)Cl](ClO4) (where LPB1H = 5-methyl-7-nitro-2-(4-

nitrophenyl)benzoxazole) derived from the nitrosylation of [Ru(LSB1)(PPh3)2Cl] [where 

LSB1H2 = 4-methyl-2-(4-nitrobenzylideneamino)phenol] and  the ring nitration as well as 

oxidative cyclization, affording benzoxazole derivative formation was observed (scheme 

1.10). The molecular structure of the resultant nitrosyl complex was authenticated by X-ray 

crystallography. The coordinated NO was found to be photolabile under visible light and  

ensured via trapping by reduced myoblobin.  
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Scheme 1.10 Generation of cyclometalated ruthenium nitrosyl complex. 

 
1.3.6. CO releasing molecule (CORM) 

After the discovery of NO as an important signaling molecule in mammals during past few 

decades, role of carbon monoxide (CO) as signaling molecule also came into picture in past 

few years and it was found that both CO and NO have similarities in their functions. It is also 

considered as gasotransmitter such as nitric oxide (NO) and hydrogen sulfide (H2S) in higher 

organisms.197–200 During the catabolism of heme by the enzyme heme oxygenase, CO is 

produced endogenously and it exerts multiple effects in mammals including anti-

inflammatory, anti-apoptotic, anti-proliferative, protection of tissues against hypoxia or 

ischemia-reperfusion injury and causes vasodilatation. Rational designing of transition metal 

carbonyls which release CO to a specific site in a controlled manner upon illumination of 

light has become a fast grown area in the field of research.201 

In 2002, CO releasing molecule was reported by Motterlini and co-workers.202 Recently, 

Mascharak and coworkers reported the mono and dicarbonyl complexes of ruthenium with 

N, N, S donor tridentate ligand and investigated the photolability of carbonyl complexes  
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under UV as well as visible light.203 Schatzschneider and co-workers synthesized Ru(II) 

polypyridyl carbonyl complexes and examined the CO releasing properties of these 

photocorms.204 Kubeil and co-workers synthesized Ru(II) bipyridine carbonyl complexes and 

the effects of electron withdrawing groups on bipyridine were examined during photorelease 

of CO.205  

1.4.  Analysis of current work done 

In the present report, we have synthesized different ligands having various groups such as 

diazo (–N=N–), azomethine (–CH=N–) and carboxamide (–CONH–)groups. These ligands 

were treated with different precursor ruthenium complexes to afford corresponding 

ruthenium complexes. These ruthenium complexes were characterized by various 

spectroscopic techniques like IR, UV-Vis spectroscopy, ESI-MS, EPR, 1H as well as 31P 

NMR spectral studies. Some ruthenium complexes were also treated with in situ generated 

nitric oxide (NO) from acidified sodium nitrite (NaNO2) solution (pH ~ 2-3) to produce 

ruthenium nitrosyl complexes. Nitrosyl complexes were characterized by IR, UV-Vis 

spectroscopy, 1H as well as 31P NMR spectral studies. Molecular structures of complexes 

were authenticated using X-ray crystallography. The redox properties of the ligand as well as 

metal center in the ruthenium complexes with non innocent ligands were investigated using 

cyclic voltammetry. Theoretical calculations were also performed on the structure of the 

complexes to better understand the electronic properties. 

Coordinated NO was found to be photolabile under illumination of UV as well as visible 

light in the nitrosyl complexes and trapping of photoreleased NO was examined by reduced 

myoglobin (Mb) in the phosphate buffer (pH ~ 6.8) solution using electronic absorption  
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spectral studies. Anticancer activity studies were investigated using photoreleased nitric 

oxide from ruthenium nitrosyl complexes upon illumination of visible light. Ruthenium 

hydrido carbonyl complexes were isolated and utilized further to synthesize cyclometallated 

ruthenium carbonyl complex which was utilized as a catalyst for transfer hydrogenation of 

ketones. Photolability of carbonyl complex was also examined under visible light. Half 

sandwich ruthenium complexes were also utilized for anticancer activity studies.  

1.4.1. Ligands and their description 

Different types of ligands having azo dyes, schiff bases and carboxamide groups have been 

utilized which are summarized in Scheme 1.11. 

1.4.2. Description of starting material 

The ligands described above were reacted with ruthenium(II) precursor complexes which are 

[Ru(PPh3)3Cl2] and [(6-cymene)RuCl2]2. The resultant ruthenium complexes were 

characterized by IR, NMR, ESI-MS, EPR and UV-visible spectral studies. Molecular 

structures of complexes were authenticated using X-ray crystallographic study.  
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Scheme 1.11 Ligands used in the present thesis. 
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1.4.3. Description of activity studies 

1.4.3.1. Liberation of NO under visible as well as UV light 

Photolability of the coordinated NO was examined by exposing dichloromethane solutions of 

ruthenium nitrosyl complexes upon illumination of visible as well as UV light. In the dark, 

all the nitrosyl complexes were found to be stable as no changes were observed in electronic 

absorption spectra. However, NO was released upon illumination of UV as well as visible 

light. Changes in spectra were observed and the presence of isosbestic points in electronic 

absorption spectra of nitrosyl complexes after light illumination indicated the formation of 

new photo products. 

1.4.3.2. Transfer of photoreleased NO to myoglobin 

In order to confirm the photorelease of NO, trapping experiment of the photoreleased NO by 

reduced myglobin in the phoshphate buffer (pH = 6.8) was performed. In the electronic 

absorption spectrum of oxidized myoglobin (Mb), an intense band near 409 nm (an intense 

Soret band) was observed. After the addition of sodium dithionite to the same cuvette, 

absorption peak of reduced myoglobin was obtained near 433 nm. When acetonitrile or 

dimethyl sulfoxide solution of nitrosyl complexes was added to buffer solution of reduced 

myoglobin, no reaction was observed under dark conditions. But, under the illumination of 

UV light (λmax= 365 nm) or visible light for a limited time, the absorption spectrum near 420 

nm showed the formation of Mb–NO adducts. 

Preparation of phosphate buffer solution and myoglobin stock solution: A 50 mM 

phosphate buffer of pH 6.8 was prepared by adding 0.3283 g of anhydrous Na2HPO4 and 

0.4192 g of NaH2PO4.2H2O to 50 mL of MilliQ water and making the volume to 100 mL in a 
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volumetric flask. 5 mg equine skeletal muscle myoglobin (Mb) was dissolved in 5 mL of the 

above prepared buffer solution. 

1.4.3.3. Liberation of CO under visible light 

Photolability of the coordinated CO was examined by exposing dichloromethane solution of 

ruthenium carbonyl complex upon illumination of visible light. In the dark, no changes were 

observed in electronic absorption spectrum of carbonyl complex and it was found to be 

stable. However, CO was released upon illumination of visible light and changes in spectra 

were observed. The presence of isosbestic points in electronic absorption spectrum after light 

illumination indicated the formation of new photo products. 

1.4.3.4. Antiproliferative activity studies using ruthenium nitrosyl complexes 

(i) MTT assay 

In-order to see the invitro-cytotoxic nature of nitrosyl compounds, the MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] colorimetric assay was performed  in 

human cervical cancer cell line (HeLa cells). HeLa cells were grown in 30-50% confluency 

before treating with the compounds.  After mixing the compounds cells were irradiated with 

visible light to release NO from the compounds. The MTT assay was performed after 24 

hours of the treatment. 

(ii) Acridine orange and ethidium bromide (AO-EB) staining 

Nitric oxide (NO) is a potential inducer of apoptosis. To find out whether treatment with 

nitrosyl compounds induces cancer cells to enter into apoptotic cycle, the acridine orange and 

ethidium bromide (AO/EB) dual staining was performed. Acridine orange and ethidium 

bromide both are  fluorescent nucleic acid dye, the former one is permeable to both live and  
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dead cells whereas the later one (ethidium bromide) enters only into dead cells those lost 

membrane integrity. The treated cells upon illumination with visible light showed orange 

yellow fluorescence indicating apoptosis due to release of NO from the nitrosyl compounds.  

(iii) Hoechst-Rhodamine staining 

Next, to check the nuclear and cytoplasmic integrity, the treated cells were stained with 

Hoechst 33342 (a fluorescent DNA intercalating dye makes nucleus blue) and Rhodamin B 

(selectively stained cytoplasm in red). The data showed significant DNA fragmentation as 

multi-lobed nucleus (red) surrounded by a faint boundary were seen in most of the cells after 

6 hours post-treatment with the nitrosyl compounds. After 12 hours post treatment, the DNA 

fragmentation was more severe; the lobes were separated from each other and mixed with 

cytoplasmic compartment of the cells. 

(iv) DNA fragmentation assay 

The DNA fragmentation of cancer cells induced by nitrosyl compounds was also checked by 

performing agarose gel electrophoresis. The genomic DNA was purified from treated and 

untreated cells and then resolved in 0.6% agarose gel. Appearance of smear in agarose gel 

suggested severe degradation of genomic DNA obtained from treated cells, whereas 

untreated cells showed intact  DNA. 

(v) Annexin V- Propidium iodide staining 

Next, we performed annexin V assay to measure the percentage of cells that belong to late 

and early apoptosis stages. Hence, binding of annexin V to the cellular surface is an 

indicative feature for apoptosis.  Another dye propidium iodide (membrane impermeable 

DNA stain) was used in combination of annexin V to discriminate apoptotic versus necrotic 
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cells (dead cells). Thus, Annexin V negative and PI negative (Annexin V- and PI -) signal 

indicates viable, Annexin V positive and PI negative  (Annexin V+ and PI -) indicates  early 

apoptotic  and Annexin V positive and PI positive (Annexin V+ and PI +) indicates late 

apoptotic cells. 

(vi) Gene Expression studies 

Apoptosis occur via two pathways intrinsic mitochondrial or extrinsic via death receptor 

pathway. Both pathways are well regulated by cascades of signalling genes. In our study, we 

have analysed the change of expression of two apoptotic markers Bcl2 and Bax after treating 

cells with nitrosyl compound and expression patterns of the above two genes (Bcl2 and Bax) 

indicated the NO mediated apoptosis probably occurring through mitochondrial pathway. 

1.4.3.5. Catalytic transfer hydrogenation 

From the literature study, it was found that ruthenium complexes act as catalysts in transfer 

hydrogenation of carbonyl compunds. Organometallic ruthenium carbonyl complex was 

utilized in transfer hydrogenation of ketones. In a microwave reaction vial with a closed cap, 

a mixture containing ketone (1 mmol), the catalyst (known mol percent) and base (known 

mol percent) in 5 ml of isopropanol was heated on the oil bath with continous stirring at 85°C 

for suitable period of time as mentioned. After the usual workup (reported in literature),  the 

reaction product dissolved in hexane was analyzed by GC-MS.  

1.4.3.6. Anticancer activity studies using half-sandwich ruthenium complexes 

As ruthenium–arene complexes with modified ligands find their significance as anticancer 

agents. We also studied the cytotoxicity of new half sandwich p-cymene Ru(II) complexes 

containing N^N- chelating  imino-pyridyl ligands on MCF-7, MDA-MB-435s and HEK293 
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cell lines using MTT assay. We further performed the experiments including apoptosis assay, 

elevation in reactive oxygen species (ROS) level and human serum albumin (HAS) binding. 

Among all these complexes, one complex was found to be more potent against MCF-7 and 

MDA-MB-435s cancer cells as compared to rest of three complexes. However, all the 

complexes exhibited less cytotoxicity or almost inactivity towards HEK293 normal cells. 

1.5. Survey of contents in the thesis 

In the present thesis, different ruthenium complexes using different ligands have been 

synthesized and characterized. The resultant ruthenium complexes were utilized for various 

activities. 

In chapter two, organometallic ruthenium(III) complexes [Ru(L1)(PPh3)2Cl2] (1) (where 

L1H2 =(E)-4-chloro-N-(2-(phenyldiazenyl)phenyl)benzamide and H = dissociable proton ) 

and [Ru(L2)(PPh3)2Cl](2)(where L2H2 = (E)-2-((4-(dimethylamino)phenyl)diazenyl)-N-(p-

tolyl)benzamide and H = dissociable protons )  were synthesized through C-H bond 

activation. Complexes 1 and 2 were treated with acidified nitrite solution to afford 

organometallic ruthenium nitrosyl complexes [Ru(L1)(PPh3)2(NO)Cl](ClO4)(3) and 

[Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4). All the complexes were characterized by UV-vis, IR, 

ESI-MS, NMR spectroscopic studies. Molecular structures of complexes 3 and 4 were 

authenticated using X-ray crystallographic studies. Coordinated NO in ruthenium nitrosyls 3 

and 4 was found to be photolabile under visible light and photo released NO was transferred 

to reduced myoglobin.  Cytotoxic effects of complexes as well as photo-released NO were 

investigated. Gene expression studies were performed to understand the different stages of 

apoptotic cell death.  
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In chapter three, a novel ruthenium(II) coordinated stable aminyl radical complex 

[Ru(L5.)(PPh3)2Cl2] (5), was synthesized using ligands L3-5. Cleavage of most stable amide 

bond and simultaneous production of nitrogen centred radical took place during the reaction 

course. Complex 5 was characterized by IR, UV-vis and EPR spectroscopic studies. 

Molecular structure of 5 was authenticated using single crystal X-ray crystallography. Along 

with spectroscopic characterization, theoretical calculations completely supported the 

nitrogen centred radical. The interaction of NO with the complex 5 afforded nitrosyl complex  

[Ru(L5')(PPh3)2(NO)Cl](ClO4) (6). Molecular structure of the resultant nitrosyl complex 6 

was authenticated by single crystal X–ray diffraction study. The photolability of coordinated 

NO was examined by using electronic absorption spectral studies under illumination of UV 

light.  

In chapter four, organometallic ruthenium(II) complex [Ru(L6CNN)(PPh3)2(CO)] (7) 

[where L6H2 is (E)-N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] [H represents 

dissociable proton] was synthesized via C-H bond activation using different synthetic 

strategies. Ruthenium hydrido carbonyl complexes  [Ru(L6NN)(PPh3)2(CO)H]  (8) [where 

L6H2 is (E)-N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] and 

[Ru(L7NN)(PPh3)2(CO)H] (9) [where L7H2 is (E)-N-((1H-pyrrol-2-yl)methylene)-1-

phenylmethanamine] were isolated. All the complexes were characterized by UV-Vis, IR and 

NMR spectral studies. Molecular structures of complexes 7, 8 and 9 were authenticated using 

X-ray crystallography. Geometry optimization of the complexes 7–9 have been performed 

using Density Functional Theory (DFT) studies. Time-dependent DFT calculations were 

performed to better understand the electronic properties of complexes 7–9. Complex 7 was 

utilized as catalyst in transfer hydrogenation of ketones. On the basis of literature study, the 
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plausible mechanisms were proposed for hydride formation and catalytic transfer 

hydrogenation. Coordinated CO in organometallic ruthenium carbonyl complex 7 was found 

to be photolabile upon visible light illumination.  

In chapter five, reaction of (E)-4-((2-nitrophenyl)diazenyl)phenol (L8H, H = dissociable 

proton) with Ru(PPh3)3Cl2 afforded novel organometallic anion radical complex [Ru(LA
8-

.)(Cl)(PPh3)2] (10). During the synthesis of complex 10, nitro group in ligand converted to 

nitroso group through oxygen atom transfer to labile triphenylphosphine. One electron 

reduced nitroso group was coordinated to ruthenium in 1(N) mode. Complex 10 was treated 

with acidified nitrite to afford nitrosyl complex [Ru(LB
8-.)(PPh3)2(NO)](ClO4)(11) and it is a 

rare example of an organometallic ruthenium complex having azo anion radical as well as 

two different noninnocent ligands coordinated to one metal. Both the complexes were 

characterized by UV-vis, IR, NMR spectroscopic studies. Redox properties of complex 10 

were investigated using cyclic voltammetry. Molecular structures of complexes 10 and 11 

were authenticated using X-ray crystallographic studies. DFT calculations were performed 

to better understand the electronic properties of complex 10. 

In chapter six, half sandwich ruthenium complexes [(p-cym)RuII(L9-12)Cl]PF6(12-15) 

containing NN chelating schiff base ligand were successfully designed and synthesized. All 

the synthesized complexes were characterized by UV-vis, IR, ESI-MS, NMR spectroscopic 

studies. Molecular structures of 12 and 15 were authenticated using X-ray crystallography. 

Complexes 12-15 were utilized to investigate the anti-cancer activity studies on MCF-7, 

MDA-MB-435s and HEK-293 cell lines. Among all the complexes, complex 15 was found to 

be more potent against MCF-7 and MDA-MB-435s cancer cells as compared to complexes 
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12-14. However, all the complexes exhibited less cytotoxicity or almost inactivity towards 

HEK-293 normal cells. 

1.6. Physical measurements 

Synthesized compounds were characterized by various physical methods which were 

described in the subsequent chapters.  

(i) Infrared spectroscopy 

 IR spectra were obtained as KBr pellets by using 16 scans with the help of Thermo Nicolet 

Nexus FT-IR spectrometer and reported in cm−1.  

(ii) Mass spectrometry 

 ESI-MS data were recorded in the positive mode using a Bruker MicroTOFQII mass 

spectrometer. 

(iii) NMR spectroscopy 

 1H as well as 31P NMR spectra were obtained in the deuterated solvents using Jeol, 400 MHz 

and Bruker AVANCE, 500 MHz spectrometer.  

(iv) UV-Visible spectrophotometer 

 Electronic absorption spectra were carried out in different organic solvents with an 

Evolution 600, Thermo Scientific UV-Visible spectrophotometer. A matched pair of quartz 

cell of path length 1 cm was used. 

 

(v) Cyclic voltammetry 

Cyclic voltammetry measurements were carried out using a CH-600C electroanalyzer in 

different organic solvents at room temperature and solutions were thoroughly degassed with 
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nitrogen prior to beginning the experiments, and during the measurements nitrogen 

atmosphere was maintained.  

A conventional three-electrode arrangement consisting of platinum wire as auxiliary 

electrode, glassy carbon as working electrode and Ag(s)/AgCl electrode as reference 

electrode, was used. These measurements were performed in the presence of 0.1 M 

tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte, using complexes 

concentration of 10−3 M. E1/2 value for ferrocene/ferrocenium couple vs Ag/AgCl was found 

under the same experimental conditions.  

(vi) X-ray structure determinations 

The X-ray data collection and processing for representative complexes were performed on 

Bruker Kappa Apex-II CCD diffractometer using graphite monochromated Mo-Kα radiation 

(λ = 0.71070 Å). Crystal structures were solved by using direct methods. Structure solution, 

refinement and data output were performed with the help of SHELXTL program. All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were situated in geometrically 

calculated positions and then refined using a riding model. Images were created by using the 

DIAMOND program.  

R1, wR2 and goodness-of-fit (GOF) are given by following equations respectively, 

R1 = Σ║Fo│-│Fc║/ΣFo│                           eq. 1 

wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2              eq. 2 

GOF = [Σ[w(Fo
2-Fc

2)2]/M-N)]1/2                  eq. 3 

Where, M = number of reflections, N = number of parameters refined 

Specific details for every compound will be specified in the concerned chapter. 
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(vii) Chemicals and solvents 

All the solvents and chemicals used were of analytical grade and used as obtained. The 

purification steps where required, were performed by using standard methods and distilled 

water was used in all the experiments. 
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Abstract 

Organometallic ruthenium(III) complexes [Ru(L1)(PPh3)2Cl2] (1) (where L1H2 =(E)-4-

chloro-N-(2-(phenyldiazenyl)phenyl)benzamide and H = dissociable proton ) and 

[Ru(L2)(PPh3)2Cl](2)(where L2H2 = (E)-2-((4-(dimethylamino)phenyl)diazenyl)-N-(p-

tolyl)benzamide and H = dissociable protons )  were synthesized through C-H bond 

activation. Complexes 1 and 2 were treated with acidified nitrite solution to afford 

organometallic ruthenium nitrosyl complexes [Ru(L1)(PPh3)2(NO)Cl](ClO4)(3) and 

[Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4). All the complexes were characterized by UV-vis, IR, 

ESI-MS, NMR spectroscopic studies. Molecular structures of complexes 3 and 4 were 

authenticated using X-ray crystallographic studies. Coordinated NO in ruthenium nitrosyls 3 

and 4 was found to be photolabile under visible light and photo released NO was transferred 

to reduced myoglobin. Cytotoxic effects of complexes as well as photo-released NO were 

investigated. Gene expression studies were performed to understand the different stages of 

apoptotic cell death.  
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2.1. Introduction 

Nitric oxide (NO) is a diatomic gaseous molecule which is lipophilic and highly diffusible in 

cellular environment.206 NO is produced by nitric oxide synthase enzyme (NOS) and this 

radical molecule could act as a physiological messenger and could regulate vasodilation, 

immune response,  respiration cell migration etc. and hence it exhibits pleotropic biological 

activity.207 In the recent years, there has been considerable current interest in the design and 

synthesis of nitric oxide releasing molecule (NORM).208-212,167 In this regard those NO-

releasing molecules which could deliver NO upon illumination of light could be utilized for 

site-specific and on demand delivery of nitric oxide. Such molecules which could deliver NO 

upon illumination of visible and/or infrared lights are of extreme interest in photo dynamic 

therapy (PDT).171,213 Hence design and synthesis of NORMs is an important area of chemical 

research. We have been working with the design and syntheses of organometallic ruthenium 

nitrosyl (NO complexes having {RuNO}6 moiety.214-217,58,196 As precursor complexes, we 

always started with Ru(III) organometallic complexes and reacted with acidified nitrite 

solution to end up with stable diamagnetic organometallic ruthenium nitrosyl complexes. Our 

recent results for clearly indicated rational design with different combinations of bidentate 

ligands could give rise to orthometallation via C-H bond activation (shown in Scheme 2.1).  

The motivation for the recent study originated from our previous results and we designed 

ligands (L1H2) and (L2H2) (shown in Scheme 2.2) to obtain our ruthenium(III) 

organometallic precursor complexes. The strategic design of such  bidentate ligands is 

important in two ways. First, coordination of amide nitrogen (carboxamido nitrogen) may 

lead to the activation of C-H bond and second, the presence of azo (-N=N-) group could  
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provide the photolability of coordinated NO under visible light in the resultant nitrosyl 

complexes.   

 

 

 

 
 
 
 
 
 

 
 

Scheme 2.1 Bidentate ligands (X - Y) having different donor atoms (X and Y). 
 

 

 

 

 

 

 

 

Scheme 2.2 Ligands L1H2 and L2H2. 

 
In the present study, we describe the  design, syntheses and characterization of the novel 

cyclometalated ruthenium(III) complexes [Ru(L1H)(PPh3)2Cl2](1)(where L1H2 =(E)-4-

chloro-N-(2-(phenyldiazenyl)phenyl)benzamide and H = dissociable protons ) and 

[Ru(L2)(PPh3)2Cl](2)(where L2H2 = (E)-2-((4-(dimethylamino)phenyl)diazenyl)-N-(p-
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tolyl)benzamide and H = dissociable protons ) (shown in Scheme 2.3) and ruthenium nitrosyl 

complexes [Ru(L1H)(PPh3)2(NO)Cl](ClO4) (3) and [Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4) 

(shown in Scheme 2.3). Molecular structures of 3 and 4 were authenticated using X-ray 

crystallography. We scrutinized the trans directing effect of carbanion for the coordination 

and photolability of coordinated NO under visible light.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.3 Cyclometalated ruthenium complexes 1, 2 and nitrosyl complexes 3, 4. 

