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Preface 

One of the most interesting and important areas in which contemporary inorganic 

chemists could contribute profitably is organometallic chemistry, a broad interdisciplinary 

field whose sphere of interest includes all compounds wherein metal usually in a low 

valence state is bonded through carbon of an organic molecule, radical or ion. Since the 

publication ofthe synthesis ofZeise salt (1848), and Victor Grignards' organomagnesium 

halides (1900), there have been spasmodic references to the syntheses of such novel 

compounds as ferrocene, ruthenocene etc. But from the middle of the twentieth century 

and particularly after the syntheses of the cyclopentadienyl, its analogue's and arene 

transition metal complexes are came a vast blossoming of Organic-Transition Metal 

Chemistry which has led into the development of a large number of new areas like 

homogeneous catalysis, etc. 

Organic and organometallic chemists have extensively investigated Arene metal 

complexes for over four decades. The organometallic complexes of 116- and 115
- half­

sandwich complexes of ruthmium, rhodium and iridium have attracted considerable 

current interest especially from the catalytic prospective, is the design of Ru=O functional 

groups and analogues capable of reversibly accepting multiple electrons and protons 

within a relatively small potential range. This capacity to modify the environment in order 

to induce electronic as well as steric effects gives scope for the design and fabrication of 

tailored catalysts for specific reactions. The arene ruthenium or Cp* rhodium or iridium 

dimers appear to be good starting materials for access to reactive arene metal hydrides 

and have been used for carbon-hydrogen bond activation. Recently, from classic 

organometallic atene ruthenium has grown an area making significant contributions to the 

chemistry of cyclophanes and metal grids. These compounds are potential precursors of 

organometallic polymers that show interesting electrical properties and conductivity. The 

116 -arene ruthenium complexes are also the subject of intensive studies due to their 

interesting coordination chemistry and catalytic properties. Apart from these some of the 

monodentate ruthenium(ll) arene complexes of the type [(116-arene)Ru(en)X]PF6, where 

en is ethylenediamine and X is chloride or iodide, constitute a group that is believed to 

exert an antitumor action via mechanisms different from those of other ruthenium(III) 

complexes such as NAMI-A or KP1019. Keeping in mind the importance of these type of 

complexes, one part of this research work is based on the synthesis and characterization 



of new complexes arising from a very versatile starting material [(Tl6-arene)Ru(J.1-Cl)Clh 

(arene = benzene, p-cymene and hexamethylbenzene). Apart from these, another 

materials with similar isoelectronic metal d6 systems namely [(115 -C5Me5)M(J.1-Cl)Cl]2 

(C5Me5 = pentamethyl cyclopentadienyl; M = Rh or Ir) are also chosen as a starting 

materials. 

The primary objective of the thesis is to explore the chemistry of arene ruthenium 

and pentamethylcyclopentadienyl rhodium or iridium complexes and main objective is to 

synthesize or frame the ligand, in which it can coordinate to two metal centers and 

preparation of mono and dinuclear complexes by using nitrogen bases. Final aim is to 

place the reader in a synthetic methodology for these classes of complexes. 

The sequence of chapters reflects preparation of a wide range of half sandwich 

arene ruthenium and pentamethylcyclopentadienyl rhodium or iridium complexes and 

their characterization with help of analytical and spectroscopic data. The solid state 

structure of representative complexes were also studied using single crystal X-ray 

crystallography. 

This thesis carries syntheses of arene ruthenium, and pentamethyl­

cyclopentadienyl rhodium and iridium complexes of polypyridyl, polypyrazolyl, thiazolyl 

and Schiff base ligands. 
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Graphical Abstracts 

Chapter 1: General Introduction (pages 1-21) 

This chapter provides the motivation for the research presented in this thesis and is 

intended to situate the reader in the field of study, Coordination Chemistry and 

Organometallic Chemistry. General aspects and recent advances in the half-sandwich 

platinum group metal complexes are discussed. Platinum group metal complexes find 

applications in ·most of the areas where coordination and organometallic chemistry 

present. 

Chapter 2: Mono and dinuclear half-sandwich platinum group metal complexes 

bearing pyrazolyl-pyrimidine ligands: Syntheses and structural studies (pages 22-50) 

In this chapter, we focus on the synthetic methodology applied for the development of 

homogeneous and immobilized half-sandwich ruthenium, rhodium and iridium 

complexes bearing bis(pyrazolyl)pyrimidine, as a specific N,N-bidentate bridging ligand 



Chapter 3: Spectral, structural and DFT studies of platinum group metal 3,6-

bis(2-pyridyl)-4-phenylpyridazine complexes and their ligand bonding modes (pages 

51-81) 

New mononuclear half-sandwich platinum group metal (Ru, Rh and lr) complexes were 

obtained by the reaction of arene or pentamethylcyclopentadienyl metal (Ru, Rh and Ir) 

complexes with 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh), yielding two sets of 

complexes. In one set (type-A), the metal bonds to the Nl and N2 atoms of the (Lph) 

ligand, and in the other (type-B), the metal bonds to the N3 and N4 atoms. The structures 

of these complexes were confirmed through X-ray crystallography and density functional 

theory calculations. 

Chapter 4: Cationic half-sandwich complexes (Rh, Ir, Ru) containing 2-

substituted-1,8-naphthyridine chelating ligands: Syntheses, X-ray structure analyses 

and spectroscopic studies (pages 82-1 03) 

In this chapter, we describe the synthesis of twelve 115-C5Me5 rhodium, iridium and 116-

C6H6, 116-p-iPrC6H.Me ruthenium complexes incorporating 2-substituted-1,8-

naphthyridine ligands; 2-(2-pyridyl)-1 ,8-naphthyridine (pyNp ), 2-(2-thiazolyl)-1 ,8-

naphthyridine (tzNp) and 2-(2-furyl)-1,8-naphthyridine (fuNp). 



Chapter 5: Half-sandwich mono and dinuclear complexes of platinum group 

metals bearing pyrazolyl-pyridine analogues: Synthesis and spectral 

characterization (pages 1 04-125) 

The chelating ligands pp-Cl and bppp were synthesized and their reactions with arene 

ruthenium, Cp* rhodium and Cp* iridium dimers resulted in the formation of mono and 

dinuclear complexes. However reactions with the bppm ligand which is having 

Pyrimidine Bridge between pyrazolyl-pyridine units resulted only in the formation of 

mononuclear complexes. 

Chapter 6 

Part A: Mono and dinuclear complexes of half-sandwich platinum group metals 

(Ru, Rh and Ir) bearing a flexible pyridyl-thiazole multidentate donor ligand (pages 

126-150) 

In this chapter, we have synthesized new mononuclear and dinuclear complexes with 

arene ruthenium, rhodium and iridium complexes with polypyridyl ligand as thiazolyl 

rings backbone. All these new complexes were characterized by elemental analyses, 1H­

NMR, UV-Visible and mass spectrometry as well as X-crystallographic analyses for 

some representatives 



Part B: New series of platinum group metal complexes bearing TJ5- and TJ6-

Cyclichydrocarbons and Schiff base derived from 2-acetylthiazole: syntheses and 

structural studies. (Pages 151-168) 

In this chapter we focus on the synthetic methodology applied for the development of 

homogeneous and immobilized half- sandwich ruthenium, rhodium and iridium 

complexes bearing Schiff base (ata) as a specific N, N-bidentate bridging ligand has 

shown below. 

Chapter 7: Syntheses and characterization of mono and dinuclear complexes of 

platinum group metals bearing benzene-linked bis(pyrazolyl)methane ligands. 

(Pages 169-190) 

In this chapter, we have synthesized homogeneous and immobilized half-sandwich 

rhodium, iridium and ruthenium complexes bearing bis(pyrazolyl)methanes bridged by 

benzene-linker, as bidentate or tetradentate bridging ligands (L). The Cp* rhodium and 

iridium complexes with ligands L give both mono and dinuclear complexes, while only 

dinuclear complexes are obtained with arene ruthenium complexes. 
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Chapter 1 

General Introduction 

This chapter provides the motivation for the research presented in this thesis and is 

intended to situate the reader in the field of Coordination Chemistry and Organometallic 

Chemistry. The general aspects and recent advances of the half-sandwich platinum 

group metal complexes are discussed in this chapter. Platinum group metal complexes 

find applications in most of the areas where coordination and organometallic chemistry 

present. The last section of this chapter provides the information for the starting 

materials and physical techniques which are used in this study. 



General Introduction Chapter 1 

1.1 Organometallic and coordination chemistry 

Organometallic compounds are defined as materials which possess direct, more or 

less polar bonds between metal and carbon atoms.1 Zeise synthesized in 1827 the first 

organometallic compound, K[PtCh(CH2=CH2)], since then the organometallic chemistry 

has grown enormously although most of its applications have only been developed in 

recent decades. Some of the key points in the fast expansion of organometallic chemistry 

are the selectivity of organometallic complexes in organic synthesis (discovered with 

Grignard reagents at the end of the 19th century),2·3 and the interesting role that metals 

play in biological systems (e.g. enzymes, haemoglobin, etc.).4 

Since Werner's pioneering work, coordination chemistry has maturated in a 

continuous way, being bioinorganic and bio-metallic chemistry and the growing interest 

in materials its latest driving forces. Now days, coordination compounds are involved in 

an unbelievable wide range of applications that can be divided in the following areas: (i) 

use of coordination complexes in all types of catalyses: (ii) applications related to the 

optical properties of coordination complexes, which cover fields as diverse as solar cells, 

non linear optics, display devices and pigments, dyes and optical data storage devices; 

(iii) hydrometallurgical extraction; (iv) medicinal and biomedical applications of 

coordination complexes, including both image and therapy and (v) use of coordination 

complexes as precursors to semiconductor films and nanoparticles. If nothing else, such 

an extensive list of applications can be employed, as suggested by Professor Ward in the 

last edition of Comprehensive Coordination ChemistrY as a suitable answer to the 

eternally irritating question that everyone involved in the field get asked at parties when 

we reveal what we do for a living. "But what's it for?" 

1.2 1')
6-arene ruthenium chemistry and half- sandwich piano stool complexes 

The first arene ruthenium complex was obtained from the reaction of RuCh.nH20 

with 1,3-cyclohexadiene (scheme 1.1) and reported by Winkhaus and Singer in 1967 as a 

polymeric material, [(T)6-C6~)RuCh]n.6 Later studies by Zelonka and Baird7 and by 

Bennett and Smith8 showed this complex is to be a dimer, [(r{C6~)RuCh]2. Since these 

early reports, the chemistry of arene ruthenium complexes has been steadily 

developed.9
•
10

•
11 

2 



General Introduction Chapter 1 

Scheme 1.1 

Within this large family of l)6 -arene ruthenium complexes, piano-stool complexes 

are undeniably the most studied ones. They have found applications as catalysis, 

supramolecular assemblies, molecular devices and have shown antiviral, antibiotic, and 

anticancer activities. These piano stool complexes are resulted by the reaction of the 

dimeric complexes with coordinating solvents such as CH3CN, DMSO and some of the 

monodentate ligands such as CO, pyridine, triphenylphosphine etc. (Scheme 1.2) due to 

the presence of more labile chloro bridges in dimeric complexes. These three-legged 

piano-stool complexes possess a pseudo-octahedral geometry at the ruthenium(II) center, 

the arene ligand occupying three coordinating sites (the seat) where as other coordination 

sites occupied by with other three ligands (the legs) (figure 1.1). Therefore, the octahedral 

geometry can be viewed as pseudo- tetrahedral, thus limiting the number of possible 

isomers. 

AgBF4 [(TJ 6-arene)RuC~h _L _ __.,. 
CH3CN 

arene = C6H6, C6Me6 and P-cymene 

Scheme 1.2 

3 

~ 
Ru 

,,,,...- \ ""-c1 
L Cl 

L = CH3CN, DMSO, 
CO, R3P, Py etc 
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Figure 1.1: 3-remaining coordination sites for ligands L 

The arene ligands are relatively inert towards substitution reactions and 

consequently are often considered as spectator ligands. However, the arene moiety which 

is strongly coordinated to the ruthenium atom can be customised by simply attaching 

different substituents (Scheme 1.3). These functionalised substituents can be modified to 

tune the properties of the arene-ruthenium complexes. The three remaining coordination 

sites opposite to the arene ligand can be used to introduce a wide variety of ligands such 

as N-, 0-, S- or P- donor atoms. The resulting complexes are neutral, mono- or dicationic, 

and often these ligands are labile. This tendency to exchange ligands in solution is crucial 

in self-assemblies12 and catalytic processes.13 

Scheme 1.3 

Interest in the reactions of arene-ruthenium(II) has led to a large number of 

publications between the mid 1980 to 2008. Severe page constraints on this chapter is not 
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possible to provide a fully survey of this area. However, it is hoped that the discussion 

that follows will give some important entry into the literature. More recently, Gimeno et 

al., found that catalytic efficiency of compounds [{(116-arene)Ru(J.l-Cl)Clh] is strongly 

dependent on the arene ligand. The rate order observed, i.e. C6~ (TOF = 500 h-1
) > p­

cymene (TOF- 333 h-1
) > C~e6 (TOF = 125 h-1

), indicates clearly that the less sterically 

demanding and electron-rich arene exhibit the higher performance, also found that these 

arene ruthenium complexes are much more active than the classical ruthenium(II) 

catalysts [RuCh(PPhJ)J] and [(11 5-C9H1)Ru(PPh3) 2Cl].14 Furthermore, Finke et.al., 

reported that arene-ruthenium monometallic complexes are only heterogeneous catalysts 

and pentamethylcyclopentadienyl-rhodium compounds are homogeneous catalysts.15 

1.2.1. Applications of 116 -areneruthenium chemistry 

1.2.1.1 Biological applications 

The monodentate ruthenium(ll) arene complexes of the type [(116-

arene)Ru(II)(en)X][PF6], where en is ethylenediamine and X is chloride or iodide (see 

Chart 1.1 ), constitute a group that is believed to exert an antitumor action via mechanisms 

different from those of other ruthenium(III) complexes such as NAMI-A or KP1019. 16
-
19 

The chlorido or iodido ligand is readily lost to yield the more reactive aqua species?0 

DNA appears to be a target for these compounds, which bind preferentially to the guanine 

residues and also interact "non-covalently" via both arene intercalation and minor groove 

binding.21
,2

2 [('r{toluene)Ru(II)(pta)Ch] (RAPTA-T), where pta is 1,3,5-triaza-7-

phosphaadamantane (see chart 1.1), is the parent compound from which a group of water­

soluble selective DNA-binding antimetastatic drugs was synthesized.23
• 

24 The RAPTA 

compounds exhibit pH dependent DNA binding, almost no toxicity towards cancer cells 

in vitro and no toxicity at all towards healthy cells, also in vitro. However, RAPT A-T was 

found to inhibit lung metastases in mice bearing a mammary carcinoma, again with only 

mild effects on the primary tumours. The mechanism of action of the RAPT A compounds 

is only starting to be investigated.25
•
26 
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KP1019 

RAPT A 

Ru-cymene-dmao 

NAMI-A 

H 

~· 
~--~: 

HN_lj 

RAPTA-NH2 

Ru-banzane-tnatronfdazole 

oxaiiRAPTA-C 

Ru-cymena-lmidazole Ru-arene-an 

Chapter 1 

--9--< 0 

CI' .... Ru......_ ,;:;-.... ..........._ __..._ II 0~ c{ Nr N- .._..... -N....-.......... ~ 
, ___ , H I 

Cl ...,::; 

Cl 0 

Ru-cymene-phenoxazfne analogue 

Br 

Ru-etaurosporlna analogue Ru-cymena-paullone Ruthenacycle 

Chart 1.1: Structures of ruthenium-based anticancer drug candidates. 

1.2.1.2 Catalytic applications 

(a) Homogeneous catalysis: 

A catalytic system in which the substrates for the reaction and the catalyst are 

mixed together in one phase, most often the liquid phase, is known as homogenous 
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catalysis. Ligand effects are crucial in homogeneous catalysis by metal complexes?7 The 

catalytic properties of a given transition metal can be tuned through the nature of ligands 

bonded to the metal centre. Therefore, one metal can give a variety of products from a 

single substrate simply by changing the ligands around it. As example, Figure 1.2 shows 

the different products that can be obtained from styrene with various ruthenium catalysts 

Ar 

COOEt ~ 

0 

d 

R 

Figure 1.2: Ruthenium catalyzed reactions of styrene 

(b) Water oxidation by ruthenium dimers 

In the past decade, mankind has begun to appreciate more fully the delicate 

balance between his existence and his environment. This awareness has taken several 

forms. One form is the realization that current energy resources will not be sufficient to 

provide for rapidly expanding population and emerging economies. Most important in 

7 
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this regard is the finite limitation of fossil fuel resources. These resources were 

accumulated over millions of years and thus are not renewable in any realistic sense. 

Another major emerging concern is the effect that our current utilization of natural 

resources, such as petroleum, is having on the atmosphere and general environment of our 

planet. 28,29,30 

In this respect the eventual movement to a hydrogen-based economy is 

particularly promising. Hydrogen is generally considered the best fuel for the future due 

to its ease of application in fuel cells and clean burning properties. This fuel could be 

used to replace oil as the source of electricity, heat and transportation to give us a 

hydrogen economy.31 

In view of this; producing hydrogen from water would offer several benefits over 

current methods, including steam reforming of natural gas, which produces carbon 

dioxide along with the hydrogen. Heat derived from fossil-fuel combustion is currently 

used to drive the steam reforming process, resulting in even more carbon dioxide as a 

byproduct, all of which contributes to global warming. Making hydrogen by splitting 

water would not add carbon dioxide to the atmosphere. 

In view of all these things, designing and syntheses of water oxidation catalytic 

complexes has been receiving continuous attention for the last few decades. Especially 

the ruthenium complexes have been showing most promising feature for the catalytic 

activities. For nearly 15 years 1 (blue dimer) (see figure 1.3) was the only ruthenium 

complex known to catalyze water to oxygen. Following that, many groups are working on 

this theme, but only few research groups have been succeeded with the prospect; they are 

Llobet and co-workers synthesized32
•
33 complex 2 (figure 1.3) and a more substantial 

structural change has come from the laboratory of Thummee4 with the synthesis of 

complex 3 (see figure 1.2). However, the stability of the complex is only modestly 

improved and turnover increases to 20 with kx, rising by a factor of six to 1.4 x 10·2• s·I, in 

later the rate increases to kx,= 7.7 xl0·2 s·1
•
35 
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1 2 3 

Figurel.3: Some ofthe compounds which shown catalytic activity to oxidize water 

1.3 Arene-ruthenium polypyridyl compounds 

Reactions ofdimeric complex [{(TJ6-arene)RuCh}2] (arene = C6Ht;,p-cymene and 

C6Me6) with various mono, bi and polydentate nitrogen bases gave neutral and cationic 

substitution complexes of formulation [(TJ6-arene)RuCl(L)t or dinuclear complexes of 

formulation [{(TJ6-arene)RuC1}2(J.L-L)]2+ (L = polypyridylligands, L1 to L15) (Chart 1.2) 

by cleavage of chloride bridges.36·37 In the case ofpolydentate nitrogen bases co-ordinates 

as a bidentate manner.38·39 Reactions with 1,10-phenanthroline (L1) or with its 5-nitro or 

5-amino derivatives to give quantitatively the cationic chloro complexes [(TJ6-

arene)Ru(NnN)Cl]Cl containing the corresponding N,N-donor as chelating ligand.40 All 

these complexes [(TJ6-C6Me6)Ru(L1)Clt have shown the catalytic property for the 

hydrogenation of acetophenone with formic acid in aqueous solution to give 

phenylethanol and carbon dioxide.40 Reactions with two equivalents of 5,6-diphenyl-3-

(pyridine-2-yl)-1,2,4-triazine (L2),
41 4,6-bis(2-pyridyl)pyridazine (L3),

42 4,6-bis(2-

pyridyl)4-phenylpyridazine (L4),
42 4,6-bis(pyrazolyl)pyridazine (L5)

42 in the presence of 

KPF6to form the cationic mononuclear arene ruthenium complexes where as some ofthe 

polypyridyl ligands yielded both mono and dinuclear complexes based on their molar 

ratios, for example 2,2' -hi pyrimidine (L6),
43 3,5-bis(2-pyridyl)pyrazole (L7 ),

44 2,3-bis(2-

pyridyl)pyrazine (L8), 
44

•
46 2,4,6,-tris(2-pyridyl) I ,3,5-triazine (4), 44 pyridine-2-

carbaldehyde azine (L10t 7 etc. Interestingly few ligands yielded only dinuclear 

complexes upon reaction of arene ruthenium dimers, for example p-phenylene-

9 
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bis(picoline)-aldamine (Lu), p-biphenylene-bis(picoline)-aldamine (L12)47 and .3,6-bis(2-

pyridyl)bithiazole (L13), 3,6-bis(2-pyridyl) 1 ,2,4,5-tetrazine(L14) (Chart 1.2).44 

