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SYNOPSIS 

This thesis comprises of six chapters, which deals with the synthesis and 

characterization of various half-sandwich ruthenium(II) complexes and their 

application in various catalytic reactions. These complexes are revealing its flexible 

chemistry, supply as excellent precursors and find important applications in many 

catalytic organic transformations. The first chapter describes the literature survey 

about the previously reported transition metal based homogeneous catalysts, and 

motivation to design new nitrogen and oxygen donor ligands based metal complexes 

for important catalytic reactions. Subsequent chapters describes the detailed study 

about the synthesis, characterization and catalytic activity of newly synthesized half-

sandwich ruthenium(II) complexes based on nitrogen and oxygen donor ligands and  

systematic investigation on the structure-activity relationship and mechanistic 

aspects of the studied catalytic reactions. The newly synthesized complexes have 

been successfully employed for several catalytic reactions such as ring opening, ring 

hydrogenation and C-H bond activation reactions under ambient reaction conditions. 

In the last chapter, conclusion and future scope of this research work is briefly 

discussed. 

The main objectives of my research work are as following, 

• To synthesize highly efficient catalytic system based on substituted 

ethylenediamine donor arene-ruthenium(II) complexes for the ruthenium and 

formic acid based tandem catalytic transformation of bioderived furans to 

levulinic acid and diketones in aqueous aerobic conditions. 

• To study the role of ethylenediamine ligated half-sandwich arene-

ruthenium(II) complexes as precursor for in situ generation of active Ru/C 

catalyst for the catalytic ring hydrogenation of arenes in water. 

• To design and develop the troponate/aminotroponate arene-ruthenium(II) 

complexes and study their ligand-tuned mechanistic pathway for direct C-H 

Bond arylation with aryl chlorides in water. 

• To synthesize and characterize cyclopentadienyl-ruthenium(II)-

pyridylamine complexes and their application in catalytic transformation of 

bio-derived furans to levulinic acid and diketones in water. 
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Chapter 1. Introduction and background: Design and synthesis of homogeneous 

catalyst based on transition metal complexes 

Design, synthesis and characterization of transition metal complexes and 

their use as active homogeneous catalysts for various organic reactions have 

received extensive attention in the field of organometallics and catalysis. Most 

important things about homogeneous catalysts is the easy of studying mechanistic 

pathway of catalytic reactions and hence on easy fine tuning of catalytic activity and 

understand structure-activity relationship. Among various metal catalysts explored 

so far, ruthenium metal gained preference over other metals for homogeneous 

catalysis, because of its variable oxidation states, its rich coordination properties and 

ability to accommodate a wide range of ligands in different coordination geometries. 

Thus, ruthenium based complexes compose a flexible class of active catalysts for 

synthetic organic chemistry and various other applications. More importantly, 

cautious selection of metal and ligands plays a very important role to design and 

synthesize homogeneous catalyst with tuned properties. In this context, we 

synthesize and characterization of various N/N, N/O and O/O donor ligand based 

arene-ruthenium and cyclopentadienyl-ruthenium half sandwich complexes has been 

undertaken to explore the catalytic activity of these complexes in field of biomass 

transformation, selective ring hydrogenation and C-H bond activation reactions in 

aqueous aerobic condition. Moreover, this thesis also comprises a detailed 

mechanistic investigation to understand the catalytic reactions pathway and their 

structure-activity relationship in the studied complexes.  

 

 

 

 

 

 

 



IX 
 

Chapter 2. Ruthenium and formic acid based tandem catalytic transformation of 

bioderived furans to levulinic acid and diketones in water 

This chapter comprises the synthesis and characterization of arene-

ruthenium(II) complexes ([Ru]-1 – [Ru]-8) based on simple and readily available 

ethylenediamine (or its derivatives) ligands. The studied complexes exhibited high 

activity for catalytic ring opening of furans and its derivatives under 

environmentally benign conditions in water.  

 

 

 

 

 

 

Figure 1. Catalytic conversion of furans to LA and diketones in the presence of 

ethylenediamine based arene-Ru(II) complex in water. 

Synthesis of arene-Ru(II) complexes based on simple and easily available 

ethylenediamine ligand were carried out and characterized by ESI-MS, NMR, CHN 

elemental analysis and also structure for some of the complexes were authenticated 

by single crystal XRD analysis. These synthesized complexes exhibited high 

efficiency for the catalytic activity,  stability and water solubility. Remarkably, these 

complexes exhibited high efficients for catalytic ring opening of bioderived furans 

to open ring products such as value added ketoacid (LA) and diketones (1-HHD, 3-

HHD, and 2,5-HD) in the presence of formic acid at 80 °C in water and open 

atmosphere. Mechanistic investigation showed the profound effect of an N-H bond 

present in the arene-ruthenium complexes on the catalytic transformation of furans 

to ketoacid (LA) and diketones (1-HHD, 3-HHD, and 2,5-HD). 1H NMR 

experiments with variable formic acid concentration evidenced a tandem mode of 

catalytic conversion of furfural to LA via the formation of the hydrogenated 

intermediate, furfuryl alcohol. 
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Chapter 3. Catalytic ring hydrogenation of arenes in water over in situ generated 

ruthenium nanoparticles immobilized on carbon  

This chapter comprises the selective catalytic ring hydrogenation of various 

(hetero)arene, over the in situ generated Ru/C from an organometallic precursor 

([(6-C6H6)Ru(en)Cl]PF6) in the presence of formic acid. The cooperative effect of 

the arene-ruthenium(II) catalyst and ethylenediamine ligand activate formic acid to 

H2 which resulted in the in situ generation of active ruthenium nanoparticles and H2 

gas to achieved facile tandem catalytic hydrogenation of a wide range of arenes and 

heteroarenes in water at 150 °C. Further, the reaction temperature has a determining 

role in the generation of Ru/C nanoparticles, by enhancing the rate of reduction of 

the precursor ethylenediamine ligand based arene-ruthenium(II) complex to 

ruthenium nanoparticles (Ru(0)). Consequently, the in situ generated ruthenium 

Ru/C nanoparticle was characterized with the help of TEM, SEM and Powder XRD 

observations. The Hg(0) poisoning experiments also suggested the heterogeneous 

nature of the catalyst. Further, using the in situ generated Ru/C catalyst, a wide 

range of aromatic and heteroaromatic compounds which analogous to lignin-derived 

fragments were also effectively hydrogenated to corresponding alicyclic products 

and thus the present catalytic system may also be used in the field of biomass 

transformation reactions.  

 

 

 

 

 

 

 

 

Figure 2. Catalytic ring hydrogenation of (hetero)arene over in situ generated 

ruthenium nanoparticles in water. 
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Chapter 4. Troponate-/Aminotroponate Ruthenium-Arene complexes: Synthesis, 

characterization and ligand tuned mechanistic pathway for direct C-H bond 

arylation with arylchlorides in water 

This chapter contains the design, synthesis and characterization of a series of 

highly water soluble half sandwich arene-ruthenium(II) complexes [Ru]-9 – [Ru]-

16 of general formula [(η6-arene)Ru(troponate-/aminotroponate)Cl]+ (arene = C6H6 

and C10H14) ligated with bidentate (O,O and O,N) troponate-/aminotroponate 

ligands. Molecular structure of the complexes [Ru]-13 and [Ru]-15 were also 

authenticated by single-crystal X-ray diffraction. These newly synthesized (η6-

arene)-ruthenium(II) complexes based on troponate-/aminotroponate ligands are 

highly efficient for C-H bond arylation reaction of 2-arylpyridine in water. Our 

finding demonstrated that the structure-activity relationship plays a major role to 

achieve efficient selectivity in C-H activation of arylpyridine by these complexes. 

Moreover, the selectivity of mono- and diarylation of aryl pyridine is significantly 

affected by the steric bulkiness of the carboxylate additives.  

 

 

 

 

 

 

 

Figure 3. C-H bond arylation of 2-phenylpyrdine catalysed by 

troponate/aminotroponate based arene-ruthenium(II) complexes.  

Mechanistic investigations performed by using mass spectral studies 

demonstrated the presence of several important cyclometallated intermediates 

species. Hence a possible catalytic pathway has been proposed as the initial 

formation of cycloruthenated species directed by deprotonation of 2-phenylpyridine 
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assisted by mild base (carbonate) and the relative strength of the troponate-

/aminotroponate ligand and 6-arene. This motivates the formation of 

cyclometallated species with arene-ruthenium(II) and 2-phenylpyridine ([(η6-

arene)Ru(κ2-CN-phenylpyridine)(OH2)]
+) by removal of troponate/aminotroponate 

ligands while another cyclometallated species formed by  decoordination of η6-arene 

ring and retaining troponate-/aminotroponate ligand is 2-phenylpyridine-Ru-

troponate/aminotroponate ([(κ2-troponate/aminotroponate)Ru(κ2-CN-

phenylpyridine)(OH2)2]).
 DFT calculations also support the experimental evidences 

for the formation of these intermediate species. Subsequently, with the oxidative 

addition of arylchloride over these C-H activated cyclometallated intermediate and 

then the reductive elimination led to the formation of C-H arylated product. 

Chapter 5. Cyclopentadienyl-Ru(II)-pyridylamine complexes: Synthesis, X-ray 

structure and application in catalytic transformation of bio-derived furans to 

levulinic acid and diketones in water 

This chapter comprises design and synthesis of a series of highly stable and 

efficient half-sandwich cyclopentadienyl-Ru(II) complexes [Ru]-17 – [Ru]-23 

bearing pyridylamine/pyridylimine ligands. Molecular structures of all the 

complexes were authenticated by single crystal X-ray diffraction. 

 

 

 

 

 

 

Figure 4. Catalytic ring opening of furfural and its derivatives to LA and diketones 

in an aqueous medium over5-Cp-Ru-pyridylamine complexes.   
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 These synthesized complexes were employed for the catalytic ring opening 

of furans (furfural, 5-HMF and 5-MF) to levulinic acid and various diketones (3-

hydroxyhexane-2,5-dione (3-HHD), 1-hydroxyhexane-2,5-dione (1-HHD) and 

hexane-2,5-dione (HD)) in the presence of formic acid and water at 120 °C. Our 

experimental finding demonstrated the significant role of the N-substitution 

(electronic and steric effect), where the complex [Ru]-18 (5-Cp-Ru-N-

propylpyridylamine complex) exhibited higher catalytic activity (TON of 16.8 and 

TTN 58.4) than other 5-Cp-Ru-pyridylamine and 5-Cp-Ru-pyridylimine 

complexes. Moreover, the flexible pyridylimine ligands may also show a remarkable 

κ2-κ1-κ2 convertible behavior and hence facilitated the efficient transfer 

hydrogenation reaction by creating a new vacant site.  Thus the observed high 

catalytic activity of synthesized complexes attributed to the combined effect of 

bulkiness, flexibility, and basicity of the pyridylamine ligands.  

Chapter 6. Conclusions and future scope of work   

6.1. Conclusions: A series of arene/Cp-Ru(II) complexes containing substituted 

ethylenediamine, troponate/aminotroponate, and pyridylamine/imine ligands have 

been synthesized and molecular structure of most of these complexes were 

confirmed by single crystal X-ray diffraction. Ethylenediamine based arene-Ru(II) 

complexes and pyridylamine/imine ligands based Cp-Ru(II) complexes were found 

to be active for the tandem catalytic transformations of bioderived furans, such as 

furfural, 5-hydroxymethylfurfural (5-HMF), and 5-methylfurfural (5-MF), to 

levulinic acid (LA) and diketones, 1-hydroxyhexane-2,5-dione (1-HHD), 3-

hydroxyhexane-2,5-dione (3-HHD), and hexane-2,5-dione (2,5-HD). Moreover, 

ethylenediamine based arene-Ru(II) complexes were also employed as precursor 

for the in situ synthesis of Ru nanoparticles immoblized on carbon (Ru/C) and 

hence catalyzed the ring hydrogenation of homo/heteroarene in the presence of 

formic acid and these studies revealed the crucial role of −NH group to facilitate 

transfer hydrogenation. Moreover, the flexible hemilabile nature of pyridylamine 

ligands also advantageously contributed in the observed high catalytic activity of 

5-Cp-Ru(II) complexes. Machanistic investigations inferred the formation of 

furfuryl alcohol an important reaction intermediate via transfer hydrogenation 
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which further undergoes an acid catalyzed hydrilytic ring opening to LA, hence 

demonstrate the role of the ruthenium catalyst and the formic acid in reaction.  

 Troponate/Aminotroponate based arene-Ru(II) complexes catalyzed efficient 

C-H bond arylation of arylpyridine in water, where the selectivity toward mono- vs 

diarylation of arylpyridines was found to be directed by the steric bulkiness of the 

carboxylate additives. Mechanistic studies performed using mass-spectral studies 

revealed the formation of several key cyclometalated intermediates species and 

therefore provided strong evidence that cloruthenation step was driven by 

carbonate-assisted deprotonation of 2-phenylpyridine. Moreover, formation of 

cyclometalated 2-phenylpyridine Ru-arene species, [(η6-arene)Ru(κ2-

C,Nphenylpyridine)(OH2)]
+ and cyclometalated 2-phenylpyridine Ru-

troponate/aminotroponate species [(κ2-troponate/aminotroponate)Ru(κ2-C,N-

phenylpyridine)(OH2)2] was depended on the relative strength of the η6-arene and 

the troponate/aminotroponate ligand by decoordination of 

troponate/aminotroponate ligands. DFT studied also well complemented over the 

experimental findings and support the formation of such species for these 

complexes. Moreover, synthesized complexes were found to be highly air stable 

even at higher temperature ~120 °C, and most of them are highly water soluble, 

which help them to easy recovery and reuse for successive catalytic cycles and thus 

these complexes may be find application for catalytic reaction in aqueous and open 

atmospheric conditions even at higher temperature. 

6.2. Future scope: Synthesis and characterization of homogeneous catalysts based 

on readily available nitrogen based ligands may provide an opportunity to develop 

air stable and highly water soluble catalysts to perform catalytic reactions under 

environmental benign reaction conditions. Modification of ligands either by the 

formation of pyridylamine/imine or substitution of simple ligand to bulky and 

strong coordinated ligands may lead to the synthesis of highly active catalysts for 

various catalytic reactions such as transfer hydrogenation, oxidations, H2 generation 

and C-H bond activation reaction. Further, detailed mechanistic study under 

controlled catalytic reaction conditions, identification, and characterization of 

essential organometallic and organic intermediates species, may also help to 

establish the structure-activity relationship and enhance the understanding of the 
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catalytic reaction pathway further and stabilize the structure-activity relationship. A 

well designed highly active catalyst will essentially find application in industries 

for the production of fine chemicals and fuel to cater the global demand of the 

society.  
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Chapter 1 

Introduction and background: Design and synthesis of 

homogeneous catalysts based on transition metal complexes 

 

1.1. Half sandwich transition metal complexes: History and Background 

Ruthenium is d-block metal rarely found on earth and it belongs to the platinum 

group of metals. It is obtained from the wastes of refining and it is mostly used in the 

catalytic processes because it shows an extended range of oxidation state (0 to +8).[1] 

Important feature of ruthenium coordinated complexes include their capability to 

stabilized reactive intermediate species like metal hydride, metal-carbene and oxo-

metal their and good electron transfer property. Nowadays ruthenium complexes are 

used as redox reagents in chemical reaction due to their high redox property.[2]  

Progress of ruthenium chemistry are due to their high applicability and have huge 

possibility for future scope. A large number of the reactions are catalyzed by 

ruthenium complexes due to their specific properties like high electron transfer, 

lower redox potential, higher Lewis acidity and higher stability.[3] More attention 

towards ruthenium complexes have been directed due to their high stability and 

ability to get easily converted in a controlled synthetic procedure. 

A summary about synthesis of mono and binuclear ruthenium complexes 

with the different type of monodentate and bidentate ligands are explored. Catalytic 

activity of these complexes in various type of chemical reactions like hydrogenation, 

C-C coupling,[4] C-H activation,[5] dehydrogenation,[6] transfer hydrogenation,[7] and 

discussion of their reaction mechanism and selectivity are important features of 

coordination chemistry.[3] Ruthenium based organometallic complexes are mostly 

stable in lower oxidation states when connected with ligands like cyclopentadienyls, 

arenes, allyls, carbonyl, cyano and nitrile groups.[8] Because of this, the chemistry of 

conjugated polyhepto hydrocarbon coordinated ruthenium complexes are studied in 

the different area of research mainly in catalysis. Mostly mononuclear or binuclear 

ruthenium and osmium arene complexes are present in either zero or +2 oxidation 

state. ‘Half-sandwich’ complexes form by reaction of mononuclear ruthenium(II) 

with arene/cyclopentadienyl ligands. It is also called ‘piano-stool’ complex because 

of it resemble like piano-stool. Half-sandwich complexes shows a pseudo-octahedral 

geometry, as shown in Figure 1.1.[9] The three coordination sites are occupied by 
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polyhepto hydrocarbon (η6-arene or η5-Cp) ring. It is placed at the roof of the piano-

stool and the other three coordination sites are occupied with mono or bidentate 

ligands which resembles like legs of piano-stool. Half sandwich complexes are 

organometallic in nature and contain a metal bound unidentate, bidentate and 

tridentate ligands in one side and cyclic polyhapto ligand on another side of the metal 

center. Half sandwich ruthenium organometallic complexes resemble geometry like 

piano stool which is containing cyclic conjugated hydrocarbon as a roof of the table, 

and three other ligands show as legs of a stool. In this half sandwich piano stool 

complexes the metal center is surrounded by either three monodentate ligands or one 

mono and one bidentate other than the one conjugated cyclic polyhapto hydrocarbon 

ligands.[9,10]Among all the half sandwich complexes, ruthenium based 

arene/cyclopentadienyl half sandwich complexes are more explored. This is because 

of its high stability, easily synthesized and its multiple applications in diverse field of 

catalytic reactions. Chemical and biological activities of half-sandwich complexes 

are highly influenced by the nature of chelating ligands, leaving groups and 

conjugated cyclic polyhapto hydrocarbons.[9,11] The three coordination sites can be 

occupied by other ligands (monodentate/bidentate), while the cyclic polyhapto ligand 

are tightly bonded to metal center and protects it against oxidation from Ru(II) to 

Ru(III).[12]  

 

 

 

 

 

 

 

 

 

Figure 1.1. Piano stool structure of half sandwich arene-Ru(II) complex. 

Arene-ruthenium half-sandwich complexes are prepared by using arene-

ruthenium dimer as a precursor and a variety of mono (N, O, P) and bidentate (N/N, 

N/O, O/O, N/P etc.) ligands.[9,13,14] The η6-arene-Ru(II) and η5-Cp-Ru(II) moiety acts 

as a spectator ligand, and it stabilize the ‘Ruthenium’ in +2 oxidation state by 

preventing over oxidation of metal center (Figure 1.1). [9,13]   
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The important feature of polyhapto hydrocarbon (arene/cyclopentadienyl 

ring) ligands is its ability to enhance the catalytic activity by a suitable substitution 

on arene ring. Arene systems are hydrophilic in nature shown good water solubility. 

These characteristic features control the activity and selectivity of complexes for 

various catalytic applications. Arene ligand prefer ruthenium as a metal for formation 

of various half sandwich complexes because of its potential application like, mild 

reaction conditions, high yield, variable oxidation states, and high solubility in 

aqueous medium.  One of the most common example of arene-Ru(II) complexes, 

with a chelating bidentate ethylene diamine (en) ligand [(η6-C6H6)Ru(en)Cl]+, have 

shown amazing results in the field of pharmaceutical, biological and catalysis. In half 

sandwich arene-ruthenium(II) complexes selection of ligand (mono or bidentate) and 

leaving group also play significant role to control the activity and selectivity of the 

catalytic reaction. The structural characterization of the half sandwich arene-Ru(II) 

complexes is authenticated by single crystal X-ray diffraction, NMR (1H, 13C, 15N, 

31P etc.), mass spectrometry, infrared spectroscopy, and elemental analyses. 

Synthesis of dicationic, monocationic or neutral arene-Ru(II) complexes depends on 

the type of ligand used either monodentate or bidentate (homo/hetero) (Scheme 

1.1).[9a] 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1. Synthesis of arene-Ru(II) complexes based on various ligands. 

Reproduced from ref. 9a with permission from Royal Society of Chemistry.  
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1.2. Half sandwich transition metal complexes: Application in catalysis 

The term catalysis was first used by Berzelius in 1836 to recognize a new species 

which can enhance the rate of chemical reaction. The catalysts are the substances 

which speed up the rate of the reaction by reducing activation energy. It enhances the 

rate of reaction when added in the reaction, without being consumed or produced in 

the catalytic system. Catalyst left unchanged after the reaction which is reused in 

next step.[15] Therefore the importance of catalysis gives immensely in the chemical 

industry beginning with the twentieth century. 

Nowadays more than 95% of chemicals are produced via a process that 

contains at least one catalytic step. Having a significant contribution toward 

preparing cost-effective and environmentally benign which can fulfill the criteria of 

the green chemistry principle introduced by Anastas and Warner in 1998.[16] Catalyst 

has become the substance that is the gives shortcut to the lengthy reactions. In this 

same context half sandwich transition metal complexes have been used as a catalyst 

for various important organic transformation reactions. 

Half sandwich transition metal complexes are one of the most important 

classes of organometallic catalysts which are usually used as homogeneous catalysts. 

They are synthesized by using an organometallic metal precursor with suitable 

ligands system. Catalytic activity of the homogeneous catalysts based on half 

sandwich transition metal complexes depends on metal ligand bond strength, metal 

coordination number and its ability to show variable oxidation state. Substitutions in 

ligands present inside the coordination sphere of transition metal complexes also play 

an important role in its catalytic activity. Also, the catalytic activity and product 

selectivity controlled by the interaction of metal complexes with substrate and 

reagent (solvent) molecules. It provides a range of catalytic system for various 

organic transformation reactions. Various steps of the homogeneous catalysts to 

complete their catalytic cycle and form desired products like, coordination and 

dissociation of ligand from metal center followed by oxidative addition and reductive 

elimination of central metal atom and finally insertion and elimination of substrate 

and product respectively from metal center. 

1.3. Complexes based on nitrogen and oxygen donor ligands 

Most of the research in the last few years is based on the synthesis of complexes 

containing nitrogen, oxygen and phosphorous donor ligands because of its reactivity, 

structural properties, and catalytic activity. Phosphorous is a soft base while nitrogen 



5 
 

and oxygen is hard base. When organometallic complexes coordinated by a bidentate 

ligand, contains both soft and hard ligands they show hemilabile behavior, which is 

useful for the catalytic reaction. Nitrogen having σ-donor ability can stabilize metal 

in higher oxidation state while phosphorous (π-acceptor ability), stabilized to metal 

in the low oxidation state. Hence phosphorous induces the metal center more 

susceptible towards oxidative addition reactions. Hard donor ligand (N, O) is easily 

decoordinated from the metal center and therefore provide the vacant site for binding 

of reactant moiety during catalytic reactions.[17]  

1.3.1. Importance of amine based ligands 

• Amine-based ligands are very simple, cheap and extremely abundant in 

nature, and show tremendous activities. Amine-based ligands are very easy to 

dissociate or re-associate to transition metal during the catalytic reaction. 

They help to enhance catalytic activity and provide as a free coordination site 

for incoming reactant moiety. 

• Electronic and steric factors for amine based ligands with different electron 

withdrawing and electron donating group substitutions on amine nitrogen and 

also bulkier or smaller group may influence the activity and tune the 

selectivity considerably for catalytic reactions. 

• Nature of amine (aromatic or aliphatic) also paid greater influence towards 

the activity and selectivity of synthesized transition metal complexes. 

1.3.2. Advantages of tropolone/aminotropolone based ligands 

• Tropolone and aminotropolone based bidentate (O/O, O/N donor) complexes 

form strong five-membered strained chelating ring with the central metal due 

to its unique features likes keto-enol tautomerism. 

• Negative charge predominantly accumulated on nitrogen atoms of 

aminotropolone ligand and tropolone having hydroxy group (enolic) 

analogous to β-diketone favors the higher catalytic activity toward various 

organic reactions like C-H bond activation.  

• Tropolone or aminotropolones significantly contribute to the stability of these 

complexes because of its large seven member planar homoaromatic rings. 
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1.3.3. Importance of pyridylamine/pyridylimine based ligands 

• Synthesis and characterization of bidentate pyridylamine and pyridylimine 

based ligands are easy to prepare by simple condensation of aldehydes and 

corresponding amines. 

• For stabilization of ruthenium complexes in lower oxidation states bidentate 

N/N’ donor ligands are effective in comparison to O,O donor ligands. 

• Pyridylamine/pyridylimine ligands may also act as hemilabile ligand due to 

the reversible coordination behavior of pyridylamine/pyridylimine ligands (κ1 

(pyridyl only) – κ2 (both pyridyl and amino/imino)) with (η5-C5H5)-Ru(II) 

center.  

• Activity of pyridylamine/pyridylimine ligands changes by the increasing or 

decreasing of the bulkiness through substitution of electron rich or electron 

deficient group which stabilize or destabilize the activities of active reaction 

intermediates.  

1.4. Example of some important half sandwich ruthenium complexes in catalysis 

1.4.1. Shvo’s catalyst 

Precursors of Shvo’s catalyst [{2,3,4,5-Ph4((η
5-C4CO)}2H]Ru2(CO)4(μ-H), (1) 

discovered by Shvo in 1984.[18] Shvo’s catalyst is the well-known η5-Cp-Ru(II) 

based catalyst. It is used in transfer hydrogenation and it demonstrates that metal and 

ligands play an important role in the control of conversion and selectivity. Precursor 

of Shvo’s catalyst has been mainly used for the hydrogenation of a variety of ketones 

and aldehydes. It is used for transfer hydrogenation of ketones by using formic acid, 

alcohols, and sodium formate, as reducing agents. The conversion of levulinic acid 

(LA) to γ-valerolactone (GVL) was achieved selectively by using formic acid in the 

presence of [{2,3,4,5-Ph4((η
5-C4CO)}2H]Ru2(CO)4(μ-H).[18d] In precursor of Shvo’s 

catalyst each ruthenium is coordinated by one functionalized cyclopentadienyl, two 

carbonyl ligands and one hydride ligand bridged by two ruthenium atoms and also 

one another proton connected by two oxygen of the cyclopentadienyl ligands. This 

feature of Shvo’s catalyst provides high stability to catalyst in air and moisture even 

at a higher temperature. In the mechanistic study, transfer hydrogenation is reversible 

dissociation of Shvo’s catalyst precursors to active mononuclear species, [{1-

OH,2,3,4,5-Ph4(η
5-C5}Ru(CO)2H] (2) and [{2,3,4,5-Ph4(η

4-C4C=O}Ru(CO)2] (3) in 

which later one are 16e- species. Shvo's catalyst is the first report of a bifunctional 
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metal-ligand catalyst. Transfer hydrogenations of ketones are concerted hydride 

transfer, one from the metal to the carbonyl carbon and other one from proton of the 

hydroxycyclopentadienyl to the oxygen of carbonyl group (Scheme 1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2. Activation of Shvo’s catalyst into monomers and their mechanism of 

hydrogenation and dehydrogenation. Reproduced from ref. 18c with permission from 

American Chemical Society. 

1.5. Catalytic reactions based on Nitrogen and oxygen donor half sandwich 

arene-Ru(II) complexes 

1.5.1. Noyori catalyst 

An important half sandwich arene-ruthenium(II) complexes based on N/N donor 

ligands is known as Noyori catalysts. It is novel, highly active and efficient catalyst 

for enantioselective hydrogenation of ketones. Noyori develops a chiral ruthenium 

catalyst known as Noyori asymmetric hydrogenation catalyst and it is used for 

enantioselective hydrogenation of aldehydes, imines and ketones. Two catalysts 

diphosphane/diamine-Ru and BINAP/diamine-Ru (Figure 1.2), first one is used for 

the asymmetric hydrogenation of simple ketones and the other one is used for 

functionalized ketones. These catalysts are widely applicable in industrial processes. 

The product obtained from hydrogenations by Noyori catalysts are used for the 
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production of numerous drugs like carbapenem (antibiotic) levofloxacin 

(antibacterial) and antipsychotic agent.[19] 

 

 

 

 

 

 

 

 

Figure 1.2. Noyori and Noyori-Ikariya catalysts. Reproduced from ref. 19(a) with 

permission from Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.3. Mechanistic pathway for asymmetric hydrogenation of simple ketone 

Noyori catalysts. 
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The Diphosphane/diamine-Ru dihalide catalyst can hydrolyzed only simple cyclic 

ketones with the help of a base. In mechanistic pathway the activation of 

(diphosphane)2(diamine)2ruthenium complex by the addition of the H2 gas. After that 

step transfer of hydrogen from amine group of activated catalyst and metal-hydride 

to ketone through a transition state.[20] After this reformation of the ruthenium 

dihydride species with the help of base by reaction of hydrogen and ruthenium 

complex (Scheme 1.3) occurs. 