 

According to Ignarro and Buga218,219 NO was found to have both tumoricidal and 

tumorigenic effects. Carpenter et al. in recent review220 mentioned that low and high 

concentrations of NO may lead to tumor progression and regression respectively. However 
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we have investigated light induced delivery of NO into HeLa cancer cell-line to study anti-

proliferation activity. Cytotoxicity of photo-liberated NO was examined by MTT assay. 

Further acridine orange and ethidium bromide staining was performed to depict apoptosis in 

Hela cells. Hoechest as well as rhodamine B staining were employed to investigate the 

nuclear and cytoplasmic changes upon treatment with photo-released nitric oxide derived 

from organometallic ruthenium nitrosyls. Anexin V assay was performed to investigate the 

stages of apoptosis and finally we tried to find out the molecular basis of apoptosis induction 

by gene expression studies.     

2.2. Results and discussion 

2.2.1. Syntheses and characterization of ruthenium complexes 

Designed ligands L1H2 and L2H2 were obtained in high yield by condensation reaction of 4-

chloro benzoic acid with 2-(phenyldiazenyl)aniline and (2-(N,N-dimethyl-4-aminophenyl) 

azobenzenecarboxylic acid) (methyl red) with 4-methyl aniline respectively in 

dimethylformamide in the presence of 1-hydroxybenzotriazole (HOBT) and 

dicyclohexylcarbodiimide (DCC). Ru(PPh3)3Cl2 was added to a hot methanolic solution (20 

mL) of the ligands L1H2 and  L2H2 to afford the organometallic ruthenium(III) complexes 

[Ru(L1H)(PPh3)2Cl2] (1) and [Ru(L2)(PPh3)2Cl] (2) respectively (shown in Scheme 2.3). The 

complexes 1 and 2 were brown and violet in color and highly soluble in dichloromethane, 

dimethylformamide and dimethylsulphoxide but less soluble in water. The complexes 

[Ru(L1H)(PPh3)2(NO)Cl](ClO4)(3) and [Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4) were obtained 

from complexes 1 and 2 respectively (shown in Scheme 2.3). The dichloromethane solutions 

of complexes 1 and 2 were treated with acidified nitrite (NaNO2) solution with continuous 

stirring for 2 h and formation of a reddish-orange  and reddish violet color, respectively, was 
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observed. Then, methanolic solutions of NaClO4 and NH4PF6 were added to dichloromethane 

solutions of 3 and 4, respectively, as the counter anion. Nitrosyl complexes were found to be 

highly soluble in organic solvents like dichloromethane, dimethylsulphoxide and 

dimethylformamide. 

In the IR spectra of complexes 3 and 4, the N-O stretching frequency (νNO) was observed 

around 1821 cm-1 and 1840 cm-1(Table 2.1), which was expected for {Ru−NO}6 species 

as reported in literature around 1820-1960 cm-1 for {Ru−NO}6 species.161,186,221-223 Peaks 

around 1095 cm1 and 615 cm1 clearly exhibited the presence of perchlorate as counter 

anion in the complex 3.214,58 Peaks around 843 cm1 and 560 cm1 clearly exhibited the 

presence of hexafluorophosphate as counter anion in the complex 4.224 In all the 

complexes 1-2 and 3-4, the peaks in the range 747-750 cm−1, 694-695 cm−1 and 514-518 

cm−1 confirmed the presence of axial PPh3 ligands214-217,58,196 (Figure 2.1). 

 
 
 
 
 

 
 
 

 
 
 
 

Fig. 2.1 IR spectra of ruthenium nitrosyl complexes (a) 3 and (b) 4. 
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Table 2.1 Data for IR spectral studies. 

 

 

 

 

 

The electronic absorption spectra of complexes 1 and 3 were displayed in Figure 2.2. In 

complex 1, we observed charge transfer band with λmax near 480 nm which was probably 

due to ligand–to–metal charge transfer (LMCT) transition.51,56,58,225 In complex 3, bands 

near 305 nm, 445 nm (Table 2.2) were recognized to be metal to ligand charge transfer 

(MLCT) transition dπ(Ru)→π*(NO) type and this transition has been responsible for the 

photolability of the coordinated NO.161,186,168,188 The electronic absorption spectra of  

complexes 2 and 4 were displayed in Figure 2.2. In complex 2, we observed charge 

transfer bands with λmax near 453nm and 593 nm which were probably due to ligand–to–

metal charge transfer (LMCT) transition].58,51,56,225 In complex 4, band near 501 nm 

(Table 2.2) was recognized to be metal to ligand charge transfer (MLCT) transition 

dπ(Ru)→π*(NO) type. 

 
Table 2.2 Electronic spectral data for complexes 1-4.  

 
 

 
 
 
 
 
 
 

Complex 
 

IR data (cm–1, KBr pellets)  
CONH  N=N N-O ClO4 PPh3 

1 1680 1588 - - 747, 695, 518 
2 1584 1536 - - 748, 698, 518 
3 1666  1576 1821 1095, 623 740, 695, 517 
4 1584  1516 1840 - 748, 690, 518 

Complex max/nm ( / M–1cm–1) 

1 480 (6495), 656 (601) 
2 232 (68776), 285 (56415), 453 

(18126), 593 (29328) 
3 232 (32555), 305 (24888), 441 (4888) 
4 231 (99890), 311 (34732), 501 (30399) 

 



Chapter 2: Remarkable effect of position of carboxamido nitrogen………. 

51 
 

 

400 500 600 700 800
0.0

0.5

1.0

 

 

 A
bs

or
ba

nc
e

 Wavelength(nm)

 

200 300 400 500 600 700

0.0

0.1

0.2

0.3

 

 

A
bs

or
ba

nc
e

Wavelength(nm)

(a) (b)

(c)

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2 Electronic absorption spectra of complexes (a) 1 (b) 3 and (c) 2, 4 in 
dichloromethane solvent. 

 
 

In 1H NMR spectra for the ligands (L1H2) and (L2H2) (Figure 2.3-2.4), we observed peaks 

near 11.68 ppm and 11.21 ppm respectively, which were assigned to be carboxamido (–

CONH–) proton. The ruthenium nitrosyl complexes 3 and 4 were found to be diamagnetic 

which was confirmed by 1H and 31P NMR spectral studies (Table 2.3). The 1H and 31P NMR 

spectra of 3 and 4 were displayed in Figures 2.5-2.6 and 2.7-2.8 respectively. We obtained 
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single peaks near 20.24 ppm and 22.39 ppm for 3 and 4, respectively, in 31P NMR spectra 

corresponding to the presence of trans PPh3 groups. 214-217,58,196 

Table 2.3 NMR spectral data for ligands and ruthenium complexes 3–4. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2.3 1H NMR spectrum of L1H2 in CDCl3 at room temperature. 

Complex 1H NMR (δ /ppm)  31P NMR 
(δ /ppm)a 

L1H2 11.68 (s, 1H), 8.84 (d, 1H), 8.39 (d, 2H), 8.13 (d, 2H), 7.99 (d, 
1H), 7.84 (d, 2H), 7.56 (m, 4H), 7.29(t, 1H) 

- 

L2H2 11.21 (s, 1H), 8.50-6.87 (d, 10H)(m, 2H ), 3.16 (s, 6H), 2.36(s, 
3H) 

- 

3 9.47 (s, 1H), 7.99 (d, 2H), 7.88 (d, 1H), 7.54 (d, 2H), 7.38 (m, 
6H), 7.25 (m, 25H), 7.07 (m, 2H), 6.70 (t, 1H), 6.54 (d, 1H), 
6.36 (d, 2H) 

20.24 

4 10.03 (s, 1H), 7.67 (s, 1H), 7.17 (d, 2H), 7.37-7.52 (m, 35H), 
6.58 (d, 1H), 5.93 (s, 1H), 2.61 (s, 6H), 2.32 (s, 3H)  

22.39 
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Fig. 2.4 1H NMR spectrum of L2H2 in DMSO-d6 at room temperature. 

 

 

 

 

 
 

 
 

 
 

 

Fig. 2.5 1H NMR spectrum of complex 3 in CDCl3 at room temperature. 
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Fig. 2.6 31P NMR spectrum of complex 3 (δ 20.24 ppm) in CDCl3 at room temperature. 

 
 
 
 

 
 

 
 
 
 
 

 
 
 
 

 
 

 

 
 

Fig. 2.7 1H NMR spectrum of complex 4 in DMSO-d6 at room temperature. 
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Fig. 2.8 31P NMR spectrum of complex 4 (δ 22.39 ppm) in DMSO-d6 at room temperature. 
 

 

The ESI-MS mass spectra for complexes 1 and 2 (shown in Figures 2.9 and 2.10) in 

acetonitrile showed peaks at m/z 960.1612[M − 2(Cl)−] and 1018.2278[M+H]+ respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.9 ESI– mass specrtum of complex 1(in acetonitrile solvent) 
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Fig. 2.10 ESI– mass specrtum of complex 2(in acetonitrile solvent). 
 
 

2.2.2. Description of molecular structures  

The molecular structures of the complexes [Ru(L1H)(PPh3)2(NO)Cl](ClO4)(3) and  

[Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4) are depicted in Figure 2.11 and Figure 2.12 respectively. 

Fig. 2.11 ORTEP diagram (50% probability level) of the [Ru(L1H)(PPh3)2(NO)Cl](ClO4) (3). 
All hydrogen atoms, counter anion, PPh3 groups and the crystallized solvent molecules have 

been omitted for clarity. 
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Fig. 2.12 ORTEP diagram (50% probability level) of the [Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4). 

All hydrogen atoms, counter anion and PPh3 groups have been omitted for clarity. 
 
 

The selected bond lengths and bond angles of complexes 3 and 4 are given in Table 2.4.  

Crystal data collection and refinement details of the structures of complexes 3 and 4 are 

summarized in Table 2.5. In the crystal structures of 3 and 4, the equatorial plane consisted 

of carbanion, Cl(1), N(azo) and NO. Interestingly in 4, reversible binding of carboxamido 

nitrogen was observed during nitrosylation and photorelease of NO. In our previous 

reports,214,217 reversible binding of phenolato and carboxylato oxygen was observed in the 

same manner during the interaction of NO. 

We observed that both the phosphine groups were trans to each other at axial positions which 

was supported by 31P NMR spectral data. The ruthenium centre adopted a distorted-

octahedral geometry as reflected in parameters given in Table 2.4. 
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Table 2.4 Selected bond lengths (Å) and bond angles (˚) for complexes 3 and 4. 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

       

 

 

 
      

In the nitrosyl complexes, Ru–N(NO) (∼1.80Å),214,58 NO stretching frequency (νNO∼1820-

1840 cm1) (vide infra) and NO bond length were consistent with reported values.58,171 

RuN and NO distances in addition to RuNO angle188 (~174°) revealed the π-acceptor 

characteristic51,225 of the coordinated NO+ in the complex and expressed the {RuIINO+}6 

description of the {RuNO}6 moiety (S = 0 ground state).214,58,196 Enemark and Feltham 

suggested a special notation {M–NO}n (where n = total number of electrons present in metal 

d  orbital + NO π* orbital) for all metal nitrosyl complexes to denote a metal–NO bond. For 

Bond lengths (Å) Bond angles (°) 

3·CH2Cl2 

Ru(1)−Cl(1) 2.382(3) N(2)−Ru(1)−Cl(1) 165.9(3) 

Ru(1)−C(8) 2.072(13) N(2)−Ru(1)−N(3) 96.7(5) 

Ru(1)−N(2) 2.091(10) Cl(1)−Ru(1)−N(3) 96.4(4) 

N(3)−O(1) 1.125(16) C(8)−Ru(1)−N(2) 76.7(5) 

Ru(1)−P(2) 2.478(3) Ru(1)−N(3)−O(1) 173.3(12) 

Ru(1)−P(1) 2.439(3) P(1)−Ru(1)− P(2) 170.97(13) 

N(1)−N(2) 1.299(14) C(8)−Ru(1)− N(3) 173.2(6) 

Ru(1)−N(3) 1.814(14) C(8)−Ru(1)−Cl(1) 90.3(4) 

4 

Ru(1)−Cl(1) 2.3666(14) N(1)−Ru(1)−Cl(1) 95.32(17) 

Ru(1)−C(5) 2.079(6) N(1)−Ru(1)−C(5) 176(2) 

Ru(1)−N(1) 1.806(6) Cl(1)−Ru(1)−N(2) 163.68(15) 

Ru(1)−P(1) 2.4689(15) C(5)−Ru(1)−Cl(1) 87.93(15) 

Ru(1)−P(2) 2.4613(15) N(2)−Ru(1)−N(1) 100.9(2) 

Ru(1)−N(2) 2.117(4) P(1)−Ru(1)−P(2) 171.59(5) 

N(1)−O(1) 1.140(7) C(5)−Ru(1)−N(2) 75.9(2) 

N(2)−N(3) 1.275(7) Ru(1)−N(1)−O(1) 174.3(6) 
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example, in a ruthenium nitrosyl complex, a {Ru–NO}6 unit could show two possible ways 

to represent a metal–NO bond, namely Ru(III)–NO• and Ru(II)–NO+. 

 
Table 2.5 Summary of crystal data and structural refinement parameters for 

complexes 3 and 4. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aGOF = [Σ[w(Fo
2−Fc

2)2] /M−N]1/2 ( M = number of reflections, N = number of parameters 

refined). b R1 = Σ║Fo│− │Fc║/Σ│Fo│. c wR2 = [Σ[w(Fo
2 −Fc

2)2]/Σ [(Fo
2)2]]1/2. 

 3·CH2Cl2                          4 

Empirical formula C111 H90 Cl7 
N8 O8 P4 Ru2 

C58 H50 Cl F6 N6 
O4 P3 Ru 

Formula weight  2238.08 1238.47 
Temperature /K 296(2) 293(2) 
Λ (Å) (Mo-Kα) 0.71073 0.71073 
Crystal system Monoclinic Triclinic 
Space group P 21 P-1 

a (Å) 10.9304(6) 11.2840(9) 
b(Å) 23.1434(11) 13.0023(11) 
c (Å) 11.9951(6) 18.8577(15) 

(˚) 90.00 93.217(4) 

γ (˚) 90.00 97.114(4) 
β(˚) 101.307(3) 96.521(4) 
V (Å3) 2975.5(3) 5094(2) 
Z 1 2 
ρcalc (gcm-3) 1.249       1.512 
F(000) 1143 1264 
Theta range  0.892-27.600 0.896−28.450 
Index ranges −14<h< 13, 

−30<k< 29, 
−15<l< 15 

−15<h< 15, 
−17<k< 17, 
−25<l< 25 

Data/restraints/par. 13294/51/667 12651/0/712 
GOFa on F2 1.056 0.984 
R1b [I > 2σ(I)] 0.0907 0.0766 
R1[all data] 0.1306 0.1341 
wR2c [I > 2σ(I)] 0.2518 0.2242 
wR2 [all data] 0.2791 0.2860 
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2.2.3. Photolysis experiments 

 The nitrosyl complexes 3 and 4 were found to be photolabile under visible light. The 

photolability of coordinated NO was examined by exposing dichloromethane solutions of 

complexes 3 and 4 under illumination of visible light (Figure 2.13 and 2.14). No change was 

observed in dark but in the presence of light we observed a change in the spectra of 

complexes 3 and 4. On the illumination of light on the solution of complex 3, the peak 

intensities decreased near 532 and 305 nm and some new peaks increased near 457 and 270 

nm. We observed some isobestic points near 560, 509, 422 and 286 nm (Figure 2.13). On the 

illumination of light on the solution of complex 4, peaks near 311, 501 nm disappeared and 

new peaks near 284, 545 nm appeared. We observed some isobestic points near 272, 302, 

339, 462 and 522 nm (Figure 2.14). 

 

 

 

 

 

 

 

 
 

 
 

Fig. 2.13 Photocleavage of NO from complex 3 in dichloromethane solution under 
illumination of visible light (100W). Repetitive scans were taken in 1 min intervals in visible 

light. 
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Fig. 2.14 Photocleavage of NO from complex 4 in dichloromethane solution under 
illumination of visible light (100W). Repetitive scans were taken in 1 min intervals in visible 

light. 

 

2.2.3.1. Dissociation of NO and retention of amide nitrogen coordination 

We have observed the dissociation of ruthenium amide bond (Ru-Ncarboxamido) during NO 

coordination. This may be due to the formation of {Ru(II)-NO+}6 and it is well known in the 

literature that the carboxamido nitrogen stabilizes higher oxidation state of metal.216 This 

prompted us to examine the product after photolytic cleavage of NO. A retention of Ru-

Ncarboxamido was observed and complex 4b was generated. The probable reactions 

happened are displayed in Scheme 2.4.  
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Scheme 2.4 Interconversion of complexes 4 and 4b. 

 

2.2.4. Trapping of NO by reduced myoglobin 

 The nitric oxide trapping experiment was carried out using UV–vis spectroscopic 

technique.58,196,214 Photoreleased NO from complex 3 was transferred to reduced myoglobin 

in a phosphate buffer of pH = 6.8. The electronic absorption spectrum of oxidized myoglobin 

(Mb) showed an intense band near 409 nm (a Soret band). The UVvis spectrum of reduced 

myoglobin at 433 nm was obtained by addition of excess sodium dithionite to the same 

cuvette. Acetonitrile solution of complex 3 was added to the same cuvette but no reaction 

was observed in dark with the buffer solution of reduced myoglobin. However, when the 

same mixtures were exposed to the visible light (100 W) for 10 min, absorption band at 422 

nm (shown in Figure 2.15) showed the formation of MbNO adducts in solution. 58,196,214 The 

same experiment was performed for complex 4. 
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Fig. 2.15 Electronic absorption spectra of conversion of  reduced myoglobin to Mb─NO  
adduct upon reaction with 3 in buffer solution (50 mM phosphate buffer, pH 6.8) under 

exposure of Visible light(100W) for 10 min. 
 

2.2.5. Concentration dependent cyto-toxicity of compounds 3 and 4 

In-order to see the in vitro-cytotoxic nature of both compounds (3 and 4 ), the MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] colorimetric assay was performed  in 

human cervical cancer cell line (HeLa cells). HeLa cells were grown in 30-50% confluency 

before treating with the compounds.  After mixing both the compounds cells were irradiated 

with visible light to release NO from the compounds. The MTT assay was performed after 24 

hours of the treatment. The data showed severe concentration (0.2 µM, 0.5 µM, and 0.8 µM 

up to 2 µM) dependent cytotixicity for both the compounds tested (Figure 2.16). The 

concentration of 0.8 µM showed almost 50% reduction of live cells; even as low as 0.2 µM  

concentration for both compounds showed very effective killing of cells within 24 hours ( 
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Figure 2.16) .  The solvent DMSO used to dissolve the compounds didn’t show any cellular 

death even after 48 hours. Our group previously described a ruthenium compound which 

showed severe cytotoxicity at 2 µM concentration, the newly made two compounds showed 

equivalent cytotoxic effect even at 0.2 µM concentration, suggesting these compounds are 10 

times more effective than the previously reported one.217 

 
 

Fig. 2.16 MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide] assay was 
performed using compound 3 and 4 upon photoactivation. The solvent DMSO was used as 

control. Four different concentrations (0.2 µM, 0.5µM, 0.8 µM and 2µM)  were used to 
check the cellular toxicity using HeLa cells (human cervical carcinoma cell line).  MTT 

assay showed around 50% cellular viability after treatment with 0.2µM of both the 
compound. Percentage of cell viability decreases with increase in concentration for both  

compounds. Control cells (treated with DMSO solvent) didn't show any noticeable reduction 
of cell numbers. 

 
 

2.2.6. Photodynamic release of NO from compounds 3 and 4 and its cyto-toxic effect 

As both the compounds show anti-cell proliferative activity, next we checked whether the 

compound itself or the released NO is wrecking the cellular environment, turning to be a 

potential anti proliferative agent. The HeLa cells were treated with both the compounds (3 

and 4; concentration 0.2 µM) and irradiated for 10 minutes with visible light. Severe 

cytotxicity was observed after 6 hours (data not shown) and at 12 hours almost all cells were 

dead when looked under bright filed microscope (Figure 2.17, Panel 1) . The chloride 
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derivative of the same compound didn’t show any noticeable cyto-toxic effect upon 

illumination suggesting that the metal ruthenium is not responsible for cellular death. (Figure 

2.17, Panel 2)  In another control, to show that the compounds itself were not toxic, we 

illuminated the medium containing compounds for 10 minutes and then transferred the media 

to 30% confluent HeLa cells. The prior illumination of medium containing compounds will 

remove NO from the complex and make the compound inactive (residual compound). The 

data showed the residual compound didn’t show any cytotoxic effect suggesting that it is 

released NO and not the compound responsible for cell death (Figure 2.17, Panel 3).  The 

DMSO solvent added control cells showed 100% viability (Figure 2.17, Panel 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig. 2.17 Cell death upon treatment with compound 3 and 4 in Hela cells. (a) Panel 1: 

cells treated with 0.2µM of compound 3 and 4 followed by irradiation with visible 
light for 10 minutes showed more than 80 % cell death within 24 hours. Panel 2: 

showed the effects of precursor complexes (ruthenium chloride) (compound 1 and 
compound 2) of both the nitrosyl compounds 3 and 4. Panel 3: showed effects using 
residual compounds (compound 3b and compound 4b)  i.e. the effects of compounds 
after releasing NO. Panel 4:  the DMSO control (Healthy cells). Images are taken at 

10X magnifications. 



Chapter 2: Remarkable effect of position of carboxamido nitrogen………. 

66 
 

Compound 3 Compound 4

Compound 3b Compound 4b

DMSO DMSO

6  hours

Pa
ne

l  1
Pa

ne
l  2

Pa
ne

l  3

Compound 3

Compound 4

12  hours

Pa
ne

l  4

2.2.7. Apoptotic induction of cancer cells after treatment with compound 3 and 4 
 
Nitric oxide (NO) is a potential inducer of apoptosis.226-228 To find out whether treatment 

with compound 3 and 4 induces cancer cells to enter into apoptotic cycle, the acridine orange 

and ethidium bromide (AO/EB) dual staining was performed (Figure 2.18). Acridine orange 

and ethidium bromide both are  fluorescent nucleic acid dye, the former one is permeable to 

both live and dead cells whereas the later one (ethidium bromide) enters only into dead cells 

those lost membrane integrity.  

 

 

 

 
 
 
 

Fig. 2.18 Dual acridine orange and ethidium bromide staining for apoptotic cells. Panel 1. 
compound 3 and 4 treated cells after 6 hours incubation. Panel 2: compound 3b and 

compound 4b (residual compounds); Panel 3: DMSO control. Panel 4: compound 3 and 4 
treated cells after 12 hours incubation. 
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The treated cells upon illumination with visible light showed orange yellow fluorescence 

indicating apoptosis due to release of NO from both the compounds (Figure 2.18, Panel 1). 

Cells treated with compound 3 and 4 without visible light illumination showed uniform green 

fluorescence suggesting all cells are alive and thus stained with acridine orange only. The 

same characteristics were observed when cells were treated with residual complexes 

(compound without  NO) and DMSO control (Figure 2.18, Panel 2) and (Figure 2.18, Panel 

3), respectively. The intensity of yellow-orange fluorescence increase with longer incubation 

time (12 hours vs 6 hours) indicating more ethidium bromide staining (Figure 2.18, Panel 4). 