o-r: 
L, 

rnNo 
~~~/ 

NON 
-::?" N 

Lg ::::::.,. I 

Chart 1.2 

Bruno et a/ reported48 a hexa-nuclear metal grid [(116-p-;PrC6~Me)6Rll6(J..l3-tpt­

KN)2(J..l-C204-K0)3]6+ with the reaction of tpt ligand (figure 1.4) as well as a tetra nuclear 

arene ruthenium complexes with porphyrin ligand (figure 1.5).49·50 
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Figure 1.4 Figure 1.5 

1.4 1')5-Pentamethylcyclopentadienyl (Cp*) rhodium(III) and iridium(lll) 

chemistry 

The discovery of [(1') 5 -Cp*)MChh (M = Rh and Ir) (scheme 1.4) by Maitlis51
•
52 

has provided a relevant milestone on the development of organometallic chemistry and 

homogeneous catalysis for nearly four decades, resulting in major advances in the 

understanding of these areas. The 115 -pentamethylcyclopentadienyl group is an excellent 

protecting ligand towards rhodium and iridium, whilst substitution of the chloride ligands 

occurs very easily, with a marked tendency to form mononuclear complexes. 

M=Rh and lr 

Scheme 1.4 · 

1.4.1 Application of pentamethylcyclopentadienyl rhodium and iridium complexes 

Ir(III) and Rh(III) metal centres are reactive and have the potential to catalyse a 

range of other transformations not reliant on oxidative addition. Recent work by Crabtree 
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et a/. has utilised an Ir(III) hydride complex to catalyse the intramolecular 

hydroamination and hydroalkoxylation of alkynes.53 [Cp*IrChh is effective as a catalyst 

for the hydroborylation of styryl sulfonamides,54 the N-alkylation of amines with 

alcohols55 and also the transfer hydrogenation of ketones56 and quinolines.57 Rh(III) 

complexes are known to be effective in catalysing carbon-carbon bond formation,58 and 

[Cp*RhChh has been shown to effect transfer dehydrochlorination of aryl chlorides.59 

For example the complex [(Cp*)RhCl(N-N)t (N-N = 2,2'-bipyridine), was shown to 

occur as a crucial intermediate60 in hydride transfer catalysis schemes intended at H2 

production60 or NADH regeneration (Scheme 1.5). Related compounds could be 

generated from photolysis of olefin-containing precursors.61 Treatment of hydroquinone 

with [Cp*M(solvent)3][0Tf]2 (M = Rh, Ir) in acetone afforded the 7t-bonded complexes 

{[Cp*M(115-semiquinone)][OTf]0 } (M = Rh, Ir).62 

Scheme 1.5 

1.5 Rhodium and iridium polypyridyl compounds 

The chemistry of rhodium(III) and iridium(III) is very similar to the chemistry of 

arene ruthenium(II) since all these metals are with isoelectronic ( d6
) configuration. As is 

typical within the d6 configuration, many of the organometallic reactions studied with 

arene ruthenium(ll) are often equally valid for Cp* rhodium(III) and iridium(III). 

Pentamethylcyclopentadienyl (Cp*) is ubiquitous as a ligand in organometallic 

complexes. Many complexes incorporating this ligand are important as active catalysts, 

largely due to the electron-rich nature of the Cp*group and also the ability of Cp* to 
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completely block one face of the complex, imparting steric bulk and structural rigidity. 

Rh(III) and Ir(III) complexes incorporating both the Cp* ligand and bidentate sp2-

nitrogen donor ligands have been synthesised previously.63-70 In particular, the complex 

[Cp*Ir(bipy)(H20)]S04 (bipy = 2,2'-bipyridine) was found to be active as a catalyst for 

the hydration of phenylacetylene in water/1 and the complex [Cp*Rh(iPr-pymox)]2+ 

(pymox = pyridyloxazoline) was found to promote the enantioselective Diets-Alder 

reaction ofmethacrolein with cyclopentadiene.66 

The reactions of Cp* Rh and Ir complexes with N donor ligands with a series of 

bidentate ligands with sp2 N-donors such as bis(pyrazolyl)-methane (L16), bis(l­

methylimidazolyl)methane (L17 ), bis(3,5-dimethylpyrazolyl)methane (Lis), bis(l­

methylimidazolyl)ketone (L19), bis(2,4,6-trimethylphenylimino)-acenapthene (L20) (Chart 

1.3) resulted a series of complexes of the formulations [Cp*MCl(N-N)][X] (M = Rh and 

Ir), where N-N (LwL21)72 (Chart 1.3). 

eN./'-.~~ 
I N~=.J N 

Chart 1.3 

1.6 Materials and physical measurements 

1.6.1 Materials 

All solvents were dried and distilled prior to use. The chemicals which were used 

in the present research were purchased from Aldrich, Fluka, Mercury and Rankem 

Companies and were used as received. The metal chlorides RuCh, RhCh and lrCh were 

purchased from Arora Matthey Ltd. [(TJ6-C6Ht;)Ru(J.t-Cl)Clh, [(TJ6-p-iPrC6H4Me)Ru(J.t­

CI)CI]2, [(TJ6 -C6Me6)Ru(J.t-CI)CI]273-75 [(Cp*)M(J.t-Cl)CI]2 (M Rh, Ir)/6-78 

[(Cp )Ru(PPh3)2Cl], 82 [(Cp*)Ru(PPh3)2CI] and [( 115 -C9H1 )Ru(PPh3)2Ctf8·80·81 were 

prepared according to literature methods. The synthetic procedure for the ligands which 
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were used in the present research was mentioned on proceeding chapters and their 

structures are shown in Chart 1.4. 

bpzpm bmpzpm 

dppn 

N_jl ~\_N~ \=.1 \--- N ~ 

N/ ..--::::; 
bppp 

2,2'-btzpy 

0 (!; N-N>--0---\N-N 
N-N - N-N v v 

bpzmb 

tzNp 

bdmpzpm 

dppn-ph 

fuNp 

Chart 1.4: Ligands used in the present study: polypyridyl and polypyrazolyl bridging and 

terminal ligands. 
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1.6.2 Synthesis of the starting materials 

1.6.2.1 Synthesis of[{(r/-p-cymene)RuC/2h] 

The [{(T)6-p-cymene)RuCh}2] was prepared according to well established 

synthetic procedure.73 A solution of hydrated ruthenium trichloride (approximating RuCh 

3H20, containing 38-39% Ru) (1 g, 3.85 mmol) in 80 ml ethanol is treated with 5 ml of 

a-phellandrene and heated under reflux in a 150 ml round-bottomed flask for 4 hours. 

The solution is allowed to cool to room temperature, and the red-brown, microcrystalline 

product is filtered off. Additional product is obtained by evaporating the orange-yellow 

filtrate under reduced pressure to approximately half-volume and cooling over night to 4 

°C. After drying in vacuo the yield is 1.10 g (81% ). 
1H NMR (400 MHz, CDCh): ~ =5.48 (d, 2H, 3 J= 6.4 Hz, Arp-cy), 5.34 (d, 2H, 3 J = 6.4 

Hz, Arp-cy), 2.95 (sept, IH, 3J= 6.2 Hz, CH(CH3)2), 2.15 (s, 3H, Arp-cy-Me), 1.28 (d, 6H, 
3 J= 6.4 Hz, CH(CH3)2. 

1.6.2.2 Synthesis of[{(rl-Cdl6)RuC/2h] 

Preparation of [{(T)6-C~)RuCh}2] followed Bennett method.73 Hydrated RuCh 

(2 g) in 100 ml of ethanol was heated under reflux with 10 ml of cyclohexadiene (either 

1,3- or 1,4-) for 4 hours. The brown precipitate was filtered off, washed with methanol, 

and dried in vacuo (1.83g, 95%). 1H NMR (400 MHz, CDCh): ~ = 6.07 (s, 6H, C6H6) 

1.6.2.3 Synthesis of[{(rl-C~e6)RuChhf5 

To the dimer [{(T)6-p-cymene)RuCh}2] (200 mg, 0.33 mmol) taken in sealed glass 

vial of 5 ml capacity, a three fold excess of hexamethylbenzene (0.98 mmol) was added 

and mixed properly. The reaction was carried out fixing the microwave at 170° c and a 

pressure of 5 bar. With the 200 W microwave system, this temperature was reached 

within a few minutes, and the reaction completed in 10 min. Excess hexamethylbenzene 

was recovered by washing with hexane through a silica gel column using hexane as 

eluent. The orange red band [ {(T)6-p-cymene)RuCh}2] was collected by passing a mixture 

of methanol- acetone in 1:1 ratioo. The solvent was removed on a rotary evaporator. The 

resulting solid was washed with hexane and diethylether and dried in vacuum. Yield (175 

mg, 96%), 1H NMR (400 MHz, CDCh): ~ = 2.07 (s, ISH, C6Me6) 
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1.6.2.4 Synthesis of[{(r,S-Cp*)RhCI2hl and [{(r/-Cp*)IrCI2h] 

The [{(TJ5-Cp*)MCh}z] (M = Rh and Ir) was prepared according to well 

established synthetic procedure.78 A solution of hydrated metal trichloride (1 g) in 80 ml 

methanol is treated with 0.8 ml of pentamethylcylopentadiene and heated under reflux in 

a 100 ml round-bottomed flask for .48 hours. The solution is allowed to cool to room 

temperature, and the red-brown, microcrystalline product is filtered off. The crystalline 

product was filtered and washed with cold methanol, diethyl ether and after drying in 

vacuo the yield is 1.1 g (78%). 
1H NMR (400 MHz, CDCh): 6 =1.62 (s, 15H, CsMes) 

1.6.2.5 Synthesis of{(r/-C5H5)Ru(PPhJ)2Cl] 

The compound hydrated ruthenium trichloride (1 g, 4.82 mmol) in dry ethanol (20 

ml) was added rapidly to the refluxing solution oftriphenylphosphine (5 g) in ethanol 100 

ml, followed immediately afterward by a solution of freshly distilled cyclopentadiene (10 

ml) in ethanol (20 ml). The mixture was then refluxed until the color change from dark 

brown to orange was completed (60 min to 90 min), and then cooled in a refrigerator 

overnight. The orange crystalline product was filtered, washed with cold ethanol, water, 

ethanol and petroleum ether and dried to give pure product (2.50 g, 86%). 
1H NMR (400 MHz, CDCh): 6 =4.52 (s, 5H, CsHs), 
13P rtH} NMR (162 MHz, CDCh): 6 =46 

1.6.2.6 Synthesis of[(r,S-C5Me5)Ru(PPhJ)2Cl] 

The compound RuCh JH20 (I g, 4.82 mmol) and C5Me5 (131 ml, 9.64 mmol) 

were dissolved in ethanol (60 ml) and refluxed for 90 min after which a solution of PPh3 

(5 g, 20 mmol) and NaOEt (92 mg ofNa in 4 ml ethanol) in ethanol (40 ml) was added 

dropwise. The solution was then refluxed for 18 hours. The orange yellow precipitate was 

collected and washed with ethanol and hexane to give pure product (2.6 g, 70%). 
1H NMR (400 MHz, CDCh): 6 =1.62 (s, 55H, C5Me5) 

13P rtH} NMR (162 MHz, CDCh): 6=48 

1.6.3 Physical measurements 

Infrared spectra were recorded as KBr pellets on a Perkin-Elmer 983 FT-IR 

spectrophotometer in the 4000 - 400 cm·1
• Elemental analyses of the complexes were 

performed on a Perkin-Elmer-2400 CHN/S analyzer. NMR spectra were recorded on 
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Bruker AMX-400 MHz FT-NMR spectrometer using TMS as the internal standard. Mass 

spectra were obtained from Waters ZQ 4000 mass spectrometer by ESI method. 

Absorption spectra were obtained at room temperature using a Perkin-Elmer Lambda 25 

UV Nisible spectrophotometer. 

1. 7 Crystallographic data collection and structure analyses 

Single crystal X-ray diffraction measurements were carried out on a Bruker Smart 

Apex CCD diffractometer. The crystals were mounted on a Stoe Image Plate Diffraction 

system equipped with a tjJ circle goniometer, using Mo-Ka graphite monochromated 

radiation (A. = 0.71073 A) with tjJ range 0-200°. The structures were solved by direct 

methods using the program SHELXS-97.82 Refinement and all further calculations were 

carried out using SHELXL-97.83 The H-atoms were included in calculated positions and 

treated as riding atoms using the SHELXL default parameters. The non-H atoms were 

refined anisotropically, using weighted full-matrix least-square on P. The structures were 

drawn with the softwares ORTEP84 and MERCURY.85
•
86 

The crystal data for the representative complexes can be obtained free of charge 

via www.ccdc.cam.ac.uk/data reguest/cif, by e-mailing data reguest@ccdc.cam.ac.uk or 

contacting The Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge 

CB2 1EZ, UK; fax: +44 1223 336033. The CCDC numbers of the crystal structures are 

mentioned in corresponding chapters with a heading under supplementary material. 
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Chapter2 

Mono and dinuclear half-sandwich 

group metal complexes bearing 

pyrimidine ligands: Syntheses and 

studies* 

platinum 

pyrazolyl­

structural 

In the present chapter, we focus on the synthetic methodology applied for the 

development of homogeneous and immobilized half-sandwich ruthenium, rhodium and 

iridium complexes bearing bis(pyrazolyl)pyrimidine as a specific N,N-bidentate bridging 

ligands 

f.-·. 

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien, S. 

Geib and K. Mohan Rao, J. Organomet. Chern. 695 (2010) 495-604. 



Pyrazolyl-pyrimidine ligands Chapter 2 

2.1 Introduction 

During the last few decades there has been great interest in the chemistry of 

transition metals associated with polydentate ligands with sp2 -hybridized nitrogen atoms, 

for instance, polypyrazolylborates1
•
2 and polypyridines.2

-6 In many cases, the charge 

transfer properties of these compounds justify this interest. Especially these nitrogen 

donor ligands have shown to be effective catalysts for oxidation reactions7
-
15 and for ring­

opening metathesis polymerization16 and recent studies of arene ruthenium complexes 

have shown that they are found to inhibit cancer cell growth, 17
-
22 as non-linear optical 

(NLO) material~3•24• For a majority of the complexes studied, the metal centers are linked 

by a bridging ligand and the nature of the bridge has a fundamental influence on the 

electronic interaction between the metals and therefore on the characteristics of the 

material. 

The ligand 4,6-bis(pyrazolyl)pyrimidine (Ll) and its analogues, 4,6-bis(3-methyl­

pyrazolyl)pyrimidine (L2) and 4,6-bis(3,5-dimethyl-pyrazolyl)pyrimidine (L3) are the 

subject of this investigation. They have a structural similarity to 3,6-

bis(pyrazolyl)pyridazine (A) and 4,5-bis(pyrazolyl)quinoxaline (B), both of which have 

been previously studied. 25
•
26 In our previous work, we demonstrated that the ligand A 

does not yield dinuclear compounds with two half-sandwich platinum group metal atoms, 

due to the steric nature of the ligand, it resulted only in the formation of mononuclear 

complexes.25 However it is true in the case of more sterically free ligand B also, because 

it also yielded mononuclear complexes, since the pyrazole rings of the ligand tilted with 

respect to the central quinoxaline ring because ofthe steric collide between the R' groups 

ofthe pyrazole rings. In the case of ligand A, the pyrazolyl rings are bonded para to each 

other, where as in the case of ligand B, they are bonded ortho to each other on the central 

six membered rings. But sterically less demanding ligand L (Ll to L3) can coordinate to 

two half-sandwich platinum group metal centers, since the pyrazolyl rings of the ligand 

are bonded meta to each other, leading to reduced steric interaction, which enhances the 

stability ofthe dinuclear complexes. 

In recent years, we have been carrying out arene ruthenium complexation 

reactions with a variety of nitrogen-based ligands27
-
32 including pyridyl-pyridazine and 

pyrazolyl-pyridazine ligands. Ruthenium complexes of these types of nitrogen-based 

ligands have a capacity to function as catalysts for the oxidation of water to oxygen. 33
-
35 

Although extensive studies have been made on ruthenium complexes containing 
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polypyridyl ligands, complexes containing pyrazolyl-pyrimidine ligands have not yet 

been investigated. 

In the present chapter, we focus on the synthetic methodology applied for the 

development of homogeneous and immobilized half-sandwich ruthenium, rhodium and 

iridium complexes bearing bis(pyrazolyl)pyrimidine, as a specific N,N-bidentate bridging 

ligands (L) (Scheme 2.1). 

I R' 

N-D-N~ 
R N N-N N R 

A B 

Scheme 2.1 

2.2 Experimental 

2.2.1 Preparation of ligands (L 1 to L3) 

2.2.1.1 4,6-bis(pyrazo/yl)pyrimidine (L1/6 

R' R' 

R--ti'N'r(Yh-N;;.-.~, R 
N~ ~ 'N 

I 
N...,_:;::::.N 

L 

L1: R, R' = H 
L2 : CH3, R' = H 
L3 : R, R' = CH3 

A solution of pyrazole (1.20 g, 17.6 mmol) in 50 ml of THF was added a 

suspension of NaH (550 mg, 22.0 mmol) under a nitrogen atmosphere at 0°C and the 

mixture was stirred until evolution of hydrogen gas ceased (30 - 45 minutes). The 

solution of 4,6-dichloropyrimidine (1.30 g, 8.50 mmol) in 10 ml ofTHF was added to the 

above solution and the whole was stirred at room temperature (25 °C) overnight. The 

solvent was evaporated off; the residue was diluted with water and extracted with 

dichloromethane. The extract was dried (Na2S04) and concentrated. The residue was 

chromatographed on silica gel (CHCh- MeOH). The first elute gave a pure color less 

compound. 

Yield: 1.38 g, 75%; Elemental Anal (%)Calc. for C10H8N6: C 56.60; H 3.80; N 39.60; 

found: C 56.43; H 3.88; N 39.32; 1H NMR (400 MHz, CDCh): 6 = 8.71 (s, 1H), 8.45 (d, 
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2H, 3J= 2.4 Hz), 8.29 (s, lH), 6.67 (d, 2H, 3J= 2.4 Hz), 6.39 (dd, 2H); ESI-MS (m/z): 

241.11 [M+Ht; IR (KBr, cm-1): 2924m, 1597s, 1464m, 1382m, 1211m, 1044s, 777s. 

2.2.1.2 4,6-bis(3-methy-1-pyrazolyl)pyrimidine (L2/ 7 

To a solution of 3-methylpyrazole (1.20 g, 14.7 mmol) in 50 ml of THF was 

added fine pieces of potassium (0.600 g, 15.3 mmol), the mixture was refluxed at 50°C 

until the potassium was completely dissolved. Then 4,6-dichloropyrimidine (1.094 g, 7.35 

mmol) was added to the reaction mixture(pale-brown solution), which was refluxed for 5 

h. Then 80 ml of water was added and the solution refrigerated overnight. The colorless 

solid was filtered and washed with water (2 X 10 ml) and dried under P205• The pure 

compound was obtained after recrystallization from chloroform/hexane. 

Yield: 0.72 g, 57.8%; Elemental Anal(%) Calc. for C12H12N6: C 59.99; H 5.03; N 34.98; 

found: C 59.63; H 5.18; N 34.72; 1H NMR (400 MHz, CDCh): d = 8.71 (s, lH), 8.45 (d, 

2H, 3 J= 2.4 Hz), 8.29 (s, lH), 6.29 (d, 2H, 3 J= 2.4 Hz), 2.39 (s, 6H, CH3); ESI-MS (m/z): 

241.11 [M+Ht; IR (KBr, cm-1): 2924m, 1597s, 1464m, 1382m, 1211m, 1044s, 777s. 

2.2.1.2 4,6-bis(3,5-dimethyl-pyrazolyl)pyrimidine (L3/ 7 

The L3 ligand was synthesized in a similar manner using 3,5-dimethylpyrazole 

(1.50 g, 15.6 mmol), potassium (0.60 g, 15.0 mmol) and 4,6-dichloropyrimidine (1.10 g, 

7.35 mmol). However, after refluxing the THF solution for 5 hours, the mixture was 

evaporated to dryness. The product was extracted three times with 30 ml of toluene. The 

solvent was removed, and the white solid obtained was dissolved in dichloromethane 

layering the resulting solution with hexane led to the precipitation of traces of pyrazole. 

L3 was obtained after filtration and evaporation to dryness of the resulting solution. The 

solid was recrystallized from chloroform/hexane. 

Yield: 1.5 g, 55%; Elemental Anal(%) Calc. for C14H16N6: C 62.67; H 6.01; N 31.32; 

found: C 62.68; H 6.05; N 31.28; 1H NMR (400 MHz, CDCh): o = 8.74 (s, lH), 8.37 (s, 

lH), 6.01 (s, 2H,), 2.67 (s, 6H, CH3), 2.29 (s, 6H, CH3); ESI-MS (m/z): 269.14 [M+Ht); 

IR (KBr, cm-1): 3446w, 2925m, 1593s, 1484s, 1385m, 1266m, 1019s, 771m. 

2.2.2 General procedure for the preparation of the mononuclear complexes 1 - 6 

A mixture of [(TJ6-C6~)Ru(J.1.-Cl)Cl]2 (arene = C6H6 and p-iPrC6~Me) (0.07 mmol), 

ligand L (Ll, L2 or L3) (0.15 mmol) and 2.5 equivalents of~PF6 in dry methanol (15 

ml) was stirred at room temperature for 8 hours resulting in the precipitation of a dark 
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yellow solid. The precipitate was separated by filtration, washed with cold methanol, 

diethyl ether and dried in vacuo. 

2.2.2.1 [ ( 116 -C6Ht;)Ru(L 1 )Cl]PF 6 ([1 ]PF 6) 

Yield: 66 mg, 82.5%; Elemental Anal(%) Calc. for C16H14N6RuClPF6 (571.97): C 33.61; 

H 2.47; N 14.70; found: C 33.73; H 2.65; N 13.98; 1H NMR (400 MHz, CDCh): 6 = 9.56 

(d, 1H, 3J = 2.4 Hz), 8.75 (d, 1H, 3J= 2.4 Hz), 8.66 (d, 1H, 3J= 7.6 Hz), 8.63 (d, 1H, 3J= 

7.6 Hz), 8.29 (s, 1H), 8.02 (s, 1H), 6.96 (dd, lH, 3J= 2.0 Hz), 6.67 (dd, 1H, 3J= 1.6 Hz), 

6.07 (s, 6H, C6Ht;); ESI-MS (m/z): 427.2 [M-PF6]+, 392.1 [M-PF6-Clt, 314.1 [M-PF6-Cl­

C6Ht;t; IR (KBr, cm"1): 844s Y(P-F)• 1522m, 1558m, 1608s (vc=N L1), 2925m, 3446w; 

UV-Vis {acetonitrile, A-max nm (e10"5M"1 cm-1)}: 246(0.16), 324(0.17), 381(0.25), 

464(0.04). 

2.2.2.2 [(r/-Cdl6)Ru(L2)Cl]PF6 ([2]PF6) 

Yield: 62 mg, 74.6%; Elemental Anal(%) Calc. for C1sH1sN6RuClPF6(599.86): C 39.91; 

H 3.35; N 15.51; found: C 40.22; H 3.08; N 14.92; 1H NMR (400 MHz, CD3CN, 25°C, 

TMS): 6 = 9.15 (s, 1H), 8.54 (d, 1H, 3 J= 8.4 Hz), 8.09 (s, 1H), 7.50 (d, 1H, 3 J= 4.6 Hz), 

7.21 (d, 1H, 3J= 4.6 Hz), 6.92 (d, 1H, 3J= 2.8 Hz), 6.24 (s, 6H, C6Ht;), 2.83 (s, 3H, CH3), 

2.76 (s, 3H, CH3); ESI-MS (m/z): 455.2 [M-PF6]+, 419.2 [M-PF6-Cl]+, 341.1 [M-PF6-Cl­

C6Ht;t; IR (KBr, cm"1): 845s Y(P-F), 1592m, 1558m, 1522m (vc=N L2), 2925m, 3434w; 

UV-Vis {acetonitrile, A-max nm (e10"5M"1 cm"1
)}: 319(0.23), 345(0.18), 456(0.04). 

2.2.2.3 [(rl-Cdl6)Ru(L3)Cl]PF6 ([3]PF6) 

Yield: 65 mg, 86.3%; Elemental Anal(%) Calc. for C2oH22N6RuClPF6 (628.03): C 42.16; 

H 3.89; N 14.75; found: C 41.90; H 4.05; N 14.33; 1H NMR (400 MHz, CD3CN): 6 = 

9.44 (s, 1H), 8.17 (s, 1H), 7.39 (s, 1H), 6.53 (s, 1H), 6.10 (s, 6H, C~6), 2.82 (s, 3H, 

CH3), 2.76 (s, 3H, CH3), 2.75 (s, 3H, CH3), 2.29 (s, 3H, CH3); ESI-MS (m/z): 483.3 [M­

PF6]+, 448.2 [M-PF6-Cl]\ 413.3 [M-PF6-Cl-C6H6t; IR (KBr, cm-1): 845s Y(P-F). 1601m, 

1560m, 1525m (vc=N L3), 2925m, 3482w; UV-Vis {acetonitrile, A-max nm (e10"5M"1 em· 

1
)}: 273(0.15), 309(0.15), 354(0.25), 452(0.06). 

2.2.2.4 [(rl-p-;PrCd/.,Me)Ru(Ll)Cl]PF6 ([4]PF6) 

Yield: 65 mg, 75.5%; Elemental Anal(%) Calc. for C2oH22N6RuClPF6 (628.03): C 38.26; 

H 3.53; N 13.38; found: C 37.92; H 3.77; N 12.95; 1H NMR (400 MHz, CDCh): 6 = 9.48 
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(d, 1H, 3J= 2.4 Hz), 8.77 (d, 1H, 3J= 2.4 Hz, 1H}, 8.67 (d, 1H, 3J= 4.6 Hz}, 8.61 (d, 1H, 
3J= 6.4 Hz}, 8.29 (s, 1H}, 7.97 (s, 1H), 6.96 (dd, 1H, 3J= 2.0 Hz}, 6.69 (dd, 1H, 3J= 2.0 

Hz}, 6.04 (d, 1H, 3JH,H= 6.4 Hz, Arp-cy}, 6.07 (d, 1H, 3J= 6.4 Hz, Arp-cy), 5.99 (d, 1H, 3J= 

6.0 Hz, Arp-cy}, 5.86 (d, 1H, 3 J = 6.0 Hz, Arp-cy}, 2.74 (sept, 1H, 3J= 6.2 Hz, CH(CH3)2), 

2.18 (s, 3H, Arp-cy-Me}, 1.14 (d, 3H, 3J= 6.4 Hz, CH(CH3}2}, 1.10 (d, 3H, 3J= 7.6 Hz, 

CH(CH3)2); ESI-MS (m/z): 483.2 [M- PF6t. 447.2 [M-PF6-Cit, 312.1 [M-PF6-CI-p­

iPrC6H.Met; IR (KBr, cm-1
) 844s V(P-F), 1605m, 1557m, 1523m (vc=N Ll), 3058m, 

3489w; UV-Vis {acetonitrile, A.max nm (elO-sM-1 cm-1
)}: 286(0.65}, 333(0.21}, 436(0.02). 

2.2.2.5 [(r/-p-;PrCrJ/~e)Ru(L2)Cl]PF6 ([5}PF6) 

Yield: 68 mg, 73.4%; Elemental Anal(%) Calc. for C22H26N6RuCIPF6 (651.06): C 43.28; 

H 4.29; N 13.77; found: C 43.78; H 3.94; N 13.92; 1H NMR (400 MHz, CDCh): a= 9.25 

(s, 1H}, 8.48 (d, 1H, 3J= 2.4 Hz), 7.89 (~, 1H}, 7.78 (d, lH, 3J= 2.8 Hz}, 6.70 (d, 1H, 3J= 

9.6 Hz), 6.39 (d, 1H, 3 J= 2.8 Hz}, 5.98 (d, 2H, 3 J= 6.0 Hz, Arp-cy), 5.90 (d, 1H, 3 J= 6.0 

Hz, Arp-cy}, 5.86 (d, 1H, 3J = 6.0 Hz, Arp-cy}, 2.81 (s, 3H, CH3), 2.75 (sept, 1H, 

CH(CH3)2}, 2.38 (s, 3H, CH3), 2.18 (s, 3H, Arp-cy-Me}, 1.42 (d, 3H, 3 J = 3.2 Hz, 

CH(CH3)2}, 1.17 (d, 3H, 3J= 3.2 Hz, CH(CH3)2); ESI-MS (m/z): 513.2 [M-PF6t, 478.6 

[M-PF6-CI]+, 344.2 [M-PF6-Cl-p-iPrC6H.Met; IR (KBr, cm-1
): 843s V(P-F), 1606m, 

1560m, 1524m (vc=N L2), 2995m, 3447w; UV-Vis {acetonitrile, A.max nm (e10-5M-1 cm-

1)}: 294(0.36), 349(0.82}, 470(0.02). 

2.2.2.6 [(r/-p-;PrCrJI~e)Ru(L3)Cl]PF6 ([6]PF6) 

Yield: 77 mg, 82.7%; Elemental Anal(%) Calc. for C24H3oN6RuClPF6 (684.09): C 46.06; 

H 4.83; N 13.43; found: C 46.73; H 4.25; N 13.07; 1H NMR (400 MHz, CDCh): a= 9.44 

(s, 1H), 8.11 (s, 1H}, 7.32 (s, 1H}, 7.05 (s, lH}, 5.96 (d, 1H, 3J= 4.0 Hz, Arp-cy}, 5.92 (d, 

1H, 3J= 3.2 Hz, Arp-cy}, 5.84 (d, lH, 3J= 6.4 Hz, Arp-cy}, 5.77 (d, 1H, 3J= 6.4 Hz, Arp-cy), 

2.81 (s, 3H, CH3}, 2.79 (s, 3H, CH3}, 2.81 (s, 3H, CH3), 2.78 (s, 3H, CH3), 2.49 (sept, 1H, 

CH(CH3)2), 2.17 (s, 3H, Arp-cy-Me}, 1.09 (d, 3H, 3J= 3.2 Hz, CH(CH3)2}, 1.06 (d, 3H, 3J 

= 3.2 Hz, CH(CH3)2); ESI-MS (m/z): 538.8 [M-PF6t, 503.5 [M-PF6-Clt, 369.2 [M-PF6-

CI-p-iPrC6H.Met; IR (KBr, cm-1
): 843s V(P-F), 1608m, 1560m, 1527m (vc=N L3}, 3050m, 

3447w; UV-Vis {acetonitrile, A.max nm (el0-5M-1 cm-1
)}: 287(0.38), 346(0.74), 477(0.08). 
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2.2.3 General procedure for the preparation of the mononuclear complexes 7 -12 

A mixture of[(1') 5-C5Me5)M(j.l-Cl)Cl]2 (M= Rh and Ir) (0.08 mmol), ligand L (Ll, 

L2 and L3) (0.17 mmol) and 2.5 equivalents of NR.PF6 in dry methanol (20 ml) was 

refluxed at 50°C temperature for 4 to 6 hours, resulting yellow color precipitation. The 

precipitate was separated by filtration, washed with cold methanol, diethyl ether and dried 

in vacuo. 

2.2.3.1 [(Cp*)Rh(Ll)Cl]PF6([7]PF6) 

Yield: 73 mg, 77.8%; Elemental Anal (%)Calc. for C2oH23N6RhClPF6 (630.04): C 38.08; 

H 3.68; N 13.98; found: C 38.13; H 3.75; N 13.91; 1HNMR (400MHz, CD3CN): o = 9.01 

(s, 1H), 8.84 (d, 1H, 3J= 3.2 Hz), 8.66 (d, 1H, 3J= 2.4 Hz), 8.33 (d, 1H, 3J= 1.6 Hz), 

8.31 (d, 1H/ J = 1.6 Hz), 7.98 (s, 1H), 7.02 (dd, 1H/ J= 1.6 Hz), 6.71 (dd, 1H, 3 J= 1.6 

Hz), 1.75 (s, 15H, CsMes); ESI-MS (m/z): 485.2 [M- PF6t, 450.6 [M-PF6-Clt, 315.2 

[M-PF6-Cl-Cp*]; IR (KBr, cm-1
): 844s Y(P-F), 1606m, 1560m, 1524m (vc=N Ll), 2999m, 

3448w; UV-Vis {acetonitrile, Amax nm (e10-5M-1 cm-1
)}: 268(0.78), 286(0.76), 357(0. 4), 

444(0.09). 

2.2.3.2 [(Cp*)Rh(L2)Cl]PF6 ([8]PF6) 

Yield: 65 mg, 62.5%; Elemental Anal(%) Calc. for C22H21N6RhClPF6 (658.07): C 35.32; 

H 3.64; N 11.23; found: C 35.26; H 3.69; N 11.21; 1H NMR (400 MHz, CD3CN): o = 

8.78 (s, 1H), 8.43 (d, 1H, 3 J = 6.4 Hz), 8.09 (s, 1H), 6.76 (d, 1H, 3 J = 4.6 Hz), 6.40 (d, 

1H, 3J= 4.6 Hz), 6.32 (d, 1H, 3J= 2.8 Hz), 2.70 (s, 3H, CH3), 2.43 (s, 3H, CH3), 1.77 (s, 

15H, CsMes); ESI-MS (m/z): 513.8 [M- PF6t, 478.12 [M-PF6-Clt, 343.2 [M-PF6-Cl­

Cp*]; IR (KBr, cm-1
): 845s Y(P-F)• 1598m, 1559m, 1521m (vc=N L2), 2995m, 3447w; UV­

Vis {acetonitrile, A.max nm (e10-5M-1 cm-1
)}: 266(0.54), 301(0.45), 343(0.57), 452(0.07). 

2.2.3.3 [(Cp*)Rh(L3)Cl]PF6 ([9]PF6) 

Yield: 78 mg, 72%; Elemental Anal(%) Calc. for C24H3 1N~ClPF6 (686.87): C 41.97; H 

4.55; N 12.24; found: C 41.86; H 4.65; N 12.18; 1H NMR (400 MHz, CD3CN): o = 9.05 

(s, 1H), 8.67 (s, 1H), 7.40 (s, 1H), 6.66 (s, 1H), 2.82 (s, 3H, CH3), 2.76 (s, 3H, CH3), 2.75 

(s, 3H, CH3), 2.29 (s, 3H, CH3), 2.01 (s, 15H, C5Me5); ESI-MS (m/z): 541.81 [M- PF6]\ 

'506.6 [M-PF6-Cl]+, 371.2 [M-PF6-Cl-Cp*]; IR (KBr, cm-1
): 843s Y(P-F)• 1601m, 1557m, 

1524m (vc=N L3), 3050m, 3434w; UV-Vis {acetonitrile, A.max nm (elO-sM-1 cm-1)}: 

261 (0.09), 314(0.61 ), 441 (0.05). 
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2.2.3.3 [(Cp*)Ir(Ll)Cl]PF6 ([10]PF6) 

Yield: 66 mg, 58.4%; Elemental Anal(%) Calc. for C2oH23N6IrClPF6 (720.09): C 33.61; 

H 2.47; N 14.70; found: C 33.73; H 2.65; N 13.98; 1H NMR (400 MHz, CD3CN): b = 

8.99 {s, 1H}, 8.84 {d, 1H, 3J= 3.2 Hz}, 8.66 {d, 1H, 3J= 2.4 Hz}, 8.39 {d, 1H, 3
JH,H= 1.6 

Hz}, 8.32 {d, 1H, 3
JH,H= 1.6 Hz}, 7.98 {s, 1H), 7.01 {dd, 1H, 3

JH,H= 1.6 Hz}, 6.70 (dd, 1H, 
3 JH,H = 2.0 Hz}, 2.01 {s, 15H, C5Me5); ESI-MS (m/z): 575.2 [M- PF6]+, 535.6 [M-PF6-

Clt, 400.2 [M-PF6-Cl-Cp*]; IR (KBr, cm-1): 845s V(P-F), 1592m, 1558m, 1522m (vc=N 

Ll) 2924m, 3439w; UV-Vis {acetonitrile, Amax nm (elO-sM-1 cm-1)}: 279(0.53}, 

340(0.89), 402(0.20). 

2.2.3.4 [(Cp*)Ir(L2)Cl]PF6 ([ll]PF6) 

Yield: 70 mg, 57.8%; Elemental Anal (%) Calc. for C22H21N6IrClPF6 (748.13): C 35.32; 

H 3.64; N 11.23; found: C 35.25; H 3.68; N 11.22; 1H NMR (400 MHz, CD3CN): b = 

8.78 {s, 1H), 8.43 (d, 1H, 3J= 6.4 Hz}, 8.09 (s, 1H), 6.76 {d, 1H, 3J = 4.6 Hz}, 6.40 {d, 

1H, 3J= 4.6 Hz), 6.32 {d, 1H, 3J = 2.8 Hz}, 2.70 {s, 3H, CH3), 2.43 {s, 3H, CH3), 1.77 {s, 

15H, C5Me5); ESI-MS (rnlz): 603.1 [M- PF6t, 568.2 [M-PF6-Clt, 433.2 [M-PF6-Cl­

Cp*]; IR (KBr, cm-1): 845s V(P-F)• 1598m, 1559m, 1521m (vc=N L2), 2995m, 3446w; UV­

Vis {acetonitrile, A.max nm (e10-5M 1 cm-1)}: 267(0.54), 298(0.82), 429(0.08) 

2.2.5.6 [(Cp*)Ir(L3)Cl]PF6 ([12]PF6) 

Yield: 78 mg, 64.4%; Elemental Anal(%) Calc. for C24H31N6IrClPF6 (776.96): C 37.14; 

H 4.03; N 10.83; found: C 37.06; H 4.05; N 10.33; 1H NMR (400 MHz, CD3CN): b = 

8.90 {s, 1H), 8.21 {s, 1H), 6.67 {s, 1H), 6.20 (s, 1H), 2.83 {s, 3H, CH3), 2.76 {s, 3H, CH3}, 

2.64 {s, 3H, CH3), 2.30 (s, 3H, CH3), 2.15 (s, 15H, C5Me5); ESI-MS (rnlz): 631.2 [M­

PF6t, 596.6 [M-PF6-Cl]+, 461.2 [M-PF6-Cl-Cp*]; IR (KBr, cm-1): 843s V(P-F), 1606m, 

1560m, 1524m (vc=N L2), 3050m, 3446w; UV-Vis {acetonitrile, A-max nm (e10-5M-1 cm-

1)}: 268(0.50), 301(0.41), 361(0.51) and 464(0.04). 

2.2.4 General procedure for the preparation of the dinuclear complexes 13-18 

A mixture of [(116-arene)Ru(J.l·Cl)Clh (arene = C6H6 and 116-p-iPrC6~Me) (0.1 

mmol), ligand L (Ll, L2 and L3) (0.1 mmol) and 2.5 equivalents of N~PF6 in dry 

methanol (15 ml) was stirred at room temperature for 14 hours resulting orange color 

precipitation. The precipitate was filtered, washed with cold methanol, diethyl ether and 

dried in vacuo. 
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2.2.4.1 [{(rl-Cdl6)RuC/}2(Ll)](PF6h ([13](PF6)2) 

Yield: 72 mg, 77.4%; Elemental Anal (%)Calc. for CzzHzoN6RuzCizPzF12 (931.41): C 

28.37; H 2.16; N 9.02; found: C 38.21; H 2.45; N 8.98; 1H NMR (400 MHz, CD3CN): a= 
9.68 {d, 2H, 3J = 2.8 Hz), 8.79 {s, 1H), 8.71 {d, 2H, 3J= 7.2 Hz), 8.32 {s, 1H), 7.01 (dd, 

2H, 3J = 2.0 Hz), 6.15 {s, 12H, C6H6);. ESI-MS (m/z): 786.1 [M2++PF6·t, 427.2 [M­

PF6t; IR (KBr, cm-1): 845s V(P-F), 1598m, 1559m, 1521m (vc=N Ll), 2995m, 3447w; UV­

Vis {acetonitrile, A.max nm (e10"5M 1 cm-1)}: 259(0.21), 318(0.23), 380(0.08). 

2.2.4.2 [{(rl-Cdl6)RuC/}2(L2)](PF6)2 ([14](PF6)2) 

Yield: 71 mg, 74.7%; Elemental Anal (%) Calc. for C24H24N6Ru2ChP2F12 (959.46): C 

30.04; H 2.52; N 8.76; found: C 29.95; H 2.58; N 8.61; 1H NMR (400 MHz, CD3CN): a= 
9.46 (s, 1H), 8.58 (d, 2H, 3J= 8.4 Hz), 8.15 (s, 1H), 7.25 (d, 2H, 3J = 4.6 Hz), 6.24 (s, 

12H, C6~), 2.83 (s, 3H,CH3), 2.81 (s, 3H, CH3); ESI-MS (rnlz):814.2 [M2++PF6·]+, 455.2 

[M-PF6t; IR (KBr, cm-1): 843s V(P-F), 1601m, 1557m, 1524m (vc=N L2), 3010m, 3449w; 

UV-Vis {acetonitrile, Amax nm (e10"5M"1 cm"1)}: 262(0.29), 310(0.75), 374(0.12). 

2.2.4.3 [{(rl-Cdl6)RuC/}2(L3)](PF6)2 ([15](PF6)2) 

Yield: 81 mg, 82.6 %; Elemental Anal(%) Calc. for C24H2sN6Ru2ChP2F12 (987.52): C 

31.62; H 2.86; N 8.51; found: C 31.50; H 2.95; N 8.33; 1H NMR (400 MHz, CD3CN): a 
= 10.02 (s, 1H), 7.68 (s, 1H), 6.72 (s, 2H), 6.21 (s, 12H, C6~), 2.81 (s, 6H, CH3), 2.69 (s, 

6H, CH3); ESI-MS (m/z): 842.4 [M2++PF6-]\ 483.3 [M- PF6t; IR (K.Br, cm-1): 843s V(P­

F)• 1606m, 1560m, 1524m (vc=N L3), 3050m, 3451w; UV-Vis {acetonitrile, Amax nm (El0-

5M1 cm"1)}: 271(0.18), 315(0.81), 380(0.11). 

2.2.4.4 [{(rl-p-;PrCd/,Me)RuC/}2(Ll)](PF6h ([16](PF6)2) 

Yield: 87 mg, 83.6%; Elemental Anal(%) Calc. for C3oH36N6RuzClzP2F12 (1043.62): C 

34.53; H 3.48; N 8.05; found: C 34.42; H 3.47; N 7.96; 1H NMR (400 MHz, CDCh): a= 
9.65 (d, 2H, 3J= 2.4 Hz), 8.71 (d, 2H, 3 J= 4.6 Hz), 8.68 (s, 1H), 7.28 (s, 1H), 7.06 (dd, 

2H, 3J= 2.4 Hz), 6.08 (d, 2H, 3J= 6.4 Hz, Arp-cy), 6.06 (d, 2H, 3J= 6.4 Hz, Arp-cy), 5.99 

(d, 2H, 3J= 6.0 Hz, Arp-cy), 5.93 (d, 2H, 3J = 6.0 Hz, Arp-cy), 2.74-2.69 (sept, 2H, 3J= 6.2 

Hz, CH(CH3)2), 2.18 (s, 6H, Arp-cy-Me), 1.14 (d, 6H, 3J= 6.8 Hz, CH(CH3)2), 1.04 (d, 6H, 
3J= 7.6 Hz, CH(CH3)2); ESI-MS (m/z): 898.2 [M2++PF6·]+, 483.3 [M- PF6t; IR (K.Br, 

cm-1): 844s v(P-F)• 1599m, 1560m, 1525m (vc=N Ll), 2995m, 3447w; UV-Vis 

{acetonitrile, A.max nm (e10"5M"1 cm-1)}: 260(0.29), 310(0.58), 378(0.13). 
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2.2.4.5 [{(rl-p-;PrCd/,Me)RuCl}2(L2)}(PF6)2 ([17](PF6)2) 

Yield: 77 mg, 71.9%; Elemental Anal (%) Calc. for C32~oN6Ru2ChP2F12 (1071.67): C 

35.86; H 3.76; N 7.84; found: C 43.78; H 3.94; N 13.92; 1H NMR (400 MHz, CDCh): 6 

== 9.38 (s, lH), 8.51 (d, 2H, 3J== 2.8 Hz), 7.89 (s, lH), 6.75 (d, 2H, 3J== 9.6 Hz), 6.01 (d, 

2H, 3J= 6.0 Hz, Arp-cy), 5.99 (d, 2H, 3J= 6.04 Hz, Arp-cy), 5.96 (d, 2H, 3J= 6.0 Hz, Arp-cy), 

5.96 (d, 2H, 3J= 6.04 Hz, Arp-cy), 2.81 (s, 6H, CH3), 2.75 (sept, 2H, CH(CH3)2), 2.26 (s, 

6H, Arp-cy-Me), 1.19 (d, 6H, 3J== 3.2 Hz, CH(CH3)2), 1.17 (d, 6H, 3J== 3.2 Hz, CH(CH3)2); 

ESI-MS (m/z): 926.2 [M2++PF6-t, 513.2 [M-PF6t; IR (KBr, cm-1
): 843s Y(P-F), 1601m, 

1557m, 1524m (vc=N L2), 30llm, 345lw; UV-Vis {acetonitrile, A.nax nm (ElO-sM-1 cm-

1)}: 271(0.18), 315(0.81), 380(0.11). 

2.2.4.6 [{(r/-p_iPrCdf,Me)RuCl}2(L3)](PF6)2 ([18](PF6)2) 

Yield: 90 mg, 82.5%; Elemental Anal (%)Calc. for C34~4N6Ru2ChP2F12 (1099.73): C 

37.13; H 4.03; N 7.64; found: C 37.05; H 4.07; N 7.64; 1H NMR (400 MHz, CDCh): 6 == 

9.91 (s, IH), 7.67 (s, 1H), 6.68 (s, 2H), 6.11 (d, 2H, 3J== 6.4 Hz, Arp-cy), 6.08 (d, 2H, 3J= 
. 3 3 

6.2 Hz, Arp-cy), 5.95 (d, 2H, J= 6.0 Hz, Arp-cy), 5.89 (d, 2H, J= 6.4 Hz, Arp-cy), 2.80 (s, 

6H, CH3), 2.76 (s, 6H, CH3), 2.66 (sept, 2H, CH(CH3)2), 2.28 (s, 6H, Arp-cy-Me), 1.09 (d, 

6H, 3J= 3.2 Hz, CH(CH3)2), 1.06 (d, 6H, 3J= 3.2 Hz, CH(CH3)2); ESI-MS (m/z): 954.73 

[M2++PF6·t, 538.8 [M-PF6t; IR (KBr, cm"1): 843s Y(P-F), 1608m, 1562m, 1524m (vc=N 

L3), 3041m, 3447w; UV-Vis {acetonitrile, Amax nm (al0-5M-1 cm-1
)}: 263(0.29), 

310(0.75), 376(0.12). 

2.2.5 General procedure for the preparation of the dinuclear complexes 19-24 

A mixture of [(Cp*)M(}.t-Cl)Cl]2 (M = Rh and Ir) (0.08 mmol), ligand L (Ll, L2 

and L3) (0.08 mmol) and 2.5 equivalents of ~PF6 in dry methanol (20 ml) was 

refluxed at 50°C for 12 hours, resulting a orange color precipitation. The precipitate was 

separated by filtration, washed with cold methanol, diethyl ether and dried in vacuo. 

2.2.5.1 [{(Cp*)RhC1}2(LJ)](PF6h ([19](PF6)2) 

Yield: 66 mg, 79.5%; Elemental Anal(%) Calc. for C3oH3sN6Rh2ChP2F12 (1049.31): C 

34.34; H 3.65; N 8.01; found: C 34.23; H 3.75; N 7.91; 1H NMR (400 MHz, CD3CN): 6 = 

9.18 (s, IH), 8.84 (d, 2H, 3J= 3.2 Hz), 8.36 (d, 2H, 3J== 1.6 Hz), 8.01 (s, lH), 6.92 (dd, 

2H, 3J = 1.6 Hz), 1.81 (s, 30H, C5Me5); ESI-MS (m/z): 904.3 [M2++PF6-t, 485.2 [M-
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PF6t; IR (KBr, cm-1): 845s V(P-F), 1592m, 1558m, 1522m (vc=N Ll), 2995m, 3447w; UV­

Vis {acetonitrile, A.max nm (E10-5M-1 cm-1)}: 271(0.18), 315(0.81), 380(0.11). 

2.2.5.2 [{(Cp*)RhCI}2(L2)](PF6h ([20J(PF6)2) 

Yield: 60 mg, 70.5%; Elemental Anal (%)Calc. for C32~2N6Rh2ChP2F12 (1077.36): C 

35.67; H 3.93; N 7.80; found: C 35.26; H 3.99; N 7.61; 1H NMR (400 MHz, CD3CN): t5 = 

9.05 (s, 1H), 8.46 (d, 2H, 3J= 6.0 Hz), 8.12 (s, 1H), 6.79 (d, 2H, 3J= 4.6 Hz), 2.76 (s, 3H, 

CH3), 2.73 (s, 3H, CH3), 1.77 (s, 30H, C5Me5); ESI-MS (m/z):513.8 [M- PF6], 932.1 

[M2++PF6-t, 513.8 [M- PF6t; IR (KBr, cm-1
): 845s V(P-F), 1598m, 1559m, 1521m (vc=N 

L2), 2998m, 3449w; UV-Vis {acetonitrile, A-max nm (E10-5M-1 cm-1
)}: 259(0.11), 

315(0.51 ), 380(0.08). 

2.2.5.3 [{(Cp*)RhCI}2(L3)](PF6h ([21](PF6)2) 

Yield: 67 mg, 77.1%; Elemental Anal(%) Calc. for C34~6N6Rh2ChP2F12 (1105.41): C 

36.94; H 4.19; N 7.60; found: C 36.86; H 4.15; N 7.58; 1H NMR (400 MHz, CD3CN): t5 

= 9.09 (s, 1H), 7.36 (s, lH), 6.79 (s, 2H), 2.84 {s, 6H, CH3), 2.79 {s, 6H, CH3), 1.88 {s, 

30H, CsMe5); ESI-MS (m/z): 960.2 [M2++PF6-t, 541.81 [M- PF6t; IR (KBr, cm-1): 843s 

V(P-F), 1601m, 1557m, 1524m (vc=N L3), 3010m, 3442w; UV-Vis {acetonitrile, A-max nm 

(ElO-sM-1 cm-1)}: 269(0.18), 315(0.48), 371(0.10). 

2.2.5.4 [(Cp*)IrClh(Ll)](PF6h ([22](PF6)2) 

Yield: 72 mg, 75.7%; Elemental Anal (%) Calc. for C3oH3sN6Ir2ChP2F12 (1227.93): C 

29.34; H 3.12; N 6.84; found: C 29.23; H 3.15; N 6.71; 1H NMR (400 MHz, CD3CN): t5 = 

9.01 {s, 1H), 8.84 {d, 2H, 3J= 3.2 Hz), 8.41 {d, 2H, 3J= 2.4 Hz), 8.03 (s, lH), 6.95 (dd, 

2H, 3J = 1.6 Hz), 1.79 {s, 30H, C5Me5); ESI-MS (m/z): 1082.2 [M2++PF6-t, 575.2 [M­

PF6t; IR (KBr, cm-1): 845s V(P-F), 1598m, 1559m, 1521m (vc=N Ll), 2995m, 3447w; UV­

Vis {acetonitrile, '-max nm (El0-5M"1 cm-1
)}: 260(0.19), 310(0.67), 368(0.11). 

2.2.5.5 [{(Cp*)IrCI}2(L2)](PF6)2 ([23](PF6)2) 

Yield: 60 mg, 61%; Elemental Anal (%) Calc. for C32~2N6Ir2ChP2F12 (1255.98): C 

30.60; H 3.37; N 6.69; found: C 30.45; H 3.48; N 6.51; 1H NMR (400 MHz, CD3CN): t5 = 

9.01 {s, lH), 8.48 (d, 2H, 3J= 6.4 Hz), 8.15 (s, 1H), 6.71 (d, 2H, 3J = 4.6 Hz), 2.63 (s, 

6H, CH3), 1.75 (s, 30H, CsMes); ESI-MS (m/z):1111.1 [M2++PF6-t, 603.1 [M- PF6t; IR 

32 



Pyrazolyl-pyrimidine ligands Chapter 2 

(KBr, cm-1
): 844s V(P-F), 1599m, 1560m, 1525m (vc=N L2), 3002m, 344lw; UV-Vis 

{acetonitrile, A.max nm (e10-5M-1 cm-1
)}: 265(0.16), 315(0.56), 371(0.09). 

2.2.5.6 [{(Cp*)IrC/}2(L3)](PF6)2 ([24](PF6)2) 

Yield: 74 mg, 74%; Elemental Anal (%) Calc. for C34Rt6N6Ir2ChP2F12 (1284.04): C 

31.80; H 3.61; N 6.54; found: C 31.76; H 3.78; N 6.33; 1H NMR (400 MHz, CD3CN): c5 

= 9.04 (s, lH), 7.31 (s, lH), 6.68 (s, 2H), 2.83 (s, 6H, CH3), 2.79 (s, 6H, CH3), 1.82 (s, 

30H, C5Me5); ESI-MS (m/z): 1139.5 [M2++PF6-t, 631.2 [M- PF6t; IR (KBr, cm-1
): 843s 

V(P-F), 1608m, 1562m, 1524m (vc=N L3), 3016m, 3450w; UV-Vis {acetonitrile, Amax nm 

(el0-5M-1 cm-1
)}: 268(0.19), 321(0.61), 376(0.13). 

2.3 Results and discussion 

2.3.1 Syntheses of ligands and complexes 

Ligands L2 and L3 were prepared from the corresponding pyrazolato anion and 

4,6-dichloropyrimidine. Reaction of half equivalent of dinuclear arene ruthenium 

complexes [(TJ6-arene)Ru(J.t-Cl)Clh (arene = C6~, p-iPrC6RtMe) with one equivalent of 

4,6-disubstituted pyrimidine ligands viz. 4,6-bis(pyrazolyl)pyrimidine (L 1 ), 4,6-bis(3-

methyl-pyrazolyl)pyrimidine (L2) or 4,6-bis(3,5-dimethyl-pyrazolyl)pyrimidine (L3) in 

methanol generates the mononuclear complexes [(TJ 6-C6~)Ru(L)Clt (L = Ll, 1; L2, 2; 

L3, 3), [(TJ6-p_iPrC6RtMe)Ru(L)Clt (L= L1, 4; L2, 5; L3, 6), respectively (Scheme 2.2). 

The homologous complexes with two coordinated arene ruthenium fragments, [ { (TJ6-

C6~)RuC1}2(L)](PF6)2 (L = Ll, 13; L2, 14; L3, 15) and [{(TJ6-p_iPrC6RtMe)RuC1}2(L)] 

(PF6)2 (L = Ll, 16; L2, 17; L3, 18), were prepared when a 1:1 molar ratio was used and 

over prolonged reaction times (Scheme 2.2). All these cationic ruthenium complexes 

were isolated as their hexafluorophosphate salts. 
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L 

L1:R,R'=H 
L2: R = CH3, R' = H 
L3: R, R' = CH3 

+ 0.5 [(TJ8-arene)RuC12h 

MeOH 

+ 1.0 [(TJ8-arene)RuC12k 

MeOH 

"o-o¢ 
L=L1 1 4 
L=L2 2 6 
L = L3 3 6 

' R' j2+ 

R-a~b-R R~ = o~ ~ 
N II """', N ...._,. .& y 

CI-R\u_N...._,pN_R,u-CI 
L = L 1 13 16 

~ ..eb..,. L =L2 14 17 
~R ~R L = L3 16 18 

Scheme 2.2 

Similarly, the reaction of half equivalent of the dimeric chloro-bridged complexes 

[(Cp*)M().l-Cl)Clh (M = Rh, Ir) with 4,6-disubstituted-pyrimidine ligands (L) in 

methanol generates the mononuclear cationic complexes of the type [(Cp*)Rh(L)Clt (L 

= Ll, 7; L2, 8; L3, 9), [(Cp*)lr(L)Clt (L= Ll, 10; L2, 11; L3, 12), respectively (Scheme 

2.3). The homologous complexes with two coordinated Cp*Rh or Cp*Ir fragments, 

[{(Cp*)RhC1}2(L)](PF6)2(L = L1, 19; L2, 20; L3, 21) and [{(Cp*)IrCl}2(L)](PF6)z(L = 

Ll, 22; L2, 23; L3, 24), were prepared when a 1:1 molar ratio was used and at prolonged 

reaction times (Scheme 2.3). All these cationic rhodium or iridium complexes were 

isolated as their hexafluorophosphate salts. 

L 

L1· R R'=H 
L2: R'= CH3, R' = H 
L3: R, R' = CH3 

+ 0.5 [(115-C5Mes)MCI2l2 

MeOH 

+ 1.0 [(f\5-C5Mes)MC1zl2 

MeOH 

Scheme 2.3 

M= 

L=L1 
L =l2 
L = L3 

Rh lr 

7 10 
8 11 
9 12 

Rh lr 

19 22 
20 23 
21 24 

When the mononuclear complexes [1]PF6 - [12]PF6 were further reacted with half 

mole of arene ruthenium or Cp*Rh or Ir dimers in acetonitrile solution, no reaction took 
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place and isolated as starting compounds. Also attempts to synthesize hetero-nuclear 

complexes by reaction of the mononuclear complexes with other metal atoms led to no 

reaction. 

All these complexes are orange yellow in color, non-hygroscopic, air stable solids. 

They are soluble in acetonitrile but partially soluble in dichloromethane, chloroform and 

acetone. 

2.3.2 Characterization of mononuclear complexes 1-12 

All these mononuclear complexes were characterized by IR, 1H NMR, mass and 

elemental Analysis. The infrared spectra of the complexes [1]PF6 - [12]PF6 exhibit a 

strong band in the region 844-850 cm·1
, a typical VP-F stretching band for the PF6 anions. 

Moreover, all complexes show absorption bands around 1600- 1610 cm-I, 1550- 1558 

cm-1 and 1522-1528 cm-1 corresponding to vc=N vibrations of pyrazole and pyrimidine 

moieties38 besides these absorptions 2990-3050 and 3400-3450 were observed. For 

instance the IR spectrum of complex 2 was presented in figure 2.1. 
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Figure 2.1: IR spectrum of complex [(116 -C6~)Ru(L2)Cl] PF6 ([2]PF6) 

The mass spectra of these complexes exhibited, as expected, the corresponding 

molecular ion peaks m/z at 427, 455, 483, 483, 511, 538, 485, 513, 541, 575, 603 and 

631. For instance complex [1]PF6 shown four fragments, a molecular ion peak at 427 

[Mt, 391 [M-Clt, 313 [M-Cl-arenet and 213 [L+1]. For example the mass spectrum of 

the complex 4 was depicted in figure 2.2. 
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Figure 2.2: Mass spectrum of complex [(TJ6-p-iPrC61iJMe)Ru(L1)Cl]PF6([4]PF6) 

The 1 H NMR spectra of the free ligands L 1 to L3 exhibit a characteristic set of 

five resonances for the protons of pyrazole and pyrimidine rings, since the pyrazole rings 

are in symmetrical position. Upon coordination with the metal atom, each mononuclear 

complex has shown seven to eight set of resonances for the ligand L 1 to L3 protons in the 

region B = 9.56 to 6.78, B = 9.41 to 2.43, and B = 9.34 to 2.17, respectively. It indicates 

the formation of mononuclear complexes. The resonances ofthe coordinated pyrazole and 

pyrimidine rings protons shifted to higher frequency as a consequence of their 

coordination to the ruthenium or rhodium or iridium atom. However, arene- ruthenium 

complexes [l]PF6-[6]PF6, the resonances of ligand protons significantly shifted to down 

field compared to Cp*Rh or Cp*Ir complexes, [7]PF6 - [12]PF6. Besides these ligand 

resonances, complexes [l]PF6- [3]PF6 exhibit a singlet for the benzene ring protons at B= 

6.20 to 5.93, complexes [4]PF6 to [6]PF6exhibit a septet at B = 2.70 for the protons ofthe 

isopropyl group and a singlet at B = 2.17 for the methyl protons of the p-cymene ring. The 

ring protons and methyl protons of the isopropyl group of the p-cymene ligand have 

shown an unusual pattern of resonances. For instance, the methyl protons ofthe isopropyl 

group displays two doublets at ca. B = 1.18 to 1.07, instead of one doublet as in the 

starting complex. The aromatic protons of the p-cymene ligand display four doublets, 

instead of two doublets as in the· starting precursor. This unusual pattern is due to the 
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diastereotopic methyl protons of the isopropyl group and aromatic protons of the p­

cymene ligand since the ruthenium atom is stereogenic due to the coordination of four 

different ligand atoms.39
·
4° Complexes [l]PF6 to [12]PF6 exhibit a singlet at 8 = 1.71 to 

1.55 for the five methyl groups of the Cp* ligand. The chemical shift of the co-ligands 

arene or Cp* ring protons are shifted to down field compared to the starting precursors. 

For instance the 1H NMR spectra of complexes 5 and 7 were depicted below (figure 2.3 

and 2.4). 

( 
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Figure 2.3: 1H NMR spectrum of complex [(TJ6-p-iPrC6~Me)Ru(L2)Cl]PF6 ([5]PF6) 
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Figure 2.4: 1H NMR spectrum of complex [(Cp*)Rh(Ll)Cl]PF6 ([7]PF6) 
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2.3.3 Molecular structure of selected mononuclear complexes 

The molecular structure of the [(1'J 6-C6~)Ru(L3)Cl]PF6 ([3]PF6), [(1')6-p-

iPrC6~Me)Ru(L3)Cl]PF6 ([6]PF6) as well as the Cp* rhodium complex 

[(Cp*)Rh(Ll)Cl]PF6 ([7]PF6) have been established by single crystal X-ray structure 

analysis. These cationic complexes show a typical piano-stool geometry with the metal 

center being coordinated by an aromatic ligand, a terminal chloro ligand and a chelating 

4,6-disubstituted-pyrimidine ligand. The metal atom possesses an octahedral arrangement 

with two cis-nitrogen atoms of the pyrazolyl-pyrimidine ligand acting as a bidentate 

chelating ligand in a five-membered ring chelating fashion involving one nitrogen atom 

of the pyrazolyl moiety and the nitrogen atom of the pyrimidine group. The structures are 

shown in Figures 2.5, 2.6 and 2.7. Crystallographic details are summarized in Table 2.1 

and selected bond lengths and angles for [3]PF6, [6]PF6 and [7]PF6 are presented in Table 

2.2. 

Figure 2.5: Molecular structure of [(1'J 6-C6~)Ru(L3)Cl]PF6 ([3]PF6) at 50% probability 

level. Hydrogen atoms, water molecule and hexafluorophosphate anion have been omitted 

for clarity. 
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In the mononuclear complexes [3]PF6 and [7]PF6 the N1-metal distance (2.076 

and 2.106 A) of the pyrazolyl moiety is slightly shorter than the corresponding 

pyrimidinyl, N3-metal distance (2.092, and 2.138 A}, in contrast to complex (6]PF6 in 

which the N1-metal (2.102 A) distance is slightly longer than the corresponding N3-metal 

distance (2.093(2) A). The Rh-N bond distance (2.106(3) and 2.138(3) A) in 7 is slightly 

longer than the corresponding distances of ruthenium complex 3 (2.076(3) and 2.092(2) 

A) and complex 6 (2.102 and 2.093}, while the M-Cl [2.402(7}, 2.388(8) and 2.400(6)] 

bond lengths show no significant differences in all the cations and similar reported 

values.41
•
42 The N-M-N bond angles [75.33(7) in 3 and 75.56°(9) in 6] are similar to that 

of complexes [(116-p-iPrCJ4Me)RuCl(2,3-bis(a-pyridyl)quinoxaline)t [76.2 (2)0
].

43 The 

distances between the ruthenium atom and the centroid of the C6 aromatic ring in 3 and 6 

are comparable (1.69 and 1.68 A) but quite shorter than the distance between the rhodium 

atom and the C5 aromatic ring observed in 7 (1.77 A). The M-N1 bond distances 

[2.076(9) to 2.102(2} A] are comparable to those in [('16-C6~)RuC1(2-(1-imidazol-2-

yl)pyridine)t and [(Cp*)Ir(2-(2' -pyridyl)-imidazole)Clt,44 

Figure 2.6: Molecular structure of [(116-p-iPrC6H.Me)Ru(L3)Cl]PF6 ([6]PF6) at 50% 

probability level. Hydrogen atoms and hexafluorophosphate anion have been omitted for 

clarity. 
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As amplified in Figures 2.5 to 2.7, all cations possess metal-centered chirality as 

the metal atom is coordinated to four different ligator atoms. However, since none of the 

ligands contain chiral centers, they are all obtained as a racemic mixture and they all 

crystallize in the centrosymmetric space group P i. 

Figure 2.7: Molecular structure of [(Cp*)Rh(Ll)Cl]PF6 ([7]PF6) at 50% probability level. 

Hydrogen atoms and anion have been omitted for clarity. 

In the crystal packing of [3]PF6 · H20, the hexafluorophosphate anion sits on side 

of the cationic complex and interacts with an hydrogen atom of the C6H6 ligand (see 

figure 2.8). The hexafluorophosphate anion interacts with C6H6 ligand through C-H···F 

contacts: the C···F distances being 3.22 and 3.26 A with C-H···F angles of 148.9 and 

138.3°, respectively. In addition to this the oxygen atom interacts with one of the 

hydrogen atoms of ligand Llthrough C-H···O contact: the 0··0 distance being 3.10 A and 

C-H···O angle is 149.06 °. 
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Figure 2.8: Network of [(11 6-C6~)Ru(L3)Cl]PF6 ([3]PF6)·H20 showing the 

intermolecular interactions involving the hexafluorophosphate anion and water molecule 

2.3.4 Characterization of the dinuclear complexes 

The infrared spectra of the dinuclear complexes [13](PF6) 2 - [24](PF6)2 

exhibit a similar trend as for the mononuclear complexes [l]PF6 - [12]PF6• The mass 

spectra of these complexes exhibited two main peaks; a minor peak with an 

approximately 50% intensity attributed to [M- PF6t at m/z 786, 814, 842, 898, 926, 954, 

904, 932, 960 , 1082, Ill 0 and 1138, respectively, and a major peak which corresponds 

to the loss of an [(arene/Cp*)MClt fragment, thus giving the corresponding mononuclear 

cations [1- PF6t- [12- PF6t at m/z = 427,455,483,483,511,538,485,513, 541,575, 

603 and 631. 

The 1H NMR spectra of the dinuclear complexes [13](PF6) 2 - [24](PF6)2, exhibit 

five distinct resonances, which are assigned to pyrazole or substituted pyrazoles and 

pyrimidine ring protons of the ligand Ll or L2 or L3, indicating the formation of 

dinuclear complexes. The number of distinct resonances of these complexes is similar to 

the number of distinct resonances of free ligands, indicating that the pyrazole rings of the 

ligands remain symmetrical even after formation of the complexes. These results indicate 

the formation of dinuclear complexes. The resonances of the coordinated pyrazole and 
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pyrimidine protons shifted to considerable down filed as compared to mononuclear 

complexes, a consequence of their coordination to two ruthenium, rhodium or iridium 

atoms. For instance the 1H NMR spectrum of complex 21 was depicted in figure 2.9. 

~~~~~~~, .... ?~~-{~-~~~~~~~~~~~~~~ 
10 9 8 7 6 5 4 3 2 1 

Figure 2.9: 1H NMR spectrum of complex [ { (Cp*)RhCI}2(L3)](PF6)2 ([21 ](PF6)2) 

However, in the arene ruthenium complexes [13](PF6)2 - [18](PF6)2, the 

resonances of the ligand protons significantly shifted to down field compared to Cp*Rh 

or Ir complexes, [19](PF6)2- [24](PF6)2. Besides these resonances complexes [13](PF6)2 

- [15](PF6)2 exhibit a singlet for both benzene ring protons at o = 6.24 and 6.15 ppm, 

complexes [16](PF6)2 - [18](PF6)2 exhibit a similar trend like the mononuclear complexes 

[4]PF6- [4]PF6. A septet at o = 2.70 for the protons of the isopropyl group, a singlet at o 
= 2.17 for the methyl protons of p-cymene ring, four doublets ca. o = 6.09 to 5.93 for the 

ring protons of the p-cymene ligand and finally methyl protons of the isopropyl group 

displays two doublets at ca. o = 1.18 and 1.07. Complexes [19](PF6)2- [24](PF6)2 exhibit 

a singlet in the region o = 1.88 to 1.77 for the five methyl groups of the Cp* ligand. The 

chemical shift of the arene co-ligands or Cp* ring protons are shifted to higher frequency 

compared to the starting precursors as well as compared to the mononuclear complexes. 
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2.3.5 Molecular structure of the dinuclear complex [18](PF6)2 

The molecular structure of [{(TJ6-p-iPrC61-LJMe)RuCl}2(L3)]2+ ([18](PF6)2) has 

been established by single-crystal X-ray structure analysis. Selected bond lengths and 

angles are presented in Table 2.2. The dinuclear complex [l8](PF6)2 shows a typical 

piano-stool geometry for the ruthenium atoms with the metal centers being coordinated 

by the aromatic ligand, a terminal chloride and a chelating N,N-ligand (Figure. 2.1 0). The 

compound [18](PF6)2 contains two Ru(II) metal centers which are bonded to a 116 -~­

PrC61-LJMe ligand and bridged by the L3 ligand through its nitrogen atoms. Interestingly, 

the dinuclear complex [18](PF6)2 reveals a trans conformation of the two chloro ligands 

(Figure. 2.1 0). The distance between the ruthenium atoms and the corresponding centroid 

of the 116 -p-iPrC6~Me ring is 1.68 and 1.67 A. These distances are comparable to those in 

the related complex cation [( 116 -p-iPrC6~Me )Ru(2-acetylthiazoleazine )Clt .45 

Figure 2.10: Molecular structure of [{(TJ6-p-iPrC~Me)RuCl}2(L3)f+ [18](PF6)2·H20 at 

50% probability level. Hydrogen atoms, water molecule and hexafluorophosphate anions 

have been omitted for clarity. 

The Ru-N bond distances ranging from 2.072(3) to 2.092(3) A are shorter than in 

the mononuclear complex [6]PF6 [2.102(3) and 2.093(3) A], interestingly the Ru to Nl or 

N5 (pyrazole) distances are shorter than the Ru-N3 or N6 (pyrimidine) distances in the 
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dinuclear complex [18](PF6)2, where as it is opposite in mononuclear complex [6]PF6, 

while the ruthenium-chlorine bond distances are comparable. In complex [18](PF6)2, the 

isopropyl group of the p-cymene ligand at Ru 1 center located opposite to the halide 

ligand in order to reduce steric interactions, while at Ru2 the isopropyl group is located 

on same side to the halide ligand. 