 

Scheme 1.4. Catalytic cycle for the transfer hydrogenation of aromatic ketones by an 

active form of the Noyori-Ikariya catalyst. Adapted from ref. 19(a) with permission 

from Royal Society of Chemistry. 

Noyori catalysts are one of the most strong and efficient catalysts for the 

synthesis of chiral (optically active) alcohol. This is the most efficient process of 

hydrogenation explored in the 1990s. Noyori and Noyori-Ikariya discovered a novel 

and efficient catalyst for enantioselective hydrogenation and transfer hydrogenation 

of aromatic ketones, trans-[RuCl2{(S)-binap}{(S,S)-dpen}] (4) and (S)-[(η6-

arene)RuCl{(R,R)-XCH(Ph)CH(Ph)NH2}] [X = NTs, O] (6) as shown in Scheme 

1.4, respectively. Noyori-Ikariya et al. explored the catalytic cycle of transfer 

hydrogenation of aromatic ketone in the presence of iPrOH/base catalyzed (S)-[(η6-

arene)RuCl{(R,R)-XCH(Ph)CH(Ph)NH2}] [X = NTs, O]. Formation of metal-
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hydride bond via transition state occures in which first transfer of hydrogen from 

isopropanol to ruthenium metal and in the next step reduction of ketone to alcohol by 

transfer of proton (hydride species) happens. After this one from metal and another 

from −NH in concerted manner (Scheme 1.4).  

Recently Gordon et al. explored the effect of N-H groups and alkylations on 

Noyori based catalyst on the rate of hydride transfer for transfer hydrogenation of 

ketones. They observed that analogue of Noyori catalyst (7) with N,N donor 

bidentate ligand hydrogenate acetophenone acts effectively within 5 min at room 

temperature and gives 100% yield. The rate of hydride transfer gradually decreases 

by alkylation on −N-H group but it was observed that the catalytic activity of this 

catalyst become zero when all hydrogen of nitrogen atoms are substituted by methyl 

groups (Scheme 1.5). To conclude the role of −N-H ligand has been given toward the 

formation of metal hydride (Ru-H) species, which help for concerted hydride transfer 

via outer sphere mechanism in the transfer hydrogenation reaction.[21] 

 

 

 

 

 

 

 

 

Scheme 1.5. Hydrogenation ketone catalyzed by Noyori catalysts. Reproduced from 

ref. 21(a) with permission from American Chemical Society. 

1.5.2. Half sandwich arene-Ru(II) catalyzed dehydrogenation of formic acid 

Recently various groups observed that formic acid is a good chemical source for 

hydrogen storage and carrier. Due to its favorable properties allowing it to stored, 

handled and transported easily with safety. In this context, Guan et al. explored the 

mechanistic study of dehydrogenation of formic acid catalyzed by half sandwich 

arene-Ru(II) complexes based on N,N’ diimine ligand. They proposed two types of 

reaction pathway for intermediate hydride transfer species in the catalytic 

reaction.[22] Different intermediate species from the aqueous solution of complex was 

observed under mass spectrometry (Scheme 1.6). They found that dissociation of 
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chloride from 8 to form 9 in the aqueous solution followed by deprotonation of 9 to 

form 10. In the presence of excess HCOO- in the solution, species 10 undergo 

deprotonation to form neutral species 11. But it is not observed in mass spectrum 

because of strong equilibrium between 10 and 11. Here equilibrium between 10 and 

11 are highly pH sensitive and hence the role of species 10 is maximum in the 

catalytic reactions. 

 

 

 

 

Scheme 1.6. Different intermediates of arene-ruthenium(II)-N,N-diimine complex. 

Reproduced from ref. 22 with permission from American Chemical Society. 

1.5.3. Arene-Ru(II) catalyzed ring hydrogenation of benzene 

Ring hydrogenation is comparatively difficult to catalyze by transition metal. Mostly 

ring hydrogenation is catalyzed by heterogeneously with various types of noble metal 

nanoparticles catalysts.[23,24] Selective hydrogenation of aromatic ring is one of the 

most important and useful catalytic reactions. It provides a convenient way to 

synthesize a variety of cyclic hydrocarbons which is industrially applicable in the 

field of feedstock of important chemicals, pharmaceuticals and materials.[25] 

Selective hydrogenation of aromatic ring over the different functional group is 

always difficult because of aromaticity. It requires higher energy to reduce ring 

double bond in comparison to a functional group like ketone, carboxylic, nitro, etc. 

Consequently, the development of an efficient methodology for the conversion of 

renewable lignocellulosic biomass to important value-added fine chemicals attracts 

recent attention. Particularly, selective hydrogenation of lignin-derived aromatic 

compounds have been gain more attention because it gives various industrially 

important alicyclic products.[23] Due to low reactivity of cyclohexane its 

functionalization is very challenging task. Nowadays synthesis and functionalization 

of cyclohexane and its derivative are obtained by selective hydrogenation of 

precursor aromatic compounds. They have gained attention from the scientific 

researchers including industrial and pharmaceuticals. Particularly synthesis of 
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cyclohexanecarboxylic acid by selective hydrogenation of benzoic acid has been 

given attention because cyclohexanecarboxylic acid is an important organic 

intermediate for the synthesis of some drugs like ansatrienin and praziquantel.[26]  

Remarkable work of Finke et al. established that catalytic reactions performed at 

higher temperature and pressure (110 °C and 60 atm H2) by using ruthenium based 

precursor complexes as a catalyst. They suggested that here active catalytic species 

are in situ generated Ru(0) nanoparticles, for the hydrogenation of benzene to 

cyclohexane (Scheme 1.7).[27] Some analogous classical example suggested by them 

are that under optimize reaction condition, in situ generation of active catalytic 

species of metal nanoparticles from homogeneous metal complexes give high 

catalytic activity towards ring hydrogenation of benzene.[28] 

 

 

 

 

 

 

 

Scheme 1.7. Benzene ring hydrogenation is catalyzed by the precatalys Ru(II)(η6-

C6Me6)(OAc)2. Reproduced from ref. 25b with permission from American Chemical 

Society. 

1.5.4. C-H Bond activation and functionalization catalyzed by arene-Ru(II) 

complexes  

Direct activation and functionalization of inert C-H bonds by using homogeneous 

catalysts have gained interest for several decades.[29b] Recently, ruthenium(II) 

complex based catalysts are extensively used because ruthenium complexes are non-

expensive, easy to prepare and stable in air and water. It gives high efficiency for 

coupling reactions from sp2 C-H bonds activation through alkenylation or arylation 

with (hetero)aryl halides.[29] Selectivity for monoarylation and diarylation is 

challenging when two unprotected ortho C-H hydrogen is present. In functional 

arenes, diarylation of ortho C-H bonds is perform with ruthenium(II) complex as 

catalysts, in that case, possibility for the formation of 5-membered ruthenacycle 
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intermediate is very high. In C-H bond activation reactions, Ru(II) complexes are 

most suitable under cyclometalation step (the important step for C-H bond 

activation) via cleavage of C-H bond than insertion of ruthenium metal in between 

C-H bond.[29a] A variety of organometallic ruthenium(II) complexes have been used 

for the C-H bond activation reaction. Ackermann et al. reported the C-H bond 

activation of (hetero)arenes are catalyzed by ligand-free ruthenium catalyst 

(RuCl3.xH2O).[30] However, arene-Ru(II) dimer complexes, ({(η6-arene)RuCl2}2) 

also shows enormous catalytic activity for  C-H activation reactions.[5] 

Dixneuf et al. reported arene sp2 C-H bond arylation reaction catalyzed by 

ruthenium(II) species, in water at 120 °C is a beneficial influence of KOPiv or KOAc 

for conversion. The ratio of monoarylated and diarylated product is useful.[46] They 

prepared several half-sandwich arene-Ru(II) complexes which employed for 

aromatic Csp
2-H bond activation or functionalization via C-C bond formation (cross-

coupling). In the first step deprotonation of ortho C-H bond in the presence of a mild 

base (carbonate) followed by formation of cyclometallated intermediate is the key 

step in the catalytic pathway of C-H bond activation. Jutand et al. explored the 

kinetic studies of the C-H bond arylation of 2-phenylpyridine catalyzed by 

Ru(OAc)2(η
6-C10H14) (Scheme 1.8). They conclude that the co-product, HOAc works 

as autocatalytic for monoarylation of 2-phenylpyridine and this reaction is 

suppressed in the presence of K2CO3 because of it quenches the HOAc co-product 

form in reaction.   

 

 

 

 

 

Scheme 1.8. Arylation of 2-phenylpyridine with aryl halide through C-H bond 

activation catalyzed by Ru(II) complexes. 

Mechanistic studies show that the interaction of ortho carbon of 2-

phenylpyridine with Ru(II) center is followed by intermolecular deprotonation with 

the help of decoordinated carboxylate species. In Scheme 1.9 two RuII key 

intermediate species A and B+, species A is formed by intermolecular deprotonation 
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of 2-phenylpyridine by AcO- ion present in the solution and species B+ formed by 

substitution of AcO- by solvent which is active for oxidative addition of aryl halide. 

Hence carboxylic acid play important role via accelerating the rate of acetate 

dissociation from Ru(OAc)2(C10H14) thus enhancing the formation of species B+ 

from species A (Scheme 1.9). 

 

 

Scheme 1.9. Autocatalysis for C-H bond activation of 2-phenylpyridine catalyzed by 

arene-Ru(II) complexes. Adapted from ref. 29h with permission from American 

Chemical Society. 

1.5.5. Half sandwich arene-Ru(II) catalyzed transfer hydrogenation of ketones  

Along with the Rh(I) and Ir(III) based complexes, (η6‐arene)-ruthenium(II) 

based half sandwich complexes have also gained great attention towards transfer 

hydrogenation of ketones because of their ability to form metal-hydrides, a key 

intermediate species for transfer hydrogenation of ketones.[31]  Most of the ligands 

explored for such arene-Ru(II) half sandwich complexes catalyzed transfer 

hydrogenation reactions are those containing N, O, S, C and P donor atoms.  
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Scheme 1.10. Catalytic transfer hydrogenation of acetophenone over half sandwich 

arene-Ru(II) complexes. Reproduced from ref. 31a. 

Rogolino et al. reported that arene-Ru(II) complexes containing nitrogen 

based amino-amide ligands have been effectively applied for the asymmetric transfer 

hydrogenation of ketones in the presence of KOH and isopropanol. These 

synthesized complexes were found to have application in a wide range of ketone to 

corresponding alcohol. In the mechanistic investigation of catalytic transfer 

hydrogenation reaction start with the formation of Ru-iso-propoxide complex (12), 

subsequent β-elimination gives active Ru-H species (13) is followed by coordination 

of substrate with ruthenium metal center (14). In the next step, the transfer of hydride 

from metal center to carbonyl group of substrate to form corresponding alcohol 

(Scheme 1.10). Activity and selectivity of these complexes is easily tuned by 

substitutions on amine and carbon of amino-amide group of ligands.  
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1.5.6. Aldehyde-water shift reaction catalyzed by arene-Ru(II) complexes 

Carboxylic acid is a one of the important classes of fundamental organic group 

because of its wide applications in the field of organic chemistry. They used as a 

precursor for synthesis of various organic functional groups like ester, amide etc. 

They also explore in synthesis of polyester (plastics) as one monomer units. 

Recently Goldberg et al. reported efficient and selective aldehyde-water shift 

reaction catalyzed by using half sandwich (η6-C10H14)-Ru(II) precatalysts, where 

water used as an oxidant to convert aldehydes in to carboxylic acids. This type of 

reaction is also known as “aldehyde-water shift” (AWS) reaction (Scheme 1.11).[32] 

Herein, they report a homogeneous catalyst which give both higher conversion and 

selectivity for AWS reaction. This is explored by a series of (η6-C10H14)-Ru(II) 

complexes (16, 17, 18 and 19) and shows its role to control the conversion and 

selectivity of product. However, the previously reported results suggest some of the 

mononuclear catalyst for AWS reactions to gives either low conversion high 

selectivity or high conversion low selectivity. Previously reported catalyst [(η6-

C10H14)Ru-(bpy)OH2][OTf]2, for AWS reaction gives higher selectivity (95%) but 

the conversion of reactant observed is very low (4%) even after a long time and at 

105 °C. Interestingly, theoretical calculation suggests a reaction pathway containing 

metal-hydride as key intermediate for proposed reaction. Most importantly, basicity 

of metal-hydride bond decides the reactions are aldehyde water shift or 

disproportionation. For that they explored a series of (η6-C10H14)-Ru(II) diamine 

complexes (Ru(TsDPEN), Ru(PDA), Ru(TsPDA) and Ru(TMEDA)) for AWS 

reaction. AWS reaction catalyzed by Ru(TsDPEN) and Ru(PDA) are always 

homogeneous in nature during catalytic reaction and give good conversion/selectivity 

while in the case of Ru(TsPDA) conversion was drastically decreases due 

insolubility of complexes in reaction mexure. AWS reaction also given by precursor 

complex ([(η6-C10H14)RuCl2]2) and give a similar type of result (72% cov./86% sel.) 

but after a reaction formation of a dark heterogeneous substance. Ru(TMEDA) also 

gives a simillar type of results. It indicates that TMEDA decoordinate during 

catalytic reaction. They conclude that the most active catalyst for AWS reaction are 

Ru(PDA) because strong basicity of the metal-hydride.  
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Scheme 1.11. Aldehyde-water shift (AWS) reaction catalyzed by Arene-Ru(II) 

complexes. Reproduced from ref. 32 with permission from American Chemical 

Society. 

1.5.7. Arene-Ru(II) catalyzed conversion of aldehyde to amide 

Amide is one of the most important functional group in the field of polymers, natural 

products and pharmaceuticals. Aldehydes are very important and promising starting 

materials for synthesis of amide. This is because of its non-toxic nature and easy 

availability. Moreover, reaction pathway is follows by well known Beckmann-type 

rearrangement in which transition metal complexes have been catalyzed by one-pot 

coupling reaction of aldehydes and hydroxylamine for synthesis of primary amides 

(Scheme 1.12). Herein, the first step in situ generation of aldoxime intermediate via 

Beckmann rearrangement after that dehydration of nitrile and followed by −C≡N 

bond hydration to form corresponding amide. Most importantly very few report for 

half sandwich arene-ruthenium(II) catalyzed conversion of aldehyde to amide via 

aldoxime intermediate in aqueous aerobic condition. Cadierno et al. reports a half 

sandwich arene-ruthenium(II) complex [(η6-C6Me6)RuCl2{P(NMe2)3}] which gives 

high yields of amides, from aldehyde through aldoxime rearrangement in aqueous 

condition but its requirement is higher reaction temperature(100 °C) and inert 

atmosphere. However, Singh et al. explored a catalytic activity of half sandwich 

arene-ruthenium(II) complexes based on nitrogen donor ligands [(η6-

arene)RuCl2(C6H5NH2)] (η6-arene = C6H6, C10H14) for synthesis of amide from 

aldehyde via aldoxime intermediate in aqueous aerobic condition in higher 

selectivity and yield (Scheme 1.12).[33]  
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Scheme 1.12. Half sandwich arene-ruthenium(II) complexes catalyzed the 

conversion of aldehyde to amide via aldoxime intermediate. Reproduces from ref. 

33b with permission from Royal Society of Chemistry. 

1.5.8. Arene-Ru(II) catalyzed dehydrogenation of primary amines to form 

nitriles 

Production of hydrogen is an important and promising area of research because of its 

use as a substituted energy source. Generation of hydrogen is well explored but main 

aim is to generation in large extent. For use of hydrogen as alternate energy source, 

require an efficient system for hydrogen storage and transportation. Recently Mata et 

al. develop a N-heterocyclic carbene (NHC) based catalytic system ([(η6-C10H14)-

Ru(NHC)Cl2]) for potential application of the amine/nitrile pair in the liquid organic 

hydrogen carrier (LOHC). Here [(η6-C10H14)-Ru(NHC)Cl2] is active and efficient 

catalyst for conversion of primary amine to nitrile with generation of two mole of 

hydrogen gas (Scheme 1.13). [34]  
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Scheme 1.13. Catalytic dehydrogenation of benzyl amine to benzonitrile. 

 

 

 

 

 

 

 

 

 

 

Scheme 1.14. Proposed reaction pathway for the dehydrogenation of primary 

amines catalyzed by [(η6-C10H14)Ru(NHC)Cl2] complexes. Adapted from ref. 34 with 

permission from Willey Online Library. 

In mechanistic investigation activation of catalyst is temperature dependent, 

in first step catalyst activated by substitution of chloride by amine in catalyst ([(η6-

C10H14)-Ru(NHC)Cl2]) (20) to form 21. Complex 21 is equilibrium with complex I 

promoted by second molecule of amine. Species II (ruthenium hydride-imine) 

formed by β elimination of complex I. Formation of imine byproduct by the attack of 
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second molecule of amine on species II. An important step of these catalytic cycles 

is the release of two hydrogen molecule. They proposed that the releases of two 

hydrogen molecules, one from ruthenium hydride species (II) and one from 

coordinated imine ligands of species IV and most probably it release as dihydrogen 

species. (Scheme 1.14.) 

1.6. Catalytic reactions based on half sandwich cyclopentadienyl-ruthenium(II) 

complexes  

Cyclopentadienyl group is one of the important and most ubiquitous ligands in the 

field of organometallic chemistry. Development of cyclopentadienyl-Ru(II) (η5-

C5H5)-Ru(II)) complexes has paid remarkable interest.[9] Cyclopentadienyl 

containing ruthenium complexes have been the interesting topic for many research 

groups in past five decades because of its potential application as a starting material. 

A wide range of catalytic reactions of the cyclopentadienyl ruthenium complexes like 

hydrogen transfer, hydrosilylation, asymmetric synthesis, small molecule activation, 

ring closing metathesis biological application, etc is reported due to its stability, 

chemical reactivity and structural properties.[9b] One of the most important (η5-

C5H5)-Ru(II) based catalyst for transfer hydrogenation is Shvo’s catalyst, which 

established the participation of metal and the ligand to control the reactivity and 

selectivity.[18] 

Synthesis and characterization of cyclopentadienyle based half sandwich 

complexes with various monodentate and bidentate (homo/hetero) ligands also show 

a broad area of research. It also has great potential to be used for a homogeneous 

catalysis in various transformation reactions. Cyclopentadienyl-Ru(II) complexes 

shows higher stability toward acid and water even at higher temperature and pressure 

in comparison to the arene-ruthenium(II) based half sandwich complexes because of 

bonding between ruthenium metal center and anionic cyclopentadienyl ligand. 

Bonding between metal center and anionic cyclopentadienyl ligand is stronger than 

the bonding between metal center and neutral η6-arene ligand. Synthesis of 

dicationic, monocationic or neutral cyclopentadienyl-ruthenium(II) complexes is 

depends on the type of ligand used bidentate (homo or hetero) or monodentate 

(Scheme 1.15). 
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Scheme 1.15. Synthesis of (η5-C5H5)-Ru(II) complexes based on various 

mono/bidentate ligands.  

1.6.1. Cyclopentadienyl-Ru(II) catalyzed transfer hydrogenations reaction  

Recently Nikonov et al. proposed a mechanistic pathway for transfer hydrogenation 

reaction catalyzed by half sandwich cyclopentadienyl-Ru(II) complexes in the 

presence of ammonium formate. The pre-catalysts 22 were first converts into 23 and 

24. After that formation of hypothetical 16e- κ1-formate complex Cp(iPr3P)Ru(κ1-

O2CH) (25) by heating followed by the elimination of CO2 via the β-hydrogen shift 

to give the metal hydride species (26). The species 26 coordinates with the substrate 

to form an intermediate species Cp(iPr3P)RuH(η2-O=CMePh) (27). Species 27 gives 

the corresponding alcohol as a product after the migration of hydride from metal 

center to substrate and metathesis with ammonium formate. Finally regenerates the 

catalyst (25) for next catalytic cycle (Scheme 1.16). Nikonov et al. conclude that the 

complex 23 and 24 are active catalyst for transfer hydrogenation reaction. [35]  
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Scheme 1.16. Proposed mechanism of cyclopentadienyl-Ru(II) catalyzed transfer 

hydrogenation. Reproduced from ref. 35a with permission from Willey Online 

Library. 

1.6.2. C-H bond activation catalyzed by half sandwich (η5-C5H5)-Ru(II) 

complexes  

A new synthetic route of selective incretion of a new functional group via C-H bond 

activation (new C-C bond formation) has been found to be an efficient methodology 

for various organic syntheses including researcher and industries. It is most 

important and applicable for synthesis of target-oriented organic compounds. 

Sames et al. explored selective C-H bond functionalization over a 

cyclopentadienyl-Ru(II) complexes.[36] They selected 2-phenylimidazole as core 

moiety for selective arylation via C-H functionalization. C-4 arylation of 2-

phenylimidazole was achieved by using iodoarenes as the aryl donors. It is catalyzed 

by Pd/PPh3 (palladium catalyst) and magnesium oxide as the base. Switching of 

arylation from C-4 to C-2’ position was achieved by using a ruthenium complex as a 

catalyst [(η5-C5H5)-Ru(Ph3P)2Cl] and Cs2CO3 as a base. They found that [(η5-C5H5)-

Ru(Ph3P)2Cl] is a most efficient catalytic for selective C-2’ arylation of 2-
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phenylimidazole in a good yield of monoarylated products (84%), the scope of [(η5-

C5H5)-Ru(Ph3P)2Cl] catalyzed C-2’ arylation was explored by the substitution on 

aryl halide. Yield depends on nature of substituent (electron-withdrawing and 

electron-donating) presents on arylhalide (Scheme 1.17).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.17. Selective 2’-Arylation of 2-Phenylimidazole catalyzed by (η5-C5H5)-

Ru(II) complexes. 

1.6.3. Half-Sandwich cyclopentadienyl-ruthenium(II) catalyzed C-C Coupling 

reactions between alkenes and diazo compounds 

In past few decades, researchers have given more attention towards C-C coupling 

reaction due to their wide application in synthesis of various heteroarene, natural 

products and pharmaceuticals. In this context, Rigo et al. demonstrates the catalytic 

application of [(η5-C5H5)Ru(PPh3)2Cl] (30) for cyclopropanation reaction of styrene 

and other alkenes in the presence of ethyl diazoacetate (EDA) with high cis 

selectivity. Half-sandwich ruthenium complexes have been proved as an promising 

candidate for catalytic cyclopropanation of styrene with ethyl diazoacetate in the 

absence of solvent molecule (Scheme 1.18).[37]Catalytic activity of [(η5-

C5H5)Ru(PPh3)2Cl] kind of ruthenium complexes depends on relative strength for 

phosphine dissociation. Further, the attack of EDA on 16e- species (31) to form the 

ruthenium carbene complex (32) is followed by nucleophilic attack of styrene on 

carbene complex. Rigo and co-workers conclude that catalytic pathway for cis 

selectivity has gone through carbene intermediate [(η5-C5H5)Ru(=CHCO2-

Et)(PR3)Cl] .  
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Scheme 1.18. Half-Sandwich cyclopentadienyl-ruthenium(II) catalyzed 

cyclopropanation of styrene with ethyl diazoacetate. Reproduced from ref. 37. 

1.6.4. Cp* Iridium(III) half-sandwich complexes catalyzed hydrolytic ring 

opening of 5-HMF to diketones  

5-Hydroxymethylfurfural (5-HMF) is a flexible platform feedstock, which comes 

after selective dehydration of fructose and from isomerization/dehydration of 

glucose. It is one of the 5-HMF and regarded as one of the potential building blocks 

for production of value added chemicals and fuels. It is a starting material for various 

important chemicals such as levulinic acid (LA), 1-hydroxyhexane-2,5-dione (1-

HHD), 2,5-bis(hydroxymethyl)furan, alcohols, 2,5-dimethylfuran and so on, which 

obtained after hydrogenation and/or hydrolysis of 5-HMF. These synthesized 

chemicals have been further used as precursor for various industrial applications like, 

fuel additives, polymers, preparation of dyes, and pharmaceutical applications. 

Mostly, diketones and its derivatives are used to synthesis of a wide range of 

valuable chemicals like, amines, pyrrolidine, alcohols, and cycloketones. 

Recently, Zhang et al. reported the catalytic ring opening of 5-HMF to 

bioketone, which catalyzed by Cp*-Iridium(III) halh sandwich complexes.[38] It is a 

new methodology for synthesis of ketones via one-step catalytic reaction of 
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bioderived 5-hydroxymethylfurfural and its derivatives. Bipyridine based Cp*-

Iridium(III) complexes exhibit higher catalytic activity for hydrogenation/hydrolytic 

ring opening of 5-HMF and derivatives to diketones. The mechanistic investigation 

of catalytic reaction gives the first carbonyl group to get reduced to hydroxyl group. 

This assist and enhance the hydrolytic ring opening, followed by hydrogenation of 

α,β-unsaturated carbonyl species to give final product (Scheme 1.19). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.19. Catalytic ring opening 5-HMF to bio-diketones. Adapted from ref. 38 

with permission from American Chemical Society 

1.7. Mechanistic aspects of the catalytic reactions 

One of the most important characteristics of homogeneous catalysts is their easy 

study and understanding of catalytic reaction mechanism, which provides the exact 
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information about catalytic reaction pathway. It is a powerful tool to interpret the 

reaction pathway for particular catalytic reaction. It helps to find limitations of a 

particular type of reaction and also help to overcome for those limitations. 

Mechanistic investigations provide better understanding of the catalytic pathway to 

overcome the limitations like the efficiency of the catalyst, thus increasing the 

catalytic activity and selectivity of the reaction. In literature, various reports shows 

that the studies focus on reaction pathway with the help of various instrumental 

techniques.[39] To understand the exact reaction pathway, various experimental 

techniques, NMR[29h] (1H, 13C, 31P etc.), GC-MS[38a] and mass[40]  spectrometric 

analysis are the most widely used for characterization of in situ generated 

catalytically active intermediates species. FT-IR and UV spectroscopic studies also 

found the interactions between catalyst and substrate by showing difference in 

absorption band of metal coordinated species in comparison to starting substrate. 

One of the most important tools to trap and isolate the intermediate species is 

crystallization by slow evaporation of solvent, rapid cooling, diffusion of different 

solvents, layering of immiscible solvents etc. This species further characterized by 

single crystal X-ray diffraction studies. Isotopic labeling technique is also one of the 

important tools to provide extensive information about the product formation and 

catalytic pathway by the exchange of isotope.[38b]  DFT study as a modern technique 

for mechanistic investigation, also gives fate of different active intermediate species. 

It also gives information about the stability of different intermediate species by 

different calculations related to energy for intermediate species. To study the rate of 

reaction and effect of reaction conditions on the rate of chemical reaction performed 

a kinetic study for catalytic reaction. Kinetic study[41] gives information about the 

rate determining step and transition state of reaction. 

1.8. Objectives of my thesis 

The designing, synthesis and characterization of highly efficient half sandwich 

transition-metal complexes and its catalytic activity in the area of homogeneous 

catalysis for synthesis of highly demanded and valuable organic compounds which 

have industrial importance. To fulfill the fundamental requirement of industries, half 

sandwich ruthenium complexes are found to be most suitable contestant among other 

transition metals complexes by virtue of their versatile activity and unique 
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functionalities. Thus, inspired by the versatile activities of ruthenium based metal 

complexes, this thesis is targeted to achieve following goals. 

• To synthesized a highly efficient, environmentally benign, and robust 

catalytic system based on substituted ethylenediamine donor arene-

ruthenium(II) complexes, for the ruthenium and formic acid based tandem 

catalytic transformation of bioderived furans to levulinic acid and diketones 

in aqueous aerobic conditions. 

•  To study the catalytic activity of ethylenediamine ligand based half-

sandwich arene-ruthenium(II) complexes, for the ring hydrogenation of 

arenes in water over in situ generated ruthenium nanoparticles immobilized 

on carbon. 

• To design and develop the troponate/aminotroponate based half sandwich 

arene- ruthenium(II) complexes and study their ligand-tuned mechanistic 

pathway for direct C-H bond arylation with aryl chlorides in water. 

• To design and synthesized a series of cyclopentadienyl-ruthenium(II)-

pyridylamine complexes and their application in catalytic transformation of 

bio-derived furans to levulinic acid and diketones in water. 