This also suggests that NO activates signalling pathways which disrupted membrane integrity 

of the cells allowed ethidium bromide to enter inside cells.   

Next, to check the nuclear and cytoplasmic integrity, the treated cells were stained with 

Hoechst 33342 (a fluorescent DNA intercalating dye makes nucleus blue) and Rhodamin B 

(selectively stained cytoplasm in red). The data showed significant DNA fragmentation as 

multi-lobed nucleus (red) surrounded by a faint boundary were seen in most of the cells after 

6 hours post-treatment with the compounds 3 and 4  (Figure 2.19, Panel 1). After 12 hours 

post treatment, the DNA fragmentation was more severe; the lobes were separated from each 

other and mixed with cytoplasmic compartment of the cells (Figure 2.19, Panel 4). Again 

residual compound and DMSO control didn’t show any DNA fragmentation as evident from 

intact nucleus and cytoplasm integrity (Figure 2.19, Panel 2 and Panel 3). 

2.2.8. DNA fragmentation assay 

Total genomic DNA was extracted from HeLa cells with or without treatment with 

compounds after 6 hours and 12 hours. The isolated DNA was resolved in agarose gel by 

DNA gel electrophoresis. Equal amount of genomic DNA was loaded in each lane. The DNA 
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fragmentation of cancer cells induced by both the compounds was also checked by 

performing agarose gel electrophoresis. The genomic DNA was purified from treated and 

untreated cells and then resolved in 0.6% agarose gel. Appearance of smear in agarose gel 

suggested severe degradation of genomic DNA obtained from treated cells, whereas 

untreated cells showed intact  DNA (Figure 2.19, Panel 5). 

 

 
 

 
 
 
 
 
 

 
 

 

 

 
 
 
 

 
 

 
 

Fig. 2.19 Visualization of altered cytoskeletal and nuclear integrity in treated cells. Cells 
were stained with Hoechst 3322 (nuclear stain; blue) and Rhodamine B (cytoskeletal stain; 
red). Panel 1:  showed cells after 6 hours post treatment with compound 3 and 4. Panel 2 

showed effect of residual compounds. Panel 3: showed DMSO (solvent) treated cells. Panel 
4:  showed cells 12 hours post-treatment with compound 3 and 4. All the images are taken in 

40X under proper filter. 
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2.2.9 Anexin V assay to check stages of apoptosis by fluorescent activated cell sorter 

The dual staining (Acridine Orange/Ethidium Bromide and Hoechst 33342/Rhodamine B) 

and DNA fragmentation assays already confirmed that the released NO from the compounds 

induces apoptosis in the cancer cells. Next, we performed annexin V assay to measure the 

percentage of cells that belong to late and early apoptosis stages. Externalization of 

phosphatidylserine to the outer surface of plasma membrane is a hallmark feature of 

apoptosis. Hence, binding of annexin V to the cellular surface is an indicative feature for 

apoptosis.  Another dye propidium iodide (membrane impermeable DNA stain) was used in 

combination of annexin V to discriminate apoptotic versus necrotic cells (dead cells). Thus, 

Annexin V negative and PI negative (Annexin V- and PI -) signal indicates viable, Annexin V 

positive and PI negative  (Annexin V+ and PI -) indicates  early apoptotic  and Annexin V 

positive and PI positive (Annexin V+ and PI +) indicates late apoptotic cells. Treatment of 

compounds followed by 12 hours incubation showed almost 50% cells are in apoptosis stages 

(Figure 2.20, Panel 2). Among that 50% apoptotic population, the data showed almost one-

third belongs to the early and two-third belong to the late apoptotic stages (Figure 2.20, Panel 

2. The DMSO treated cells didn’t show any apoptosis induction and sorted as viable cells in 

the flow sorter (Figure 2.20, Panel 1).  
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Fig. 2.20 Flow cytometric analysis reveals cells treated with compound 3 after six hours 

enter early apoptotic phase. Panel 1 showed cells without treatment. Panel 2: showing treated 
cells with positive staining for both alexa fluore 488 for annexin V and PI (propidium 

iodide). 
 

2.2.10. Gene Expression studies to check stages of apoptosis 

Apoptosis occur via two pathways intrinsic mitochondrial or extrinsic via death receptor 

pathway. Both pathways are well regulated by cascades of signalling genes. Mitochondrial 

dysfunction229 is involved in case of apoptosis as mitochondria release pro-apoptotic factors 

such as cytochrome C along with other apoptosis inducing factors.230 The Bcl2 family 

membranes of proteins231 play pivotal role to maintain mitochondrial outer membrane 

integrity. The pro-apoptotic member Bax oligomerizes in the mitochondrial membrane and 

thus disrupts its integrity whereas pro-survival members (e.g. Bcl2, Bclxl) maintain 
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mitochondrial membrane.232 In our study, we have analysed the change of expression of two 

apoptotic markers Bcl2 and Bax after treating cells with compound 3. The quality of total 

RNA isolated from treated cells didn’t show any changes when compared with RNA 

obtained from untreated cells (Figure 2.21, Panel 1). By employing semi quantitative RT- 

PCR using gene specific primers for Bcl2 and Bax, our data showed the expression of Bax 

was increased in time-dependent manner; 12 hrs post treatment showed increased expression 

than 6 hours (Figure 2.21, Panel 2). On contrary, the Bcl2 expression was significantly 

decreased after 6 hours and no signal was obtained from 12 hours (Figure 2.21, Panel 3). The 

expression of beta-actin gene was used as control (Figure 2.21, Panel 4).  Thus expression 

patterns of the above two genes (Bcl2 and Bax) indicated the NO mediated apoptosis 

probably occurring through mitochondrial pathway. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.21 Total cellular RNA isolated from compound 3 and DMSO treated cells.  Panel 1: 

Heat denatured RNA was resolved in neutral 0.8% Agarose gel. Semi quantitative PCR 
reveals differential expression of Bax and Bcl2 upon apoptosis induction. Panel 2: showing 

expression of Bax increases after treatment with compound 3 and the increased expression is 
time dependent. Panel 3: showed decreased time dependent expression of Bcl2. Panel 4:  

showing expression of  beta-actin as control. 
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2.3. Conclusions 

    First, ruthenium(III) cyclometallates [Ru(L1H)(PPh3)2Cl2] (1) and 

[Ru(L2)(PPh3)2Cl](2) were synthesized via C-H bond activation  and were 

characterized by different spectroscopic studies. Second, organometallic  ruthenium 

nitrosyl complexes [Ru(L1H)(PPh3)2(NO)Cl](ClO4) (3) and 

[Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4), were synthesized and characterized by different 

spectroscopic methods. The molecular structures of 3 and 4 were determined by X-ray 

crystallography. Third, the coordinated NO was found to be photolabile under visible 

light and we have investigated the liberation of NO via trapping experiment with 

reduced myoglobin. Presence of azo function in the ligand frame provided NO 

liberation under visible light. Fourth, photoreleased NO was found to be cytotoxic to 

HeLa cancer cell-line and utilized to investigate the anti-proliferation activity studies 

on HeLa cancer cell-line. Fifth, the results of acridine orange and ethidium bromide 

staining data clearly indicated apoptotic cell death which was consistent with 

literature. Sixth, cytoplasmic and nuclear changes happened during apoptotic cell 

death was depicted by Hoechst and Rhodamine B staining. low conc. (0.2)And finally 

the anexin V assay and the gene expression studies clearly provided the evidences for 

early stages of apoptotic cell death.   

  

2.4. Experimental section 

2.4.1. Reagents and materials  

      Analytical grade reagents  4-chlorobenzoic acid, 4-methyl aniline, methyl red, 

ammonium hexafluorophosphate, sodium perchlorate monohydrate, sodium nitrite 
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(Himedia Laboratories Pvt. Ltd., Mumbai, India) were used as obtained. RuCl3.3H2O was 

purchased from Loba Chemie Pvt. Ltd., Mumbai, India. Triphenylphosphine (SRL, 

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 and distilled solvents were used during the 

experiments. Equine skeletal muscle myoglobin was obtained from Sigma Aldrich, 

Steinheim, Germany. The precursor [Ru(PPh3)3Cl2] and  2-(phenyldiazenyl)aniline were 

prepared by following the procedure reported earlier.233,234 

2.4.2. Physical measurements 

Infrared spectra were obtained as KBr pellets with Thermo Nicolet Nexus FT–IR 

spectrometer, using 16 scans and were reported in cm─1. Electronic absorption spectra of 

the complexes were recorded in dichloromethane solvent with an Evolution 600, Thermo 

Scientific (Shimadzu) UV–vis spectrophotometer. 1H and 31P NMR spectra were recorded 

on JEOL, 400 MHz spectrometer in the deuterated solvents. The ESI-mass spectra of the 

sample (in acetonitrile solvent) were recorded in the positive ion mode using Thermo 

Finnigan LCQ Deca mass spectrometer. 

2.4.3. Syntheses of ligands 

2.4.3.1. Synthesis of 4-chloro-N-(2-(phenyldiazenyl)phenyl)benzamide (L1H2) 

The 4-chloro benzoic acid (5.0 mmol) was taken in 15-20 mL dimethylformamide solution 

and then cooled on an ice bath. To this solution, 1.48 g (11.0 mmol) of 1-

hydroxybenzotriazole (HOBT) as well as 1.13 g (5.5 mmol) of dicyclohexylcarbodiimide 

(DCC) were added directly and mixture was stirred for half an hour at 0°C. Now a batch of 

2-(phenyldiazenyl)aniline(5.0 mmol) was added to the reaction mixture with stirring for next 
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2 hours on the same ice bath. After, the ice bath was removed and the stirring was continued 

over night at room temperature. By removing the white precipitate of N,N'-dicyclohexylurea 

through filtration, the solvent was concentrated to 10 mL. Within 3-4 days, a light orange 

crystalline solid of ligand L1H2 was settled down on the bottom of beaker which was filtered 

and washed with methanol and diethyl ether. Yield: 58%. Anal. 1H NMR (CDCl3, 400 MHz): 

δ 11.68 (s, 1H), 8.84 (d, 1H), 8.39 (d, 2H), 8.13 (d, 2H), 7.99 (d, 1H), 7.84 (d, 2H), 7.56 (m, 

4H), 7.29(t, 1H) ppm. 

2.4.3.2. Synthesis of 2-((4-(dimethylamino)phenyl)diazenyl)-N-(p-tolyl)benzamide 

(L2H2) 

Ligand (L2H2) was synthesized by reaction of (2-(N,N-dimethyl-4-aminophenyl) 

azobenzenecarboxylic acid) (methyl red) with 4-methyl aniline following the same procedure 

as used for ligand L1H2. Yield: 55%. Anal. 1H NMR (DMSO-d6, 400 MHz): δ 11.21 (s, 1H), 

8.50-6.87 (d, 10H)(m, 2H ), 3.16 (s, 6H), 2.36(s, 3H) ppm. 

2.4.4. Syntheses of ruthenium complexes 

 Caution: perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only a small amount of material should be prepared and handled with caution. 

2.4.4.1. Synthesis of [Ru(L1H)(PPh3)2(Cl)2] (1) 

To a 20 mL methanolic solution of L1H2 (0.12 mmol) was added directly ruthenium 

precursor complex [Ru(PPh3)3Cl2] ( 0.10 mmol) and mixture was refluxed at 85°C for 1 h on 

an oil bath to obtain a light brown solid at room temperature and was washed with cold 

methanol and diethyl ether. Yield: 60%. IR (KBr disk, cm─1): 1588 (νN=N), 747, 695, 518 

(νPPh3) cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 480 (6495), 656(601). 
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2.4.4.2. Synthesis of [Ru(L2)(PPh3)2Cl] (2) 

Complex 2 was synthesized according to procedure followed for the complex 1 by 

reaction of [Ru(PPh3)3Cl2] with ligand L2H2. Yield: 65%. IR (KBr disk, cm─1): 1583 

(νN=N), 748, 698, 518 (νPPh3) cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 231 

(99,890), 285(56,415),  453(18,126),  593(29,328). 

2.4.4.3. Synthesis of [Ru(L1H)(PPh3)2(NO)Cl](ClO4) (3) 

A batch of (0.1 mmol) of complex 1 was taken in 20mL of dichloromethane to obtain a 

yellowish red colored solution in round bottom flask of 100 mL. Now 20 mL acidified 

distilled water was layered over this solution. Sodium nitrite (0.3 g, 4.3 mmol) was added to 

the bilayer solution and the mixture was stirred at room temperature for 2 hrs to get reddish-

orange colored solution of complex 3. The dichloromethane layer was separated out and 

NaClO4 (in excess) with 10 mL of methanol was added to this solution. Stirring of this 

solution was continued for another 2 hour. The solvent mixture was evaporated to get 

reddish-orange solid. To remove excess of NaClO4, this solid was further dissolved in 10 mL 

of dichloromethane and was filtered out. Now 10 mL of hexane was added to the filtrate to 

obtain a reddish-orange precipitate of complex 3. IR (KBr disk, cm─1): 1821 (νNO), 1095, 615 

(νClO4), 750, 694, 514 (νPPh3) cm─1. UV-vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 235 (32555), 

305 (24888), 441 (4888).  1H NMR (CDCl3, 400MHz): δ 9.47 (s, 1H), 7.99 (d, 2H), 7.88 (d, 

1H), 7.54 (d, 2H), 7.38 (m, 6H), 7.25 (m, 25H), 7.07 (m, 2H), 6.70 (t, 1H), 6.54 (d, 1H), 6.36 

(d, 2H) ppm.31P NMR (CDCl3, 400 MHz): δ 20.24 ppm. 

2.4.4.4. Synthesis of [Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4) 

Complex 4 was synthesized according to procedure followed for the complex 3 by using 

complex 2. IR (KBr disk, cm─1): 1840 (νNO), 843, 560 (νPF6), 748, 690, 518 (νPPh3) cm─1. UV-



Chapter 2: Remarkable effect of position of carboxamido nitrogen………. 

76 
 

vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 232 (68,776), 311(34,732), 501 (30,399).  1H NMR 

(DMSO-D6, 400MHz): δ 10.03 (s, 1H), 7.67 (s, 1H), 7.17 (d, 2H), 7.37-7.52 (m, 35H), 6.58 

(d, 1H), 5.93 (s, 1H), 2.61 (s, 6H), 2.32 (s, 3H) ppm. 31P NMR (DMSO-D6, 400 MHz): δ 

22.39 ppm. 

2.4.5. Inter-conversion of complexes [Ru(L2
NO2)(PPh3)2(NO)Cl](PF6)(4) and 

[Ru(L2
NO2)(PPh3)2Cl](4b) 

(i) Conversion of complex 4 into 4b. A reddish violet dichloromethane solution of complex 

2a was exposed to the light of a tungsten lamp (100W). Within 5 minutes the solution turned 

from reddish to violet. The solvent was evaporated to obtain a violet colored solid of 4b and 

this was washed thoroughly with methanol and diethyl ether. From the electronic absorption 

spectra of complexes 2 and 4b (Figure 2.22), it was found that both the spectra are similar 

and after photorelease of NO from 4, again, there is binding of carboxamido nitrogen to 

ruthenium as in complex 2. 

(ii) Conversion of Complex 4b into 4. Complex 2b (0.15 mmol) was dissolved in 25 mL of 

dichloromethane in a 100 mL round-bottom flask to give a violet colored solution. Then 20 

mL of acidified distilled water was layered over this solution. Sodium nitrite was added to 

the bilayer solution, and the mixture was stirred at room temperature for 2 h to give a reddish 

solution of complex 4. The dichloromethane layer was separated out, and NH4PF6 (in excess) 

with 5 mL of methanol was added to this solution. Stirring of this solution was continued for 

another 1 h. The solution mixture was kept in dark for 2-3 days to obtain a crystalline solid of 

complex 4 then filtered and washed with methanol and diethyl ether. 
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Fig. 2.22 Electronic absorption spectra of 2 and 4b in dichloromethane solution. 
 

2.4.6. Preparation of myoglobin stock solution 

50 mM phosphate buffer solution of 6.8 pH was prepared by adding 0.4192 g of  

NaH2PO4.2H2O and 0.3283 g of anhydrous Na2HPO4 to 50 mL of MilliQ water and 

making the volume to 100 mL in a volumetric flask. 5 mg equine skeletal muscle 

myoglobin was dissolved in 5 mL of the above prepared buffer solution. 

2.5. X–ray crystallography 

Crystals of complex 3 and 4 (reddish) were obtained via layering of hexane over a 

solution of dichloromethane which were suitable for diffraction study. The X–ray data 

collection and processing for complexes 3 and 4 were performed with Bruker Kappa 

Apex–II CCD diffractometer by using graphite monochromated Mo–Kα radiation (λ = 
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0.71073 Å) at 273K. Crystal structures were solved by direct method. Structure solutions, 

refinement and data output were carried out with the SHELXTL program.235,236 All non–

hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in 

geometrically calculated positions and refined using a riding model. Image was created 

with the DIAMOND program.237 

2.6. Cell culture 

The HeLa cells (human cervical cancer cell line) were maintained in a tissue culture 

incubator at 5% CO2, 37oC in high glucose Dulbecco’s modified Eagle medium (DMEM)  

supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific)  and 100 

U/ml penicillin-streptomycin (Gibco, Thermo Fisher Scientific). For all experiments cell 

lines were seeded into a 35 mm plate to achieve 30-50% confluency. All cells were 

routinely checked for mycoplasma contamination.  

2.6.1. Cytotoxicity assay  

The cyto-toxic effect of compunds was measured by MTT assay well-established cell 

viability 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. . 

(SH1/2). To perform the assay, Hela cells were seeded at a density of 104 cells per well 

into 96-well plates in complete culture medium and allowed to grow for 12 hours to 

achieve 30-50% confluency.  Cells were then treated with compounds dissolved in 

DMSO. In order to release NO from compounds, the media containing compounds and 

cells was irradiated with visible light for 10 minutes duration. Immediately after light 

exposure cells were incubated for 24 hours to the cell cuture incubator. After 24 hours of 

incubation, media was removed and cells were washed for one time with  500 ul sterile 

1X PBS (137mM NaCl and 2.7 mM KCl). After that 100 ul solution A [composition of 
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solution A:  90 µl of fresh incomplete DMEM media and 10 µl  of MTT (Sigma-Aldrich, 

USA) dye (5 mg ml-1 stock)] was added to each well and cells were incubated at 370C in 

cell culture incubator for  3-4 hours. The incubation of cells with solution A formed 

intracellular punctate purple precipitate can be seen under microscope.  After incubation 

the solution A was carefully removed from each well and immediately 100 ul DMSO 

(Dimethyl sulfoxide) was added to solubilize the formazine crystals. The plate was again 

incubated for another 30 minutes in dark with gentle swirling after regular interval. The 

absorbance was measured using multimode reader (Cytation3, Biotek) at 570 nm and 

background control at 690 nM. All the assays were performed in triplicate. Cell viability 

was measured according to the absorbance by using the formula; Cell viability = (A570–

A690) treated /(A570–A690) control × 100,  A570 and A690 are the absorbance values 

obtained at 570 nm and 690 nm, respectively.  

2.6.2. Determination of cell death using bright field microscopy 

Around 2 × 105 Hela cells were seeded in 35 mm culture plates and the plates were kept 

in cell culture incubated for 12 hours to achieve 30-50 % confluency. The compounds 

dissoved in DMSO were then mixed with cells. To release NO from the compounds, 

visible light was exposed for 10 minutes to the cell culture plates inside laminar hood. To 

make residual compound (compound minus NO), the compound containing media 

(without any cell) was first irradiated with visible light for 10 minutes and then mixed 

with cells. The residual compound was used to see the effects of ruthenium metal toxicity 

on human cancer cells. The working concentration used for all the compound was 0.2 

µM. After the incubation morphology and cell death was observed under bright field 

microscope, EVOS cell imaging system (Life Technologies, USA).  
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2.6.3. Acridine orange/ethidium bromide dual staining 

To perform acridine orange and ethidium bromide (AO/EB) dual staining, Hela cells 

seeded at a concentration of  around 2 × 105 in 35 mm culture plates and cells were 

allowed to grow for another 12 hours to get around  30-50 % confluency. Next cells were 

treated with compounds and incubated for 6 and 12 hours in cell culture incubator. After 

incubation, cells were washed with ice cold 1X PBS and  stained with AO/EB fluorescent 

stain solution ( working conc. 10 ug/ml)  after incubation at 37°C for 10 min. 

Immediately after the incubation cells were washed two times with 1 X ice cold PBS  to 

remove excess dye. Cells were then fixed using ice chilled 100 % methanol for 10 

minutes at room temperature and then washed briefly with 1X PBS. Finally the cells were 

examined under EVOS cell imaging system (Life Technologies, USA). The above 

experiment was repeated three times. 

2.6.4. Hoechst 33342 and Rhodamine B (Rho B) staining 

To stain with Hoechst 33342 and Rhodamine B (Rho B) dyes, cell were grown and 

treated with the compounds as described previously. Next cells were washed with ice 

cold 1X PBS and treated with Hoechst 33342 (Life Technologies, USA) and Rhodamine 

B (Rho B) [2 µl Hoechst dye {stock conc: 10 mg ml−1} and 3 µl Rho B {stock conc: 1 

mg ml−1}] for 10 minutes at room temperature. The excess stains was removed by 

washing with 1XPBS and  images were taken using, EVOS cell imaging system (using 

specific excitation and emission wavelengths, Rho B at an excitation of 540 nm and 

emission of 625 nm and Hoechst 33342 dye at an excitation of 352 nm and emission of 

460 nm). The above experiment was repeated thrice. 
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2.6.5. DNA fragmentation assay 

Cells were grown and treated with the compounds as described in the previous section. 

After 12 hours incubation, genomic DNA was isolated using DNA easy blood and tissue 

kit (Qiagen) and subjected to gel electrophoresis in 0.6% agarose gel in 1XTBE buffer 

(90 mM Tris-borate/2 mM EDTA) at 70 Volts for 45- 60 minutes. Integrity of the isolated 

genomic DNA was compared with the control and the ethidium bromide stained gel 

image was captured in Gel documentation systems.  

2.6.6. Anexin V assay and flow cytometry 

The cells were treated with the compounds as described in previous section. After 6 hrs 

post treatment, cells were harvested by centrifugation at 2000 X g for 2 minutes at 40C. 

The cell pellet was washed three times with ice cols 1X PBS (2000 X g, 2 minutes s at 

40C) and re-suspended in 1X annexin binding buffer (Invitrogen) to achieve around 1X 

106 cells/ml. For each 100 µl of cell suspension 5 µl of Alexa fluor 488 annexin V and 1 

µl Propidium Iodide (PI) (working solution conc. 100 µg/ml) was added. Next, cells were 

incubated at room temperature for 15 minutes and proceeded for flow cytometry (BD-

FACS) .   