Complex [18](PF6)2 crystallizes with one molecule of water per asymmetric unit, 

forming an hydrogen-bonded network to the chloride atom and the fluorine atom of the 

hexafluorophosphate anion (Figure 2.11 ). The water molecule interacts with chloride 

ligand through 0-H···Cl contacts: the O···Cl distance being 3.26 A with an 0-H···Cl 

angle of 156.3°. In addition to this, the water molecule interacts with one of the fluoride 

atoms of the hexafluorophosphate anion through F···H-0 contacts: the F···O distance 

being 3.51 A and the F···H-0 angle 154.09°. 

t2.489A 

) 
2.287 A 

Figure 2.11: Hydrogen bond network in [{(r(p-iPrC6~Me)RuCl}z(L3)]2+ [18](PF6)2 • 

HzO showing the intermolecular interactions involving an hexafluorophosphate anion, a 

water molecule and cation 
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Table 2.1: Details of the data collection and results of the structure refinement parameters for complexes [3]PF6·H20, [6]PF6, [7]PF6 and 

[l8](PF6)2·H20 

Com~lex [3]PF6 · H20 [6]PF6 [7]PF6 [18]{PF6)2 · H20 
Chemical formula C2oH22ClF6N60PRu C24H3oClF 6N6PRu C2oH23ClF6N6PRh C34~ChF 12N60P2Ru2 
Fonnula weight 628.03 684.03 630.77 1117.75 
Crystal system Triclinic Triclinic Triclinic Monoclinic 
Space group P-1 P-1 P-1 P2da 
Crystal color and shape orange blade red block red block orange block 
Crystal size ( mm3> 0.25 X 0.12 X 0.12 0.28 X 0.28 X 0.18 0.50 X 0.26 X 0.15 0.21x0.18x0.13 
a(A) 8.4350(11) 8.4928(10) 7.5841(6) 17.1745(13) 
b (A) 9.1359(12) 12.1384(14) 11.2581(10) 13.5980(8) 
c (A) 16.328(2) 14.1361(16) 14.7304{12) 17.6465{11) 
a e) 91.340(2) 99.418(2) 74.056(2) 90.00 
Pe) 92.071(2) 90.677(2) 88.015(2) 90.062(8) 
re) 105.129(2) 104.611(2) 88.408(2) 90.00 
V(A3) 1213.2(3) 1389.0(3) 1208.39(17) 4121.1(5) 
z 2 2 2 4 
T{K) 203(2) 203(2) 203(2) K 173(2) 
Dx (g /cm3

) 1.763 1.636 1.734 1.802 
Jl (mm-1) 0.895 0.785 0.952 1.033 
Scan range (0

) 2.31 < e < 28.31 1.76 < e < 32.38 1.88 < e <32.33 1.91 < e <26.08 
Unique reflections 12483 17438 14825 8096 
Reflections used [/>2cr(l)] 5998 9027 7813 5203 
Rint 0.0260 0.0383 0.0244 0.0644 
Final R indices [1>2cr(l)] 0.0385, wR2 0.1160 0.0513, wR2 0.1368 0.0428, wR2 = 0.1387 0.0379, wR2 = 0.0791 
R indices (all data) 0.0415, wR2 0.1203 0.0615, wR2 0.1471 0.0463, wR2 = 0.1437 0.0700, wR2 = 0.0862 
Goodness-of-fit 1.186 1.121 1.178 0.849 
Max, Min ~Q_ (e A-3

) 1.183, -0.564 1.128,-0.754 1.214, -1.051 0.949, -0.807 
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Table 2.2: Selected bond lengths and angles for complexes [3]PF6 · H20, [6]PF6, [7]PF6 

and [18](PF6)2 · H20. 

[3]PF6 [6]PF6 [7]PF6 [18](PF6)2 

Distances (A) 

M1-CII 2.402(7) 2.388(8) 2.40(6) 2.393(1) 

M2-CI2 2.391(1) 

M1-N1 2.076(2) 2.102(2) 2.106(2) 2.072(3) 

M1-N3 2.092(2) 2.093(2) 2.138(2) 2.092(3) 

M2-N4 2.092(3) 

M2-N6 2.076(3) 

M 1-centroid3 1.690 1.685 1.770 1.685 

M2-centroid3 - 1.678 

Angles (0
) 

N1-M1-N3 75.33(7) 75.56(9) 75.34(8) 75.70(1) 

N4-M2-N6 75.0(1) 

N1-M1-Cll 84.76(6) 87.51(7) 90.43(7) 82.86(3) 

N4-M2-Cl2 84.26(9) 

N3-M1-Cll 84.09(6) 84.27(7) 84.73(6) 83.3 1(9) 

N6-M2-Cl2 81.70(9) 

3Calculated centroid-to-metal distances (116-C6 or 115-C5 coordinated aromatic ring). 

2.3.6 UV -visible spectroscopy 

Electronic absorption spectra of the mononuclear complexes [l]PF6 - [12]PF6 as 

well as the dinuclear complexes [13](PF6)2 - [24](PF6)2 were acquired in acetonitrile, at 

10·5 M concentration in the range 250-550 nm. Electronic spectra of representative 

complexes are depicted in Figure 2.12. The spectra of these complexes are characterized 

by two main features, viz., an intense ligand-localized or intra-ligand 1t- n* transition in 

the ultraviolet region and metal-to-ligand charge transfer (MLCT) dn(M) - n* (L 1 -

ligand) bands in the visible region.46 Since the low spin d6 configuration of the 

mononuclear complexes provides filled orbitals of suitable symmetry at the Ru(ll), 

Rh(III) and Ir(III) centers, these can interact with low lying n* orbitals of the ligands. All 
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these mononuclear complexes [l]PF6 - [12]PF6 show two medium intensity bands in the 

region 261-310 nm, an intense band in the region 340-380 nm in UV region and a low 

energy absorption band in the visible region 450 - 470 nm. Where as the dinuclear 

complexes [13](PF6) 2 - [24](PF6) 2 shown similar number of bands in higher frequency 

region, for instance a medium intensity band in the region 260-275 nm, a high intensity 

band in the region 318- 322 nm and a broad band in the region 356- 418 nm. The 

medium intensity bands in UV region is assigned to 1t - 1t*, a high intensity band in UV 

region is assigned to inter and intra-ligand 1t- 1t*l n - 1t* transitions,47
' 

48 while the low 

energy absorption band in the visible region is assigned to metal-to-ligand charge transfer 

(MLCT) (t2g- 1t*). 
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Figure 2.12: UV-Visible electronic spectra of selected complexes in acetonitrile at 298 K. 

2.4 Conclusions 

We have described and characterized new mono and dinuclear ruthenium, 

rhodium and iridium complexes with the ligands Ll, L2 and L3, in good yield, which are 

remarkably stable in air as well as in solution. In both, mono and dinuclear complexes, 
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the metal atom are bonded with theN-atom ofthe pyrazole moiety and theN-atom of the 

pyrimidine moiety. But our effort to make heteronuclear complexes by using second 

binding site of the mononuclear complexes was unsuccessful, since coordination of the 

first metallic center does not induce the bonding in the second position in a kind of 

chemical symbiosis driven by the ligand or the metal center. 

2.5 Supplementary material 

CCDC-742491 [3]PF6· H20, CCDC-742492 [6]PF6, CCDC-742493 [7]PF6 and 

CCDC-751116 [18](PF6)2·H20 contain the supplementary crystallographic data for this 

chapter. 

References 

1 S. Trofimenko, Chern. Rev. 93 (1993) 943. 

2 M.D. Ward, Annu. Rep. Prog. Chern., Sect. A: Inorg. Chern. 91 (1994) 317. 

3 A. Juris, S. Barigelletti, S. Campagna, V. Balzani, P. Belser, A. von Zelewsky, 

Coord. Chern. Rev. (1988) 27. 

4 J. A. Bailey, M. G. Hill, R. E. Marsh, V. M. Miskowski, W. P. Schaefer, H. B. 

Gray, Inorg. Chern. 34 (1995) 4591. 

5 M. G. Hill, J. A. Bailey, V. M. Miskowski, H. B. Gray, Inorg. Chern. 35 (1996) 

4585. 

6 A. Gelling, K. G. Orrell, A. G. Osborne, V. Syik, J. Chern. Soc., Dalton Trans. 

(1998) 937. 

7 M. Navarro, W. F. D. Giovani, J. R. Romero, Synth. Commun. 20 (1990) 399. 

8 N. Grover, H. H. Thorp, J. Am. Chern. Soc. 113 (1991) 7030. 

9 X. Hua, M. Shang, A.G. Lappin, Inorg. Chern. 36 (1997) 3735. 

10 C. M. Che, C. Ho, T.C. Lau, J. Chern. Soc., Dalton Trans. (1991) 901. 

11 S. J. Raven, T. J. Meyer, Inorg. Chern. 27 (1988) 4478. 

12 C. M. Che, W.T. Tang, W.O. Lee, K.Y. Wong, T.C. Lau, J. Chern. Soc., Dalton 

Trans. (1992) 1551. 

13 A. Dovletoglou, S. A. Adeyemi, M.N. Lynn, D.J. Hodgson, T.J. Meyer, J. Am. 

Chern. Soc. 112 (1990) 8989. 

14 C. M. Che, V.W.W. Yam, Adv. Inorg. Chern. 39 (1992) 233. 

15 R. A. Binstead, M. E. Me Guire, A. Dovletoglou, W. K. Seok, L. E. Roecker, T. J. 

Meyer, J. Am. Chern. Soc. 114 (1992) 173. 

48 



Pyrazolyl-pyrimidine ligands Chapter 2 

16 A. W. Stumpf, E. Saive, A. Demonceau, A.F. Noels, J. Chern. Soc., Chern. 

Commun. (1995) 1127. 

17 0. Zava, S.M. Zakeeruddin, C. Danelon, H. Vogel, M. Gdltzel, P. J. Dyson, Chern. 

Bio. Chern. 10 (2009) 1796. 

18 P. C. A. Bruijnincx, P. J. Sadler, Adv. lnorg. Chern. 61 (2009) 1. 

19 F. Schmitt, P. Govindaswamy, 0. Zava, G. SUss-Fink, L. Juillerat-Jeanneret, B. 

Therrien, J. Biol. Inorg. Chern. 14 (2009) 101. 

20 B. Therrien, G. SUss-Fink, P. Govindaswamy, A. K. Renfrew, P. J. Dyson, Angew. 

Chern. Int. Ed. 4 7 (2008) 3 773. 

21 P. Govender, N.C. Antone1s, J. Mattsson, A. K. Renfrew, P. J. Dyson, J. R. Moss, 

B. Therrien, G. S. Smith, J. Organomet. Chern. 694 (2009) 3470. 

22 N. P. E. Barry, N. H. Abd Karim, R. Vilar, B. Therrien, Dalton Trans. (2009) 

DOl: 10.1 039/b913642h 

23 L. Rigamonti, F. Demartin, A. Forni, S. Righetto and A. Pasini, Inorg. Chern. 45 

(2006) 10976. 

24 J. Gradinaru, A. Forni, V. Druta, F. Tessore, S. Zecchin, S. Quici and N. Garbalau, 

Inorg. Chern. 46 (2007) 884. 

25 G. Gupta, K. T. Prasad, B. Das, G. L. P. Yap, K. M. Rao, J. Organomet. Chern. 694 

(2009) 2618. 

26 L. Soriano, F. A. Jal6n, B. R. Manzano, M. Maestro, Inorg. Chim. Acta 362 (2009) 

4486. 

27 K. Sarjit Singh, Y. A. Mozharivskyj, K. M. Rao, Z. Anorg. Allg. Chern. 632 (2005) 

172. 

28 K. Sarjit Singh, Y. A. Mozharivskyj, C. Thone, K. M. Rao, J. Organomet. Chern. 

690 (2005) 3 720. 

29 G. Gupta, G. P. A. Yap, B. Therrien, K. M. Rao, Polyhedron, 28 (2009) 844. 

30 P. Govindaswamy, Y. A. Mozharivskyj, K. M. Rao, J. Organomet. Chern. 689 

(2004) 3265. 

31 P. Govindaswamy, P. J. Carroll, Y. A. Mozharivskyj, K. M. Rao, J. Organomet. 

Chern. 690 (2005) 885. 

32 P. Govindaswamy, Y. A. Mozharivskyj, K. M. Rao, Polyhedron 23 (2004) 3115. 

33 J. K. Hurst, Coord. Chern. Rev. 249 (2005) 313. 

49 



Pyrazolyl-pyrimidine ligands Chapter 2 

34 C. Sens, I. Romero, M. Rodriguez, A. Llobet, T. Parella, J. B. Buchholz, J. Am. 

Chern. Soc. 126 (2004) 7798. 

35 I. Romero, M. Rodriguez, C. Sens, J. Mola, K. M. Rao, L Francas, E. M. Marza, L. 

Escriche, A. Llobet, Inorg. Chern. 4 7 (2008) 1824-1834. 

36 M. Ikeda, K. Maruyama, Y. Nobuhara, T. Yamada, S. Okabe, Chern. Pharm. Bull. 

45 (1997) 549. 

37 R. Uson, L.A. Oro, M. Esteban, Polyhedron 3 (1984) 213. 

38 H. van der Poel, G. van Koten, K. Vrieze, Inorg. Chern. 19 (1980) 1145. 

39 P. Govindaswamy, B. Therrien, G. SUss-Fink, P. Stepnicka, Ludvik, J. Organomet. 

Chern. 692 (2007) 1661. 

40 K. T. Prasad, B. Therrien, K. M. Rao, J. Organornet. Chern. 693 (2008) 3049. 

41 K. T. Prasad, B. Therrien, K. M. Rao, J. Organornet. Chern. 695 (2010) 226 -234. 

42 B. Therrien, C. Sai'd-Moharned, G. SUss-Fink, Inorg. Chirn. Acta. 361 (2008) 2601. 

43 R. Lalrernpuia, K. M. Rao, Polyhedron, 22 (2003) 3155. 

44 K. Pachhunga, B. Therrien, K. A. Kreisel, G. P. A. Yap, M. R. Kollipara, 

Polyhedron. 26 (2007) 3638. 

45 K. T. Prasad, G. Gupta, A. V. Rao, B. Das, K. M. Rao, Polyhedron 28 (2009) 2649. 

46 E. Binamira-Soriaga, N. L. Keder, W. C. Kaska, Inorg. Chern. 29 (1990) 3167. 

47 C. S. Araujo, M. G. B. Drew, V. Felix, L. Jack, J. Madureira, M. Newell, S. Roche, 

T. M. Santos, J. A. Thomas, L. Yellowlees, Inorg.Chem. 41 (2002) 2250. 

48 H. Deng, J. Li, K.C. Zheng, Y. Yang, H. Chao, L. N. Ji, Inorg. Chirn. Acta, 358 

(2005) 3430. 

50 



Chapter3 

Spectral, structural and DFT studies of platinum group 

metal 3,6-bis(2-pyridyl)-4-phenylpyridazine complexes and 

their ligand bonding modes 

New mononuclear half-sandwich platinum group metal (Ru, Rh and lr) complexes were 

obtained by the reaction of arene or Cp or Cp* metal (Ru, Rh and lr) complexes with 3,6-

bis(2-pyridyl)-4-phenylpyridazine (Lph), yielding two sets of complexes. In one set (type­

A), the metal bonds to the Nl and N2 atoms of the (Lph) ligand, and in the other (type­

B), the metal bonds to the N3 and N4 atoms. The structures of these complexes were 

confirmed through X-ray crystallography and density functional theory calculations . 

·· .. ....................................................... :.--~,.,.,. 

. 

... ·· ........................................................ ::· .. .......... 

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K. 

Mohan Rao, J. Organomet. Chern. 695 (2010) 707-716. 
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3.1 Introduction 

Polypyridyl complexes of platinum group metals are being continuously 

investigated because of their multiple applications in fields of science including 

photophysics and photochemistry, I-6 supramolecular chemistry,7 catalysis8 
-II and 

bioinorganic chemistryY-15 The organometallic complexes of116-arene ruthenium16
•
17 and 

11 5 -half-sandwich complexes of rhodium and iridium have attracted considerable current 

interest as potential anticancer agents (Dyson et a/. ). 12
-
15

•
18

•
19 Another important aspect, 

especially from the catalytic prospective, is the design of Ru=O functional groups and 

analogues capable of reversibly accepting multiple electrons and protons within a 

relatively small potential range.20
-
22 This capacity to modify the environment in order to 

induce electronic as well as steric effects gives scope for the design and fabrication of 

tailored catalysts for specific reactions. 

The properties of metal complexes largely depend on how the nature of the 

bridging ligand mediates metal-metal interactions. This role of bridging ligands is 

strongly influenced by factors such as the acceptor and donor properties of coordination 

sites, the length and rigidity ofthe spacers, the presence or absence of conjugated bonds, 

the orientation of substituents and the scope for manipulating ligand charge. In this 

regard, bridging polypyridyl ligands (viz. 2,2'-bipyrimidine (bpym), 2,3-bis(2-

pyridyl)pyrazine (bppz), 3,5-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz), 3,6-bis(2-

pyridyl)pyridazine (bppn), and 2,4,6-tris(2-pyridyl}-1,3,5-triazine ligands) have received 

much attention.23
-
25 The wider family of such ligands with 4- or 4,5-substituted pyridazine 

moieties (viz., 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh) (figure 3.1) has been relatively 

less studied. More recently, Constable and co-workers published a few reports on silver(!) 

complexes26
-
29 incorporating such ligands. 

Symmetrical 3,5-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) and to a lesser extent 3,6-

bis(2-pyridyl)pyridazine (bppn) frequently bind via any two of the four nitrogen atoms 

present (Nl and N2 or N3 and N4) on the pyridine and tetrazine/pyridazine moieties, 

employing a bidentate K
2 bonding mode to coordinate with d6 metal centers.30

•
31 A phenyl 

substituent introduces an element of asymmetry in the 3,6-bis(2-pyridyl)pyridazine (L) 

ligand moiety, as shown by the 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh) ligand. This 

can bind to a metal via atoms Nl and N2 (type-A) or atoms N3 and N4 (type-B) (see 

figure 3.2) in a bidentate K
2 bonding mode. The ligand is a four electron donor since the 
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phenyl substituent creates differences in the electronic environment on the two available 

binding sites. Apart from the above two possibilities (type-A or type-B) (figure 3.2), a 

combination of the two types (type-A + type-B) for the same compound is also possible, 

but not treated in this research. 

The reaction of 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh) with [(116 -arene)Ru(~­

Cl)Clh (arene = C6llt; and p-iPrC6~Me), [(11 5-C5Me5)Ir(~-Cl)Cl]2 and [(115-

Cp)Ru(PPh3)2Cl] (Cp = C5H5, C5Me5 and C9H7) led to the formation of type-A 

mononuclear complexes. Use of [(116 -C6Me6)Ru(~-Cl)Cl]2 and [(115 -C5Me5)Rh(~-Cl)Cl]2 

led to the formation of type-B complexes. The third possibility (combination of type-A 

and type-B) was not borne out in this work. The nature of the bonding modes for the 

above complexes was elucidated here through NMR and X-ray crystallography. In 

addition to these studies, we have performed OFT calculations on the complexes 2, 3, 4, 5 

and 6 in order to better understand the nature of the bonding modes in the ruthenium, 

rhodium and iridium complexes with Uh. 

To the best of our knowledge, there are yet no reports on half-sandwich platinum 

group metal complexes with the tph ligand. The successful formation here of such 

mononuclear complexes gives promising scope for the development of metallo-ligands or 

synthons based on organometallic systems. Another important factor is the presence of a 

phenyl ring on the ligand backbone. In the absence of this feature (viz,. with the 3,6-bis(2-

pyridyl)pyridazine ligand), we were unable to obtain stable and acceptable yields of both 

mononuclear as well as dinuclear complexes. Due to this, some research groups had 

suspended further work on such systems, notably those striving to prepare water 

oxidation catalysts using this ligand. 32 

We here report the synthesis of eight new platinum group metal complexes having 

arenes, Cp* and 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh) as ligands, all characterized 

by IR, NMR, mass spectrometry and UV/visible spectroscopy. The complexes and free 

ligands were also subjected to density functional theory (DFT) calculations. Molecular 

structures of three representative complexes (derived from X-ray cryatal data) are 

presented as well. 
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L 

Figure 3.1: Unsubstituted 3,6-bis(2-pyridyl)pyridazine (L) and substituted 3,6-bis(2-

pyridyl)-4-phenylpyridazine (LPh). 

type-A type-B 

Figure 3.2: The two types of complexes [R~M(LPh)Xt (M=Ru, Rh and Ir). 

3.2 Experimental 

3 .2.1 Preparation of ligand 3,6-bis(2--pyridyl)-4-phenylpyridazine (LPh)33 

One gram of 3,6-bis(2-pyridyl) 1 ,2,4,5-tetrazine was added to a solution of 0.50 g 

of phenylacetylene in 25 mi. of toluene. The resulting mixture was refluxed overnight. 

After this time the red color of the tetrazine had disappeared. The solid residue which 

remained after removal of the solvent was recrystallized from ethanol to give 0.90 g. 

(68%) of color less needles, m. p. 177.5-178.5° C. 

Anal. Calc. for C2oH14N4 C, 77.40; H, 4.55. Found: C, 77.24; H, 4.66: 1H NMR (CD3CN, 

o): 8.81 (d, 1H), 8.74 (d, 1H), 8.67 (s, 1H), 8.49 (d, 1H), 7.93 (t, 2H), 7.83 (t, 2H), 7.42 (t, 

1H), 7.34 -7.26 (m, 5H). 
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3.2.2 General procedure for preparation of mononuclear complexes 1-3 

A mixture of [(116-arene)Ru(J.l-Cl)Clh (arene = C6H6, p-iPrC6H4Me and C6Me6) 

(0.07 mmol), ligand Lph (0.15 mmol) and 2.5 equivalents ofN~PF6 in dry methanol (15 

ml) was stirred at room temperature for 6 hours. The precipitate was separated by 

filtration, washed with cold methanol, diethyl ether and dried under vacuum. 

3.2.2.1 [(rl-C~(i)Ru(LPh)Cl]PF6 [1] 

Orange-yellow solid, Yield 80 mg (89%): C26H2oClN4RuPF6 (669.5) Calc.: C 

46.61, H 3.01, N 8.36; Found: C 46.68, H 3.18, N 8.48: 1H NMR (400 MHz, CD3CN, 

25°C): o = 9.57 (d, lH, J0 _0 = 5.58 Hz), 8.86 (d, 1H, J0 _0 = 8Hz), 8.64 (s, 1H), 8.49 (d, 

1H), 8.28 (td, 1H), 8.08 (td, 2H), 7.71 (td, 1H), 7.53-7.51 (m, 5H), 7.25 (d, 1H), 6.18 (s, 

6H, C6~) ppm; ESI-MS (m/z): 525.1 (100%) [M-PF6]+, 489.1 (10%) [M-PF6-Clt; IR 

(KBr, cm-1
): V(P-F) 844s; 558m. 

3.2.2.2 [(r/-p-;PrC~4Me)Ru(Lph)Cl]PF6 [2] 

Dark orange solid, Yield 80 mg (89%): C30H28ClN4RuPF6 (726.05) Calc.: C 

49.63, H 3.89, N 7.72; Found: C 50.08, H 3.78, N 7.95: 1H NMR (400 MHz, CD3CN, 

25°C): o = 9.42 (d, 1H, J0 _0 = 5.60 Hz), 8.78 (dd, 2H, Ju-u= 8Hz), 8.67 (s, 1H), 8.15(dt, 

1H), 7.75 (td, 1H), 7.58-7.63 (m, 5H),7.43 (td, 2H), 7.20 (d, 1H, Ju-u = 8Hz), 6.04 (d, 

1H), 6.01 (d, 1H), 5.85 (d, 1H), 5.81 (d, 1H), 2.82 (sept, 1H, CH(CH3)2), 2.28 (s, 3H, 

CH3), 1.18 (d, 3H, CH(CH3)2), 1.14 (d, 3H, CH(CH3)2) ppm; ESI-MS (m/z): 580.8 

(100%) [M-PF6t, 544.7 (20%) [M-PF6-Clt; IR (KBr, cm-1
): V(P-F) 842s; 558m . 

. 3.2.2.3 [(rl-C~e(i)Ru(LPh)Cl]PF6 [3] 

Orange-yellow solid, yield 80 mg (89%): C32H32ClN4RuPF6 (754.1) Calc.: C 

50.97, H 4.28, N 7.43; Found: C 51.08, H 4.31, N 7.29. 1H NMR (400 MHz, CD3CN, 

25°C): o = 8.91 (d, lH, J0 _0 = 5.58 Hz), 8.82 (d, 1H, J0 _0 = 8Hz), 8.67 (s, 1H), 8.59 (d, 

1H, Ju-u=8 Hz), 8.04 (td, 1H), 7.67-7.61 (m, 7H), 7.53 (td, 2H), 2.18 (s, 18H, C6(Me)6) 

ppm; ESI-MS (m/z): 608.9 (100%) [M-PF6]\ 573.6 (30%) [M-PF6-Clt; IR (KBr, cm-1
): 

V(P-F) 845s; 558m. 

3.2.3 General procedure for preparation of mononuclear complexes 4 and 5 

A mixture of [(115 -C5Me5)M(J.1.-Cl)Cl]2 (M = Rh, Ir) (0.07 mmol), ligand tph (0.18 

mmol) and 2.5 equivalents of~PF6 in dry methanol (15 ml) was refluxed for 4 hours. 
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The reaction mixture was cooled overnight at room temperature, during which time the 

crystalline compound was formed. It was separated by filtration, washed with cold 

methanol, diethyl ether and dried under vacuum. 

3.2.3.1 [(r/-C5Mes)Rh(I!h)Cl]PF6[4] 

Dark yellow color, yield 80 mg (77%): C3oH29ClN4RhPF6 (728.9) Calc.: C 49.43, 

H 4.01, N 7.69; Found: C 50.10, H 3.99, N 7.65. 1H NMR (400 MHz, CDCb, 25°C}: 8 = 

8.91 {d, 1H, JH-H=8 Hz}, 8.59 {d, 1H}, 8.41 {s, 1H}, 8.39 {d, 1H}, 8.19 {td,1H}, 7.81 {m, 

2H}, 7.68 (d, 1H), 7.66 -7.61 (m, 5H), 7.40 (d, 1H}, 1.77 (s, l5H, CsMe5) ppm; ESI-MS 

(rnlz): 583.1 (100%) [M-PF6t, 558.1 (23%) [M-PF6-Clt; IR (KBr, cm-1
): V(P-Fl 845s; 

558m. 

3.2.3.2 [(r(CsMes)lr(Lph)Cl]PF6 [5} 

Dark yellow color, yield 70 mg (83%): C30H29ClN4IrPF6 (818.2) Calc.: C 44.04, 

H 3.57, N 6.85; Found: C 44.10, H 3.59, N 6.79; 1H NMR (400 MHz, CDCb, 25°C}: 8 = 

9.30 (d, 1H, JH-H= 8Hz}, 8.88 (dd, 2H, JH-H= 6.8 Hz), 8.71 (s, 1H}, 8.45 (td, lH}, 8.22 

(td, 2H), 7.84 (td, 1H), 7.75 to 7.67 {m, 5H}, 7.53 (d, IH), 1.68 (s, 15H, C5Me5) ppm; 

ESI-MS (m/z): 673.3 (100%) [M-PF6t, 638.1 {32%) [M-PF6-Clt; IR (KBr, cm-1
): V(P-F) 

845s; 558m. 

3.2.4 General procedure for preparation of mononuclear complexes 6 to 8 

A mixture of [(Cp)Ru(PPh3)2Cl] (Cp = C5H5, CsMe5, C9H7) (0.07 mmol}, ligand 

tph (0.08 mmol) and 1.5 equivalents ofN~PF6 in dry ethanol (15 ml) was retluxed for 

14 hours. The color changed from a dark yellow to a dark red color. The reaction mixture 

was cooled over-night at room temperature during which time the crystalline compound 

was formed. Some of the crystals were found suitable for X-ray crystal study. The 

product was separated by filtration, washed with cold ethanol, diethyl ether and dried 

under vacuo. 

3.2.4.1 [(r/-CsHs)Ru(Lph)(PPh3)]PF6 {6] 

Orange color, yield 60 mg (63%): C43H34ClN4RuP2F6 (888.2) Calc.: C 58.14, H 

3.86, N 6.31; Found: C 58.11, H 3.90, N 6.59. 1H NMR (400 MHz, CDCh, 8) 9.50 (d, 

lH}, 8.75 {d, 1H), 8.72 {d, lH), 8.21 (s, lH}, 8.14 (td,IH}, 7.57 (td, 1H), 7.37 (td, lH), 
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7.30-7.20 {m, 20H),7.14 (td, 1H) 6.78 {d, 1H), 4.83 {s, 5H, C5H5) ppm; 31P {1H} = 46.12 

ppm.; ESI-MS (m/z): 743.5 (100%) [M-PF6t; IR (KBr, cm-1): Y(P-Fl 842s; 527m. 

3.2.4.2 [(r/-C5Me5)Ru(Lph)(PPh3)]PF6 [7] 

Orange color, yield 68 mg (60%): C48H.4ClN~uP2F6 (958.38) Calc.: C 60.16, H 

4.63, N 5.85; Found: C 60.11, H 4.69, N 5.74. 1H NMR (400MHz, CDCh, 25°C): o = 

9.07 (d, 1H), 8.89 (d, 1H), 8.81 (td, 1H), 8.25 (s, 1H), 8.17 (td, 1H), 7.51-7.12 (m, 23H), 

6.76 (d, 1H), 4.90 (s, 5H, C5Me5) ppm; 31 P {1H} = 45.25 ppm; ESI-MS (m/z): 818.1 

(100%) [M-PF6t; IR (KBr, cm-1): Y(P-F) 844s; 527m. 

2.2.4.3 [(r/-C9H,)Ru(Lph)(PPh3)}PF6 [8] 

Yellowish brown color, yield 70 mg (83%): C41H36ClN4RuP2F6 (938.3) Calc.: C 

60.16, H 3.87, N 5.97; Found: C 60.11, H 3.89, N 5.99. 1H NMR (400 MHz, CDCh, 

25°C): o = 9.68 (d, 1H), 8.76 (d, lH), 8.69 (d, lH), 8.20 (s, lH), 8.12 (td, 2H), 7.94 (td, 

2H) 7.63 (td, lH), 7.22-7.55 (m, 24H, 4Ph), 4.87(t, 1H), 4.71 (d, 2H) ppm; 31 P {1H} = 

48.42 ppm; ESI-MS (m/z): 789.4 (100%) [M-PF6t; IR (KBr, cm-1): Y(P-F) 841s; 548m. 

3.3 Results and Discussion 

3.3.1 Syntheses 

The dinuclear arene-ruthenium complexes [(TJ6-arene)Ru(J.t-Cl)Clh (arene = C6H6, 

p.iPrC6H.Me and C~e6) react with two equivalents of 3,6-bis(2-pyridyl)-4-

phenylpyridazine (Uh) in methanol, being stirred at room temperature in the presence of 

NH.PF6to fonn the mononuclear areneruthenium complex cations [(TJ6-C6H6)Ru(Lph)Clt 

(1), [(TJ6-p.iPrC6H.Me) Ru(Uh)Clt (2), and [(TJ6-C6Me6)Ru(Uh)Clt (3) (Scheme 3.1) 

and isolated as their hexafluoro-phosphate salts. The metal atom bonds to the LPh ligand 

through the N1 and N2 atoms in the type-A complexes 1 and 2, while in the type-B 

complex 3 the metal bonds through the N3 and N4 atoms of the ligand. 
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3 

Scheme 3.1 

Similarly, reacting the dimeric chloro-bridged complexes [(TJ5-C5Me5)M(J.l­

Cl)Cl]z (M = Rh, Ir) with the same Uh ligand at 50° C leads to the formation of the 

mononuclear cationic complexes [(TJ5-CsMes)Rh(Uh)Clt (4) and [(TJ 5-C5Me5)Ir(Uh)Cit 

(5) (Scheme 3.2), isolated as their hexafluorophosphate salts. The metal atom bonded to 

the LPh ligand through the N3 and N4 atoms in the type-B complex 4, while in the type-A 

complex 5 the metal bonded via the Nl and N2 atoms of the ligand. 

~~l+ 
I N \'cl 

+0.5 [(Tt5-CsMes)RhCI2)h ..0 N~N 
1..0 N 

Scheme 3.2 
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The complexes [(115-C5H5)Ru(PPh3)2Cl], [(115-C5Me5)Ru(PPh3)2Cl] and [(115-

C9H7)Ru(PPh3)2Cl] reacted with the same tph ligand in ethanol at 60°C to form the 

mononuclear complex cations [(115-C5H5)Ru(Uh)PPh3t (6), [(115-C5Me5)Ru(Uh)PPh3t 

(7) and [(115-C9H7) Ru(Uh)PPh3t (8) (Scheme 3.3), isolated as their hexafluorophosphate 

salts. In all these type-A complexes the metal is bonded through the N I and N2 atoms of 

the ligand. 

- Cl,- PPh3 

6 7 8 

Scheme 3.3 

Complexes 1, 2 and 3 are orange-yellow, 4 and 5 are dark yellow, while 6, 7 and 8 

are orange-brown in color. All are non-hygroscopic, air-stable solids soluble in 

acetonitrile and partially soluble in dichloromethane, chloroform, methanol and acetone. 

All complexes have been characterized on the basis of elemental analyses, 1H NMR, IR, 

UV -visible spectroscopy and mass spectrometry. 

The infrared spectra of complexes 1 - 8 exhibit a strong band in the region 844-

850 cm-1
, a typical VP-F stretching band for the PF6 anions. Besides this, peaks were 

observed which correspond to the phenyl, pyridyl and pyridazine rings (C=C and C=N 

moieties). The mass spectra display peaks with mlz at 580, 525, 573, 554, 638, 743, 818 

and 789, corresponding to the molecular ion 1( peaks for complexes 1 to 8 respectively. 

For instance the mass spectra of the complexes 2 and 8 have been depicted in figure 3.3 

and 3.4 respectively. 
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Figure 3.3: Mass spectrum of complex [{TJ 6-p-iPrC6~Me)Ru(Uh)Cl]PF6 [2] 
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Figure 3.4: Mass spectrum of complex [(TJ5 -C9H7 )Ru(Uh)(PPh3)]PF6 [8] 
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3.3.2 NMR studies 

The 1H NMR spectrum of the free (unbound) ligand Uh exhibits resonances at o 
8.80 {d, 6-H), 8.74 (d, 6'-H), 8.67 (s, 9-H), 8.49 (d, 3-H) 7.94 (td, 3',4-H), 7.80 (td, 4'-H), 

7.44 {m, Ph-H), 7.34 (dd, 5-H), 7.28 (dd, 5'-H) in CDCh. Upon coordination with metal 

atoms, the 1H NMR spectrum of the Uh ligand protons exhibits two different sets of 

resonances for the two different types of complexes. The type-A complexes 1, 2, 5, 6, 7 

and 8 show one type of spectral resonance (see figure 3.5), while the type-B complexes 3 

and 4 show a different set of resonances (see figure 3.6) for the aromatic regions of the 

ligand. 

Type-A: The 1H NMR spectra of the Ru(II)U11 and Ir(III)U11 complexes 1, 2 and 5 

to 8 exhibit ten sets of resonances at- o 9.54 (d, 6-H), 8.76 (d, 6'-H), 8.72 (d, 3-H), 8.21 

{s, 9-H), 8.18 (td, 4-H), 7.57 (td, 4'-H), 7.37 (td, 5-H), 7.30 (m, ph-H), 7.15 (td, 5'-H) and 

6.79 (d, 3'-H) ppm for the protons ofthe Uh ligand in CD3CN-d3• The resonances of the 

protons 6, 6'' 3 and 4 of ligand uh are shifted downfield by 0 - 0. 75, 0.1 0, 0.32 and 0.31 

respectively with respect to the free ligand. As an example, the NMR spectrum of the 

type-A complex 6 is presented in figure 3.5. 

Type-B: The 1H NMR spectra of the Ru(ll) and Rh(III) complexes [(l16-

C6Me6)Ru(Uh)Clf (3) and [(l1 5-C5Me5)Rh(Uh)Clf (4) exhibit eight sets of resonances at 

o = 8.91 {d, 6'-H), 8.82 (d, 6-H), 8.67 (s, 9-H), 8.59 (d, 3'-H), 8.04 (td, 4'-H), 7.67-7.61 

{m, 5 & ph-H), 7.53 (td, 4& 5'-H) and o = 8.91 {d, 6'-H ), 8.59 (d, 6-H), 8.41 (s, 9-H), 

8.39 (d, 3'-H), 8.19 (td, 4'-H), 7.81 (m, 4& 5'-H), 7.68 {d, 3-H), 7.66-7.61 {m, 5 & ph-H) 

ppm in CDCh (figure 3.6a, b). The resonances of protons 6', 9, 3' and 4' of the ligand are 

shifted downfield by o:::: 0.17, 0.01, 0.55 and 0.21 ppm respectively (with respect to the 

corresponding free Uh protons) due to the inductive effect of the metal. The significant 

downfield shift of proton 9 of ligand Uh reveals the formation of type-B complexes as 

compared to the previous type. 

We choose to distinguish the two types of complex on the basis of NMR, and 

present the spectra of the type-B complexes 3 and 4 are depicted herein (figure 3.6 a, b). 

This furnishes the evidence for the formation of complex 3 with the type-B bonding mode 

in ruthenium complexes having the hexamethylbenzene co-ligand. This is not the case 

with ruthenium complexes having the l16-p_iPrCJ4Me and TJ 6-C6~ co-ligands, where 

Ru-LPh bonding occurs in type-A fashion. Similar results for other complexes (based on 
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reactivity studies) were observed earlier in our research group, where complexes 

containing the hexamethylbenzene co-ligand contrast clearly with those containing the 

TJ6-p-iPrC6RtMe and TJ6-C6H61igands.34
'
35 

Furthermore, the aromatic regions of Uh ligand signals of complex 2 exhibit a 

singlet at & = 2.28 for the methyl protons, a septet at & = 2.82 for the CH proton of the 

isopropyl group, two doublets for the diastereotopic methyl protons of the isopropyl 

group, and likewise four doublets for the diastereotopic CH protons of the p-cymene 

ligand. Complexes 1 and 3 exhibit a singlet for the protons of the benzene ring and 

protons of the hexamethylbenzene at & 6.18 and 2.18 respectively. Complexes 4 and 5 

exhibit a singlet for the methyl protons of the pentamethylcyclopentadienyl ligand at & 

1.77 and 1.68 respectively. Complexes 6 and 7 exhibit a singlet at & 4.91 and 2.03 for the 

protons of the cyclopentadienyl ligand and the methyl protons of 

pentamethylcyclopentadienylligand respectively. Complex 8 exhibits three characteristic 

sets of signals (multiplet, triplet and doublet) for the protons of the indenyl ligand. The 

protons ofthe triphenylphosphine ligand exhibit a multiplet at & 7.22- 7.55. The 31 P eH} 

NMR spectra of complexes 6, 7, and 8 show chemical shifts at & 46.12, 49.21, and 48.42 

respectively, which indicate that each metal atom is bonded with a single 

triphenylphosphine ligand. 

S',Ph 

6 6' 

type-A s 

4' 

9 

3 
6 4 

6' 3' 

l 
9.6 9.0 8.5 8.0 7.5 7.0 

Figure 3.5: Aromatic region of the 1H-NMR spectrum of complex 6 (type-A) in CDCh 
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(b) 

9 4, 5', 3, Ph. 

type-B 

3' 
4' 

5 

~L 
6' 6 

9.0 8.9 8.8 8.7 8.8 8.5 .... 8.3 1.2 8.1 1.0 7.t 7.1 7.7 7.8 7.S 7.4 7.3 7.2 ppm 

Figure 3.6: Aromatic regions of the 1H-NMR spectra of (a) complex 4 (type-B); (b) 

complex 3 (type-B) in CDCh. 

3.3.3 Molecular structures 

The molecular structures of [(ll 6-p-iPrC6~Me)Ru(Uh)Clt (2), [(ll5
-

CsMes)Rh(Lph)Clt (4) and [(ll 5-C5H5)Ru(Uh)(PPh3)t (6) have been established by 

single-crystal X-ray analysis of their hexafluorophosphate salts (tables 3.1 and 3.2). The 

complexes show a typical piano-stool geometry with the metal centre coordinated to the 

arene ligand, to the chelating Uh ligand, and to a terminal chloride in complexes 2 and 4 

and triphenylphosphine in complex 6. The metal atom is in an octahedral arrangement 
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with the two cis-nitrogen atoms of the uh ligand acting as a bidentate chelating ligand 

through the two neighboring pyridyl and pyridazinyl nitrogen atoms. In principle, in 

mononuclear complexes, tetradentate ligands such as L or Lph can coordinate to the metal 

centre either through the Nl and N2 atoms (type-A) or the N3 and N4 atoms (type-B). It is 

fascinating to observe here that the crystal structures of complexes 2 and 6 are found to be 

Nl, N2-coordinated (type-A), while the complex 4 is found to be N3, N4-coordinated 

(type-B) in a five-membered ring chelating fashion involving the nitrogen atom of the 

pyridine moiety and one nitrogen atom of the pyridazinyl moiety. This could be due to the 

steric interactions of arene ligands, electronic factors, the nature of the co-ligands, the 

oxidation state of the metal atom and the symmetry of the ligand. The nature of these 

bonding modes is studied here by density functional theory (see later). The solid state 

molecular structures of complexes 2, 4 and 6 are shown in figures 3.7, 3.8 and 3.9 

respectively, with the bond lengths and angles presented in table 3.1. 

Figure 3.7: Molecular structure of a complex 2 at 35% probability level. Hydrogen atoms, 

chloroform molecule and hexafluorophosphate anion have been omitted for clarity. 

In the mononuclear complexes 2, 4 and 6 the nitrogen-metal distances (2.073, 

2.120 and 2.086 A) associated with the pyridyl ligand are slightly longer than the 
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corresponding pyridazinyl ligand nitrogen-metal distance (2.045, 2.084 and 2.076 A). 

These are comparable to those in the previously studied complexes [(r{p­

ipre6~Me )RuC1{2,3-bis(2-pyridyl)pyrazine )]BF 4, 36 [Rh2(L-H)(NBD)(TI1-C7H7 )(CH30H) 

(CH3CN)](BF4)2,
37 and [(TI 6-p-iPrC6~Me)Ru(2-(2-pyridyl)-1,8-naphthyridine)Cl]PF6 .38 

The Rh-N distances (2.120(3) and 2.084(3) A) in 4 are slightly longer than the 

corresponding distances in complex 2 (2.073(3) and 2.045(2) A) and complex 6 (2.076 

and 2.086). The M-Cl bond lengths [2.387(10) and 2.384(13)] show no significant 

differences between values for the cations studied here and other reported values.39
• The 

N-M-N bond angles [76.1(11)0 in 2 and 76.0(13)0 in 4 are similar in value to that 

[76.2(2)"] observed in the complex [(T\6p-iPrC~Me)RuC1{2,3-bis(a­

pyridyl)quinoxaline)t.40 

Figure 3.8: Molecular structure of complex 4 at 35% probability level. Hydrogen atoms 

and hexafluorophosphate anion have been omitted for clarity 

In complex 2, the distance between the ruthenium atom and the centroid of the Tl6-

p_iPrC6~Me ring is 1.693 A. In complex 4, the distance between the rhodium atom and 

the centroid of the Tis -CsMes ring is I. 789 A, while the distance between the ruthenium 

atom and the Tis -CsHs ring is 1.843 A. These bond distances are comparable to those in 
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the related complex cations [(T"J 6-p-iPrC6~e)Ru(pyNp)Cl]PF6, [(T"J 5-CsMes)lr(pyNp)­

Cl]PF6 (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.68 and 1.79 A),46 [(T"J5-C5Me5)RhCI­

(C5l4N-2CH=N-C6l4-p-Cl)t 41 and [Ru(T"J5-CsH5)(PPhJ)(K2-paa)t and [Ru(T"J5-C5Hs) -

( K 1-dppm )( K2 -paa) t 42. 

Figure 3.9: Molecular structure of complex 6 at 35% probability level. Hydrogen atoms 

and hexafluorophosphate anion have been omitted for clarity. 
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Table 3.1: Selected bond lengths (A) and bonf angles CO) for complexes 2, 6 and 4. 

Complex2 Complex6 Complex4 

Bond distances 

Ru-N1 2.073(3) 2.086(3) Rh-N4 2.120(3) 

Ru-N2 2.045(3) 2.076(3) Rh-N3 2.084(3) 

Ru-Cl1 2.387(10) 2.308(10) Rh-CJl 2.384(13) 

Ru-centroid 1.693 1.843 Rh-centroid 1.789 

(arene) (Cp* ring) 

C9-C10 1.483(5) 1.466(5) C9-C10 1.471(5) 

C5-C6 1.479(5) 1.490(6) C5-C6 1.500(5) 

N2-N3 1.334(4) 1.340(4) N3-N4 1.330(4) 

Bond angles 

N1-Ru-N2 76.11(11) 76.11(2) N2-Rh-N3 76.00(13) 

N1-Ru-Cll 83.91(9) 95.75(9) N4-Rh-Cl1 83.50(10) 

N2-Ru-Cll 84.95(8) 89.97(9) N3-Rh-Cl1 88.73(10) 

Ru1-N2-C9 119.83 118.9(3) Rh1-N3-C9 117.99 

Ru1-N2-N3 117.16 117.9(2) Rh1-N3-N2 120.35 

Ru1-N1-C10 117.61 116.7(2) Rh1-N4-C10 116.03 
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Table 3.2: Crystallographic and structure refinement parameters for complexes 2, 4 and 6 

Com2lex 2.CHCh 4 6 
Chemical formula C31H29C4N,.RuPF6 C3oH29ClN4RhPF6 C43 H34 F6 N4 P2 Ru 
Crystal system Triclinic Monoclinic Monoclinic 
Space group P-1 (no. 2) P 21/n (no. 14) P2(1)/c 
Crystal color and shape orange block red block red block 
Crystal size ( mm3) 0.23 X 0.17 X 0.16 0.28 X 0.23 X 0.18 0.50 X 0.26 X 0.15 
a(A) 1 0.4283{19) 9.244(3) 10.1059(2) 
b(A) 11.247(2) 14.147(5) 20.6495(4) 
c (A) 15.491(3) 23.425(8) 18.8735(4) 
a e) 85.104(3) 

J3 e> 81.287(3) 95.900(6) 94.3950(1 0) 
y (0) 71.700(3) 
v (A3) 1703.8(5) 3047.4(18) 3926.97(14) 
z 2 4 4 
T(K) 173(2) 173(2) 293(2) K 
Dx (g /cm3) 1.648 1.589 1.495 
J..l. (mm-1) 0.883 0.765 0.546 
Scan range e) 2.28 < e < 25.95 2.26< e < 25.60 1.46< e <28.29 
Unique reflections 6597 5963 9046 
Reflections used [1>2cr(I)] 5719 4684 5505 

Rint 0.0260 0.0426 0.0376 
Final R indices [1>2cr(l)t 0.0452, wR2 0.1264 0.0496, wR2 0.1267 0.0568, wR2 = 0.1560 
R indices (all data) 0.0518, wR2 0.1323 0.0642, wR2 0.1355 0.1004, wR2 = 0.1778 
Goodness-of-fit 1.005 1.068 1.048 
Max, Min ~p ( e A-3

) 0.864, -0.710 0.807, -0.543 0.953, -0.797 

cstructures were refined on Fo2: wR2 = [:E [w(Fo2
- Fc2il I :Ew(Fo2

)
2
]

112, where w·1 = [:E (Fl) + (aP)2 + bP] and P = [max(Fo2
, 0) + 2F/]13 
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3.3.4 Theoretical calculations 

All calculations on the molecular species studied were carried out using the 

B3L YP DFT method and different basis sets. All species were subjected to full geometry 

optimization. 