1.9. Strategy adopted during the study 

• Design and development of metal complex with suitable ligand 

• Characterization of synthesized complexes by various instrumental 

techniques (NMR, MS, Single crystal-XRD, FT-IR, UV-Vis spectroscopy, 

elemental analyses, Thermogravimetrical analysis) 

• Optimization of reaction condition: 

• Effect of reaction temperature and time 

• Effect of solvent 

• Catalysts screening and loading 

• Effect of reaction atmosphere  

• Effect of additives 

• Scope of the reaction: 

a. Study a variety of substrate 

• Isolation and purification of products: 

a. Isolation and purification by column chromatography  
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• Applicability of products/catalyst: 

a. Extensive literature study for the plausible application of synthesized 

products in various field like industries, pharmaceuticals etc.  

b. Applicability of synthesized complexes for the gram scale synthesis 

for industrially important reactions. 

• Mechanistic study by: 

a. Isolation and crystallization of key intermediates species 

characterization by Mass, NMR and single-crystal X-ray diffraction 

studies 

b. To understand the reaction pathway with the help of UV-Vis, GC-MS 

and FT-IR spectroscopic analysis 

c. DFT study for different intermediate species 

1.10. Organization of thesis 

In chapter 1, significant literature reports for history and background of half 

sandwich transition metal complexes, their synthesis and catalytic applications in 

various organic transformation reactions with mechanistic investigations have been 

presented.  

In chapter 2, design, synthesis and characterization of ethylenediamine based 

half-sandwich ruthenium complexes and study of ruthenium, formic acid based 

tandem catalytic transformation of bioderived furans to levulinic acid and diketones 

in water. 

In chapter 3, study the catalytic ring hydrogenation of arenes in water over in 

situ generated ruthenium nanoparticles immobilized on carbon. 

In chapter 4, troponate-/aminotroponate ruthenium-arene complexes: 

synthesis, structure and ligand tuned mechanistic pathway for direct C-H bond 

arylation with arylchlorides in water. 

In chapter 5, cyclopentadienyl-Ru(II)-pyridylamine/pyridylimine complexes 

for the transformation of furans to its ring open products. 

In chapter 6, conclusion and future scope of the present thesis work has been 

described with the findings and limitations. 
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Chapter 2 

Ruthenium and formic acid based tandem catalytic 

transformation of bioderived furans to levulinic acid and 

diketones in water  

 

2.1. Introduction 

Development of new methodologies for biomass transformation is gaining extensive 

attention. As biomass, a viable resource of carbon and extensively dispersed in 

nature, has shown its potential for the production of carbon-based energy sources and 

several valuable platform chemicals, it can probably replace or provide an alternative 

to the currently used fossil fuel and fine chemicals.[1] Since direct usage of biomass 

is not sustainable to date, the transformation of carbohydrates (monosaccharide or 

disaccharide)[2-4] or bioderived furans (such as 5-hydroxymethylfurfural (5-HMF) or 

furfural)[5] to fuel components or chemicals has been extensively studied in recent 

years, as these are regarded as key components of biomass. In particular, the furans 

(5-HMF or furfural) has received considerable attention for its transformation to 

several valuable chemicals and biofuel, possibly due to the inherent structural 

patterns available in these furans.[5-7] Several chemical processes such as 

hydrogenation and/or hydrolysis reaction directed transformation of furans to 

important chemicals such as levulinic acid (LA), succinic acid, diketones, furfuryl 

alcohol, 2,5-dimethyl furan, 2,5-bis(hydroxymethyl)furan, pentane-2,5-diol and 

others,[5,6] whereas furan carboxylic acids can be obtained by selective oxidation of 

formyl groups of furfural and its derivatives.[7] Complete hydrogenation and 

hydrolytic ring opening of furans and its aldol adduct with extended carbon chain, 

obtained by aldol condensation of furfural or its derivatives with acetone, may 

produce C5-C9 alkanes for direct application as a fuel.[8] Moreover, one of the   

diketone product, 3-hydroxyhexane-2,5-dione (3-HHD), also known as Henze’s 

ketol, obtained during the catalytic transformation of 5-MF, is known for its 

significant biologicaly activity and was also identified in plant extract.[9] Ketoacids 

and diketones obtained from the catalytic transformation of furans has been 

extensively used as platform chemicals for the production of several important fine 

chemicals (e.g. esters, alcohols, lactones, amines and cycloketones) or biofuel 
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components as blenders for gasoline.[10] Particularly, ketoacid (LA) has been 

identified by US-DOE as one of the important target chemicals in their biomass 

program.[11] Some of the key features such as the presence of carbonyl group, 

carboxylic group and α-H present in LA, resulted in its usage as an important key 

starting material in several important reactions for the industrial applications 

(Scheme 2.1).[12] Some of the very important end products obtained from LA are 

calcium levulinate (a new supplement for calcium), 5-aminolevulinic acid 

(photodynamic therapy (PDT) of tumor like human meningioma, and a 

biodegradable herbicide), γ-valerolactone (GVL) and 2-methyltetrahydrofuran (as 

fuel blender), and so on.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Selected applications of levulinic acid. 

 Several new and diverse catalytic processes for selective transformation of 

furan derivatives into open ring components are being explored, particularly, using 

heterogeneous catalysts.[5-7,13-15] For instance, Au nanoparticles were reported for 

direct conversion of 5-HMF to corresponding diketones by hydrogenation/hydrolytic 

ring opening in the presence of H3PO4.[14] In the same direction, Pd/C catalyst is 

also reported for similar transformations of 5-HMF/furfural to diketones and 

ketoacids by using CO2/H2O (120 °C) or Amberlyst 70 (170 °C).[15] However, 

homogenous catalysts for this class of reactions are seldom reported. Zhang et al. 

reported Cp*-iridium complexes catalyzed conversion of furans to ketones, under 20 

bar of H2 gas at 110 °C, where reaction proceeded with catalytic hydrogenation of 5-

HMF followed by ring opening reaction facilitated by in situ generated acid.[16] 
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Recently, we also explored the catalytic efficacy of 8-aminoquinoline coordinated 

arene-ruthenium(II) catalyst for the transformation of furans to LA and diketones.[17]  

 Arene-Ru(II) complexes, such as ethylenediamine based ruthenium 

complexes or Shvo’s catalyst, represent a well established class of active catalysts for 

efficient hydrogenation of carbonyl groups in ketones, aldehydes, esters, C-N double 

bond in imines, or C-C double bonds in styrene or furfuryl alcohol.[18] The excellent 

synergistic cooperation of metal to ligand in these complexes, such as the availability 

of N-H bonds to facilitate transfer hydrogenation reactions, accounts the high 

catalytic performances of complexes for hydrogenation reactions by using H2 or 

other alternative H-donor e.g. formic acid.[18,19] These insights encouraged us to 

employ the arene-Ru(II) complexes containing simple ethylenediamine based ligands 

for the highly efficient transformation of bioderived furans to open ring components. 

Moreover, using formic acid not only satisfies the requirement of an H-donor but 

also also provides plenty of H+ ions. However, it is worth mentioning here that using 

excess of acid may lead to humin formation from furan derivatives.[20] Furthermore, 

the high aqueous solubility and stability displayed by most of the arene-Ru(II) 

complexes may offer easy recovery and reuse of the catalyst. Although, literature 

reports highlight the competence of several ruthenium complexes for hydrogenation 

of furfural and 5-hydroxymethylfurfural (5-HMF) to corresponding alcohols 

(furfuryl alcohol and 2,5-bis(hydroxymethyl)furan),[21] but employing arene-Ru(II) 

complexes with formic acid for tandem catalytic transformation of furans is rarely 

explored.[17] Therefore, to enrich and enhance the understanding about the ruthenium 

catalyst based catalytic transformation of furans, development of new highly active 

and water-soluble catalytic systems are highly required. 

 In our continuous efforts in this direction, we report here the use of highly 

water soluble arene-Ru(II) complexes containing simple ethylenediamine based 

ligands for the tandem catalytic transformation of bioderived furans to open ring 

components (ketoacids and diketones), in water under moderate reaction conditions. 

A structure-activity relationship in terms of N-H bond availability was also explored. 

An important reaction intermediate, furfuryl alcohol, was identified by 1H NMR 

which provided more insights on the mechanism of the catalytic transformation of 

furfural to LA, and also the role of ruthenium catalyst and the formic acid. Moreover, 

the biomass feedstock of furans, fructose, was also catalytically transformed to 

diketones with limited conversion. Herein, we also reported the X-ray structural 
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characterization of the representative arene-Ru(II) complexes employed for the 

catalytic reactions. 

2.2. Results and Discussion 

2.2.1. Syntheses and characterization of arene-Ru(II) catalysts. Cationic 

monometallic arene-Ru(II) complexes ([Ru]-1 − [Ru]-8) containing ethylenediamine 

ligand or its derivatives (Scheme 2.2) were synthesized by treating the dichloro 

bridged arene-Ru(II) dimer with an appropriate bidentate ethylenediamine based 

ligand in methanol at room temperature.[22] Identities of the synthesized complexes 

were established by NMR, elemental analysis and ESI mass, and the results were 

corroborated well with the proposed formula of the complexes as [(6-

arene)RuCl(2-L)]+ (where 6-arene = C6H6 and C10H14, and L = H2NCH2CH2NH2 

(en), H2NCH2CH2NH(CH3) (Me1en), H2NCH2CH2N(CH3)2 (Me2en) and 

(CH3)HNCH2CH2N(CH3)2 (Me3en).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2. Schematic representation of arene-Ru(II) catalysts [Ru]-1 – [Ru]-8.  

 Suitable crystals of arene-Ru(II) complexes ([Ru]-2, [Ru]-6, [Ru]-7 and 

[Ru]-8), grown by slow evaporation of the solution of the respective complexes in 

methanol/dichloromethane mixture, were subjected to single-crystal X-ray 

diffraction analysis to confirm the structure as [(η6-C6H6)RuCl(Me1en)]PF6 ([Ru]-2), 

[(η6-C10H14)RuCl(Me1en)]PF6 ([Ru]-6), [(η6-C10H14)RuCl(Me2en)]PF6 ([Ru]-7) and 
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[(η6-C10H14)RuCl(Me3en)]PF6 ([Ru]-8), respectively (Figure 2.1-2.4 and Tables 2.1-

2.2). 

 

 

 

 

 

 

 

Figure 2.1. Single crystal X-ray structure of complex [Ru]-2 with 35% probability of 

thermal ellipsoids. Anionic counterpart (PF6) and hydrogen atoms (except at 

nitrogen) are omitted for the sake of clarity. Selected bond length (Å): Ru1-Cavg = 

2.141, Ru1-Cct = 1.658, Ru1-Cl1 = 2.406(3), Ru1-N1 = 2.113(8), Ru1-N2 = 

2.153(8), N1-C1 = 1.444(17), N2-C2 = 1.439(16), bond angles (º): N1-Ru1-N2 = 

79.8(4), N1-Ru1-Cl1 = 84.2(3), N2-Ru1-Cl1 = 83.6(3) and torsion angle (º): N1-C1-

C2-N2 = -45.3(2). 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Single crystal X-ray structure of complex [Ru]-6 with 35% probability of 

thermal ellipsoids. Anionic counterpart (PF6) and hydrogen atoms (except at 

nitrogen) are omitted for the sake of clarity. Selected bond length (Å): Ru1-Cavg = 

2.186, Ru1-Cct = 1.664, Ru1-Cl1 = 2.406(3), Ru1-N1 = 2.178(9), Ru1-N2 = 

2.126(10), N1-C1 = 1.395(17), N2-C2 = 1.469(2), bond angles (º): N1-Ru1-N2 = 

78.3(4), N1-Ru1-Cl1 = 85.4(3), N2-Ru1-Cl1 = 88.0(3) and torsion angle (º): N1-C1-

C2-N2 = -56.0(1). 
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Figure 2.3. Single crystal X-ray structure of complex [Ru]-7 with 35% probability of 

thermal ellipsoids. Anionic counterpart (PF6) and hydrogen atoms (except at 

nitrogen) are omitted for the sake of clarity. Selected bond length (Å): Ru1-Cavg = 

2.187, Ru1-Cct = 1.673, Ru1-Cl1 = 2.401(9), Ru1-N1 = 2.132(3), Ru1-N2 = 

2.198(3), N1-C1 = 1.465(5), N2-C2 = 1.491(5), bond angles (º): N1-Ru1-N2 = 

79.18(11), N1-Ru1-Cl1 = 83.88(9), N2-Ru1-Cl1 = 88.10(9) and torsion angle (º): 

N1-C1-C2-N2 = 56.4(4). 

 

 

 

 

 

 

 

 

 

Figure 2.4. Single crystal X-ray structure of complex [Ru]-8 with 35% probability of 

thermal ellipsoids. Anionic counterpart (PF6) and hydrogen atoms (except at 

nitrogen) are omitted for the sake of clarity. Selected bond length (Å): Ru1-Cavg = 

2.204, Ru1-Cct = 1.694, Ru1-Cl1 = 2.423(8), Ru1-N1 = 2.154(3), Ru1-N2 = 

2.197(3), N1-C1 = 1.489(5), N2-C2 = 1.496(4), bond angles (º): N1-Ru1-N2 = 

79.81(12), N1-Ru1-Cl1 = 82.41(8), N2-Ru1-Cl1 = 85.59(8) and torsion angle (º): 

N1-C1-C2-N2 = 56.9(4). 

 



45 
 

Table 2.1. Crystal data and structure refinement details for complexes [Ru]-2, [Ru]-

6, [Ru]-7 and [Ru]-8 

 [Ru]-2 [Ru]-6 [Ru]-7 [Ru]-8 

empirical 

formula 

C9H16ClF6N2P

Ru 

C13H19ClF6N2P

Ru 

C14H26ClF6N2P

Ru 

C15H28ClF6N2P

Ru 

fw 433.73 484.79 503.86 517.88 

T (K)  150(2)  150(2) 150(2)  150(2)  

λ (Å) 1.5418 0.71073 1.5418 1.5418 

cryst system  Monoclinic     Triclinic       Monoclinic Monoclinic 

space group P 21/n P -1 P 21/n P 21/c 

cryst size, 

mm 

0.26 x 0.21 x 

0.18 

0.23 x 0.19 x 

0.14 

0.23 x 0.18 x 

0.14 

0.33 x 0.28 x 

0.23 

a, Å 8.851(3) 8.6884(3) 12.6627(2) 8.6754(2) 

b, Å 15.444(6) 10.3152(6) 14.3424(2) 23.4767(3) 

c, Å 11.304(6) 12.0165(5) 11.3038(2) 11.0493(2) 

α, deg 90 107.066(4) 90 90 

β, deg 103.97(5) 95.581(3) 107.307(2) 110.119(2) 

γ, deg 90 107.616(4) 90 90 

V, Å3 1499.5(12) 960.57(8) 1959.98(5) 2113.09(7) 

Z  4 2 4 4 

calcd, g cm-3 1.921 1.676 1.708 1.628 

μ, mm-1 11.677 1.091 9.027 8.390 

F(000) 856 482 1016 1048 

  range, deg    4.94 − 71.90 3.12 − 26.39 5.13 − 71.31 3.77 − 71.44 

completeness 

to max 

97.4 % 99.8 % 98.2 % 98.8 % 

no. of data 

collected/uniq

ue data 

7881 / 2861 

[R(int) = 

0.0687] 

7533/ 3930 

[R(int) = 

0.0362] 

11585 / 3752 

[R(int) = 

0.0250] 

13705 / 4063 

[R(int) = 

0.0229] 

params/restrai

nts 

183/0 222/0 231/0 241/0 

goodness of 

fit on F2 

1.035 1.198 1.027 1.082 
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final R 

indices [I > 

2(I)]      

R1 = 0.0828  

wR2 = 0.2158 

R1 = 0.0956  

wR2 = 0.2684 

R1 = 0.0389  

wR2 = 0.1053 

R1 = 0.0357  

wR2 = 0.0932 

R indices (all 

data)      

R1 = 0.0893 

wR2 = 0.2249 

R1 = 0.1152  

wR2 = 0.2934 

R1 = 0.0407  

wR2 = 0.1076 

R1 = 0.0366  

wR2 = 0.0939 

 

Table 2.2. Selected bond lengths and bond angles for complexes [Ru]-2, [Ru]-6, 

[Ru]-7 and [Ru]-8 

 [Ru]-2 [Ru]-6 [Ru]-7 [Ru]-8 

Bond  lengths (Å) 

Ru1-N1 2.113(8) 2.178(9) 2.132(3) 2.154(3) 

Ru1-N2 2.153(8) 2.126(10) 2.198(3) 2.197(3) 

Ru1-Ct 1.658 1.664 1.673 1.694 

Ru1-Cavg. 2.141 2.186 2.187 2.204 

Ru1-Cl1 2.406(3) 2.406(3) 2.401(9) 2.423(8) 

N1-C1 1.444(17) 1.395(17) 1.465(5) 1.489(5) 

N2-C2 1.439(16) 1.469(2) 1.491(5) 1.496(4) 

C1-C2 1.53(2) 1.63(2) 1.489(5) 1.487(6) 

N2-C3 1.431(15) 1.42(2) 1.493(5) 1.478(5) 

N2-C4   1.488(5) 1.485(5) 

N1-C5    1.464(5) 

Bond angles (°) 

N1-Ru1-N2 79.8(4) 78.3(4) 79.18(11) 79.81(12) 

N1-Ru1-Cl1 84.2(3) 85.4(3) 83.88(9) 82.41(8) 

N2-Ru1-Cl1 83.6(3) 88.0(3) 88.10(9) 85.59(8) 

Ct-Ru1-N1 128.23 127.49 130.86 132.56 

Ct-Ru1-N2 133.34 132.80 132.86 133.87 

Ct-Ru1-Cl1 129.46 127.74 125.59 124.55 

 

All the complexes display analogous molecular structures with the 

characteristic piano-stool geometry of arene-Ru(II) complexes, with the η6-

coordinated arene ring as the top and the two nitrogen atoms of the respective 

ethylenediamine based ligand and one chloride ligand as three legs. The complexes 
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(a)

(b)

[Ru]-2, [Ru]-7 and [Ru]-8 crystallize in monoclinic P 21 space group, whereas the 

complex [Ru]-6 in triclinic P-1 space group. The arene ring (η6-C6H6 or η6-C10H14) 

appears almost planar for all the complexes, where the centroid of the arene ring is 

displaced by 1.65-1.69 Å from the Ru(II) center. The Ru−nitrogen and Ru−chloride 

bonds distances are within the range of 2.11−2.19 Å and 2.40−2.42 Å, respectively, 

which is close to those reported previously for related arene-Ru(II) complexes.[22,23] 

Moreover, the Cl−Ru−N and N−Ru−N bond angles range are 82.4°−88.1° and 

78.3°−79.8°, respectively, and those between the legs and the centroid of the η6-arene 

ring (CCt) is 124.5°−133.8°, the observed values are comparable to those reported for 

other analogous complexes.[22,23] 

2.2.2. Catalytic transformation of furan and its derivatives. Catalytic efficacy of 

the water soluble catalysts [Ru]-1 − [Ru]-8 was explored for the aqueous-phase 

tandem transformation of furan derivatives into LA and diketones. Readily available 

furan derivative, furfural (1a), was selected as model substrate for the catalytic 

reaction. In the first set of experiments the influence of the additive (formic acid), 

temperature, structural parameters such as 6-coordinated arene and the N-H bonds 

in ethylenediamine based ligands, on the catalytic transformation of furfural to LA 

was investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Catalytic transformation of furfural to LA in the presence of [Ru]-1 

catalyst and formic acid in water, and the identification of LA by (a) HRMS and (b) 

1H NMR. 



48 
 

(a) (b)

 Initial results inferred that complete conversion of furfural (1a) to LA (2a) 

with > 99% selectivity was achieved with the 5 mol% [Ru]-1 catalyst in the presence 

of 12 equivalents of formic acid after 24 h at 80 °C. Analysis of the product by 1H 

(2.73 (t, -CH2, C2), 2.60 (t, -CH2, C3) and 2.17 (s, -CH3, C5) ppm), 13C NMR and 

HRMS further confirmed the formation of product LA (m/z found 139.0365 [C5H8O3 

+ Na+] and m/z calculated 139.0366 [C5H8O3 + Na+]) (Figure 2.5). These results, 

indeed, inferred the decisive role of the [Ru]-1 catalyst, with a positive cooperation 

from formic acid, for the tandem catalytic transformation of furfural with high 

selectivity to LA. 

Figure 2.6. Effect of (a) reaction temperature, and (b) formic acid concentration on 

the catalytic transformation of furfural to LA in the presence of [Ru]-1 catalyst in 

water. Reaction conditions: (a) furfural (1.0 mmol), catalyst (5 mol%), formic acid 

(12 equiv.) and water (10 mL) at different temperature for 8 h. (b) furfural (1.0 

mmol), catalyst (5 mol%), formic acid (as specified) and water (10 mL) at 100 °C for 

8 h. 

Further, the reaction completion time was fine tuned by optimising the 

reaction temperature (Figure 2.6a). Decreasing the reaction temperature to 60 °C 

resulted in a significant loss of the catalytic activity, and at 40 °C catalytic reaction 

was even stopped. However, reaction performed at 100 C displayed complete 

conversion of furfural to LA in shorter reaction time of 8 h. To further optimize the 

formic acid amount, reactions were performed with a formic acid amount ranging 

from 0 to 24 equivalents (results are presented in Figure 2.6b). A complete 

conversion of furfural with >99% selectivity for LA was achieved in the presence of 

12 equivalents of formic acid whereas decreasing the formic acid amount below 12 

equivalents resulted a decrement in conversion of furfural as well as the selectivity 
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for LA was also compromised. Interestingly, for the catalytic reaction with lower 

formic acid amount, the hydrogenated intermediate, furfuryl alcohol, was also 

observed along with the LA. Moreover, it is worth mentioning that, no conversion of 

furfural was observed for the catalytic reaction performed in the absence of formic 

acid (Figure 2.6b). Interestingly, when furfural was treated with formic acid, in the 

absence of the catalyst, only humin formation was observed (Figure 2.7).[20]  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. 1H NMR spectra of reaction mixture obtained after the reaction of 

furfural in the presence of (a) 5 mol% [Ru]-1 and HCOOH (12 equiv.), (b) 5 mol% 

[Ru]-1 but without HCOOH and (c) without catalyst but with HCOOH (12 equiv.), at 

100 °C in water for 12 h. 

Furthermore, replacement of formic acid with short chain or bulky acids such 

as acetic acid, propionic acid or iso-butyric acid also was also resulted with no 

conversion of furfural (Table 2.3). As the formation of metal–hydride bond, a crucial 

step of transfer hydrogenation reaction, is only possible in the presence of formic 

acid, other acids could not contribute to metal catalysed transfer hydrogenation for 

the transformation of furfural to furfuryl alcohol, and therefore resulted in no 

reaction. Further to support the dual role of formic acid during the catalytic reaction, 

experiment was performed for the transformation of furfural in the presence of [Ru]-
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1 catalyst, by replacing formic acid with hydrogen gas under optimized reaction 

conditions. In contrary to high activity achieved in the presence of formic acid, 

replacing formic acid with hydrogen gas resulted in no conversion of furfural. These 

observations strongly support the significant role of formic acid for the tandem 

catalytic transformation of furfural to levulinic acid via furfuryl alcohol, where the 

crucial step transfer hydrogenation step can takes place only in the presence of 

formic acid but not with other organic acids or hydrogen gas under our optimized 

reaction conditions. 

Table 2.3. Influence of additives on the catalytic transformation of furfural to LA in 

the presence of [Ru]-1. Reaction Conditions: furfural (1.0 mmol), acid (12 equiv.), 

catalyst (5 mol%), and water (10 mL) 

 

 

 

 

 

 

 

 

Having the optimised reaction conditions, the influence of other analogous 

arene-Ru(II) catalyst, [Ru]-2 − [Ru]-8 containing either varying ethylenediamine 

derivatives or 6-arene ligands, on the catalytic transformation of furfural to LA was 

investigated. As depicted from Figure 2.8, among the various ethylenediamine 

ligands used, the ruthenium catalysts [Ru]-1 and [Ru]-5, having unsubstituted 

ethylenediamine, outperformed. The catalytic activity was in the order of [Ru]-1 > 

[Ru]-2 > [Ru]-3 > [Ru]-4, which clearly depicted the significant role of N-H bond in 

the enhanced catalytic activity of [Ru]-1 catalyst. Moreover, a close analogue of the 

highly active [Ru]-1 catalyst containing N-tosylated ethylenediamine (Ts-en) ligand 

in place of ethylenediamine was found to be only slightly less active than [Ru]-1 

catalyst. Though, the Ru-p-cymene catalyst ([Ru]-5) was found to be slightly less 

Entry Additive T (oC) / t (h) Conv. (%) 

1 formic acid 100/8 >99 

2 formic acid 80/8 84 

3 formic acid 60/8 11 

4 formic acid 40/8 0 

5 acetic acid 100/8 n.r. 

6 propionic acid 100/8 n.r. 

 7 iso-butyric acid 100/8 n.r. 

8 hydrogen gas 100/8 n.r. 
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active than its close analogue, Ru-benzene catalyst ([Ru]-1), an analogous trend in 

the catalytic activity was also observed with the change in the N-H entities for the 

catalysts [Ru]-6 − [Ru]-8 (Figure 2.8).  

 

  

 

 

 

 

 

 

 

 

Figure 2.8. Catalytic transformation of furfural to LA by arene-Ru(II) complexes in 

water. Reaction conditions: furfural (1.0 mmol), catalyst (5 mol%), formic acid (12 

equiv.) and water (10 mL) at 100 °C for 8 h. 

 These observations inferred a significant structure−activity relationship that 

drives the catalytic activity of the studied arene-Ru(II) complexes. The role of N-H 

bonds present in the ruthenium complexes during the transfer hydrogenation process 

is well established.[24] As the mechanistic study of the catalytic transformation of 

furfural inferred an initial transfer hydrogenation of furfural to furfuryl alcohol, 

which subsequently undergoes formic acid assisted hydrolytic ring opening to 

levulinic acid. We strongly believe that, in our case also N-H bonds play a significant 

role to control the catalytic activity of the studied ruthenium complexes, particularly 

for the initial transformation of furfural to furfuryl alcohol, and therefore [Ru]-1, 

with high availability of N-H bonds, showed the highest catalytic activity. Moreover, 

the higher activity of the benzene complex over p-cymene complex was presumably 

due to the combined steric and electronic effect of the arene ligands.[24] Thus, all the 

further optimization and exploration of the catalytic transformation reactions of furan 

derivatives was done using the highly active ruthenium catalyst [Ru]-1. 

To further investigate the progress of the catalytic reaction and to identify any 

possible intermediate component (possibly the hydrogenated products), UV-visible 

and 1H NMR spectra were collected as a function of time for the catalytic 
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transformation of furfural to LA in the presence of [Ru]-1 catalyst, in water at 100 

°C (results are shown in Figure 2.9 and 2.10). With increasing reaction time, a 

gradual decrease was observed in the intensity of the absorption band at 276 nm in 

UV-visible spectrum, corresponding to furfural (Figure 2.9). Although the band due 

to LA was not distinguishable, the observed UV-visible pattern indicated that 

furfural was being used up during the course of the reaction. The kinetic plot (Figure 

2.9, inset) of the catalytic reaction, based on the absorbance values at 276 nm for the 

initial 8 h, showed a linear correlation between ln(Ct/C0) and reaction time which 

inferred that the reaction follows pseudo-first-order kinetics (k = 5.67 x 10-5 s-1). A 

series of reactions for the catalytic transformation of furfural was further carried out 

using a fixed initial concentration (1.2 mol/L) of formic acid while varying the 

concentration of furfural (0.05 mol/L to 0.15 mol/L). Initial rates indicated that the 

catalytic reaction follows first-order kinetics with furfural concentration (Figure 

2.10). Moreover, kinetic study performed using a fixed concentration of furfural 

(0.10 mol/L) with varying formic acid concentration (0.6 mol/L to 2.4 mol/L) 

inferred that, in contrary to the trends observed with furfural concentration, the 

reaction rate was not sensitive to the concentration of formic acid (Table 2.4). 

 

 

 

 

 

 

 

 

Figure 2.9. UV-visible (inset: kinetic profile for the initial 8 h at 276 nm) spectra as 

a function of time for the catalytic transformation of furfural to LA in water. 

Reactions were performed using 5 mol% arene-Ru(II) catalyst [Ru]-1 in the presence 

of formic acid (12 equiv.) at 100 °C. 
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Table 2.4. Kinetic study by UV-Vis spectrophotometry for the catalytic 

transformation of furfural to LA in the presence of [Ru]-1 catalyst (5 mol%) with 

varying amount of furfural and formic acid at 100 °C in water (10 mL) 

Experiment 

No. 