2.6.7. Isolation of total RNA and Quantitative RT PCR 

Total RNA was isolated using RNA-Xpress reagent (Himedia)  as per protocol from the 

supplier. Quality and integrity of RNA was measured by gel electrophoresis in 1% 

agarose in 1X TBE. Isolated RNA was then proceeded for DNase treatment. The RNA 

volume 5 µl (2 µg/ul) was mixed with 1.5 µl of 10X DNase reaction buffer and lµ of 

DNase enzyme (invitrogen) in a 15 µl reaction mixture and then incubated at 370C for 30 

minutes. The reaction was stopped by adding EDTA (final conc. 1mM) and incubating at 
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650C for 5 minutes. The DNA free RNA (0.5 µg)  was then subjected for cDNA synthesis 

by Revert-aid First strand cDNA synthesis kit (Thermo Scientific) following 

manufacturer’s protocol. The synthesized cDNA is used for PCR reaction. The following 

primers were used for RT-PCR analysis. 

β-actin  

Forward: 5'-CTGTCTGGCGGC ACCACCAT-3'  

Reverse: 5'-GCAACTAAGTCATAGTCCGC -3'  

Bax  

Forward: 5'-AAGCTGAGCGAGMTCTCAAGC GC-3'  

Reverse: 5'-TCCCGCCACAAAGATGGTC ACG-3' 

Bc1-2  

Forward: 5'-AGATGTCCAGCC AGCTGCACCTGAC-3'  

Reverse: 5'-AGATAGGC ACCCAGGGTGATGC AAGCT-3'  
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Abstract 

Novel ruthenium(II) coordinated stable aminyl radical complex [Ru(L5.)(PPh3)2Cl2] (5), was 

synthesized using ligands L3-5. Cleavage of most stable amide bond and simultaneous 

production of nitrogen centred radical took place during the reaction course. Complex 5 was 

characterized by IR, UV-vis and EPR spectroscopic studies. Molecular structure of 5 was 

authenticated using single crystal X-ray crystallography. Along with spectroscopic 

characterization, theoretical calculations completely supported the nitrogen centred radical. 

The interaction of NO with the complex 5 afforded nitrosyl complex  

[Ru(L5')(PPh3)2(NO)Cl](ClO4) (6). Molecular structure of the resultant nitrosyl complex 6 

was authenticated by single crystal X–ray diffraction study. The photolability of coordinated 

NO was examined by using electronic absorption spectral studies under illumination of UV 

light.  
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3.1. Introduction 

Formation of radicals is extremely important in catalytic cycle of several metalloenzymes. 

For example, generation of phenoxyl radical  is crucial in catalytic cycle of galactose oxidase 

enzyme. This oxygen centred radical is formed in a post translationally modified tyrosine 

residue. It is well known in literature that carbon centred glycyl radical is important in 

catalytic cycle of pyruvate formase lyase. In biosystem,  sulphur centred thiyl radical is 

involved in catalytic cycle of ribonucleotide reductases.238 Among nitrogen centred radicals, 

aminyl radicals have received considerable current attention because of their similarity with 

phenoxyl radicals as both are isoelectronic. Aminyl radicals are relatively less stable due to 

their short life time and it is very difficult to isolate them. These are stabilized by 

coordination to an electron rich metal centre or an electron donating group is attached with 

lone pair of electron  or extended conjugation. These radicals play an important role in 

various chemical transformations by abstracting hydrogen from organic substrates.239,240 

First time, Grutzmacher and coworkers reported rhodium coordinated aminyl radical with the 

contribution of  57% spin density over the N donor atom.2 Later on, Grutzmacher and 

coworkers also reported  other aminyl radicals  coordinated to rhodium, iridium and 

cobalt.241-243 Recently, Thomas and coworkers also reported  nickel and cobalt coordinated 

aminyl radical complexes.240,244 Peters and coworkers also reported copper coordinated 

aminyl radical complexes.245 However, very few reports are available on ruthenium 

coordinated aminyl radical complexes.246-248 Herein, we report direct and one-pot synthesis of 

aminyl  radical complex of ruthenium [Ru(L5.)(PPh3)2Cl2] (5) (Scheme 3.2) in different ways 

using ligands L3-5 (Scheme 3.1). Complex 5 was  characterized by various spectroscopic 

methods like IR, UV-vis and EPR spectral studies . Molecular structure of 5 was 
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authenticated using X-ray crystallography. Along with spectroscopic characterizations, 

theoretical calculations were also performed to address the location of electron in radical 

complex 5.  

 
 

 
 
 
 

 
 

 
 
 
 

 
 
 

 
Scheme 3.1 Schematic drawing of ligands L3-5. 

 

 

 

 

 

 
 

       

 
Scheme 3.2 Schematic drawings of ruthenium complexes 5 and 6. 

 
 

The interaction of NO with the complex 5 afforded the formation of nitrosyl complex  

[Ru(L5')(PPh3)2(NO)Cl](ClO4) (6) (Scheme 3.2). Molecular structure of the resultant nitrosyl 
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complex 6 was authenticated by single crystal X–ray diffraction study. The photolability of 

coordinated NO was examined by using electronic absorption spectral studies under 

illumination of UV light.  

3.2. Results and discussion 

3.2.1. Syntheses and characterization of ruthenium complexes 
Ligands L3H2 and L4H2 were obtained in high yield by condensation reaction of 4-

nitrobenzoic acid and 4-methoxybenzoic acid with 2-(1-phenylhydrazinyl)pyridine 

respectively in dimethylformamide in the presence of 1-hydroxybenzotriazole (HOBT) and 

dicyclohexylcarbodiimide (DCC). Ru(PPh3)3Cl2 was added to benzene solution (20 mL) of 

the ligands L3-5H2 to afford the complex [Ru(L5.)(PPh3)2Cl2](5) (shown in Scheme 3.2). 

Complex 5 was green in color and highly soluble in dichloromethane, but insoluble in water. 

Dichloromethane solution of complex 5 was treated with acidified nitrite (NaNO2) solution 

with continuous stirring for 2 h and color of solution turned to a greenish blue. Then, 

methanolic solution of NaClO4 was added to above solution, as the counter anion. After 

complete evaporation of solvent, crystalline greenish blue colored nitrosyl complex 6 was 

obtained and it was found to be highly soluble in dichloromethane, dimethylsulfoxide.  

In the IR spectrum of 6, the N-O stretching frequency (νNO) was observed around 1821 cm-1, 

which was expected for {Ru−NO}6 species as reported in literature around 1820-1960 cm-1 

for {Ru−NO}6 species. 161,186,221-223 Peaks around 1091 cm1 and 616 cm1 (Table 3.1) clearly 

exhibited the presence of perchlorate as counter anion in the complex 6. 214,58 In both the 

complexes 5 and 6, the peaks in the range 743-749 cm−1, 691-693 cm−1 and 512-519 cm−1 

confirmed the presence of axial PPh3 ligands (shown in Figure 3.1). 214-217,58,196 
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Table 3.1 Data for IR spectral studies. 
 
       
     

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Infrared spectra of complexes (a) 5 and (b) 6. 

Complex 

 

IR data (cm–1, KBr pellets) 

 N-O ClO4 PPh3 
5  - - 743, 693, 519 
6  1821 1091, 616 749, 691, 512 
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The electronic absorption spectra of  complexes 5 and 6 were displayed in Figure 3.2. In 

complex 5, we observed bands with λmax near 431, 695, 880 nm (Table 3.2) which were 

probably due to metal to ligand charge transfer transition (MLCT), mixed metal-ligand to 

ligand charge transfer (MMLLCT) transition and aminyl radical centered transition in NIR 

region.248 In complex 6, bands near 310, 592 nm were recognized to be metal to ligand 

charge transfer (MLCT) transition dπ(Ru)→π*(NO) type and this transition has been 

responsible for the photolability of the coordinated NO.161,186,168,188 

 

 

 

 

 

 

 

Fig. 3.2 Electronic absorption spectra of complexes (a) 5 and (b) 6 in dichloromethane 
solutions. 

 
Table 3.2 Electronic spectral data for ruthenium complexes 5 and 6  in dichloromethane 

solutions. 
 

 
 
 

 
 
 
 

Complex max/nm ( / M–1cm–1) 

5 311 (23529), 345 (17647), 431 (7843), 695 (1200), 
880 (500) 

6 231 (43223), 310 (39220), 592 (2134) 
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In the ligands (L3H2) and (L4H2), we observed peaks near 11.63 ppm and 11.16 ppm (Table 

3.3), which were due to the presence of carboxamido (–CONH–) proton displayed in Figures 

3.3 and 3.4 respectively. The ruthenium nitrosyl complex 6 was found to be diamagnetic 

which was confirmed by 1H and 31P NMR spectral studies. The 1H and 31P NMR spectra of 6 

were displayed in Figures 3.5 and 3.6 respectively. We obtained single peak near 17.52 ppm 

for 6 in 31P NMR spectrum corresponding to the presence of trans PPh3 groups.214-217,58,196 

 

 
Fig. 3.3 1H NMR spectrum of ligand L3H2 in DMSO-d6 at room temperature. 

 

 

 



Chapter 3: Unprecedented cleavage of amide bond and spontaneous generation ………. 
 

89 
 

Fig. 3.4 1H NMR spectrum of ligand L4H2 in DMSO-d6 at room temperature. 

 

 

 

 
 
 
 

 
 

 
 
 

 

 
 

Fig. 3.5 1H NMR spectrum of complex 6 in CDCl3 at room temperature. 
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Fig. 3.6 31P NMR spectrum of complex 6 in CDCl3 at room temperature. 

 

Table 3.3 NMR spectral data for ligands L3-4H2 and ruthenium nitrosyl complex 6. 
 
 

       

The EPR spectrum of complex 5 in CH2Cl2 solvent at room temperature exhibited a sharp 

signal at g = 2.146 (Figure 3.7). The shifting of g value away from the free radical value 

is in the support of the small contribution of the metal d orbital to the SOMO of complex 

5 and the data was well corroborated with the reported literature.248  

Complex 1H NMR (δ /ppm)  31P NMR 
(δ /ppm) 

L3H2 

 

 
L4H2 

 
6 

11.63 (s, 1H), 8.76(s, 1H), 8.36-8.44(m, 2H), 8.13 (d, 
1H), 7.82 (t, 1H), 7.61 (t, 1H), 7.34-7.43 (m, 4H), 7.12 (t, 
1H), 6.8-6.9 (m, 2H) 
11.16 (s, 1H), 8.15(d, 1H), 7.98(d, 2H), 7.64 (t, 1H), 7.48 
(d, 2H), 7.36 (t, 2H), 7.14-7.07 (m, 3H), 6.89-6.85 (m, 
2H), 3.85 (s, 3H) 
7.49-7.29 (m, 31H), 6.97-6.83 (m, 4H), 6.23 (d, 2H), 
6.13 (d, 1H), 6.00 (t, 1H) 

- 

 
 

- 

 
17.52 
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Fig. 3.7 X-Band EPR spectrum of complex [Ru(L5.)(PPh3)2Cl2] (5) in dichloromethane at 

room temperature. 
 

3.2.2. Description of molecular structures  

The molecular structures of the complexes [Ru(L5.)(PPh3)2Cl2](5) and   

[Ru(L5')(PPh3)2(NO)Cl](ClO4)(6) are depicted in Figure 3.8 and Figure 3.9 respectively.   

In the crystal structure of 5, the equatorial plane consisted of Cl(2),  Cl(1), N(py) and 

N(hydrazyl). In the crystal structure of 6, the equatorial plane consisted of Cl(1), N(py), 

N(NO) and N(hydrazyl). We observed that both the phosphine groups were trans to each 

other at axial positions which was supported by 31P NMR spectral data. The ruthenium 

centre adopted a distorted-octahedral geometry as reflected in parameters given in Table 

3.4. In the nitrosyl complex, Ru–N(NO) (1.741(6) Å), NO stretching frequency (νNO∼1821 

cm1) and NO bond length were consistent with reported values.58,171 
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Fig. 3.8 ORTEP diagram (50% probability level) of the [Ru(L5.)(PPh3)2Cl2] (5). All 
hydrogen atoms and PPh3 groups have been omitted for clarity. 

 
 

 

 

 

 

 

 

 

 

 
 
 

 
Fig. 3.9 ORTEP diagram (50% probability level) of the  [Ru(L5')(PPh3)2(NO)Cl](ClO4) (6). 
All hydrogen atoms, counter anion, PPh3 groups and the crystallized solvent molecules have 

been omitted for clarity. 
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The selected bond lengths and bond angles of complexes 5 and 6 are given in Table 3.4. 

Crystal data collection and refinement details of the structures of complexes 5 and 6 are 

summarized in Table 3.5. 

 

Table 3.4 Selected bond lengths (Å) and bond angles (deg.) of complexes 5 and 6. 

 
 

 
 

     

 

 

 

 

 

 

  

     

      

 

 

 

 

 

 

Bond lengths (Å) Bond angles (°) 
5 

Ru(1)−Cl(1) 2.417(2) N(1)−Ru(1)−Cl(1) 171.26(5) 
Ru(1)−Cl(2) 2.497(1) N(1)−Ru(1)−N(3) 81.03(7) 
Ru(1)−P(1) 2.403(1) N(1)−Ru(1)−Cl(2) 92.17(5) 
Ru(1)−P(2) 2.425(1) P(1)−Ru(1)− P(2) 173.84(2) 
N(2)−N(3) 1.318(3) Cl(2)−Ru(1)− N(3) 173.10(6) 
Ru(1)−N(3) 1.866(2) Cl(2)−Ru(1)−Cl(1) 96.56(2) 

Ru(1)−N(1) 2.050(2) N(3)−Ru(1)−Cl(1) 90.24(6) 
    

6 
Ru(1)−Cl(1) 2.3695(19) N(1)−Ru(1)−Cl(1) 102.1(2) 
Ru(1)−N(3) 2.057(6) N(1)−Ru(1)−N(3) 95.6(3) 
Ru(1)−N(1) 1.741(6) Ru(1)−N(1)−O(1) 166.1(7) 
Ru(1)−P(1) 2.4533(19) N(3)−Ru(1)−Cl(1) 161.98(18) 

Ru(1)−P(2) 2.4626(19) N(2)−Ru(1)−N(1) 158.9(3) 

Ru(1)−N(2) 2.087(5) P(1)−Ru(1)−P(2) 176.47(6) 

N(1)−O(1) 1.162(8) N(3)−Ru(1)−N(2) 63.4(2) 
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Table 3.5 Summary of crystal data and structural refinement parameters for complexes 5 and 
6. 

 

 

 

 

      5                                                       6 

Empirical formula C47 H40 Cl2 N3 P2 Ru C47 H39 Cl2 N3 O5 P2 Ru 

Formula weight  880.73 959.72 
Temperature /K 293 296(2) 
Λ (Å) (Mo-Kα) 0.71073 0.71073 
Crystal system monoclinic monoclinic 
Space group P 21/n P 21/n 

a (Å) 13.0906(8) 16.1034(8) 
b(Å) 18.1036(10) 15.0569(7) 
c (Å) 17.6343(10) 19.8284(10) 

(˚) 90 90 

γ (˚) 90 90 
β(˚) 102.367(2) 92.695(3) 
V (Å3) 4082.1(4) 4802.4(4) 
Z 4 4 
ρcalc (gcm-3) 1.433 1.327 
F(000) 1804 1960 
Theta range  0.865−28.290 1.593−28.353 
Index ranges −17< h< 17, 

−24< k< 24, 
−23< l< 23 

−21<h< 21, 
−20<k< 18, 
−26<l< 25 

Data/restraints/par. 10142/0.0673/221 12017/0/542 
GOFa on F2 1.034 1.225 
R1b [I > 2σ(I)] 0.0673 0.1107 
R1[all data] 0.0915 0.1825 
wR2c [I > 2σ(I)] 0.1782 0.3057 
wR2 [all data] 0.1782 0.3619 
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3.2.3. Photolysis experiment of nitrosyl complex 

The nitrosyl complex 6 was found to be photolabile under UV light. The photolability of 

coordinated NO was examined by exposing dichloromethane solution of complex 6 under 

illumination of UV light (Figure 3.10). No change was observed in dark but in the presence 

of light we observed changes in the electronic absorption spectra of complex 6. On the 

illumination of light on the solution of complex 6, the peak intensities decreased near 595 

and 306 nm and some new peaks increased near 420 nm. We also observed some isobestic 

points near 510 and 375 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.10 Photocleavage of NO from complex 6  in dichloromethane solution under 
illumination of low intensity UV lamp (λmax= 365 nm). Repetitive scans were taken in 2 

min intervals. 
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3.2.4. Density functional theory (DFT) calculations 

 DFT calculation for complex 5 was performed at B3LYP level249 using LANL2DZ basis 

set250 for ruthenium metal and 6-31G(d) basis set for non metal atoms (C, H, N, P and Cl).  

The singly occupied molecular orbital (SOMO) of complex 5 was found to be located over 

the ligand (72%) along with minor contribution of metal centre (28%). Frontier molecular 

orbitals of 5 are shown in Figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.11 Frontier molecular orbitals of 5. 
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The time dependent DFT (TD-DFT) calculation was also carried out to investigate the 

electronic absorption spectrum of 5. The bands appeared in the computed spectrum found to 

be closely related to that of experimental spectrum. The information obtained from the 

calculated electronic transitions, excitation energies (in eV), and oscillator strengths (f) was 

displayed in Table 3.6. In case of complex 5, the absorption peaks calculated at 922, 436, 

348,  313 and 300 nm were red shifted with respect to the experimental band at 880, 431, 

345,  311 and 275 nm, respectively. Absorption peak near 624 nm was blue shifted to the 

experimental value 695 nm. 

The Mulliken spin density plot also confirmed that the 44% spin density is resided over 

nitrogen and the rest is delocalized over the ligand (shown in Figure 3.12). However, 42% 

contribution was found from the metal dzx orbital.  

 

 

 

 

 

 

 

 
 
 
 

 
Fig. 3.12 Spin density distribution in complex 5. 
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Table 3.6 Calculated TD-DFT excitation energies (in eV), oscillator strengths (f), and nature 

of transitions in the complex 5. 

Transition (nm) 
Experimental 

 (nm) 
Theoretical 

F 
(Oscillator 
strength) 

Energy(ev) 

 HOMO-5(β)    LUMO(β)       11.28% 880 922 0.0012 1.3438 
HOMO-3(β)    LUMO(β)       8.22%     

  HOMO-2(β)    LUMO(β)       11.40%     
  HOMO-1(β)    LUMO(β)       69.08%     

     
  HOMO-1()    LUMO+1()      7.52% 695 624 0.0004 1.9871 
   HOMO-1()    LUMO+2()    19.92%     
   HOMO-1()    LUMO+14()    5.59%     
  HOMO (β)    LUMO+3(β)       22.23%     

     
   HOMO-1()    LUMO+2()    10.95% 431 436 0.0038 2.8381 

HOMO ()    LUMO+1 ()    9.85%     
 HOMO-3(β)    LUMO(β)       39.71%     

  HOMO (β)    LUMO+3(β)       11.52%     
     

HOMO ()    LUMO+8 ()    5.75% 345 348 0.0052 3.5575 
HOMO-11(β)    LUMO(β)       9.58%     
HOMO (β)    LUMO+4(β)       6.32%     

     
   HOMO-2()    LUMO+3()    10.64% 311 313 0.0094 3.9528 
  HOMO-2()    LUMO+15()    6.75%     
  HOMO-1(β)    LUMO+6(β)       8.51%     
 HOMO-1(β)    LUMO+18(β)    7.02%     

     
 HOMO ()    LUMO+14 ()   15.77% 275 300 0.0138 4.1204 
HOMO-13(β)    LUMO (β)    13.51%     
HOMO-14(β)    LUMO (β)    11.35%     

 

 

 

 

 

 

 

 



Chapter 3: Unprecedented cleavage of amide bond and spontaneous generation ………. 
 

99 
 

3.3. Conclusions 

Following are the major findings and conclusions of the present study. First, novel 

ruthenium(II) coordinated stable aminyl radical complex [Ru(L5.)(PPh3)2Cl2](5), was 

synthesized and characterized by different spectroscopic studies. Second, nitric oxide 

reactivity studies afforded ruthenium nitrosyl complex  [Ru(L5')(PPh3)2(NO)Cl](ClO4) (6) 

which was characterized by different spectroscopic methods. The molecular structures of 5 

and 6 were determined by X-ray crystallography. Third, the coordinated NO was found to be 

photolabile under UV light. Theoretical calculations were performed using complex 5 to 

better understand the electronic properties. 

3.4. Experimental section 

3.4.1. Reagents and materials  

Analytical grade reagents  4-nitrobenzoic acid, 4-methoxybenzoic acid, sodium perchlorate 

monohydrate, sodium nitrite (Himedia Laboratories Pvt. Ltd., Mumbai, India) were used as 

obtained. RuCl3.3H2O was purchased from Loba Chemie Pvt. Ltd., Mumbai, India. 

Triphenylphosphine (SRL,Mumbai, India). The precursor [Ru(PPh3)3Cl2] and  2-(1-

phenylhydrazinyl)pyridine were prepared by following the procedure reported earlier.233,251 

Infrared spectra were obtained as KBr pellets with Thermo Nicolet Nexus FT–IR 

spectrometer, using 16 scans and were reported in cm─1. Electronic absorption spectra of the 

complexes were recorded in dichloromethane solvent with an Evolution 600, Thermo 

Scientific (Shimadzu) UV–vis spectrophotometer. 1H and 31P NMR spectra were recorded on 

JEOL, 400 MHz spectrometer in the deuterated solvents.  

3.4.2. Preparation of ruthenium complexes 

Caution: Perchlorate salts of metal complexes with organic ligands are potentially 
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explosive. Only a small amount of material should be prepared and handled carefully. 

3.4.2.1. Synthesis of 4-nitro-N'-phenyl-N'-(pyridine-2-yl)benzohydrazide (L3H2) 

The 4-nitrobenzoic acid (5.0 mmol) was taken in 15-20 mL dimethylformaide solution and 

then cooled on an ice bath. To this solution, 1.48 g (11.0 mmol) of 1-hydroxybenzotriazole 

(HOBT) as well as 1.13 g (5.5 mmol) of dicyclohexylcarbodiimide (DCC) were added 

directly and mixture was stirred for half an hour at 0°C. Now a batch of 2-(1-

phenylhydrazinyl)pyridine(5.0 mmol) was added to the reaction mixture with stirring for next 

2 hours on the same ice bath. After, the ice bath was removed and the stirring was continued 

overnight at room temperature. By removing the white precipitate of N,N'-dicyclohexylurea 

through filtration, the solvent was concentrated to 10 mL. Within 3-4 days, a light yellowish 

crystalline solid of ligand L3H2 was settled down on the bottom of beaker which was filtered 

and washed with methanol and diethyl ether. 1H NMR (DMSO-d6, 400 MHz): δ 11.63 (s, 

1H), 8.76(s, 1H), 8.36-8.44(m, 2H), 8.13 (d, 1H), 7.82 (t, 1H), 7.61 (t, 1H), 7.34-7.43 (m, 

4H), 7.12 (t, 1H), 6.8-6.9 (m, 2H) ppm. 

3.4.2.2. Synthesis of 4-methoxy-N'-phenyl-N'-(pyridin-2-yl)benzohydrazide (L4H2)      

Ligand (L4H2) was synthesized by reaction of 4-methoxybenzoic acid with 2-(1-

phenylhydrazinyl)pyridine following the same procedure as used for ligand L3H2. 1H NMR 

(DMSO-d6, 400 MHz): δ 11.16 (s, 1H), 8.15(d, 1H), 7.98(d, 2H), 7.64 (t, 1H), 7.48 (d, 2H), 

7.36 (t, 2H), 7.14-7.07 (m, 3H), 6.89-6.85 (m, 2H), 3.85 (s, 3H) ppm. 