3.3.4.1 Land LPh ligand structures 

We have performed DFT calculations using the B3L YP/6-31 +G** strategy to 

determine the effect of the phenyl substituent on the nitrogen atoms of the central 

pyridazine and pyridine rings. Firstly, both the ligands L and Uh in their free state were 

optimized in the low-energy anti orientation (figure 3.10; a, c). Since these ligands occur 

in the syn conformer in complexes 2, 4 and 6, they were also optimized in the higher 

energy syn orientation (figure 3.10; b, d). The anti conformer of L is planar but the syn 

conformer is non-planar with the N-C-C-N dihedral being 83.8° (table 3.3). On the other 

hand, both anti and syn orientations of tph are non-planar, due to the effect of the phenyl 

substituent on the central pyridazine ring. The dihedral angles N1-C2-C3-N2 and N3-C6-

C7-N4 are respectively found to be 141.3°and 179.2° for anti LPh, and -62.9°and -47.2° 

for syn LPh (table 3.3). These values are very close to the experimental values.26 In terms 

of energy, anti L is 14.33 kcal I mol more stable than syn L while anti tph is 9.68 

kcallmol (table 3.4) more stable than syn Uh. The coordinated Uh ligand in complexes 2 

and 4 is in the syn conformation. 

Table: 3.3. Select bond lengths and dihedral angles for syn and anti Uh conformations. 

syn-Uh 

anti-Uh 

N2-N3 C2-C3 C4-C8 

1.324 

1.323 

1.498 

1.492 

1.487 

1.489 

C6-C7 Nl-C2-C3-N2 N3-C6-C7-N4 

1.489 

1.489 

Table: 3.4: Total energies (in atomic units) of ligands L and Lph with syn and anti 

conformations and the energy difference between the two conformations 

Ligands Syn anti Difference (kcal/mol) 

-758.511886 -758.534796 -14.37 

-989.579921 -989.595354 -9.68 
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The electronic charges on the nitrogen atoms in the anti Uh conformation reveal 

that atoms N3 and N4 have more negative charge than atoms Nl and N2 (see figure 3.10; 

c). This suggests that presence of the phenyl group affects the electronic charges on the 

four nitrogen atoms as well as the dihedral angles of the pyridine and pyridazine rings, so 

that the N3-N4 (type-B) binding site is more electron rich than the Nl-N2 (type-A) 

bonding site. 

a b 

anti L syn L 

c d 

anti Lpb syn Lph 

Figure 3.10: B3L YP/6-31 +G** geometry optimization for (a) L in the anti orientation, (b) 

L in the syn orientation, (c) Uh in the anti orientation and (d) Uh in the syn orientation. 

Values with red color indicate the electronic charges corresponding to N atoms. 

3.3.4.2 Structures of complexes 

In order to gain further insight into the bonding modes in the ruthenium, rhodium 

and iridium complexes, we have carried out a detailed investigation using density 

functional theory. The key findings are described in the following sections. 

B3L YP/LanL2DZ calculations with full geometry optimization were undertaken 

for the cationic species 2, 4 and 6 in both type-A and type-B bonding modes as depicted in 

figure 3.11, where the crystal structure geometries provided the starting input for 
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optimization. The other species 3 and 5 were subjected to calculation using appropriate 

modifications of the geometries of 2, 4 and 6. The calculated geometrical parameters of 

the above complexes (table 3.5) are found to be in close agreement with the experimental 

values obtained from X-ray crystallographic study (table 3.1). From table 3.5 we can see 

that the positions of binding have discernible effects on the stability and geometrical 

structure of the complexes. Comparing the computed results of the parent complexes 2, 3, 

4, 5, 6 with the experimental data (see table 3.1), we find that the computed coordination 

bond lengths (Ru-N) are shorter than the corresponding experimental value by 1 - 3 %, 

the largest differences being found for the metal-arene carbon distances.43 Computed 

coordinated bond angles are wider by 2 % than those found experimentally. At the same 

time, the computed mean bond lengths C-C(N) ofthe ligand skeletons ofthese complexes 

are close to the general bond lengths. We thereby deduce that the structures obtained from 

these DFT calculations are reliable. 

2A 2B 

3A 3B 
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4A 4B 

SA SB 

6A 6B 

Figure 3.11: B3LYP/LanL2DZ optimized structures of complexes 2A, 3A, 4A, SA and 

6A in type-A binding mode and 2B, 3B, 4B, 5B and 6B in type-B binding mode. 
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The 3,6-bis(2-pyridyl)-4-phenylpyridazine (Uh) ligand has two bidentate binding 

sites, viz., the Nl and N2 atoms (type-A) and the N3 and N4 atoms (type-B). In principle, 

the metal atom should prefer the type-A mode (atoms N1 and N2), since the substituents 

of the pyridazine ring (phenyl and pyridine rings) are meta with respect to N2, and the 

dihedral angle Nl-C2-C3-N2 for the anti conformer of tph (141.3°) is found to be less 

than the dihedral angle N3-C6-C7-N4 (179.2°). On the other hand, for the type-B bonding 

mode (at atoms N3 and N4), the substituents of the central pyridazine ring (phenyl and 

pyridine rings) are respectively para and meta with respect to N3. The dihedral angle N3-

C6-C7-N4 (179.2°) is found to be noticeably greater than the dihedral angle Nl-C2-C3-

N2 (141.3°) (see table 3.5). These results suggest that the metal atom prefers to bind 

through the N1 and N2 atoms (type-A) rather than through the N3 and N4 atoms (type-B). 

On the other hand, the Mulliken atomic charges on the N3 and N4 atoms of ligand 

tph are more negative than for the Nl and N2 atoms (see figure 3.10 c). This means that 

atoms N3 and N4 should be better electron donors towards the metal center than atoms 

Nl and N2, implying that formation of type-B complexes is more favorable than type-A 

complexes. Interestingly, experimental results reveal that complexes 3 and 4 favor the 

type-B bonding mode while all the other complexes favor the type-A mode. Possible 

reasons could be the size of the metal atom, oxidation state of the complex, symmetry of 

the ligand and nature of the substituents on the metal atom. 

The molecular structure of complex [(t16-p_iPrCJI4Me)Ru(Uh)Clt (2) shows K
2 

type coordination in the type-A bonding mode (see figure 3.7). This geometry was 

optimized for both type-A and type-B bonding modes. The results reveal that the type-A 

bonding mode is 1.25 kcal/mol more stable than type-B. Replacingp-iPrC6l4Me of2 with 

the more electron-rich hexamethylbenzene (C~e6) ligand gives the complex [(TJ6-

C6Me6)Ru(Uh)Clt (3). The geometry of this complex was built up by modification of 

complex 2 in both conformations, being optimized at the B3L YP level with a LanL2DZ 

basis set (figure 3.11. 3A and 3B). The results reveal that the type-B structure is 0.96 

kcaVmol more stable than the type-A structure. These trends suggest that the nature of the 

co-ligands impacts on the bonding mode of the tph ligand. Since the energy difference 

between type-A and type-B (see table 3.6) structures is quite low, packing and other 

environmental factors may affect preference of one form over the other. The molecular 

structure of[(T]5-CsMe5)Rh(Uh)Cl]PF6(4) shows a K
2 type of coordination with the type-
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B bonding mode (see figure 3.8). The geometry was optimized for both type-A and type-B 

bonding modes (figure 3.11; 4A and 4B), where the results predict the type-A structure as 

0.95 kcal/mol less stable than the type-B structure. Replacing rhodium in [(11
5

-

C5Me5)Rh(Uh)Cl]PF6(4) with the larger atom iridium gives [(Tl5-CsMes)lr(LPh)Cl]PF6 5, 

where the energy of the type-A structure is 0.35 kcaVmollower in energy than the type-B 

structure (figure 3.11; SA and SB). This suggests that size of the metal atom also has a 

significant effect on the preferred choice of bonding mode. 

In order to study the effect of steric interactions on the choice of bonding mode, 

we replaced the p_iPrC6~Me and chloride ligands in complex 2 with the less electron­

rich (but sterically free) cyclopentadienyl ligand and the bulky triphenylphosphine ligand 

respectively, giving the complex 6. Calculated energies of the optimized geometries 

(figure 3.11; 6A and 6B) reveal that the type-A structure of 6 is 1.96 kcal/mol more stable 

than the type-B structure. This suggests that steric factors do not have much impact on the 

choice of bonding mode (see table 3.6). 

In conclusion, the calculated energies of the optimized geometries of complexes 

2, 3, 4, 5 and 6 reveal that the preferred choice of binding mode neither depends on the 

steric nature of the co-ligands nor on the oxidation state of the complex. However, the 

optimized geometries of 4 and 5 reveal that size of the metal atom does have a significant 

impact on choice of binding mode, where the rhodium complex 4 favors the type-B 

bonding mode while the iridium complex 5 favors the type-A bonding mode (substituents 

or co-ligands and oxidation state being the same). In addition to the effect of the size of 

the metal atom, the nature of the co-ligand also has an impact on the choice of bonding 

mode because complexes with less electron-rich donor co-ligands favor the type-A 

bonding mode (land 2 and 5 to 8) while complexes having more electron-rich donor co­

ligands favor the type-B bonding mode (3 and 4). These DFT results thus elucidate the 

effects of the size of the metal atom, the nature of the co-ligands and various electronic 

factors on the nature ofbonding mode. 
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Table 3.5: Selected bond lengths (A) and angles e) for complexes 2, 3, 4, 5 and 6 from the optimized geometries in type-A and type-Ir. 

Atoms 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 

Bond distances 
Ru-N1(N4) 2.056 2.068 2.058 2.071 2.099 2.116 2.091 2.076 2.070 2.083 
Ru-N2(N3) 2.036 2.025 2.022 2.026 2.059 2.061 2.042 2.039 2.042 2.048 
Ru-Cll 2.334 2.453 2.462 2.460 2.463 2.459 2.479 2.480 2.447 2.447 
N2-N3 1.344 1.348 1.344 1.346 1.295 1.341 1.348 1.344 1.357 1.358 
M-C21 2.393 2.391 2.426 2.411 2.272 2.278 2.257 2.256 2.313 2.308 
M-C22 2.354 2.354 2.403 2.399 2.297 2.299 2.258 2.247 2.309 2.309 
M-C23 2.368 2.358 2.380 2.371 2.235 2.229 2.339 2.302 2.326 2.319 
M-C24 2.369 2.362 2.313 2.309 2.282 2.273 2.303 2.262 2.319 2.313 
M-C25 2.316 2.305 2.321 2.322 2.278 2.273 2.2080 2.281 2.309 2.308 
M-C26 2.356 2.347 2.420 2.409 
C2-C3 1.475 1.466 1.471 1.463 1.481 1.472 1.466 1.475 1.475 1.464 
C5-C7 1.488 1.496 1.489 1.496 1.487 1.495 1.496 1.488 1.486 1.493 
C4-C8 1.491 1.486 1.490 1.486 1.490 1.486 1.485 1.491 1.496 1.485 
Bond angles 
N1-Ru-N2 77.7 76.9 77.4 77.8 77.0 77.3 77.2 77.0 77.08 77.4 
N1-Ru-Cll 84.1 83.4 83.5 83.3 85.5 84.0 83.0 84.2 94.98 95.4 
N2-Ru-Cl1 85.6 85.4 85.7 86.6 85.2 85.9 85.0 84.6 90.12 89.8 
Torsion angles 

N 1-C2(7)-C3( 6)-N2 6.9 58.2 7.4 -0.6 9.2 -46.6 -47.1 7.3 3.7 -134.1 
N4-C7(2)-C6(3)-N3 33.2 -0.8 30.7 53.8 30.0 1.2 1.1 30.3 -175.1 1.1 
aLabels were given on the basis of figure 3.11; 2A and 9 .2B. 
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Table 3.6: Total energies (in atomic units) of complexes 2, 3, 4, 5 and 6 (1 atomic unit= 

27.21 eV) and the energy difference ~E between the two conformers. 

~Ee Favored 

Compound Lph (type-A) Uh (type-B) (kcal/mole) geometry 

2 -1487.548062 -1487.546073 -1.25 type-A 

3 -1566.175211 -1566.176748 +0.96 type-B 

4 -1503.778281 -1503.779793 +0.95 type-B 

5 -1498.974271 -1498.973714 -0.35 type-A 

6 -1977.973671 -1977.970548 -1.96 type-A 

e ~E = Etype-A - Etype-s 

3.3.5 UV /visible spectroscopy 

Electronic absorption spectral data of complexes 1 to 8 at 1 o-s M concentration in 

the range 290-600 nm are summarized in table 3.7. The spectra of these complexes are 

characterized by two main features, viz., an intense ligand-localized or intra-ligand 1t-

1t* transition in the ultraviolet region and metal toligand charge transfer (MLCT) d1t(M) 

- 1t* (Uh ligand) bands in the visible region.44 Since the low spin d6 configuration of the 

mononuclear complexes provides filled orbitals of proper symmetry at the Ru(II), Rh(III) 

and Ir(III) centers, these can interact with low lying 1t* orbitals of the ligands. All these 

complexes show an intense band in the region 290-320 nm and a low energy absorption 

band in the visible region 420 - 445 nm. In addition to these two absorption bands, an 

additional low intensity band at 350 nm and a shoulder type band at 280 nm for 

complexes 4 and 5 respectively are observed. The high intensity band in the UV region is 

assigned to inter- and intra-ligand 1t-1t* transitions,45
•
46 while the low energy absorption 

band in the visible region is assigned to metal to ligand charge transfer (MLCT) (t2g-

1t*). Spectra of these complexes are presented in figure 3.12. 
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Table 3.7: UV/visible spectral data for selected complexes in acetonitrile at 298 K. 

Complex No. Complex Amax (nm) I e 10-5 M-1 cm-1 

1 [ ( T16 -C6Hti)Ru(Uh)Clt 306 (0.47) 412 

2 [(TI6-p-iPrC6~Me)Ru(Uh)Clt 320 (0.65) 420 

3 [ ( T16 -C6Me6)Ru(Uh)Clt 317 (0.61) 412 

4 [(Tis -CsMes)Rh(Uh)Clt 299 (0.49) 349 (0.15) 420 

5 [(Tis -CsMes)Ir(Uh)Clt 300 (0.51) 380 470 

6 [ (Tis -CsHs)Ru(Uh)PPhJt 290 (0.61) 435(0.15) 

7 [ (Tis -C9H7 )Ru(Uh)PPhJt 294 (0.36) 445 
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4 
5 
6 

t:: 0.4 7 0 
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Figure 3.12: UVNisible electronic spectra of complexes in acetonitrile at 298K. 
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3.3.6 Theoretical calculations: 

Density functional theory (DFTt7 calculations were undertaken for the ligands L 
6 . h + 5 

and Uh as weB as for the complexes [(Tt -p}PrC6H.Me)Ru(U )Cl] , [(Tt -

C5Me5)Rh(Uh)Clt, [(Tt5-CsMe5)1r(Uh)Cl]\ [Tt5-CsHs)Ru(Uh)(PPh3)t in both the 

binding modes (type-A and type-B). Fu11 geometry optimization was carried out with the 

use of the B3LYP [Becke three-parameter exchange functional (B3) and the Lee-Yang­

Parr correlation functional (L YP)] method48
•
49 together with the 6-31 +G** and 

LanL2DZ50-52 basis sets for ligands and for complexes respectively. Staring atomic 

coordinates for the cationic complexes (2, 4 and 6) were taken from the single-crystal X­

ray structures. All computations were performed with the GAUSSIAN 03 package.53 

Frequency calculations were performed to determine whether the optimized geometries 

were minima on the potential energy surface. 

3.4 Supplementary material 

Files CCDC-739572 (2.CHCI3), CCDC-739570 (4) and CCDC-739571 (6) 

contain the supplementary crystallographic data for this chapter. 
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Chapter4 

Cationic half-sandwich complexes (Rh, Ir, Ru) 

containing 2-substituted-1,8-naphthyridine chelating 

ligands: Syntheses, X-ray structure analyses and 

spectroscopic studies 

Herein, we describe the synthesis of twelve 115-C5Me5 rhodium, iridium and 116-C6H6, 116-

p-iPrC6H4Me ruthenium complexes incorporating 2-substituted-1,8-naphthyridine 

ligands; 2-(2-pyridyl}-1,8-naphthyridine (pyNp), 2-(2-thiazolyl}-1,8-naphthyridine (tzNp) 

and 2-(2-furyl}-1,8-naphthyridine (fuNp). 

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K. 
Mohan Rao, J. Organomet. Chern. 693 (2008} 3049-3056. 



1,8-naphthyridine ligands Chapter-4 

4.1 Introduction 

Mononuclear complexes of platinum group metals containing heterocyclic 

nitrogen based ligands have received considerable attention owing to their photochemical 

properties, 1-
9 catalytic activities, 10

"
19 electrochemical behaviour,20-26 as well as in the 

development of new biologically active agents.27"33 Ruthenium, rhodium and iridium 

unsubstituted 1,8-naphthyridine based complexes are interesting in their own right of uses 

as dye - sensitized solar cells and photophysical effects.34 The reactivity of these metals 

with substituted 1,8-naphthyridine based ligands have also been reported. Examples with 

dinuclear metal-metal bonded compounds,35-37 and mononuclear compounds38 being 

known. However no reports dea1ing with 71 5-pentamethylcyclopentadienyl or 716-arene 

platinum group metal (Rh, Ir, or Ru) in connectivity with substituted 1,8-naphthyridine 

ligands have been reported so far. 

Herein, we describe the syntheses of twelve T)
5-C5Me5 rhodium, iridium and TJ6-

C6~. T)
6
-p-iPrC6f4Me ruthenium complexes incorporating 2-substituted-1,8-

naphthyridine ligands (Chart 4.1 ); 2-(2-pyridyl)-1 ,8-naphthyridine (pyNp ), 2-(2-

thiazolyl)-1,8-naphthyridine (tzNp) and 2-(2-furyl)-1,8-naphthyridine (fuNp). All 

complexes are characterized by IR, NMR, mass spectrometry and UV Nisible 

spectroscopy. The molecular structures of five representative complexes are presented as 

well. 

pyNp fuNp tzNp 

Chart 4.1 
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4.2 Experimental 

4.2.1 Preparation of ligands (pyNp, fuNp and tzNP).39· 40 

4.2.1.1 Preparation ofpyNp 

500 mg (4.1 mmol) of 2-aminonicotinaldehyde was dissolved in 15 ml of dry 

ethanol. To this solution was added 0.55 ml (4.95 mmol) of 2-acetylpyridine. The 

solution was refluxed under nitrogen and treated with three drops of freshly prepared 

saturated solution of KOH in methanol. After refluxing overnight the solution was 

concentrated to one third of its original volume and kept in refrigerator to get yellowish 

crystals. The crystals were isolated by filtration and washed with cold ethanol and dried 

under vacuum to get pure pyNP. 

Yield: 640 mg 75%. 1H NMR (CD3CN, o): 9.09 (dd, lH), 8.82 (d, lH), 8.68 (m, 2H), 

8.26 (d, lH), 8.17 {d, lH), 7.83 (td, lH), 7.43 (q, lH), 7.32 (m, lH). 

4.2.1.2 Preparation oftzNp 

500 mg ( 4.1 mmol) of 2-aminonicotinaldehyde was dissolved in 15 ml of dry 

ethanol. To this solution was added 0.51 ml (4.95 mmol) of2-acetylthiazole. The solution 

was refluxed under nitrogen and treated with three drops of freshly prepared saturated 

solution of KOH in methanol. After refluxing overnight the solution was concentrated to 

one-third of its original volume and kept in refrigerator to get yellowish crystals. The 

crystals were isolated by filtration ~nd washed with cold ethanol and dried under vacuum 

to get pure tzNP. 

Yield: 675 mg, 78%. 1H NMR (CD3CN, o): 9.12 (d, lH), 8.45 {d, lH), 8.28 (d, lH), 8.19 

(dd, lH), 7.98 (d, lH), 7.54 {d, lH), 7.49 (q, lH). 

4.2.1.3 Preparation offuNp 

The fuNP ligand was synthesized and isolated in a similar manner described for 

the synthesis oftzNP taking 50 mg (4.1 mmol) of2-aminonicotinaldehyde and 0.50 ml (5 

mmol) of2-acetyl-furan. 

Yield: 660 mg, 82%. 1H NMR (CD3CN, o): 9.07 (dd, lH), 8.19 (m, 2H), 7.96 {d, lH), 

7.58 (dd, lH), 7.50 {d, lH), 7.45 (q, lH), 6.57 (dd, lH) 
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4.2.2 Preparation of complexes 1-6 

4.2.2.1 Synthesis of{(tl-Cdi6)Ru(pyNp)Cl]Cl ([J]Cl) 

A mixture of[(l16-C6Ht;)Ru(J.L-Cl)Cl]z(50 mg, 0.09 mmol) and pyNp (42 mg, 0.18 

mmol) in 10 ml of acetonitrile was refluxed for 90 minutes. A colour change from light 

brown to dark brown was observed. The resulting solution was concentrated under 

vacuum (2 ml). Then 15 ml of hexane was added to induce precipitation. The yellowish 

brown solid was filtered off, washed with diethyl ether and dried under vacuum. 

Yield 80 mg, (87%): C19H1sChN3Ru (457.31) Calc.: C 49.90, H 3.31, N 9.19; Found: C 

50.08, H 3.39, N 9.15. 1H NMR (CDCh, 8): 9.56 (d, 1H, JH-H= 8Hz), 9.38 (q, 1H), 8.76 

(d, 1H), 8.58 (m, 2H), 8.48 (d, 1H), 7.91 (td, 1H), 7.90 (q, 1H), 7.78 (td, 1H), 6.15 (s, 6H, 

C6Ht;). ESI-MS (m/z): 419.8 (100%) [M-Clt 

4.2.2.2 Synthesis of [(r/-Cdf6)Ru(tzNp)Cl]PF6 ([2]PF6) 

A mixture of [(l16-C6Ht;)Ru(J.L-CI)Cl]2 (50 mg, 0.09 mmol), tzNp (43 mg, 0.20 

mmol) and 2.5 equivalents of NR.PF6 in 10 ml of acetonitrile was stirred at room 

temperature for 12 hours. A color change was observed from light brown to yellowish 

brown during the process. The reaction mixture was filtered off and washed with 

acetonitrile. The filtrate was reduced under vacuum (2 ml) and 15 ml of diethyl ether was 

then added to induce precipitation. After standing for 15 minutes, yellow precipitate 

settled down. The resulting precipitate was filtered, washed with diethyl ether and dried 

under vacuum. 

Yield 85 mg (76%): C17H13ClN3F6SPRu (572.85) Calc.: C 35.64, H 2.29, N 7.34, S 5.60; 

Found: C 35.70, H 2.35, N 7.46, S 5.51. 1H NMR (CD3CN, 8): 9.40 (q, 1H), 8.74 (d, 1H, 

JH-H = 8.12 Hz, tz-H1), 8.69 (d, lH), 8.56 (dd, 1H), 8.24 (d, lH, JH-H =4Hz, tz-H2), 8.19 

(d, 1H), 7.9 (q, 1H), 6.20 (s, 6H, C6Ht;). ESI-MS (m/z): 425.2 (100%) [M-PF6t, 389.4 

(20%) [M-PF6-Clt. 

4.2.2.3 Synthesis of[(r/-Cdi6)Ru(juNp)Cl]PF6 ([3]PF6) 

A mixture of [(l16-C6Ht;)Ru(J.L-CI)Cl]2 (50 mg, 0.09 mmol), fuNp (36 mg, 0.18 

mmol) and 2.5 equivalents ofNR.PF6 was used and treated following a procedure similar 

to that described in the synthesis of complex [2]PF6. The resulting precipitate was 

filtered, washed with benzene and dried under vacuum. 
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Yield 70 mg, (63%): C18H14ClF6N20PRu (555.80) Calc.: C 38.90, H 2.54, N 6.38; Found: 

C 38.70, H 2.45, N 6.46 1H NMR (CDCh, o): 9.52 (dd, 1H), 8.49 (dd, Ju-u= 7.12 Hz, 

1H), 8.09 (dd, 1H, J0 _0 = 8.08 Hz), 7.84 (d, lH), 7.71 (d, IH), 7.67 (q, lH), 7.57 (q, IH), 

6.81 (q, lH), 5.93 (S, 6H, C6H6); ESI-MS (m/z): 411.1 (100%) [M-PF6t, 374.1 (20%) 

[M-PF6-Clt. 

4.2.2.4. Synthesis of[(rl-p-;PrCdf-tMe)Ru(pyNp)Cl]PF6 ([4]PF6) 

A mixture of[(TJ6-p-iPrC6~Me)Ru(~-Cl)Cl]2 (50 mg, 0.081 mmol), pyNp (34 mg, 0.163 

mmol) and 2.5 equivalents of N~PF6 in 10 ml of acetonitrile were stirred at room 

temperature for 5 h. A white precipitate (N~Cl) was removed by filtration. The filtrate 

was concentrated to 2 ml and diethyl ether was added to induce precipitation. After 

standing for 15 minutes, an orange-yellowish precipitate was observed. After filtration, 

the solid was washed with diethyl ether and dried under vacuum. 

Yield 82 mg, (81%): C23H23ClF6N3PRu (622.93) Calc.: C 44.35, H 3.72, N 6.75; Found: 

C 44.70, H 3.65, N 6.76 1H NMR (CD3CN, o): 9.46 (d, IH, Ju-u= 12Hz,), 9.37 (q, 1H, 

Ju-u =4Hz), 8.73 (d, IH), 8.57 (m, 2H), 8.48 (d, IH), 8.26 (td, 1H), 7.91 (q, 1H), 7.78 

(td, IH), 6.21 (d, IH, Ju-u= 5.4 Hz, Arp-cy), 6.13 (d, 2H, J0 _0 = 6.2 Hz, Arp-cy), 5.79 (d,1H, 

Ju-u= 5.2 Hz, Arp-cy), 2.47 (sept, 1H, J0 _0 = 4.4 Hz, CH(CH3)2), 2.27 (s, 3H, CH3 ), 0.91 

(d, 3H, CH(CH3)2), 0.83 (d, 3H, CH(CH3)2); ESI-MS (rnlz): 478.3 (100%) [M-PF6]\ 440 

(8%) [M-PF6-C1]\ 306.4 (4%) [M-PF6-Cl- p-cyt. 

4.2.2.5 Synthesis of [(r/-p-;PrCdf-tMe)Ru(tzNp)Cl]PF6 ([5]PF6) 
6 . 

A mixture of [(TJ -p.IPrC6~Me)Ru(~-Cl)Cl]2 (50 mg, 0.08 mmol), tzNp (35 mg, 

0.17 mmol) and 2.5 equivalents of ~PF6 in 10 ml of methanol was refluxed for 3 h. A 

color change from brown to yellowish brown was observed. The solution was evaporated 

and the residue extracted with dichloromethane. The white insoluble material was filtered 

off. The filtrate was concentrated to 2 ml and diethyl ether was added to induce 

precipitation. The yellowish orange precipitate was washed with diethyl ether and dried 

under vacuum. 

Yield 80 mg, (78%): C21H21ClF6 N3SPRu (628.96) Calc.: C 40.10, H 3.37, N 6.68, S 

5.10; Found: C 40.43, H 3.35, N 6.76, S 5.22. 1H NMR (CDCh, o): 9.35 (q, IH), 8.74 (d, 

1H, Ju-u= 3.36 Hz), 8.62 (d, 1H), 8.45 (dd, 1H), 8.15 {d, 1H, J0 _0 = 8.32 Hz), 8.06 (d, 

lH), 7.86 {q, 1H), 6.31 (d, 1H, Ju-u = 6.2 Hz, Arp-cy), 6.26 (d, lH, Ju-u = 6 Hz, Arp-cy), 
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6.11 (d.lH, JH-H= 5.68 Hz, Arp-cy), 5.99 (d, lH, JH-H= 6Hz, Arp-cy), 2.79 (sept, lH, lH-H = 

4.14 Hz, CH(CH3)2), 2.28 (s, 3H, CH3), 1.08 (d, 3H, CH(CH3)2), 1.02 (d, 3H, CH(CH3)2); 

ESI-MS (m/z): 481.9 (100%) [M-PF6t, 445.6 (45%) [M-PF6-Clt. 

4.2.2.6 Synthesis of{(r/-p-;PrCdf~e)Ru(juNp)Cl]PF6 ([6]PF6) 

The reaction of [(TJ6-p-iPrC6~Me)Ru(J.L-Cl)Cl]2 (50 mg, 0.08 mmol), fuNp (32 mg, 0.16 

mmol) and 2.5 equivalents of ~PF6 was carried out following a procedure similar to 

that described in the synthesis of [2]PF6. 

Yield 70 mg, (70%): C22H22ClF6N20PRu (611.91) Calc.: C 43.18, H 3.62, N 5.79; Found: 

C 43.23, H 3.73, N 5.46. 1H NMR (CD3CN, 8): 9.58 (dd, 1H), 9.05 (dd, 1H), 8.32 (dd, 

1H, JH-H= 8.12 Hz), 8.10 (d, 1H), 7.99 (d, 1H), 7.76 (d, 1H), 7.57 (q, H), 6.81 (q, 1H), 

5.81 (d, 2H, JH-H= 6.24 Hz, Arp-cy), 5.56 (d, 2H, JH-H= 6.14 Hz, Arp-cy), 2.86 (sept, 1H, JH­

H = 4.04 Hz, CH(CH3)2), 2.16 (s, 3H, CH3), 1.18 (d, 3H, CH(CH3)2), 1.07 (d, 3H, 

CH(CH3)2); ESI-MS (m/z): 464.9 (100%) [M-PF6t, 429.2 (15%) [M-PF6-Clt, 

4.2.3 Preparation ofthe cationic complexes 7-12 

General procedure: A mixture of [(11 5 -C5Me5)M(J.L-Cl)Cl]2 (0.07 mmol), 2-substituted-

1,8-naphthyridine ligand (0.14 mmol) and 2.5 equivalents of~PF6 in dry methanol (10 

ml) was stirred at room temperature for 8 h. The solvent was evaporated under reduced 

pressure, and the residue was dissolved in dichloromethane. After filtration, the volume 

was reduced to 2 ml and excess diethyl ether was added to induce precipitation. The 

precipitate was washed with diethyl ether and dried under vacuum. 

4.2.3.1 [(r/-CsMes)Rh(pyNp)Cl]PF6 ([7]PF6) 

Orange-yellow solid, yield 70 mg (79%). C23H24ClF6N3PRh (625.77) Calc.: C 44.14, H 

3.87, N 6.71; Found: C 44.70, H 3.75, N 6.76. 1H NMR (CD3CN, 8): 9.32 (q, 1H, JH-H= 

4.08 Hz), 9.03 (d, lH, JH-H= 4Hz), 8.78 (d, lH), 8.55 (m, 2H), 8.5 (d, lH), 8.29 (td,1H), 

7.87 (td, 2H), 1.60 (s, ISH, CsMe5); ESI-MS (rnlz): 480.81 (100%) [M-PF6t, 444.1 

(70%) [M-PF6- Cit. 

4.2.3.2 [(r,S-C5Mes)Rh(tzNp)Cl]PF6 ([8]PF6) 

Orange solid, yield 80 mg (89%). C21H22ClF6N3SPRh (628.96) Calc.: C 39.72, H 3.51, N 

6.65, S 5.08; Found: C 39.43, H 3.45, N 6.76, S 5.02. 1H NMR (CD3CN, 8): 9.34 (q, IH, 

JH-H= 1.92 Hz), 8.76 (d, lH, JH-H= 8.4 Hz), 8.57 (dd, lH), 8.38 (d, 3H), 8.29 (d, 1H, JH-H 
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= 8.4 Hz), 8.23 (d, 1H), 7.87 (q, 1H), 1.71 (s, 15H, CsMe5); ESI-MS (m/z): 485.28 

(100%) [M-PF6]+, 450.1 (9%) [M-PF6- Cit. 

4.2.3.3 [(rl-CsMes)Rh(juNp)Cl]PF6 ([9]PF6) 

Orange-yellow solid, yield 68 mg (78%) C22H23ClF6N20PRh (614.75) Calc.: C 42.98, H 

3.77, N 4.56; Found: C 42.23, H 3.73, N 4.34. 1H NMR (CD3CN, o): 9.42 (dd, 1H), 9.09 

(dd, 1H), 8.52 (d, 1H), 8.12 (dd, 1H), 7.79 (d, 1H), 7.76 (d, 1H), 7.67 (q, lH), 7.52 (q, 

lH), 1.55 (s, ISH, C5Me5); ESI-MS (m/z): 468.6 [M-PF6t. 

433.1 (7%) [M-PF6- Cit. 

4.2.3.4 [(rl-CsMes)lr(pyNp)C/]PF6 ([10]PF6) 

Orange-yellow solid, yield 80 mg (89%) C23H24ClF6N3Pir (715.09) Calc.: C 38.63, H 

3.38, N 5.58; Found: C 38.70, H 3.55, N 5.66. 1H NMR (CDCh, o): 9.38 (d, lH), 9.3 (q, 

1H), 8.73 (d, 1H), 8.55 (m, 2H), 8.49 (d, 1H), 8.28 (td, 1H), 7.96 (q,lH), 7.87 (td, lH), 

1.71 (s, 15H, CsMe5); ESI-MS (m/z): 569.1 (100%) [M-PF6t, 533.2 (23%) [M-PF6-

Cit 

4.2.3.5 [(r/-CsMe5)Ir(tzNp)Cl]PF6 ([ll]PF6) 

Orange-yellow solid, yield 82 mg (91%). C21H22ClF6N3SPir (721.11) Calc.: C 34.98, H 

3.08, N 5.83, S 4.45; Found: C 34.63, H 3.15, N 5.76, S 4.42. 1H NMR (CD3CN, o): 9.32 

(q, 1H), 8.73 (d, lH), 8.58 (dd, 1H), 8.37 (d, 3H), 8.31 (d,lH), 8.21 (d, 1H), 7.89 (q, lH), 

1.71 (s, 15H, CsMe5); ESI-MS (m/z): 575.1 (100%) [M-PF6t, 539.4 (35%) [M-PF6-

Cit 

4.2.3.6 [(r,S-CsMe5)lr(fuNp)Cl]PF6 ([12]PF6) 

Orange-yellow solid, yield 61 mg (69%). C22H23ClF6N20Pir (704.06) Calc.: C 37.53, H 

3.29, N 3.98; Found: C 37.23, H 3.23, N 4.04. 1H NMR (CDCh, o): 9.40 (dd, lH), 9.06 

(m, 1H), 8.51 (dd, 1H), 8.13 (d, 1H), 7.84 (d, 1H), 7.72 (d, 1H),7.65 (q, 1H), 7.55 (q, lH), 

1.56 (s, 15H, CsMe5); ESI-MS (m/z): 558.9 (100%) [M-PF6t, 522.4 (10%) [M-PF6- Cit 

4.2.4 Single crystal X-ray structure analyses 

In [10]PF6 a positive residual electron density of 11.43 eA-3 (0.80 A from 

Iridium) and electron density hole of -4.61 eA-3 (0.66 A from Iridium) surrounded the 

heavy iridium atom. Crystallographic details are summarised in Table 4.1. 
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4.3 Results and Discussion 

4.3.1 Syntheses 

The dinuclear arene ruthenium complexes [(11 6-arene)Ru(~-CI)Clh (arene = C6Ht;, 

p_iPrC6~Me) react in acetonitrile with the 2-substituted-1,8-naphthyridine ligands -

2-(2-pyridyl)-1 ,8-naphthyridine (pyNp ), 2-(2-thiazolyl)-1,8-naphthyridine (tzNp) and 2-

(2-furyl)-1,8-naphthyridine (fuNp) to give the mononuclear cationic complexes 

[(Tl6-C6Hti)Ru(L)Clt {L = pyNp (1); tzNp (2); fuNp (3)}, [(Tl 6-p-iPrC6~Me)Ru(L)Clt 
{L= pyNp (4); tzNp (5); fuNp (6)} (Scheme 4.1). Cation 1 is isolated as its chloro salt, 

while the other cationic ruthenium complexes are obtained as their hexafluorophosphate 

salts. 

N 
I ~ 

pyNp 

tzNp 

fuNp 

+ 0.5 [(116-arene)Ru()J.-CI)Cih 

- cr 

+ 0.5 [(116-arene)Ru(J.t-CI)Cih 

- cr-

+ 0.5 [('116-arene)Ru()J.-CI)Cih 

- cr-

Scheme 4.1 

2:0 
s· A ·x 

Similarly, the reaction in methanol of the dimeric chloro-bridged complexes 

[(11 5-CsMes)M(~-Cl)Clh (M = Rh, Ir) with the same 2-substituted-1,8-naphthyridine 

ligands leads to the formation of the mononuclear cationic complexes 

[(TJ
5
-CsMes)Rh(L)Clt {L = pyNp (7); tzNp (8); fuNp (9)} and [(TJ 5-C5Me5)Ir(L)Cit {L = 

pyNp (10); tzNp (11); fuNp (12)} (Scheme 4.2). All rhodium and iridium complexes are 

isolated as their hexafluorophosphate salts. 
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pyNp 

tzNp 

fuNp 

+ [(T)5-C5Me5)M(J.1-CI)Cil2 

- Cl-

+ [(115 -C5Me5)M(J.1-CI)CI]2 

- Cl" 

+ [(T)5-C5Me5)M(J.1-CI)Cil2 

-cr 

Scheme 4.2 

Chapter-4 

7: M = Rh 

10: M = lr 

8: M = Rh 

11:M=Ir 

9: M = Rh 

12: M = lr 

All complexes are orange yellow in color, non-hygroscopic, air stable solids. 

However, the complexes with the fuNp ligand (3, 6, 9 and 12) are unstable in solution. 

They are soluble in acetonitrile but partially soluble in dichloromethane, chloroform and 

acetone. The reactions of pyNp and tzNp with the dinuclear rhodium and iridium 

precursors are instantaneous as compared to those with the ruthenium precursors. 

However, the reaction is comparatively slow for fuNp with these dinuclear precursors. 

The infrared spectra of the complexes 2-12 exhibit a strong band in the region 

844-850 cm·1
, a typical Vp.f stretching band for the PF6 anions. Moreover, all complexes 

show absorption bands at 1600-1610 cm"1 and 1470-1474 cm-1 for the vc=e and vc=N 

vibrations of the 1,8-naphthyridine moiety.41 The complexes 2, 5, 8 and 11 show two 

additional absorption bands at 1450-1452 em -I and 1480-1484 em -I corresponding to the 

vc=N and vc=s stretching frequency of the thiazolyl group. The complexes 3, 6, 9 and 12 

show a characteristic absorption band at 1626-1630 cm-1 which correspond to vc=e of the 

furyl group. The mass spectra of all these complexes exhibited corresponding molecular 
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ion peaks. For instance the mass spectra of complexes 3 and 4 have been depicted in 

figure 4.1 and 4.2 respectively. 

100·1 
! 

Figure 4.1: Mass spectrum of complex [(116-C6H6)Ru(fuNp)Cl]PF6 ([3]PF6) 

>OO 

~00.2 

Figure 4.2: Mass spectrum of complex [(116-p_iPrC6HiMe)Ru(pyNp)Cl]PF6 ([4]PF6) 
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4.3.2 NMR spectrometry 

The 1 H NMR spectra of the benzene, p-cymene and pentamethylcyclopentadienyl 

derivatives which have pyNp, tzNp and fuNp as ligands exhibit nine resonances in the 

region 3 = 9.56 to 7.78, seven resonances around 3 = 9.41 to 7.90, and eight resonances 

around 3 = 9.58 to 6.68 in the aromatic region, respectively. In addition to these signals, 

complexes 1, 2 and 3 exhibit a singlet resonance for the benzene ring protons at 3= 6.20 

to 5.93. Complexes 4, 5 and 6 exhibit an unusual pattern of resonances for the p-cymene 

ligand. For instance, the methyl protons of the isopropyl group displays two doublets at 

ca. 3 = 1.18 to 1.07, instead of one doublet (see Figure 4.3 and 4.4) as in the starting 

complex. The aromatic protons of the p-cymene ligand displays three doublets for 

complex 4 (see Figure 4.3) and four doublets for complex 5 (see Figure 4.4) at ca. 3 = 

6.31 to 5. 79, instead of two doublets as in the starting precursor. This unusual pattern is 

due to the diastereotopic methyl protons of the isopropyl group and aromatic protons of 

the p-cymene ligand, since the ruthenium atom is stereogenic due to the coordination of 

four different ligand atoms.42 The other reason could be due to the loss of planarity of the 

p-cymene ligand, because ofthe steric nature ofthe ligand.43 

·-~~-.......... ,.. ........ "l" ............... ¥ ... _ ... 1 ............ . 

• .o o.g o.e 

-........ , ................... ~ .......... ,., ........ ~ .... ····-·--.-·..-·r.,.···--··..-··-,-..---....-.. ·····..--.....-r···· .. -.-~T 
l.O 9 8 7 6 S 

·..-~-..,............. --r-~·-....,-.--··-·-r·--~ 

3 2 1. 0 pprn 4 

Figure 4.3: 1H NMR spectrum of complex 4 in acetonitrile-d3• 
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:.:o 1.05 :.co 

I I I I I I I I I I I I I I' I I I I I I I I I' I I'' I' II II' I I I I' I I I I I I I 'I I I I I I 

6.3 6.2 6.1 6.0 5.9 

'1'''''''' 111
' 

1111111 1111111111 l111111 '''1' 11111111 l110111111 l111111111 l1
''''

1111 1'''' 11111 1111111111 1111111111 11 

1 0 9 8 7 6 5 4 3 2 1 0 ppm 

Figure 4.4: 1H NMR spectrum of complex 5 in acetonitrile-d3• 

All these complexes show down field shift for all protons compared to the starting 

precursors, which might result from the charge transfer from metal centre to 

naphthyridine-based ligands such as pyNp and tzNp. Complexes 7 to 12 exhibit a singlet 

resonance at o = 1.71 to 1.55 for the five methyl groups of the pentamethyl­

cyclopentadienyl ligand. 

4.3.3 X-ray structural study 

The molecular structure of the benzene derivatives [(1')6-C~)Ru(pyNp)Cl]Cl or 

[l]Cl and [(1')6-C6~)Ru(tzNp)Cl]PF6 or [2]PF6, the p-cymene derivatives [(1')6-p­

iPrC6~Me)Ru(pyNp)Cl]PF6 or [4]PF6 and [(1') 6-p.iPrC6~Me)Ru(tzNp)Cl]PF6 or [5]PF6 

as well as the pentamethylcyclopentadienyl iridium complex [(1') 5-C5Me5)Ir(pyNp)Cl]PF6 

or [10]PF6 have been established by single crystal X-ray structure analysis. All cationic 

complexes show a typical piano-stool geometry with the metal centre being coordinated 

by an aromatic ligand, a terminal chloro ligand and a chelating 2-substituted-1 ,8-

naphthyridine ligand. Formally, the 2-substituted-1,8-naphthyridine ligand can coordinate 

to the metal centre either through one or two nitrogen atoms of the naphthyridine moiety 

or through the N, 0 or S atoms of the 2-substituted ring. Interestingly, in this study, all 

metal centres were found to be coordinated to the 2-substituted-1 ,8-naphthyridine ligand 

in a five-membered ring chelating fashion involving one nitrogen atom of the 

naphthyridine moiety and the nitrogen atom of the 2-pyridyl or 2-thiazolyl group and the 
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oxygen atom of the 2-furyl group. Indeed, in [1]Cl, [4]PF6 and [10]PF6 the pyNp ligand is 

found as a five-membered ring N,N-chelating ligand (see Figure 4.5 to 4.6). 

Figure 4.5: ORTEP diagram of cations 1 and 4 at 35% probability level, chloride anion 

and hydrogen atoms being omitted for clarity. 

Figure 4.6: ORTEP diagram of cation 10 at 35% probability level, hexafluorophosphate 

anion and hydrogen atoms being omitted for clarity. 

Similarly, in [2]PF6 and [5]PF6, the tzNp ligand is found to coordinate through the 

Nl atom ofthe naphthyridine moiety and the N3 atom of the 2-substituted thiazolyl ring 

to generate a five-membered ring metallo-cycle (see Figure 4.7). In these tzNp 
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complexes, the S atom points away from the metal centre and show no interaction with 

neighbouring cations. Selected bond lengths and angles for [l]Cl · 3 H20, [2]PF6, [4]PF6, 

[5]PF6 and [10]PF6 are presented in Table 4.2. 