Rate of the reaction 

mol/L.s 

Furfural 

mol/L (mmol) 

Formic acid 

mol/L (equiv.) 

1 0.63 × 10-4 0.15 (1.5) 1.2 (12) 

2 0.35 × 10-4 0.10 (1.0) 1.2 (12) 

3 0.28 × 10-4 0.05 (0.5) 1.2 (12) 

4 0.42 × 10-4 0.10 (1.0) 2.4 (24) 

5 0.39 × 10-4 0.10 (1.0) 0.6 (6) 

 

 

 

 

 

 

 

Figure 2.10. (a) UV-Vis spectrum of the reaction progress for the catalytic 

transformation of furfural (1.0 mmol, 0.1 mol/L) in the presence of [Ru]-1 catalyst (5 

mol%) with formic acid (12 equivalents, 1.2 mol/L) at 100 C. (b) Initial rate vs 

furfural concentration for catalytic reactions carried out with varying initial furfural 

concentrations. 

Time scaled 1H NMR spectra was performed to monitor the progress of the 

[Ru]-1 catalyzed transformation of furfural over a period of 12 h, and observed that 

the intensity of resonance due to LA at 2.73 (t, -CH2, C2), 2.60 (t, -CH2, C3) and 

2.17 (s, -CH3, C5) ppm increases with the progress of the catalytic reaction (Figure 

2.11a). The reaction profile with respect to time, shown in Figure 2.11b), depicted 

that in the initial hours of the catalytic reaction, there is the formation of the 

hydrogenated intermediate, furfuryl alcohol, however this intermediate soon 

disappeared with the progress of the catalytic reaction and LA appeared as the only 

major product. These results are in accordance with previous reports, where the 

(b) (a) 
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(a) (b)

reaction performed employing the furfuryl alcohol, instead of furfural, its facile 

transformation to LA was comfortably achieved even in the absence of the 

catalyst.[17]  

 

 

 

.  

 

 

 

 

Figure 2.11. (a) Time scaled 1H NMR spectra and (b) corresponding reaction profile 

for the catalytic transformation of furfural to LA in water using 5 mol% [Ru]-1 

catalyst in the presence of formic acid (12 equiv.) at 100 °C.  

The assumption that the intermediate, furfuryl alcohol, presumably undergoes 

facile ring opening in the presence of formic acid, was further supported by the 

appearance of furfuryl alcohol in the reactions performed with less amount (<12 

equivalents) of formic acid. However, furfuryl alcohol soon disappeared with the 

increase in the formic acid amount in the catalytic reaction.  

 

 

 

 

 

 

  

 

 

 

 

 

Scheme 2.3. Plausible reaction pathway for the tandem catalytic transformation of 

furfural to LA. 
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These important observations and isolation of the intermediate, furfuryl 

alcohol, inferred that presumably the [Ru]-1 catalyst initially catalyzed the 

hydrogenation of furfural to corresponding furfuryl alcohol by transfer 

hydrogenation using formic acid as H-source, later furfuryl alcohol instantly 

undergoes ring opening to LA by an acid promoted hydrolysis to achieve the tandem 

catalytic transformation of furfural to levulinic acid, as exemplified in Scheme 

2.3.[16,17]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.4. Catalytic transformation of furan by [Ru]-1 catalyst in water. 

To further investigate the generality of the [Ru]-1 catalyst, catalytic 

transformation of other furan derivatives having different substituents at 2 and 5 

positions, such as 5-HMF (1b), 5-MF (1c) and N-(furan-2-ylmethylene)propan-2-

amine (1d), were investigated under the optimized reaction conditions (5 mol% 



56 
 

[Ru]-1, 12 equiv. formic acid, 100 °C, 8 h) (Scheme 2.4). Complete conversion of 

furfural with > 99% selectivity to LA (isolated yield 42%) was achieved in 8 h 

(Scheme 2.4(a)). Under identical reaction conditions, 92% conversion of 5-HMF was 

achieved, where 1-HHD (2b), 3-HHD (2c), LA (2a) and 2,5-HD (2d) were observed 

as products with relative selectivities of 41%, 36%, 18% and 5%, respectively 

(Scheme 2.4(b)). Conversion of 5-HMF to 1-HHD was also in accordance with 

previous reports, were it was reported as one of the major product using the catalytic 

systems based on Pd/C, Cp*Ir-complexes, or arene-Ru(II) catalysts.[15,16,17] Reaction 

with 5-MF (2c) yielded 60 % of 3-HHD (2c), where the relative selectivity for 3-

HHD and 2,5-HD were 68% and 32%, respectively (Scheme 2.4(c)). Moreover, 

reaction was also performed with N-(furan-2-ylmethylene)propan-2-amine (1d), 

obtained by the condensation of furfural with isopropylamine. Interestingly, the 

reaction products obtained were LA and isopropylamine condensed LA (N-

isopropylimino)pentanoic acid, (2e) in approximately 1:1 molar ratio. The formation 

of the product 2e inferred that presumably imine bond in the substrate 1d hydrolyzed 

during the catalytic reaction and later on condensed with the ketonic group of the LA 

to yield 2e. 

2.2.3. Catalyst stability, recovery and recycling. The thermal stability of the 

ruthenium catalysts, [Ru]-1 was studied by performing 1H NMR experiments and 

thermal gravimetric analysis (TGA) measurements. The decomposition of the 

catalyst was monitored at certain interval of time (0 ~ 72 h) by 1H NMR 

spectroscopy, where no traces of decomposition were observed (Figure 2.12). 

Moreover, the TGA graphs clearly indicated that [Ru]-1 catalyst is stable up to 200 

°C (Figure 2.13). 
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Figure 2.12. 1H NMR spectra for the thermal stability of [Ru]-1 catalyst at 100 °C in 

D2O.  

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Thermal gravimetric analysis (TGA) graph of [Ru]-1 catalyst. 

 Further, the mercury poisoning experiment showed no significant change in 

the catalytic activity of [Ru]-1 catalyst in the presence of an excess of Hg(0), which 

strongly supported the homogenous nature of the catalyst. Although the 

homogeneous nature of the catalyst provides several advantages, the easy recovery of 

catalysts for homogeneous catalytic reactions remains an inherent limitation. 
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However, we are indeed fortunate that the high aqueous solubility of the [Ru]-1 

catalyst gave us an opportunity for easy recovery the catalyst and its reuse for further 

catalytic cycles for the transformation of furfural to LA. After each catalytic run, 

reaction mixture was extracted using a suitable organic solvent, while the catalyst, 

which remains in the aqueous phase, was straight away used for the next catalytic run 

by adding the additional specified amount of the furfural and formic acid. The [Ru]-

1 catalyst was recycled for at least five consecutive catalytic cycles, without 

significant loss in the catalytic activity (Figure 2.14).  

 

 

 

  

 

 

 

 

 

 

Figure 2.14. Recyclability of [Ru]-1 catalyst for the catalytic transformation of 

furfural to LA in the presence of formic acid (12 equiv.) in water at 100 °C. 

These results further demonstrated the high stability of the [Ru]-1 catalyst in 

water. Moreover, the scanning electron microscopic (SEM) images (Figure 2.15) of 

the fresh catalyst and the catalyst recovered after the catalytic reaction for the [Ru]-1 

catalyst showed no remarkable morphological changes in the catalyst during the 

reaction. These observations were further authenticated by the appearance of peaks 

corresponding to protons and carbon atoms of the ethylenediamine and arene ligands 

in the NMR spectra of the [Ru]-1 catalyst recovered after the catalytic reactions 

(Figure 2.16), which is in consistence with the those of the fresh [Ru]-1 catalyst. 

Moreover, the above analyses ensure that there is no significant deformation in the 

catalyst structure, which is consistent with the observed high catalytic recyclability, 
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(b)

(a)

up to five consecutive catalytic runs, for catalyst for the studied catalytic 

transformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. Scanning electron microscopic (SEM) images of [Ru]-1 catalyst (a) 

fresh and (b) recovered after the catalytic reaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. 1H NMR spectra of [Ru]-1 catalyst recovered after the catalytic 

reaction. 

6.00 4.20

Deuterium Oxide

5
.7

7

2
.4

8

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
Chemical Shift (ppm)

6.00 4.11

Deuterium Oxide

5
.7

7

2
.4

8

After Reaction

Before Reaction



60 
 

2.2.4. Catalytic transformation of fructose to LA and diketones. The obtained 

results were further explored for the catalytic transformation of fructose to LA and 

diketones in the presence of 5 mol% [Ru]-1 catalyst (Scheme 2.5).  

 

 

 

 

 

Scheme 2.5. Catalytic transformation of fructose to LA and diketones 

 After heating fructose at 100 °C for 8 h in presence of 12 equiv. of formic 

acid, conversion of fructose to 1-HHD and LA were obtained as major product with 

27% and 51% selectivity respectively, along with 5-HMF (5%), diketone (4%) and 

3-HHD (13%) as minor products. The reaction products obtained from fructose 

transformation were found to be analogous to the products obatined with 5-HMF, 

suggesting that presumably the reaction proceeds through the initial formation of 5-

HMF.[3] Moreover, with the increase in the reaction time to 16 h or double the formic 

acid amount (24 equiv.), selectivity towards 1-HHD also increased and 87% 

selectivity was observed with the reaction performed at 100 °C for 16 h in the 

presence of 12 equivalents of formic acid. Unfortunately, attempts to use glucose in 

place to fructose failed, possibly because [Ru]-1 catalyst cannot catalyze the 

isomerisation of glucose to fructose. Despite low fructose transformation observed 

for the catalytic reaction, it is worth noting that the direct catalytic transformation of 

fructose to open-ring components such as LA and diketones can also be acheived 

with ruthenium based homogenous catalysts.  

Acquainted facts show that most of the studies on the transformation of 

furans are performed in auto-clave using mineral acids or H2 gas with high pressure 

and temperature.[15-16, 25-28] Among these, there are many reports on the catalytic 

transformation of 5-HMF to ketoacids and diketones particularly using 

heterogeneous catalysts, whereas studies with homogenous catalyst are very 

few.[14,15b,16,17,25-30] Li et al. employed Amberlyst 70 for furfural transformation in 

rwater as well as methanol and observed that furfural converted to polymer in both 
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reactions medium.[15a] Even over Pd/Al2O3 with Amberlyst 70 using 70 bar H2 at 165 

°C in methanol only 23.1% and 2.4% yields of methyl-levulinate and levulinic acid 

were achieved, while Pd/Al2O3 was found to be inactive.[26] Riisager et al. explored 

Ru(OH)x/Al2O3 catalyst for the aerobic oxidation of 5-HMF at 140 °C, where LA 

was observed as a side product along with the oxygenated products like 2,5-

furandicarboxylic acid and so on.[30] Also, LA was observed as a by-product during 

the catalytic hydrogenation of furfural and 5-HMF over Pd-Ir/SiO2 catalyst.[27] In the 

transformation of furans mostly catalysts are active at higher temperature [Pd/C (120 

°C), Au/Nb2O5 (140 °C), Pd/Al2O3 (140 °C), Ni-Al2O3 (180 °C)].[14,15b,28,29] Catalytic 

transformation with homogeneous catalysts showed narrow product distribution and 

more selectivity towards open ring products, for instance Cp*-Ir catalyst and arene-

Ru(II) catalyst.[16,17] Moreover, ruthenium based homogeneous catalysts were found 

to be highly active and recyclable even in aqueous medium.[17] In the present study, 

catalyst based arene-Ru complexes containing ethylene diamine ligand were also 

found to be highly active and stable even at 100 °C in water and open atmospheric 

conditions, and can be recycled up to five consecutive catalytic cycles without any 

significant loss in the catalytic activity. Moreover, the studied arene-Ru catalyst has 

shown potential to convert fructose to LA and diketones (1-HHD, 3-HHD, 2,5-HD) 

in water under moderate reaction conditions. 

2.3. Conclusions 

Highly active water soluble homogenous catalysts based on arene-ruthenium(II) 

complexes containing simple and easily available ethylenediamine (or its derivatives) 

ligands, were successfully employed for the catalytic transformation of bioderived 

furans into open ring value added ketoacid (LA) and diketones (1-HHD, 3-HHD and 

2,5-HD) in the presence of formic acid. Depending upon the furan used, formic acid 

concentration, reaction temperature and the catalyst, catalytic conversion, selectivity 

and the product distribution can be fine tuned. A significant effect of N-H bonds 

present in the ruthenium catalyst on catalytic transformation reaction was also 

observed, where the highly active catalyst has the higher number of N-H bonds. 

Moreover, direct catalytic transformation of fructose to 1-HHD and LA was also 

achieved with limited conversion. Mechanistic studies involving 1H NMR and 

experiments with variable formic acid concentration revealed a tandem mode of 

catalytic transformation of furfural to LA via the hydrogenated intermediate, furfuryl 
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alcohol. Furthermore, high aqueous solubility and stability of the ruthenium catalyst 

offers its easy recovery and reusability for at least 5 consecutive catalytic runs 

without any significant loss of the catalytic activity. Through our study, we 

demonstrated a significant cooperation between the ruthenium catalyst and formic 

acid to achieve high catalytic turnover for the transformation of furans. We believe 

that this work will encourage extensive research on the design and development of 

simple yet active catalysts for this or several other important catalytic 

transformations for application in fine chemical industries and bio-fuel based energy 

sector.  

2.4. Experimental 

2.4.1. Materials and instrumentations. All reactions were performed without inert 

gas protection, using chemicals of high purity purchased from Aldrich and Alfa 

Aesar. Dichloro bridged arene-Ru(II) precursors [{(η6-C6H6)RuCl2}2] and [{(η6-

C10H14)RuCl2}2] were synthesized according to the literature procedures.[31] The 

catalytic reactions were monitored using a thin layer chromatography (TLC). 1H 

NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (161.97 MHz) spectra were 

recorded at 298 K using CDCl3, D2O or DMSO-d6 as the solvent on a Bruker Avance 

400 spectrometer. Tetramethylsilane (TMS) was used as an external standard and the 

chemical shifts in ppm are reported relative to the center of the singlet at 7.26 ppm 

for CDCl3, 4.75 for D2O and 2.49 ppm for DMSO-d6 in 1H NMR and to the center of 

the triplet at 77.0 ppm for CDCl3 and 39.50 ppm for DMSO-d6 in 13C NMR. Suitable 

single crystal of the arene-Ru(II) complexes [Ru]-2, [Ru]-6, [Ru]-7 and [Ru]-8 was 

subjected to single crystal X-ray structural studies using Agilent Technologies 

Supernova CCD system. ESI (positive and negative mode) and high-resolution mass 

spectra (HRMS) were recorded on a micro TF-Q II mass spectrometer. UV–visible 

spectra were performed on Varian Cary 100 Bio UV-visible spectrophotometer and 

Shimadzu UV-1700 PharmaSpec UV-VIS Spectrophotometer using a 10 mm quartz 

cuvette. To study kinetics of catalytic reactions by UV-visible spectrophotometry, a 

small portion of the reaction mixture (100 μL), taken at different time intervals, was 

added to 3 mL of distilled water and spectra were obtained. To calculate rate constant 

of the catalytic reaction, the ratio of Ct and C0, where Ct is the concentration at time 

‘t’ and C0 is the initial concentration, was measured using the relative intensity ratio 

of the respective absorbance At/A0 at 276 nm. GC-MS analysis was performed on 
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Perkin Elmers GC gas chromatograph Clarus 680 coupled with a Perkin Elmers mass 

spectrometer Clarus SQ8T in the EI (Electron Impact) mode using a capillary 

column ELITE 5 (30 m × 0.25 mm). Thermal gravimetric analyses (TGA) were 

performed on the Mettler Toledo thermal analysis system. Scanning electron 

microscopy (SEM) images and elemental mapping data were collected on Carl Zeiss 

supra 55 (operating voltage 15 kV), using amorphous carbon-coated 400 mesh 

copper grids for depositing sample. 

2.4.2. Single crystal X-ray diffraction Studies. Single-crystal X-ray structural 

studies of the arene-Ru(II) complexes [Ru]-2, [Ru]-6, [Ru]-7 and [Ru]-8 were 

performed on a CCD Agilent Technologies (Oxford Diffraction) SUPER NOVA 

diffractometer. Data were collected at 150(2) K using graphite-monochromated Cu 

Kα radiation (λα = 1.5418 Å) for [Ru]-2, [Ru]-7 and [Ru]-8, whereas Mo Kα 

radiation (λα = 0.71073 Å) for [Ru]-6. The strategy for the data collection was 

evaluated using the CrysAlisPro CCD software. The data were collected using the 

standard ‘phi-omega’ scans techniques, and were scaled and reduced using 

CrysAlisPro RED software. The structures were solved by direct methods using 

SHELXS-97, and refined using full matrix least-squares with SHELXL-97, refining 

on F2.[32] The positions of all the atoms were obtained by direct methods. All non-

hydrogen atoms were refined anisotropically. The remaining hydrogen atoms were 

placed in geometrically constrained positions, and refined with isotropic temperature 

factors, generally 1.2Ueq of their parent atoms. The crystal and refinement data are 

summarized in Table 2.1. Selected bond lengths and bond angles are summarized in 

Tables 2.2. CCDC deposition numbers are 1054457, 1054458, 1055781, and 

1055782, respectively for the complexes [Ru]-2, [Ru]-6, [Ru]-7 and [Ru]-8. This 

data can be obtained free of charge via www.ccdc.cam.ac.uk (or from the Cambridge 

Crystallographic Data Center, 12 union Road, Cambridge CB21 EZ, UK; Fax: (+44) 

1223-336-033; or deposit@ccdc.cam.ac.uk). 

2.4.3. General procedure for the synthesis of complexes 

Synthesis of ruthenium catalysts ([Ru]-1 − [Ru]-8). Arene-Ru(II) complexes [Ru]-

1 − [Ru]-8 were synthesized using a literature reported method with some 

modifications.[22] Methanol solution (25 mL) of the dichloro bridged arene-Ru(II) 

dimer (0.2 mmol) and a suitable ethylenediamine or N-substituted ethylenediamine 

(0.4 mmol) was stirred at room temperature for 3 h, filtered and NH4PF6 was added 

mailto:deposit@ccdc.cam.ac.uk
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to the filtrate. Total volume of the solution was slowly reduced to 10 mL on a rotary 

evaporator and after cooling overnight at 4 °C, the microcrystalline product was 

obtained, which was collected by filtration, washed with ether and recrystallized 

from methanol-DCM/ether.  

 (a) Preparation of complex [(η6-C6H6)RuCl(en)]PF6 ([Ru]-1)  

The [Ru]-1 was synthesized using [(η6-C6H6)RuCl2]2 (0.100 g, 0.2 

mmol),        as ruthenium precursor and the ligand, ethylenediamine 

(en) (27.4 μl, 0.41mmol). Yield: 85% (0.143 g). 1H NMR (400 MHz, 

DMSO-d6): δ (ppm) = 6.69 (b, 2H), 5.69 (s, 6H), 4.09 (b, 2H), 2.31-

2.21 (m, 4H).13C NMR (100 MHz, DMSO-d6): δ (ppm) = 82.74, 44.31, 36.51. 31P 

NMR (161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6). MS (ESI) m/z calculated 

for [(η6-C6H6)RuCl(en)]+: 274.9 [M+], found 274.9 [M+]. Anal. Calcd: C, 22.89; H, 

3.36; N, 6.67. Found: C, 22.91; H, 3.31; N, 6.65. IR on KBr (ν cm-1): 831 (PF6 

stretching), 557 (PF6 bending).  

 (b) Preparation of complex [(η6-C6H6)RuCl(Me1en)]PF6 ([Ru]-2) 

The [Ru]-2 was synthesized using [(η6-C6H6)RuCl2]2 (0.100 g, 0.2 

mmol), as ruthenium precursor and the ligand, N-

methylethylenediamine (Me1en) (35.7 μl, 0.41 mmol). Yield: 88% 

(0.152 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.69 (b, 2H), 

5.73 (s, 6H), 3.03 (d, J = 4.0 Hz, 3H), 2.47-2.44 (m, 2H), 2.10-2.07 (m, 2H). 13C 

NMR (100 MHz, DMSO-d6): δ (ppm) = 83.06, 56.84, 45.63, 41.57. 31P NMR 

(161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6). MS (ESI) m/z calculated for 

[(η6-C6H6)RuCl(Me1en)]+: 289.0 [M+], found 288.9 [M+]. Anal. Calcd: C, 24.92; H, 

3.72; N, 6.46. Found: C, 24.91; H, 3.66; N, 6.50. IR on KBr (ν cm-1): 834 (PF6 

stretching), 559 (PF6 bending).  

(c) Preparation of complex [(η6-C6H6)RuCl(Me2en)]PF6 ([Ru]-3) 

The [Ru]-3 was synthesized using [(η6-C6H6)RuCl2]2 (0.100 g, 0.2 

mmol), as ruthenium precursor and the ligand, N,N-

dimethylethylenediamine (Me2en) (44.7 μl, 0.41 mmol). Yield: 88% 

(0.159 g).  1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.93 (b, 2H), 

5.80 (s, 6H), 3.11 (s, 3H) 2.90 (s, 3H), 2.64-2.61 (m, 2H), 2.37-2.29 (m, 2H). 13C 

NMR (100 MHz, DMSO-d6): δ (ppm) =83.73, 61.85, 55.99, 54.04, 42.11. 31P NMR 
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(161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6). MS (ESI) m/z calculated for 

[(η6-C6H6)RuCl(Me2en)]+: 303.0 [M+], found 303.0 [M+]. Anal. Calcd: C, 26.82; H, 

4.05; N, 6.26. Found: C, 26.61; H, 4.08; N, 6.20. IR on KBr (ν cm-1): 838 (PF6 

stretching), 557 (PF6 bending). 

(d) Preparation of complex [(η6-C6H6)RuCl(Me3en)]PF6 ([Ru]-4) 

The [Ru]-4 was synthesized using [(η6-C6H6)RuCl2]2 (0.100 g, 0.2 

mmol), as ruthenium precursor and the ligand, N,N,N’-

trimethylethylenediamine (Me3en) (53.3 μl, 0.41 mmol). Yield: 86% 

(0.160 g). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 5.84 (s, 6H), 

4.53 (b, 1H), 3.21 (s, 3H), 3.09 (d, J = 4.0 Hz, 3H), 2.88 (s, 3H), 2.62-2.58 (m, 2H), 

2.30-2.23 (m, 2H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 84.04, 61.05, 56.16, 

54.34, 53.34, 45.87. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6).  

MS (ESI) m/z calculated for [(η6-C6H6)RuCl(Me3en)]+: 317.0 [M+], found 317.0 

[M+]. Anal. Calcd: C, 28.61; H, 4.37; N, 6.07. Found: C, 28.69; H, 4.32; N, 6.01. IR 

on KBr (ν cm-1): 835 (PF6 stretching), 558 (PF6 bending).   

(e) Preparation of complex [(η6-C10H14)RuCl(en)]PF6 ([Ru]-5) 

The [Ru]-5 was synthesized using [(η6-C10H14)RuCl2]2 (0.123 g, 

0.2 mmol), as ruthenium precursor and the ligand, 

ethylenediamine (en) (27.4 μl, 0.41 mmol). Yield: 84% (0.131 g).  

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.14 (b, 2H), 5.58 (d, 

J = 5.5 Hz, 2H), 5.42 (d, J = 5.5 Hz, 2H), 4.16 (b, 2H),  2.85-2.78 (m, 1H), 2.35-2.27 

(m, 2H), 2.22-2.14 (m, 2H), 2.30 (s, 3H), 1.19 (d, J = 8.0 Hz, 6H). 13C NMR (100 

MHz, DMSO-d6): δ (ppm) = 103.83, 96.20, 81.76, 80.31, 44.15, 36.72, 30.12, 22.32, 

17.53. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6).  MS (ESI) m/z 

calculated for [(η6-C10H14)RuCl(en)]+: 331.0 [M+], found 331.0 [M+]. Anal. Calcd: 

C, 30.29; H, 4.66; N, 5.89. Found: C, 30.31; H, 4.56; N, 5.80. IR on KBr (ν cm-1): 

835 (PF6 stretching), 559 (PF6 bending).  

(f) Preparation of complex [(η6-C10H14)RuCl(Me1en)]PF6 ([Ru]-6) 

The [Ru]-6 was synthesized using [(η6-C10H14)RuCl2]2 (0.123 g, 

0.2 mmol), as ruthenium precursor and the ligand, N-

methylethylenediamine (Me1en) (35.7 μl, 0.41 mmol). Yield: 

82% (0.132 g).  1H NMR (400 MHz, DMSO-d6): δ (ppm) = 
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6.70 (d, J = 6.0 Hz, 1H), 6.37 (d, J = 6.0 Hz, 1H), 5.66 (d, J = 6.0 Hz, 1H), 5.53 (d, J 

= 6.0 Hz, 1H), 3.72 (b, 1H),  2.83-2.79 (m, 1H), 2.68 (s, 3H), 2.29-2.26 (m, 2H), 2.14 

(s, 3H), 2.08-1.86 (m, 2H), 1.19 (b, 6H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 

106.03, 94.78, 81.87, 81.45, 80.32, 52.09, 45.12, 42.12, 30.17, 22.72, 21.19, 17.02. 

31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6). MS (ESI) m/z 

calculated [(η6-C10H14)RuCl(κ2-N,N-H2NCH2CH2NH(CH3)]
+: 345.0 [M+], found 

345.0 [M+]. Anal. Calcd: C, 31.88; H, 4.94; N, 5.72. Found: C, 31.87; H, 4.98; N, 

5.71. IR on KBr (ν cm-1): 838 (PF6 stretching), 559 (PF6 bending).  

(g) Preparation of complex [(η6-C10H14)RuCl(Me2en)]PF6 ([Ru]-7) 

The [Ru]-7 was synthesized using [(η6-C10H14)RuCl2]2 (0.123 g, 

0.2 mmol), as ruthenium precursor and the ligand, N,N-

dimethylethylenediamine (Me2en) (44.7 μl, 0.41 mmol). Yield: 

84% (0.138g).  1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.19 

(b, 2H), 5.84 (d, J = 6.0 Hz, 1H), 5.72 (d, J = 6.0 Hz, 1H), 5.48 (d, J = 6.0 Hz, 1H), 

5.36 (d, J = 6.0 Hz, 1H), 3.06 (s, 3H), 2.91-2.88 (m, 1H) 2.83 (s, 3H), 2.65-2.55 (m, 

2H), 2.35-2.29 (m, 2H), 2.20 (s, 3H), 1.22 (b, 6H). 13C NMR (100 MHz, DMSO-d6): 

δ (ppm) = 106.25, 94.28, 85.32, 81.60, 81.05, 79.25, 61.64, 56.15, 53.56, 42.30, 

30.27, 22.72, 20.97, 17.19. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, 

PF6). MS (ESI) m/z calculated [(η6-C10H14)RuCl(Me2en)]+: 359.0 [M+], found 359.0 

[M+]. Anal. Calcd: C, 33.37; H, 5.20; N, 5.56. Found: C, 33.34; H, 5.24; N, 5.58. IR 

on KBr (ν cm-1): 838 (PF6 stretching), 557 (PF6 bending).  

(h) Preparation of complex [(η6-C10H14)RuCl(Me3en)]PF6 ([Ru]-8) 

The [Ru]-8 was synthesized using [(η6-C10H14)RuCl2]2 (0.123 g, 

0.2 mmol), as ruthenium precursor and the ligand, N,N,N’-

trimethylethylenediamine (Me3en) (53.3 μl, 0.41 mmol). Yield: 

85% (0.144 g).  1H NMR (400 MHz, DMSO-d6): δ (ppm) = 5.85 

(d, J = 6.0 Hz, 1H), 5.79 (d, J = 6.0 Hz, 1H), 5.72 (d, J = 6.0 Hz, 1H), 5.47 (d, J = 

6.2 Hz, 1H), 4.54 (b, 1H), 3.16 (s, 3H), 3.00 (d, J = 8.0 Hz, 3H), 2.85 (s, 3H), 2.90-

2.86 (m, 1H), 2.60-2.57 (m, 2H), 2.35-2.28 (m, 2H), 2.17 (s, 3H), 1.22(d, J = 8.0 Hz, 

6H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 107.99, 94.69, 85.68, 84.88, 78.37, 

78.02, 60.85, 56.12, 54.37, 53.36, 45.13, 30.50, 22.36, 21.11, 17.84. 31P NMR 

(161.97 MHz, DMSO-d6): δ (ppm) = -144 (sep, PF6). MS (ESI) m/z calculated [(η6-
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C10H14)RuCl(Me3en)]+: 373.0 [M+], found 373.0 [M+]. Anal. Calcd: C, 34.79; H, 

5.45; N, 5.41. Found: C, 34.83; H, 5.39; N, 5.36. IR on KBr (ν cm-1): 838 (PF6 

stretching), 557 (PF6 bending).  