3.4.2.3. Synthesis of [Ru(L5.)(PPh3)2Cl2] (5) 

A batch of Ru(PPh3)3Cl2 (0.1 mmol) was added to a benzene solution (20 mL) of L3-5H2 

(0.15 mmol) and the mixture was refluxed for 4 h at 85 °C with continuous stirring. It was 

then cooled to room temperature. The green solid was filtered out and washed thoroughly 
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with methanol and diethyl ether and then dried. UV–vis (CH2Cl2; max/nm (,M–1cm–1)): 311 

(23529), 345 (17647), 431 (7843), 695 (1200), 880 (500). 

3.4.2.4. Synthesis of  [Ru(L5')(PPh3)2(NO)Cl](ClO4) (6)  

A batch of (0.1 mmol) of complex 5 was taken in 20mL of dichloromethane to obtain a 

greenish colored solution in round bottom flask of 100 mL. Now 20 mL acidified distilled 

water was layered over this solution. Sodium nitrite (0.3 g, 4.3 mmol) was added to the 

bilayer solution and the mixture was stirred at room temperature for 2 hrs to get greenish-

blue colored solution of complex 6. The dichloromethane layer was separated out and 

NaClO4 (in excess) with 10 mL of methanol was added to this solution. Stirring of this 

solution was continued for another 2 hrs. The solvent mixture was evaporated and crystalline 

greenish-blue complex 6 was isolated. IR (KBr disk, cm─1): 1821 (νNO), 1091, 616 (νClO4). 

UV-vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 231 (43223), 310 (39220), 592 (2134). 1H NMR 

(CDCl3, 400MHz): δ 7.49-7.29 (m, 31H), 6.97-6.83 (m, 4H), 6.23 (d, 2H), 6.13 (d, 1H), 6.00 

(t, 1H) ppm.31P NMR (chloroform-d, 400 MHz): δ 17.52 ppm. 

3.4.3. X–ray crystallography 

Crystals of complexes 5 and 6 were obtained via layering of hexane over a solution of 

dichloromethane which was suitable for diffraction study. The X–ray data collection and 

processing for complexes 5 and 6 were performed with Bruker Kappa Apex–II CCD 

diffractometer by using graphite monochromated Mo–Kα radiation (λ = 0.71073 Å) at 273K. 

Crystal structures were solved by direct method. Structure solutions, refinement and data 

output were carried out with the SHELXTL program.235,236 All non–hydrogen atoms were 

refined anisotropically. Hydrogen atoms were placed in geometrically calculated positions 

and refined using a riding model. Image was created with the DIAMOND program.237 
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Abstract 

Organometallic ruthenium(II) complex [Ru(L6CNN)(PPh3)2(CO)] (7) [where L6H2 is (E)-

N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] [H represents dissociable proton] was 

synthesized via C-H bond activation using different synthetic strategies. Ruthenium hydrido 

carbonyl complexes  [Ru(L6NN)(PPh3)2(CO)H]  (8) [where L6H2 is (E)-N-((1H-pyrrol-2-

yl)methylene)naphthalen-1-amine] and [Ru(L7NN)(PPh3)2(CO)H] (9) [where L7H2 is (E)-N-

((1H-pyrrol-2-yl)methylene)-1-phenylmethanamine] were isolated. All the complexes were 

characterized by UV-Vis, IR and NMR spectral studies. Molecular structures of complexes 7, 

8 and 9 were authenticated using X-ray crystallography. Geometry optimization of the 

complexes 7–9 have been performed using Density Functional Theory (DFT) studies. Time-

dependent DFT calculations were performed to better understand the electronic properties of 

complexes 7–9. Complex 7 was utilized as catalyst in transfer hydrogenation of ketones. On 

the basis of literature study, the plausible mechanisms were proposed for hydride formation 

and catalytic transfer hydrogenation. Coordinated CO in organometallic ruthenium carbonyl 

complex 7 was found to be photolabile upon visible light illumination.  
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4.1. Introduction 

Cyclometalation, one of the most convenient methods for synthesis of organometallic 

entities, has gained significant current interest probably because of mildest route followed for 

activation of strong C-H bonds.34 The chemistry of organometallic compounds has become 

fast grown area in the field of chemical research because of vast applications of these 

complexes in catalysis, organic transformation , bioorganometallic chemistry, photophysical 

devices etc.34 Our recent reports58,196,214,216,217 on ruthenium organometallics clearly indicated 

the necessity of at least one hard donor  present in the bidentate ligand frame to synthesize 

cyclometalated ruthenium complexes, but none of the report describes the naphthyl C8-H 

bond activation. However, only few reports are available in literature on naphthyl C-H 

activation using ruthenium complexes252-259 and it still remains the challenging area of 

chemical research. 

It is well known that hydrides are reactive intermediates or catalysts in various chemical 

reactions.260 Both, the laboratory and industrial applications of transition metal hydrides 

including hydrogenation,  catalytic and stoichiometric transformations, olefin isomerization 

and hydroformylation reactions, electrochemical H2 evolution, reduction of CO2 to carbon-

based fuels, have made their chemistry an important area of research.261 These prompted us 

to investigate the chemistry of ruthenium hydride complexes. 

From literature study, it was found that deprotonated pyrrole nitrogen is a hard donor and 

stabilizes metal in higher oxidation state.262,263 This encouraged us to synthesize ligands L6H2 

and L7H2  (shown in Scheme 4.1). 
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Scheme 4.1 Ligands L6H2 and L7H2. 

 

In the present report, we describe the syntheses and spectral characterization of 

organometallic ruthenium(II) complex [Ru(L6CNN)(PPh3)2(CO)] (7) (shown in Scheme 

4.2) and ruthenium hydrido carbonyl complexes  [Ru(L6NN)(PPh3)2(CO)H]  (8) [where 

L6H2 is (E)-N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine] and 

[Ru(L7NN)(PPh3)2(CO)H] (9) [where L7H2 is (E)-N-((1H-pyrrol-2-yl)methylene)-1-

phenylmethanamine] [H represents dissociable proton] (shown in Scheme 4.2). Complex 7 

was utilized for transfer hydrogenation of ketones. Geometries of 7, 8 and 9 were 

authenticated using X-ray crystallography.   

 

 

 
 
 
 
 

 
 

Scheme 4.2 Complexes 7, 8 and 9. 
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4.2. Results and discussion 

4.2.1. Syntheses and characterization of ruthenium complexes 

Ligands L6H2 and L7H2 were obtained by condensation reaction of pyrrole-2-carbaldehyde 

with naphthalene-1-amine and phenylmethanamine, respectively, in 20 mL methanol with 

continuous stirring. Complex [Ru(L6CNN)(PPh3)2(CO)] (7) was synthesized in two 

different ways (shown in Scheme 4.3). The complexes [Ru(L6NN)(PPh3)2(CO)H] (8) and 

[Ru(L7NN)(PPh3)2(CO)H] (9) were synthesized (shown in Scheme 4.3) by the reaction of 

Ru(PPh3)3Cl2 in methanol and triethylamine with the Schiff base ligands L6H2 and L7H2 

(shown in Scheme 4.1), respectively. Plausible mechanism for the syntheses of complexes 7 

and 8 (shown in Scheme 4.4) is in accordance with reported literature.254-257,52 Complex 9 

was formed in a similar way as for complex 8. All the complexes were soluble in 

dichloromethane and dimethylsulfoxide.  

 

 

 

 

 
 
 
 

Scheme 4.3 Synthetic routes of complexes 7, 8, and 9. 
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Scheme 4.4. Plausible mechanism for the syntheses of complexes 7 and 8. 

In the IR spectra of complexes 7-9, the C-O stretching frequency (νCO) was observed around 

1910-1920 cm-1.254-257,52 In all the complexes 7-9, the peaks in the range 745-750 cm−1, 690-

695 cm−1 and 514-520 cm−1 confirmed the presence of axial PPh3 ligands (Table 4.1).254-257,52 

The infrared spectra of complexes 7, 8 and 9 are shown in Fig. 4.1. 

Table 4.1 Data for IR spectral studies. 

Complex IR data (cm–1, KBr pellets) 

C=N CO 
1913 
1924 

1910 

 

PPh3 
753, 692, 520 
744, 695, 517 

743, 693, 519 

7 1588 

8 1555 

9 1586 
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Fig. 4.1 Infrared spectra of ruthenium(II) carbonyl complexes (a) 7, (b) 8 and (c) 9. 
 

 
 

The electronic absorption spectra of  complexes 7-9 were displayed in Fig. 4.2 and Fig. 4.3 

respectively. In complex 7, band near 275 nm probably due to ligand centred charge transfer 

transition was observed and bands at 405 nm, 485nm, 517nm were recognized to be metal to 

ligand charge transfer (MLCT) transition. In complex 8, we observed a band with λmax near 

239 nm probably due to ligand centred charge transfer transition and a band with λmax near 

397nm which was probably due to metal to ligand charge transfer (MLCT) transition. In 

complex 9, a band with λmax near 338 nm was recognized to be metal to ligand charge 

transfer (MLCT) transition. Electronic absorption spectral data of ligands and all the 

complexes were shown in (Table 4.2). 
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Fig. 4.2 Electronic absorption spectra of (a) complex 7 and (b) L6H2 (―) and 8 (―) in 
dichloromethane solutions. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.3 The electronic absorption spectra of L7H2 (―) and 9 (―) in dichloromethane 
solutions. 
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4.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
f1 (ppm)

Table 4.2 Data for electronic absorption spectral studies. 

 
 

 

 

 

 

 

In the ligands (L6H2) and (L7H2), we observed peaks near 10.11 ppm and 11.41 ppm 

respectively, which were due to the presence of pyrole (–NH–) proton (Fig. 4.4 and Fig. 4.5). 

All the complexes were confirmed to be diamagnetic by 1H NMR spectral studies (Table 

4.3). The 1H NMR spectra of 7 and 8 were displayed in Fig. 4.6 and Fig. 4.7 respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 1H NMR spectrum of ligand L6H2 in CDCl3 at room temperature. 

Complex max/nm ( / M–1cm–1) 

L6H2   241 (69,900), 341 (47,600) 
L7H2    282 (1,47000), 330 (22494) 

7     275 (40,000), 405 (23,330), 
   485 (20,000), 517 (16,660) 

8 239 (13812), 397 (3500) 
9       230 (100,000), 338 (34,659) 
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Fig. 4.5 1H NMR spectrum of ligand L7H2 in DMSO-d6 at room temperature. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 1H NMR spectrum of complex 7 in CDCl3 at room temperature. 
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Fig. 4.7 1H NMR spectrum of complex 8 in CDCl3 at room temperature. 

 

Table 4.3 NMR spectral data for ligands and ruthenium complexes 7–8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4.2.2. Description of molecular structures 

The crystal structures of the complexes [Ru(L6CNN)(PPh3)2(CO)] (7), 

[Ru(L6NN)(PPh3)2(CO)H] (8) and [Ru(L7NN)(PPh3)2(CO)H] (9) and  are depicted in Fig. 

4.8, Fig. 4.9 and Fig. 4.10 respectively.  

Complex 1H NMR (δ /ppm) 

L6H2 10.11 (s, 1H), 8.36-6.28 (11H) 

L7H2 11.41 (s, 1H), 8.17 (s, 1H), 7.27-6.07 (8H), 4.62 (s, 2H) 

7 7.6017.347 (m, 8H), 7.2157.081 (m, 27H), 6.804 (t, 1H), 
6.735 (d, 1H), 6.541 (d, 1H), 6.441 (d, 1H), 6.081 (m, 2H) 

8 -11.72 (t, 1H), 7.6017.347 (m, 8H), 7.2157.081 (m, 27H), 
6.804 (t, 1H), 6.735 (d, 1H), 6.541 (d, 1H), 6.441 (d, 1H), 6.081 
(m, 2H) 
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Fig. 4.8 ORTEP diagram (50% probability level) of the [Ru(L6CNN)(PPh3)2(CO)] (7). All 
hydrogen atoms and phenyl rings of PPh3 groups have been omitted for clarity. 

     
 

 

 

 

 

 

 

 

 
 
 

Fig. 4.9 ORTEP diagram (50% probability level) of the [Ru(L6NN)(PPh3)2(CO)H] (8). All 
hydrogen atoms and phenyl rings of PPh3 groups have been omitted for clarity. 
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Fig. 4.10 ORTEP diagram (50% probability level) of the [Ru(L7NN)(PPh3)2(CO)H] (9). All 
hydrogen atoms and phenyl rings of PPh3 groups have been omitted for clarity. 

 
 

The selected bond lengths and bond angles of complexes 7-9 along with theoretical 

values are given in Table 4.4. Crystal data collection and refinement detail of the 

structures of complexes 7-9 are summarized in Table 4.5. In the crystal structure of 7, the 

equatorial plane consisted of N(imine),  N(pyrrole), C(carbanion) and CO. In the crystal 

structures of 8 and 9, the equatorial plane consisted of N(imine),  N(pyrrole), H(hydride) 

and CO. The ruthenium centre adopted a distorted-octahedral geometry as reflected in 

parameters given in Table 4.4. In the complexes 7, 8 and 9, Ru–H bond length (~ 1.54 Å), 

CO stretching frequency (νCO∼1920 cm1) and CO bond length (~ 1.15 Å) in addition to 

RuCO angle  (~177°) were consistent with reported values.254-257,52 
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Table 4.4 Selected bond lengths (Å) and bond angles (deg.) of complexes 7, 8 and 9. 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 
 

Bond lengths (Å)   

Experimental [Theoretical] 

Bond angles (°) 

Experimental [Theoretical] 

7 
Ru(1)−C(2) 2.070(3) [2.090] C(1)−Ru(1)−N(1) 110.73(11) [108.91] 
Ru(1)−C(1) 1.838(3) [1.856] N(2)−Ru(1)−N(1) 75.76(9) [76.60] 
Ru(1)−N(1) 2.193(2) [2.226] C(1)−Ru(1)−N(2) 173.44(11) [174.47] 
C(1)−O(1) 1.160(4) [1.19] C(2)−Ru(1)−N(1) 155.28(11) [156.13] 
Ru(1)−P(1) 2.387(7) [2.504] Ru(1)−C(1)−O(1) 176.3(3) [176.27] 
Ru(1)−P(2) 2.380(7) [2.505] P(1)−Ru(1)− P(2) 175.77(2) [176] 
Ru(1)−N2) 2.100(2) [2.122] C(2)−Ru(1)−N(2) 79.53(10) [79.53] 
  C(2)−Ru(1)−C(1) 93.98(12) [94.94] 

8 
Ru(1)−H(1) 1.54(2) [1.60] N(1)−Ru(1)−H(1) 95.5(9) [93.34] 
Ru(1)−C(2) 1.839(4) [1.863] N(2)−Ru(1)−N(1) 75.93(11) [76.49] 
Ru(1)−N(1) 2.129(3) [2.134] H(1)−Ru(1)−N(2) 171.5(9) [169.49] 
C(2)−O(1) 1.156(4) [1.193] C(2)−Ru(1)−N(1) 173.93(13) [174.68] 

Ru(1)−P(1) 2.333(10) [2.482] Ru(1)−C(2)−O(1) 178.5(3) [177.02] 

Ru(1)−P(2) 2.373(10) [2.496] P(1)−Ru(1)− P(2) 164.78(3) [160] 

Ru(1)−N2) 2.225(3) [2.311] C(2)−Ru(1)−N(2) 98.28(13) [98.20] 

  C(2)−Ru(1)−H(1) 90.2(9) [91.94] 

9 
Ru(1)−H(2) 1.545 [1.623] N(1)−Ru(1)−H(2) 93.88 [93.34] 

Ru(1)−C(2) 1.843(2) [1.861] N(2)−Ru(1)−N(1) 76.40(6) [76.45] 

Ru(1)−N(1) 2.185(17) [2.227] H(2)−Ru(1)−N(2) 170.09 [169.78] 

C(2)−O(1) 1.149(2) [1.195] C(2)−Ru(1)−N(1) 100.20(8) [99.43] 

Ru(1)−P(1) 2.349(5) [2.476] Ru(1)−C(2)−O(1) 177.80(19) [177.46] 

Ru(1)−P(2) 2.365(5) [2.477] P(1)−Ru(1)− P(2) 169.02(19) [168.80] 

Ru(1)−N2) 2.122(16) [2.133] C(2)−Ru(1)−N(2) 176.44(8) [175.84] 

  C(2)−Ru(1)−H(2) 89.47 [90.77] 
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Table 4.5 Summary of crystal data and structural refinement parameters for complexes 7, 8 
and 9. 

 
 7 8 9 

Empirical formula C52 H40 N2 O P2 Ru C52 H42 N2 O P2 Ru C49 H42 N2 O P2 Ru 
Formula weight 871.87 873.89 837.86 

Temperature /K 296(2) 293(2) 293(2) 

Λ (Å) (Mo-Kα) 0.71073 0.71073 0.71073 

Crystal system triclinic triclinic triclinic 

Space group P 1 P 1 P 1 

a (Å) 9.3156(6) 9.5709(8) 10.6182(7) 

b(Å) 12.7447(8) 12.9221(11) 12.6532(8) 

c (Å) 19.3338(12) 18.2006(15) 17.0944(11) 

(˚) 103.616(3) 81.560(4) 106.237(3) 

γ (˚) 109.517(2) 79.282(4) 109.064(3) 

β(˚) 95.394(3) 80.456(4) 97.359(3) 

V (Å3) 2065.0(2) 2165.4(3) 2022.3(2) 

Z 2 2 2 

ρcalc (gcm-3) 1.402 1.340 1.376 

F(000) 896 900 864 

Theta range 1.10-28.30 2.188-25.499 1.279-28.398 

Index ranges −12<h< 12, 
−17<k< 17, 
−25<l< 25 

−11<h< 11, 
−15<k< 15, 
−21<l< 22 

−12<h< 14, 
−16<k< 16, 
−22<l< 22 

Data/restraints/par. 10145/0/523 8062/0/527 9948/0/504 

GOFa on F2 0.722 1.002 1.071 

R1b [I > 2σ(I)] 0.0352 0.0464 0.0312 

R1[all data] 0.0546 0.0897 0.0431 

wR2c [I > 2σ(I)] 0.0987 0. 0796 0.0692 

wR2 [all data] 0.1406 0.0945 0.0809 
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4.3. Catalytic transfer hydrogenation 

Role of ruthenium complexes as catalyst in transfer hydrogenation of carbonyl compounds, 

has gained considerable current attention, most likely due to the relatively mild route of 

reaction and benign nature of reagents used.254-257,264 We began our study to utilize complex 7 

as a catalyst in transfer hydrogenation of ketones and reaction conditions were optimized 

using acetophenone as a substrate by varying base (like NaOH, KOH and  KOtBu), solvent, 

time and amount of catalyst used. However, yield was poor in case of KOtBu. After careful 

optimization, we concluded that 0.3 mol% catalyst, 2-propanol as a solvent and 0.3 mmol 

KOH,  provided admirable yield at 85 °C reaction temperature and  6 hrs of reaction time. 

Table 4.6 provides data of various substrates used for transfer hydrogenation. From entries 5 

and 6 in Table 4.6, it is clear that catalyst is completely inactive for substrates 2-pyridyl 

acetone and 2-amino benzophenone respectively, probably due  to the chelate formation of 

these substrates after coordination to metal centre.254 Plausible mechanism for the catalytic 

transfer hydrogenation of carbonyl compounds using complex 7 is given in Scheme 

4.5.254,255,257 In the first step, deprotonated isopropanol is coordinated to ruthenium in catalyst 

A through oxygen atom as isopropoxide and there is simultaneous breaking of Ru-C bond 

followed by protonolysis of  naphthyl ring to generate the intermediate B. In the second step, 

coordinated isopropoxide ligand undergoes -hydride elimination to generate the Ru-H 

species in the intermediate C which is considered to be catalytically active species during the 

transfer hydrogenation.254,255,257 In the third step, there is insertion of carbonyl substrate into 

Ru-H bond to generate the intermediate C. In the last step, there is elimination of 

hydrogenated product alcohol with simultaneous regeneration of catalyst. 
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Scheme 4.5 Plausible mechanism  for the catalytic transfer hydrogenation of carbonyl 
compounds using complex 7. 

 

Table 4.6 Catalytic transfer hydrogenation of ketones.[a] 
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Cataly st[b]
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8 5°C     

[0.3 mol%]
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[a]Reaction conditions: ketone (1.0 mmol), KOH (0.3 mmol), 2-propanol (5 mL), 85 °C. [b] 
Catalyst: [Ru(L6CNN)(PPh3)2(CO)](7). [c] Determined by GC–MS. [d] TON = turnover 
number  

Entry Substrate Yield[c] 
(%)

 TON[d] 

1  100 333 

2  87 290 

3  80 266 

4  85 283 

5  0 0 

6  0 0 

7  97 323 

8  100 333 
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4.4. DFT studies 

The optimisation of geometries for complexes 7-9 were performed at the B3LYP level of 

DFT using LANL2DZ basis set for ruthenium metal. Contour plots of HOMO and LUMO 

for the all complex 7-9 are shown in Figure 4.11. Compositions of selected frontier molecular 

orbitals (HOMO and LUMO) of complexes 7-9 are given in Table 4.7. Moreover, the bond 

length and bond angle parameters of the optimised structures were compared with data 

obtained from X-ray calculation in order to validate the experimental data with theoretical 

(Table 4.4). The experimental bond length and bond angle values are consistent with 

theoretical values. 

 

 

 

 

       

 

 

 

 

 

 
Fig. 4.11 Contour plots of HOMO and LUMO of complex 7, 8 and 9. 
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Table 4.7 Compositions of HOMO and LUMO of complexes 7, 8, 9. 
 

 

 

4.4.1. TDDFT and excited state analysis 

To provide insight into the nature of the experimentally derived electronic absorptions, 

TDDFT calculations were performed on all complexes 7-9. The results of the TDDFT 

calculations are summarized in Tables 4.8. The bands appearing in the computed absorption 

spectra were found to be closely related to those of experimental spectra. The TD-DFT 

spectrum of complex 7 showed transitions at 385 and 477 nm with oscillator strengths (f) of 

0.0038 and 0.0949 respectively, which were mainly assigned to H → L+3 and H → L  

transitions respectively. The TD-DFT spectrum of complex 8 showed a transition at 393 nm 

with oscillator strength (f) of 0.0588 which was mainly assigned to H → L+1 transition. 

Complex Fragments Contribution [%] of fragments to 
  HOMO LUMO 

(7) Ru 16 2 
 CO 0 2 
 PPh3  5 7 
 L1 79 89 
    
    

 (8) Ru 16 4 
 H 0 0 
 CO 0 1 
 PPh3 10 10 
 L1H 74 85 
    

(9) Ru 16 17 
 H 0 0 
 CO 0 3 
 PPh3 

L2H 
12 
72 

4 
76 
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Similarly, the TD-DFT spectrum of complex 9 showed a transition at 344 nm, with oscillator 

strength (f) of 0.0168 which was mainly assigned to H → L+1 transition.  

Table 4.8 Main calculated transitions for complexes 7, 8, 9 with composition in terms of 
molecular orbital contribution of the transition, excitation energies, and oscillator strength. 