Figure 4. 7: ORTEP diagram of cations 2 and 5 at 50% probability level, 

hexafluorophosphate anion and hydrogen atoms being omitted for clarity. 
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Table 4.1. Crystallographic and structure refinement parameters for complexes [l]Cl· 3 H20, [2]PF6, [4]PF6, [5]PF6 and [10]PF6. 

ComE lex [l]Cl· 3 H20 [2]PF6 [4]PF6 [5]PF6 (10]PF6 
Chemical formula Ct9H21ChN303Ru C17H13ClF6N3PRuS C23H23ClF 6N3PRu C21H2tClF6N3PruS C23H24ClF 6N3Plr 
Formula weight 511.36 572.85 622.93 628.96 715.07 
Crystal system Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P-1 (no. 2) P 2tla (no. 14) P 2tlc (no. 14) P 2tln (no. 14) P 2tln (no. 14) 
Crystal color, shape orange block orange rod orange block orange rod yellow block 

Crystal size ( mm3> 0.23 X 0.17 X 0.16 0.28 X 0.23 X 0.18 0.35 X 0.26 X 0.21 0.27 X 0.19 X 0.16 0.36 X 0.19 X 0.18 

a(A) 6.8771(9) 8.1508(7) 13.5963(11) 12.2831(11) 9.1766(4) 
b (A) 11.8984(15) 24.707(3) 12.6953(17) 15.1758(18) 27.5266(16) 
c (A) 12.6683(15) 9.3945(8) 14.1956(13) 13.2454(12) 9.5593(5) 
a (o) 77.873(14) 

~CO) 85.670(15) 94.007(10) 107.432(10) 91.372(10) 94.747(4) 
y (0) 75.733(14) 
v (A3) 981.9(2) 1887.3(3) 2337.8(4) 2468.3(4) 2406.4(2) 
z 2 4 4 4 4 
T(K) 173(2) 173(2) 173(2) 173(2) 173(2) 
Dx (g /cm3) 1.730 2.016 1.770 1.693 1.974 
J.l (mm-•) 1.097 1.236 0.920 0.953 5.790 
Scan range CO) 2.19 < e < 26.01 2.11 < e < 26.oo 2.20 < e < 26.12 2.04 < e < 26.09 1.48 < e < 29.22 
Unique reflections 3112 3497 4401 4809 6505 
[I>2cr(I)] 3579 2990 2082 4126 4695 

Rint 0.0582 0.0351 0.1881 0.0532 0.0678 
Final R indices l>2cr(l)]* 0.0329, wR2 0.0795 0.0242, wR2 0.0612 0.0551, wR2 0.1013 0.0320, wR2 0.0821 0.0737, wR2 0.1907 
R indices (all data) 0.0382, wR2 0.0826 0.0304, wR2 0.0648 0.1252, wR2 0.1176 0.0377, wR2 0.0838 0.0958, wR2 0.2012 
Goodness-of-fit 1.005 1.052 0.775 1.043 1.077 
Max, Min ~p (e A-3) 0.617, -0.853 0.529, -0.929 0.639, -0.897 1.443, -0.6341 1.432, -4.606 

* Structures were refined on F0
2: wR2 = [L [w(Fo2- F/il I Lw(F0

2)2]v2, where w-1 
= [L (Fo2) + (aPi + bP] and P = [max(Fo2, 0) + 2F/]13 
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Table 4.2: Selected bond lengths and angles for complexes [1]Cl.3H20, [2]PF6, [4]PF6, 

[5]PF6 and [10]PF6. 

1 (pyNp) 2 (tzNp) 4 (pyNp) 5 (tzNp) 10 (pyNp) 

Distances (A) 

M-Cl 2.4147(8) 2.4045(7) 2.396(2) 2.4080(7) 2.412(3) 

M-N1 2.109(3) 2.123(2) 2.112(6) 2.152(2) 2.107(9) 

M-N3 2.088(2) 2.091(2) 2.078(6) 2.073(2) 2.136(9) 

M-centroida 1.68 1.67 1.69 1.68 1.79 

C8-C9 1.478(4) 1.448(4) 1.485(9) 1.444(4) 1.51 (2) 

Angles CO) 

N1-M-N3 76.60(9) 76.82(8) 76.9(2) 76.07(9) 74.9(4) 

N1-M-CI 85.75(7) 83.99(6) 83.3(2) 84.76(6) 87.7(3) 

N3-M-CI 85.13(6) 86.12(6) 84.9(2) 86.24(7) 87.4(3) 

a Calculated centroid of the Cs or C6 coordinated aromatic ring. 

The distances between the ruthenium atom and the centroid of the C6 aromatic 

ring in 1, 2, 4 and 5 are comparable (1.67 to 1.69 A) but quite shorter than the distance 

between the iridium atom and the C5 aromatic ring observed in 10 (1.79 A). The M-Nl 

bond distances [2.107(9) to 2.152(2) A] are comparable to those in [(TJ6-p­

ipre6~Me )RuC1(2,3-bis(2-pyridyl)pyrazine )]BF 4,44 [(176 -C6~)RuC1(2-( 1-imidazol-2-

yl)pyridine)]PF6,45 and [(TJ 5-C5Me5)Ir(2-(2'-pyridyl)imidazole)Cl]PF6.46. The Ir-N3 bond 

distance (2.136(9) A) in 10 is slightly longer than the corresponding distances in the 

ruthenium complexes 1, 2, 4 and 5 (2.073(2) to 2.091(2) A), while the M-Cl bond lengths 

show no significant differences among the five cations. However, a noticeable difference 

is observed in the distances of the C8-C9 connecting bond (naphthyridine 2-substituted 

ring C-C bond). In the tzNp derivatives, the C8-C9 distances [1.448(4) in 2 and 1.444(4) 

A in 5] are shorter than those found in the pyNp derivatives 1, 4 and 10 [1.478(4), 

1.485(9) and 1.51 (2) A] respectively. 

Complex [1]Cl crystallises with three molecules of water per asymmetric unit, 

forming an intricate hydrogen-bonded network around the chloride atom. It involves the 

three water molecules and some hydrogen atoms of the pyNp and C~ ligands (see 
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Figure 4.8). The 0-0 and 0-C distances ofthe hydrogen bonds range from 3.12 to 3.77 

A, with 0-H···O or C-H···O angles ranging from 137.6 to 177.0°. 

Figure 4.8: Hydrogen-bonded network observed in [l]Cl· 3 H20 with H-Cl distances. 

In the crystal packing of [10]PF6, two cationic molecules of 10 form a dimer 

through n-stacking interactions (see Figure 4.9). The distance observed between the two 

7t-stacking interacting systems (centroid···centroid 3.62 A) is in good agreement with the 

theoretical value calculated for a slipped parallel stacking mode.47 
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Figure 4.9: Dimeric structure of [10]PF6 showing the separation of then-stacking system. 

4.3.4 UVNisible spectroscopy 

Electronic absorption spectral data of selected complexes at I o-s M concentration 

in the range 320-520 nm are summarised in Table 4.3. The spectra of these complexes are 

characterized by two main features, viz., an intense ligand-localized or intra-ligand 1t-+ 

n* transition in the ultraviolet region and metal-to-ligand charge transfer (MLCT} dn(M) 

-+ n* (Np-based ligands) bands in the visible region.48
• Since the low spin d6 

configuration of the mononuclear complexes provides filled orbitals of proper symmetry 

at the Ru(ll), Rh(III) and Ir(III) centres, these can interact with low lying n* orbitals of 

the ligands. All these complexes show two absorption bands in the region 340-390 nm, 

while the complexes bearing fuNp ligand (N,O donor) exhibit two absorption bands in 

blue shift at 330-355 nm, the second being a shoulder of the first band. It shows a series 

of ligand-centred 1t - n* transitions with high intensity absorption bands in the UV region. 

One should therefore expect a band attributable to the metal-to-ligand charge transfer 

(MLCT) (t2g- n*) transitions in their electronic spectra.49
-
52

• All these complexes exhibit 

a broad absorption band with low intensity and low energy at 420-440 nm, while the 

complexes bearing fuNp ligand exhibit a very low intensity shoulder in the near visible 
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region 385-390 nm, which originate from dn (Ru, Rh and Ir)---+ n* (naphthyridine based 

ligands) metal-to-ligand charge transfer transitions. Representative spectra of these 

complexes are presented in Figure 4.1 0. 

0.8 2 
3 

0.7 5 
7 

0.6 9 

s:: 0.5 
0 

·~ 0.4 
0 
Vl 

.D 
< 0.3 

0.2 

0.1 

0.0 
320 370 420 470 520 

wavelength (nm) 

Figure 4.10: Selected UV Nisible electronic spectrum in acetonitrile at 298 K. 

Table 4.3: UVNisible data for selected complexes in acetonitrile at 298 K. 

No. Complex Amax (nm) I e 10- M- em-

2 [( rt6 -C6fi(;)Ru(tzNp )Cit 342 (0.30) 357 (0.37) 422 (0.12) 

3 [ ( rt6 -C6fi(;)Ru( fuNp )Cit 338 (0.70) 352 (sh) 385 (sh) (10-3 M-1 cm-1
) 

5 [(rt6 -p_iPrC6~Me )Ru(tzNp )Cit 342 (0.34) 357 (0.37) 435 (0.11) 

7 [(rt5 -CsMes)Rh{pyNp )Cit 342 (0.24) 385 (0.25) 436 (0.11) 

9 [(rt 5-CsMes)Rh(fuNp)Cit 334 (0.41) 348 (sh) 390 (sh) 

4.4 Conclusion 

In this work we demonstrated that all metal centres are coordinated to the 

2-substituted-1,8-naphthyridine ligand in a five-membered ring chelating fashion 

involving one nitrogen atom of the naphthyridine moiety and the nitrogen atom of the 

2-pyridyl or 2-thiazolyl group and the oxygen atom of the 2-furyl group. The formation of 
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bridging complexes with the remaining nitrogen atom of the naphthyridine moiety was 

unsuccessful in our hand. 

4.5 Supplementary material 

CCDC-680855 [l]Cl 3 H20, CCDC-680856 [2]PF6, CCDC-680857 [4]PF6, 

CCDC-680858 [5]PF6 and CCDC-680859 [10]PF6 contain the supplementary 

crystallographic data for this chapter. 
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ChapterS 

Half-sandwich mono and dinuclear complexes 

of platinum group metals bearing pyrazolyl­

pyridine analogues: Synthesis and spectral 

characterization 

The chelating ligands pp-C/ and bppp were synthesized and their reactions with arene 

ruthenium, Cp* rhodium and iridium dimers resulted in the formation of mono and 

dinuclear complexes. However reactions with the bppm ligand which is having 

Pyrimidine Bridge between pyrazolyl-pyridine units resulted only in the formation of 

mononuclear complexes. 

*The work presented in this chapter has been published: K. T. Prasad and K. Mohan Rao, 
Polyhedron (communicated). 
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5.1 Introduction 

Mono and binuclear complexes of platinum group metals containing heterocyclic 

nitrogen based ligands have received considerable attention owing to their catalytic 

activities1
-
8 and very recently as non-linear optical (NLO) materials,9

•
10 as well as in the 

development of new biologically active agents. 11
-
16 The organometallic complexes of116

-

arene ruthenium, 17
•
18 and 11 5 -half-sandwich complexes of rhodium and iridium have 

attracted considerable interest as potential anticancer agents. 11
-
16 Another important 

aspect, especially from the catalytic perspective involves the design of Ru=O functional 

groups and analogues capable of reversibly accepting multiple electrons and protons 

within the relative potential range. 19
-
21 The capacity to modify their environment in order 

to induce electronic as well as steric effects will allow fabricating tailored catalysis for 

specific reactions. Inclusion of the pyridazine ring in the backbone of bppp ligand results 

in a more pronounced partitioning of the ligand into distinct bidentate domains than is the 

case with linear polypyridines. This facilitates the formation of mononuclear and 

binuclear systems. The former has the potential to behave as metallo-ligands in the 

development ofhomolhetero bimetallic systems.22
-
25 

In the present chapter, we have synthesized new nitrogen based ligands such as 3-

chloro-6-(3-pyridyl-1-pyrazolyl)pyridazine (pp-Cl) and 3,6-bis(3-pyridyl-1-pyrazolyl)­

pyridazine (bppp) (Chart 5.1) which easily form mono and binuclear complexes with 

arene ruthenium, Cp* rhodium and Cp* iridium complexes (Cp* = 11 5-C5Me5). All these 

new complexes were characterized by elemental analyses, IR, 1H-NMR, UV-Visible and 

mass spectrometry as well as X-crystallographic analyses for some representative 

complexes. 

c c 

3-chloro-6-(3-pyridyl-1-pyrazolyl)pyr- 3,6-bis(3-pyridyl-1-pyrazolyl)pyrdazine ( bppp) 

idazine (pp-Cl) 

Chart 5.1: Ligands used in this study 
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5.2 Experimental 

5.2.1 Preparations of ligands: pp-Cl and bppp 

A mixture of 3,6-dichloropyridazine (500 mg, 3.35 mmol}, 3-(2-pyridyl)-1H­

pyrazole31 (1 g, 6.88 mmol}, potassium carbonate (1.05 g, 7.59 mmol) and tetrabutyl­

ammonium bromide ( 1.2 g) in 10 ml of acetone was dissolved. It was stirred and refluxed 

for forty hours and cooled to room temperature. Then the reaction mixture was poured in 

to 100 ml of water, resulted a whitish precipitate; it was filtered off, washed with excess 

water and air dried. It was purified by chromatography on silica gel using chloroform as 

the eluent to give the analytically pure ligand 3-chloro-6-(3-pyridyl-1-pyrazolyl)­

pyridazine (pp-Cl) (20%) as a pale yellow color powder and the second fraction was 

eluted with chloroform I methanol (10:1) give the analytically pure ligand 3,6-bis(3-

pyridyl-1-pyrazolyl)pyridazine (bppp) (80%) as a colorless solid. 

5. 2.1.1 3-ch/oro-6-(3-pyridyl-1-pyrazo/y/)pyridazine (pp-C/) 

Pale yellow solid, yield 120 mg (13%): 1H NMR (400 MHz, CDCh, o): 8.77 (d, 1H, 3J= 

2.80 Hz, Ha}, 8.68 (d, IH, 3J = 4.40 Hz, Ht), 8.34 (d, lH, 3J = 9.20 Hz, Hg), 8.04 (d, 1H, 

3J = 8.00 Hz, Hh), 7.77 (dt, 1H, 3J = 1.60 Hz, Hd}, 7.63 (d, 1H, 3J = 9.20 Hz, He}, 7.28 

(dt, 1H, 3J = 1.60 Hz, Hb}, 7.18 {d, 1H, 3J = 2.40 Hz, He); ESI-MS (m/z): 258.1 (100%) 

[M+1]; UV-Vis {acetonitrile, A.max nm (e10"5M 1 cm-1)}: 318 (0.37); Anal. Calc. For 

C12HsClN5 (257.6): C, 55.93; H, 3.13; N, 27.18; Found: C, 54.88; H, 3.15; N, 27.02%. 

5.2.1.2 3,6-bis(3-pyridyl-1-pyrazo/y/)pyridazine (bppp) 

White solid, yield 780 mg (63%): 1H NMR (400 MHz, CDCh, o): 8.81 {d, 2H, 3J= 2.40 

Hz, Haa'), 8.71 (d, 2H, 3J = 4.40 Hz, Hff'), 8.52 {s, 2H, Hgg'), 8.11 {d, 2H, 3J= 8.00, 

Hdd'}, 7.80 (dt, 2H, 3 J= 1.60 Hz, Hcc'}, 7.29 (dt, 2H, 3J= 1.60 Hz, Hbb'), 7.21 {d, 2H, 3J 

= 2.80 Hz, Hee'); ESI-MS (m/z): 367.2 (100%) [M+1]; UV-Vis {acetonitrile, "-max nm 

(e10-5M"1 cm-1)}: 316 (0.41}, 331 (0.33); Anal. Calc. For C2oH14N8 (366.3): C, 65.56; H, 

3.85; N, 30.58; Found: C, 65.38; H, 3.89; N, 30.46% 

5. 2.1. 3 4, 6-bis(3-pyridyl-1-pyrazoly/)pyrimidine (bppm/2 

The of bppm ligand was synthesized and isolated in a similar manner described for the 

synthesis of bppp taking 500 mg (3.35 mmol) of 4,6-dichloropyrimidine, 3-(2-pyridyl)-
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1H-pyrazole (1 g, 6.88 mmol), potassium carbonate (1.05 g, 7.59 mmol) and tetrabutyl­

ammonium bromide ( 1.2 g) in 10 ml of acetone was dissolved. 

White solid, yield 780 mg (63%): 1H NMR (400 MHz, CDCh, o): 8.85 (d, 2H, 
3
J= 2.40 

Hz), 8.73 (s, 1H), 8.70 (d, 2H, 3J= 1.60 Hz), 8.66 (s, 1H), 8.28 (d, 2H, 3J= 7.20), 7.86-

7.82(dt, 2H, 3J= 1.60 Hz), 7.34-7.31 (dt, 2H, 3J= 1.80 Hz), 7.22 (d, 2H, 3J= 2.80 Hz); 

ESI-MS (m/z): 367.2 (100%) [M+1]; UV-Vis {acetonitrile, Amax nm (E10"5M"1 cm-1)}: 

318 (0.41), 332 (0.33); Anal. Calc. For C20H14N8 (366.3): C, 65.56; H, 3.85; N, 30.58; 

Found: C, 65.38; H, 3.89; N, 30.46% 

5.2.2 General procedure for the preparation ofthe mononuclear complexes 1 and 2 

A mixture of [(n6-arene)Ru(u-Cl)Clh (arene = C~ and p-iPrC~Me) (0.07 mmol), 

ligandpp-C/ (0.18 mmol) and 2.5 equivalents of~PF6 in dry methanol (15 ml) was 

stirred at room temperature for 6 hours. The precipitate was separated by filtration, 

washed with cold methanol and diethyl ether to remove excess ligand and dried in vacuo. 

5.2.2.1 [(rl-C~6)Ru(pp-C/)Cl]PF6 ([l]PF6) 

Orange-yellow solid, yield 75 mg (87%), 1H NMR (400 MHz, CD3CN, o): 9.55 (d, 1H, 3J 

= 5.60 Hz), 8.97 (d, 1H, 3J = 2.80 Hz), 8.72 (d, 1H, 3J= 7.28 Hz), 8.45 (m, 2H), 8.32 (t, 

1H, 3J= 7.60 Hz ,7.60 Hz), 7.78 (m, 2H), 5.95 (s, 6H); IR (KBr, cm"1): V(P-F) 844s; 

1604m, 1408m, 558m; ESI-MS (m/z): 472.1 (100%) [M-PF6t; UV-Vis {acetonitrile, 

Amax nm (El0"5M"1 cm-1)}: 310 (0.19); Anal. Calc. For C1sH14ChNsRuP F6 (617.2): C, 

35.02; H, 2.29; N, 11.35; Found: C, 34.88; H, 2.35; N, 11.28%. 

5.2.2.2 [(rl-p-;PrC~-tMe)Ru(pp-Cl)Cl]PF6 ([2]PF6) 

Dark orange solid, yield 83 mg (90%), 1H NMR (400 MHz, CD3CN, o): 9.22 (d, 1H, 3J= 

5.60 Hz), 8.75 (d, 1H, 3J= 4.80 Hz), 8.62 (d, 1H, 3J= 3.20 Hz), 8.19-8.12 (m, 3H), 7.66 

(dd, 1H, 3J= 7.60 Hz ,7.60 Hz), 7.40 (d, 1H, 3J = 3.2 Hz) 5.72 (d, 1H, 3J = 6.40 Hz, Arp­

cy), 5.46 (d, H, 3J = 6.00 Hz, Arp-cy), 5.30 (d, 1H, 3J = 6.00 Hz, Arp-cy), 5.18 (d, 1H, 3J = 

6.00 Hz, Arp-cy), 2.37 (sept, 1H, CH(CH3)2), 2.17 (s, 3H, Arp-cy-Me), 1.21 (d, 3H, 

CH(CH3)2), 1.18 (d, 3H, CH(CH3)2); IR (KBr, cm"1): V(P-F) 844s; 1629m, 1406m, 763m, 

558m; ESI-MS (m/z): 527.2 (100%) [M-PF6t; UV-Vis {acetonitrile, Amax nm (E10"5M"1 

cm"1)}: 309 (0.28); Anal. Calc. For C22H22ChNsRuPF6 (673.3): C, 39.24; H, 3.29; N, 

10.40; Found: C, 39.11; H, 3.35; N, 10.31%. 
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5.2.3 General procedure for the preparation of the mononuclear complexes 3 and 4 

A mixture of [(TJ 5-C5Me5)M(,u-Cl)Cl)2 (M = Rh, Ir) (0.07 mmol), ligand pp-Cl (0.15 

mmol) and 2.5 equivalents of ammonium hexafluorophosphate in dry methanol (15 ml) 

was refluxed for 4 hours. The reaction mixture was cooled over night at room temperature 

during this time dark yellow color crystalline compound formed. It was separated by 

filtration, washed with cold methanol and diethyl ether to remove excess ligand and dried 

in vacuo. 

5.2.3.1 [(r(C5Me5)Rh(pp-Cl)Cl]PF6 ([3}PF6) 

Dark yellow in color, yield 86 mg (91 %), 1H NMR (400 MHz, CD3CN, o): 8.91 (d, 1H, 3 J 

= 5.20 Hz), 8.67 (d, 1H, 3J = 4.40 Hz), 8.50 (d, 1H, 3J = 7.60 Hz), 8.36 (m, 3H), 7.44 

(dt, 1H, 3J = 5.20 Hz, 6.80 Hz), 7.22 (d, 1H, 3J = 2.4 Hz), 2.15 (s, 15H, CsMes); IR 

(KBr, cm-1
): V(P-F) 845s; l626m, l458m, 759m, 558m; ESI-MS (m/z): 531.3 (100%) [M­

PF6t; UV-Vis {acetonitrile, Amax nm (El0"5M-1 cm-1
)}: 316 (0.27); Anal. Calc. For 

C22H23ChNsRhPF6 (676.3): C, 39.07; H, 3.43; N, 10.49; Found: C, 39.01; H, 3.45; N, 

10.33%. 

5.2.3.2 [(r(C5Mes)lr(pp-Cl)Cl]PF6 ([4}PF6) 

Dark yellow color, yield 89 mg (88%),1H NMR (400 MHz, CD3CN, o): 9.01 (d, 1H, 3J= 

5.60 Hz), 8.71 (d, 1H, 3J = 4.80 Hz), 8.62 (d, 1H, 3J = 6.40 Hz), 8.42 (m, 3H), 7.48 (dt, 

1H, 3 J = 5.32 Hz, 5.60 Hz), 7.35 (d, 1H, 3 J = 4.80 Hz), 1.88 (s, 15H, C5Me5); IR (KBr, 

cm-1
): v(P-F) 845s; 1631m, 1495m, 760m, 558m; ESI-MS (m/z): 620.9 (100%) [M-PF6t; 

UV-Vis {acetonitrile, Amax nm (e 10-5M"1 cm-1
)}: 318 (0.29); Anal. Calc. For 

C22H23ChNslrPF6 (765.4): C, 34.52; H, 3.03; N, 9.05; Found: C, 34.25; H, 3.05; N, 

9.00%. 

5.2.4 General procedure for the preparation ofthe mononuclear complexes 5 and 6 

A mixture of [(TJ6-arene)Ru(,u-Cl)Cl]2 (arene = C6~ and p_iPrC6~Me) (0.07 

mmol), ligand bppp (0.15 mmol) and 2.5 equivalents of ammonium hexafluorophosphate 

in dry methanol (15 ml) was stirred at room temperature for 6 hours. The precipitate was 

separated by filtration, washed with cold methanol and diethyl ether to remove excess 

ligand and dried in vacuo. 
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5.2.4.1 [(r/-CrJ!6)Ru(bppp)Cl]PF6([5]PF6) 

Brown color; Yield 85 mg (84%), 1H NMR (400 MHz, CD3CN, 5): 9.48 (d, IH, 
3
J= 5.20 

Hz), 8.68 (d, 1H, 3 J= 5.64 Hz), 8.62 (d, 1H, 3 J= 3.20 Hz), 8.32-8.28 (m, 5H), 7.76 (dt, 

2H), 7.62 (t, IH, 3J= 3.32 Hz), 7.43 (d, IH, 3J= 3.24 Hz), 7.26 (d, IH, 3J= 4.20 Hz), 

7.20 (d, 1H, 3J = 4.00 Hz), 6.01 (s, 6H, C6~); IR (cm-1): 1614m, 1454s, 1437s, 844s, 

788s, 558m; ESI-MS: 580.9 [~], 545.2 [M- Cl]; UV-Vis {acetonitrile, Amax nm (e10-

5M-1 cm-1)}: 276.(0.57), 314 (0.92), 417 (0.04); Anal. Calc. for C26H2oClNsRuPF6 

(725.9): C, 43.01; H, 2.78; N 15.43. Found: C, 42.89; H, 2.87; N, 15.28%. 

5.2.4.2 [(r/-p-;PrCr)l,Me)Ru(bppp)Cl]PF6 ([6]PF6) 

Orange-yellow solid, Yield 89 mg (83%), 1H NMR (400 MHz, CD3CN, o): 9.55 (d, lH, 

3J= 5.20 Hz), 8.72 (d, 1H, 3J= 5.64 Hz), 8.68 (d, 1H, 3J= 3.20 Hz), 8.20-8.18 (m, 4H), 

7.68 (dt, 2H), 7.42 (t, 1H, 3J= 3.32 Hz), 7.38 (d, 1H, 3J= 4.80 Hz), 7.22 (d, 1H, 3J= 4.20 

Hz), 7.18 (d, 2H, 3J= 5.60 Hz), 5.72 (d, 1H, 3J= 6.40 Hz, Arp-cy), 5.42 (d, lH, 3J= 6.00 

Hz, Arp-cy), 5.39 (d, 1H, 3J= 6.00 Hz, Arp-cy), 5.29 (d, 1H, 3J= 5.60 Hz, Arp-cy), 2.70 

(sept, 1H, CH(CH3)2), 2.33 (s, 3H, Arp-cy-Me), 1.71 (d, 3H, 3J= 6.20 Hz, CH(CH3)2), 1.69 

(d, 3H, 3J= 6.80 Hz, CH(CH3)2); IR (cm-1): 1604m, 1449m, 1437m, 843s, 783m, 558m; 

ESI-MS: 637.1 [~], 602.1 [M- Cl]; UV-Vis {acetonitrile, A.max nm (el0-5M-1 cm-1)}: 

274 (0.57), 313 (0.89), 418 (0.05); Anal. Calc. for C3oH2sClNsRuPF6 (782.1): C, 46.07; 

H, 3.61; N, 14.33. Found: C, 45.97; H, 3.68; N, 14.17%. 

5.2.5 General procedure for the preparation ofthe mononuclear complexes 7 and 8 

A mixture of [(115 -C5Me5)M(u-Cl)Clh (M = Rh, Ir) (0.07 mmol), ligand bppp 

(0.15 mmol) and 2.5 equivalents of ammonium hexafluorophosphate in dry methanol (15 

ml) was refluxed for 4 hours. The reaction mixture was cooled over night at room 

temperature during this time dark yellow color crystalline compound formed. It was 

separated by filtration, washed with cold methanol and diethyl ether to remove excess 

ligand and dried under vacuum. 

5.2.5.1 [(r/-CsMe5)Rh(bppp)Cl]PF6 ([7]PF6) 

Dark yellow color, yield 96 mg (84%), 1H NMR (400 MHz, CD3CN, o): 9.39 (d, 1H, 3 J= 

5.20 Hz), 8.68 (d, 1H, 3J= 5.40 Hz), 8.54 (d, 1H, 3J= 3.64 Hz), 8.18-8.10 (m, 4H), 7.61 

(dt, 2H), 7.48 (d, 1H, 3J= 3.60 Hz), 7.32 (d, 1H, 3J= 4.8 Hz), 7.22 (d, 1H, 3J= 4.20 Hz), 

7.16 (d, 2H, 3J= 3.64 Hz), 2.11 (s, 15H, C5Me5); ESI-MS (m/z): 639.2 (100%) [M-PF6t; 
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IR (KBr, cm"1): v(P-F) 845s; 1626m, 1458m, 759m, 558m; UV-Vis {acetonitrile, Amax nm 

(e10"5M"1 cm"1)}: 276 (0.57), 315 (0.87), 419 (0.04); Anal. Calc. For C3oH29ClNsRhPF6 

(784.93): C, 45.91; H, 3.72; N, 14.28; Found: C, 45.93; H, 3.77; N, 14.30%. 

5.2.5.2 [(r/-CsMes)lr(bppp)Cl]PF6 ([8]PF6) 

Dark yellow in color, yield 95 mg (83%): 1H NMR (400 MHz, CD3CN, 8): 9.40 (d, 1H, 

3J= 5.32 Hz), 8.72 (d, 1H, 3 J= 5.40 Hz), 8.62 (d, 1H, 3J= 3.64 Hz), 8.20-8.14 (m, 4H), 

7.65 (dt, 2H), 7.48 (d, 1H, 3J= 3.60 Hz), 7.31 (d, 1H, 3J= 4.8 Hz), 7.18 (d, 1H, 3J= 4.80 

Hz), 7.15 (d, 2H, 3J= 3.60 Hz), 1.98 (s, 15H, C5Me5); ESI-MS (m/z): 729.2 (100%) [M­

PF6t; IR (KBr, cm-1): v<P-F) 845s; 1631m, 1495m, 760m, 558m; UV-Vis {acetonitrile, 

Amax nm (El0"5M"1 cm-1)}: 277 (0.58), 314 (0.95), 423 (0.04); Anal. Calc. For 

C30H29ClN8IrPF6 (874.24): C, 41.22; H, 3.34; N, 12.82; Found: C, 41.19; H, 3.38; N, 

12.73%. 

5.2.6 General procedure for the syntheses ofthe dinuclear complexes 9 and 10 

A mixture of [(116-arene)Ru(1J.-Cl)Cl]2 (arene = C6~ and p-iPrC6~Me) (0.10 

mmol) and bppp (0.1 0 mmol) was suspended in methanol (20 ml) and stirred at room 

temperature for 6 hours. Then, ammonium hexafluorophosphate ( 46 mg, 0.25 mmol) was 

added to the reaction mixture and further stirred for 3 hours. The precipitate was filtered, 

washed with methanol and diethylether (3 X 10 ml) and dried in vacuo. 

5.2.6.1 [{(r/-Cdl6)RuClh(f..1-bppp)](PF6h ([9](PF6)2) 

Orange-yellow solid, Yield 91 mg (85%): 1H NMR (400 MHz, CD3CN, 8): 9.34 (d, 2H, 
3J= 4.20 Hz), 9.14 (s, 2H), 8.81 (d, 2H, 3J= 2.40 Hz), 8.24 (d, 2H, 3J= 6.80 Hz), 7.72 (t, 

2H, 3J= 5.60, 4.80 Hz), 7.50 (d, 2H, 3J= 2.40 Hz), 7.36 (d, 2H, 3J= 4.80 Hz), 5.75 (s, 

12H, C6~); IR (cm-1): 1614m, 1454m, 1437m, 844s, 788m, 558m; ESI-MS: 

940.6[M2++PF6·t; UV-Vis {acetonitrile, A-max nm (El0-5M-1 cm-1)}: 278 (0.54), 312 

(0.83), 408 (0.04); Anal. Calc. for C32H26NsChRuP2F12 (1085.6): C, 35.40; H, 2.41; N 

10.32. Found: C, 35.33; H, 2.47; N, 10.18%. 

5.2.6.2 [{(rl-p-iPrCd/,Me)RuClh(f..l-bppp)](PF6)2 ([JO](PF6)2) 

Orange-yellow solid, Yield 99 mg (84%): 1H NMR (400 MHz, CD3CN, 8): 9.55 (d, 2H, 
3J= 5.60 Hz), 9.37 (s, 2H), 9.14 (d, 2H, 3J= 2.80 Hz), 8.52 (d, 2H, 3J= 7.60 Hz), 8.48 (t, 

2H, 3J= 7.20, 7.60 Hz), 8.36 (t, 2H), 7.86 (d, 2H, 3J= 2.40 Hz), 6.10 (d, 2H, 3J= 6.00 
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Hz, Arp-cy), 5.81 (d, 2H, 3J= 6.00 Hz, Arp-cy), 5.69 (d, 2H, 3J= 6.00 Hz, Arp-cy), 5.54 (d, 

2H, 3J= 6.00 Hz, Arp-cy), 2.68 (sept, 2H, CH(CH3)2), 2.25 (s, 6H, Arp-cy-Me), 1.18 (d, 3H, 

3J= 6.20 Hz, CH(CH3)2), 1.12 (d, 3H, 3J= 3.20 Hz, 3J= 6.80 Hz, CH(CH3)2); IR (cm-1): 

1604m, 1449s, 1437s, 843s, 783m, 558m; ESI-MS: 1052.6 [M2++PF6·t; UV-Vis 

{acetonitrile, A-max nm (e10"5M"1 cm-1)}: 276 (0.57), 314 (0.91), 410 (0.04); Anal. Calc. for 

C40H42N8ChRuP2F12 (1197.8): C, 40.11; H, 3.53; N, 9.36. Found: C, 40.01; H, 3.35; N, 

9.27%. 

5.2.7 General procedure for the syntheses of the dinuclear complexes 11 and 12 

A mixture of [(T)5-C5Me5)M(1J.-Cl)Cl]2 (M = Rh and lr) (0.10 mmol) and bppp 

(0.1 0 mmol) was suspended in methanol (20 ml) and refluxed for 5 hours. Then, 

ammonium hexafluorophosphate (23 mg, 0.13 mmol) was added to the reaction mixture 

and further refluxed for an hour. During this time was precipitate was observed. The 

precipitate was filtered, washed with methanol and diethylether (3 X 10 ml) and dried in 

vacuo. 

5.2. 7.1 [{(r/-CsMe5)RhC/}2(p-bppp)](PF6)2 ([ll](PF6)J) 

Dark yellow color, yield 101 mg (84%): 1H NMR (400 MHz, CD3CN, 8): 9.38 (d, 2H, 3J 

= 5.40 Hz), 9.17 (s, 2H), 8.81 (d, 2H, 3J= 2.32 Hz), 8.24 (d, 2H, 3J= 6.80 Hz), 7.75 (t, 

2H, 3J= 5.20, 4.80 Hz), 7.52 (d, 2H, 3J= 2.32 Hz), 7.37 (d, 2H, 3J= 4.32 Hz), 2.05 (s, 

30H, C5Mes); IR (cm-1): 1604m, 1449m, 1437m, 843m, 783m, 558m; ESI-MS: 1058.6 

[M2++PF6·t; UV-Vis {acetonitrile, A-max nm (e10"5M-1 cm-1)}: 276 (0.39), 314 (0.67), 420 

(0.04); Anal. Calc. for C4ol4tNsChRhP2F12 (1203.5): C, 39.92; H, 3.69; N, 9.31. Found: 

C, 39.21; H, 3.72; N, 9.27%. 

5.2. 7.2 [{(1/-CsMes)lrC/}2(p-bppp)](PF6h ([12](PF6)J) 

Dark yellow color, yield 105 mg (86% ): 1 H NMR ( 400 MHz, CD3CN, 8): 9.31 ( d, 2H, 3 J 

= 4.36 Hz), 9.14 (s, 2H), 8.78 (d, 2H, 3J= 2.80 Hz), 8.21 (d, 2H, 3J= 6.32 Hz), 7.72 (t, 

2H, 3 J = 5.60, 4.80 Hz), 7.50 (d, 2H, 3 J = 2.40 Hz), 7.36 (d, 2H, 3 J = 4.80 Hz), 1.99 (s, 

ISH, CsMes); IR (cm-1): 1604m, 1449m, 1437m, 843s, 783m, 558m; ESI-MS: 1236.2 

[M2++PF6·t; UV-Vis {acetonitrile, Amax nm (e10-5M-1 cm-1)}: 273 (0.46), 313 (0.71), 418 

(0.04); Anal. Calc. for C40~2NsChlrP2F12 (1382.1): C, 34.76; H, 3.21; N, 8.11. Found: 

C, 34.61; H, 3.25; N, 8.01%. 
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5.2.8 Single crystal X-ray structure analyses 

X-ray quality crystals of complexes 2 and 7 were grown by slow diffusion of 

hexane in dichloromethane I acetonitrile solution of corresponding complexes. The X-ray 

intensity data were measured at 293(2)° K on a Bruker Apex II CCD area detector 

employing graphite monochromated using Mo-Ka radiation (A.= 0.71073 A). An 

empirical absorption correction was made by modeling a transmission surface by 

spherical harmonics employing equivalent reflections with I>2cr(I) using the program 

SADBAS. The structures were solved by direct methods using the program SHELXS 97 

and refined by full matrix least squares base on F2 using the program SHELXL-97. The 

weighting scheme used was W=ll[cr2(F02)+0.0311P2 +3.5016 P] where P = (Fo2+ 2Fc2)/3. 

Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using 

a "riding" model. Refinement converged at a final R = 0.0423 and 0.0454 (for complexes 

2 and 7 respectively, for observed data F2), and wR2 = 0.0804 and 0.0667 (for complexes 

2 and 7 respectively, for unique data F2). Regarding complex 7 molecular structure, we 

are encountered two difficulties, they are (i) one is assigning N(8) and C(17), and another 

one is (ii) occupancy of the solvent molecule acetonitrile. The matter regarding an 

ambiguity in assigning N(8) and C(17), exchanging the atoms did not improve the 

refinement. So the labelling was done in analogy with other compounds and represents 

the most probable orientation of the molecular fragment. The second factor is now 

explained on the following lines: the central atom of solvent molecule with occupancy of 

C is 0.5. Since the solvent molecule is acetonitrile, the two heavy peripheral atoms are N 

and C. It appears that we cannot differentiate between N and C, which can be due to the 

random orientation ofN and C (they exchange the sites). We also could not locate the H 

atoms associated with the peripheral C atom. This peripheral site was treated as a 50/50 

mixture of C and N, which considering the occupancy of this site yields one molecule of 

acetonitrile (per two molecules of the complex). The distance between the central C atom 

and peripheral atoms is 1.55 A. While other solvent molecules may be present, only 

acetonitrile molecule has been located from the residual density map. Its presence was 

manifested by a large residual density, and its introduction lowered the R value from 5.55 

to 4.43%. Details of crystallographic data collection parameters and refinement are 

summarized in table 5.1. Selected bond lengths and angles are tabulated in table 5.2. 
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5.3 Results and discussion 

5.3.1 Synthesis of ligands 

The ligands 3-chloro-6-(3-pyridyl-1-pyrazolyl)pyridazine (pp-Cl) and 3,6-bis(3-

pyridyl-1-pyrazolyl)pyridazine were synthesized by the condensation of 3,6-

dichloropyridazine and 3-(2-pyridyl)-1H-pyrazole. The reaction was carried out in 

acetone under refluxing condition in the presence of potassium carbonate and the phase 

transfer catalyst tetrabutylammonium bromide. The resulting compounds were 

characterized by spectroscopic methods as detailed in the experimental section. 

5.3.2 Synthesis of the mononuclear complexes 1 to 8 as a hexafluorophosphate salts 

The mononuclear cationic arene ruthenium and pentamethylcyclopentadienyl rhodium 

and iridium complexes having 3-chloro-6-(3-pyridyl-1-pyrazolyl)pyridazine (pp-Cl) and 

3,6-bis(3-pyridyl-1-pyrazolyl)pyridazine (bppp) ligands viz., [(ll6 -C6~)RuCl(pp-Cl)]PF6 

[1]PF6, [(ll6-p-iPrC6J4Me)RuCl(pp-Cl)]PF6 [2]PF6, [(l'] 5-CsMes)RhCl(pp-Cl)]PF6 [3]PF6 

and [(ll5-CsMes)lrCl(pp-Cl)]PF6 [4]PF6 (Scheme 5.1) and [(ll6-C6H6)RuCl(bppp)]PF6 

[5]PF6, [(ll6-p-iPrC6J4Me)RuCl(bppp)]PF6 [6]PF6, [(ll5-CsMes)RhCl(bppp)]PF6 [7]PF6 

and [(l'] 5-C5Me5)1rCl(bppp)]PF6 [8]PF6 (Scheme 5.2) have been prepared by the reaction 

of arene or pentamethylcyclopentadienyl complexes [(ll6-arene)Ru(u-Cl)Cl]2 (arene = 

C6H6 and p-iPrC6fLtMe) and [(ll5-C5Me5)M(Jl·Cl)Cl]2 (M = Rh and Ir) with 2.1 

equivalents of ligand 3-chloro-6-(1-pyridyl-3-pyrazolyl)pyridazine (pp-Cl) or 3,6-bis(l­

pyridyl-3-pyrazolyl)-pyridazine (bppp) in methanol. The complexes 1 to 8 were isolated 

as hexafluorophosphate salts and exhibit an orange-red color. They are non -

hygroscopic, air-stable, shiny crystalline solids sparingly soluble in methanol, 

dichloromethane and chloroform, but soluble in acetone and acetonitrile. All these metal 

complexes were fully characterized by IR, NMR and UV-Vis and mass spectrometry. 
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The infrared spectra of the complexes 1 to 8 exhibit a strong band in the region 

844-850 em·', a typical Vp.p stretching band and for the PF6 anions as well as peaks 
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corresponding to phenyl, pyridyl, pyrazolyl and pyridazine (C=C and C=N) rings were 

observed. 

The mass spectra of these compounds exhibited the corresponding molecular ion 

peaks m/z at 472, 527,531,621,581,637,639 and 729. For example the mass spectrum 

of the complex 2 is depicted in figure 5 .1. 

'Yo 

Figure 5.1: Mass spectrum of the complex [(T)6-p-iPrCJ!4Me)Ru(pp-Cl)Cl]PF6 ([2]PF6) 

The 1 H NMR spectrum of free ligands 3-chloro-6-(3-pyridyl-1-

·pyrazolyl)pyridazine (pp-Cl) exhibit a characteristic set of eight resonances at 8.77 (d, 

lH), 8.68 (d, lH), 8.34 (d, pyrazolyl, pyridazine and pyridyl ring protons of the 3,6-bis(3-

pyridyl-1-pyrazolyl)pyridazine (bppp) ligand, indicating formation of mononuclear 

complexes. Besides these resonances complex 1 and 5 exhibit a singlet at 8 = 5.95 and 

5.92 respectively for the protons of the benzene ligand. Complexes 2 and 6 exhibits two 

doublets at 8 = 1. 71 - 1.69, as weii as a septet at 8 = 2. 70 - 2.32 for the protons of the 

isopropyl group and a singlet at 2.17 ppm for the methyl protons of p-cymene ring. The 

four doublets observed at 5.59 - 5.39 correspond to the aromatic p-cymene ring CH 

protons. This unusual pattern is due to the diastereotopic methyl protons of the isopropyl 

group and aromatic protons of the p-cymene ligand, since the ruthenium atom is 

stereogenic due to the coordination of four different ligand atoms and chiral nature of 
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metal atom.26"28 Interestingly the chemical shifts of complex 6 shown down field 

compared to complex 2 of p-cymene ligand. Complexes 3, 4, 7 and 8 exhibit a strong 

peak at 8 = 2.15, 1.88, 2.11 and 1.98 for pentamethylcyclopentadienyl ligand 

respectively, which are slightly shifted downfield in comparison to the starting 

complexes. 

5.3.3 Crystal structure analysis of [(TJ6-p)PrC6HM:e)Ru(pp-Cl)Cl]PF6 ([2]PF6) and 

[(TJ 5 -C5Me5)Rh(bppp)Cl]PF6 ([7]PF6) 

The molecular structure of [(TJ6-p)PrC6~Me)Ru{pp-Cl)CI]PF6 ([2]PF6) and [(TJ5
-

C5Me5)Rh(bppp)CI]PF6 [7]PF6 have been established by single-crystal X-ray structure 

analysis. Both complexes shown a typical piano-stool geometry with the metal centre 

coordinated by the aromatic ligand, chloride and a chelating N,N'-ligand (see figures 5.2 

and 5.3). The metal atom is in octahedral arrangement and the pp-Cl or bppp ligand is 

found to coordinate through the N1 atom of the pyridine moiety and the N2 atom of the 

pyrazolyl ring to generate a five-membered ring metallo-cycle (see Figures 5.2 and 5.3). 

In these complexes, theN atom of pyridazine points away from the metal centre and show 

no interaction with neighboring cations. Selected bond lengths and angles for complexes 

2 and 7 are presented in Table 5.2. 
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Table 5.1: Crystallographic and structure refinement parameters for compounds [2]PF6 

and [7]PF6. 

Complex [2]PF6 [7]PF6 

Chemical formula C22H22CbF6NsPRu C3oH29ClF6NsPRh.0.5CH3CN 

Crystal system Monoclinic Monoclinic 

Formulae weight 673.39 803.96 

Wavelength (A) 0.710 0.710 

Space group C2/c P 21/n 

Crystal color and shape Plate, yellow Plate, yellow 

Crystal size (mm) 0.28 X 0.15 X 0.09 0.22 X 0.14 X 0.12 

a (A) 10.1768 (8) 8.5156 (17) 

b (A) 22.7250 (16) 19.095 (4) 

c (A) 22.133 (2) 22.334 (5) 

a CO) 

13 (0) 97.646 (7) 90.46 (3) 

y CO) 

v (A3) 5073.2 (7) 3631.5 (13) 

z 8 4 

T(K) 293 (2) 293 (2) 

Dx (g /cm3) 1.763 1.470 

f.1. (mm-1
) 0.959 0.65 

Scan range (0) 1. 79< e <24.65 2.11<9 <20.00 

Unique reflections 4000 3331 

Reflections used [I> 2cr(I)] 2291 1042 

Rint 0.0646 0.189 

Final R indices [1>2cr(I)] 0.0423, wR2 0.0803 0.0443, wR2 0.0626 

R indices (all data) 0.0862, wR2 0.0863 0.1881, wR2 0.0894 

Goodness-of-fit 0.824 0.534 

Max, Min ~P ( e A -3) 0.696, -0.718 0.284, -0.261 
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Table 5.2: Selected bond lengths (A) and angles e) for compounds [l]PF6 and [7]PF6. 