2.4.4. Catalytic reaction for the conversion of furans/fructose to LA/diketones. 

To an aqueous suspension (10 mL) of arene-Ru(II) catalyst (5 mol%), furan/fructose 

(1.0 mmol) and formic acid (as specified) were added and the reaction mixture was 

stirred for a specified time, at 100 °C in an oil bath. After the catalytic reaction, the 

reaction mixture was extracted with ethylacetate (4 x 10 mL), the organic extract was 

washed with the brine solution (5 mL) and dried over Na2SO4. The solvent was 

removed in vacuo. The obtained products were separated by column chromatography 

on silica gel with hexane/ethylacetate as eluents. The product 3-hydroxyhexane-2,5-

dione (3-HHD) obtained from the catalytic transformation of 5-methylfurfural (5-

MF) was separated and purified by column chromatography on silica gel with 10% 

ethylacetate-hexane mixture (400 mL). Then, the product was isolated by removing 

the solvent in vacuo. The product levulinic acid (LA) was obtained by adding 

saturated sodium bicarbonate solution in the organic extract (reduced volume to ca. 5 

mL) till effervescence ceases. Then the mixture was washed with ethylacetate (4 x 10 

mL). The combined water portion was neutralized by dil. hydrochloric acid, and the 

product was extracted by ethylacetate (4 x 10 mL). LA was isolated by removing the 

solvent in vacuum. During the extraction, separation and purification process the 

organic and aqueous portion was continuously monitored by thin layer 

chromatography (TLC) under UV chamber or by staining with iodine. The reaction 

products were identified by 1H NMR, 13C NMR, HRMS, and GCMS. Conversions 

and selectivity were determined by 1H NMR. Isolated yields were determined from 

the products obtained from the purification process as described above. 

2.4.5. Products from the catalytic transformation of furan and its derivatives 

Levulinic acid (LA): 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.73 (t, J = 6.2 Hz, 

2H), 2.60 (t, J = 6.2 Hz, 2H), 2.17 (s, 3H). 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 206.64, 177.55, 37.69, 29.83, 27.61. HRMS 

(ESI) m/z: calculated 139.04 [C5H8O3 + Na+], found 139.036 

[C5H8O3 + Na+]. 
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3-Hydroxyhexane-2,5-dione (3-HHD): 1H NMR (400 MHz, CDCl3): δ (ppm) = 

4.34 (dd, J1 = 6.5 Hz, J2 = 3.7 Hz, 1H), 3.74 (b, 1H), 2.96 (dd, J1 = 

17.0 Hz, J2 = 4.0Hz, 1H), 2.83 (dd, J1 = 17.3 Hz, J2 = 6.5 Hz, 1H), 

2.25 (s, 3H), 2.21 (s, 3H).  

 

1-Hydroxyhexane-2,5-dione (1-HHD): 1H NMR (400 MHz, CDCl3): δ (ppm) = 

4.31 (s, 2H), 2.82 (t, J = 6.5 Hz, 2H), 2.61 (t, J = 6.2 Hz, 2H), 

2.18 (s, 3H).  

 

 

Hexane-2,5-dione (2,5-HD): 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.60 (s, 4H), 

2.08 (s, 6H), 13C NMR (100 MHz, CDCl3): δ (ppm) = 206.41, 35.93, 

28.91. HRMS (ESI) m/z: calculated 137.06 [C6H10O2 + Na+], found 

137.100 [C6H10O2 + Na+]. 

4-(Isopropylimino)pentanoic acid (4-IPA): 1H NMR (400 MHz, CDCl3): δ (ppm) 

= 4.04-  3.94 (m, 1H), 2.77 (t, J = 6.5 Hz, 2H), 2.36 (t, J = 6.5 Hz, 2H), 

2.16 (s,  3H), 1.11 (d, J = 8.0 Hz, 6H).  

 

 

Note: The contents of this work have been reproduced with the permission from 

The Wiley online library (ChemCatChem 2015, 7, 4050-4058 (DOI: 

10.1002/cctc.201501021) and License Number 4234580022391. 
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Chapter 3 

Catalytic hydrogenation of arenes in water over in situ 

generated ruthenium nanoparticles immobilized on carbon 

 

3.1. Introduction 

Aromatic and heteroaromatic ring hydrogenation in one of the most important 

industrially applicable methodology because it provide a convenient way to 

synthesize a wide range of cyclic hydrocarbons.[1-4] Till now, fossil raw materials 

remains the main source of origin for the aromatic compounds. Therefore, the 

development of efficient processes for the conversion of renewable lignocellulosic 

biomass to value-added fine chemicals attracts considerable recent attention.[5] In this 

regard, selective hydrogenation of liginin-derived aromatic compounds to 

corresponding alicyclic products is of particular importance.[6-7] Since, 

functionalization of cyclohexane is challenging due to the low reactivity of 

cyclohexane, synthesis of cyclohexane and its derivative by hydrogenation of 

aromatic precursors attracted extensive scientific and industrial attention.[6,8-16] For 

instance, chemoselective hydrogenation of benzoic acid to cyclohexanecarboxylic 

acid has gained great attention, as the hydrogenated product cyclohexanecarboxylic 

acid is an important organic intermediate in pharmaceuticals for the synthesis of 

drugs like praziquantel and ansatrienin.[17] However, selective hydrogenation of 

aromatic ring is challenging particularly in the presence of several reducible 

functional group, because of it is an energy consuming reaction due to the resonance 

energy of aromatic ring and also the aromatic ring hydrogenation is least preferred in 

the presence of other reducible functional groups.  

 Hydrogenation of benzoic acid and its derivative were reported earlier using 

stoichiometric amount of Na-K alloys.[18] However, being environmentally friendly 

and efficient (recyclable catalyst) catalytic hydrogenation process has gained 

advantages over stoichiometric hydrogenation reaction. Therefore, several efficient 

catalysts based on monometallic Pd, Pt, Rh, Ru, and several alloys were explored for 

aromatic ring hydrogenation of benzoic acid and its derivatives.[19-31] However most 

of the catalytic reactions were performed usually under high pressure of H2, which 

may have several safety concerns. Among these catalysts, ruthenium catalyzed 

catalysts are attractive, because of its low cost and almost comparable activity than 
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those of highly active Pd catalyst.[6,8,10,12,15,19,24-27,31] Interestingly, most of the active 

catalysts are those which are supported on carbonaceous materials.[6,9,19-

21,24,25,27,28,30,31] Notably, recent findings inferred that stabilizers, such as surfactants 

or ligands, significantly control the catalytic properties of metal 

nanoparticles.[15,26,30,31] Recently, Beller et al. reported highly selective 

hydrogenation of arenes over ruthenium nanoparticle catalysts modified with a 

carbon-nitrogen matrix.[6] More recently, Li et al. also reported ruthenium 

nanoparticles immobilized on mesoporous carbon as highly active catalyst for the 

hydrogenation of benzoic acid to cyclohexanecarboxylic acid.[27] Hence, several 

synthetic procedures for the synthesis of Ru/C nanoparticles have been explored, but 

in most of the cases high temperature (up to 450 oC), high pressure (up to 60 bar) of 

H2 gas, and externally added carbon supports were used to synthesise Ru/C 

nanoparticles.[32-36] 

 On the other hand designing effective organometallic catalyst for the 

hydrogenation of (hetero)arenes has also received significant attention in recent 

years. Zeng et al. have recently reported selective hydrogenation of aromatic ring of 

ketone and phenols using cyclic(amino)alkyl carbene rhodium complexes using H2 

(5 bar) gas.[37] Notably, ruthenium arene complexes based on nitrogen donor ligands, 

such as ethylenediamine derived ligands has also been identified as a well 

established class of transfer hydrogenation catalysts,[38-42] and therefore we 

anticipated that these complexes could be a good candidate to achieve arene ring 

hydrogenation under a precisely tuned reaction condition. Reaction of the precursor, 

ruthenium-arene dimer, with ethylenediamine (en) in a suitable solvent led to the 

straightforward synthesis of cationic [(6-arene)Ru(en)Cl]+ complex.[43-44] We have 

recently explored such complexes for a tandem catalytic transformation of furan to 

ketoacid and diketones with an aid of formic acid as H-source.[44] Recently, Fan et 

al. have also explored analogues complexes for enantioselective hydrogenation of 

naphthalene derivatives in the presence of H2 gas.[45-46] Notably, the above and plenty 

of several other transfer hydrogenation/hydrogenation reactions catalyzed by 

(arene)Ru-en based complex are targeted mostly towards C=O or C=N bonds.[38-42,44-

46] However, at elevated temperature (60-100°C) using high pressure H2 gas (10-60 

bar), hydrogenation of C=C bond (aromatic and others) were also successfully 

attempted using ruthenium complexes.[47-50]  
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 Striking work of Finke et al. established that at higher temperature (110 °C 

and 60 atm H2) catalytic reaction performed using ruthenium metal complexes, 

instead of ruthenium complex, traces of Ru(0) nanoparticles, generated in situ, are 

the active catalytic species for the hydrogenation of benzene.[50-52] These and other 

analogous classical findings suggested that under tuned condition deliberate in situ 

generation of active metal nanoparticles from metal complexes may resulted in high 

catalytic activity.[53] Therefore, we report herein a facile hydrogenation of a wide 

range of arenes and  heteroarenes by in situ generated active ruthenium nanoparticles 

immobilized on carbon and H2 gas from an organometallic precursor, [(6-

C6H6)Ru(en)Cl]+, and formic acid, respectively via a tandem catalytic process in 

water. We also investigated the effect of ligands to achieve high catalytic activity for 

ruthenium catalyst. Using this methodology, several substrates analogous to lignin-

derived fragments were also successfully hydrogenated to corresponding alicyclic 

products.   

3.2. Results and discussion 

At the outset of our experiments, hydrogenation of arenes was performed using 

benzoic acid as a model substrate (Scheme 1). A teflon coated autoclave containing 

[(6-C6H6)Ru(en)Cl]PF6 (5 mol %) dissolved in 10 mL water was added to benzoic 

acid and formic acid. The sealed autoclave was heated at a constant temperature of 

150 °C for 16 h. Results inferred a complete conversion of benzoic acid (1) to 

cyclohexanecarboxylic acid (1a) with >99% selectivity.  

 Complete disappearance of aromatic peaks in 1H and 13C NMR and the 

formation of new peak corresponding to aliphatic C-H, further confirmed the 

formation of cyclohexanecarboxylic acid (1a). HRMS analysis is also in good 

agreement with that of cyclohexanecarboxylic acid (m/z for cyclohexanecarboxylic 

acid + Na+ 151.0730 (calcd.) and 151.0734 (found)). Interestingly, when reaction 

was conducted using RuCl3.xH2O, instead of [(6-C6H6)Ru(en)Cl]PF6, reaction could 

not proceed (Scheme 3.1, and Table 3.1). Moreover, reaction performed with a 

phosphine containing (arene)Ru complex, [(6-C6H6)RuPPh3Cl2], or in the presence 

of (arene)Ru dimer [{(6-C6H6)RuCl}2], also resulted in no conversion of benzoic 

acid (Scheme 3.1 and Table 3.1). These results inferred that it is not just the Ru metal 

but also the overall structural ingredients of the [(6-C6H6)Ru(en)Cl]PF6 which play 
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a crucial role in the observed high catalytic activity towards benzoic acid (1) to 

cyclohexanecarboxylic acid (1b) conversion.  

 

 

 

 

 

 

 

 

 

Scheme 3.1. Catalytic hydrogenation of benzoic acid to cyclohexanecarboxylic acid 

using several ruthenium precursors in water 

Table 3.1. Effect of different catalyst on the catalytic ring hydrogenation of benzoic 

acid[a] 

S. No. Catalyst Conversion (%) Selectivity (%) 

1 [(η6-C6H6)RuCl(en)]PF6 >99 >99 

2 RuCl3.xH2O 0 0 

3 [(η6-C6H6)RuCl2PPh3] 0 0 

4 [(η6-C6H6)RuCl2]2  0 0 

554 Ru nanoparticle prepared by 

RuCl3.xH2O +NaBH4+PVP 

0 0 

655 Ru nanoparticle prepared by 

(RuCl3.xH2O +EG) 

0 0 

755 Ru nanoparticle prepared by 

 (Ru(acac)3+TEG) 

0 0 

[a]Reaction conditions: Benzoic acid (1.0 mmol), HCOOH (18 equiv.), ruthenium catalyst 

(5 mol%), H2O (10 mL), 150 °C, 16 h.  

Notably, in transfer hydrogenation catalysts, ligands having N-H bonds play 

determining role particularly to help in the activation of H-source.[38-42] It is evident 

from the literature that among the ruthenium based catalysts explored for HCOOH to 

H2 conversion or hydrogenation using HCOOH, the most active catalysts are one 

those having nitrogen based ligand.[44,56,57] Presence of nitrogen was found to be 

advantageous in these complexes, because of its crucial involvement in providing 
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  (a) (b)

protic (–NH) hydrogen and subsequently in the facile release of H2 gas by stabilising 

various intermediate by H-bond. For instance in a very recent report, Huang et al. 

demonstrated H2 production from HCOOH catalysed by a Ru complex having 

diamine based nitrogen ligands.[56] Moreover, result showed that reaction pathway 

following the participation of –NH is more favourable. Moreover, we have also 

investigated several Ru complexes with ligands having –NH bonds, and observed 

that these catalysts demonstrated high catalytic active for hydrogenation reaction 

using HCOOH as H-source.[44,57] Therefore, presence of nitrogen ligands in the 

studied ruthenium complex [(6-C6H6)Ru(en)Cl]+ is crucial to achieve high catalytic 

activity.  

To gather further evidence to support the crucial role of formic acid as H-

source in the hydrogenation of benzoic acid, catalytic reaction was performed by 

replacing formic acid with other organic acids such as acetic acid, propionic acid and 

isobutyric acid (Figure 3.1a). Contrary to the high conversion of benzoic acid to 

cyclohexanecarboxylic acid achieved in the presence of formic acid, reaction with 

other organic acid resulted in no conversion of benzoic acid. Furthermore, decreasing 

the formic acid contents (<18 equiv.), resulted in the decrease in the conversion of 

benzoic acid. Notably, in the absence of formic acid reaction could not proceed 

(Figure 3.1b, and Table 3.2). These observations attributed to a strong structure-

activity relationship of the [(6-C6H6)Ru(en)Cl]+ having N-H bonds and the crucial 

role of formic acid as a H-source.[44,57]  

 

 

 

 

 

 

Figure 3.1. Ruthenium catalyzed hydrogenation of benzoic acid to 

cyclohexanecarboxylic acid with (a) several organic acids (18 equiv.), and (b) 

varying amount of formic acid (0−24 equiv). Reaction conditions: (a) benzoic acid 

(1.0 mmol), catalyst (5 mol%), carboxylic acid and water (10 mL) at 150 °C for 16 h. 



84 
 

0 1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

2.5

H
2
 +

 C
O

2
 (

m
m

o
l)

Time (h)

 

 

Table 3.2. Effect of formic acid concentration on the catalytic ring hydrogenation of 

benzoic acid[a] 

To investigate if [(6-C6H6)Ru(en)Cl]+ can also catalyze the decomposition of 

HCOOH to H2, experiment was performed [(6-C6H6)Ru(en)Cl]PF6 and HCOOH 

(S/C = 20) in water at 150 °C (in the absence of the substrate). Results inferred that 

indeed the [(6-C6H6)Ru(en)Cl]+ is catalytically active for the decomposition of 

HCOOH to H2, and complete conversion of HCOOH to H2 and CO2 was achieved in 

4 h (TOF = 5.0 h-1) (Figure 3.2). Moreover, catalytic hydrogenation of benzoic acid 

at lower reaction temperature of 120 °C or 100 °C, resulted in the very poor 

conversion or ended with no reaction at all. However, at 170 °C, complete 

conversion of benzoic acid to cyclohexanecarboxylic acid was achieved in lesser 

reaction time (10 h) (Figures 3.3 and Tables 3.3). 

 

 

 

 

 

 

 

 

Figure 3.2. Decomposition of formic acid (1.0 mmol) to H2 and CO2 using ruthenium 

catalyst ([(6-C6H6)Ru(en)Cl]PF6) (0.05 mmol) at 150 oC. 

S. No. HCOOH (mmol) Conversion (%) Selectivity (%) 

 

1 0 0 0 

2 3 9 >99 

2 6 22 >99 

3 12 75 >99 

4 18 >99 >99 

5 24 >99 >99 

[a]Reaction conditions: Benzoic acid (1.0 mmol), H2O (10 mL), ruthenium catalyst 

precursor (5 mol%), 150 oC, 16 h. 
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Figure 3.3. Effect of formic acid concentration on the catalytic ring hydrogenation 

of benzoic acid to cyclohexanecarboxylic acid in the presence of ruthenium catalyst 

in water. Reaction conditions: benzoic acid (1.0 mmol), ruthenium catalyst precursor 

(5 mol%), formic acid (18 equiv.) and water (10 mL) at different temperature for 16 

h.  

Table 3.3. Effect of reaction temperature on the catalytic ring hydrogenation of 

benzoic acid[a] 

S. No. Temperature (oC) Time (h) Conversion 

(%) 

Selectivity (%) 

1 100 16 0 >99 

2 120 16 7 >99 

3 150 16 98 >99 

4 170 10 >99 >99 

[a]Reaction conditions: Benzoic acid (1.0 mmol), HCOOH (18 equiv.), ruthenium 

catalyst precursor (5 mol%), H2O (10 mL), 16 h. 

Notably, during the catalytic reaction, initial dark brown colour of the 

reaction mixture turned to black turbid suspension. The resulting black particles were 

separated by centrifugation and were analysed further (Figure 3.4, and Figure 3.5). 

Powder X-ray diffraction pattern (XRD) showed the formation of hexagonal closed 

pack (hcp) Ru nanoparticles with a prominent (2Ɵ) peak at 44° indexed to (101) 

lattice planes of Ru (JCPDS 06-0663).[24] Moreover, presence of a broad peek 

centred at a 2Ɵ value of 25 °C, suggesting formation of a carbon supported Ru 

nanoparticle (Ru/C).[24,27]  
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Figure 3.4. Characterization of ruthenium nanoparticle catalyst. (a) TEM with 

histogram (inset). (b) SAED. (c-d) Elemental mapping of corresponding TEM image. 

(e) SEM-EDX line scan and (f) EDX mapping. (g) Powder XRD pattern. 

 

 

 

 

 

 

 

 

 

Figure 3.5. SEM images and corresponding EDX mapping of ruthenium 

nanoparticle generated in situ from the catalyst precursor [(6-C6H6)Ru(en)Cl]PF6 
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The TEM image of Ru/C nanoparticles showed the presence of ca 7 nm 

sized, nearly spherical nanoparticles (Figure 3.4a) consistent with XRD, selective 

area electron diffraction (SAED) pattern also revealed the presence of (101) lattice 

plane of hcp Ru nanoparticles. Energy-dispersive X-ray spectroscopy (EDX) (Figure 

3.4) and elemental mapping (Figure 3.5) further support the presence of well 

dispersed Ru nanoparticles. In agreement with the above analyses, ICP-IES analysis 

also confirmed the presence of Ru metal. Moreover, the supernatant obtained after 

catalytic reaction was also analysed by 1H NMR and mass spectral analysis (Figure 

3.6). Results revealed that the characteristic peaks of organometallic-Ru complex 

[(6-C6H6)Ru(en)Cl]PF6 were completely vanished in 1H NMR, and also the 

molecular ion peak of the [(6-C6H6)Ru(en)Cl]+ at m/z 275.2 was absent in the 

supernatant. The above observations suggested the complete conversion of 

organometallic-Ru complex to Ru/C nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. (a) 1H NMR and (b) mass spectra of supernatant obtained after the 

reaction of [(6-C6H6)Ru(en)Cl]PF6 and HCOOH, under optimized reaction 

condition. 
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To further establish the nature of the active catalyst, hydrogenation 

experiments were performed by using pre-synthesised Ru/C nanoparticles, obtained 

from the organometallic precursor ([(6-C6H6)Ru(en)Cl]PF6), in the presence of 

external H2 gas and HCOOH, respectively. The pre-synthesised Ru/C nanoparticles 

exhibited good catalytic activity toward the hydrogenation reaction in the presence of 

external hydrogen gas, but could not catalyze the hydrogenation reaction in the 

presence of HCOOH. Worthy to mention that, the [(6-C6H6)Ru(en)Cl]PF6 was not 

able to catalyze arene hydrogenation in the presence of H2 gas. However, the 

organometallic complex catalyses the facile transformation of HCOOH to H2 

gas[44,56,57] under the optimized reaction conditions which subsequently generate the 

Ru/C as a active catalysts for the hydrogenation of benzoic acid (Scheme 3.2).  

Therefore, experimental observation clearly revealed that the Ru organometallic 

complex catalyses H2 gas generation from the formic acid through transfer 

hydrogenation. (Figure 3.2). These result clearly inferred that pre-synthesized Ru/C 

nanoparticle from organometallic-Ru precursor is the active form of catalyst for 

arene ring hydrogenation of benzoic acid to cyclohexanecarboxylic acid with the aid 

of in situ generated H2 gas. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Scheme 3.2. Catalytic hydrogenation of benzoic acid to cyclohexanecarboxylic acid 

conducted in the presence of various ruthenium catalysts at 170 oC for 10 h.  
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Therefore, based on above findings, we anticipated that the reaction proceeds 

through an initial activation of formic acid to H2 gas by the [(6-C6H6)Ru(en)Cl]+ 

complex, where the presence of N-H bond is a crucial factor and is in consistence 

with our earlier findings, where [(6-C6H6)Ru(en)Cl]+ complex catalyzed the 

hydrogenation of aldehydes with the aid of formic acid in water. The Hg(0) 

poisoning experiments support the homogeneous nature of the catalyst during the 

activation of formic acid and the formation of Ru-hydride complexes, [(6-

C6H6)Ru(H)(en)]+.[44] However, performing the catalytic reaction at high temperature 

may transfer this highly active in situ generated Ru-hydride complex into a carbon 

supported Ru nanoparticles (Ru/C).[51,52] Notably, we observed very low conversions 

for the catalytic reactions performed at lower temperature(Tables 3.3). Also, the 

colour of the reaction mixture remains unchanged at lower temperature suggesting 

that only a small portion of pre-catalyst has been converted into the Ru(0) metal 

nanoparticles. Notably, 1H NMR and mass spectral analysis of the supernatant 

obtained after the reaction at 170 ºC inferred no characteristic peaks corresponding to 

the organometallic Ru precursor, suggesting the complete conversion of 

organometallic Ru precursor to Ru(0) nanoparticles (Figure 3.4). A similar metal-

hydride complex were also reported during the formation of Ru(0) and Rh(0) from 

the respective organometallic complexes by Fink et al.[50-52] Formation of Ru/C 

nanoparticles in our reaction system is indeed in consistence with the famous Fink 

scheme “A→B, then A + B→2B” demonstrating the heterogeneous nucleation 

process.[52] Therefore, the in situ generated Ru/C nanoparticle catalyst facilitates the 

hydrogenation of benzoic acid to cyclohexanecarboxylic acid using available in situ 

generated H2 gas (from formic acid activated by the [(6-C6H6)Ru(en)Cl]+). Hg(0) 

poisoning experiments performed by conducting the catalytic experiments in the 

presence of Hg(0), inferred that catalytic conversion is drastically suppressed (Table 

3.4). This result is consistence with earlier reports which strongly support the 

heterogeneous nature of the catalyst.[50-53] It is worth mentioning here, that reaction 

performed by using pre-synthesized Ru/C nanoparticles resulted in no conversion in 

the presence of formic acid (Table 3.1). These findings further suggested that the 

crucial activation of formic acid to generate H2 gas, is only facilitated by the unique 

structural advantage with [(6-C6H6)Ru(en)Cl]+ complex. Thus the hydrogenation of 
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arene using the pre-catalyst [(6-C6H6)Ru(en)Cl]+ represents a unique combination 

of homogeneous (activation of formic acid by [(6-C6H6)Ru(en)Cl]+) and 

heterogeneous catalytic (hydrogenation of arenes by in situ generated Ru/C) cycles 

(Scheme 3.3). 

 

 

 

 

 

 

 

Scheme 3.3. Schematic representation for the effect of H-source on the formation of 

Ru/C nanoparticle from Ru complex [(6-C6H6)Ru(en)Cl]PF6 at 170 oC for 10 h.  

 

Table 3.4. Mercury poison experiment of the catalytic ring hydrogenation of benzoic 

acid[a] 

 

 

 Notably, during the transformation of benzoic acid (1) to 

cyclohexanecarboxylic acid (1a), no intermediates were observed. To gain further 

insights into the ruthenium catalyzed hydrogenation of arenes and to understand the 

mode of hydrogenation reaction, catalytic hydrogenation of arenes having at least 

two phenyl rings, such as diphenylmethane (2), was investigated under the optimized 

reaction conditions. Analyzing the hydrogenation reaction by 1H NMR revealed a 

stepwise process for the hydrogenation of phenyl rings of diphenymethane (2) 

S. N.  Catalyst Hg(0) Conversion 

1 [(η6-C6H6)RuCl(en)]PF6  

(Control Experiment) 

-- >99% 

2 [(η6-C6H6)RuCl(en)]PF6  

(Mercury Poisoning 

Experiment) 

Hg(0) (added in 

excess) 

<8% 

[a]Reaction conditions: Benzoic acid (1.0 mmol), HCOOH (18 equiv.), ruthenium 

catalyst precursor (5 mol%), H2O (10 mL), 170 oC, 10 h. 
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(Figure 3). In the initial 6 h, partially hydrogenated product  

(cyclohexylmethyl)benzene (2b) was observed with 82% selectivity, along with the 

completely hydrogenated product, dicyclohexylmethane (2a) (18% selectivity) 

(Figure 3.7 and Table 3.5, entry 2). Further extending the reaction to 10 h, resulted in 

the compete conversion of diphenylmethane (2) selectively to dicyclohexylmethane 

(2a) in 72% yield (Table 5, entry 2).  

 

 

 

 

 

 

 

 

 

Figure 3.7. 1H NMR monitoring for the ruthenium catalyzed hydrogenation of 

diphenylmethane (2) in water.  

 We further performed the catalytic hydrogenation reaction using a range of 

several other arenes and heteroarenes under the optimized reaction conditions (Table 

1 summarized the results). As inferred from the results, a wide range of aromatic 

compounds, including those having more than one phenyl rings, biphenyl, 

phenylpyridine, benzophenone and naphthalene, can be transformed to 

corresponding hydrogenated form with good selectivity (Table 3.5, entries 1-17). 

Biphenyl (3) was hydrogenated to 1,1’-bicyclohexane (3a) and cyclohexylbenzene 

(3b) with 1:1 selectivity (Table 3.5, entry 3). Analogous to diphenylmethane, 

benzophenone (4) also showed the stepwise hydrogenation of two phenyl ring, where 

hydrogenation of ketonic group was also observed (Table 3.5, entry 4). Notably, 

complete hydrogenation of ketonic group of benzophenone (2) resulted in the 

formation of (cyclohexylmethyl)benzene (2b) as a major product, as observed with 
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the hydrogenation of diphenylmethane (2). Aromatic compounds having reducible 

substituents, such as acetophenone (5), cinnamaldehyde (6), benzonitrile (7), 

benzamide (11) and others were also transformed into corresponding hydrogenated 

products, with the hydrogenation of arene ring and the reducible functional groups 

(Table 3.5, entries 5-13). Benzonitrile (7) undergoes facile hydrogenation to form 1-

cyclohexylmethylamine (7a) and benzylamine (7b) by the hydrogenation of benzene 

ring and nitrile group (Table 3.5, entry 7). Hydrogenation of aniline (8) to 

cyclohexylamine (8a) was also achieved in 58% yield (Table 3.5, entry 8). 

Analogous to aniline hydrogenation, hydrogenation of nitrobenzene (9) also led to 

the formation of cyclohexylamine (8a) in 41% yield (Table 3.5, entry 9). 

Hydrogenation of benzylalcohol (12) to 1-cyclohexylmethanol (12a) was also 

achieved with high selectivity (Table 3.5, entry 12). Hydrogenation of phenol to 

cyclohexanone is an industrially important challenging task due to its high demand 

for nylon 6 and nylon 66 production.[58] Under the reaction conditions, phenol (13) 

was reduced to form cyclohexanone (13b) by the hydrogenation of benzene ring of 

phenol (Table 3.5, entry 13).[59,60] However, the major fraction of the hydrogenated 

product is cyclohexanol (13a) formed by complete hydrogenation of phenol (Table 

3.5, entry 13). Unlike biphenyl, fused ring arenes, such as naphthalene (14), showed 

the formation of only single ring hydrogenated product (14a) albeit with poor 

conversion (Table 3.5, entry 14). 