 

 

4.5. Photolysis experiment of coordinated CO  

Coordinated CO in carbonyl complex 7 was found to be photolabile under visible light. The 

photolability of coordinated CO was examined by exposing dichloromethane solution of 

complex 7 under illumination of visible light (Figure 4.12). No change was observed in dark 

but in the presence of light we observed a change in the electronic absorption spectra of 

complex 7. Upon the illumination of light on the solution of complex 7, the peak intensities 

Complex Excited 
state 

Composition (nm) 
Experiment
al 

 (nm) 
Theoretic
al 

F  
(Oscillat
or 
strength) 

Energy(e
v) 

7 i HOMO  LUMO+3 
(76%)  

405 385 0.0038 3.2197 

  HOMO  LUMO+1 
(14%)  

    

       
 ii HOMO  LUMO (90%)  485 477 0.0949 2.5977 
  HOMO-1 LUMO (7%)      

       
8 i HOMO-1 LUMO+1 

(16%)  
397 393 0.0588 3.1519 

  HOMO  LUMO+1 
(50%)  

    

  HOMO  LUMO (7%)      
  HOMO-2  LUMO+1 

(3%)  
    

       
9 i HOMO-1 LUMO (28%)  338 344 0.0168 3.6003 

  HOMO  LUMO+1 
(60%)  
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decreased near 485, 400 and 275 nm and some isobestic points near 376 and 296 nm (Figure 

4.12) were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.12 Photocleavage of CO from complex 7 in dichloromethane solution under 

illumination of visible light (100W). Repetitive scans were taken in 1 min intervals in visible 
light. 

 

4.6. Conclusions 

The major findings and conclusions of the present study are following: (a) Organometallic 

ruthenium(II) complex [Ru(L6CNN)(PPh3)2(CO)] (7) was synthesized by reaction of 

[Ru(PPh3)3Cl2] with ligand L6H2 directly and from complex 8 (intermediate) via C-H bond 

activation and was characterized by different spectroscopic studies. (b) Ruthenium hydrido 
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carbonyl complexes  [Ru(L6NN)(PPh3)2(CO)H]  (8) and [Ru(L7NN)(PPh3)2(CO)H] (9) 

were synthesized by reaction of [Ru(PPh3)3Cl2] with ligands L6H2 and L7H2, respectively, 

and characterized by various spectroscopic studies. (c) The molecular structures of 7-9 were 

authenticated by X-ray crystallography. (d) Complex 7 was found to be an effective catalyst 

in transfer hydrogenation reactions of ketones. (e) A theoretical study on the structures of the 

complexes 7–9 have been investigated and time-dependent DFT methods were used to aid in 

the assignment of the intense UV-vis absorption bands found for complexes. (f) The 

plausible mechanisms for formation of complexes 7, 8  and catalytic transfer hydrogenation 

using complex 7 were proposed on the basis of literature. (g) Coordinated CO in complex 7 

was found to be photolabile upon illumination of visible light. 

4.7. Experimental section 

4.7.1. Reagents and materials  

All the reagents naphthalene-1-amine,   phenylmethanamine,   pyrrole-2-carbaldehyde, 

(Himedia Laboratories Pvt. Ltd., Mumbai, India) were of analytical grade. RuCl3.3H2O was 

purchased from Loba Chemie Pvt. Ltd., Mumbai, India. Triphenylphosphine (SRL, Mumbai, 

India) was used as obtained. The precursor [Ru(PPh3)3Cl2] was synthesized using the 

procedure reported earlier.233 Infrared spectra were recorded with Thermo Nicolet Nexus FT–

IR spectrometer, as KBr pellets using 16 scans and were reported in cm─1. 1H NMR spectra 

of all complexes in the deuterated solvents were recorded on JEOL, 400 MHz spectrometer. 

Electronic absorption spectra of all complexes in dichloromethane solvent were recorded 

with an Evolution 600, Thermo Scientific (Shimadzu) UV–vis spectrophotometer.  

4.7.2. Syntheses of ligands 

4.7.2.1. N-((1H-pyrrol-2-yl)methylene)naphthalen-1-amine (L6H2) 
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A solution of pyrrole-2-carbaldehyde  (3 mmol) in 5 mL methanol was added dropwise to 

solution of naphthalene-1-amine (3 mmol) in 10 mL methanol with stirring. After 1 day of 

continous sstirring the brown colored precipitate was filtered and washed with small amount 

of methanol. Yield: (70 %). UVvis (CH2Cl2; λmax, nm (ε, M1 cm1)): 241 (69,900), 341 

(47,600). 1H NMR (CDCl3, 400MHz): δ 10.11 (s, 1H), 8.36-6.28 (11H). 

4.7.2.2. N-((1H-pyrrol-2-yl)methylene)-1-phenylmethanamine (L7H2) 

Ligand L7H2 was synthesized from the reaction of pyrrole-2-carbaldehyde  with 

phenylmethanamine in the same                                                  

way as for ligand L6H2. Yield: (75 %). UVvis (CH2Cl2; λmax, nm (ε, M1 cm1)): 282 

(1,47000), 330 (22494). 1H NMR (DMSO-d6, 400MHz): δ 11.41 (s, 1H), 8.17 (s, 1H), 7.27-

6.07 (8H), 4.62 (s, 2H). 

4.7.3. Syntheses of ruthenium complexes 

4.7.3.1. Synthesis of [Ru(L6CNN)(PPh3)2(CO)] (7) 

 Complex 7 was synthesized in two ways: (i) A batch of Ru(PPh3)3Cl2  (0.1 mmol) was added 

directly to a solution of ligand L6H2 (0.15 mmol) in 2-methoxy ethanol and colour of solution 

was transformed to reddish after 10 min. This reddish solution was refluxed for 1 h and 

orange coloured solid was precipitated out, which was filtered and washed with small amount 

of methanol. Yield: 60% (ii) Complex [Ru(L6CNN)(PPh3)2(CO)] (7) was also synthesized 

from the complex 8 by refluxing in 2-methoxy ethanol for 10 min. IR (KBr disk, in cm1): 

1913(νCO), 1588 (νC=N), 753, 692, 520 (νPPh3) cm-1. UVvis (CH2Cl2; λmax, nm (ε, M1 cm1)): 

275 (40,000), 405 (23,330), 485 (20,000), 517 (16,660). 1H NMR (CDCl3, 400MHz): δ 

7.6017.347 (m, 8H), 7.2157.081 (m, 27H), 6.804 (t, 1H), 6.735 (d, 1H), 6.541 (d, 1H), 

6.441 (d, 1H), 6.081 (m, 2H). 
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4.7.3.2. Synthesis of [Ru(L6NN)(PPh3)2(CO)H] (8) 

To a solution of ligand L6H2 (0.15 mmol) and triethylamine in methanol, a batch of 

Ru(PPh3)3Cl2  (0.1 mmol) was added and colour of solution was changed to light reddish 

brown. This reddish brown solution was refluxed for 4 h and yellowish brown coloured solid 

was precipitated out, filtered and washed with small amount of methanol. Yield: (65 %). IR 

(KBr disk, in cm-1): 1924(νCO), 1555 (νC=N), 744, 691, 516 (νPPh3) cm-1. UVvis (CH2Cl2; 

λmax, nm (ε, M1 cm1)): 239 (13812), 397 (3500). 1H NMR (CDCl3, 400MHz): δ -11.72 (t, 

1H), 7.6017.347 (m, 8H), 7.2157.081 (m, 27H), 6.804 (t, 1H), 6.735 (d, 1H), 6.541 (d, 

1H), 6.441 (d, 1H), 6.081 (m, 2H). 

4.7.3.3. Synthesis of [Ru(L7NN)(PPh3)2(CO)H] (9) 

Complex [Ru(L7NN)(PPh3)2(CO)H] (9) was synthesized by following the same procedure 

as for 8 from the reaction of Ru(PPh3)3Cl2  with ligand L7H2. Yield:  70% .  IR (KBr disk, in 

cm1): 1910(νCO), 1587 (νC=N), 745, 695, 520(νPPh3) cm-1. UVvis (CH2Cl2; λmax, nm (ε, M1 

cm1)): 230 (100,000), 338 (34,659).  

4.7.4. X–ray crystallography 

Single crystal of complexes 7, 8 and 9 were obtained via layering of hexane over a solution 

of dichloromethane which were suitable for diffraction study. The X–ray data collection and 

processing of complexes 7, 8 and 9 were carried out using Bruker Kappa Apex–II CCD 

diffractometer and graphite monochromated Mo–Kα radiation (λ = 0.71073 Å) at 273K. 

Structure solutions, refinement and data output were carried out with the SHELXTL 

program.235,236 All non–hydrogen atoms were refined anisotropically and hydrogen atoms 

were placed in geometrically calculated positions and refined using a riding model. Images 

were produced with the DIAMOND program.237 
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4.7.5. DFT study and computational details 

The DFT calculations for complexes 7, 8 and 9 were carried out using Gaussian 09 program 

package.249,250 The Becke’s three parameters hybrid exchange functional with the Lee–Yang–

Parr (LYP) nonlocal correlation functional was used throughout the computational 

study.249,250 A LANL2DZ basis set for ruthenium metal was used in the calculation. 

Coordinates from single crystal X-ray structures of all the complexes were used as input data 

for the optimisation of geometries. Pictorial representations of frontier molecular orbitals 

were created using the Gauss View-5 program. To evaluate the electronic transitions, time 

dependent density functional theory (TD-DFT) calculations were also performed on the 

optimised geometries. 

4.7.6. Synthetic procedure for catalytic transfer hydrogenation 

In a microwave reaction vial with a closed cap, a mixture containing ketone (1 mmol), the 

catalyst (known mol percent) and base (known mol percent) in 5 ml of isopropanol was 

heated on the oil bath with continous stirring at 85°C for suitable period of time as 

mentioned. After the usual workup (reported in literature),  the reaction product dissolved in 

hexane was analyzed by GC-MS. 
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Abstract 
 
The reaction of (E)-4-((2-nitrophenyl)diazenyl)phenol (L8H, H = dissociable proton) with 

Ru(PPh3)3Cl2 afforded novel organometallic anion radical complex [Ru(LA
8-.)(Cl)(PPh3)2] 

(10). During the synthesis of complex 10, nitro group in ligand converted to nitroso group 

through oxygen atom transfer to labile triphenylphosphine. One electron reduced nitroso 

group was coordinated to ruthenium in 1(N) mode. Complex 10 was treated with acidified 

nitrite to afford nitrosyl complex [Ru(LB
8-.)(PPh3)2(NO)](ClO4)(11) and it is a rare example 

of an organometallic ruthenium complex having azo anion radical as well as two different 

noninnocent ligands coordinated to one metal. Both the complexes were characterized by 

UV-vis, IR, NMR spectroscopic studies. Redox properties of complex 10 were investigated 

using cyclic voltammetry. Molecular structures of complexes 10 and 11 were authenticated 

using X-ray crystallographic studies. DFT calculations were performed to better 

understand the electronic properties of complex 10. 
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5.1. Introduction 

Coordination chemistry of transition metal complexes with redox noninnocent ligands have 

gained considerable interest during past few years inspired by the fact that both ligand as 

well as metal-centered redox events are invloved in biological processes, organic 

transformations etc.265,266 Organic radicals are highly reactive and their isolation in the 

crystalline state has become a challenging area of chemical research. In this regard, syntheses 

of coordination complexes of transition metal ions with possibilities of multiple oxidation 

states as a carrier of redox noninnocent ligands have been successfully used as an 

alternative.267 

Among all the redox active ligands, nitrogen centered redox-active noninnocent ligands have 

been well-known.268 Azo aromatic ligands, one of the nitrogen centered redox active ligands 

have been utilized significantly for the syntheses of coordination complexes with transition 

metals  during past few years269-271 however, isolation of the first two azo-anion-radical 

stabilized by ruthenium and copper was carried out simultaneously in the pure crystalline 

state in 1998.272,273 

From investigation of literature, it was found that organic nitro compounds are used as 

oxidants in various organic transformations and conversion of nitro group to nitroso group is 

mediated by transition metals by oxygen atom transfer from nitro group in M-NO2 or organic 

nitro compounds to CO, alkenes, phosphines to get corresponding oxidized product CO2, 

epoxides, phosphine oxides respectively (shown in Scheme 5.1). The nitroso ligand can 

coordinate to metal through 1-N, 1-O, and 2-(N, O) binding modes. Based on the previous 

reports, mechanism of the O-transfer from nitro groups may involve either the nucleophilic 
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 L  

 M        RNO2                       MRNO          LO 

 L LO 

              alkene epoxide 

               CO                                                                             CO2 

              phosphine                                                               phosphine oxide 

attack of the nitro oxygen on the oxidizable group L or outer and inner sphere electron 

transfer pathway.274-278 

 

 

 

 

 

 

 
 
 
 

Scheme 5.1 O-atom transfer from nitro group to oxidizable groups L 
 

Inspired by these valuable findings, in the present report, we designed and synthesized the 

ligand L8H systematically (shown in Scheme 5.2).  

 

 

 

 

 

 

 

 

 

 
Scheme 5.2 Ligand L8H 
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Organometallic ruthenium complex [Ru(LA
8)(Cl)(PPh3)2] (10) (shown in Scheme 5.3) 

having one electron reduced nitroso group coordinated to ruthenium as 1-N was isolated 

during reduction of nitro group in ligand L8H with simultaneous formation of 

triphenylphosphine oxide. To, the best of our knowledge, this is the first example of 

coordination of nitro aryl group to ruthenium in 1(Nnitroso) mode during oxygen atom 

transfer. Complex 10 is rare example of having unpaired electron on both ligand (nitroso 

group) as well as metal center and both are not coupled to each other. In most of the cases, 

the unpaired electron of the coordinated ligand gets coupled with unpaired electrons on 

another radical ligand or on the metal. Consequently, transition metal complexes with stable, 

uncoupled radicals are rare in the literature.279 Complex 10 was reacted with acidified sodium 

nitrite solution to get organometallic ruthenium nitrosyl complex 

[Ru(LB
8)(NO)(PPh3)2](ClO4)(11) (shown in Scheme 5.3) 

 

 

 

 

 

 

 

 

 
 

 

Scheme 5.3 Schematic drawings of complexes 10 and 11. 



Chapter 5: In-situ ligand modification to generate ………. 
 

130 
 

Interestingly, during the synthesis of ruthenium nitrosyl 11, unpaired electron from 

coordinated nitroso in 10 was shifted to azo group considered as sink of electron and 

formation of azo anion radical takes place.  

Apart from coordination complexes of M-L type in which only one redox active noninnocent 

ligand is present, complexes of L1-M-L2 type with two different noninnocent ligands 

coordinated to one redox active transition metal are rare in literature.280 

To, the best of our knowledge, complex 11 is first example of organometallic ruthenium 

complex having azo anion radical and it is a rare example of a molecule having two different 

noninnocent ligands coordinated to one metal. 

5.2. Results and discussion 

5.2.1. Syntheses and characterization of ligand and ruthenium complexes 
Ligand L8H was obtained in high yield by coupling  reaction of diazotized 2-nitro aniline 

with phenol. Ru(PPh3)3Cl2 was added directly to a hot methanolic solution (20 mL) of the 

ligand L8H  to afford the organometallic ruthenium(III) complex [Ru(LA
8)(Cl)(PPh3)2](10). 

[Ru(LB
8)(NO)(PPh3)2](ClO4)(11) was obtained from the complex 10 during nitric oxide 

reactivity. The complexes 10 and 11 were green and greenish blue in color and highly soluble 

in dimethylformamide, dichloromethane and dimethylsulphoxide but  insoluble in water.  

In the IR spectrum of complex 11,  the N-O stretching frequency (νNO) around 1874 cm-1 was   

expected for {Ru−NO}6 species as reported in literature around 1820-1960 cm-1 for 

{Ru−NO}6 species.161,186,221-223 Characteristic peaks of perchlorate as counter anion in the 

complex 11 were observed around 1093 cm1 and 622 cm1.214,58 In both the complexes 10 

and 11, the peaks in the range 747-750 cm−1, 694-695 cm−1 and 514-518 cm−1 (Table 5.1) 

confirmed the presence of axial PPh3 ligands.214-217,58,196 (shown in Figure 5.1). 
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Fig. 5.1 Infrared spectra of complexes (a) 10 and (b) 11. 
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Table 5.1 Data for IR spectral studies. 

 

 

 

 

The electronic absorption spectra of  complexes 10 and 11 were displayed in Figure 5.2. In 

complex 10, we observed charge transfer band with λmax near 497 nm which was probably 

due to ligand–to–metal charge transfer (LMCT) transition.51,56,58,225 In complex 11, bands 

near 583 nm, 743 nm (Table 5.2) were recognized to be metal to ligand charge transfer 

(MLCT) transition dπ(Ru)→π*(NO) type and this transition has been responsible for the 

photolability of the coordinated NO.161,186,168,188 

 
Table 5.2 Electronic absorption spectral data for ruthenium complexes 10 and 11 in 

dichloromethane solutions. 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Complex 

 

IR data (cm–1, KBr pellets) 

N=N N-O ClO4 PPh3 
10 1574 - - 743, 692, 513 
11 - 1874 1093, 622 745, 695, 520 

Complex max/nm ( / M–1cm–1) 

10 366(13068), 423(7500), 497(4909), 646(3181) 
11 369(26205), 583(14256), 743(1969). 
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Fig. 5.2 Electronic absorption spectra of complexes (a) 10  and (b) 11  in 
dichloromethane solutions. 
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In the ligand (L8H), we observed peak near 10.56 ppm, which was due to the presence of 

phenol (–OH) proton (Figure 5.3). Although complex 11 is one electron paramagnetic, but it 

provided NMR spectra and the 1H and 31P NMR spectra of 11 were displayed in Figure 5.4 

and Figure 5.5 respectively. Single peak around 20.18 ppm (Table 5.3) was obtained for 11 

in 31P NMR spectrum corresponding to the presence of trans PPh3 groups.214-217,58,196 

Table 5.3 NMR spectral data for ligand L8H and ruthenium nitrosyl complex 11. 

 
Fig. 5.3 1H NMR spectrum of L8H in DMSO-d6 at room temperature. 

Complex 1H NMR (δ /ppm)  31P NMR 
(δ /ppm) 

L8H 10.56 (s, 1H), 8.02 (d, 1H), 7.72 (m, 5H), 6.93 (d, 2H) - 

11 7.59 (s, 1H), 7.50-7.14 (m, 32H), 6.59 (s, 1H), 6.34(d, 
1H), 6.25(d, 1H) 

20.18 
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Fig. 5.4 1H NMR spectrum of complex 11 in CDCl3 at room temperature. 
 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

Fig. 5.5 31P NMR spectrum of complex 11 in CDCl3 at room temperature. 
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5.2.2. Description of molecular structures  

The molecular structures of the complexes [Ru(LA
8)(Cl)(PPh3)2] (10) and 

[Ru(LB
8)(NO)(PPh3)2](ClO4)(11) are shown in Figure 5.6 and Figure 5.7 respectively.   

  

    

 

 

 

 

 

 

 

 

 

 
Fig. 5.6 ORTEP diagram (50% probability level) of the [Ru(LA

8)(Cl)(PPh3)2] (10). All 
hydrogen atoms, crystallized solvent molecules and the PPh3 groups have been omitted 

for clarity. 
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Fig. 5.7 ORTEP diagram (50% probability level) of the 
[Ru(LB

8)(NO)(PPh3)2](ClO4)(11). All hydrogen atoms, counter anion, crystallized 
solvent molecules and the PPh3 groups have been omitted for clarity. 

 

The selected bond lengths and bond angles of complexes 10 and 11 are given in Table 5.4 

and Table 5.5 respectively. Crystal data collection and refinement details of the structures 

of complexes 10 and 11 are summarized in Table 5.6. In the molecular structure of 10, 

carbanion (C5), Cl(1), azo nitrogen (N2) and the nitroso nitrogen N(3) constituted the 

equatorial plane while both the PPh3 groups were at axial position. Hence, the geometry 

around Ru(III) centre was considered to be distorted octahedral as reflected in metric 

parameters. In the crystal structure of 11.CH2Cl2, the equatorial plane was comprised of 

carbanion (C5),  azo nitrogen (N2), nitroso nitrogen N(3) and N(5) of NO. However, after 

nitrosylation, the phosphine groups were intact at axial positions. In addition, ligand 

nitration was observed in the phenyl ring containing the –OH group, at ortho position to 
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the –OH group and carbanion (C5) function. All the bond distance and bond angle values 

were consistent with the values reported in the literature.58,171,188,272,281 

Table 5.4 Selected bond lengths (Å) and bond angles (deg.) of complex 10. 

  

 

 

 

 

 

 

 

 

 

 

 

Table 5.5 Selected bond lengths (Å) and bond angles (deg.) of complex 11. 

Bond lengths(A) Bond angles() 

Ru(1)N(2) 1.955(13) 
 

N(2)−Ru(1)−N(3) 
 

80.64(19) 
 

Ru(1)N(3) 
 

2.059(8) 
 

N(2)−Ru(1)−Cl(1) 
 

176.16(14) 
 

N(1)N(2) 
 

1.301(7) 
 

N(2)−Ru(1)−C(5) 
 

78.02(20) 
 

Ru(1)Cl(1) 
 

2.450(15) 
 

P(1)−Ru(1)−P(2) 
 

168.71(5) 
 

Ru(1)P(1) 
 

2.388(5) 
 

Cl(1)−Ru(1)−N(3) 
 

102.76(14) 
 

Ru(1)P(2) 
 

2.407(3) 
 

C(5)−Ru(1)−N(3) 
 

158.66(21) 
 

Ru(1)C(5) 
 

2.056(7) 
 

C(12)−N(3)−O(2) 114.18(47) 

N(3)O(2) 
 

1.266(7) 
 

  

Bond lengths(A) Bond angles() 

Ru(1)N(2) 2.005(3) 
 

N(2)−Ru(1)−N(5) 
 

176.65(9) 
 

Ru(1)N(3) 
 

2.126(7) 
 

N(3)−Ru(1)−N(5) 
 

106.12(9) 
 

N(1)N(2) 
 

1.339(5) 
 

N(2)−Ru(1)−C(5) 
 

76.96(8) 
 

Ru(1)N(5) 
 

1.767(3) 
 

P(1)−Ru(1)−P(2) 
 

172.28(2) 
 

Ru(1)P(1) 
 

2.464(3) 
 

C(5)−Ru(1)−N(3) 
 

153.61(8) 
 

Ru(1)P(2) 
 

2.474(3) 
 

C(5)−Ru(1)−N(5) 
 

100.12(9) 
 

Ru(1)C(5) 
 

2.102(9) 
 

Ru(1)−N(3)−O(1) 126.86(16) 

N(5)O(2) 
 

1.140(4) 
 

Ru(1)−N(5)−O(2) 
 

177.7(2) 
 

N(3)O(1) 
 

1.246(5) 
 

N(2)−Ru(1)−N(3) 
 

76.72(8) 
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Table 5.6 Summary of crystal data and structural refinement parameters for complexes 10 
and 11. 