Complex [2]PF6 [7]PF6 

Interatomic distances 

Ru-Nl 2.099(3) Rh-Nl 2.08(1) 

Ru-N2 2.089(3) Rh-N2 2.16(5) 

Ru-Cll 2.406(2) Rh-Cll 2.396(4) 

Ru-centroid (C6 ring) 1.683 Rh-centroid (Cs ring) 1.79 

C5-C6 1.351(5) C5-C6 1.31{1) 

Nl-Cl 1.390(5) N1-C1 1.39(2) 

N2-N3 1.420(5) N2-N3 1.42(1) 

Angles 

N1-Ru-N2 75.50(1) N1-Rh-N2 73.25 (3) 

N1-Ru-Cll 83.80(1) N1-Rh-Cll 86.21(3) 

N2-Ru-Cll 84.52(1) N2-Rh-Cl1 91.47(2) 

Ru1-Nl-C5 116.90(2) Rh1-N1-C5 115.21(8) 

Ru1-N2-C6 115.50(2) Rh1-N2-C6 114.72(4) 

C22 

Figure 5.2: Molecular structure of complex [(rt 6-p.iPrC6~Me)Ru{pp-C/)Cl]PF6 ([2]PF6). 
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In the mononuclear complex 2 the Nl-metal [2.099(3) A] distance of the pyridyl 

ring is slightly longer than the corresponding pyrazolyl, N2-metal distance [2.089(3) A], 

in contrast for complex 7 the N1-metal [2.082(1) A] distance slightly shorter than the 

corresponding pyrazolyl N2-metal distance [2.161(5) A], which are comparable to those 

in [(116-C6Me6)RuCl(C5~N-2-CH=N=C6~-p-N02)]PF6,30 [Ru(mes)Cl{C5~N-2-

C(Me)=N(CHMePh)} ]BF 4,31 [(115 -C5Me5)RhCl(C5~N-2-CH=N=C6H4-p-N02)]BF 4,32 

[( 116 -C6~)Ru(2-(2-thiazolyl)-1 ,8-naphthyridine )Cl]PF6, 
27 [(116 -p-iPrC6~Me )RuC1(2,3-

bis(2-pyridyl)pyrazine)]BF4.33 While the M-Cl [2.406(2) and 2.396(4)] bond lengths 

show no significant differences in all the cations and reported values.34-37 The N(l}­

M(l}-N(2) bond angle in complex 2 and 7 is found to be [75.1(1)0
] and [73.2(3)0

] 

respectively, which are similar to those of complexes [(116-p-iPrC6~Me)RuC1(2,3-bis(2-

pyridyl)pyrazine)t [N(l}-Ru(1}-N(2) = 76.5(2)0
]
33 and [(116-p-iPrC6~Me)RuC1(2,3-

bis(2-pyridyl)quinoxaline)t 37 The distances between the ruthenium atom and the 

centroid of the (11 6-p_iPrC6~Me) ring is 1.683 A in complex 2, whereas the distance 

between the rhodium atom and the centroid ofthe 115-C5Me5 ring is 1.781 A in complex 7. 

These bond distances are comparable to those in the related complex cations [(T\6-p­

ipre6~Me)Ru(pyNp)Cl]PF6, [(115-C5Me5)lr(pyNp)Cl]PF6 (PyNp=2-(2-pyridyl)-1,8-

naphthyridine) (1.79 Ai7 and [(11 5-C5Me5)Rh(3,6-bis(2-pyridyl)4-phenylpyridazine) -

Cl]PF6 (1.789 A). 

Figure 5.3: Molecular structure of complex [(115-C5Me5)Rh(bppp)Cl]PF6 [7]PF6. All 

hydrogen atoms, solvent molecule and anion are omitted for clarity. 
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5.3.4 Synthesis of the dinuclear complexes 9 to 12 as hexafluorophosphate salts 

The reaction of the dimeric chloro complexes [(1')6-arene)Ru(J.l-Cl)Clh (arene = 

C6H6, p-PriC6~Me) and [(115 -C5Me5)M(J.1-Cl)Cl]2 (M = Rh, Ir) with 1.5 equiv. of 3,6-

bis(3-pyridyl-1-pyrazolyl)pyridazine (bppp) in methanol results in the formation of the 

orange color, air-stable dinuclear dicationic complexes [{(l)6-C~)RuCl}z(bppp)]2+ 

[9]PF6, [ {(T)6-p.iPrC6~Me)RuCl}z(bppp)f+ [10]PF6, [ {(l)5 -C5Mes)RhCl}z((bppp)]2+ 

[ll]PF6 and [{(T)5-C5Me5)IrCl}z((bppp)f+ [12]PF6. All these complexes are isolated as 

their hexafluorophosphate salts (Scheme 5.3) and they were characterized by IR, Mass, 
1H-NMR spectrometry and elemental analyses. 
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Scheme 5.3 

Infrared spectra of these dinuclear complexes 9 to 12, showed a similar trend to 

the mononuclear cationic complexes 1 to 8. In the mass spectra the complexes 7, 8, 11 

and 12 hexafluorophosphate salts give rise to two main peaks; a minor peak with an 

approximately 50% intensity attributed to [M2+ + PF 61+ at m/z 940, 1052, 105 8 and 1236 

respectively, and a major peak which corresponds to loss of [(arene)MClt fragment to 

the formation of mononuclear cations 5-8 at m/z = 580, 637, 739 and 729 respectively. 
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The 1H NMR spectra of the dinuclear cationic complexes 9 to 12 exhibit seven 

distinct resonances at 9.55 (d, 2H), 9.37 (s, 2H), 9.14 (d, 2H), 8.52 (d, 2H), 8.48 (t, 2H), 

8.36 (t, 2H), 7.86 (d, 2H) which are assignable to pyridine, pyrazole and pyridazine ring 

protons ofthe 3,6-bis(3-pyridyl-1-pyrazolyl)pyridazine (bppp) ligand. The chemical shift 

of the bppp ligand protons upon complex formation shifted down field with reference to 

free ligand. However Htr protons of metal bounded pyrazoles shifted up field compared 

to Hgg· unbound pyridazine protons of bppp ligand up on complexation; this may be due 

to the metal to ligand charge transfer in all these complexes (Figure 3). Besides these 

bppp ligand resonances complex 9 exhibit a singlet at o = 5. 75 for the two benzene ring 

and complex 10 exhibits two doublets at o = 1.18- 1.12, and septets at o = 2.68 for the 

protons of the isopropyl group and a singlet at 8=2.25 for the methyl protons of p-cymene 

ring. The four doublets observed at o = 6.10 - 5.54 correspond to the aromatic p-cymene 

ring CH protons. Interestingly the chemical shift of these protons as well as methyl 

protons shifted downfield significantly with reference to starting precursor ranging from o 
= 5.20 to 5.42 and mono nuclear complexes (figure 5.4). 

g,g' e,e' 

f,f' 
d,d' 

Ar p-cy a, a' 
c,c' 

b,b' 

t.S e.o 8.& 8.0 7.& 7.0 6.0 &.& 

Figure 5.4: 1H-NMR spectrum of compound 18 in CDCh, represents bppp ligand 

resonances and p-cymene ligand aromatic protons. 
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This could be due to the increased steric nature on the p-cymene ring in dinuclear 

complexes compared to mono nuclear compounds. Complexes 11 and 12 exhibit a strong 

peak at 8 = 2.05 and 1.99 for the protons of pentamethylcyclopentadienyl ligands 

respectively, which are slightly shifted downfield in comparison to the starting 

complexes. 

5.3.5 UV-Visible spectroscopy 

Electronic absorption spectra of compounds pp-Cl, bppp and complexes 1 to 12 

were acquired in acetonitrile, at 1 o-5 M concentration in the range 220-550 nm. The 

spectral data are well formulated in experimental section. The spectrum of the ligand 3-

chloro-6-(3-pyridyl-1-pyrazolyl)pyridazine (pp-Cl) exhibit a band at 318 nm, while ligand 

3,6-bis(3-pyridyl-1-pyrazolyl)pyridazine (bppp) exhibit two bands at 316 nm and 331 nm 

as a shoulder peak, which are assigned to intra-ligand 1t --+ n* transitions. The electronic 

spectra ofthese complexes are characterized by two main features, viz., an intense ligand­

localized or intra-ligand 1t --+ n* transition in the ultraviolet region and metal-to-ligand 

charge transfer (MLCT) dn(M)--+ n* (L -ligand) bands in the visible region.38
• Since the 

low spin d6 configuration of the mononuclear complexes provides filled orbitals of proper 

symmetry at the Ru(II), Rh(III) and Ir(III) centers, these can interact with low lying n* 

orbitals of the ligands. All the mononuclear complexes 1 to 4 show only an intense band 

in the region 308-316 nm, while complexes 5 to 8 shown three bands at 276-278 nm, 312 

- 314 nm and a broad peak at 417-423 nm. Where as the dinuclear complexes 9 to 12 

show three bands, which are almost similar to complexes 5 to 8 at 274 to 276 nm as a 

shoulder peak at 312-314 nm as a high intense peak and a broad band at 418- 420 nm. 

The high intensity band in UV region for both mononuclear and dinuclear complexes is 

assigned to inter and intra-ligand 1t - n*l n - n* transitions,3941 while the low energy 

absorption band in the visible region for all complexes is assigned to metal-to-ligand 

charge transfer (MLCT) (t2g - n*). Representative spectra of these complexes are 

represented in figure 5.5. 
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Figure 5.5: UV-Visible electronic spectra of representative complexes in acetonitrile at 

298 K. 

5.4 Conclusions 

In summary, in this work we have prepared two novel chelating ligands 3-chloro-6-

(3-pyridyl-1-pyrazolyl)pyridazine (pp-Cl) and 3,6-bis(3-pyridyl-1-pyrazolyl)pyridazine 

(bppp). Ligands pp-Cl and bppp reacted with series of arene ruthenium and Cp* rhodium 

and iridium complexes giving new series of mononuclear and binuclear complexes. 

However, we were unable to get single crystals of dinuclear complexes, which were 

characterized by other spectral techniques. 

5.5 Supplementary material 

CCDC-749700 [2]PF6 and CCDC-749701 [7]PF6 contain the supplementary 

crystallographic data for this chapter. 
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Chapter6 

(Part A) 

Mono and dinuclear complexes of half-sandwich 

platinum group metals (Ru, Rh and Ir) bearing 

a flexible pyridyl-thiazole multidentate donor 

ligand 

In this chapter, we have synthesized new mononuclear and dinuclear complexes with 

arene ruthenium, rhodium and iridium complexes with polypyridyl ligand as thiazolyl 

rings backbone. All these new complexes were characterized by elemental analyses, 1H­

NMR, UV-Visible and mass spectrometry as well as X-ray crystallographic analyses for 

some representatives 
( ............................ . 

;,;,:. .................... . .. 

··························· 
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*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K. 

Mohan Rao, J. Organomet. Chern. 695 (2010) 226-234. 



Pyridyl-thiazole ligands Chapter 6 (A) 

6A.l Introduction 

Metal complexes based on polypyridyl ligands constitute versatile components for 

the construction of multifunctional supramolecular systems in molecular photonics and 

molecular electronics, sensors, photo-catalysis, solar energy conversion, artificial 

photosynthesis, non-linear optics, and electrochemo-luminescence amongst others.1-10 

Despite the diversity of these potential applications, relatively little is known about how 

the properties of electron transfer between a single donor and acceptor is influenced by 

their inclusion into larger supramolecular assemblies. In this regard, ruthenium complexes 

bridged by multiple nitrogen donor polypyridyl ligands have received considerable recent 

attention because of their possible applications in homogeneous catalysis, 11 -14 as multi 

electron storage system15-16 in the designing of new materials17-19 and in photophysical 

and photochemical molecular devices.20-23 One of the simplest linker used in assembling 

metals in such arrays is 4,4'-bis(2-pyridyl-4-thiazole) (L). This molecule has been 

principally explored with Co, Cu and Zn transition metal atoms and has been shown to 

generate helical structures.24-25 Besides these helical structures, this molecule acts as a 

bis-chelating ligand to bridge two metal centers for the formation of dinuclear complexes. 

Inclusion of the five-membered thiazolyl rings in the backbone results in a more 

pronounced partitioning of the ligand into distinct bidentate domains than in the case with 

linear polypyridines. This facilitates the formation of mononuclear and dinuclear systems. 

The former one has the potential to behave as metallo-ligands in the development of 

homo/hetero bimetallic systems.26-28 

Arene ruthenium complexes play an important role in organometallic chemistry. 

Reactions of the chloro bridged arene ruthenium complexes [ {(116-arene)RuCl(1J.-Cl)}2] 

with Lewis bases and a variety of different ligands have been extensively studied. 

Recently, we have reported a series of mononuclear arene ruthenium complexes of the 

type [(116-arene)RuCl(H-bpp)t and the dinuclear complexes [{(116-arene)RuC1}2(bpp)]2+ 

(arene = C6H6, p-iPrC6~Me; bpp = 3,3-bis(2-pyridyl)pyrazole).29 However, there are no 

reports dealing with half-sandwich ruthenium I rhodium I iridium complexes with ligands 

consisting ofpyridyl units connected to thiazolyl ring backbone. 

In the present contribution, we have synthesized new mononuclear and dinuclear 

complexes with arene ruthenium, rhodium and iridium complexes with polypyridylligand 

as thiazolyl rings backbone (Chart 6A.l ). All these new complexes were characterized by 
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elemental analyses, 1H-NMR, UV-Visible and mass spectrometry as well as X-ray 

crystallographic analyses for some representatives. 

[ 4,4'-bis(2-pyridyl-4-thiazole )] (L) 

Chart 6A.l: Ligand used in this study 

6A.2 Experimental 

6A.2.1 Syntheses of the ligand 4,4' -bis(2-pyridylthiazole) (L )24 

Preparation ofpyridine-2-thioamide: 2-Cyanopyridine (10.0 g, 96.0 mmol) was dissolved 

in a mixture of E!)N (2 ml) and ethanol (30 ml). H2S was slowly bubbled through the 

solution for 1 h, during which time a yellow precipitate was formed. Collection by 

filtration gave pure pyridine-2- thioamide as a yellow solid. Yield: 6.63 g, 50%. ESI-MS: 

mlz 138 (75%, ~). 1H NMR [400 MHz, (CD3)2SO]: ~ 10.51 (1H, s, NH), 10.24 (lH, s, 

NH), 8.70 (1H, d, py), 8.31 (1H, d, py), 8.15 (1H, t, py), 7.68 (1H, t, py). 

To a solution of pyridine-2-thioamide (0.30 g, 2.17 mmol) in methanol (15 ml) a 

solution of 1,4-dibromobutane-2,3- dione (0.26 g, 1.06 mmol) in methanol (15 ml) was 

added and the solution refluxed for I h. After this time the resulting yellow precipitate 

was filtered, washed with ethanol (5 ml) and diethylether (5 ml) and dried in vacuo to 

give 4,4' bis(2-pyridylthiazole) 2HBr. Yield: 0.41 g, 80%. The free base ligand 4,4' 

bis(2-pyridylthiazole) 2HBr was prepared from the hydrobromide salt as follows. 4,4' 

bis(2-pyridylthiazole) 2HBr (0.20 g, 0.41 mmol) was suspended in ammonia (0.88 S.G., 

50 ml) and left to stand for 12 h. During this time the suspension changed color from 

yellow to pink. Filtration and washing with methanol (2 ml) and diethylether (2 ml) gave 

Las a pale pink solid. Yield: 0.13 g, 100%. ESI-MS: m/z 322 (75%, M'). 1H NMR [400 

MHz, (CD3)2SO]: ~ 8.68 (2H, d, pyridyl), 8.26 (2H, d, py), 8.24 (2H, s, th), 8.23 (2H, t, 

py), 7.55 (2H, t, py) L can be recrystallized from MeCN to give colourless plates, but the 

ligand was generally sufficiently pure to use directly for the complexation reactions. 
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6A.2.2 Syntheses of the mononuclear complexes 1 - 6 

6A.2.2.1 [(1l-Cdi6)Ru(L)Cl]PF6 ([l]PF6) 

A mixture of [(TJ 6-C6~)Ru(Jl-Cl)Cl]2 (50 mg, 0.1 mmol) and L [4,4'-bis(2-

pyridyl-4-thiazole)] (66 mg, 0.21 mmol) was suspended in methanol (20 ml) and stirred at 

room temperature for 2 hours. Then, the insoluble materials were filtered through celite 

and potassium hexafluorophosphate ( 48 mg, 0.25 mmol) was added to the filtrate. After 

stirring for 4 hours at room temperature a precipitate was observed. The precipitate was 

filtered, washed with methanol and diethylether (3 X 10 ml) and dried in vacuo. 

Yield 85 mg (62%). 1H NMR (400 MHz, CD3CN) o = 9.46 (d, 1H, 3J= 4.76 Hz), 9.15 (s, 

1H, tz-H), 8.67 (d, 1H, 3 J= 3.20 Hz), 8.66 (s, 1H, tz-H), 8.36- 8.08 (dd, 3H), 8.13 (t, 1H, 
3J= 3.32 Hz), 7.63 (t, 2H, 3J= 2.54 Hz), 5.95 (s, 6H, C6~); IR (cm-1): 1614 (m), 1454 

(s), 1437 (s), 844 (s), 788 (s), 558 (s); ESI-MS: 537.1 [~]. 492.2 [M - Cl]; UV-Vis 

{acetonitrile, l..max nm (e10-5M-1 cm-1)}: 338 (0.19); Anal. Calc. for C22H16N4S2RuClPF6 

(682.01): C, 38.74; H, 2.36; N 8.21. Found: C, 38.53; H, 2.47; N, 8.18%. 

6A.2.2.2 [(rl-p-;PrCd/Me)Ru(L)Cl]PF6 ([2]PF6) 

Compound [2]PF6 was prepared by the same procedure as described above for 

[1]PF6 using [(TJ 6-p-iPrC6~Me)Ru(Jl-Cl)Clh (60 mg, 0.09 mmol), L [4,4'-bis(2-pyridyl-

4-thiazole)] (65 mg, 0.20 mmol) and potassium hexatluorophosphate (36 mg, 0.23 mmol). 

Yield 113 mg (78%). 1H NMR (400 MHz, CD3CN) o = 9.30 (d, 1H, 3J = 5.66 

Hz), 9.15 (s, 1H,), 9.06 (s, lH), 8.67 (d, 1H, 3J= 3.72 Hz), 8.13 (t, 2H, 3J=7.6 Hz), 8.01 

(d, 2H, 3J= 2.72 Hz), 7.79 (t, 2H, 3J=6.40 Hz), 5.59 (d, 1H, 3J= 6.00 Hz, Arp-cy), 5.52 (d, 

1H, 3J= 6.00 Hz, Arp-cy), 5.46 (d, 1H, 3J= 6.00 Hz, Arp-cy), 5.39 (d, 1H, 3J= 5.60 Hz, 

Arp-cy) 2.70 (sept, lH, CH(CH3)2), 2.33 (s, 3H, Arp-cy-Me), 1.71 (d, 3H, 3J = 6.20 Hz, 

CH(CH3)2), 1.69 (d, 3H, 3J= 6.80 Hz, CH(CH3)2); IR (cm-1): 1604(m), 1449(s), 1437(s), 

843(s), 783(s), 558(s); ESI-MS: 593.1 [~], 458.1 [M- Cl]; UV-Vis {acetonitrile, Amax 

nm (e10-5M-1 cm-1)}: 336 (0.20); Anal. Calc. for C26H24ClF6N4PRuS2 (738.1): C, 42.31; 

H, 3.28; N, 7.59. Found: C, 42.27; H, 3.31; N, 7.57%. 

6A.2.2.3 [(r/-CsHs)Ru(L)(PPhJ)]PF6 ([3]PF6) 

A mixture of[(TJ 5-C5Hs)Ru(PPh3)2Cl] (100 mg, 0.13 mmol), L [4,4'-bis(2-pyridyl-

4-thiazole)] (48 mg, 0.15 mmol) and potassium hexatluorophosphate (26 mg, 0.15 mmol) 

was suspended in methanol (35 ml) and retluxed for 12 hours. Then, the insoluble 
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materials were filtered through celite and the filtrate was evaporated to dryness. The 

residue dissolved in dichloromethane and filtered through celite to remove excess 

potassium hexafluorophosphate and ammonium chloride. The filtrate was reduced to 2 ml 

on rotary evaporator and excess hexane was added to induce dark red colour precipitate. 

The precipitate was separated by centrifugation, washed with diethylether (3 X 10 ml) 

and then dried in vacuo. 

Yield 70 mg (56%). 1H NMR (400 MHz, CD3CN) o = 9.07 {d, lH, 3 J= 4.40 Hz), 9.01 (s, 

IH), 8.66 {d, lH, 3J= 7.60 Hz), 8.16 {s, lH), 7.82 (t, lH, 3J=8.00Hz), 7.60 {t, 1H, 3
J=6.40 

Hz), 7.51 (t, 2H, 3J=7.20 Hz), 7.46 {d, 1H, 3J= 6.42 Hz), 7.28 {d, 1H, 3J= 4.28 Hz), 7.19-

7.10 {m, 15H), 4.58 {s, 5H, C5H5); 
31P eH} (CD3CN) o = 49.34 ppm; IR (cm"1): 1604(m), 

1454(s), 1438(s), 844(s), 785(s), 559(s); ESI-MS: 750.8 [~]; UV-Vis {acetonitrile, Amax 

nm (e10-5M-1 cm-1)}: 341 (0.15); Anal. Calc. for C39H3oF6N4P2RuS2 (895.82): C, 52.29; 

H, 3.38; N 6.25. Found: C, 52.11; H, 3.29; N, 6.17%. 

6A.2.2.4 [(r/-CsMes)Ru(L)(PPhJ)]PF6 ([4]PF6) 

Compound [4]PF6 was prepared by the same procedure as described above for 

[5]PF6 using [(115-C5Mes)Ru(PPh3)2Cl] (100 mg, 0.12 mmol), L [4,4'-bis(2-pyridyl-4-

thiazole)] (44 mg, 0.13 mmol) and potassium hexafluorophosphate (26 mg, 0.15 mmol). 

Yield 82 mg (79%). 1H NMR (400 MHz, CD3CN) o = 9.17 {d, IH, 3J= 5.60 Hz), 9.01 {s, 

IH), 8.76 (d, 1H, 3J= 4.48 Hz), 8.30 {s, 1H), 7.86 (t, 1H, 3J= 7.60 Hz), 7.72 (t, IH, 3J= 

6.40 Hz), 7.61 {t, 2H, 3J= 6.00 Hz), 7.49 {d, 1H, 3J= 4.20 Hz), 7.22 (d, IH, 3J= 3.28 

Hz), 7.29- 7.10 (m, 15H), 2.01 {s, ISH, C5Mes); 31 P eH} (CD3CN) o = 51.54 ppm; IR 

(cm-1): 1624(m), 1458(s), 1437(s), 843(s), 778(s), 557{s); ESI-MS: 820.1 [~]; UV-Vis 

{acetonitrile, A.max nm {El0"5M"1 cm"1)}: 334 {0.55); Anal. Calc. for C44~oF6N4P2RuS2 

(965.95): C, 54.71; H, 4.17; N, 5.80. Found: C, 54.59; H, 4.08; N, 5.68%. 

6A.2.2.5 [(r/-CsMes)Rh(L)Cl]PF6 ([5]PF6) 

A mixture of [(115-CsMe5)Rh(J.l-Cl)Cl]2 (50 mg, 0.08 mmol) and L [4,4'-bis(2-

pyridyl-4-thiazole)] (55 mg, 0.17 mmol) was suspended in methanol (20 ml) and refluxed 

for 4 hours. Then, the insoluble materials were passed through celite and potassium 

hexafluorophosphate (36 mg, 0.22 mmol) was added to the filtrate. After refluxing for an 

hour a precipitate was observed. The precipitate was filtered, washed with methanol and 

diethylether (3 X 10 ml) and dried in vacuo. 
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Yield: 90 mg (78%). 1H NMR (400 MHz, CD3CN) 8 = 8.95 (d, IH, 
3 J = 5.28 Hz), 8.7I 

(s, IH), 8.66 (d, lH, 3J= 4.40 Hz), 8.30 (s, IH), 7.86 (t, IH, 3J= 7.40 Hz), 7.62 (t, lH, 
3
J 

= 6.80 Hz), 7.52 (t, 2H, 3 J = 6.40 Hz), 7.32 (d, lH, 3 J = 6.44 Hz), 7.22 (d, lH, 
3 
J = 6.00 

Hz), 2.11 (s, ISH, C5Me5); IR (cm-1): I603(m}, I458(s), 1437(s), 845(s), 785(s), 558(s); 

ESI-MS: 560.3 [~]. 525.1 [M - Cl]; UV-Vis {acetonitrile, Amax nm (el0-
5
M-

1 
cm-

1
)}: 

333 (0.72); Anal. Calc. for C26H25ClF6N4PRhS2 (705.5): C, 44.26; H, 3.57; N 7.94. 

Found: C, 44.13; H, 3.43; N, 7.86%. 

6A.2.2.6 [(r/-C5Me5)Ir(L)Cl]PF6([6]PF6) 

Compound [6]PF6 was prepared by the same procedure as described above for 

[5]PF6 using [(115-C5Me5)Ir(J.t-Cl)Clh · (66 mg, 0.08 mmol), L [4,4'-bis(2-pyridyl-4-

thiazole)] (57 mg, 0.18 mmol) and potassium hexafluorophosphate (46 mg, 0.25 mmol). 

Yield 79 mg (60%). 1H NMR (400 MHz, CD3CN) 8 = 9.0I (d, 1H, 3 J= 5.60 Hz), 8.91 (s, 

lH), 8.76 (d, IH, 3J= 6.40 Hz), 8.35 (s, 1H), 7.89 (t, IH, 3J=7.00 Hz), 7.72 (t, lH, 3J 

=6.80 Hz), 7.52 (t, 2H, 3J=6.00 Hz), 7.42 (d, IH, 3J= 5.60 Hz), 7.28 (d, IH, 3J= 6.48 

Hz), 1.87 (s, ISH, C5Me5); IR (cm"1): I606(m), I454(s), 1437(s), 844(s), 785(s), 558(s); 

ESI-MS: 649.8 [~], 614.6 [M - Cl]; UV-Vis {acetonitrile, Amax nm (EI0-5M"1 cm-1)}: 

336 (0.74); Anal. Calc. for C26H2sF6IrN4PS2 (794.8): C, 39.29; H, 3.17; N 7.05. Found: C, 

39.13; H, 3.2I; N, 6.99%. 

6A.2.3 Syntheses of the dinuclear complexes [7](PF6)2 to [12](PF6)2 

6A.2.3.1 [{(rl-Cdl6)RuC1}2(p-L)](PF6h ([7](PF6)J) 

A mixture of [(116-C6&)Ru(J.t-Cl)Clh (83 mg, 0.16 mmol) and L [4,4'-bis(2-

pyridyl-4-thiazole)] (53 mg, 0.16 mmol) was suspended in methanol (20 ml) and stirred at 

room temperature for 6 hours. Then, potassium hexafluorophosphate ( 46 mg, 0.25 mmol) 

was added to the reaction mixture and further stirred for 3 hours. The precipitate was 

filtered, washed with methanol and diethylether (3 X I 0 ml) and dried in vacuo. 

Yield 110 mg (60%). 1H NMR (400 MHz, CD3CN) 8= 9.38 (d, 2H, 3J= 4.80 Hz), 8.67 

(s, 2H, tz-H), 8.22 (d, 2H, 3J= 8.40 Hz), 8.13 (t, 2H, 3J=7.20 Hz), 7.43-7.51 (m, 2H), 

6.0I (s, 6H, C6H6), 5.99 (s, 6H, C6&); IR (cm"1
): 1604(m), 1449(s), I437(s), 843(s), 

783(s), 558(s); ESI-MS: 891.8 [M2++PF6"t; UV-Vis {acetonitrile, Amax nm (El0-5M"1 em· 
1
)}: 311 (0.35) and 356 (0.3I); Anal. Calc. for C2sH22ChF12N4P2Ru2S2 (I041.6): C, 

32.29; H, 2.13; N 5.38. Found: C, 32.15; H, 2.05; N, 5.28%. 
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6A.2.3.2 [{(rl-p-iPrCdf-tMe)RuC/}2(JJ-L)j(PF6h ({8](PF6)2) 

Compound [8](PF 6)2 was prepared by the same procedure as described above for 

[7](PF6)2 using [(rt6-p_iPrC6IL.Me)Ru(J.l-Cl)Cl]2 (63 mg, 0.1 mmol), L [4,4'-bis(2-pyridyl-

4-thiazole)] (33 mg, 0.1 mmol) and potassium hexafluorophosphate (23 mg, 0.12 mmol). 

Yield 101 mg (85%). 1H NMR (400 MHz, CD3CN) B = 9.37 (d, 2H, 
3 
J = 5.20 Hz), 8.67 

(s, 2H, tz-H), 8.26 (d, 2H, 3J= 5.60 Hz), 8.06 (t, 2H, 3J=7.00 Hz), 7.57 (t, 2H, 
3
J=6.80 

Hz), 5.86 (d, 2H, 3J= 6.00 Hz, Arp-cy), 5.56 (d, 2H, 3J= 5.60 Hz, Arp-cy), 5.47 (d, 2H, 
3
J= 

6.00 Hz, Arp-cy), 5.38 (d, 2H, 3J= 6.40 Hz Arp-cy), 2.42 (sept, 2H, CH(CH3)2), 2.05 (s, 6H, 

Arp-cy-Me), 1.38 (d, 3H, CH(CH3)2); 1.17 (d, 3H, CH(CH3)2), 1.08 (d, 3H, CH(CH3)2), 

0.98 (d, 3H, CH(CH3)2); IR (cm-1
): 1614(m), 1454(s), 1437(s), 844(s), 788(s), 558(s); 

ESI-MS: 1008.2 [M2++PF6-r; UV-Vis {acetonitrile, Amax nm (Bl0.5M-1 cm-1
)}: 312 (0.56) 

and 355 (0.35); Anal. Calc. for C36H3sChF12N4P2Ru2S2 (1153.7): C, 37.47; H, 3.32; N 

4.86. Found: C, 37.33; H, 3.27; N, 4.77%. 

6A.2.3.3 {{(r/-C5H5)Ru(PPhJ)}2(p-L)](PF6)2 ({9](PF6)2) 

A mixture of [(rt5 -C5H5)Ru(PPh3)2CI] (1 00 mg, 0.13 mmol), L [ 4,4'-bis(2-pyridyl-

4-thiazole)] (22 mg, 0.068 mmol) and ammqnium hexafluorophosphate (46 mg, 0.28 

mmol) was suspended in methanol (35 ml) and refluxed for 12 hours. Then, the insoluble 

materials were filtered through celite and filtrate was evaporated to dryness. The residue 

was dissolved in dichloromethane and filtered through celite to remove ammonium 

chloride and excess potassium hexafluorophosphate. The filtrate was reduced to 2 ml and 

excess hexane was added to induce dark red colour precipitate. The precipitate was 

separated by centrifugation, washed with diethylether (3 X 10 ml) and dried in vacuo. 

Yield 81 mg (80%). 1H NMR (400 MHz, CD3CN) B = 9.29 (d, 2H, 3J= 5.60 Hz), 8.67 (s, 

2H, tz-H), 8.26 (d, 2H, 3J= 4.40 Hz), 8.06 (t, 2H, 3J=7.20 Hz), 7.57 (m, 2H), 7.29-7.02 

(m, 30H), 4.86 (s, 10H, C5H5); 
31P {1H} (CD3CN) B = 49.28; IR (cm-1): 1624(m), 1458(s), 

1437(s), 843(s), 778(s), 557(s); ESI-MS: 1179 1 [M2++PF6.]
2+; UV-Vis {acetonitrile, Amax 

nm (e10"5 M"1 cm-1
)}: 314 (0.72) and 356 (0.32); Anal. Calc. for C62HsoF12N4P4Ru2S2 

(1469.2): C, 50.68; H, 3.43; N 3.81. Found: C, 50.56; H, 3.57; N, 3.77%. 
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6A.2.3.4 [{(r/-CsMes)Ru(PPh3)}2(p-L)}(PF6)2 ([JO](PF6)2) 

Compound [10](PF6)2 was prepared by the same procedure as described above for 

[9](PF6)2, using [(11 5-C5Me5)Ru(PPh3)2Cl] (100 mg, 0.12 mmol), L [4,4'-bis(2-pyridyl-4-

thiazole)] (20 mg, 0.06 mmol) and potassium hexafluorophosphate (23 mg, 0.12 mmol). 

Yield: 71 mg, (69%). 1H NMR (400 MHz, CD3CN) 8 = 9.32 (d, 2H, 3 J = 5.20 Hz), 8.78 

(s, 2H, tz-H), 8.26 (d, 2H, 3 J = 4.40 Hz), 8.11 (t, 2H, 3 J =7.80 Hz), 7.57 (t, 2H, 3 J =6.40 

Hz), 7.29-7.08 (m, 30H), 1.97 (s, 30H); 31 P eH} (CD3CN) 8 = 51.33; IR (cm-1): 1604(m), 

1454(s), 1438(s), 844(s), 785(s), 559(s); ESI-MS: 1319.8 [M2++PF6·f+; UV-Vis 

{acetonitrile, A-max nm (e10-5M-1cm·1)}: 310 (0.81) and 358 (0.33); Anal. Calc. for 

C72H70F12N4P4Ru2S2 (1609.5): C, 53.73; H, 4.38; N, 3.48. Found: C, 53.61; H, 4.27; N, 

3.39%. 

6A.2.3.5 [{(r/-CsMes)RhC/}2(p-L)}(PF6)2 ([JJ}(PF6)2) 

A mixture of [(11 5 -C5Me5)Rh(j.t-Cl)Cl]2 (75 mg, 0.12 mmol) and L [4,4'-bis(2-

pyridyl-4-thiazole)] (39 mg, 0.1 mmol) was suspended in methanol (20 ml) and refluxed 

for 4 hours. Then, potassium hexafluorophosphate (23 mg, 0.13 mmol) was added to the 

reaction mixture and further refluxed for an hour. During this time was precipitate was 

observed. The precipitate was filtered, washed with methanol and diethylether (3 X 10 

ml) and dried in vacuo. 

Yield 118 mg (89%). 1H NMR (400 MHz, CD3CN) 8 = 9.11 (d, 2H, 3J= 5.20 Hz), 8.72 

(s, 2H, tz-H), 8.21 (d, 2H, 3J= 5.60 Hz), 8.11 (t, 1H, 3J=7.20 Hz), 7.96 (t, IH, 3J=7.24 

Hz), 7.57 (t, 2H, 3J =6.40 Hz), 2.15 (s, 30H, C5Me5); IR (cm-1): 1606(m), 1454(s), 

1437(s), 844(s), 785(s), 558(s); ESI-MS: 943.6 [M2++PF6"t; UV-Vis {acetonitrile, A-max 

nm (el0-5M-1 cm-1)}: 312 (0.78) and 356 (0.33); Anal. Calc. for C36~oCIF12N4P2Rh2S2 

(1088.6): C, 39.72; H, 3.70; N, 5.15. Found: C, 39.53; H, 3.67; N, 5.07%. 

6A.2.3.6 [{(r/-CsMes)lrC/}2(p-L)}(PF6h ([12}(PF6)2) 

Compound [12](PF6)2 was prepared by the same procedure as described above for 

[ll](PF6)2 using [(r') 5-CsMe5)1r(j.t-Cl)Cl]2 (72 mg, 0.09 mmol), L [4,4'-bis(2-pyridyl-4-

thiazole)] (29 mg, 0.09 mmol) and potassium hexafluorophosphate (23 mg, 0.12 mmol). 

Yield 91 mg (79%). 1H NMR (400 MHz, CD3CN) 8 = 9.44 (d, 2H, 3J= 5.60 Hz), 8.90 (s, 

2H, tz-H), 8.28 (d, 2H, 3J= 8.00 Hz), 8.15 (t, 1H, 3J=7.20 Hz), 7.98 (t, 1H, 3J=6.80 Hz), 

7.57 (t, 2H, 3J =6.44 Hz), 1.54 (s, 30H, C5Me5); IR (cm-1): 1603(m), 1458(s), l437(s), 
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845(s), 785(s), 558(s); ESI-MS: 1122.5 [M2++PF6-t; UV-Vis {acetonitrile, Amax nm (e10-

5M-1 cm-1)}: 310 (0.74) and 358 (0.32); Anal. Calc. for C36~oClFdr2N4P2S2 (1267.2): C, 

34.12; H, 3.18; N, 4.42. Found: C, 34.02; H, 3.09; N, 4.37%. 

~ 

6A.2.4 X-ray crystallography 

In [12](PF6)2 · CH2Ch the max./min. residual density 4.510/-3.120 eA -J are 

located at less than 1 A from the iridium atoms. Crystallographic details are summarized 

in table 6A.l and selected bond lengths and angles are presented in table 6A.2. 

6A.3 Results and discussion 

6A.3.1 Synthesis of the mononuclear complexes [l]PF6 to [6]PF6 as hexafluorophosphate 

salts 

The mononuclear cationic arene ruthenium as well as cyclopentadienyl and 

pentamethylcyclopentadienyl ruthenium, rhodium or iridium complexes having 4,4'­

bis(2-pyridyl-4-thiazole) (L) ligand viz., [(ll6-C~)RuCl(L)]PF6 ([l]PF6), [(ll6-p­

ipre6~Me)RuCl(L)]PF6 ([2]PF6), [(ll5-CsHs)Ru(PPh3)(L)]PF6 ([3]PF6), [(ll5-CsMes)Ru 

(PPh3)(L)]PF6 ([4]PF6), [(ll5-C5Me5)RhCl(L)]PF6 ([S]PF6) and [(ll5-C5Me5)IrCl(L)]PF6 

([ 6]PF 6) (Scheme 6A.l) have been prepared by the reaction of arene or cyclopentadienyl 

or pentamethylcyclopentadienyl complexes [(ll6-arene)Ru(u-Cl)Cl]2 (arene = C6H6andp­

ipre6~Me), [(ll5-Cp)Ru(PPh3)2Cl] (Cp = CsHs and CsMes) and [(ll5-C5Mes)M(!l-Cl)Cl]2 

(M = Rh and Ir) with appropriate equivalents of ligand L [4,4'-bis(2-pyridyl-4-thiazole)] 

in methanol. These complexes are isolated as hexatluorophosphate salts and complexes 

[l]PF6 to [6]PF6 are orange-red, resulting as non - hygroscopic, air-stable, shiny 

crystalline solids. They are sparingly soluble in methanol, dichloromethane and 

chloroform, but well soluble in acetone and acetonitrile. All these complexes were fully 

characterized by IR, 1H NMR and electronic spectroscopy. In addition to these complexes 

3 and 4 were characterized by 31 P NMR also. Analytical data of the complexes conformed 

well to their respective formulations. Further information about composition of the 

complexes has also been obtained from mass spectrometry. 
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Infrared spectra of the ligand L [4,4'-bis(2-pyridyl-4-thiazole)] display an 

absorption bands at 1452 cm·1 and 1437 cm·1 assignable to the stretching frequencies of 

C=N and C=S bands respectively, consistent with the fact that C=N and C=S stretching 

frequencies ofthiazole appear in the range 1452 cm-1 and 1437 cm·1
, respectively.30 Upon 

coordination with metal atoms, the same bands appeared around 1449-1458 cm·1 and 

1437 cm·1 respectively. The change only in the position ofvc=Nofthiazole suggested that 

the co-ordination of the metal ion is through nitrogen atom of thiazole not with the 

sulphur atom. In addition to these bands a strong band in the region 843 cm·1 has been 
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assigned to counter ion PF6. For instance the IR spectrum of the complex [2]PF6 is 

depicted in figure 6A.l. 

49.U. 
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Figure 6A.l: IR spectrum of complex [(T) 6-p-iPrC6~Me)RuCl(L)]PF6 [2]PF6 

In the mass spectra they give, as expected, rise to the corresponding [Mt 

molecular peaks m/z at 537, 593, 750, 820, 560 and 649, respectively. For instance the 

Mass spectrum of the complex 5 is depicted in figure 6A.2. 

IIUUt.O 

Figure 6A.2: Mass spectrum of complex [(T) 5-C5Me5)RhCl(L)]PF6 ([5]PF6) 

The 1H NMR spectrum of free ligand L (4,4'-bis(2-pyridyl-4-thiazole)) exhibit a 

characteristic set of five resonances for the thiazole and pyridyl ring protons. Upon 

coordination with the metal atom, the mononuclear cationic complexes [l]PF6 to [6]PF6 

exhibit between seven and nine distinct resonances assignable to thiazolyl and pyridyl 

ring protons of the L [4,4'-bis(2-pyridyl-4-thiazole)] ligand indicating formation of 
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mononuclear complexes, besides these resonances, complex [l]PF6 exhibit a singlet at()= 

5.95 for the protons of the benzene ligand and complex [2]PF6 exhibits two doublets at() 

= 1. 71 and 1.69, as well as a septet at() = 2. 70 for the protons of the isopropyl group. The 

two do~blets observed at 5.59 and 5.39 ppm correspond to the aromatic p-cymene ring 

CH protons. This unusual pattern is due to the diastereotopic methyl protons of the 

isopropyl group and aromatic protons of the p-cymene ligand, since the ruthenium atom is 

stereogenic due to the coordination of four different ligand atoms and chiral nature of 

metal atom.3° Complex [3]PF6 exhibit a strong peak at () = 4.58 which is assigned to 

cyclopentadienylligand and complexes [4]PF6 to [6]PF6 exhibit a strong peak at()= 2.01, 

2.1 I and I .84 for the pentamethylcyclopentadienylligand respectively, which are slightly 

shifted downfield in comparison to the starting precursors. 

The 31P eH} NMR spectra of complexes [3]PF6and [4]PF6exhibit a strong peak 

at() = 49.34 and 51.54 respectively for the triphenylphosphine ligand which is shifted 

down field as compared to starting neutral precursors()= 42.00 and 38.50.33·34This down 

field chemical shift of phosphorus nucleus indicates the formation of cationic complexes. 

6A.3.2 Crystal structure analysis of [('r{C5H5)Ru(PPh3)(L)]PF6 ([3]PF6) and [(TJ5-

CsMes)Rh-(L)(Cl)]PF6 ([5]PF6) 

The molecular structure of [(TJ5-C5H5)Ru(PPhJ)(L)]PF6 ([3]PF6) and [(TJ5-

CsMes)Rh(L)(Cl)]PF6 ([5]PF6) have been established by single-crystal X-ray structure 

analysis. Both complexes show a typical piano-stool geometry with the metal centre 

coordinated by the aromatic ligand, a terminal triphenylphosphine or chloride and a 

chelating N, N'-ligand (see Figures 6A.3 and 6A.4). The metal atom is in octahedral 

arrangement and the L ligand is found to coordinate through the N I atom of the pyridine 

moiety and the N2 atom of the thiazolyl ring to generate a five-membered ring metallo­

cycle (see Figures 6A.3 and 6A.4). In these complexes, the S atom points away from the 

metal centre and show no interaction with neighbouring cations. Selected bond lengths 

and angles for complexes [3]PF6 and [5]PF6 are presented in Table 6A.2. In the 

mononuclear complexes [3]PF6 and [S]PF6 the metal to nitrogen (Nl) bond distance 

(2.067(8) and 2.100(3) A) of the pyridine is shorter than the corresponding metal -

thiazole nitrogen distance (2.105(8) and 2.146(4) A), which are comparable to those in 

[(TJ6 -C6Me6)RuCl(C5~N-2-CH=N=C6~-p-N02)]PF6,35 [Ru(mes)Cl {C5~N-2-C(Me)=N 

(CHMePh)} ]BF4,36 [(TJ5 -C5Me5)RhCl(C5~N-2-CH=N=C6~-p-N02)]BF4,37 but unlike in 

137 



Pyridyl-thiazole ligands Chapter 6 {A} 

[( TJ 6 -C6~)Ru(2-(2-thiazolyl)-1 ,8-naphthyridine )Cl]PF 6, 
30 [(116 -p_iPrC6~Me )RuCl(2,3-bis 

(2-pyridyl)pyrazine) ]BF 4 
38 [(116 -C6H6)RuC1(2-(l-imidazol-2-yl)-pyridinee )]PF6 39 and 

[(TJ5 -C5Me5)Ir(2-(2' -pyridyl)imidazole )Cl]PF6
40

• Accordingly, there is no significant 

difference in the M-Cl bond length in 5 [2.407(12) A] and reported values41
• The N(1)­

M(l)-N(2) bond angle in complex 3 and 5 is found to be [76.40(3)0
] and [76.51(1)0

] 

respectively, which are similar to those of complexes [(116-p_iPrC6~Me)RuC1(2,3-bis(2-

pyridyl)pyrazine)t [N(l)- Ru(l)- N(2) = 76.5(2)0
]
36 and [(116-p_iPrC6~Me)RuC1(2,3-

bis(2-pyridyl)quinoxaline)t [N(l)-Ru(1)-N(2) = 76.2(2)0 t 2
• The distances between the 

ruthenium atom and the centroid of the 11 5 -C5H5 ring is 1.820 A in complex (3]PF6, 

whereas the distance between the rhodium atom and the centroid of the 115 -C5Me5 ring is 

1.785 A in complex [5]PF6. These bond distances are comparable to those in the related 

complex cations [Ru(115-C5H5)(PPh3)(K2-paa)t, [Ru(115-C5H5)(K1-dppm)(K2-paa)t 43 and 

[(TJ
5 -C5Me5)Rh(3,6-bis(2-pyridyl)4-phenylpyridazine)-Cl]PF6 (1. 789 A) and ((TJ5-

C5Me5)lr(pyNp )Cl]PF 6 (PyNp=2-(2-pyridyl)-1 ,8-naphthyridine) ( 1. 79 A).30 

C20 
~19 

C11 

C1~~~ ~ S2 
·~ " ,, ,, ,, ,, ,, 

Figure 6A.3: Molecular structure of complex [(115 -C5H5)Ru(PPh3)(L)]PF6 [3]PF6 showing 

ellipsoids at the 50% probability level. Hydrogen atoms, PF6 anion and solvent molecule 

are omitted for clarity. 
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C23 

C1 

Figure 6A.4: Molecular structure of complex [(115-CsMes)Rh(L)(Cl)]PF6 [5]PF6 showing 

ellipsoids at the 50% probability level. Hydrogen atoms, PF6 anion and solvent molecule 

are omitted for clarity. 