Table 3.5. Ruthenium catalyzed hydrogenation of (hetero)arenes 

Entr

y Substrate Product 

Conv./Sel. (%) 

[yield][a]  

1 

  

>99/>99 [61% (1a)] 

2 

 

 

 

 

>99/>99 [72% (2a)] 

63/18:82 (2a/2b)[b] 

3 

  

89/51:49 (3a/3b)  

[40% (3a)] 
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4 

 

 

>99/75:11:7:7  

(2b/2/4a/4b) 

5 

  

>99/>99 [62% (5a)] 

6 

  

>99/75:25 (6a/6b) 

7 

  

81/22:78 (7a/7b) 

8 

  

>99/>99 [58% (8a)] 

9 

  

>99/ >99 (8) 

>99/ >99[41% 

(8a)][d] 

 

10 

  

81/53:47 (1a/1) 

11 

  

78/67:33 (11a/1a) 

[37% (11a)] 

12 

  

81/>99 
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13 

  

99/85:15(13a/134b) 

14 

  

33/>99 

15 

  

98/33:67 (15a/15b) 

>99/>99 [57% 

(15a)][c] 

 

16 

 
 

>99/>99[57% (16a)] 

17 

  

>64.5/>99[33% 

(17a)] 

>99/>99[67% 

(17a)][d] 

 

aReaction condition: arene (1.0 mmol), ruthenium catalyst (precursor complex) (5 

mol%), formic acid (18 mmol), water (10 ml) at 170 °C for 10 h. b 6 h, c 20 h, d 24 h. 

   

Interestingly with phenylpyridine (15), hydrogenation of pyridine ring was 

favoured over phenyl ring. After 10 h of the reaction, 2-cyclohexylpiperidine (15a) 

and 2-phenylpiperidine (15b) was observed respectively with 33% and 67% 

selectivities. Complete conversion of phenylpyridine selectively to 2-

cyclohexylpiperidine (15a) in high yield (57%) was achieved in 20 h (Table 3.5, 

entry 15). Analogous to phenylpyridine, facile hydrogenation of pyridine to 

piperidine was also observed in 57% yield (Table 3.5, entry 16).[59] Notably under 

acetic condition, pyridine gets protonated which activates pyridine for 

hydrogenation.[60] Piperidine is one of the most common scaffold in natural products 

and several biologically important pharmaceutical and drug molecules.[60] Unlike 

pyridine, hydrogenation of 2-aminopyridine (17) resulted in the formation of 3,4,5,6-

tetrahydopyridin-2-amine (17a) in lower yield 33% (Table 3.5, entry 17), because 
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17a gains resistance toward further hydrogenation under acidic condition.[61] It is 

important to mention that, diphenylmethane (2), biphenyl (3), acetophenone (5), 

benzylalcohol (12), phenol (13) and cinnamaldehyde (6), which are analogous to 

lignin-derived fragments, have also been successfully hydrogenated to corresponding 

alicyclic reaction products (Scheme 3.4).[6,7] 

 

 

 

 

 

 

 

 

 

Scheme 3.4. Ruthenium catalyzed hydrogenation of several substrates analogous to 

lignin-derived fragments.  

 Further to enhance the viability of this process, gram scale reaction for the 

ruthenium catalyzed hydrogenation of benzoic acid (1) to cyclohexanecarboxylic 

acid (1a) was also conducted under the optimised reaction conditions at 170 °C for 

20 h (Scheme 3.5). Results inferred a facile conversion of 1.22 g of benzoic acid (1) 

to cyclohexanecarboxylic acid (1a) in 60% yield (0.76 g). 

 

 

 

 

Scheme 3.5. Gram-scale reaction for the ruthenium catalyzed hydrogenation of 

benzoic acid 
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We performed recyclability of in-situ generated Ru/C catalysts in optimised reaction 

condition with benzoic acid to cyclohexanecarboxylic acid. After each catalytic runs, 

in situ generated Ru/C nanoparticle was separated from reaction mixture by 

centrifugation and reaction mixture was extracted by using a suitable organic solvent, 

while the separated catalyst was immediately used for the next catalytic run by 

adding additional specified amounts of the benzoic acid, water and external H2 gas as 

H-source. Interestingly, the Ru/C catalyst was recycled for at least three catalytic 

cycles, without any significant loss of the catalytic activity (Figure 3.8). 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Recyclability of the Ru/C catalyst for the catalytic ring hydrogenation of 

benzoic acid to cyclohexanecarboxylic acid. 

3.3. Conclusions 

In conclusion, an efficient catalytic system was developed, where the cooperative 

synergy of the [(6-C6H6)Ru(en)Cl]+ complex and formic acid resulted in the in situ 

generation of active ruthenium nanoparticles immobilized on carbon (Ru/C) and H2 

gas to achieved facile tandem catalytic hydrogenation of a wide range of arenes and 

heteroarenes in water. Catalytic activity of the reported catalytic system was 

attributed to the unique structural-activity relationship of the precursor complex [(6-

C6H6)Ru(en)Cl]+, where the presence of N-H bond plays a crucial role in the initial 

activation of formic acid to generate H2 gas. Further the reaction temperature 

enhances the rapid reduction of the precursor complex Ru(II) complex to Ru(0). 

TEM observations of the presence of Ru/C nanoparticles and the Hg(0) poisoning 

experiments suggesting the heterogeneous nature of the catalyst. Moreover, a wide 

range of aromatic compounds analogous to lignin-derived fragments were also 

successfully hydrogenated to corresponding alicyclic products, and thus the present 
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catalytic system may also finds application in biomass transformation reactions. 

Further exploration in this direction is underway.  

3.4. Experimental section 

3.4.1. Materials and methods. All catalytic reactions were performed open air 

atmosphere, using chemicals of high purity purchased from Aldrich and Alfa Aesar. 

The catalytic reactions were monitored using a thin layer chromatography (TLC). 1H 

NMR (400 MHz), and 13C NMR (100 MHz) spectra were recorded at 298 K using 

CDCl3, D2O or DMSO-d6 as the solvent on a Bruker Avance 400 spectrometer. 

Tetramethylsilane (TMS) was used as an external standard and the chemical shifts in 

ppm are reported relative to the centre of the singlet at 7.26 ppm for CDCl3, 4.75 for 

D2O and 2.49 ppm for DMSO-d6 in 1H NMR and to the centre of the triplet at 77.0 

ppm for CDCl3 and 39.50 ppm for DMSO-d6 in 13C NMR. ESI (positive and 

negative mode) and high-resolution mass spectra (HRMS) were recorded on a micro 

TF-Q II mass spectrometer Scanning electron microscopy (SEM) images and 

elemental mapping data were collected on Carl Zeiss supra 55 (operating voltage 15 

kV), using amorphous carbon-coated 400 mesh copper grids for depositing sample. 

Transmission Electron Microscopic (TEM) imaging was carried out using PHILIPS 

CM 200 with operating voltages 20-200kv and resolution 2.4 Å. Elemental mapping 

and energy dispersive X-ray spectroscopy (EDS) point analysis were performed on 

FEI Tecnai G2, F30 TEM with operating voltage of 200 kV. Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) analysis was achieved with 

ARCOS, Simultaneous ICP Spectrometer of SPECTRO Analytical Instruments. 

Powder X-ray diffraction (XRD) measurements were performed over the dried 

particles using a Rigaku SmartLab, Automated Multipurpose X-ray Diffractometer at 

40 kV and 30 mA using CuKα radiation (λ = 1.5418 Å). 

3.4.2. General procedure for the catalytic hydrogenation of arene and 

hetero(arenes) over in situ generated ruthenium nanoparticles 

(Hetero)arene (1.0 mmol) was added to the solution of ruthenium catalyst precursor 

([(6-C6H6)Ru(en)Cl]PF6, 0.05 mmol) in water (10 ml) followed by addition of the 

acid (18 mmol). The reaction mixture was heated at 170°C under Teflon coated 

reactor for 10 h. After the completion of the reaction crude reaction mixture was 

extracted with the ethyl acetate and the organic portion dried over sodium sulphate. 
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3.4.3. Procedure for synthesis of Ru/C nanoparticles from organometallic 

precursor 

Formic acid (18 mmol) was added to the solution of ruthenium precursor ([(6-

C6H6)Ru(en)Cl]PF6, 0.05 mmol) in water (10 ml) then the reaction mixture was 

heated at 170°C under Teflon coated reactor for 10 h. After 10 h particle was 

separated by centrifugation at 8000 rpm for 15 min and wash with ethanol (2 × 10 

ml). The isolated Ru/C nanoparticles were used for the catalytic reaction. 

3.4.4. Procedure for Hg(0) Poisoning test 

To identify the nature of catalysis (heterogeneous or homogeneous) for ring 

hydrogenation reaction, Hg(0) poising test was performed, where 1.0 mmol of 

benzoic acid (1) was added to a solution of ([(6-C6H6)Ru(en)Cl]PF6, 0.05 mmol) in 

water (10 ml) then addition of the formic acid (18 mmol) and excess of Hg(0). The 

reaction mixture was vigorously stirred and heated at 170 °C under a Teflon coated 

reactor for 10 h. After the completion of the reaction crude reaction mixture was 

extracted with the ethyl acetate and the organic portion dried over sodium sulphate. 

3.4.5. Spectral data of the products obtained from the catalytic reduction of 

substrates 

 

 

 

 

Cyclohexanecarboxylic acid: 1H NMR (400 MHz, CDCl3): δ (ppm) = 11.49 (br, 

1H), 2.335-2.28 (m, 1H), 1.93-1.890 (m, 2H), 1.76-1.73 (m, 2H), 1.65-1.61 (m, 1H), 

1.48-1.39 (m, 2H), 1.32 1.22 (m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 

182.85, 42.94, 28.73, 25.66, 25.30. HRMS (ESI) m/z calculated for 

Cyclohexanecarboxylic acid: 151.0837 [M+Na] +, found 151.0730 [M+Na] +. 

 

 

 

 

Dicyclohexylmethane: 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.68-1.62 (m, 10H), 

1.31-1.11 (m, 8H), 1.02 (t, J = 8 Hz, 2H), 0.86-0.78 (m, 4H). 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 45.62, 34.39, 33.80, 26.84, 26.51. 
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(Cyclohexylmethyl)benzene: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.25-7.22 (m, 

1H), 7.18-7.14 (m, 2H), 7.13-7.11 (m, 2H), 2.46 (d, J = 8.00 Hz, 2H), 1.63-1.60 (m, 

4H), 1.55-1.47 (m, 1H), 1.34-1.26 (m, 2H), 1.23-1.17 (m, 4H).   

 

 

 

1,1’-Bi(cyclohexane): 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.73-1.60 (m, 10H), 

1.23-1.15 (m, 4H), 1.14-1.01 (m, 4H), 0.99-0.89 (m, 4H). 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 42.51, 29.21, 25.93. 

 

 

 

Cyclohexylbenzene: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.27-7.24 (m, 2H), 

7.18-7.13 (m, 3H), 2.48-2.44 (m, 1H), 1.70-1.63 (m, 6H), 1.40-1.37 (m, 4H). 

 

 

 

Diphenylmethane: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.28-7.24(m, 4H), 7.18-

7.16 (m, 6H), 3.96 (s, 2H). 

 

 

 

 

Dicyclohexylmethanol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.97 (t, J = 5.60 

Hz, 1H), 1.76-1.74 (m, 4H), 1.67-1.64 (m, 4H), 1.32-1.19 (m, 8H), 1.22-1.16 (m, 

2H), 0.96-0.90 (m, 4H). 
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Cyclohexyl(phenyl)methanol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.45-7.42 

(m, 1H), 7.18-7.15 (m, 4H), 4.28 (d, J = 8.00 Hz, 1H), 2.01-1.95 (m, 1H), 1.53-1.50 

(m, 4H), 1.19-1.13 (m, 4H), 0.82-0.79 (m, 2H). 

 

 

 

1-Cyclohexylethanol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.57-3.51 (m, 1H), 

2.35-2.28 (m, 1H), 1.85-1.64 (m, 6H), 1.14 (d, J = 6.40 Hz, 3H), 1.04-.93 (m, 4H).  

 

 

 

3-Cyclohexylpropan-1-ol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.55 (t, J = 6.40 

Hz, 2H), 1.87-1.81 (m, 1H), 1.62-1.60 (m, 4H), 1.52-1.46 (m, 4H), 1.14-1.08 (m, 

4H), 0.80-0.75 (m, 4H). 

 

 

 

3-Phenylpropan-1-ol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.29-7.24 (m, 3H), 

7.21-7.18 (m, 2H), 3.67 (t, J = 6.00 Hz, 2H), 2.73-2.65 (m, 2H), 1.91-1.86 (m, 2H).  

 

 

 

Phenylmethanamine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.33-7.30 (m, 4H), 

7.28-7.24 (m, 1H), 4.65 (s, 2H).  

 

 

 

Cyclohexylmethanamine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.39 (d, J = 8.00 

Hz, 2H), 1.72-1.63 (m, 8H), 1.57-1.53 (m, 1H), 1.39-1.36 (m, 2H). 
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Cyclohexylamine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.53-2.46 (m, 1H), 1.70-

1.46 (m, 4H), 1.19-0.87 (m, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 49.86, 

36.33, 25.11, 24.55. HRMS (ESI) m/z calculated for Cyclohexylamine: 100.1121 

[M+H]+, found 100.1340 [M+H]+.  

 

 

  

 

Aniline: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.03 (t, J = 8.00 Hz, 2H), 6.64 (t, J 

= 8.00 Hz, 1H), 6.55 (d, J = 8.00 Hz, 2H), 3.42 (s, 2H). 

 

 

 

 

Cyclohexamide: 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.12-2.04 (m, 1H), 1.88-

1.82 (m, 2H), 1.75-1.68 (m, 2H), 1.63-1.57 (m, 1H), 1.40-1.31 (m, 2H), 1.26- 1.20 

(m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 179.37, 44.82, 29.67, 25.73, 

25.68. HRMS (ESI) m/z calculated for Cyclohexanoic acid: 150.0889 [M+Na] +, 

found 150.0969 [M+Na] +. 

 

 

 

Cyclohexylmethanol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.43 (d, J = 8.00 Hz, 

2H), 1.75-1.71 (m, 4H), 1.68-1.64 (m, 2H), 1.48-1.44 (m, 1H), 1.18-1.13(m, 2H), 

0.96-0.90 (m, 2H). 

 

 

 

 

Cyclohexanol: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.58-3.53 (m, 1H), 1.85-

1.82 (m, 2H), 1.23-1.21 (m, 2H), 1.22-1.1.20 (m, 2H), 1.17-1.67 (m, 2H), 1.16-1.10 

(m, 2H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 70.23, 35.44, 25.40, 24.08. 
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Cyclohexanone: 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.23 (t, J = 8.00 Hz, 4H), 

1.84-1.81 (m, 2H), 1.51-1.48 (m, 4H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 

212.37, 41.89, 26.94, 24.91. 

 

 

 

1,2,3,4-Tetrahydronaphthalene: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.10-7.06 

(m, 4H), 2.80-2.76 (m, 4H), 1.82-1.79 (m, 4H). 

 

 

 

2-Phenylpiperidine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.39-7.36 (m, 2H), 

7.24-7.21 (m, 1H), 7.17-7.12 (m, 2H), 3.65-3.62 (m, 1H), 2.84-2.78 (m, 1H), 2.71-

2.68 (m, 1H), 1.87-1.78 (m, 3H), 1.63-1.59 (m, 1H), 1.53-1.48 (m, 2H). 13C NMR 

(100 MHz, CDCl3): δ (ppm) = 144.09, 128.40, 128.22, 126.78, 62.05, 67.32, 34.12, 

29.66, 25.18. HRMS (ESI) m/z calculated for 2-Phenylpiperidine: 162.1277 [M+H] 

+, found 162.1273[M+H] +. 

 

 

 

 

2-Cyclohexylpiperidine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.03 (d, J = 12.00 

Hz, 1H), 2.53 (td, J1 = 12.00 Hz, J2 = 12.00 Hz, 1H), 2.19-2.15 (m, 1H), 1.75-1.49 

(m, 10H), 1.39-1.28 (m, 2H), 1.13-1.03 (m, 3H), 0.95-0.89 (m, 2H). 13C NMR (100 

MHz, CDCl3): δ (ppm) = 62.02, 47.40, 43.24, 29.40, 29.28, 29.13, 26.61, 26.40, 

24.98. HRMS (ESI) m/z calculated for 2-Cyclohexylpiperidine: 168.1747 [M+H] +, 

found 168.1932 [M+H] +. 
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Piperidine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.98 (t, J = 4.00 Hz, 4H), 1.74-

1.72 (m, 4H), 1.57-1.55 (m, 2H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 44.44, 

23.03, 22.74. HRMS (ESI) m/z calculated for Piperidine: 86.0964 [M+H] +, found 

86.0989 [M+H] +.  

 

 

 

3,4,5,6-tetrahydropyridin-2-amine: 1H NMR (400 MHz, CDCl3): δ (ppm) = 3.26 

(t, J = 4.80 Hz, 2H), 2.30 (t, J = 6.00 Hz 2H), 1.76-1.71(m, 4H). 13C NMR (100 

MHz, CDCl3): δ (ppm) = 172.67, 41.96, 31.26, 22.03, 20.64. MASS (ESI) m/z 

calculated for 3, 4, 5, 6-tetrahydropyridin-2-amine: 121.0736 [M+Na] +, found 

122.0612 [M+Na] +.  

  

Note: The contents of this work have been reproduced with the permission from 

The Wiley online library (ChemCatChem 2017, 9, 1930-1938 (DOI: 

10.1002/cctc.201700056) and License Number 4234591489582. 
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Chapter 4 

Troponate-/Aminotroponate ruthenium-arene complexes: 

Synthesis, structure and ligand tuned mechanistic pathway 

for direct C-H bond arylation with arylchlorides in water  

 

4.1 Introduction 

Chemistry of ruthenium(II)-arene based complexes has been established as a 

promising field of organometallic chemistry because of the structural versatility and 

unique tunable structure-activity behaviour shown by these complexes. Therefore, 

these complexes are being used as important candidates as catalysts in a wide range 

of organic transformations[1], biological applications such as active water soluble 

antitumor agents [2], and so on[3]. Careful observation of the scientific progress in the 

field of arene-ruthenium complexes revealed that the most active class of these 

complexe are those containing nitrogen or oxygen donor ligands.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Tropolone and aminotropone based metal complexes. 

 Chemistry of tropolone and 2-aminotropones has been extensively explored 

in recent past for several applications, such as anticancer agent,[4] and active catalyst 

for various important reactions such as intramolecular hydroamination,[5-7] ethylene 
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polymerization,[8] olefin polymerization,[9] and so on[10-14] (shown in Scheme 4.1). 

Tropolone based complexes have several unique features such as the formation of 

strained five-membered chelating ring with the metal centre having enolic hydroxy 

group analogous to β-diketone and negative charge accumulation predominantly on 

nitrogen atoms of aminotropone ligands. Moreover, the planer large seven membered 

homoaromatic rings of tropolone or aminotropones substantially contribute in the 

stability of these complexes.  

In recent years, remarkable progress has been accomplished in C-H bond 

activation using ruthenium catalysts as a direct route for C-C bond formation 

reactions.[15] Though several other metals such as Pd[16], Rh[17] and Ir[18] based 

complexes were also explored for C-H bond activation but ruthenium complexes 

being relatively less expensive, non-toxic, and stable in air and water, gained 

advantages over others. Among the most efficient ruthenium catalysts investigated so 

far for C-H bond activation or functionalization, ruthenium-arene complexes such as 

[{(6-arene)RuCl2}2] or its carboxylate complexes represent the highly active class 

of catalysts. [19] However, other ruthenium complexes such as those containing or 

involving phosphine ligands and others like RuCl2(PPh3)3, [RuCl2(cod)]2, [(6-

arene)RuCl2(1,2-diphenylvinyl)phosphine)] as well as [{(6-arene)RuCl2}2] with 

excess of PPh3 were also explored, but those are expected to follow a different 

reaction pathway.[20] Most of these reactions were performed in organic solvents, 

such as N-Methyl-2-pyrrolidone (NMP) or toluene, but recently huge efforts have 

been devoted to develop efficient catalytic systems for C-H bond activation in more 

environment tolerant solvents such as diethylcarbonate or water.[21]   

 Analogous to carboxylate ligands, ruthenium-arene complexes containing 

several other O,O or O,N chelating ligands for C-H bond activation were also 

reported in water where diarylation is favoured with O,N chelating ligands but 

phosphine containing complexes showed poor catalytic activity.[22] Similarly, β-

ketonates based ruthenium arene complexes have also employed for C-H bond 

arylation in NMP, where sterically bulky diketononate favour monoarylation.[23] 

Unlike weakly coordinating carboxylate ligands, these strong chelating O,O or O,N 

ligands displayed high affinity towards metal centre, and therefore we anticipated 

that presumably ruthenium-arene complexes containing such strongly coordinating 

chelating ligands might follow a different catalytic reaction pathway or involve 
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different catalytically active species during C-H bond activation, in contrary to the 

well established carboxylate/carbonate driven cycloruthenated species, [(6-

arene)Ru(κ2-C,N-phenylpyridine)(sol)]+ observed with ruthenium-arene complexes.  

Herein, we synthesized and characterized several novel ruthenium-arene 

complexes, [Ru]-9 − [Ru]-16, containing troponate (L1) and substituted 

aminotroponate (isopropylaminotroponate (L2) and cyclohexylaminotroponate (L3)) 

ligands. Structures of the ligand L3, and two of the representative ruthenium-arene 

complexes [(6-C10H14)-Ru(κ2-O,O-troponate)Cl] ([Ru]-13) and [(6-C10H14)-Ru(κ2-

O,N-isopropylaminotroponate)Cl] ([Ru]-15) were authenticated by single crystal X-

ray diffraction studies. Further, these complexes were employed for ortho C-H bond 

arylation of 2-phenylpyridine with 4-chloroanisole in water. Effect of several 

carboxylate additives and structural motifs of troponate/aminotroponate ruthenium-

arene complexes on catalytic activity and selectivity towards C-H bond mono vs 

diarylation were explored. Main focus of the present report is to extensively 

investigate, identify and characterize catalytically active species and/or reaction 

intermediates of the C-H bond arylation as catalyzed by newly synthesised 

troponate/aminotroponate ruthenium-arene complexes using mass spectral and 1H 

NMR studies. Based on these studies, along with the support from DFT calculation, 

the catalytic reaction pathway was proposed. 

4.2. Results and Discussion 

4.2.1. Synthesis and characterization of troponate-/aminotroponate-

ruthenium(II)-arene complexes. Troponate-/aminotroponate-ruthenium(II)-arene 

complexes were synthesised by reacting tropolone (L1), 2-(isopropylamino)tropone 

(L2) or 2-(cyclohexylamino)tropone (L3) ligands with ruthenium-arene precursors. 

Aminotropone based ligands L2 and L3 were prepared by direct nucleophilic 

displacement of the tosyl group of the 2-(tosyloxy)tropone by using excess of 

corresponding amine (isopropylamine or cyclohexylamine) applying an earlier 

reported method.[6] The synthesized ligands were characterized by several spectro-

analytical techniques which confirmed the proposed structures (see the Experimental 

section). Structural characterization of the ligand L3 was also elucidated by single-

crystal X-ray diffraction of its suitable crystals obtained by slow evaporation of 

hexane-ethyl acetate (98:2, v/v) at room temperature. ORTEP diagram of the ligand 

L3 is shown in Figure 1. Crystallographic data and bond parameters for L3 are listed 
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in Tables 4.1 and 4.2. The C-O and C-N bond lengths (1.2478(18) and 1.3317(19) Å, 

respectively) are of intermediate value for single and double bonds which is similar 

to reported aminotropone ligand.[8] It indicates some degree of delocalization on the 

order of an amide group.  

 

 

 

 

 

 

 

 

 

Figure 4.1. Single crystal X-ray structure of 2-(cyclohexylamino)tropone (L3). 

Selected bond length (Å): C13-O1 = 1.2478(18), C7-N1 = 1.3317(19), C1-N1 = 

1.4548(19), bond angles (º): C7-C13-O1 = 116.37(13), C13-C7-N1 = 111.27(12) 

and torsion angles (º): O1-C13-C7-N1 = -4.5(2), C8-C7-C13-O1 = 174.1(2), C12-

C13-C7-N1 = 174.6(1). 

Table 4.1. Crystal data and structure refinement details for Ligand L3. 

Crystal parameters Ligand (L3) 

empirical formula C13 H17 N O 

Fw 203.28 

T (K)  293(2) 

λ (Å) 1.54184 

cryst system  Monoclinic     

space group P 21/n 

cryst size, mm 0.30×0.25×0.22 

a, Å 12.1210(7) 

b, Å 8.5610(5) 

c, Å 12.4050(8) 

α, deg 90.00   

β, deg 111.635(7) 

γ, deg 90.00 
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V, Å3 1196.56(12) 

Z  4 

calcd, g cm-3 1.128 

μ, mm-1 0.554 

F(000) 440 

  range, deg    6.43-73.23 

completeness to max 73.2 

no. of data collected/unique data 4562 /1916 

[R(int) = 0.0254] 

params/restraints 137/0 

goodness of fit on F2 1.042 

Final R indices [I > 2(I)]      R1= 0.0607 wR2 = 0.1627 

R indices (all data)      R1= 0.0517wR2 = 0.1499 

 

Table 4.2. Selected bond lengths and bond angles for Ligand L3. 

 

Bond  lengths (Å) 

O1-C13 1.2478(18) 

C13-C7 1.488(2) 

C13-C12 1.414(2) 

C7-C8 1.393(2) 

N1-C7 1.3317(19) 

N1-C1 1.4548(19) 

C1-C2 1.513(3) 

Bond angles (°) 

C1-N1-C7 128.62(13) 

N1-C7-C13 111.27(12) 

N1-C7-C8 122.60(14) 

N1-C1-C2 108.38(16) 

N1-C1-C6 110.53(15) 

O1-C13-C7 116.37(13) 

O1-C13-C12 120.07(14) 

 



116 
 

Tropolone (L1) or aminotropone (L2-L3) ligands were reacted with 

ruthenium-arene precursors, [{(η6-arene)RuCl2}2] (η6-arene = η6-C10H14 and η6-

C6H6)  in methanol using a base (or without base) to afford water soluble 

mononuclear piano-stool troponate-/aminotroponate ruthenium(II)-arene complexes 

in good yield (Scheme 4.2). The synthesized complexes have the general formula of 

[(η6-arene)Ru(2-L)Cl] (L = L1, η6-arene = η6-C10H14 ([Ru]-13) and η6-C6H6 ([Ru]-

9); L = L2, η6-arene = η6-C10H14 ([Ru]-15) and η6-C6H6 ([Ru]-11); L = L3, η6-arene 

= η6-C10H14 ([Ru]-16) and η6-C6H6 ([Ru]-12) and [{(η6-arene)Ru(κ2-L1)(PPh3)]
+ (η6-

arene = η6-C10H14 ([Ru]-14) and η6-C6H6 ([Ru]-10)). The spectral analyses of the 

synthesized complexes corroborated well with the proposed structures (see the 

Experimental section). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.2. Synthesis of ruthenium(II)-arene complexes containing tropolone based 

ligands. 

 In the 1H NMR spectra of the mononuclear complex [Ru]-9−[Ru]-16, arene 

protons displayed downfield shift as compared to that in the respective precursor 

ruthenium-arene dimer. Moreover, ring carbon of the coordinated tropolone in 

complexes [Ru]-9 and [Ru]-13 also resonated in slightly deshielded region 

(126.34−137.80 ppm) compare to that of the free tropolone ligand. However, the 

carbonyl carbons, in particular, of the tropolone ligand in complexes [Ru]-9 and 
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(a) (b)

[Ru]-13 resonated in more deshielded region at 184.29-184.87 ppm compared to that 

for free tropolone ligand (171.84 ppm), suggesting the coordination of the ligand to 

the metal center. The conjugative and electron-donating abilities of the 

troponate/aminotroponate ligands decreases electron density at 

troponate/aminotroponate ring might have contributed in the observed downfield 

shift in the 1H and 13C NMR spectra.[24] In consistence with the NMR results, FT-IR 

spectra[25] of the complexes [Ru]-9 and [Ru]-13 show a typical band at 1588.21 and 

1588.38 cm−1 respectively for the υ(C=O), while it appeared at 1609 cm-1 in the free 

tropolone ligand, suggesting the lengthening of C=O bonds upon coordination of 

tropolone to metal centre.[26] Cyclic voltammograms of the representative complexes 

[Ru]-9 and [Ru]-13 were obtained in CH2Cl2 containing 0.1 M (n-Bu4N)PF6 as 

supporting electrolyte at a sweep rate of 50 mV/s at room temperature (Figure 4.2). 