 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

        

5.2.3. Electrochemistry 

The redox property of the complex 10 was measured by cyclic voltammetry in a 

dichloromethane solution by using 0.1 M TBAP as the supporting electrolyte. Complex 

10 exhibited three voltammetric response, one reversible oxidation couple with E1/2 value 

near +0.60 V probably due to the oxidation of nitroso group in the ligand frame, one 

irreversible reduction with E1/2 value –0.83V and one quasi-reversible reduction couple 

    10                                     11 

Empirical formula C48H38ClN3O2P2Ru C49H38Cl3N5O9P2Ru 
Formula weight  887.27 1110.20 
Temperature /K 293 293 
Λ (Å) (Mo-Kα) 0.71073 0.71073 
Crystal system Triclinic Triclinic 
Space group P 1 P1 
a (Å) 11.1635(16) 11.9194(12) 
b(Å) 11.8631(18) 12.5733(13) 
c (Å) 17.078(2) 17.6570(17) 
 (˚) 101.425(6) 98.422(5) 
γ (˚) 103.173(6) 110.836(4) 
β (˚) 105.491(7) 100.834(5) 
V (Å3) 2039.8(5) 2362.6(4) 
Z 2 2 
ρcalc (gcm-3) 1.445 1.561 
F(000) 908.0 1128.0 
Theta range  1.29-28.640 1.21−28.340 
Index ranges −14< h< 14, 

−15< k< 15, 
−23< l< 23 

−15< h< 15, 
−16< k< 16, 
−23< l< 23 

Data/restraints/par. 10195/0/514 11632/0/622 
GOFa on F2 1.191 1.045 
R1b [I > 2σ(I)] 0.0659 0.0345 
R1[all data] 0.0881 0.0447 
wR2c [I > 2σ(I)] 0.2040 0.0858 
wR2 [all data] 0.2315 0.0948 
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with E1/2 value –1.36 V vs. Ag/AgCl (Figure 5.8). Two cathodic peaks were observed 

probably due to reduction of azo group and nitroso group in ligand frame.281 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 5.8 Cyclic voltammogram of 10–3 M solution of complex 10  in the presence of 0.1 
M tetrabutylammonium perchlorate (TBAP), using a working electrode (glassy-carbon), 
reference electrode (Ag/AgCl) and auxiliary electrode (platinum wire), scan rate = 0.1 

Vs–1. 
 

 

5.2.4. GC-MS spectrum of triphenylphosphine oxide(TPPO) 

During the synthesis of complex 10, oxygen atom transfer took place from nitro group of 

ligand L8H to one of labile triphenylphosphine of Ru(PPh3)3Cl2 and triphenylphosphine 

oxide was extracted from the filtrate. It was characterized using GC-MS chromatography 

and GC-MS spectrum of TPPO is given in Figure 5.9. 
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Fig. 5.9 GC-MS spectrum of triphenylphosphine oxide. 
 

5.2.5. Density functional theory (DFT) calculations 

All DFT optimizations have been carried out by employing a B3LYP hybrid functional using 

the Gaussian 09, revision B.01, package software package.282 The method used was Becke’s 

three parameter hybrid exchange functional, the nonlocal correlation provided by the Lee, 

Yang, and Parr expression, and Vosko, Wilk, and Nuair 1980 correlation functional (III) for 

local correction.283-285 The basis set was LANL2DZ for ruthenium atom and 6-31g+(d,p) for 

carbon, nitrogen, oxygen, chlorine, phosphorous and hydrogen atoms. The coordinates are 

taken directly from the single crystal X-ray data and subsequently unconstrained geometry 

optimization of the molecules are done keeping the spin-state (low-spin) constant both for 

ruthenium with the complex having overall charge 0 and spin multiplicity of 3 for 

ferromagnetic interactions. The symmetry-broken,286 singlet-diradical wave function of the 

complex was subsequently optimized. Frequency calculations were also executed on all 

optimized structures to ensure that there are zero or very few imaginary frequencies. 
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The Mulliken spin density plot of complex 10 showed that the total 92% spin density is 

distributed over the coordinated nitroso group (44% spin density is distributed over nitrogen 

and 48% spin density is distributed over oxygen of nitroso group) which confirmed the 

presence of one unpaired electron over the ligand and 72% spin density is located over metal 

center corresponding to one unpaired electron (shown in Figure 5.10). From spin density 

distribution, it was confirmed that there are two unpaired electrons in complex 10. 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.10 Spin density plot of complex 10. 

 

 

The singly occupied molecular orbital (SOMO) of complex 10 (shown in Figure 5.11) was 

found to be located over the ligand (84%) along with minor contribution of metal centre 

(13%).  
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Fig. 5.11 SOMO of complex 10. 
 

5.3. Conclusions 

Following are the major findings and conclusions of the present study (a) Non innocent 

ligand  L8H was systematically designed and synthesized (b) Reduction of nitro group to 

nitroso and oxygen atom transfer to triphenylphosphine was extremely important during 

synthesis of  organometallic ruthenium complex 10. (c) A rare example of generation of 

anion radical on nitroso group in 10 during the reduction of nitro group and C-H bond 

activation. (d) A rare example of generation of organometallic azo anion radical in 11 

during the nitrosylation of complex 10. (e) Both the complexes were characterized using 

IR, UV-vis, NMR spectroscopy (f) Molecular structures of both the complexes were 

authenticated using X-ray crystallography (g) Redox properties of complex 10 were 

investigated using cyclic voltammetry. (h) DFT calculations were performed to better 

understand the electronic properties of complex 10. 
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5.4. Experimental section 

5.4.1. Reagents and materials  

All the reagents used were of analytical grade. 2-nitroaniline, phenol, sodium perchlorate 

monohydrate, sodium nitrite (Himedia Laboratories Pvt. Ltd., Mumbai, India) were used as 

obtained. RuCl3.3H2O was purchased from Loba Chemie Pvt. Ltd., Mumbai, India. 

Triphenylphosphine (SRL,Mumbai, India) were used as obtained. Distilled solvents were 

used during the experiments. The precursor [Ru(PPh3)3Cl2] was prepared by following the 

procedure reported earlier.233 

Infrared spectra were obtained as KBr pellets with Thermo Nicolet Nexus FT–IR 

spectrometer, using 16 scans and were reported in cm─1. 1H and 31P NMR spectra were 

recorded on JEOL, 400 MHz spectrometer in the deuterated solvents. Electronic absorption 

spectra of the complexes were recorded in dichloromethane solvent with an Evolution 600, 

Thermo Scientific (Shimadzu) UV–vis spectrophotometer.  

5.4.2. Synthesis of ligand and ruthenium complexes 

5.4.2.1. Synthesis of (E)-4-((2-nitrophenyl)diazenyl)phenol(L8H)) 

Ligand L8H was synthesized by coupling  reaction of diazotized 2-nitro aniline with phenol.   

1H NMR (DMSO-d6, 400 MHz): δ 10.56 (s, 1H), 8.02 (d, 1H), 7.72 (m, 5H), 6.93 (d, 2H) 

ppm. 

5.4.2.2. Synthesis of [Ru(LA
8)(Cl)(PPh3)2] (10) 

A batch of Ru(PPh3)3Cl2 (0.1 mmol) was added to a methanol solution (35 mL) of L8H (0.15 

mmol) and the mixture was refluxed for 4 h at 85 °C with continuous stirring. It was then 

cooled to room temperature. The dark green solid was filtered out and washed thoroughly 

with methanol and diethyl ether and then dried. Yield: (61%). IR (KBr disk, in cm–1): 1574 
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(νN=N),  743, 692, 513 (νPPh3). UV–vis (CH2Cl2; λmax, nm (ε, M–1cm–1)):  366(13068), 

423(7500), 497(4909), 646(3181). 

5.4.2.3. Synthesis of [Ru(LB
8)(NO)(PPh3)2](ClO4) (11) 

A batch of (0.090 g, 0.1 mmol) of complex 10 was taken in 30 mL of dichloromethane to 

obtain a green colored solution in round bottom flask of 100 mL. Now 20 mL acidified 

distilled water (pH 2.5) was added to this solution. Sodium nitrite (0.4 g) was added to the 

above solution and  stirred at room temperature for 2.5 hours to get dark greenish blue 

colored solution. Sodium perchlorate dissolved in 10 mL of methanol was added to the 

dichloromethane layer which was separated out. And above solution was further stirred for 1 

hour. The solvent mixture was evaporated to get dark greenish blue solid of complex 11. To 

remove excess of sodium perchlorate, solid was further dissolved in dichloromethane and 

filtered out. Yield: 58 %. IR (KBr disk, cm─1): 1874 (νNO), 745, 695, 520 (νPPh3), 1093, 622 

(νClO4), cm─1. UV-Vis (CH2Cl2; max/nm (, M─1cm─1)):   369(26205), 583(14256), 

743(1969). 1H NMR (CDCl3, 400MHz): δ 7.59 (s, 1H), 7.50-7.14 (m, 32H), 6.59 (s, 1H), 

6.34(d, 1H), 6.25(d, 1H) ppm. 31P NMR (CDCl3, 400 MHz): δ 20.24 ppm. 

5.5. X–ray crystallography 

Crystals of complexes 10 and 11  were obtained via layering of hexane over a solution of 

dichloromethane which were suitable for diffraction study. The X–ray data collection and 

processing for complexes 10 and 11  were performed with Bruker Kappa Apex–II CCD 

diffractometer using graphite monochromated Mo–Kα radiation (λ = 0.71073 Å) at 273K. 

Crystal structures were solved by direct method. Structure solutions, refinement and data 

output were carried out by the SHELXTL program.235,236 All non–hydrogen atoms were 
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refined anisotropically and hydrogen atoms were placed in geometrically calculated positions 

and refined using a riding model. Image was created using  DIAMOND program.237 
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Abstract 

Half sandwich ruthenium complexes [(p-cym)RuII(L9-12)Cl]PF6(12-15) containing NN 

chelating schiff base ligand were successfully designed and synthesized. All the synthesized 

complexes were characterized by UV-vis, IR, ESI-MS, NMR spectroscopic studies. 

Molecular structures of 12 and 15 were authenticated using X-ray crystallography. 

Complexes 12-15 were utilized to investigate the anti-cancer activity studies on MCF-7, 

MDA-MB-435s and HEK-293 cell lines. Among all the complexes, complex 15 was found to 

be more potent against MCF-7 and MDA-MB-435s cancer cells as compared to complexes 

12-14. However, all the complexes exhibited less cytotoxicity or almost inactivity towards 

HEK-293 normal cells. 
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6.1. Introduction 

Cancer, one of the most fatal diseases, embraces a large group of dreadful diseases in the 

world and causes the death of millions of people every year. It is characterized by the 

division of abnormal cells in an uncontrolled manner that disrupt tissues. Factors responsible 

for cancer may be either external such as chemicals, radiation, viruses or internal such as 

hormones, immune conditions, inherited genes.86-89 

Platinum based metallodrugs e.g. cisplatin, carboplatin and oxaliplatin are broadly used for 

cancer treatment as chemotherapeutic agents. However, tumour resistance and their several 

side effects like immunosuppression, renal toxicity, myelosuppression, neurotoxicity, severe 

nausea, vomiting has significantly slowed down the introduction of new platinum-based 

derivatives into clinical studies. Therefore, the approaches to explore alternative anticancer 

drugs derived from transition metal complexes with similar therapeutic profiles to cisplatin, 

but without its drawbacks dominate the research in field of cancer.90,91  

A large number of metal complexes with aromatic N, P, O, S donor ligands with particular 

attention to ruthenium most likely due to the iron mimicking ability of ruthenium in binding 

to biomolecules,89 have been used as promising anticancer agents.224,287-290 Even though, a 

wide range of ruthenium complexes have been reported, ruthenium–arene complexes with 

modified ligands find their significance as anticancer agents.88,89,291-298 

The N^N-chelating ligands which coordinate to a wide range of metals in coordination 

chemistry, have found vast applications in medicinal chemistry.288 Inspired by these valuable 

findings, herein we designed and synthesized a series of new half sandwich p-cymene Ru(II) 

complexes [(p-cym)RuII(L9-12)Cl]PF6(12-15) containing N^N- chelating  imino-pyridyl 

ligands (Scheme 6.1). We also studied the cytotoxicity of all the complexes 12-15 on MCF-7, 
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MDA-MB-435s and HEK293 cell lines using MTT assay. We further performed the 

experiments including apoptosis assay, elevation in reactive oxygen species (ROS) level and 

human serum albumin (HAS) binding. Among all these complexes, complex 15 was found to 

be more potent against MCF-7 and MDA-MB-435s cancer cells as compared to complexes 

12-14. However, all the complexes exhibited less cytotoxicity or almost inactivity towards 

HEK293 normal cells. 

 

 

 

 

 

 

 

 
 
 

 
 
 

Scheme 6.1 Complexes 12-15 with ligands L9-12 
 
 

6.2. Results and discussion 

6.2.1. Syntheses and characterization of ligands and ruthenium complexes 
Ligands L9-12

 were obtained in high yield by condensation reaction of 2-(1-

phenylhydrazinyl)pyridine with p-chloro benzaldehyde, cinnamaldehyde, benzophenone, 

naphthaldehyde respectively in methanol. [(6-cymene)RuCl2]2 was added to methanolic 
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solution (20 mL) of the ligands L9-12
 to afford the ruthenium(II) complexes [(6-

cymene)RuII(L9-12)Cl]PF6 (12-15) respectively. The complexes 12, 13, 15 were yellow and 

complex 14 was orange in color. All the complexes were highly soluble in dichloromethane, 

dimethylformamide and dimethylsulphoxide but less soluble in water.  

In the IR spectra of complexes 12-15 (Figure 6.1), peaks around 840 cm1 and 560 cm1 

confirmed the presence of hexafluoro phosphate as counter anion (Table 6.1).224 

 

 
 
 
 
 
 
 

 
 
 
 

 
 

 

 
 
 
 

 
 

 
 

 
Fig. 6.1 Infrared spectra of ruthenium complexes (a) 12 (b) 13 (c) 14 and (d) 15. 
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Table 6.1 Data for IR spectral studies. 

Complex 
 

IR data (cm–1, KBr pellets) 

 
 

12 
13 
14 
15 

 C=N             PF6 

 
1613          835, 560 
1605             840, 560 

 1617        839, 563 
1611          842, 560 

 

The electronic absorption spectra of complexes 12-15 were displayed in Figure 6.2. In all the 

complexes 12-15, charge transfer band with λmax above 300 nm (Table 6.2) observed which 

was probably due to metal to ligand charge transfer (MLCT) transition.  

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 
 

Fig. 6.2 Electronic absorption spectra of 12-15 in dichloromethane solutions. 
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Table 6.2 Electronic absorption spectral data for ruthenium complexes 12-15. 

 
 
 

 

 

 

 
The 1H NMR spectra of the ligands (L9-12) were displayed in Figures 6.3-6.6, respectively. 

All the complexes were found to be diamagnetic which was confirmed by 1H NMR spectral 

studies (Table 6.3). The 1H NMR spectra of complexes 12-15 were displayed in Figures 6.7-

6.10, respectively.  

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 6.3 1H NMR spectrum of ligand L9 in DMSO-d6 at room temperature. 

Complex max/nm ( / M–1cm–1) 

    12 

    13 

    14 

    15 

226 (10963), 284(9686), 340(7764) 

233 (18073), 303(24082), 370(34403) 

253(16355), 367(6476), 450(2169) 

230 (24962), 285(12310), 345(10075) 
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Fig. 6.4 1H NMR spectrum of ligand L10 in DMSO- d6 at room temperature. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 

Fig. 6.5 1H NMR spectrum of ligand L11 in DMSO- d6 at room temperature. 
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Fig. 6.6 1H NMR spectrum of ligand L12 in DMSO- d6 at room temperature. 
 

 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 

 
 

 
 

Fig. 6.7 1H NMR spectrum of complex 12 in DMSO- d6 at room temperature. 
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Fig. 6.8 1H NMR spectrum of complex 13 in DMSO- d6 at room temperature. 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 

 
Fig. 6.9 1H NMR spectrum of complex 14 in DMSO- d6 at room temperature. 
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Fig. 6.10 1H NMR spectrum of complex 15 in DMSO- d6 at room temperature. 
 
 
 

The ESI-MS spectra for complexes 13 and 14 in acetonitrile showed mass peak at m/z 

570.1246[M − PF6]+ and 620.1401[M − PF6]+ respectively shown in Figure 6.11-6.12. 
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Table 6.3 NMR spectral data for ligands L9-12 and ruthenium complexes 12-15. 
 

Complex 1H NMR  
(δ /ppm)  

L9 8.05-8.04 (d, 1H), 7.80-7.76 (m, 2H), 7.70-7.69 (d, 
2H), 7.63-7.60 (t, 2H), 7.52-7.49 (t, 1H), 7.44-7.43 (d, 
2H), 7.26-7.24 (d, 2H), 7.21 (s, 1H), 6.92-6.89 (t, 1H) 

L10 
 
 

L11 

 

 
L12 

 

 

12 
 
 

 

 
13 

 
 

 
14 

 
 

15 

8.03-8.02 (d, 1H), 7.76-7.73 (t, 1H), 7.63-7.59 (t, 3H), 
7.52-7.48 (m, 3H), 7.36-7.33 (t, 2H), 7.28-7.25 (t, 1H), 
7.22-7.21 (d, 2H), 7.11-7.09 (d, 2H), 6.89-6.86 (t, 1H),  
6.75-6.72 (d, 1H)  
8.06-8.05 (d, 1H), 7.75-7.74 (d, 1H), 7.69-7.65 (m, 
1H), 7.58-7.57 (d, 2H), 7.48-7.47 (d, 1H), 7.43-7.40 (t, 
2H), 7.23-7.17 (m, 3H), 7.14-7.07 (m, 3H), 6.98-6.95 
(t, 1H),  6.89-6.88 (d, 2H), 6.84-6.82 (d, 2H)  
8.33-8.31 (d, 1H), 8.09-8.08 (d, 1H), 7.99-7.92 (m, 
3H), 7.88 (s, 1H), 7.84-7.78 (m, 2H), 7.69-7.66 (t, 2H), 
7.61-7.54 (m, 4H), 7.36-7.35 (d, 2H), 6.94-6.92 (t, 1H)  

8.95-8.94 (d, 1H), 8.20-8.19 (d, 2H), 8.13 (s, 1H), 7.83-
7.76 (m, 4H), 7.72-7.70 (d, 2H), 7.35-7.34 (d, 2H), 
7.23-7.20 (t, 1H), 6.16-6.14 (d, 1H), 5.94-5.93 (d, 1H), 
5.57-5.50 (d, 1H), 5.45-5.43 (d, 1H), 4.88-4.87 (d, 1H), 
2.67-2.61 (m, 1H), 2.21 (s, 3H), 1.16-1.15, 1.08-1.06 
(d, 3H, d, 3H) 

8.92 (d, 1H), 8.20-8.19 (d, 2H), 8.13 (s, 1H), 7.83-7.76 
(m, 4H), 7.72-7.70 (d, 2H), 7.35-7.34 (d, 2H), 7.23-
7.20 (t, 1H), 6.16-6.14 (d, 1H), 5.94-5.93 (d, 1H), 5.57-
5.50 (d, 1H), 5.45-5.43 (d, 1H), 4.88-4.87 (d, 1H), 
2.67-2.61 (m, 1H), 2.21 (s, 3H), 1.16-1.15, 1.08-1.06 
(d, 3H, d, 3H) 

9.02-9.01 (d, 1H), 7.84-7.63(m, 7H), 7.39-7.36 (t, 1H), 
7.28-7.20(m, 7H), 7.02-7.01 (d, 2H), 6.81-6.75(m, 3H), 
6.00-5.99 (d, 1H), 5.63-5.62 (d, 1H), 2.71-2.64 (m, 
1H), 2.03 (s, 3H), 1.16-1.15, 0.98-0.97 (d, 3H, d, 3H) 

8.99-8.98 (d, 1H), 8.54-8.53 (m, 2H), 8.27-8.25 (d, 
1H), 8.16-8.14 (d, 1H), 7.86-7.73 (m, 8H), 7.54-7.53 
(d, 2H), 7.24-7.21 (t, 1H), 6.28-6.26 (d, 1H), 5.87-5.86 
(d, 1H), 5.37-5.36 (d, 1H), 5.07-5.06 (d, 1H), 4.32 (s, 
1H), 2.07 (s, 3H), 1.06-1.02 (m, 6H) 
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Fig. 6.11 ESI–MS positive ion specrtum of complex 13 (acetonitrile solvent was used). 
Units m/z in Da. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.12 ESI–MS positive ion specrtum of complex 14 (acetonitrile solvent was used). 

Units m/z in Da. 
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6.2.2. Description of molecular structures  

The molecular structures of the complexes [(6-cymene)RuII(L9)Cl]PF6 (12) and  [(6-

cymene)RuII(L12)Cl]PF6 (15) are depicted in Fig. 6.13 and Fig. 6.14 respectively.   

The selected bond lengths and bond angles of complexes 12 and 15 are given in Table 

6.4. Crystal data collection and refinement details of the structures of complexes 12 and 

15 are summarized in Table 6.5. In the crystal structures of 12 and 15, the ruthenium 

centre adopted a distorted-octahedral geometry as reflected in parameters given in Table 

6.4. In all the complexes, PF6 stretching frequency (νPF6∼840cm1) was consistent with 

reported values.224  

 

 

 

 

 

 

 

 

 

 
 
 
 

 
Fig. 6.13 ORTEP diagram (50% probability level) of the [(6-cymene)RuII(L9)Cl]PF6 

(12). All hydrogen atoms, counter anion have been omitted for clarity. 
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Fig. 6.14 ORTEP diagram (50% probability level) of the [(6-cymene)RuII(L12)Cl]PF6 
(15). All hydrogen atoms, counter anion have been omitted for clarity. 

 
 
 

Table 6.4 Selected bond lengths (Å) and bond angles (deg.) of complexes 12 and 15.    
 

 

 

 

 

 

 

 

Bond lengths (Å)                 Bond angles (°) 
12 

Ru(1)−Cl(1) 2.387(9) N(1)−Ru(1)−Cl(1) 88.13(7) 
Ru(1)−N(3) 2.064(3) N(1)−Ru(1)−N(3) 76.96(10) 
Ru(1)−N(1) 2.116(2) Cl(1)−Ru(1)−N(3) 84.43(8) 

15 

Ru(1)−Cl(1) 2.386(10) N(1)−Ru(1)−Cl(1) 90.68(9) 
Ru(1)−N(2) 2.068(3) N(1)−Ru(1)−N(2) 76.49(11) 
Ru(1)−N(1) 2.120(3) Cl(1)−Ru(1)−N(2) 82.68(9) 
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Table 6.5 Summary of crystal data and structural refinement parameters for complexes 12 

and 15. 