6A.3.3 Synthesis ofthe dinuclear complexes [7](PF6)r[12](PF6)2 as hexafluorophosphate 

salts. 

The reaction of the chloro bridged dinuclear complexes [(116 -arene )Ru(J.1-Cl)Cl]2 

(arene = C6~, p-PriC61-4Me); [(115-CsMes)M(J.1-Cl)Cl]2 (M = Rh, Ir) with 1 equiv. of 

ligand L [4,4'-bis(2-pyridyl-4-thiazole)] in methanol results in the formation of the orange 

color, air-stable dinuclear di-cationic complexes [{(116-C6Me6)RuC1}2(L)]2+ (7), [{(116-p­

iprC61-4Me)RuC1}2(L)]2+ (8), [{(115-CsMes)RhC1}2(L)]2+ (11) and [{(115-CsMes)lrClh -

(L)]2+ (12). Similarly reactions of cyclopentadienyl I pentamethylcyclopentadienyl 

ruthenium triphenylphosphine complexes [(11 5-Cp)Ru(PPh3)2Cl] (Cp = C5H5 and C5Me5) 

and half equivalent of ligand L in methanol at 55 oc leads to the formation of [ { (115-

C5H5)Ru(PPh3)}2(L)]2+ (9) and [{(115-C5Me5) Ru(PPh3)}2(L)f+ (10). All these complexes 

are isolated as their hexafluorophosphate salts (Scheme 6A. 2) and they were 

characterized by mass, 1H NMR spectrometry, and elemental analysis. In addition to 

these complexes 9 and 10 were also characterized by 31P NMR spectrometry. On top of 

these mono and dinuclear complexes we tried to synthesize hetero dinuclear, tri and tetra 

nuclear complexes by using varieties of transition metals, but results were not fruitful. 
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Infrared spectra of these dinuclear complexes [7]{PF6)2 to [12](PF6)2, showed a 

similar trend as the mononuclear cationic complexes [1]PF6 to [6]PF6. In the mass spectra 

the complexes 7, 8, 11 and 12 hexafluorophosphate salts give rise to two main peaks; a 

minor peak with an approximately 50% intensity attributed to [M2
+ + PF6-t at m/z 891, 

1008, 943 and 1122, respectively, and a major peak which corresponds to loss of 

[(arene)MClt fragment to the formation of mononuclear cations 1- 6 at m/z = 537, 

593,750, 820, 560 and 649, respectively. 

The 1H NMR spectra of the dinuclear cationic complexes [7](PF6)2 to [12](PF6)2 

exhibit five distinct resonances assignable to thiazolyl ring and pyridyl ring protons of the 

L ligand indicating formation of dinuclear complexes. Besides these resonances, complex 

[7](PF6)2 exhibit two singlets at o = 6.01 and o = 5.99 for the protons of the benzene 
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ligands and complex [8](PF6)2 exhibits four doublets at o::::: 1.38- 0.98, and septets at o::::: 

2.42 for the protons of the isopropyl group. The four doublets observed at o::::: 5.86- 5.38 

correspond to the aromatic p-cymene ring CH protons. Complexes [9](PF6)2 to [12](PF6)2 

exhibit a strong peak at o ::::: 4.86 and 1.97, 2.15, 1.54 for the cyclopentadienyl and 

pentamethylcyclopentadienyl ligands, which are slightly shifted downfield in comparison 

to the starting complexes. In the dinuclear complexes each arene ligand has exhibited set 

of individual resonances for each set of protons due to free rotation in solution ([7](PF6)2 

and [8](PF6)2), where as pentamethylcyclopentadienyl ligand containing complexes 

([ll](PF6)2 and [12](PF6)2) exhibit only one set of resonance for both 

pentamethylcyclopentadienyl ligands due to centre of inversion in these molecules. For 

instance the 1H NMR spectrum of the complex 8, 9 and 11 are depicted in figure 6A.5, 

6A.6 and 6A.7 respectively. 

( 

J 

Figure 6A.5: 
1
H NMR spectrum of complex [{(TJ6-p-PriC6}4Me)RuC1}2(L)]2+ (8) in 

acetonitrile-d3• 

The 
31

P NMR spectra of complexes [9](PF6)2 and [10](PF6)2 exhibit a strong peak 

at 8 = 49.28 and 51.33 respectively, which are shifted downfield as compared to starting 

neutral precursors 8 = 42.00 and 38.5045
•
46 respectively. This down field chemical shift of 

phosphorus nucleus indicates the formation of cationic complexes. 
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Figure 6A.6: 1H and 31 P NMR spectrum of complex [ {(TJ5-C5Hs)Ru(PPh3)}2(L)]2+ (9) in 

acetonitrile-dJ. 
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Figure 6A.7: 1H NMR spectrum of complex [{(TJ5-C5Mes)RhCl}2(L)f+ (11) in 

acetonitrile-dJ. 

6A.3.4. Crystal structure analysis of [{(TJ6-p_iPrC6f4Me)RuC1}2(L)]2+ ([8](PF6)2) and 

[ {(TJ5 -CsMe5)IrCI}2(L)]2+ ([12J(PF6)2} 

The molecular structure of[{(TJ6-p}PrC6l-4Me)RuC1}2(L)]2+ ([8](PF6)2) and [{('t{ 

CsMes)lrCl}z(L)f+ ([12](PF6)2) have been established by single-crystal X-ray structure 

analysis. Selected bond lengths and angles for complexes [8](PF6)2 and (12](PF6)2 are 

presented in table 6A.2. In the dinuclear complexes [8](PF6)2 and [ll](PF6)2, the metal 

centers are stereogenic. However, while [8J(PF6)2 crystallized as racemic crystals with the 
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centrosymmetric space group P-1, [12](PF6)2 crystallizes as a racemic mixture of 

enantiopure crystals with the non-centrosymmetric space group P 21212. As well both the 

complexes show a typical piano-stool geometry with the metal centre coordinated by the 

aromatic ligand, a terminal chloride and a chelating N,N-ligand (see Figure. 6A.8 and 

6A.9). The compounds [8](PF6)2 and [12](PF6)2 contain two metal centres (Ru(II) or 

Ir(III)) bonded to an 116 -p-PriC6~Me or 115 -C5Me5 ligands, respectively, which are 

bridged by the L ligand through its nitrogen atoms. Interestingly, the dinuclear dication 

[8](PF6)2 reveals a trans conformation of the two chloro ligands (see Figure. 6A.8), while 

the cis isomer is observed in the case of [12](PF6)2 (see Figure 6A.9). The average 

distances between the metal atom and the carbon atoms of the 116 -p-PriC6~Me ring are at 

2.20 A. This bond length is comparable to those in related 116 -p-PriC6~Me ruthenium 

complexes such as [(11 6-p_iPrC6~Me)Ru(2-acetylthiazoleazine)Cl]PF6 [2.10 A]44 and 

[( 116 -p_ipre6~Me )Ru(2-(2-thiazolyl)-1 ,8-naphthyridine )Cl]PF6 [2.19 A ].30 The Ru-N 

bond distances ranging from 2.093(3) to 2.157(3) A are longer than in the mononuclear 

complex [3]PF6 [2.067(8) and 2.105(8) A], while the ruthenium-chlorine bond distances 

are comparable. In complex [8](PF6)2, the isopropyl group of the p-cymene ligand is 

located opposite to the halide ligand in order to limit steric interaction. The average 

distances between the metal atom and the carbon atoms ofthe 115-C5Me5 ring is at 2.18 A, 
which is almost identical to those reported iridium or rhodium complexes such as [(115-

C5Me5)IrCl((S)-1-phenylethylsalicylaldiimine)] [2.17 A] and [(115 -C5Me5)RhCl((S)-1-

phenylethylsalicylaldiimine)] [2.16 A].45 The Ir-Cl bond lengths are 2.406(2) A [in 

[12](PF6)2], which is almost identical to the reported cationic poly-pyridyl iridium 

complex [{(115-C5Me5)IrCl}2(2,2'-bipyrimidine)f+ [2.408(8) A],46 while Ir-N bond 

distances are similar to mononuclear rhodium complex ([5]PF6). The N(1)-M(1)-N(2) 

and N(3)-M(2)-N(4) bond angles in complex [3]PF6 and [5]PF6 are found to be 

[77.13(1)0 and 77.03(1)0
] and [75.61(9)0 and 75.61(9)0

], respectively. The distances 

between the ruthenium atom and the centroid of the 116 -p-iPrC6~Me ring is 1.689 A in 

complex [8](PF6)2, whereas the distance between the iridium atom and the centroid of the 

115-C5Me5 ring is 1.811 A in complex [12](PF6)2. These bond distances are comparable to 

those in the related complex cations [(11 6-p-iPrC6~Me)Ru(2-acetylthiazoleazine)CI]PF644 

and [(11 5-C5Me5)Ir(pyNp)Cl]PF6 (PyNp=2-(2-pyridyl)-l,8-naphthyridine) (1.79 A).30 
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Figure 6A.8: Molecular structure of complex [ {('f16-p_iPrC6f4Me)RuC1}2(L)f+ ([8](PF6) 2) 

showing ellipsoids at the 50% probability level. Hydrogen atoms, PF6 anions and solvent 

molecules are omitted for clarity. 

Figure 6A.9: Molecular structure of complex [{(115-CsMe5)IrC1}2(L)f+ ([12](PF6)2) 

showing ellipsoids at the 50% probability level. Hydrogen atoms, PF6 anions and solvent 

molecule are omitted for clarity. 
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Table 6A.l: Crystallographic and structure refinement parameters for complexes [3]PF6·(CH3)2CO, [5]PF6·(CH3)2CO, [8](PF6)2·CH3CN and 
[12](PF6)z·CHzCh. 

Chemical formula 
Formula weight 
Crystal system 
Space group 
Crystal color and shape 
Crystal size 
a(A) 
b (A) 
c(A) 
a e) 
Pe) 
re) 
V(A3

) 

z 
T(K) 
De (g.cm"3) 
p(mm"1

) 

[3]PF6 · (CH3)2CO 
C42H36F6N40PzRuS2 
953.88 
Triclinic 
P -1 (no. 2) 
orange block 
0.23 X 0.17 X 0.16 
9.995(1) 
13.505(2) 
15.294(2) 
98.163(17) 
91.233(16) 
96.897(15) 
2027.2(5) 
2 
173(2) 
1.563 
0.636 

[5]PF6 · (CH3)2CO 
Cz9H3tCIF6N40PRhSz 
799.03 
Triclinic 
P -1 (no. 2) 
orange rod 
0.28 X 0.23 X 0.18 
8.588(2) 
11.802(2) 
16.802(3) 
70.68(3) 
89.32(3) 
80.92(3) 
1585.4(5) 
2 
173(2) 
1.674 
0.872 

[8](PF6)z · CH3CN [12](PF6)2 · CHzCh 
C3s~1 ChF tzNsPzRuzSz C37fuzC4F drzN4P2S2 
1194.86 1423.01 
Triclinic Orthorhombic 
P -1 (no. 2) P2t2t2 (no. 18) 
orange block orange rod 
0.35 X 0.26 X 0.21 0.27 X 0.19 X 0.16 
12.0713(12) 11.809(2) 
13.3379(13) 25.787(5) 
15.1076(16) 7.588(2) 
67.863(11) 90 
80.764(12) 90 
88.372(12) 90 
2222.5(4) 2310.7(9) 
2 2 
173(2) 173(2) 
1.785 2.045 
1.053 6.227 

Scan range (0
) 2.18 < 9 < 26.21 2.40 < 9 < 26.10 2.07 < 9 < 26.13 2.34 < 9 < 26.03 

Unique reflections 7491 5827 8164 4541 
Reflections used [1>2cr(I)] 1896 3376 5144 2982 
Rint 0.1776 0.0484 0.0441 0.2056 
Flack parameter - - - 0.38(3) 
Final R indices [1>2cr(I)]" 0.0479, wRz 0.0895 0.0348, wRz 0.0620 0.0335, wRz 0.0675 0.0922, wR2 0.2146 
R indices (all data) 0.2140, wR2 0.1243 0.0797, wR2 0.0685 0.0669, wRz 0.0750 0.1300, wR2 0.2394 
Goodness-of-fit 0.53 I 0. 752 0.831 0.986 
Max, Min 11.p/e (A-3) 0.428, -0.829 0.654, -1.051 0.757, -0.899 4.272, -3.043 
•structures -were- refined-on F0

2
: wR2 = [L[w(For: F/)2] I Lw(F02)2] 1~ where. w·' = [L(F0

2) + (aPi + bP] and P = [max(Fl, 0) + 2Fc2]/3 
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Table 6A.2: Selected bond lengths (A) and angles e) for complexes [3]PF6, [5]PF6, 

[8](PF6)2.and [12](PF6)2· 

Distances (A) 

M-N1 2.067(8) 2.100(3) 

M-N2 2.1 05(7) 2.146(3) 

M-N3 

M-N4 

M-P1 2.322(2) 

M-Cil 2.4068(12) 

M-C12 

M-centroid 1 

M-centroid 1 

M1-M2 

N1-M-N2 

N3-M-N4 

N1-M-Pl 

N2-M-P1 

N1-M-Cil 

N2-M-Cil 

N3-M-CI2 

N4-M-CI2 

i=1-x,-y,z 

1.820 

76.3(3) 

89.1(2) 

91.69(19) 

6A.3.5 UV-Visible spectroscopy 

1.785 

Angles CO) 

76.51(13) 

87.36(9) 

94.54(9) 

[8](PF6)2 

2.094(3) 

2.156(3) 

2.112(3) 

2.111(3) 

2.3789(10) 

2.4004(12) 

1.689 

1.690 

6.073(1) 

77.12(12) 

77.04(11) 

82.43(9) 

83.90(8) 

82.54(10) 

85.19(10) 

[12](PF6)2 

2.06(2) 

2.193(15) 

2.06(2)1 

2.t93(15Y 

2.402(6) 

2.402(6Y 

1.818 

1.818 

6.558(2Y 

75.5(8) 

75.5(8Y 

84.2(6) 

89.7(8) 

84.2(6Y 

89.7(8Y 

Electronic absorption spectra of complexes [l]PF6 to [12](PF6)2 were acquired in 

acetonitrile, at 1 o·5 M concentration in the range 250-550 nm. The spectral data of these 

complexes conformed well to their respective formulations. The spectra of these 

complexes are characterized by two main features, viz., an intense ligand-localized or 

intra-ligand 1t- n* transition in the ultraviolet region and metal-to-ligand charge transfer 

(MLCT) dn(M) - n* (L - ligand) bands in the visible region.47 Since the low spin d6 
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configuration of the mononuclear complexes provides filled orbitals of proper symmetry 

at the Ru(II}, Rh(III} and Ir(III) centers, these can interact with low lying 1t* orbitals of 

the ligands. All the mononuclear complexes [l]PF6 to [6]PF6 show only an intense band 

in the region 333-341 nm while all dinuclear complexes [7](PF6)2 to [12](PF6)2 show two 

bands, one at 310 to 312 nm with high intensity as well as a second one at 355- 358 nm 

observed as a shoulder peak (see Figure 6A.10). The high intensity band in UV region for 

both mononuclear and dinuclear complexes is assigned to inter and intra-ligand 1t -7t*/ n 

- 1t* transitions46·30
•
48 while the low energy absorption band in the visible region for 

dinuclear complexes is assigned to metal-to-ligand charge transfer (MLCT) (t2g - 1t*). 

Representative spectra ofthese complexes are represented in figure 6A.10. 

1.0 

0.9 

0.8 
--[2]PF

6 
--[4)PF

6 

0.7 --[5]PF
6 

--[7](PF 6)2 

0.6 
c:: --[1 O](PF 6)

2 
.g e.. 0.5 

] 
0.4 "( 

--[12](PF 6)2 

0.3 

0.2 

0.1 

0.0 
250 300 350 400 450 500 550 

Wavelength (nm) 

Figure 6A.1 0: UV-Visible electronic spectra of representative complexes in acetonitrile at 

298 K. 

6A.4 Conclusions 

In summary in this work ligand L [4,4'-bis(2-pyridyl-4-thiazole)] reacted with 

series of arene and cyclopentadienyl ruthenium, rhodium and iridium complexes yielded 
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novel series of mononuclear complexes [l]PF6 to [6]PF6 as well as dinuclear complexes 

[7](PF6)z to [12](PF6)2 in good yield, which are remarkably stable in air as well as in 

solution. In all these, both mono and dinuclear complexes, the metal atom is bonded with 

the major coordinated sites N1 and N2 or N3 and N4 and not with the other possible 

coordinated sites Nl and S1 or N3 and S2. But our effort to make hetero-nuclear 

complexes by using other binding site sulphur was unsuccessful. 

6A.5 Supplementary material 

CCDC 745007, 745008, 745009 and 745010 contains the supplementary 

crystallographic data for [3]PF6.(CHJ)2CO, [5]PF6.(CH3)2CO, [8](PF6)z.CH3CN and 

[l2](PF6)2.CH2Ch. 
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Chapter6 

(Part B) 

New series of platinum group metal complexes 

bearing 11 5
- and 116-Cyclichydrocarbons and Schiff 

base derived from 2-acetylthiazole: syntheses and 

structural studies 

In this chapter we focus on the synthetic methodology applied for the development of 

homogeneous and immobilized half- sandwich ruthenium, rhodium and iridium 

complexes bearing Schiff base (ata) as a specific N, N-bidentate bridging ligand has 

shown below. 

*The work presented in this chapter has been published: K. T. Prasad, G. Gupta, A. V. 
Rao, B. Das and K. Mohan Rao, Polyhedron 28 (2009) 2864. 



Thiazole Schiff base ligands Chapter 6{8} 

6B.l Introduction 

Recent interest in half- sandwich platinum group metal complexes with 

symmetrical Schiff bases come from the fact they can serve as synthetic models related to 

biological systems, 1-
7 as homogeneous catalysts in systems like,8

-
17 and supported 

chemical processes18
•
19 and very recently as non-linear optical (NLO) materials?0

•
21 Their 

attractiveness does also come from their preparative accessibility, their structural 

variability in addition to many of these novel ruthenium complexes combine an 

appropriate balance between the electronic and steric environment around the metal core. 

Moreover, some of the nitrogen-donor ligands impart to the catalyst for good 

tolerance towards various organic functionalities, air, and moisture, thus widening the 

scope and limit's oftheir application. Of the above mentioned ligands, Schiff bases are of 

a great interest for creating new active and selective ruthenium catalytic systems.22
•
23 

There are few reports of half-sandwich Ru(II), Rh(III) and Ir (III) complexes with N,N­

donor polypyridyl azine Schiff base ligands,24
•
25 but there are no reports with thiazole 

azine ligand in the literature. Complexes imparting other than pyridyl azine ligands are 

yet to be explored, in view of the fact that ring size and the substituents in the 

heterocyclic ring system significantly modifies the acidity and regulate the physical and 

chemical properties of the complexes.2
6-

27 The arene and cyclopentadienyl platinum 

group metal complexes containing thiazole azine ligand is being reported for the first 

time. 

In the present communication we focus on the synthetic methodology applied for 

the development of homogeneous and immobilized half- sandwich ruthenium, rhodium 

and iridium complexes bearing Schiff base (ata) as a specific N, N-bidentate bridging 

ligand has shown below. 

c 
N 

2-acetylthiazole azine (ata) 
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6B.2 Experimental 

6B.2.1 Preparation ligand 2-acetylthiazole azine (ata) 

2-acetylthiazole (2.50 g, 20 mmol) was added to a dichloromethane solution (30 

ml) containing formic acid (0.2 ml). This mixture was added to hydrazine (35 wt% 

solution in lliO) (0.916 ml, 10 mmol) solution (in 30 ml ethanol). The resulting solution 

was stirred for 4h at room temperature. The brownish yellow solid which precipitated out 

from the reaction mixture, was filtered and washed with hexane (25 ml x 2) and dried 

under vacuum to give a yellow solid of2-acetylthiazole azine (ata). 

Yield: 97%, M. P.: 152-154 °C: C10H10N4S2 (250.34) Calc.: C 47.98, H 4.03, N 

22.38; Found: C 48.01, H 4.06, N 22.28; 1H NMR (CDCh, o): 7.91 (d, 2H, JH-H = 3.20 

Hz ), 7.44 (d, 2H, JH-H = 3.20 Hz), 2.58 (s, 6H, tz-Me); ESI-MS (m/z): 250.12; IR (KBr, 

cm-1
): 1606, 1490, 1417, 1063,750. 

6B.2.2 General Procedure for the preparation of the mononuclear complexes [l]PF6 -

[3]PF6 

A mixture of [(TJ6-arene)Ru(.u-Cl)Cl]2 (arene = C6H6, p_iPrC6~Me and C6Me6) 

(0.07 mmol), ligand ata (0.18 mmol) and 2.5 equivalents of~PF6 in dry methanol (15 

ml) was stirred at room temperature for 6 hours. The precipitate was separated by 

filtration, washed with cold methanol and diethyl ether to remove excess ligand and dried 

under vacuum. 

6B.2.2.1 [(rl-Cdh)Ru(ata)Cl]PF6 ([l]PF6) 

Orange-yellow solid, yield 70 mg (79%): C16H21ClN4S2RuPF6 (609.5) Calc.: C 34.89, H 

3.84, N 10.17; Found: C 34.68, H 3.98, N 10.28: 1H NMR (CD3CN, o): 8.75 (d, 1H, JH-H 

= 2.98 Hz), 8.52 (d, 1H, JH-H= 3.20 Hz), 7.98 (d, 1H, JH-H= 3.20 Hz), 7.62 (d, 1H, JH-H= 

3.2 Hz), 6. 50 (s, 6H), 2.56 (s, 3H, tz-Me), 2.47 (s, 3H, tz-Me); ESI-MS (m/z): 525.1 

(100%) [M-PF6t; IR (KBr, cm-1
): Y(P-F) 844s; 1604, 1408, 558. 

6B.2.2.2 [(rl-p-;PrCd{~e)Ru(ata)Cl]PF6 ([2]PF~ 
Dark orange solid, yield 86 mg (89%): C20H24ClS2N4RuPF6 (651.5) Calc.: C 36.07, H 

3.63, N 8.41; Found: C 36.18, H 3.68, N 8.35: 1H NMR (CDCh, o): 8.55 (d, IH, JH-H= 

2.88 Hz ), 8.06 (d, 1H, JH-H = 3.20 Hz), 7.98 (d, 1H, JH-H = 3.2 Hz), 7.71 (d, 1H, JH-H = 

2.80 Hz), 5.90 (d, 1H, JH-H = 2.8 Hz, Arp<y), 5.87 (d, H, JH-H = 2.4 Hz, AriKy), 5.72 (d, 1H, 
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JH-H = 4 Hz, Arp-cy), 5.68 (d, 1H, JH-H = 2.8 Hz, Arp-cy), 2.93 (sept, 1H, JH-H = 4.4 Hz, 

CH(CH3)2), 2.56 (s, 3H, tz-Me), 2.47 (s, 3H, tz-Me), 2.28 (s, 3H, Arp-cy-Me), 1.26 (d, 3H, 

CH(CH3)2), 1.18 (d, 3H, CH(CH3)2) ; ESI-MS (m/z): 525.1 (100%) [M-PF6t; IR (KBr, 

cm-1
): V(P-F) 844s; 1629, 1406, 763, 558. 

6B.2.2.3 [(rl-C~e6)Ru(ata)CI]PF6 ([3}PF6) 

Orange-yellow solid, yield 85 mg (88%): C22H2sClN4S2RuPF6 (694.1) Calc.: C 38.07, H 

4.07, N 8.07; Found: C 38.11, H 4.18, N 8.02: 1H NMR (CDCh, 6): 8.75 (d, 1H, JH-H = 

2.98 Hz), 8.52 (d, 1H, JH-H= 3.20 Hz), 7.98 (d, 1H, JH-H= 3.20 Hz), 7.62 (d, lH, JH-H= 

3.2 Hz), 2.56 (s, 3H, tz-Me), 2.47 (s, 3H, tz-Me), 2.28 (s, 18H),; ESI-MS (m/z): 549.14 

(100%) [M-PF6t; IR (KBr, cm-1
): V(P-F) 844s; 1624, 1437, 1409, 769, 558. 

6B.2.3 General Procedure for the preparation of the mononuclear complexes [ 4]PF6 and 

[5]PF6 

A mixture of [(115 -C5Mes)M(.u-Cl)Clh (M = Rh, Ir) (0.07 mmol), ligand ata (0.15 

mmol) and 2.5 equivalents ofN~PF6 in dry methanol (15 ml) was refluxed for 4 hours. 

The reaction mixture was cooled over night at room temperature, during this time dark 

yellow colour crystalline compound was formed. It was separated by filtration, washed 

with cold methanol and diethyl ether to remove excess ligand and dried under vacuum. 

6B.2.3.1 [(1l-CsMes)Rh(ata)Cl]PF6 ([4}PF6) 

Dark yellow color, yield 86 mg (85%): C2oH2sClN4S2RhPF6 (668.89) Calc.: C 35.91, H 

3.77, N 8.38; Found: C 36.00, H 3.89, N 8.29: 1H NMR (CD3CN, 6): 8.33 (d, 1H, JH-H= 

5.58 Hz), 8.05 (d, 1H, JH-H = 3.2 Hz), 7.82 (d, 1H, JH-H = 2.8 Hz), 7.68 (d, lH, JH-H = 3.2 

Hz), 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz-Me), 1.77 (s, 15H, C5Me5); ESI-MS (m/z): 523.1 

(100%) [M-PF6t; IR (KBr, cm-1
): v(P-F) 845s; 1626, 1458, 759, 558. 

6B.2.3.2 [(r/-C5Me5)Ir(ata)C/]PF6 ([5]PF6) 

Dark yellow color, yield 95 mg (84%): C2oH2sClN4S2IrPF6 (818.21) Calc.: C 31.68, H 

3.32, N 7.39; Found: C 31.70, H 3.48, N 7.48: 1H NMR (CD3CN, 6): 8.58 (d, lH, JH-H= 

3.28 Hz), 8.26 (d, 1H, JH-H= 3.26 Hz), 7.88 (d, lH, JH-H= 2.88 Hz), 7.68 (d, 1H, JH-H= 

3.24 Hz), 2.57 (s, 3H, tz-Me), 2.40 (s, 3H, tz-Me), 1.99 (s, 15H, C5Me5); ESI-MS (m/z): 

613.18 (100%) [M-PF6t; IR (KBr, cm"1
): v(P-F) 845s; 1631, 1495,760, 558. 
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6B.2.4 General Procedure for the preparation of the mononuclear complexes [6]PF6 -

[8]PF6 

A mixture of [(11 5-Cp)Ru(PPh3)2Cl] (11 5-Cp = 115-CsHs, 115-CsMes, 11 5-C9H7) (0.1 

mmol), ligand ata (0.12 mmol) and 1.5 equivalents ofNH!PF6 in dry ethanol (15 ml) was 

refluxed for 10 hours. It was changed to dark red color from dark yellow color. The 

solvent was evaporated on rotary evaporator and residue was dissolved in 

dichloromethane and filtered to remove ammonium chloride and filtrate was evaporated 

to 2 ml and excess hexane was added to induce dark color precipitate. 

6B.2.4.1 [(r/-C5H5)Ru(ata)(PPhJ)]PF6 ([6]PF6) 

Orange color, yield 60 mg (73%): C33H3oN4S2RuP2F6 (823.75) Calc.: C 48.12, H 3.67, N 

6.80; Found: C 48.11, H 3.73, N 6.75: 1H NMR (CDCi], 8) 8.52 (d, 1H, JH-H= 2.80 Hz), 

8.12 (d, 1H, JH-H= 3.2 Hz), 7.77 (d, 1H, JH-H= 3.2 Hz), 7.68 (d, 1H, JH-H= 3.2 Hz), 7.46-

7.23 (m, 15H), 4.57 (s, 5H, C5H5), 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz-Me); ESI-MS 

(m/z): 678.78 (100%) [M-PF6t; IR (KBr, cm-1): Y(P-F) 845s; 1626, 1458, 766, 558: 31 P 

eH} (CDCh): 49.34 ppm. 

6B.2.4.2 [(r,S-CsMes)Ru(ata)(PPhJ)]PF6 ([7]PF6) 

Orange color, yield 68mg (76%): C38H!0N4S2RuP2F6 (893.88) Calc.: C 51.06, H 4.51, N 

6.27; Found: C 51.10, H 4.62, N 6.24: 1H NMR (CDCi], 8) 8.87 (d, 1H, JH-H= 2.80 Hz), 

8.52 (d, 1H, JH-H= 3.2 Hz), 7.87 (d, 1H, JH-H= 3.2 Hz), 7.79 (d, 1H, JH-H= 3.2 Hz), 7.46-

7.23 (m, 15H), 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz-Me), 2.19 (s, 15H, C5Me5); ESI-MS 

(m/z): 748.88 (100%) [M-PF6t; IR (KBr, cm-1): v(P-F) 845s; 1621, 1479, 749, 558: 31 P 

eH} (CDCh): 48.54 ppm. 

6B.2.4.3 {(r/-C9H,)Ru(ata)(PPh3)}PF6 ([8]PF6) 

Yellowish brown colour, yield 66 mg (76%): C37H3sN4S2RuP2F6 (876.83) Calc.: C 50.68, 

H 4.02, N 6.39; Found: C 50.61, H 4.19, N 6.34: 1H NMR (CDCi], 8) 8.52 (d, 1H, JH-H= 

2.80 Hz), 8.12 (d, 1H, JH-H= 3.2 Hz), 7.77 (d, 1H, JH-H= 3.2 Hz), 7.68 (d, 1H, JH-H= 3.2 

Hz), 7.46-7.23 (m, 20H), 4.87(t, 1H), 4.71 (d, 2H); 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz­

Me); ESI-MS (m/z): 731.87 (100%) [M-PF6t; IR (KBr, cm-1): v(P-F) 845s; 1629, 1468, 

763, 558: 31 P eH} (CDCh): 54.42 ppm. 
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6B.2.5 Procedure for the preparation of complex ([9]PF6) 

The complex [4]PF6 (50 mg, 0.074 mmol) was dissolved in 20 ml of 

dichloromethane in a small diameter test tube and layered with diethylether and it was 

sealed and kept at room temperature. Dark orange crystalline compound was observed 

after three days. The crystalline compound was separated by filtration and washed with 

diethyl ether and dried at room temperature. 

6B.2.5.1 [(rl-CsMe5)Rh(ata*)Cl]PF6([9]PF6) 

C,sH22ClF6N3PRhS (559.73) Calc.: C 32.19, H 3.96, N 7.51; Found: C 32.00, H 3.99, N 

7.29: 1H NMR (CD3CN, 8): 8.23 (d, 1H, JH-H= 5.58 Hz), 7.89(d, 1H, JH-H= 2.8 Hz), 4.78 

(s, 2H, NH2), 2.61 (s, 3H, tz-Me), (s, 15H, C5Me5); ESI-MS (m/z): 415.72 (100%) [M­

PF6t; IR (KBr, cm-1
): Y(P-F) 845s; 759, 558, 1626, 1458, 2891. 

6B.2.6 Single crystal X-ray structure analyses 

Crystals suitable for X-ray diffraction study for compound (2]PF6 and [4]PF6 were 

grown by slow diffusion of diethylether into dichloromethane solution of complexes 

[2]PF6 and [ 4]PF6, respectively. The bright orange crystals of compound (2]PF6, the red 

color crystal of [4]PF6 were mounted on a Stoe-lmage Plate Diffraction system equipped 

with a ¢circle goniometer, using Mo-Ka graphite monochromated radiation (A.= 0.71073 

A) with ¢ range 0-200°, increment of 1.2°, Dmax-Dmin = 12.45-0.81 A. X-ray intensity 

data were collected with Mo-Ka graphite monochromatic radiation at 296 (2)K, with 

0.3°ro scan mode and 10 second per frame. The intensity data were corrected for Lorentz 

and polarization effects. The H-atoms were included in calculated positions and treated as 

riding atoms using the SHELXL default parameters. The non-H atoms were refined 

anisotropically, using weighted full-matrix least-squares on F. The data collection 

parameters and bond lengths and angles are presented in table 1 and 2 respectively. 

6B.3 Results and discussion 

6B.3.1 Syntheses of ligand and complexes 

Mononuclear cationic arene ruthenium complexes having ata ligand viz., [(TJ6-

C6~)Ru(ata)Cl]PF6 ([l]PF6), [(TJ6-p-iPrC6JL.Me)Ru(ata)Cl]PF6 ([2]PF6) and [(TJ6-

C6Me6)Ru(ata)Cl]PF6 ([3]PF6) (Scheme 6B.l) have been expediently prepared by the 

reaction ofarene ruthenium dimers ((TJ6-arene)Ru(u-Cl)Clh (arene = C6H6,p-iPrC6H.Me, 
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C6Me6) and two equivalents of 2-acetylthiazole azine (ata) in methanol at room 

temperature in the presence of NH.PF6. These complexes are isolated as 

hexafluorophosphate salts. 

R 

0 
II 

* 

M = Rh 4; IrS 

Scheme 6B.l 

Similarly, the pentamethylcyclopentadienyl Rh and Ir dimers [(115-C5Me5)M(f.l­

Cl)Cl]2 (M = Rh, lr) with the 2-acetylthiazole azine (ata) ligand at 50 °C leads to the 

formation of the mononuclear cationic complexes [(11 5 -C5Me5)Rh(ata)Cl]PF6 ([4]PF6) 

and [(115 -C5Me5)lr(ata)Cl]PF6 ([5]PF6) (Scheme 6B.l) which are isolated as their 

hexafluorophosphate salts. 

The cyclopentadienyl ruthenium triphenylphosphine complexes [(115-

C5Hs)Ru(PPh3)2Cl], [(11 5-CsMes)Ru(PPh3)2Cl] and [(115-C9H7)Ru(PPh3)2Cl] with the 2-

acetylthiazole azine (ata) ligand in methanol at 70 oc leads to the formation of the 

mononuclear cationic complexes [(115-C5H5)Ru(ata)PPh3]PF6 ([6]PF6, [(115-

CsMes)Ru(ata)PPhJ]PF6 ([7]PF6) and [(115 -C9H7 )Ru(ata)PPh3]PF6 ([8]PF6) (Scheme 6B.l) 

by replacement of one triphenylphosphine and chloride which are isolated as their 

hexafluorophosphate salts. 
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In order to prepare the dinuclear complexes we have used two fold metal to ligand 

or one fold metal to mononuclear complexes concentration, but we were not successful in 

either of the cases. This could be due to the steric strain from arene or 

pentamethylcyclopentadienyl ligands already present on metal atoms. 

6B.3.2 Characterization 

The mononuclear complexes were fully characterized by IR, NMR (1H and 31 P), 

and electronic spectroscopy. Analytical data of the complexes conformed well to their 

respective formulations. Further information about composition of the complexes has also 

been obtained from Mass spectrometry. 

Infrared spectra of the ligand display an absorption band at 1606 cm·1 (ata) 

assignable to the C=N bond, consistent with the fact that C=N stretching frequencies of 

Schiff bases appear in the range 1680-1603 cm-1 28
-
29 and complexes display the same 

band at higher wave numbers and appeared around 1626 cm·1
• The bands associated with 

thiazole ring such as C=N and C=S appeared at about 1430 and 1406 cm·I, these values 

are showing less wave numbers as compared to free ligand (1490 and 1417 cm"1
) 

respectively. The shift in the position ofvc=Nofboth azine and thiazole suggested that the 

co-ordination of the metal ion is through thiazole and azine of nitrogen and not through 

the thiazole sulphur. Strong band in the region 844 cm·1 have been assigned to counter ion 

PF6• For instance the IR spectrum of the complex 2 is depicted in figure 6B.1 and Mass 

spectrum ofthe complexes 1 and 6 are depicted in figure 6B.2 and 6B.3 respectively. 
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Figure 6B.l: IR spectrum of complex [(116 -p-iPrC6HtMe)Ru(ata)Cl]PF6 ([2]PF6) 
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Figure 6B.2: Mass spectrum of complex [(l']6-C6Ht;)Ru(ata)Cl]PF6 ([l]PF6) 
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Figure 6B.3: Mass spectrum of complex [('11 5 -C5H5)Ru(ata)(PPh3)]PF6 ([6]PF6) 

The 1H NMR spectrum of free ligand (ata) exhibit a characteristic set of three 

resonances for the thiazole ring protons and methyl protons of N=C-CH3 group. Upon 

coordination with the metal atom, the mononuclear cationic complexes [l]PF6 to [S]PF6 

exhibit six distinct resonances assignable to thiazolyl ring and N=C-CH3 protons of the 

ata ligand indicating formation of mononuclear complexes. Besides these signals 

complexes [l]PF6 and [3]PF6 exhibit a singlet for the protons of the benzene ring and 
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protons of the hexamethylbenzene at o 6.50 and 2.28 respectively. Complex 2 exhibit a 

singlet at o=2.28 for methyl protons, a septet at o=2.82 for the CH proton of the isopropyl 

group. Interestingly we observe an unusual pattern for the diastereotopic methyl protons 

of the isopropyl group and diastereotopic CH protons of the p-cymene ligand showing 

two doublets at o= 1.26 to 1.18, and four doublets in the range o= 5.90 to 5.68 instead of 

one doublet and two doublets respectively with reference to the starting precursor. This 

unusual pattern is due to the diastereotopic methyl protons of the isopropyl group and 

aromatic protons of the p-cymene ligand, since the ruthenium atom is stereogenic due to 

the coordination of four different ligand atoms and chiral nature of metal atom.31
•
32

•
38 

Complexes [4]PF6 and [5]PF6 exhibit a singlet for the methyl protons of the 

pentarnethylcyclopentadienyl ligand at o 1.77 and 1.99 ppm. Complexes [6]PF6 and 

[7]PF 6 exhibit a singlet at o 4.57 and 2.19 for the protons of cyclopentadienyl ligand and 

methyl protons of pentamethylcyclopentadienyl ligands respectively. Complex [8]PF6 

exhibits a characteristic three sets of signals such as multiplet, triplet and doublet, for the 

protons ofthe indenylligand in the range of7.46, 4.81 and 4.71 respectively. The protons 

of the triphenylphosphine ligand exhibit a multiplet at o=7.22 to 7.55. For instance the 1H 

NMR spectrum of the complex 2 is depicted in figure 6B.4 and spectrum of complex 6 is 

depicted in figure 6B.5 . 
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Figure 6B.4: 1H NMR spectrum of complex [(116-p-iPrC6~Me)Ru(ata)Cl]PF6 ([2]PF6) in 

acetonitrile-d3. 
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Figure 6B.5: 1H and 31 P NMR spectrum of complex [(TJ 5-C5H5)Ru(ata)(PPhJ)]PF6 

([6]PF6) in Chloroform-d1• 

The 31 P NMR spectra of complexes [6]PF6, [7]PF6, and [8]PF6 showing down 

field shift compared to starting precursors viz. 3 49.34, 48.54, and 54.42 ppm 

respectively. This down field chemical shift of phosphorus nucleus indicates the 

formation of cationic complexes. 

6B.3.3 Molecular structure presentation 

The molecular structures of [(TJ6-p_iPrC6fitMe)Ru(ata)Clt (2) and [(TJ 5
-

CsMes)Rh(ata*)Clt (9) (ata*= hydrolysed product of ata) (N(CH2CH2SCC(CH3))N-NH2) 

have been established by single-crystal X-ray analysis of their hexafluorophosphate salts. 

All the cationic complexes show a typical piano-stool geometry with the metal centre 

being coordinated by the arene/pentamethylcyclopentadienyl ligand, a terminal chloride 

and the chelating ata/ ata* ligand. The metal atom is in octahedral arrangement with two 

cis-nitrogen atoms of the ata/ata* ligand acting as a bidentate chelating ligand through 

two neighboring thiazole and azine nitrogen atoms. The molecular structures of 

complexes [2]PF6 and [9]PF6 are shown in figure 6B.6 and figure 6B.7, respectively, and 

bond lengths and angles are presented in table 2. 

In the mononuclear complexes [2]PF6 and [9]PF6 the metal to nitrogen bond 

distance (2.087(3), and 2.097(4) A) of the thiazole is shorter than the corresponding azine 
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N-metal distance (2.104(2) and 2.136(5) A) which are comparable to those in [(116-

C6Me6)RuCl-(C5~N-2-CH=N=C6~-p-N02)]PF6,33 [Ru(mes)Cl {C5~N-2-C(Me)=N(C 

HMePh)}]BF4,34 [(115-C5Me5)RhCl(C5~N-2-CH=N=C6~-p-N02)]BF4.35 The Rh-N 

bond distance (2.097(4) and 2.136(5) A) in [9]PF6 is slightly longer than the 

corresponding distances of ruthenium complex 2 (2.1 04(3) A), while the M-Cl [2.406(8) 

and 2.396(15)] bond lengths show no significant differences in both the cations and other 

reported values.36 The N-M-N bond angles [75.58(10) in 2 and 75.88(17)0 in 9] are 

similar to those in other reported complexes [(115 -C5Me5)Ru(PPh3)(C5~N-CH=N-N=CH­

C5~N)]BF4 and [(115-C9H7)Ru-(PPh3)(C5~N-2-CH=N=C6~-p-N02)]PF6 [75.90(2) and 

75.53(8)0
].

37 

The distances between the ruthenium atom and centroid of T)
6 -p_iPrC6~Me ring is 

1.692 A in complex [2]PF6, whereas the distance between the rhodium atom and the 

centroid of the 115-C5Me5 ring is 1.782 A in complex [9]PF6• These bond distances are 

comparable to those in the related complex cations [(TJ 6-p-iPrC6~Me)Ru(pyNp)Cl]PF6 
and [(115 -C5Me5)lr(pyNp )Cl]PF6 (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.68 and 1. 79 

A).38 The solid state molecular structures of representative complexes have been 

presented in figure 6B.6 and 6B.7 respectively. 

S1 

Figure 6B.6: Molecular structure of [(fl6-p-iPrC6~Me)Ru(ata)Cl]PF6 ([2]PF6) at 50% 

probability level. Hydrogen atoms and hexafluorophosphate anion have been omitted for 

clarity 
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Table 6B.l: Crystallographic and structure refinement parameters for complexes 

Complex [2]PF6 [9]PF6 

Chemical formula C2oH24ClF6N4PRuS2 C1sH22ClF6N3PRhS 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

Crystal color and shape Plates, yellow Plates, redish yellow 

Crystal size 0.45X0.30X0.18 0.36X0.28X0.18 

a(A) 7.8486 (4) 8.2601 (9) 

b (A) 12.9523 (7) 11.6219 (12) 

c (A) 13.4155 (8) 12.1958 (14) 

a (o) 99.008 (3) 76.593 (7)0 

13 CO) 90.073 (3) 77.719 (7)0 

1 CO) 98.780 (3) 78.838 (7)0 

v (A3) 1330.74 (13) 1099.9 (2) 

z 2 2 

T(K) 296 (2) 296 (2) 

Dx (g /cm3) 1.662 1.690 

J.l (mm-1) 0.97 1.12 

Scan range CO) 1.54< e <28.38 1.74< e <28.08 

Unique reflections 6542 4390 

Reflections used [1>2cr(l)] 5109 3402 

Rint 0.037 0.043 

Final R indices [1>2cr(l)] 0.0406, wR2 0.0943 0.0556, wR2 0.1439 

R indices (all data) 0.0563, wR2 0.1013 0.0742, wR2 0.1556 

Goodness-of-fit 1.022 1.098 

Max, Min ~p ( e A"3) 0.62 -0.62 0.76 -0.72 
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Table 6B.2: Selected bond lengths (A) and angles e) for complexes [l]PF6.and [9]PF6. 

[l]PF6 Interatomoic distances [9]PF6 

Ru-N1 2.087(3) Rh-N1 2.097(4) 

Ru-N2 2.104(2) Rh-N2 2.136(5) 

Ru-Cl1 2.406(8) Rh-Cl1 2.396(15) 

Ru-centroid ( arene) 1.692 Rh-centroid (C5 ring) 1.782 

N2-N3 1.398(3) N2-N3 1.369(6) 

Nl-C13 1.326(4) Nl-C13 1.318(7) 

N2-C14 1.299(4) N2-Cll 1.292(7) 

C13-C14 1.439(4) Cll-Cl3 1.458(8) 

Angles 

Nl-Ru-N2 75.58(10) N2-Rh-N3 75.88 (17) 

N1-Ru-Cl1 83.80(7) N4-Rh-Cl1 84.25(13) 

N2-Ru-Cl1 88.24(7) N3-Rh-Cll 87.88(13) 

Ru1-N2-C14 119.10(2) Rh1-N1-Cl3 114.13(4) 

Ru1-N1-C13 114.39(2) Rh1-N2-C11 117.59(4) 

Calculated centroid of the C6 or C5 coordinated aromatic ring. 

Figure 6B. 7: Molecular structure of [Cp*Rh(ata*)Cl]PF6 [9]PF6 at 50% probability level. 