In the anodic window (0 to +2.0 mV) of cyclic voltammogram for complexes [Ru]-9 

and [Ru]-13, a well-defined quasi-reversible oxidation reduction wave was observed 

at 0.939 mV and 1.023 mV, respectively,[27] which may be attributed to RuII/III redox 

couple. Analogously for the aminotroponate ruthenium-arene complex [Ru]-14, the 

RuII/III redox couple appeared at 1.173 mV.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Cyclic voltammogram of (a) [(6-C6H6)RuCl(2-O,O-tropolone)][Ru]-9 

and (b) [(6-C10H14)RuCl(2-O,O-tropolone)][Ru]-13 in dichloromethane. 

On the other hand, tropolone based reduction waves appeared in the cathodic 

potential window (0 to –2.0 mV) of cyclic voltammogram of these complexes (Table 

4.3). Methyl substitution at arene ligand in complex [Ru]-13, resulted in a shift of 

RuII/III redox couple toward less positive side, due to the increase in electron density 
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on the metal centre which destabilizes the ground state energy and therefore leading 

to a lowering of the metal-based oxidation potentials.[28] 

Table 4.3. Cyclic voltammetric data of ruthenium complexes. 

S.No. Complexes Anodic pot. 

(Epa) 

Cathodic 

pot. (Epc) 

Oxidation half 

wave potential 

E1/2 (mV) 

∆E (mV) 

4 [Ru]-9 1.023 0.759 1.023 0.529 

5 [Ru]-10 1.237 1.168 1.202 0.069 

1 [Ru]-13 1.108 0.770 0.939 0.338 

2 [Ru]-14 1.220 1.142 1.181 0.078 

3 [Ru]-15 1.213 1.133 1.173 0.080 

 

X-ray suitable crystals of complexes [Ru]-13 and [Ru]-15 were obtained by 

slow evaporation method using dichloromethane and diethyl ether as solvents and 

their molecular structures were confirmed by single-crystal X-ray diffraction 

analysis. The ORTEP view along with the selected bond parameters of the 

complexes [Ru]-13 and [Ru]-15 are shown in Figures 4.3 and 4.4, respectively. 

Crystallographic data and bond parameters of these complexes are listed in Table 4.4 

and 4.5, respectively. Both the complexes adopted the piano-stool geometry, where 

the η6-coordinated arene ring is present as top disc of stool and two O atoms of the 

ligand L1 or N and O atoms of the ligand L3 along with one chloride ligand are as 

three legs of the stool. The complex [Ru]-13 crystallized in monoclinic crystal 

system with P21/n space group. The arene ring (in η6-C10H14) appears almost planar 

for both the complexes [Ru]-13 and [Ru]-15, where the displacement of the arene 

ring centroid from the Ru(II) centre are 1.645 Å and 1.676 Å, respectively for 

complexes [Ru]-13 and [Ru]-15. The Ru-Ccentroid and Ru-C bond distances are also 

comparable with other similar complexes.[6] The angle between the legs and the 

centroid of the η6-arene ring (Ct) are in the range of 129.63º-131.17º. Both the Ru-

oxygen bond distances, 2.0789 Å (Ru1-O1) and 2.079 Å (Ru1-O2) are comparable 

for the coordinated tropolone in complex [Ru]-13.[27] Moreover, the comparable 

bond lengths of C1-O1 (1.284 Å) and C7-O2 (1.289 Å) in complex [Ru]-13, 

suggesting a delocalization of the C=O bond of the tropolone ligand upon 

coordination.[26]  
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Figure 4.3. Single crystal X-ray structure of troponate-ruthenium(II) p-cymene 

complex ([Ru]-13). Selected bond length (Å): Ru1-Cavg = 2.167, Ru1-Cct = 1.645, 

Ru1-Cl1 = 2.4094(8), Ru1-O1 = 2.0789(18), Ru1-O2 = 2.079(2), C1-O1 = 1.284(3), 

C7-O2 = 1.289(3), bond angles (º): O1-Ru1-O2 = 76.63(7), O1-Ru1-Cl1 = 84.48(6), 

O2-Ru1-Cl1 = 84.47(6) and torsion angle (º): O1-C1-C7-O2 = -1.5(4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Single crystal X-ray structure of isopropylaminotroponate-ruthenium(II) 

p-cymene complex ([Ru]-15). Selected bond length (Å): Ru1-Cavg = 2.188, Ru1-Cct 

=1.676, Ru1-Cl1 = 2.4196(8), Ru1-O1 = 2.0463(19), Ru1-N1 = 2.115(3), C1-O1 = 

1.277(4), C7-N1 = 1.319(4), bond angles (º): C1-Ru1-N1 = 84.68(7), O1-Ru1-Cl1 = 

85.93(6), O1-Ru1-N1 = 75.86(9) and torsion angle (º): O1-C1-C7-N1 = 0.5(4). 

The bite angle (O1-Ru1-O2) of the tropolone ligand in complex [Ru]-13 is 

76.63°. The Cl1-Ru1-O1 and Cl1-Ru1-O2 bond angles are 84.48º and 84.47º, 
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respectively for complex [Ru]-13. The Ru1-O1 and Ru1-N1 bond lengths in 

complex [Ru]-15 are 2.0463 Å and 2.115 Å, respectively. The C-O (1.277 Å) bond 

length appears slightly shorter in complex [Ru]-15, than the Ru-tropolone complex 

[Ru]-13. Moreover, the bite angle of the aminotroponate ligand in complex [Ru]-15 

is 75.86°, which deviates only slightly from the bite angle of the parent complex 

[Ru]-13 with troponate ligand. Replacing one of the two oxygen atoms in ligand L1 

with nitrogen in ligand L3, resulted in no significant distortion in the planarity of the 

tropolone backbone (torsion angle). For complex [Ru]-15, the Cl1-Ru1-O1 and Cl1-

Ru1-N1 bond angles are 85.93o and 84.68o. Bond angle between the legs and the 

centroid of the η6-arene ring (Ct) is 129.63º-131.17º and 126.70o-136.67o in complex 

[Ru]-13 and [Ru]-15 respectively. The observed values are comparable to those 

reported for other analogous complexes.[29] 

Table 4.4. Crystal data and structure refinement details for [Ru]-13 and [Ru]-15. 

Crystal parameters Complex [Ru]-13 Complex [Ru]-15 

empirical formula C17H19ClO2Ru C20H26ClNORu 

Fw 391.84 432.94 

T (K)  293(2) 293(2) 

λ (Å) 0.71073 0.71073 

cryst system  Monoclinic     Monoclinic     

space group P 21/n P 21/c 

cryst size, mm(l × k × h) 0.31×0.29×0.20 0.33×0.27×0.21 

a, Å 10.6918(5)  14.7074(4) 

b, Å 13.3978(6) 16.6899(3) 

c, Å 11.4591(5)  7.7339(2) 

α, deg 90.00   90.00   

β, deg 99.654(4)   102.751(2) 

γ, deg 90.00 90.00 

V, Å3 1618.23(12) 1851.58(8) 

Z  4 4 

calcd, g cm-3 1.608 1.553 

μ, mm-1 1.135 0.997 

F(000) 792 888 

  range, deg    3.24-29.84 3.535-24.994 
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completeness to max 83.2 99.8 

no. of data 

collected/unique data 

7476/3856 

[R(int) = 0.0240] 

14307/3250 

[R(int)= 0.0522] 

params/restraints 193/0 222/0 

goodness of fit on F2 1.043 1.100 

Final R indices [I > 2(I)]      R1=0.0318  wR2=0.0688 R1=0.0297 wR2=0.0728 

R indices (all data)      R1=0.0479  wR2=0.0786 R1=0.0350  wR2=0.0782 

 

 

Table 4.5. Selected bond lengths and bond angles for complexes [Ru]-13 and [Ru]-

15. 

 

Bond  lengths (Å) [Ru]-13 [Ru]-15 

Ru1-O1 2.0789(18) 2.0463(19) 

Ru1-O2 2.079(2) - 

Ru1-N1 - 2.115(3) 

Ru1-Ct 1.645 1.676 

Ru1-Cavg. 2.167 2.188 

Ru1-Cl1 2.4094(8) 2.4196(8) 

O1-C1 1.284(3) 1.277(4) 

O2-C7 1.289(3) - 

N1-C7 - 1.319(4) 

N1-C8 - 1.479(4) 

C1-C7 1.454(4) 1.468(4) 

C1-C2 1.403(4) 1.386(4) 

C2-C3 1.382(4) 1.384(5) 

Bond angles (°)  

O1-Ru1-O2 76.63(7) - 

O1-Ru-N1 - 75.86(9) 

O1-Ru1-Cl1 84.48(6) 85.93(6) 

O2-Ru1-Cl1 84.47(6) - 

N1-Ru-Cl1 - 84.68(7) 

Ct-Ru1-O1 131.17 126.70 

Ct-Ru1-O2 131.60 - 
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Ct-Ru-N1 - 136.67 

Ct-Ru1-Cl1 129.63 128.18 

O1-Ru-C11 91.76(9) - 

O1-Ru-C13 149.20(10) 86.99(10) 

O1-Ru-C15 - 129.76(10) 

O2-Ru-C11 144.18(11) - 

N1-Ru-C13 - 140.67(11) 

O2-Ru-C13 133.18(9) - 

N1-Ru-C15 - 96.90(11) 

4.2.2. Arene-Ru(II) catalysed C-H bond arylation in water. At an outset of our 

investigations for C-H bond arylation, 2-phenylpyridine (0.5 mmol) was treated with 

4-chloroanisole (1.25 mmol) in water in the presence of 5 mol% troponate-Ru-p-

cymene catalyst, [Ru]-13, and 3 equiv. of K2CO3 at 100 ºC, without using any 

carboxylate additive. Results inferred that [Ru]-13 catalyst is reactive in water and 

facilitate C-H bond arylation even with arylchlorides with 86% conversion of 2-

phenylpyridine. The monoarylated to diarylated product selectivity was found to be 

61:39 (results are shown in Table 4.6). Notably, the [Ru]-13 catalysts exhibited high 

conversion even in the absence of carboxylate additives. Literature reports evidenced 

that carboxylates have a significant role as deprotonating agent during the C-H bond 

activation reactions catalyzed by transition metal complexes.[30] Therefore, as an 

attempt to investigate the role of carboxylate additives on the C-H bond arylation 

(conversion and selectivities for mono- and diarylated products), [Ru]-13 catalyst 

was treated with 2-phenylpyridine and 4-chloroanisole under analogous conditions as 

described above but with added potassium salts of carboxylates, starting from acetate 

to propionate, isobutyrate and pivalate. Using acetate and its methyl substituted 

analogues, we could able to establish a relation between the steric bulkiness of 

additives and the selectivity of C-H bond arylated products (mono and diarylated). 

As depicted in Figure 4.5, with an increase in the bulkiness of additives, the 

selectivity shifts towards diarylated product in the order of pivalate > isobutyrate > 

propionate > acetate. The selectivity for monoarylated product was 82% with acetate, 

which was further decreased to 38% and 28%, respectively with potassium 

propionate and potassium isobutyrate. This trend persists even to bulkier potassium 
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pivalate, where only 1% selectivity for mono arylated product (99% diarylation) was 

observed.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Effect of additives on the selectivity towards mono- vs di- C-H arylated 

products from the reaction of 2-phenylpyridine with 4-chloroanisole catalysed by 

[Ru]-13 catalyst. 

The observed behavior of carboxylate additives on the selectivity for C-H 

bond arylation is interesting and suggesting the intriguing involvement of 

carboxylates in C-H bond activation reaction pathway. As carboxylate can bind with 

metal centre (such as acetate) or remains in the solution (such as pivalate), and 

therefore may involve in intra/ intermolecular deprotonation of 2-

phenylpyrdine.[31,32] To further investigate this phenomenon, we performed mass 

spectral analysis of the reaction mixture obtained after 3 h reaction of [Ru]-13 

catalyst (0.025 mmol) with carboxylate (0.05 mmol) in the presence of K2CO3 (1.5 

mmol) at 100 ºC in water under Ar atmosphere (Figure 4.6). Mass spectral results 

showed that along with the peaks of the [Ru]-13 catalyst at m/z 357.33 ([M-Cl]+), 

acetate coordinated species [(η6-arene)Ru(κ2-troponate)(κ1-acetate)] + Na+ at m/z 

439.28 was also observed with relative abundance of 37%. In contrary to the high 

abundance of acetate coordinated species, abundance for analogous pivalate 

coordinated species, [(η6-arene)Ru(κ2-troponate)(κ1-pivalate)] + CH3CN + 2Na+ m/z 

547.07 was observed to be very low (12%). These results are consistent with earlier 

reports that acidity of pivalate increases in water, which destabilises the Ru-pivalate 

bond and therefore resulting in the increment of free pivalate in the reaction 
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mixture.[21] Moreover, increase in the steric bulkiness of these carboxylates, from 

acetate to pivalate, presumably also favouring easy decoordination of bulky 

carboxylates. Interestingly, reaction with carboxylates does not lead the 

decoordination of troponate ligand in [Ru]-13 catalyst, suggesting the stability of 

troponate-Ru-arene species. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Mass spectral analysis of the reaction of [Ru]-13 catalyst with acetate 

and pivalate to identify (a) (η6-arene)Ru(κ2-troponate)(κ1-acetate)] + Na+ and (b) 

[(η6-arene)Ru(κ2-troponate)(κ1-pivalate)] + CH3CN + 2Na+ species. 

Further, to investigate and establish structure activity relationship, [Ru]-9 to 

[Ru]-11 and [Ru]-13 to [Ru]-16, structural analogues of [Ru]-9 catalyst were 

synthesized using different 6-C10H14/C6H6 and tropolone/aminotropone liagnds, 

catalytic efficiency of these complexes was evaluated for the direct C-H bond 

arylation of 2-phenylpyridine under the optimized reaction condition (Table 4.6). 

Results inferred that Ru-p-cymene complexes, [Ru]-13−[Ru]-16 (Table 4.6, entries 

4−7), displayed high conversions of 2-phenylpyridine (75% to 95%), in contrarily, 

Ru-benzene complexes (Table 4.6, entries 5−7) exhibited relatively low conversions 

(48% to 90%). Moreover, Ru-p-cymene complexes favour biarylated products (m/d 

61:39 [Ru]-13 and 73:27 [Ru]-14), more in comparison to Ru-benzene complexes, 

m/d 85:15, [Ru]-9 and 80:20, [Ru]-10 (Table 4.6, entries 1,2,5 and 6). In contrary to 

troponate-Ru-p-cymene complex [Ru]-13, a remarkable improvement in mono to 

diarylated product ratio was observed with aminotroponate-Ru-p-cymene complex, 
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[Ru]-15 (m/d 82:18) and [Ru]-16 (m/d 83:17) (Figure 4.6). However, the 

substitution at the N-atom of the aminotroponate-Ru-arene complexes have no 

distinct effect on mono to diarylated ratio (m/d, N-isopropyl = 82:18, [Ru]-15 and N-

cyclohexyl = 83:17), [Ru]-16 (Figure 4.7). 

Table 4.6. Screening of troponate-/aminotroponate-Ru-arene catalysts for C-H bond 

arylation reaction in watera 

entry catalysts conv. 

(%) 

sel. % 

(m/d)b 

TON 

1 [(6-C6H6)Ru(κ2-O,O-troponate)Cl] ([Ru]-9) 58 85/15 11.6 

2 [(6-C6H6)Ru(κ2-O,O-troponate)PPh3]Cl ([Ru]-

10) 

90 80/20 18.0 

3 [(6-C6H6)Ru(κ2-N,O-

isopropylaminotroponate)Cl] ([Ru]-11) 

48 85/15 9.6 

4 [(6-C10H14)Ru(κ2-O,O-troponate)Cl] ([Ru]-13) 86 61/39 17.2 

5 [(6-C10H14)Ru(κ2-O,O-troponate)PPh3]Cl 

([Ru]-14) 

95 73/27 19.0 

6 

 

[(6-C10H14)Ru(κ2-N,O-

isopropylaminotroponate)Cl] ([Ru]-15) 

75 82/18 15.0 

7 [(6-C10H14)Ru(κ2-N,O-

cyclohexylaminotroponate)Cl] ([Ru]-16) 

81 83/17 16.2 

[a]Reaction conditions: 2-phenylpyridine (0.5 mmol), 4-chloroanisole (1.25 mmol), [Ru] 

catalyst (5 mol%), K2CO3 (1.5 equiv.), water (5 mL), 16 h, b obtained from 1H NMR. 
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Figure 4.7. Effect of different Ru(II) catalysts on the selectivity of mono- vs di- C-H 

arylated products of 2-phenylpyridine. 

 Further to elucidate the reaction mechanism, extensive mass spectrometric 

investigations were performed for the ruthenium catalysed C-H bond activation 

under the optimized reaction condition. As previously reported, ruthenium 

complexes are found to be very efficient to form cyclometallated intermediates by C-

H activation at ortho position of the phenyl ring.[33] Stoichiometric reactions of 2-

phenylpyridine and [Ru]-13 catalyst was performed in water in the presence of 

K2CO3 (3 equiv.) base at 100 ºC in catalyst to substrate molar ratio of 1:1. After 3 h, 

reaction mixture was subjected to mass spectral analysis, where several 

cycloruthenated 2-phenylpyridine species were identified. To our surprise, along 

with the well established key intermediate cyclometallated species {(6-arene)Ru(κ2-

C,N-phenylpyridine)}+ [Ru]-A at m/z 390.01, another cyclometallated species with 

troponate ligand at m/z 379.13 corresponds to {(κ2-troponate)Ru(κ2-C,N-

phenylpyridine)} ([Ru]-B) was also observed where tropolone ligand was retained 

instead of p-cymene ring.  

 Analogous reactions were conducted but with high substrate to catalyst (S/C) 

ratio (2:1) or larger (5:1), which inferred that there is more tendency of arene (η6-

C10H14) cleavage to generate the [Ru]-B species. Mass spectra of the reaction 

mixture obtained from the reaction of [Ru]-13 catalyst with 2-phenylpyridine at 
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substrate catalyst ratio 1:1, 2:1 and 5:1 revealed that the relative percentage of the 

formation of [Ru]-A and [Ru]-B are 60:40, 42:58 and 16:84, respectively (Figure 

4.8).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Relative abundance of Ru (II) cyclometallated species ([Ru]-A and [Ru]-

B) with different catalyst:substrate ratio with [Ru]-13 catalyst under similar reaction 

conditions. 

To further investigate the relevance of this newly identified troponate-Ru-

cyclometallated species [Ru]-B, reaction mixture was analyzed by mass 

spectrometry with respect to reaction time. Notably, the mass spectral analysis 

revealed a systematic enhancement in the abundance of the [Ru]-B species with 

time, whereas that of [Ru]-A species decreases (Figure 4.9). To further authenticate 

if analogous species were also generated with the troponate/aminotroponate Ru(II) 

complexes, we performed the mass spectral analysis of the reaction of [Ru]-15 

catalyst with 2-phenylpyridine in substrate to catalyst ratio of 2:1 under analogous 

reaction conditions. Analogous to that observed with [Ru]-1 catalyst, replacing 

troponate ligand with N-isopropyl-aminotroponate ligand in [Ru]-3 also revealed the 

formation of {(κ2-aminotroponate)Ru(κ2-C,N-phenylpyridine)} ([Ru]-B3) 

cyclometallated species as major component (90%) in comparison to [Ru]-A species 

(10%). 
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Figure 4.9. Time dependent study for the formation of (a) species [(η6-arene)Ru(κ2-

C,N-phenylpyridine)(sol)]+, (b) species [(κ2-troponate)Ru(κ2-C,N-

phenylpyridine)(sol)2], in substrate to catalyst ratio 2:1. 

 Therefore, high catalytic efficiency and the detection of troponate-

/aminotroponate Ru-cyclometallated species, [Ru]-B1−[Ru]-B3, also suggesting the 

key role of the newly identified species in C-H bond arylation reaction. Notably, 

reaction of [Ru]-13 with 4-chloroanisole in S/C ratio of 5:1 in the presence of K2CO3 

in water at 100 ºC revealed that the [Ru]-13 is inactive in the presence of 

arylchloride. Contrarily, cycloruthenation of 2-phenylpyridine occurred readily with 

[Ru]-13 catalyst to generate catalytically active cycloruthenated species [Ru]-A and 

[Ru]-B. This further supports that initial C-H bond activation takes place by 

deprotonation and not by oxidative addition of` C-H bond.[34] Literature also 

revealed that proton abstraction by a carbonate base is energetically favorable 

process (-13.7 kcal/mol) over hydride abstraction pathway (+28.2 kcal/mol) and 

during this process base to metal synergy plays a crucial role.[35] The initial 

carbonate induced deprotonation of the ortho C-H bond of the phenyl group of 2-

phenylpyrdine by [Ru]-13 (as also observed for other complexes [Ru]-9 to Ru]-11 

and Ru]-14 to [Ru]-16), led to the formation of species [Ru]-A, originated by the 

release of tropolone ligand during the deprotonation process, and [Ru]-B, by 

elimination of 6-arene ring.[31] Reaction of species [Ru]-A with 2.5 equivalents of 

4-chloroanisole in water at 100 ºC, resulted in no reaction in the absence of a base 

(K2CO3) after 8 h, whereas with 3 equivalents of K2CO3, both mono and diarylated 

products in 78:22 ratio were observed with 14% conversion. Unfortunately, all our 

attempts to isolate species [Ru]-B failed, instead we isolated a transformed spcies of 
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[Ru]-B, [Ru(trop)(Phpy)2(H2O)2] a dinuclear species [Ru]-B’, in 48% yield from the 

reaction of complex [Ru]-13 with 2-phenylpyridine. Presumably, reversible 

deprotonation-protonation equilibrium might be responsible for the formation of 

species [Ru]-B’. Interestingly, performing the same reaction in methanol formed 

only [Ru]-A species, even after prolonged reaction time, suggesting the crucial role 

of water in the C-H bond activation reactions. Reaction of species [Ru]-B’ with 2.5 

equivalents of 4-chloroanilsole under analogous reaction condition as used for [Ru]-

A, also resulted in the formation of mono- and diarylated products (m/d) with % 

conversion, whereas reaction could not proceed in the absence of base. 

 We anticipated that chelation and strong conjugation effect over seven carbon 

atoms in the planar ring of tropolone favours the strong interaction of tropolone to 

ruthenium metal center. As coordination of 2-phenylpyridine earlier to the C-H 

deprotonation step is crucial, the relative competitive coordination strength of η6-

arene and troponate ligands drive the decoordination of either troponate ligand or η6-

arene, followed by deprotonation step to form [(6-arene)Ru(κ2-C,N-

phenylpyridine)(sol)]+ [Ru]-A and [(κ2-troponate)Ru(κ2-phenylpyridine)(sol)2] [Ru]-

B1 respectively. This effect is further expected to be responsible for the formation 

analogous species [Ru]-B3, also for aminotroponate complexes [Ru]-15, [(κ2- 

isopropylaminotroponate)Ru(κ2-phenylpyridine)(sol)2]. Support for our experimental 

results comes from DFT calculations by comparing the relative energies for the 

formation of species [Ru]-A, [(6-arene)Ru(κ2-C,N-phenylpyridine)(sol)]+, and 

[Ru]-B, [(κ2-troponate/aminotroponate)Ru(κ2-phenylpyridine)(sol)2] from complexes 

[Ru]-13, [Ru]-14 and [Ru]-15. The reaction free energy profile, Figure 4.10, shows 

an uphill reaction pathway for the formation of both species [Ru]-A and [Ru]-B 

from troponate-/aminotroponate-Ru-arene complexes. Though, the formation of 

[Ru]-B is highly favoured over [Ru]-A for all the ruthenium complexes, [Ru]-13 

complex showed only marginally higher selectivity for species [Ru]-B over [Ru]-A, 

which is in close agreement with our mass spectral experimental findings. Moreover, 

binding energy (EB) calculations (Table 4.7) also showed that p-cymene is a better 

leaving group than tropolone/aminotropolone, and thus the formation of species 

[Ru]-B is favoured over species [Ru]-A. 
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Figure 4.10. Reaction free energy profile for the formation of cycloruthenated 

species, [Ru]-A and [Ru]-B, from the reaction of phenylpyridine with 

troponate/aminotroponate Ru-arene complexes ([Ru]-13 – [Ru]-15).  

 

 

Figure 4.11: Optimized structures of [Ru]-13, [Ru]-14, and [Ru]-15. Here white, 

skyblue, blue, red, turquoise, green and teal colour balls denote the hydrogen, 

carbon, nitrogen, oxygen, phosphorous, chlorine, and ruthenium atoms, respectively.  

Density functional theory (DFT) calculations were carried out using Gaussian 

09 package[36] using Becke’s three parameter exchange and the Lee-Yang-Parr’s 

correlation functional (B3LYP).[37] 6-311G(d,p)[38,39] basis functions are used for 

non-metals (C, H, O, N, P and Cl), whereas LANL2DZ-ECP (effective core 

potentials)[40,41] is used for Ru. Water is used as an implicit solvent using the 
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polarizable continuum model (PCM) as implemented in Gaussian 09.[42-44] In all the 

calculations, D3 version of Grimme’s dispersion corrections is included for long 

range interactions.[45] Harmonic vibrational frequencies are calculated to characterize 

the nature of the stationary points. Zero-point energy and entropy corrections (at 

298.15 K) are included for the free energy calculations (Figure 4.11). 

The reaction free energies (∆GA for [Ru]-A and ∆GB [Ru]-B) are calculated 

for the formation of [Ru]-A and [Ru]-B by using the following equations: 

∆GA = (GA + GH3O+ + GCl- + Gtroponato/aminotroponato) – (G[Ru]-cat + 2GH2O + Gphpy) 

∆GB = (GB + GH3O+ + GCl- +Gp-cymene) – (G[Ru]-cat + 3GH2O + Gphpy) 

where GA, GH3O+, GCl-, Gtroponato/aminotroponato, G[Ru]-cat, GH2O, Gphpy, GB and Gp-cymene are 

the total free energies (with zero point and entropy corrections) of [Ru]-A, H3O
+, Cl-, 

troponato/aminotroponato, [Ru]-catalysts, H2O, 2-phenylpyridine, [Ru]-B and p-

cymene, respectively. 

We have calculated the binding energy (EB) (Table 4.7) of the leaving groups 

(p-cymene and trop/aminotrop) to understand such trend. The binding energies are 

calculated using the following formula: 

EB= E[Ru]-cat – (E([Ru]-cat) − (p-cymene) + E(p-cymene)) 

EB= E[Ru]-Cat – (E([Ru]-cat) − (troponato/aminotroponato) + E(troponato/aminotroponato)) 

where E([Ru]-cat) − (p-cymene) is the single point energy of the catalyst without p-cymene 

ligand, E(p-cymene) is the single point energy of the p-cymene within the geometry of 

catalyst, E([Ru]-cat) − (troponato/aminotroponato) is the single point energy of the catalyst without 

troponate/aminotroponate ligand, and E(troponato/aminotroponato) is the single point energy 

of the troponate/aminotroponate within the geometry of catalyst.   

 

Table 4.7. The binding energies (kcal/mol) calculated for p-cymene and 

troponato/aminotroponato ligands in ruthenium catalysts.  

 [Ru]-13 [Ru]-14 [Ru]-15 

p-cymene -43.7 -37.6 -41.2 

troponato/aminotroponato -68.8 -85.8 -87.2 

Based on the mass spectral identification and well supported by DFT 

calculation of new cycloruthenated Ru(II) species, [Ru]-B formed as a major 

component by the release of 6-arene group during the initial deprotonation step of 

2-phenylpyrdine, along with the well established species [Ru]-A (minor). A reaction 
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pathway is proposed (Scheme 4.3) for the C-H bond arylation of 2-phenylpyridine 

catalyzed by troponate-/aminotroponate- ruthenium-arene complexes. Role of 

species [Ru]-A is well established in C-H bond activation reaction catalysed by Ru-

arene complexes, but our experimental evidences revealed that the formation of 

species [Ru]-B is favoured over species [Ru]-A for the troponate/aminotroponate 

ruthenium arene complexes.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.3. Proposed reaction pathway for C-H bond arylation of 2-phenylpyrdine 

catalysed by troponate-ruthenium(II)-arene complex [Ru]-13.  