 

 

 

 

 12                                           15 

Empirical formula C28 H28 Cl2 N3 Ru, F6 P C32 H31 Cl N3 Ru, F6 P 

Formula weight 723.47 739.09 
Temperature /K 296(2) 293(2) 
Λ (Å) (Mo-Kα) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group P 21/c P 21/c 

a (Å) 14.9108(6) 12.769(2) 
b(Å) 10.0858(4) 14.750(3) 
c (Å) 20.2271(7) 17.519(3) 

(˚) 90.00 90.00 

γ (˚) 90.00 90.00 
β(˚) 97.559(2) 104.902(7) 

V (Å3) 3015.5(2) 3188.7(10) 
Z 4 4 

ρcalc (gcm-3) 1.594 1.540 
F(000) 1456.0 1496.0 

Theta range 0.850-28.300 0.871−28.300 
Index ranges −19<h< 19, 

−23<k< 23, 
−26<l< 26 

−17<h< 17, 
−19<k< 19, 
−23<l< 23 

Data/restraints/par. 7431/0/373 7877/0/401 
GOFa on F2 1.039 1.152 

R1b [I > 2σ(I)] 0.0424 0.0521 
R1[all data] 0.0563 0.0775 

wR2c [I > 2σ(I)] 0.1070 0.1396 
wR2 [all data] 0.1183 0.1736 
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6.2.3. Cell proliferation assay 

Initially, the all synthesized complexes 12-15 were evaluated for their anti-proliferative 

properties on MCF-7, MDA-MB-435s and HEK293 cell lines by MTT assay. Each complex 

was screened in the concentration range of 0-250 µM, and treatments were given for 24 and 

48 h. The cell viability results had shown that in the studied concentration range the complex 

15 inhibit the proliferation of both the cancerous cell lines significantly, whereas complexes 

12-14 inhibit the growth at very high concentration range (shown in the Figure 6.15). These 

results suggested that the complex 15 is more potential molecule than complexes 12, 13 and 

14.  

 

 

 

 

 

 

 
Fig. 6.15 Cell proliferation studies of selected cancer cells with complexes 12-15. 

Outcome from the viability studies of MCF-7 and MDA-MB-435s cells in presence of 
increasing concentrations of each complex, treatment was given for 48 h. Cell viabilities 
were presented as the percentage of the number of viable cells to that of the control. Each 

data point shown is the mean ± SD from n=3. (For anticancer activities paclitaxel has 
been taken as positive control). 
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It was interesting that in the studied concentration range all of the synthesized complexes 

don’t show any cytotoxicity towards HEK-293 cell lines (normal cells) (shown in the Figure 

6.16). The IC50 values for the complex 15 have been shown in the inset of Figure 6.15. For 

complex 15, the IC50 values were found to be 28.76 ± 0.82 μM for MDA-MB-435s cells and 

20.55 ± 0.24 μM for MCF-7 cells. Further, the cytotoxicity of complex 15 at its respective 

IC50 value was also studied on HEK293 cells, it was observed that more than 85% of 

embryonic kidney cells are viable even after 72 h of treatment. These cell viability results 

clearly indicated that though all the synthesized complexes (12-15) are non-toxic to normal 

cells and, but complex 15 is more potent towards studied cancerous cells. Thus, complex 15 

was taken for further cell based studies such as apoptosis and reactive oxygen species (ROS) 

production. 

 

 

 

 

 
 

Fig. 6.16 Outcome from the cell viability studies of HEK293 cells in presence of increasing 
concentrations of  complexes 12-15, treatment was given for 48 h. Cell viabilities were 

presented as the percentage of the number of viable cells to that of the control. 
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6.2.4. Apoptosis assay 

Evasion of apoptosis is a striking hallmark of all the cancerous cells, though it is an 

indispensable process abnormal cell growth, in case of cancerous cells impaired signaling 

helps them to overcome it.299 Thus, it was of interest to see whether the decrease in cell 

viability in studied cancerous cells (MCF-7 and MDA-MB-435s) after the treatment of 

complex 15 is apoptosis mediated or not.  The cells (MCF-7 and MDA-MB-435s) were 

starved in reduced serum medium and treated with IC50 dose of complex 15 for 24 h and 

subsequently annexin-V staining was used to evaluate the apoptotic potential of complex 15. 

The annexin-V stained cells were analyzed by flow cytometry and it was found that the 

treatment of complex 15 considerably induces the apoptosis in both the cancerous cells 

(shown in Figure 6.17).  

 

 

 

 

 

 

 

Fig. 6.17 MCF-7 and MDA-MB-435s cells were treated with IC50 concentrations of 
complex 15 for 24 h and apoptosis induction was studied using Annexin V-PI apoptosis 
kit (A) Histogram showing the distribution of anti-FITC-Annexin-V stained cells after 
the treatment of complex 15. (B) Bar graphs represent the percentage of MCF-7 and 

MDA-MB-435s cells undergoing apoptosis for duplicate measurements ± SD. 
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Analysis of results suggested that treatment cells with IC50 dose of complex 15 induces 

apoptosis in 55.87 %, of MCF-7 cells and 40.71 %, of MDA-MB-435s cells as compared 

to the control cells (shown in Figure 6.17). Thus, the results of apoptosis studies 

suggested that the death of studied cancerous cells after the treatment of complex 15 is 

apoptosis mediated. These results are also in accordance of previously published results 

that treatment of cancerous cells with transition metal based drugs or Ru-based 

complexes causes cell death via apoptosis induction.295,300 

6.2.5. ROS estimation 

The mitochondrial metabolism is the main source of ROS which has the capacity to induce 

cell apoptosis.301 Thus on the basis of apoptosis results, it was of significant importance to 

study the production of ROS after the treatment of cells with complex 15. Both the cells were 

treated with IC50 dose of complex 15 for 5-6 h and the levels of ROS were measured with the 

help of flow cytometry by using 2-Dichlorofluorescein diacetate (DCFDA) staining. Results 

of ROS measurements clearly suggested that the treatment of cells with complex 15 increases 

the production of ROS (Figure 6.18). The treatment of cells with complex 15 shifts the 

position of respective histogram towards right (higher value), which indicates higher level of 

ROS. This increase in the level of ROS after the treatment of cells with complex 15 might be 

also be contributed to the cell death. These results were found to be consistent with the 

earlier studies that the increased levels of ROS after the treatment of some anticancer 

drugs/metal based drugs can activate a sequence of pro-apoptotic pathways, which eventually 

leads to malfunctioning at cellular level and leads to apoptosis.295,301,302  All of these results 

suggested that the complex 15 inhibits the growth of cancerous cells and demonstrate great 
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A B 

potential of it for promising anticancer lead molecule.  

 

 

 

 

 

 

Fig. 6.18 (A) Histogram showing the level of ROS in untreated (red colour) and treated 
MCF-7 (cyan colour) cells. (B) Histogram showing the level of ROS in untreated (red 

colour) and treated MDA-MB-435s (cyan colour) cells. Cells were treated with IC50 dose 
of complex 15 for 5-6 h and processed for ROS measurements using DCFDA staining by 

FACS.  Shifting of histogram towards right shows higher levels of ROS. 

 

6.2.6. HSA Binding  

Due to the abundance of serum albumin in blood stream and its importance in drug delivery 

system, we analyzed the binding of complex 15 with HSA with the help of fluorescence 

emission measurements.  HSA sample was excited at 280 nm and emission spectra were 

recorded in the range of 300-400 nm with the increasing concentrations of complex 15 (0-

100 µM). The significant decrease in fluorescence intensity while increasing the 

concentration of complex 15 is fitted in the modified Stern-Volmer equation and the binding 
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constant (Ka ) and number of binding site per protein molecule (n) were estimated (shown in 

Figure 6.19). With the successive addition of complex 15 in HSA a progressive decrease in 

the fluorescence emission has been observed (shown in Figure 6.19).  These results 

suggested that complex 15 interacted with HSA. The value of binding constant was  2.08x104 

M-1. The value of binding constant suggested that the complex 15 possesses medium binding 

affinity for HSA. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.19 (A) Fluorescence emission spectra of HSA with the increasing concentration of 
complex 15 (see inset for concentrations), excitation wavelength was fixed at 280nm and 

emission was recorded in 300-400 nm (B) Modified Stern-Volmer plot showing quenching of 
HSA fluorescence with increasing concentration of complex 15, this plot was used to 

calculate binding affinity (Ka) and number of binding sites (n). 
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6.3. Conclusions 

Following are the major findings and conclusions of the present study. First, half sandwich 

ruthenium complexes [(p-cym)RuII(L9-12)Cl]PF6 (12-15) were synthesized and characterized 

by IR, UV-VIS, ESI-MS, NMR spectroscopic studies. Second, the molecular structures of 12 

and 15 were determined by X-ray crystallography. Third, all the complexes were utilized to 

investigate the anti-proliferation activity studies on MCF-7, MDA-MB-435s and HEK293 

cell lines. Fourth, apoptosis assay, elevation in ROS level and HSA binding studies were 

examined. Fifth, among all the complexes, complex 15 was found to be more potent against 

MCF-7 and MDA-MB-435s cancer cells as compared to complexes 12-14. However, all the 

complexes exhibited less cytotoxicity or almost inactivity towards HEK-293 normal cells. 

6.4. Experimental section 

6.4.1. Reagents and materials 

Analytical grade reagents 4-chlorobenzaldehyde, cinnamaldehyde, benzophenone, 

naphthaldehyde, ammonium hexafluorophosphate were used as obtained. RuCl3.3H2O was 

purchased from Loba Chemie Pvt. Ltd., Mumbai (India). Triphenylphosphine (SRL, 

Mumbai, India) was used as obtained. The precursor [(6-cymene)RuCl2]2 and  2-(1-

phenylhydrazinyl)pyridine were prepared by following the procedure reported earlier.251,303 

6.4.2. Physical measurements 

Infrared spectra were recorded with Thermo Nicolet Nexus FT–IR spectrometer, as KBr 

pellets using 16 scans and were reported in cm─1. 1H NMR spectra of all complexes in the 

deuterated solvents were recorded on Bruker, 500 MHz spectrometer. Electronic absorption 

spectra of all complexes in dichloromethane solvent were recorded with an Evolution 600, 

Thermo Scientific (Shimadzu) UV–vis spectrophotometer. The ESI-mass spectra of the 
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complexes 2 and 3 (in acetonitrile solvent) were recorded with Thermo Finnigan LCQ Deca 

mass spectrometer in the positive ion mode  

6.4.3. Syntheses of Ligands 

6.4.3.1. Synthesis of 2-(2-(4-chlorobenzylidene)-1-phenylhydrazinyl)pyridine (L9)  

A solution of p-chloro benzaldehyde (3 mmol) in methanol (10 ml) was added dropwise to a 

solution of 2-(1-phenylhydrazinyl)pyridine (3 mmol) in methanol (10 ml) with stirring. After 

3 h of continous stirring, the pinkish white colored precipitate was filtered and washed 

thoroughly with small amount of methanol. Yield: 72%. Anal.1H NMR (DMSO-d6, 500 

MHz): δ 8.05-8.04 (d, 1H), 7.80-7.76 (m, 2H), 7.70-7.69 (d, 2H), 7.63-7.60 (t, 2H), 7.52-7.49 

(t, 1H), 7.44-7.43 (d, 2H), 7.26-7.24 (d, 2H), 7.21 (s, 1H), 6.92-6.89 (t, 1H) ppm. 

6.4.3.2. Synthesis of 2-((E)-1-phenyl-2-((E)-3-phenylallylidene)hydrazinyl)pyridine (L10) 

Ligand (L10) was synthesized from reaction of cinnamaldehyde with 2-(1-

phenylhydrazinyl)pyridine in the same way as for ligand L9. Yield: 70%. Anal.1H NMR 

(DMSO- d6, 500 MHz): δ 8.03-8.02 (d, 1H), 7.76-7.73 (t, 1H), 7.63-7.59 (t, 3H), 7.52-7.48 

(m, 3H), 7.36-7.33 (t, 2H), 7.28-7.25 (t, 1H), 7.22-7.21 (d, 2H), 7.11-7.09 (d, 2H), 6.89-6.86 

(t, 1H),  6.75-6.72 (d, 1H) ppm. 

6.4.3.3. Synthesis of 2-(2-(diphenylmethylene)-1-phenylhydrazinyl)pyridine (L11) 

Ligand (L11) was synthesized from reaction of benzophenone with 2-(1-

phenylhydrazinyl)pyridine in the same way as for ligand L9. Yield: 65%. Anal.1H NMR 

(DMSO- d6, 500 MHz): δ 8.06-8.05 (d, 1H), 7.75-7.74 (d, 1H), 7.69-7.65 (m, 1H), 7.58-7.57 

(d, 2H), 7.48-7.47 (d, 1H), 7.43-7.40 (t, 2H), 7.23-7.17 (m, 3H), 7.14-7.07 (m, 3H), 6.98-6.95 

(t, 1H),  6.89-6.88 (d, 2H), 6.84-6.82 (d, 2H)  ppm. 
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6.4.3.4. Synthesis of 2-(2-(naphthalen-1-ylmethylene)-1-phenylhydrazinyl)pyridine 

(L12) 

Ligand (L12) was synthesized from reaction of naphthaldehyde with 2-(1-

phenylhydrazinyl)pyridine in the same way as for ligand L9. Yield: 68%. Anal.1H NMR 

(DMSO- d6, 500 MHz): δ 8.33-8.31 (d, 1H), 8.09-8.08 (d, 1H), 7.99-7.92 (m, 3H), 7.88 (s, 

1H), 7.84-7.78 (m, 2H), 7.69-7.66 (t, 2H), 7.61-7.54 (m, 4H), 7.36-7.35 (d, 2H), 6.94-6.92 (t, 

1H)  ppm. 

6.4.4. Syntheses of ruthenium complexes 

6.4.4.1. Synthesis of [(6-cymene)RuII(L9)Cl]PF6 (12) 

To a 20 mL methanolic solution of L9 (0.2 mmol), a batch of ruthenium precursor complex 

[(6-cymene)RuCl2]2 ( 0.1mmol) was added directly and mixture was stirred at room 

temperature for 1h, after that NH4PF6 (0.25 mmol) was added to above solution and stirring 

was continued further for 1h. The yellow colored precipitate separated out and was filtered 

with filter paper, washed with methanol and diethyl ether and dried under vacuum. Yield: 

68%. IR (KBr disk, cm─1): 835, 560 (νPF6) cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 

226 (10963), 284(9686), 340(7764). 1H NMR (DMSO- d6, 500 MHz): δ 8.95-8.94 (d, 1H), 

8.20-8.19 (d, 2H), 8.13 (s, 1H), 7.83-7.76 (m, 4H), 7.72-7.70 (d, 2H), 7.35-7.34 (d, 2H), 

7.23-7.20 (t, 1H), 6.16-6.14 (d, 1H), 5.94-5.93 (d, 1H), 5.57-5.50 (d, 1H), 5.45-5.43 (d, 1H), 

4.88-4.87 (d, 1H), 2.67-2.61 (m, 1H), 2.21 (s, 3H), 1.16-1.15, 1.08-1.06 (d, 3H, d, 3H) ppm. 

6.4.4.2. Synthesis of [(6-cymene)RuII(L10)Cl]PF6 (13) 

Complex 13 was synthesized according to procedure followed for the complex 12 by reaction 

of [(6-cymene)RuCl2]2 with ligand L10
. Yield: 62%. IR (KBr disk, cm─1): 840, 560 (νPF6) 

cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 233 (18073), 303(24082), 370(34403). 1H 
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NMR (DMSO- d6, 500 MHz): δ 8.92 (d, 1H), 8.20-8.19 (d, 2H), 8.13 (s, 1H), 7.83-7.76 (m, 

4H), 7.72-7.70 (d, 2H), 7.35-7.34 (d, 2H), 7.23-7.20 (t, 1H), 6.16-6.14 (d, 1H), 5.94-5.93 (d, 

1H), 5.57-5.50 (d, 1H), 5.45-5.43 (d, 1H), 4.88-4.87 (d, 1H), 2.67-2.61 (m, 1H), 2.21 (s, 3H), 

1.16-1.15, 1.08-1.06 (d, 3H, d, 3H) ppm. 

6.4.4.3. Synthesis of [(6-cymene)RuII(L11)Cl]PF6 (14) 

Complex 14 was synthesized according to procedure followed for the complex 12 by reaction 

of [(6-cymene)RuCl2]2 with ligand L11
. Yield: 58%. IR (KBr disk, cm─1): 839, 563 (νPF6) 

cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 253(16355), 367(6476), 450(2169) . 1H 

NMR (DMSO- d6, 500 MHz): δ 9.02-9.01 (d, 1H), 7.84-7.63(m, 7H), 7.39-7.36 (t, 1H), 7.28-

7.20(m, 7H), 7.02-7.01 (d, 2H), 6.81-6.75(m, 3H), 6.00-5.99 (d, 1H), 5.63-5.62 (d, 1H), 2.71-

2.64 (m, 1H), 2.03 (s, 3H), 1.16-1.15, 0.98-0.97 (d, 3H, d, 3H) ppm. 

6.4.4.4. Synthesis of [(6-cymene)RuII(L12)Cl]PF6 (15) 

Complex 15 was synthesized according to procedure followed for the complex 12 by reaction 

of [(6-cymene)RuCl2]2 with ligand L12
. Yield: 64%. IR (KBr disk, cm─1): 842, 560 (νPF6) 

cm−1. UV-Vis (CH2Cl2; λmax, nm (ε, M─1cm─1)): 230 (24962), 285(12310), 345(10075). 1H 

NMR (DMSO- d6, 500 MHz): δ 8.99-8.98 (d, 1H), 8.54-8.53 (m, 2H), 8.27-8.25 (d, 1H), 

8.16-8.14 (d, 1H), 7.86-7.73 (m, 8H), 7.54-7.53 (d, 2H), 7.24-7.21 (t, 1H), 6.28-6.26 (d, 1H), 

5.87-5.86 (d, 1H), 5.37-5.36 (d, 1H), 5.07-5.06 (d, 1H), 4.32 (s, 1H), 2.07 (s, 3H), 1.06-1.02 

(m, 6H) ppm. 

6.4.5. X–ray crystallography 

Crystals of complex 12 and 15 (yellowish) suitable for diffraction study were obtained via 

layering of hexane over a solution of dichloromethane. The X–ray data collection and 

processing for complexes 12 and 15 were performed using graphite monochromated Mo–Kα 
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radiation (λ = 0.71073 Å) with Bruker Kappa Apex–II CCD diffractometer at 273K. Direct 

method was used to solve the crystal structures. Structure solutions, refinement and data 

output were carried out using SHELXTL program.235,236 All non–hydrogen atoms were 

refined anisotropically, hydrogen atoms were placed in geometrically calculated positions 

and refined using a riding model. Images were formed using  DIAMOND program.237 

6.4.6. Cell culture 

HEK-293, MDA-MB-435s and MCF-7 cell lines were grown and maintained in a DMEM 

supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin, 

streptomycin solution (Gibco), in a 5% CO2 humidified incubator at 37°C.  For MTT assay 

the cells were seeded in triplicate in 96-well plate containing a cell count of approximately 

9000-10000 cells/well and incubated for 24 h in a CO2 incubator. The cells were then 

incubated with increasing concentrations of test compounds (5–250μM) in a final volume of 

200 µL for 48 h at 37 °C in a CO2 incubator. The mixture of culture medium and compounds 

were removed after 48 h of incubation at 37 °C and cells were washed twice with phosphate 

buffer saline (pH 7.4) solution. After that, freshly prepared 20 µL MTT at a concentration of 

5 mg/mL in PBS and 100 µL of DMEM were added in each well and the plates were 

incubated for 4-5 h at 37°C in the CO2 incubator. DMSO (150 µL per well) was added to 

solubilize the formazan crystals, the metabolized MTT product, and were allowed a short 

incubation of 10 min at room temperature. The absorbance was recorded at 570 nm on the 

multiplate ELISA reader (Bio-Rad, USA). Percent viability was taken as the relative 

absorbance of treated vs. untreated control cells and plotted as a function of concentration of 

compounds.304,305 
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6.4.7. Cell apoptosis assay 

To study the apoptotic potential of synthesized half sandwich ruthenium(II) complexes, 

Annexin-V staining was used as described previously.304,305 Briefly, the cells were dosed with 

IC50 concentration of complex 15 for 24 h at 37ºC. The control cells were treated with media 

only. After 24 h treatment, nearly 2.0-2.5 x106 cells were trypsinized and collected by 

centrifuging the cell suspension at 1800 rpm for 4 min. Collected cells were washed two 

times with 5 ml of PBS. Finally, cells were stained with FITC labeled Annexin-V antibodies 

using FITC-Annexin-V kit according to the manufacturer’s guidelines (BD-Biosciences, 

USA). Approximately, 10,000 events were analyzed for each sample through flow cytometry 

on BD LSR II Flow Cytometry Analyzer and FlowJo software.  

6.4.8. Fluorescence measurements 

Binding affinity of complex 15 with HSA was measured by observing the fluorescence 

intensity change of emission spectrum of HSA by following our previously published 

protocol.302 Each titration of protein was performed in triplicates and the average was taken 

for analysis. A significant decreased in fluorescence intensity of protein with increase in the 

concentration of complex 15 were used as the criteria for deducing the binding constant (Ka) 

as well as number of binding sites (n)  present on the protein molecule using the modified 

Stern-Volmer equation306 : 

log (Fo-F)/F = log Ka + nlog[L]         (1) 

where, Fo = Fluorescence intensity of native protein, F = Fluorescence intensity of protein in 

the presence of ligand, Ka = Binding constant, n = number of binding sites, L = concentration 
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of ligand. The values for binding constant (Ka) and number of binding sites (n) were derived 

from the intercept and slope, respectively. 

6.4.9. Reactive oxygen species measurement 

To analyze the reactive oxygen species (ROS) level inside the cell DCFDA staining was used 

as described earlier.302,307 Briefly, the selected cells (70-80% confluent) were incubated with 

IC50 dose of complex 15 and positive control H2O2, respectively in a 24-well culture plates. 

After 5-6 h incubation of cells with complex 15, cells were gently washed with 500μl of pre-

warmed (at 37°C) Krebs Ringer buffer (20 mM HEPES, 2 mM MgSO4, 10 mM dextrose, 

127 mM NaCl, 1 mM CaCl2 and 5.5 mM KCl), subsequently 10 µM DCFDA (Invitrogen 

Grand Island, NY) has been added to each well and incubated further for 30 min in dark at 

37°C in a humidified CO2 incubator. After 30 min incubation, the cells were collected by 

trypsinization and ROS levels were measured through flow cytometry on BD LSR II Flow 

Cytometry Analyzer and samples were analysed by FlowJo. 

 
 
 
 
 
 



 
 

 

 

 

 

 

Summary 
 

Conclusions 



Summary & Conclusions 
 

175 
 

      In the present study, new complexes of ruthenium (II) and ruthenium (III) were synthesized 

and characterized by IR, UV-Vis, NMR and EPR spectral studies. Molecular structures of 

representative complexes were authenticated by X- ray crystallography. In few cases, redox 

properties of the metal complexes were also investigated and theoretical calculations were 

performed to better understand the experimental results.  

      In the present report, we have synthesized ruthenium organometallics via C-H activation. 

Aminyl radical coordinated ruthenium complex was also isolated. Oxygen atom transfer and 

formation of anion radical on coordinated nitroso group was also observed. Organometallic 

azo anion radical in ruthenium nitrosyl was also characterized. Ruthenium nitrosyls were also 

synthesized and photolytic dissociation of NO was examined by performing UV-Visible 

spectral studies. Photoreleased NO was transferred to reduced myoglobin. Ruthenium 

hydride complexes were isolated. Organometallic ruthenium (II) carbonyl complex was also 

synthesized and utilized for catalytic transfer hydrogenation. Coordinated CO was found to 

be photolabile under visible light. Photoreleased NO under visible light was utilized for 

anticancer activity studies. Half-sandwich ruthenium complexes were also synthesized and 

utilized for anticancer activity studies.  

The work of the present thesis provided several interesting results and avenues and we got 

ideas for several experiments. Detailed investigations regarding few complexes are under 

progress. The results obtained from this thesis prompted us to explore further the interesting 

chemistry of ruthenium. 
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