Hydrogen atoms and hexafluorophosphate anion have been omitted for clarity 
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6B.3.4 UV -visible spectroscopy 

Electronic absorption spectra of complexes [l]PF6 to [4]PF6 and [6]PF6 and 

[7]PF6 were acquired in acetonitrile, at 10-5 M concentration in the range 250-550 om and 

spectral data are summarized in Table 3. The spectra of these complexes are characterized 

by two main features, viz., an intense ligand-localized or intra-ligand 1t - 1t* transition in 

the ultraviolet region and metal-to-ligand charge transfer (MLCT) d1t(M) - 1t* (ata -

ligand) bands in the visible region.39 Since the low spin d6 configuration of the 

mononuclear complexes provides filled orbitals of proper symmetry at the Ru(II), Rh(III) 

and Ir(III) centers, these can interact with low lying 1t* orbitals of the ligands. All these 

complexes show an intense band in the region 310-320 om and a low energy absorption 

band in the visible region 407 - 425 om. The high intensity band in UV region is assigned 

to inter and intra-ligand 1t- 1t* transitions,40
'
41 while the low energy absorption band in 

the visible region is assigned to metal-to-ligand charge transfer (MLCT) (t2g - 1t*). 

Electronic Spectra ofthese complexes are presented in Figure 6B.8. 
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Figure 6B.8: UV -visible electronic spectra of complexes in acetonitrile at 298 K. 
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Table 6B.3. UV-visible spectral data for selected complexes in acetonitrile at 298 K. 

Sl. No. Complex A-max (om) I e 10-5 M-1 cm-1 

1 [(116-p-1PrC6ILJMe)Ru(ata)Clt 320 (0.93) 412 

2 [(116 -C6Ht;)Ru(ata)Clt 319(0.95) 415 

3 [(116-C6Me6)Ru(ata)Clt 319 (0.90) 420 

4 [(115 -C5Me5)Rh(ata)Clt 310 (0.80) 413 

6 [(115 -C5H5)Ru(ata)PPh3t 320 (0.61) 407 

7 [(115 -C5Me5)Ru(ata)PPh3t 310 (0.29) 425 

6B.4 Conclusions 

In summary, in this work ligand ata reacted with series of arene and 

cyclopentadienyl ruthenium, rhodium and iridium complexes giving novel series of 

mononuclear complexes [l]PF6 to [8] PF6 in good yield, which are remarkably stable in 

air as well as in solution. In all these complexes, the metal is bonded with the major 

coordinated sites N1 and N2 and not with the other possible coordinated sites Nl and Sl, 

where as our effort to make binuclear complexes by using other binding sites i.e., N3 and 

N4 or N3 and S2 was not fruitful. 

6B.5 Supplementary material 

CCDC-727807 [2]PF6 and CCDC-727808 [9]PF6 contain the supplementary 

crystallographic data for this chapter. 
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Chapter 7 

Syntheses and characterization of mono and 

dinuclear complexes of platinum group metals 

bearing benzene-linked bis(pyrazolyl)methane 

ligands 

.. 
In this chapter, we have synthesized homogeneous and immobilized half-sandwich 

rhodium, iridium and ruthenium complexes bearing bis(pyrazolyl)methanes bridged by 

benzene-linker, as bidentate or tetradentate bridging ligands (L). The Cp* rhodium and 

iridium complexes with ligands L give both mono and dinuclear complexes, while only 

dinuclear complexes are obtained with arene ruthenium complexes. 

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K. 
Mohan Rao, J. Organomet. Chern. 695 (2010) XXXX. 
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7.1 Introduction 

The coordination chemistry of poly(pyrazolyl)borate and methane ligands has 

revealed an impressive number of compounds with interesting structural, catalytic, and 

electronic properties. 1
-6 The chemistry of poly(pyrazolyl)methane ligands is less extensive 

than that of their borate analogues due to the fact that convenient synthetic routes of 

functionalized neutral methane species have only recently been developed.7
-
10 By 

functionalizing the pyrazolyl groups in the original poly(pyrazolyl)borate and -methane 

compounds, a multitude of "second-generation" ligands have been prepared. 1
-6 More 

recently, functionalization of the borate or methane backbone has yielded a variety of 

"third-generation" ligands11 as bis- and tris(pyrazolyl)methane compounds where two or 

more of the methane units are linked through organic spacers of varying degrees of 

flexibility, resulting in multitopic ligands. 

The chemistry of "second generation" bis(pyrazolyl)methane complexes of 

rhodium, iridium and ruthenium is relatively less studied as compared to borate 

complexes of rhodium and iridium. 11
"
13 Indeed, the chemistry of arene ruthenium and 

pentamethylcyclopentadienyl (Cp*) rhodium and iridium complexes of bis(pyrazolyl)­

methane ligands bridged by a benzene-linker (third-generation) has yet to be explored. 

Arene ruthenium, rhodium and iridium complexes of bis(pyrazolyl)methanes have 

attracted attention due to their catalytic ability in reactions such as the alcoholysis of 

ketones and silanes, hydroformylation and hydroaminomethylation of alkenes and 

hydroamination. 14
-
16 Besides these, nitrogen donor ligands with platinum group metals 

have been shown to be effective catalysts for oxidation reactions17 and for ring-opening 

metathesis polymerization18 and recent studies ofarene ruthenium complexes have shown 

that they are found to inhibit cancer cell growth.19
•
20 

In recent years, we have been carrying out arene ruthenium and Cp* rhodium and 

iridium complexation reactions with a variety of nitrogen-based ligands21
-
27 including 

pyrazolyl-pyrimidine, pyrazolyl-pyridazine and pyridyl-pyridazine ligands. All of these 

ligands after coordination with metal have given five membered chelating complexes; this 

is the first time that isolated six membered chelating complexes with 1,4-

bis{bis(pyrazolyl)-methyl} benzene (L 1) or 1 ,4-bis{bis(3-methylpyrazolyl)methyl} benz­

ene (L2) (Chart 7.1) ligands have been isolated with these metal complexes. 

In the present chapter, we have synthesized homogeneous and immobilized half­

sandwich rhodium, iridium and ruthenium complexes bearing bis(pyrazolyl)methanes 

170 



Bis(pyrazolyl)methane ligands Chapter 7 

bridged by benzene-linker, as bidentate or tetradentate bridging ligands (L). The Cp* 

rhodium and iridium complexes with ligands L give both mono and dinuclear complexes, 

while only dinuclear complexes are obtained with arene ruthenium complexes. All these 

complexes are characterized by IR, NMR, mass spectrometry and UV Nisible 

spectroscopy. The molecular structures ofthree representative complexes are presented as 

well. 

L1 L2 

Chart 7.1: Ligands used in present study 

7.2 Experimental 

7 .2.1 General procedure for the syntheses of ligands Ll and L2 

Sodium hydride (4.29 g, 0.179 mol) was suspended in 200 ml ofTHF and cooled 

in an ice-water bath for 30 min. Pyrazole (12.2 g, 0.179 mol) was added over 15 min, and 

the resulting solution was stirred at 0 °C for 30 min. Thionyl chloride (6.53 ml, 89.4 

mmol) was added dropwise over 10 min at 0 °C, and the resulting pale yellow suspension 

was allowed to reach room temperature while stirring for 40 min. 

Terephthaldicarboxaldehyde (3.00 g, 22.4 mmol) and anhydrous cobalt chloride (0.29 g, 

2.24 mmol) were added to this suspension at once, and the system was heated at reflux for 

24 h. After cooling to room temperature, 160 ml of water was added and the system 

stirred for 30 min. The organic and aqueous layers were separated, and the aqueous layer 

was extracted with CH2Ch (2 - 100 ml). The combined organic extracts were washed 

with water (100 mL), dried over MgS04, and stripped, leaving a pale yellow solid that 

was recrystallized from absolute ethanol to afford 7.33 g (89%) of Ll that was pure by 

melting point (166-168 °C) and by NMR. Similar procedure was applied for the 

preparation ofL2. 
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7.2.2 General procedure for the syntheses of the mononuclear complexes 1 to 4 

A mixture of [(11 5 -C5Me5)M(J.L-Cl)Cl]2 (M = Rh, Ir) (0.08 mmol), ligand L (Ll or 

L2) (0.17 mmol) and 2.S equivalents ofNH.PF6 in dry methanol (20 ml) was refluxed at 

S0°C for 6 to 8 hours, after which an orange precipitate was observed. The precipitate was 

separated by filtration, washed with cold methanol, diethyl ether and dried in vacuo. 

7.2.2.1 [(r/-CsMes)Rh(LJ)Cl]PF6 ([l]PF6) 

Yield: 90 mg (72%). 1H NMR (400 MHz, CD3CN) B = 8.29 (s, IH, CH(pz)2), 8.0S (d, 

2H, J= 1.80 Hz, pz-SH), 7.91 (d, 2H, J= 2.40 Hz, pz-3H), 7.78 (s, lH, CH(pz)2), 7.64 (d, 

2H, J= 1.2 Hz, pz-SH), 7.S8 (d, 2H, J= 2.40 Hz, pz-3H), 7.0S (d, 2H, J= 7.2 Hz, C6R.), 

6.7S (d, 2H, J= 6.8 Hz, C6R!), 6.41-6.38 (m, 4H, pz-4H), l.S4 (s, ISH, C5Me5); IR (KBr, 

cm-1
): 344l(w), 3134(m), 1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 84S(s), 

760(m), SS8(m); ESI-MS: 643.8 [~], 608.S [M - Cl]; UV-Vis {acetonitrile, Amax om 

(e 10-5·M-1·cm-1
)}: 223 (O.S9), 341 (0.04); Anal. Calc. for C3oH33F6NsPRhCl (788.9): C, 

45.67; H, 4.22; N 14.20. Found: C, 4S.S3; H, 4.23; N, 14.13%. 

7.2.2.2 [(r/-CsMes)Rh(L2)Cl]PF6 ([2]PF6) 

Yield 99 mg (74%). 1H NMR (400 MHz, CD3CN) B = 8.31 (s, IH, CH(pz)2), 8.01 (d, 2H, 

J= 1.80 Hz, pz-SH ), 7.81 (s, lH, CH(pz)2), 7.62 (d, 2H, J= 1.2 Hz, pz-SH), 7.07 (d, 2H, 

J = 7.2 Hz, C6R!), 6.76 (d, 2H, J = 6.8 Hz, C6R.), 6.41-6.37 (m, 4H, pz-4H), 2.61 (bs, 

6H, Pz-3Me), 2.38 (bs, 6H, Pz-3Me), 1.58 (s, ISH, C5Mes); IR (KBr, cm-1
): 3441(w), 

3134(m), 1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 84S(s), 760(m), 558(m); ESI­

MS: 700.6 [M+], 675.6 [M - Cl]; UV-Vis {acetonitrile, A.max om (e 10-5·M-1·cm-1
)}: 229 

(0.43), 394 (0.22); Anal. Calc. for C34R!IF6RhNsPCl (845.6): C, 48.32; H, 4.89; N, 13.26. 

Found: C, 48.23; H, 4.91; N, 13.18%. 

7.2.2.3 [(r/-CsMes)lr(LJ)Cl]PF6 ([3]PF6) 

Yield: 90 mg (64%). 1H NMR (400 MHz, CD3CN) B = 8.26 (s, IH, CH(pz)2), 7.99 (d, 

2H, J = 1.80 Hz, pz-SH ), 7.87 (d, 2H, J = 2.40 Hz, pz-3H), 7.78 (s, lH, CH(pz)2), 7.61 

(d, 2H, J = 1.2 Hz, pz-SH), 7.50 (d, 2H, J = 2.40 Hz, pz-3H), 7.05 (d, 2H, J = 7.2 Hz, 

C6R!), 6.75 (d, 2H, J= 6.8 Hz, C6R.), 6.39-6.36 (m, 4H, pz-4H), 1.52 (s, ISH, C5Mes); 

IR (KBr, cm-1
): 3448(w), 3134(m), 1627(m), 1446(m), 1399(m), 1296(m), 1103(m), 

843(s), 760(m), 558(m); ESI-MS: 733.3 [~], 698.1 [M- Cl]; UV-Vis {acetonitrile, A-max 
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nm (s 10-5·M-1·cm-1)}: 225(0.73), 352 (0.038); Anal. Calc. for C3oH33F6NsPirCl (878.5): 

C, 41.03; H, 3.79; N, 12.76. Found: C, 43.93; H, 3.73; N, 12.65%. 

7.2.2.4 [(r/-CsMes)lr(L2)Cl]PF6 ([4]PF6) 

Yield 89 mg (60%). 1H NMR (400 MHz, CD3CN) o = 8.27 (s, 1H, CH(pz)2), 8.02 (d, 2H, 

J= 1.80 Hz, pz-5H), 7.76 (s, 1H, CH(pz)2), 7.62 {d, 2H, J= 1.2 Hz, pz-5H), 7.09 (d, 2H, 

J= 7.2 Hz. C6~), 6.78 (d, 2H, J= 6.8 Hz, C~), 6.42-6.36 (m, 4H, pz-4H), 2.63 (s, 6H, 

Pz-3Me), 2.37 {s, 6H, Me3-Pz), 1.55 (s, 15H, C5Me5); IR (KBr, cm-1): 3441(w), 3134(m), 

1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(m), 558(m); ESI-MS: 789.4 

[M+], 754.2 [M- Cl]; UV-Vis {acetonitrile, Amax nm (s 10-5·M1·cm-1)}: 228 (0.51), 485 

(0.02); Anal. Calc. for C34~1F6IrNsPCI (934.8): C, 43.70; H, 4.42; N, 11.99. Found: C, 

43.67; H, 4.49; N, 11.86%. 

7.2.3 General procedure for the syntheses of the dinuclear complexes 5 to 8 

A mixture of [(Cp*)M(f.t·Cl)Clh (M = Rh, Ir) (0.08 mmol), ligand L (Ll or L2) 

(0.08 mmol) and 2.5 equivalents of ~PF6 in dry methanol (20 ml) was refluxed at 

50°C for 12 hours, after which a dark orange precipitate was formed. The precipitate was 

separated by filtration, washed with cold methanol, diethyl ether and dried in vacuo. 

7.2.3.1 [{(r/-C5Mes)RhC/}2(p-Ll)](PF6)2([5](PF6)2) 

Yield 80 mg (84%). 1H NMR (400 MHz, CD3CN) o = 8.31 (s, 2H, CH(pz)2), 8.09 (d, 4H, 

J== 1.60 Hz, pz-5H), 7.95 (d, 4H, J= 2.11 Hz, pz-3H), 6.76 (s, 4H, C6~), 6.41 (dd, 4H, J 

=1.20 Hz, pz-4H), 1.48 (s, 30H, C5Me5); IR (KBr, cm-1): 3446(w), 3134(m), 1629(m), 

1446(m), 1401(m), 1295(m), 1103(m), 843(s), 760(m), 555(m); ESI-MS: 1062.6 [M2+ + 

PF6-t; UV-Vis {acetonitrile, Amax nm (s 10-5·M-1·cm-1)}: 224 (0.54), 307 (0.05) and 437 

(0.01); Anal. Calc. for C4o~sF12NsP2Rh2Ch (1207.6): C, 39.79; H, 4.01; N, 9.28. Found: 

C, 39.53; H, 4.06; N, 9.19%. 

7.2.3.2 [{(7]5-Cp*)RhC/}2(p-L2)](PF6)2 ([6](PF6h) 

Yield 80 mg (84%). 1H NMR (400 MHz, CD3CN) 8.33 (s, 2H, CH(pz)2), 8.07 (d, 4H, J= 

1.64 Hz, pz-5H), 6.78 (s, 4H, C6~), 6.39 (dd, 4H, J=1.20 Hz, pz-4H), 2.76 (s, 12H, pz-

3Me), 1.49 (s, 30H, C5Me5); IR (KBr, cm-1): 3446(b), 3131(m), 1627(m), 1446(m), 

1408(m), 1296(m), 1103(m), 845(s), 761(m), 585(m); ESI-MS: 1118.6 [M2+ + PF6-t; 

UV-Vis {acetonitrile, Amax nm (s 10-5·M-1·cm-1)}: 228 (0.59), 310 (0.04) and 430 (0.02); 
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Anal. Calc. for C44H56ChF12N4P2Rh2 (1263.6): C, 41.82; H, 4.47; N, 8.87. Found: C, 

41.71; H, 4.55; N, 8.65%. 

7.2.3.3 [{(1l-CsMes)lrC/}2(f.J-Ll)}(PF6)2([7](PF6)2) 

Yield 91 mg (77%). 1H NMR (400 MHz, CD3CN) () = 8.32 (s, 2H, CH(pz)2), 8.06 (d, 4H, 

J= 1.62 Hz, pz-5H), 8.01 (d, 4H, J= 2.16 Hz, pz-3H), 6.78 (s, 4H, C6~), 6.44 (dd, 4H, J 

= 1.22 Hz, pz-4H), 1.51 (s, 30H, C5Me5); IR (KBr, cm-1): 3441(b), 3134(m), 1629(m), 

1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(m), 558(m); ESI-MS: 1241.5 

[M2++PF6·t; UV-Vis {acetonitrile, Amax nm (e 10·5·M1·cm·1)}: 225 (0.58), 312 (0.04) and 

391 (0.03); Anal. Calc. for C40~sChF12lr2NsP2 (1386.2): C, 34.66; H, 3.49; N, 8.08. 

Found: C, 34.42; H, 3.52; N, 8.01%. 

7.2.3.4 [{(r/-CsMes)lrC/}2(p-L2)](PF6)2 ([8](PF6)2) 

Yield 81 mg (65%). 1H NMR (400 MHz, CD3CN) () = 8.33 (s, 2H, CH(pz)2), 8.09 (d, 4H, 

J= 1.60 Hz, pz-5H), 6.74 (s, 4H, C6~), 6.44 (dd, 4H, J=1.20 Hz, pz-4H), 2.76-2.80 (s, 

12H, pz-3Me), 1.48 (s, 30H, C5Me5); IR (KBr, cm-1): 3446(b), 3134(m), 1629(m), 

1446(m), 1401(m), 1295(m), 1103(m), 843(s), 760(m), 558(m); ESI-MS: 1297.5 [M2+ + 

PF6·t; UV-Vis {acetonitrile, A.max nm (e 10·5·M-1·cm·1)}: 228 (0.71), 316 (0.04) and 397 

(0.02); Anal. Calc. for C44Hs6ChF12Ir2NsP2 (1442.2): C, 36.64; H, 3.91; N, 7.77. Found: 

C, 36.62; H, 3.99; N, 7.65%. 

7.2.4 General procedure for the synthesis of the dinuclear complexes 9 to14 
6 . 

A mixture of[(TJ -arene)Ru(J.t-Cl)Clh (arene = C6~,p}PrC6~Me or C6Me6) (0.1 

mmol), ligand L (L1 or L2) (0.1 mmol) and 2.5 equivalents ofN~PF6 in dry methanol 

(15 ml) was stirred at room temperature for 10 hours, after which an orange precipitate 

was observed. The precipitate was filtered, washed with cold methanol, diethyl ether and 

dried in vacuo. 

7.2.4.1 [{(rl-Cdi6)RuC/}2(p-Ll)](PF6)2 ([9](PF6)2) 

Yield 80 mg (72%). 1H NMR (400 MHz, CD3CN) () = 8.26 (s, 2H, CH(pz)2), 8.07 (d, 4H, 

J= 1.40 Hz, pz-5H), 7.95 (d, 4H, J= 2.00 Hz, pz-3H), 6.75 (s, 4H, C6~), 6.41 (dd, 4H, J 

= 1.24 Hz, pz-4H), 5.40 (s, 12H, C6~); IR (KBr, cm-1): 3441(b), 3134(m), 1629(m), 

1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(m), 558(m); ESI-MS: 944.8 [M2+ + 

PF6·t; UV-Vis {acetonitrile, Amax nm (e 10·5·M-1·cm·1)}: 226 (0.73), 307 (0.05) and 428 
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(0.01); Anal. Calc. for C32H3oChF12NsP2Ru2 (1089.6): C, 35.27; H, 2.78; N, 10.28. 

Found: C, 35.15; H, 2.81; N, 10.18%. 

7.2.4.2 [{(rl-Cj/6)RuC/}2(p-L2)](PF6h ([10](PF6)2) 

Yield 76 mg (66%). 1H NMR (400 MHz, CD3CN) o = 8.31 (s, 2H, CH(pz)2), 8.07 (d, 4H, 

J= 1.40 Hz, pz-5H), 6.78 (s, 4H, C6~), 6.46 (dd, 4H, J= 1.24 Hz, pz-4H), 5.48 (s, 12H, 

C~), 2.86 (s, 12H, pz-3Me); IR (KBr, cm-1): 3448(b), 3134(m), 1627(m), 1446(m), 

1399(m), 1296(m), 1103(m), 843(s), 760(m), 558(m); ESI-MS: 1000.2 [M2
+ + PF6-t; 

UV-Vis {acetonitrile, A-max nm (e 10-5·M-1·cm-1)}: 229 (0.65), 316 (0.05) and 430 (0.02); 

Anal. Calc. for C36H3sChF12NsP2Ru2 (1145.7): C, 37.74; H, 3.34; N, 9.78. Found: C, 

37.65; H, 3.35; N, 9.65%. 

7.2.4.3 [{(r/-p-;PrC~-tMe)RuC/}2(p-Ll)](PF6h ([ll](PF6)2) 

Yield 91 mg (81%). 1H NMR (400 MHz, CD3CN) o = 8.32 (s, 2H, CH(pz)2), 8.04 (d, 4H, 

J= 1.40 Hz, pz-5H), 7.95 (d, 4H, J= 2.04 Hz, pz-3H), 6.76 (s, 4H, C6~), 6.41 (dd, 4H, J 

= 1.28 Hz, pz-4H), 5.57 (d, 4H, J = 5.60 Hz, Arp-cy), 5.38 (d, 4H, J = 5.80 Hz, Arp-cy}, 

2.84 (sept, 2H, CH(CH3)2), 2.17 (s, 6H, Arp-cy-Me), 1.25 (d, 6H, CH(CH3)2); 1.21 (d, 6H, 

CH(CH3)2); IR (KBr, cm-1): 3441(b), 3134(m), 1629(m), 1447(m), 1399(m), 1296(m), 

1103(m), 845(s), 760(m), 558(m); ESI-MS: 1056.2 [M2
+ + PF6-t; UV-Vis {acetonitrile, 

Amax nm (e 10-5·M-1·cm-1)}: 224 (0.65), 316 (0.05) and 431 (0.02); Anal. Calc. for 

C40!46ChF12NsP2Ru2 (1201.8): C, 39.97; H, 3.86; N, 9.32. Found: C, 39.78; H, 3.97; N, 

9.27%. 

7.2.4.4 [{(r/-p-;PrC~-tMe)RuC/}2(p-L2)](PF6h ([12](PF6)2) 

Yield 79 mg (63%). 1H NMR (400 MHz, CD3CN) o = 8.34 (s, 2H, CH(pz)2), 8.03 (d, 4H, 

J= 1.40 Hz, pz-5H), 6.76 (s, 4H, C6~), 6.41 (d, 4H, J= 3.20 Hz, pz-4H), 5.55 (d, 4H, J 

= 5.60 Hz, Arp-cy), 5.39 (d, 4H, J = 5.80 Hz, Arp-cy), 2.87 (s, 12H, pz-3Me), 2.79 (sept, 

2H, CH(CH3)2), 2.16 (s, 6H, Arp-cy·Me), 1.26 (d, 6H, CH(CH3)2); 1.21 (d, 6H, 

CH(CH3)2); IR (KBr, cm-1): 3446(b), 3134(m), 1627(m), 1448(m), 1399(m), 1296(m), 

1105(m), 843(s), 762(m), 558(m); ESI-MS: 1112.2 [M2
+ + PF6-t; UV-Vis {acetonitrile, 

Amax nm (e 10-5·M1·cm-1)}: 229 (0.56), 307 (0.05) and 437 (0.02); Anal. Calc. for 

C44Hs4ChF12N4P2Ru2 (1257.9): C, 42.01; H, 4.33; N, 8.91. Found: C, 41.93; H, 4.36; N, 

8.87%. 
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7.2.4.5 [{(rl-C~e6)RuC/}2(p-LJ)](PF6)2 ([13](PF6h) 

Yield 101 mg (80%). 1H NMR (400 MHz, CD3CN) o = 8.35 (s, 2H, CH(pz)2), 8.07 (d, 

4H,J= 1.40 Hz, pz-5H), 7.97 (d, 4H, J= 2.00 Hz, pz-3H), 6.75 (s, 4H, C6~), 6.44 (dd, 

4H, J = 1.24 Hz, pz-4H), 2.28 (s, 36H, C6Me6); IR (KBr, cm-1): 3441(b), 3134(m), 

1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(m), 558(m); ESI-MS: 

1112.8 [M2+ + PF6-t; UV-Vis {acetonitrile, Amax nm (e 10-5·M-1·cm-1)}: 228 (0.68), 312 

(0.05) and 427 (0.02); Anal. Calc. for C44H54ChF12NsP2Ru2 (1257.9): C, 42.01; H, 4.33; 

N, 8.91. Found: C, 42.05; H, 4.41; N, 8.88%. 

7.2.4.6 [{(rl-C~e6)RuC/}2(J1-L2)](PFrJ2([14](PFr)2) 

Yield 86 mg (65%). 1H NMR (400 MHz, CD3CN) o = 8.36 (s, 2H, CH(pz)2), 8.07 (d, 4H, 

J= 1.40 Hz, pz-5H), 6.78 (s, 4H, C6~), 6.46 (d, 4H, J= 2.24 Hz, pz-4H), 2.85 (s, 12H, 

pz-3Me), 2.26 (s, 36H, C6Me6); IR (KBr, cm-1): 3446(b), 3135(m), 1626(m), 1446(m), 

1402(m), 1296(m), 1103(m), 844(s), 760(m), 558(m); ESI-MS: 1169.8 [M2
+ + PF6-t; 

UV-Vis {acetonitrile, !..max nm (e 10-5·M-1·cm-1)}: 229 (0.71), 317 (0.04) and 397 (0.03); 

Anal. Calc. for C4s~2ChF12NsP2Ru2 (1314.1): C, 43.87; H, 4.76; N, 8.53. Found: C, 

43.75; H, 4.75; N, 8.52%. 

7.2.5 Single crystal X-ray structure analyses 

In [7](PF6)2·2 CH3CN, the residual electron densities greater than 1 eA-3 are all located at 

less than 1 A from the iridium atoms. Crystallographic details are summarized in Table 

7.1 and selected bond lengths and angles are presented in Table 7.2. Figures 7.6 to 7.8 

were drawn with ORTEP-32 

7.3 Results and discussion 

7.3.1 Synthesis of the mononuclear complexes 1 to 4 as hexafluorophosphate salts 

The mononuclear cationic pentamethylcyclopentadienyl rhodium and iridium 

complexes having 1 ,4-bis{bis(pyrazolyl)-methyl} benzene (L 1) and 1 ,4-bis{bis(3-

methylpyrazolyl)methyl}benzene (L2) ligands viz., [(115-C5Me5)RhCl(L)t {L = L1 (1), 

L2 (2)}, [(115-C5Me5)IrCl(L)t {L = L1 (3), L2 (4)} (Scheme 7.1), have been prepared by 

the reaction of pentamethylcyclopentadienyl complexes [(115 -C5Me5)M(J.L-Cl)Cl]2 (M = 

Rh, Ir) with two equivalents of ligands L1 or L2 in methanol. These complexes are 

isolated as their hexafluorophosphate salts and complexes 1 to 4 are orange/red, non-
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hygroscopic, and air-stable, shiny crystalline solids. They are sparingly soluble in 

methanol, dichloromethane, chloroform and acetone, but well soluble in acetonitrile and 

dimethylsulphoxide. 

2L 
2 

M= 
R = H (L 1) 
R = CH3 (L2} 

Scheme 7.1 

7.3.2 Characterization of the mononuclear complexes 1 to 4 

Rh lr 
1 3 
2 4 

All these mononuclear complexes were characterized by IR, 1 H NMR, mass and 

elemental analysis. The infrared spectra of the complexes 1 - 4 exhibit a strong band in 

the region 844-850 cm·1 for a typical Vp.f stretching band and a medium band in the 

region 555-558 cm·1 
<>P-F for the PF6 anion. Moreover, all complexes show absorption 

bands around 1620-1631, 1446-1458, 1270-1296 and 1103-1058 cm·1 corresponding to 

vc=N vibrations of pyrazoles. 29
•
30 Besides these absorptions, two absorption bands at 

2990-3050 cm·1 and 3400-3450 cm·1 were also observed for N-H vibrations. The mass 

spectra of these complexes 1-4 exhibit the corresponding molecular ion peaks at mlz = 

643, 700, 733 and 789. For instance the mass spectra of the complexes 1 and 3 were 

presented in figure 7.1 and 7.2 respectively. 
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Figure 7.1: Mass spectrum ofcomplex [(TJ5-C5Me5)Rh(Ll)CI]PF6 ([1]PF6) 
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Figure 7.2: Mass spectrum of complex [(TJ5-C5Me5)Ir(Ll)CI]PF6 ([3]PF6) 

The 1H NMR spectra of free ligand (Ll or L2) exhibit a characteristic set of five 

resonances for the pyrazole, methyl and benzene ring protons. Upon coordination with the 

metal atom, the mononuclear cationic complexes 1 to 4 show ten distinct resonances 

assignable to pyrazole or methyl-pyrazole and benzene ring protons of the (Ll or L2) 

ligand indicating formation of mononuclear complexes. The methylic proton { -CH(Pz)2-} 

of ligand has shown two singlets at o= 8.29 and 7. 78 corresponding to coordinated and 

uncoordinated to the metal complex indicating formation of mono nuclear compounds. 

Besides these resonances complexes 1 to 4 exhibit a singlet at o ::::: 1.5 for the protons of 

the pentamethylcyclopentadienylligand. 
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7.3.3 Synthesis of dinuclear complexes 5 to 14 as hexafluorophosphate salts 

The reaction of the chloro bridged dinuclear complexes [(TJ5-C5Mes)M(!J.-CI)Cih 

(M = Rh, lr); [(TJ6 -arene )Ru(!J.-Cl)Clh (arene = C6H6, p_iPrC6~Me and C6Me6) with 1 

equiv. of 1 ,4-bis {bis(pyrazolyl)-methyl} benzene (L 1) or 1 ,4-bis {bis(3-methylpyrazolyl)­

methyl}benzene (L2) in methanol results in the formation of orange, air-stable, dinuclear 

dicationic complexes [{(TJ5-C5Me5)RhCl}2(1J.-L)]2+ {L = L1 (5); Lp2 (6)}, [{(TJ5
-

CsMes)lrCl}2(1J.-L)]2+ {L = L1 (7); L2 (8)}, [{(TJ6-C6~)RuCl}2(1J.-L)]2+ {L=L1 (9); L2 

(10)}, [{(TJ6-p-iPrC6HMe)RuCl}2(1J.-L)]2+ {L = L1 (11); L2 (12)} and [{(rt­

C6H6)RuC1}2(1J.-L)]2+ {L = L1 (13); L2 (14)}. All complexes are isolated as their 

hexafluorophosphate salts (Scheme 7.2) and they are characterized by IR, mass, 1 H NMR 

spectrometry, UV -visible spectroscopy, and elemental analysis. 

L 

L 

R~ ~R l2+ 
\\ 7 \ // Cl 

I 'N-N ~ # N-N/ 

CIR)() ~R 
M = Rh lr 
R = H {L1) 5 7 
R = CH3 {L2) 6 8 

R = H {L 1) 
R = CH3 (L2) 

Scheme 7.2 
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7.3.4 Characterization ofthe dinuclear complexes 5 to 14 

Infrared spectra of the dinuclear complexes 5 to 14 show a similar trend as the 

mononuclear cationic complexes 1 to 4. The mass spectra of the complexes 5 to 14 give 

rise to two main peaks; a minor peak with an approximately 50% intensity attributed to 

[M2
+ + PF6-r at m/z 1062, 1118, 1241, 1297, 944, 1000, 1056, 1112, 1112 and 1169, 

respectively, and a major peak, which corresponds to loss of [(Cp*/arene)MClt fragment 

and the formation of mononuclear cations 1 to 6 at m/z = 643, 700, 733, 789, 585, 641, 

641, 697, 669 and 725, respectively. For instance the mass spectrum of the complex 6 is 

presented in figure 7.3. 

t<TP.1::S1 04 <0 • .,..,5) C•-r• (40:7 ... -'f0:30) 

100 I 27~.0 

i 

! 
ac!, 

c:~.,..,_,., Ft'>a+ ........... _~ 

Figure 7.3: Mass spectrum ofthe complex [{(rt5-Cp*)RhClh(J.t-L2)](PF6)2([6](PF6)2) 

The 1H NMR spectra of the dinuclear dicationic complexes 5 to 14 exhibited five 

distinct resonances assignable to pyrazole rings, methyl and benzene ring protons of the 

ligands (Ll or L2) indicating formation of dinuclear complexes. For instance the 1H NMR 

spectra of the complexes 9 and 11 are presented in figure 7.4 and 7.5 respectively. The 

methylic proton {-CH(Pz)2-} of ligand has exhibited a singlet at B = 8.36 to 

8.33 indicating formation of dinuclear compounds. Besides these resonances, complexes 

5 to 8 exhibit a singlet at B :::::: 1.5 for the protons of the pentamethylcyclopentadienyl 

ligands. Interestingly, in these complexes, the chemical shift of the protons of the 

pentamethylcyclopentadienyl ligands does not show downfield shift as like with other 

nitrogen based ligands.21
-
27 Complexes 9 and 10 exhibit a singlet at B = 5.40 and 5.48 for 

protons of benzene ligands, complexes 11 and 12 exhibits a doublet at B = 1.21 for the 
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protons of the isopropyl methyl groups, a singlet at B = 1.26 for the methyl protons, a 

septet at B = 2. 79 for the proton of the isopropyl group. The two doublets centered at B :::::: 

5.55 and 5.38 correspond to the CH aromatic protons of the p-cymene rings. Complexes 

13 to 14 exhibit a strong peak at B = 2.25 for the methyl protons of hexamethylbenzene 

ligand. In similar case with the Cp* analogues the arene ruthenium complexes also the 

chemical shifts of the arene ligands of ruthenium does not shifted down filed as compared 

to other N-based ligands, this could be due to the geometrical orientation of arene ligands 

to the benzene-linker.24
-
27 

'i~r!~( "1sr' 'ls( ·---1:!( 
·····~····-····~······~·····r·····~····...-···•·r···· ... ·····r····-·····~·················l····· .. ·····•·················l·····~·····r··································· .. ···········l·················-····...-····y····-····~·················r····•·····•···- .. ··················---. ···•· 

a_s a .. o 7_5 7 .. 0 & .. a e .. o s_a s .. o 4 .. 5 

Figure 7.4: 1H NMR spectrum of complex [ {(116-C6Ht;)RuClh(!l-Ll)](PF6)2 ([9](PF6)2) 

( 
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I 

Figure 7.5: 1H NMR spectrum of complex [{(11 6-p-iPrC6~e)RuClh(!l-Ll)](PF6)2 
([11 ](PF 6)2) 
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7.3.5 Crystal structure analysis of([7](PF6)2), ([9](PF6)2) and ([11](PF6)2) 

The molecular structure of complexes [ {(115 -C5Me5)IrCl }2(J.1-L 1 )]2+ ([7](PF6)2), 

[{(116-C6~)RuCl}2(J.1-Ll)]2+ ([9](PF6)2) and [{(116-p-iPrC6HtMe)RuCl}2(J.1-Ll)f+ ([11]­

(PF6)2) were determined by single crystal X-ray diffraction analysis. The crystallographic 

data are gathered in Table 7.1 and the selected bond lengths and angles for complexes 

[7](PF6)2, [9](PF6)2 and [11](PF6)2 are presented in Table 7.2. The corresponding ORTEP 

drawings are shown in Figures 7.6, 7. 7 and 7.8, respectively. All complexes show typical 

piano-stool geometry and have a half-sandwich structure consisting of coordinated 

pentamethylcyclopentadienyl or arene; a chloride and the ligand through nitrogens (see 

Figures 7.6 to 7.8). 

The distance of the iridium atoms and the corresponding centroids of 115 -C5Me5 

rings is 1.79 A in complex 7. The distance between the ruthenium atoms and the centroid 

of the C~ and 116 -p-iPrC6HtMe rings in complexes 9 and 11 are almost equivalent at 

1.67 A. These distances are comparable to those in the related complex cations [(116-p­

iprC6HtMe)Ru(2-acetylthiazoleazine)Clt and [{(116-p-PriC6HtMe)RuCl}2(4,6-bis(3,5-

dimethylpyrazolyl)-pyrimidine)]2+.24·31 The average Ir-C distances of complex 7 is 

slightly shorter (2.16 A) than the corresponding Ru-C distances. Indeed the average Ru-C 

distances of complex 9 are slightly shorter (2.17 A) than the complex 11, which contain 

p-cymene ligand (2.19 A), which are almost identical to those reported iridium or 

rhodium complexes such as [(115 -C5Me5)IrCI((S)-1-phenylethylsalicylaldiimine)] [2.17 

A ]32 and [ ( 116 -p-iprC6HtMe )Ru(2-(2-thiazolyl)-1 ,8-naphthyridine )Cl]PF 6 [2.19 A]. 26 

The Ir-N bond distances of complex 7 at 2.110(6) and 2.093(6) A are slightly 

longer than the Ru-N bond distances of complex 9 which are ranging from 2.081(4) to 

2.089(5) A, but are comparable to those found in 11 [2.102(4) and 2.098(4) A]. All metal­

chlorido bond distances are comparable, ranging from 2.391(1) to 2.395(2) A, and are 

almost identical to other reported values.24·26 In all complexes the 115-C5Me5, 116-C6~ or 

116 -p-iPrC6HtMe rings are positioned opposite to each other to the benzene-linker and 

chlorine atoms of the two metal atoms are located at the periphery of the complexes. The 

N1-Ir1-N3 bond angle in complex 7 is found to be 86.0(2)0 and in complexes 9 and 11 

are found to be 84.3(2), 83.8(2)0 and 85.1(2)0
, respectively. 
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Figure 7.6: ORTEP diagram with labelling scheme for [7](PF6)2 · 2 CH3CN, at 50% 

probability level, PF6 anions and acetonitrile molecules omitted for clarity (symmetry 

code: i = 2-x, 2-y, -z). 

Figure 7.7: ORTEP diagram with labelling scheme for [9](PF6)2 • CH3CN, at 50% 

probability level, PF6 anions and acetonitrile molecules omitted for clarity. 
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Table 7.1: Crystallographic and structure refinement parameters for complexes [7](PF6)2 · 2 CH3CN, [9](PF6)2 · CH3CN and [ll](PF6)2 · 2 
CH3CN. 
Com~ _ __ __ _ __ l1]_(PF6)2_ [9](PF6)2 [ll](PF6)2 
Chemical formula C44Hs4ChF dr2N IOP2 c34H33ChF 12N IOP2Ru2 C44Hs2ChF 12N IOP2RU2 
Formula weight 1468.21 1130.67 1130.67 
Crystal system monoclinic Monoclinic monoclinic 
Space group P 21/n (no. 14) P 21/n (no. 14) P 21/c (no. 14) 
Crystal color and shape orange block orange block orange block 
Crystal size ( mm3) 0.27 X 0.24 X 0.22 0.25 X 0.22 X 0.18 0.25 X 0.22 X 0.18 
a (A) 13.6968(13) 15.3761(9) 9.4659(7) 
b (A) 14.0285(9) 13.9492(10) 25.737(2) 
c (A) 14.5963(14) 19.9223(13) 11.0998(9) 
a (o) 
f3 e> 114.t69(to) 105.567(7) 110.868(9) 

re> 
v (A3) 2558.8(4) 4116.3(5) 2526.8(3) 
z 2 4 2 
T (K) 173(2) 173(2) 173(2) 
Dx (g /cm3) 1.906 1.824 1.688 
J..l (mm-1) 5.540 1.036 0.855 
Scan range e) 2.11 < 8 < 26.18 2.09 < 8 < 26.04 2.12 < 8 < 26.04 
Unique reflections 5045 8055 4849 
Reflections used [1>2cr(I)] 3675 4212 3295 
Rint 0.0745 0.0944 0.0591 
Final R indices [1>2cr(I)]* 0.0415, wR2 0.1038 0.0428, wR2 0.0789 0.0463, wR20.1189 
R indices (all data) 0.0616, wR2 0.1103 0.0982, wR2 0. 0872 0.0704, wR20.1269 
Goodness-of-fit 0.927 0.797 0.961 
Max, Min ~P (e A-3) 3.086, -2.055 0.952, -0.929 1.538, -0.792 
* Structures were refined on Fo2

: wR2 = [~[w(F02 ~ F/y] I ~w(F02)2] 112, where w-1 = ~(F02) + (a.P)2--+bP] and P = [max(F0
2

, 0) + 2F/]13. 
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Table 7.2: Selected bond lengths and angles for complexes [7](PF6)2 · 2 CH3CN, [9](PF6)2 

· CH3CN and [ll](PF6)2 · 2 CH3CN. 

[7](PF6)2 [9](PF6)2 [ll](PF6)2 

Inter atomic distances (A) _ 

M-M 9.4781(9) 8.8236(8) 8.8285(13) 

M-N1 2.110(6) 2.086(4) 2.102(4) 

M-N3 2.093(6) 2.089(5) 2.098(4) 

M-N5 2.081(4) 

M-N7 2.085(5) 

M-CI1 2.394(2) 2.395(2) 2.391(1) 

M-CI2 2.392(2) 

M-centroid• 1.788 1.668 1.673 

N1-N2 1.345(8) 1.352(6) 1.351(6) 

N3-N4 1.372(8) 1.358(7) 1.350(6) 

N5-N6 1.366(6) 

N7-N8 1.366(6) 

Angles e) 

N1-M-N3 86.0(2) 84.31(17) 85.08(16) 

N5-M-N7 83.82(17) 

N1-M-Cil 84.01(17) 84.42(13) 85.20(11) 

N3-M-Cil 83.36(18) 84.80(13) 83.15(11) 

N5-M-Cl2 84.54(12) 

N7-M-Cl2 84.77(13) 

M-N1-N2 125.4(5) 124.6(3) 126.2(3) 

M-N3-N4 125.9(5) 125.4(3) 125.2(3) 

M-N5-N6 125.4(3) 

M-N7-N8 125.5(3) 

*Calculated centroid-to-metal distances (116 -C6 or 115 -C5 coordinated aromatic ring) 

These bond angles are comparable to those in the related complex cations [(116-

C6~)Ru(bpzmArOCH3)]BPl4 and [ ( 116 -p_iPrCJI4Me )Ru(bpzmArN02]BP}4.13 All 

compounds crystallise with acetonitrile molecules, which surprisingly interact strongly 

with neither the cation nor the anions. However, all hydrogen atoms of the tertiary 
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carbons (C7 as well as Cl4 in 9) are involved in C-H···F or C-H···Cl interactions in the 

crystal packing. In [7](PF6)2 • 2 CH3CN and [ll](PF6)2 • 2 CH3CN, the C···F separations 

are ranging from 3.31 to 3.58 A with C-H···F angles ranging from 131.3 to 163.1°, while 

in [9](PF6)2 • CH3CN, the C .. ·Cl distances are 3.40 and 3.43 A with C-H···Cl angles of 

153.2 and 142.8°, respectively. 

Figure 7.8: ORTEP diagram with labelling scheme for [ll](PF6)2 · 2 CH3CN, at 50% 

probability level, PF6 anions and acetonitrile molecules omitted for clarity (symmetry 

code: i = -x, 1-y, -z). 

7.3.6 UV-Visible spectroscopy 

Electronic absorption spectra of the mononuclear compounds [l]PF6 - [4]PF6 as 

well as the dinuclear compounds [5](PF6h- [14](PF6)2 were acquired in acetonitrile, at 

1 o-s M concentration in the range 200-600 nm. Electronic spectra of representative 

complexes are depicted in Figure 7.9 without showing the strong absorption at 224-229 

nm. The spectra of these complexes are characterized by two main features, viz., an 

intense ligand-localized or intra-ligand 1t - n* transition in the ultraviolet region and 

metal-to-ligand charge transfer (MLCT) dn(M) - n* (Ll - ligand) bands in the visible 

region.33 Since the low spin d6 configuration of the mononuclear complexes provides 

filled orbitals of suitable symmetry at the Ru(Il), Rh(III) and Ir(III) centers, these can 

186 



Bis(pyrazolyl)methane ligands Chapter 7 

interact with low lying 1t* orbitals of the ligands. All mononuclear compounds [l]PF6 -

[4]PF6 show a high intensity band in the region 224 -230 nm and a medium intensity 

band in the region 341-394 nm in UV region, these two bands are attributed to the ligand­

localized or intra-ligand 1t--+ 1t* transitions. Whereas the dinuclear complexes [5](PF6)2-

[14](PF6)2 show three bands, for instance a high intensity band in the region 224-230 nm, 

a medium intensity band in the region 307-317 nm and a second medium intensity low 

energy absorption band in the visible region 394- 437 nm. The medium intensity bands 

in the UV region is assigned to 1t --+ 1t*, the high intensity band in the UV region is 

assigned to inter and intra-ligand 1t --+ 1t*/ n --+ 1t* transitions,24
•
27 while the low energy 

absorption band in the visible region is assigned to metal-to-ligand charge transfer 

(MLCT) (t2g-1t*). 
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Figure 7.9: UV -visible electronic spectra of selected complexes (acetonitrile, 1 o-5 M, 298 

K). 

7.4 Conclusions 

In this work, we have showed that ligand L reacts with arene ruthenium and 

pentamethylcyclopentadienyl rhodium and iridium complexes to yield a series of mono 

and dinuclear complexes in good yield, which are remarkably stable in air as well as in 
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solution. The Cp* derivatives yielded both mono and dinuclear complexes, while only 

dinuclear complexes are obtained with the arene ruthenium analogues, despite different 

molar ratio of ligands. In all these, both mono and dinuclear complexes the metal atom is 

bonded to the coordinated sites Nl and N3 or N4 and N6. 

7.5 Supplementary material 

CCDC-757062 ([7]PF6 · 2 CH3CN), 757063 ([9](PF6)2 · CH3CN) and 757064 ([ll](PF6)2 

2 CH3CN) contain the supplementary crystallographic data for this chapter. 
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