 Since all the troponate/aminotroponate ruthenium arene complexes displayed 

high catalytic activity for C-H bond arylation reaction, species [Ru]-B play a key 

role in the oxidative addition step of C-H bond activation reaction. Notably, 

troponate/aminotroponate ruthenium arene complexes are inactive towards direct 

reaction with arylchloride, whereas corresponding C-H bond activation of 2-

phenylpyridine was faster. Given the experimental results for C-H bond arylation of 

2-phenylpyridine by several troponate/aminotroponate-Ru-arene complexes, it has 

been established that (i) these complexes are highly efficient catalyst for C-H bond 

arylation, (ii) increase in steric bulkiness enhances the conversion as well as 

selectivity towards diarylated product, and (iii) replacing troponate with 



133 
 

aminotroponate ligands in ruthenium-arene complexes remarkably enhances the 

catalytic efficiency and selectivity towards diarylated product. 

4.3. Conclusion 

We successfully synthesised a series of half-sandwiched ruthenium(II) arene 

complexes with O,O and O,N donor troponate-/aminotroponate ligands, and 

structures of two representative complexes were established by single crystal X-ray 

diffraction studies. These synthesised complexes exhibited higher catalytic activity 

for direct ortho C-H bond arylation of 2-phenylpyridine with 4-chloroanisole at 100 

ºC in water, without the use of any carboxylate additive, with enhanced selectivity 

for monoarylated product over diarylated product. In comparison to troponate-

ruthenium(II) arene complex, [Ru]-13, the selectivity towards monoarylated 

products is more prominent with aminotroponate-ruthenium(II) arene complexes, 

[Ru]-15 and [Ru]-16. Notably, these complexes are also catalytically active in the 

presence of carboxylate additive, where selectivity towards diarylated product is 

favoured over monoarylated product with the more bulky carboxylates: pivalate > 

isobutyrate > propionate > acetate. Extensive mass spectral studies were performed 

to identify active key intermediates of the catalyst and to evaluate their role in the C-

H bond activation pathway. Our studies showed the formation of a new 

cycloruthenated species, [Ru]-B, by the unexpected release of arene ring from the 

catalyst, is favoured over the well established arene-ruthenium cycloruthenated 

species, [Ru]-A. These cycloruthenated species were readily generated by carbonate 

assisted deprotonation of 2-phenylpyridine by ruthenium arene complexes. In 

consistent with the above results, reactions free energies, calculated using DFT 

calculations, also favoured the formation of species [Ru]-B over [Ru]-A. In contrary 

to the parent ruthenium catalysts which were inactive with 4-chloroanisole, these 

cycloruthenated species were found to be active towards oxidative addition of 4-

chloroanisole to generate C-H arylated products. Based on the experimental 

evidences, a reaction pathway was proposed showing the key importance of the 

species [Ru]-B in C-H bond arylation of 2-phenylpyridine. We believe, observations 

marked in the present study using troponate-/aminotroponate-ruthenium(II) arene 

complexes will contribute in enhancing the mechanistic understanding of such 

catalytic systems in C-H activation reactions and help in development of new and 

highly active catalytic system. Further investigations in this direction are underway. 
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4.4. Experimental section 

4.4.1. Materials and Instrumentation. All reactions were performed under open 

atmosphere except the catalytic reactions which were performed under Ar 

atmosphere. Using chemicals of high purity purchased from sigma Aldrich and Alfa 

Aesar. Dichloro bridged arene-ruthenium(II) precursors [{(η6-C6H6)RuCl2}2] and 

[{(η6-C10H14)RuCl2}2] were synthesized according to the literature procedures.[46] 1H 

NMR (400 MHz), 13C NMR (100 MHz), and 31P NMR (161.97 MHz) spectra were 

recorded at 298 K using CDCl3 or DMSO-d6 as the solvent on a Bruker Avance 400 

spectrometer. Tetramethylsilane (TMS) was used as an external standard and the 

chemical shifts in ppm are reported relative to the centre of the singlet at 7.26 ppm 

for CDCl3 and 2.49 ppm for DMSO-d6 in 1H NMR, and to the centre of the triplet at 

77.0 ppm for CDCl3 and 39.50 ppm for DMSO-d6 in 13C NMR. Suitable single 

crystals of complexes [Ru]-13 and [Ru]-15 along with the single crystal of ligand L3 

were subjected to single-crystal X-ray structural studies using Agilent Technologies 

Supernova CCD system. ESI (positive and negative mode), and high-resolution mass 

spectra (HRMS) were recorded on a micro TF-Q II mass spectrometer. The 

voltammograms were recorded on a CHI620D electrochemical analyser in 

dichloromethane as the solvent and 0.1 M TBAF6 as the supporting electrolyte. The 

electrodes used were glassy carbon as a working electrode, a Pt wire as a counter 

electrode and the Silver as a reference electrode. Infrared spectra (4000 to 500 cm−1) 

were recorded with a BRUKER TENSOR 27 instrument in KBr pellets. 

4.4.2. Single crystal X-ray diffraction Studies. Single crystal X-ray structure 

studies of [Ru]-13 and [Ru]-15 were executed on a CCD Agilent Technologies 

(Oxford Diffraction) SUPER NOVA diffractometer. Using graphite-monochromated 

CuKα radiation (λ = 1.54184 Å) based diffraction, data were collected at 293(2) K by 

the standard ‘phi-omega’ scan techniques, and were scaled and reduced using 

CrysAlisPro RED software. The extracted data was evaluated using the CrysAlisPro 

CCD software. The structures were solved by direct methods using SHELXS-97, and 

refined by full matrix least-squares with SHELXL-97, refining on F2.[24] The 

positions of all the atoms were determined by direct methods. However, the X-ray 

data give a clear indication for Ru-coordinated p-methylaniline. All non-hydrogen 

atoms were refined anisotropically. The remaining hydrogen atoms were placed in 

geometrically constrained positions, and refined with isotropic temperature factors, 
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generally 1.2Ueq of their parent atoms. The CCDC number 1442036 contains the 

supplementary crystallographic data for [Ru]-15. This data is freely available at 

www.ccdc.cam.ac.uk (or can be procured from the Cambridge Crystallographic Data 

Centre, 12 union Road, Cambridge CB21 EZ, UK; Fax: (+44) 1223-336-033; or 

deposit@ccdc.cam.ac.uk). 

4.4.3. General procedure for the synthesis of tropolone based ligands (L2-L3). 

Ligand L2-L3 were synthesized using a literature reported method with some 

modifications.[6] 2-tosyloxytropone (276 mg, 1.0 mmol), corresponding amine (1.26 

mmol) and triethylamine (0.153 g, 1.51 mmol) were dissolved in ethanol (25 mL). 

The mixture was refluxed for 12 h and then cooled down to room temperature. All 

volatiles were removed under reduced pressure and the oily residue was taken up in 

2N NaOH (15 mL). The aqueous phase was extracted with CH2Cl2 (4 × 10 mL). The 

organic phases were washed with brine (20 mL) and dried with Na2SO4. The crude 

product was purified by column chromatography using silica gel. 

Synthesis of 2-(isopropylamino)cyclohepta-2,4,6-trienone (L2). Ligand L2 was 

prepared by following the above general procedure using 2-tosyloxytropone (0.276 

g, 1.0 mmol), isopropylamine (0.074 g, 1.26 mmol) and triethylamine (0.153 g, 1.51 

mmol). Yield: 0.110 g, (67.4%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.18-7.04 

(m, 3H), 6.56 (t, J = 8.0 Hz, 1H), 6.47 (d, J = 8.0 Hz, 1H), 3.78-3.70 (m, 1H), 1.24 

(d, J = 4.0 Hz, 6H). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 7.29-7.23 (m, 2H), 

6.93 (d, J = 8.0 Hz, 1H), 6.69-6.61 (m, 2H), 3.91-3.83 (m, 1H), 1.23 (d, J = 4.0 MHz, 

6H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 176.57, 154.67, 137.18, 136.29, 

128.24, 121.83, 108.89, 43.81, 22.02. HRMS (ESI) m/z calculated for 2-

(isopropylamino)cyclohepta-2,4,6-trienone: 186.0 [M+Na]+, found 186.1 [M+Na]+.  

Synthesis of 2-(cyclohexylamino)cyclohepta-2,4,6-trienone (L3). Ligand L3 was 

prepared by following the above general procedure using 2-tosyloxytropone (0.276 

g, 1.0 mmol) and cyclohexylamine (0.125 g, 1.26 mmol) and triethylamine (0.153 g, 

1.51 mmol). Yield: 0.140 g, (69%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.17-

7.05 (m, 3H), 6.60-6.50 (m, 2H), 3.46-3.41 (m, 1H), 2.02-1.96 (m, 2H), 1.77-1.74 

(m, 2H) 1.62-1.59 (m, 1H), 1.37-1.30 (m, 4H), 1.27-1.21 (m, 1H). 1H NMR (400 

MHz, DMSO-d6): δ (ppm) = 7.28-7.23 (m, 2H), 7.93 (d, J = 12.0 Hz, 1H), 7.74 (d, J 

= 4.0 Hz, 1H), 6.64 (t, J = 4.0 Hz, 1H), 3.60-3.54 (m, 1H), 1.92-1.89 (m, 2H), 1.70-

1.67 (m, 2H) 1.60-1.57 (m, 1H), 1.43-1.29 (m, 4H), 1.23-1.18 (m, 1H). 13C NMR 
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(100 MHz, CDCl3): δ (ppm) = 176.49, 154.61, 137.12, 136.28, 128.03, 121.78, 

108.94, 51.04, 32.07, 25.57, 24.65. HRMS (ESI) m/z calculated for 2-

(cyclohexylamino)cyclohepta-2,4,6-trienone: 226.1 [M+Na]+, found 226.1 [M+Na]+. 

4.4.4. Procedure for the synthesis of arene-ruthenium(II) complexes ([Ru]-

9−[Ru]-16) containing tropolone (L1) and aminotropone (L2-L3) ligands 

Synthesis of [(6-C6H6)RuCl(2-O,O-tropolone)]([Ru]-9). [{(6-C6H6)RuCl2}2] 

(0.100 g, 0.20 mmol) and tropolone (L1) (0.050 g, 0.41 mmol) was suspended in 

methanol (25 mL). The suspension was refluxed for 12 h and filtered, and then 

precipitate was dissolved in dichloromethane followed by precipitation with excess 

of diethyl ether. It can be also prepared by following the procedure for the synthesis 

of complex [Ru]-13. Red microcrystalline solid was obtained. Yield: 0.110 g, (82%). 

FTIR (KBr, cm−1): 1139, 1360 υ(C-C), 1508 υ(C=C), 1588.38 υ(C=O). 1H NMR 

(400 MHz, CDCl3): δ (ppm) = 7.23-7.21 (m, 4H), 6.84-6.80 (m, 1H), 5.69 (s, 6H). 

13C NMR (100 MHz, CDCl3): δ (ppm) = 184.29, 137.55, 127.07, 126.41, 80.93. MS 

(ESI) m/z calculated for [(η6-C6H6)Ru(L1)]+ (L1 = tropolone), 301.0 [M − Cl]+, 

found 301.0 [M − Cl]+. Anal. Calcd: C, 46.56; H, 3.30; O, 9.55. Found: C, 46.58; H, 

3.17; O, 9.52. 

Synthesis of [(6-C6H6)RuPPh3(2-O,O-tropolone)]Cl ([Ru]-10). Complex [Ru]-

10 was prepared by following the procedure for the synthesis of complex [Ru]-14, 

using [(η6-C6H6)RuCl2(PPh3)] (0.102 g, 0.20 mmol) and tropolone (L1) (0.026 g, 

0.21 mmol) in methanol (25 mL). Red microcrystalline solid was obtained. Yield: 

0.102 g, (85%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.75-7.72 (m, 5H), 5.43-

5.38 (m, 10H), 7.21-7.21 (m, 3H), 5.39 (m, 1H), 5.39 (m, 1H), 5.39 (s, 6H). MS 

(ESI) m/z calculated for [(η6-C6H6)RuPPh3(L1)]+ (L1 = tropolone), 563.1 [M+], 

found 563.1 [M+]. Anal. Calcd: C, 62.26; H, 4.38; O, 5.35. Found: C, 62.19; H, 4.13; 

O, 5.61 

Synthesis of [(6-C6H6)RuCl(2-O,N-2-(cyclohexylamino)cyclohepta-2,4,6-

trienone)] ([Ru]-11). Complex [Ru]-11 was prepared by following the procedure for 

the synthesis of complex [Ru]-15, using [{(6-C6H6)RuCl2}2] (0.225 g, 0.45 mmol). 

Red microcrystalline solid was obtained. Yield: 0.121 g (80%). 1H NMR (400 MHz, 

CDCl3): δ (ppm) = 6.83-6.60 (m, 4H), 6.20 (t, J = 8.8 Hz, 1H), 5.61 (s, 6H), 4.41-

4.35 (m, 1H), 1.38 (d, J = 6.4 Hz, 6H). MS (ESI) m/z calculated for [(η6-
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C6H6)Ru(L2)]+ (L2 = 2-(isopropylamino)cyclohepta-2,4,6-trienone), 342.0 [M − 

Cl]+, found 342.0 [M − Cl]+. Anal. Calcd: C, 50.86; H, 5.07; O, 4.29; N, 3.71. Found: 

C, 50.66; H, 4.87; O, 4.50; N, 3.93. 

Synthesis of [(6-C6H6)RuCl(2-O,N-2-(cyclohexylamino)cyclohepta-2,4,6-

trienone)] ([Ru]-12). Complex [Ru]-12 was prepared by following the procedure for 

the synthesis of complex [Ru]-11, using 2-(cyclohexylamino)cyclohepta-2,4,6-

trienone (L3) (0.203 g, 1.00 mmol). Red microcrystalline solid was obtained. Yield: 

0.201 g, (53%). MS (ESI) m/z calculated for [(η6-C6H6)Ru(L3)]+ (L3 = 2-

(cyclohexylamino)cyclohepta-2,4,6-trienone), 382.1 [M − Cl]+, found 382.4 [M − 

Cl]+. Anal. Calcd: C, 54.74; H, 5.32; O, 3.84; N, 3.36. Found: C, 53.13; H, 5.01; O, 

2.90; N, 3.10 

Synthesis of [(6-C10H14)RuCl(2-O,O-tropolone)]([Ru]-13). Tropolone (L1) 

(0.050 g, 0.41 mmol) and KOtBu (0.046 g, 0.41 mmol) were suspended in methanol 

(25 mL). The suspension was stirred at room temperature for 3 h then added [{(η6-

C10H14)RuCl2}2] (0.122 g, 0.20 mmol) in suspension. The suspension was stirred at 

room temperature for 24 h. Solution was evaporated to dryness and the residue was 

dissolved in dichloromethane and precipitated by pouring in excess of diethyl ether. 

Red crystalline solid was obtained. Yield: 0.121 g (77.3%). FTIR (KBr, cm−1): 1221, 

1337 υ(C-C), 1508 υ(C=C), 1588.21 υ(C=O). 1H NMR (400 MHz, CDCl3): δ (ppm) 

= 7.21 (m, 4H), 6.78 (m, 1H), 5.55 (d, 2H, J = 5.2 Hz), 5.33 (d, 2H, J = 4.8 Hz), 2.89 

(sept, 1H), 2.34 (s, 3H), 1.33 (d, 6H, J = 6.8 Hz). 13C NMR (100 MHz, CDCl3): δ 

(ppm) = 184.87, 137.80, 127.37, 126.34, 100.48, 96.55, 80.43, 78.89, 31.36, 22.65, 

18.89. MS (ESI) m/z calculated for [(η6-C10H14)Ru(L1)]+ (L1 = tropolone), 357.0 [M 

− Cl]+, found 357.1 [M − Cl]+. Anal. Calcd: C, 52.04; H, 4.84; O, 8.16. Found: C, 

52.08; H, 4.83; O, 8.11. 

Synthesis of [(6-C10H14)RuPPh3(2-O,O-tropolone)]Cl ([Ru]-14). [(η6-

C10H14)RuCl2(PPh3)] (0.114 g, 0.20 mmol) and tropolone (L1) (0.026 g, 0.21 mmol) 

were dissolved in methanol (25 mL) and the solution was reflux for 12 h. Solution 

was evaporated to dryness and the residue was dissolved in dichloromethane and 

precipitated by diethyl ether. It can be also synthesized by using an alternative 

method, for which [(6-C10H14)RuCl(2-O,O-tropolone)] (0.0.078 g, 0.20 mmol) and 

Triphenylphosphene (0.079 g, 0.30 mmol) were suspended in methanol (30 mL) and 
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then suspension was stirred for 24 h at room temperature.  Red microcrystalline solid 

was obtained. Yield: 0.101 g, (77%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.93-

7.84 (m, 5H), 7.53-7.44 (m, 10H), 7.43-7.38 (m, 4H), 7.09(t, J = 8.0 Hz, 1H), 5.26 

(b, 2H), 5.06 (b, 2H), 2.92-2.90 (m, 1H), 1.94 (s, 3H), 1.17 (d, J = 4.0 Hz, 6H). MS 

(ESI) m/z calculated for [(η6-C10H14)RuPPh3(L1)]+ (L1 = tropolone), 619.1 [M+], 

found 619.1 [M+]. Anal. Calcd: C, 64.26; H, 5.24; O, 4.89. Found: C, 64.19; H, 5.28; 

O, 4.91. 

Synthesis of [(6-C10H14)RuCl(2-O,N-2-(isopropylamino)cyclohepta-2,4,6-

trienone)] ([Ru]-15). 2-(isopropylamino)cyclohepta-2,4,6-trienone (L2) (0.163 g, 

1.00 mmol) and triethylamine (0.505 g, 5.00 mmol) were suspended in methanol (30 

mL) and the suspension was refluxed for 3 h. [{(6-C10H14)RuCl2}2] (0.275 g, 0.45 

mmol) was then added to the above solution and the solution was refluxed for 

another 12 h. Solution was filtered and evaporated to dryness and the residue was 

dissolved in dichloromethane followed by the precipitation with diethyl ether. Brown 

crystalline solid was obtained. Yield: 0.320 g (82%).1H NMR (400 MHz, DMSO-d6): 

δ (ppm) = 7.79 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 6.79 (t, J = 8.0 Hz, 1H), 

6.30 (d, J = 8.0 Hz, 1H), 6.10 (t, J = 8.0 Hz, 1H), 5.80 (d, J = 4.0 Hz, 2H), 5.68 (d, J 

= 4 Hz, 2H), 4.27-4.20 (m, 1H), 2.86-2.78 (sept, 1H), 2.09 (s, 3H), 1.50 (d, J = 4.0 

Hz, 3H), 1.40 (d, J = 4.0 Hz, 3H), 1.19 (d, J = 4.0 Hz, 6H). MS (ESI) m/z calculated 

for [(η6-C10H14)Ru(L2)]+ (L2 = 2-(isopropylamino)cyclohepta-2,4,6-trienone), 398.1 

[M − Cl]+, found 398.1 [M − Cl]+. Anal. Calcd: C, 55.48; H, 6.05; O, 3.70; N, 3.24. 

Found: C, 55.76; H, 6.15; O, 4.12; N, 3.33. 

Synthesis of [(6-C10H14)RuCl(2-O,N-2-(cyclohexylamino)cyclohepta-2,4,6-

trienone)] ([Ru]-16). Complex [Ru]-16 was prepared by following the procedure for 

the synthesis of complex [Ru]-15, using 2-(cyclohexylamino)cyclohepta-2,4,6-

trienone (L3) (0.203 g, 1.00 mmol). Red microcrystalline solid was obtained. Yield: 

0.339 g (79%).1H NMR (400 MHz, DMSO-d6): δ (ppm) = 6.84-6.68 (m, 3H), 6.31 

(d, J = 8.0 Hz, 1H), 6.11 (t, J = 8.0 Hz, 1H), 5.80 (d, J = 6.0 Hz, 2H), 5.76 (d, J = 6.0 

Hz, 2H), 3.76-3.66 (m, 1H), 2.81 (sept, 1H), 2.09 (s, 3H), 1.93-1.90 (m, 2H), 1.83-

1.77 (m, 3H), 1.68-1.64 (m, 1H), 1.41-1.28 (m, 4H), 1.17 (d, J = 4.0 Hz, 6H). MS 

(ESI) m/z calculated for [(η6-C10H14)Ru(L3)]+ (L3 = 2-(cyclohexylamino)cyclohepta-

2,4,6-trienone), 438.1 [M − Cl]+, found 438.1 [M − Cl]+. Anal. Calcd: C, 58.40; H, 

6.39; O, 3.38; N, 2.96. Found: C, 57.90; H, 5.99; O, 4.01; N, 3.13 
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4.4.5. General procedure for catalytic C-H bond arylation of heteroarenes with 

aryl halides. All the reactions were carried out under Ar atmosphere. C-H bond 

arylation reaction of heteroarene was performed in a two necked round bottom flask. 

Flask was charged with ruthenium catalyst (5 mol %, 0.025 mmol) and K2CO3 

(0.207 g, 1.50 mmol) with distilled water (5 mL). Solution was stirred for 15 minutes 

and then added heteroarene (0.5 mmol) and aryl halide (1.25 mmol). The reaction 

mixture was degassed with Ar along with the balloon at the top of the fitted 

condenser. The reaction was continued to stir for 16 hours at 100 ºC. After 

completion of reaction time, reaction mixture was cooled down to room temperature 

and extracted with ethyl acetate (3×10 mL) and the organic layer was dried over 

Na2SO4. Then extract was washed with the 10 mL saturated brine solution to remove 

moisture and the solvent volume was reduced under pressure. The conversion and 

selectivity of synthesized monoarylated and biarylated products were determined by 

1H NMR. Products were purified and collected from the crude reaction mixture using 

column chromatography on silica gel with ethyl acetate-n-hexane as eluents in 1:99 

(v/v) ratio. 

4.4.6. Characterization of C-H arylated products: 

2-(4'-methoxy-[1,1'-biphenyl]-2-yl)pyridine: Yield: 0.112 g 

(43%). 1H NMR (400 MHz, CDCl3): δ(ppm) = 8.64 (d, J = 

4.0 Hz, 1H), 7.70-7.65 (m, 1H), 7.47-7.36 (m, 4H), 7.12-7.05 

(m, 3H), 6.90 (d, J = 8.0 Hz, 1H), 6.79 (d, J = 7.5 Hz, 2H), 

3.78 (s, 3H), 13C NMR (100 MHz, CDCl3): δ(ppm) =159.48, 

158.54, 149.42, 140.21, 139.37, 135.25, 133.73, 130.77, 130.44, 128.52, 127.29, 

125.43, 121.29, 113.59, 55.19, HRMS (ESI) m/z: calculated 262.1 [(C18H15NO + 

H)]+, Found: 262.1 [(C18H15NO  + H)]+. 

2-(4,4'-dimethoxy-[1,1',3',1''-terphenyl]-2'-yl)pyridine: 1H NMR (400 MHz, 

CDCl3): δ(ppm) =  8.36 (d, J = 4.0 Hz, 1H) , 7.50-

7.46 (m, 1H), 7.41-7.39 (m, 2H), 7.35-7.31 (m, 1H), 

7.02 (m, 4H), 6.94-6.87 (m, 2H), 6.70-6.65  (m, 4H),  

3.74 (s, 6H), 13C NMR (100 MHz, CDCl3): δ(ppm) 

= 159.24, 158.08, 148.50, 141.43, 138.36, 135.09, 134.06, 130.68, 129.18, 128.15, 

126.83, 120.86, 113.11, 55.12, HRMS (ESI) m/z: calculated: 368.1 [(C25H21NO2 + 

H)]+, Found: 368.1 [(C25H21NO2 + H)]+. 
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4.4.7. Mass spectrometric analysis of different intermediates for mechanistic 

study 

Mass spectral study of the reaction of [Ru]-1 with potassium acetate (KOAc). To 

trap the carboxylate coordinated cyclometallated species, [Ru]-13 (0.025 mmol, 

0.0098 g) was added with potassium acetate (0.05 mmol, 0.0049 g) and 5 mL water 

to the two necked round bottom flask. Reaction vessel was then provided with 

magnetic bar and was degassed with vacuum pump followed by the gassing with 

Argon. Reaction mixture was stirred for 3 h at 100 ºC and after the completion of 

reaction time, mixture was cooled down. Crude reaction mixture was filtered through 

filter tip of 1000 µL and mixture was diluted with acetonitrile. ESI-MS was recorded 

in positive mode and analyzed further.  

Mass spectral study of the reaction of [Ru]-1 with potassium pivalate (KOPiv).  

To trap the carboxylate coordinated cyclometallated species, [Ru]-13 (0.025 mmol, 

0.0098 g) was added with potassium pivalate (0.05 mmol, 0.0070 g) and 5 mL water 

to the two necked round bottom flask. Reaction vessel was then provided with 

magnetic bar and was degassed with vacuum pump followed by the gassing with 

Argon. Reaction mixture was stirred for 3 h at 100 ºC and after the completion of 

reaction time, mixture was cooled down. Crude reaction mixture was filtered through 

filter tip of 1000 µL and mixture was diluted with acetonitrile. ESI-MS was recorded 

in positive mode and analyzed further.  

Mass spectral study of the reaction of [Ru]-13 with 2-phenylpyridine in different 

catalyst to substrate ratio 

[Ru]-13 was added with 2-phenylpyridine and 4-chloroanisole in C:S ratio 1:1, 1:2 

and 1:5 in water (5 mL) followed by addition of potassium carbonate (3 equiv.). 

Reaction mixture was heated at 100 ºC for 3 h under Ar atmosphere. After 

completion of reaction time, crude reaction mixture was filtered through filter tip of 

1000 µL and mixture was diluted with acetonitrile. ESI-MS was recorded in positive 

mode and analyzed further. 

Time dependent mass spectral study of the reaction of [Ru]-13 with 2-

phenylpyridine (S/C ratio 2:1). 

To perform the time dependent study of two intermediates ([Ru]-A and [Ru]-B), a 

two necked round bottom flask was charged with [Ru]-13 catalyst (0.05 mmol, 

0.0196 g) and 2-phenylpyridine (0.1 mmol, 14.3 µL). Reaction was carried out in 

water (5 mL) at 100 ºC under Ar atmosphere for 3 h. 100 µL of aliquot was 
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withdrawn at 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 90 min, 120 min, 150 

min and 180 min. Crude reaction mixture was filtered through filter tip of 1000 µL 

and further diluted with acetonitrile. ESI-MS was recorded in positive mode and 

analyzed further.  

Abundance of [Ru]-A and [Ru]-B species with different Ru(II) catalysts ([Ru]-

13 to [Ru]-16) 

To strengthen the presence of species [Ru]-A and [Ru]-B with different catalysts, 

0.025 mmol Ru(II) catalyst ([Ru]-13 to [Ru]-16) were taken separately in a two 

necked round bottom flask with 3 equiv. of K2CO3 and 0.05 mmol 2-phenylpyridine 

keeping S/C ratio 2:1 in 5 mL water under argon atmosphere. Reaction was 

performed at 100 °C for 3 h and crude reaction mixture was filtered through filter tip 

of 1000 µL and further diluted with acetonitrile. ESI-MS was recorded in positive 

mode and analyzed further. 

Preparation of intermediate species [(η6-p-cymene)RuCl(κ2-C,N-2-

phenylpyridine)]  

Reaction vessel was charged with the [{(η6-p-cymene)RuCl2}2] (0.5 mmol, 0.306 g) 

and potassium acetate (3.0 mmol, 0.294 g) in 25 ml of methanol under Ar 

atmosphere. Solution was stirred for 24 h at room temperature and the product was 

isolated by reducing volume under vacuum. Product was precipitated with ether and 

washed with n-hexane several times to remove excess/unreacted 2-phenylpyridine. 

Product was air dried and analyzed by 1H NMR. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 9.24 (d, J = 4.0 Hz, 1H), 8.16 (d, J = 8.0 Hz, 

1H), 7.71 (d, J = 8.0 Hz, 1H), 7.68-7.64 (m, 1H), 7.62 (d, J = 8.0     

Hz, 1H), 7.19-7.17 (m, 1H), 7.06-7.01 (m, 2H), 5.59-5.55 (m, 2H), 5.17 

(d, J = 8.0 Hz, 1H), 4.98 (d, J = 8.0 Hz, 1H), 2.45-2.42 (m, 1H), 

2.05 (s, 3H), 0.97 (d, J = 4.0 Hz, 3H), 0.85 (d, J = 8.0 Hz, 1H). 

 

Reaction of the cycloruthenated species, [Ru]-A, with 4-chloroanisole. 

Cyclometallated species [Ru]-A was taken (0.1 mmol, 0.039 g) in a two necked 

round bottom flask under Ar atmosphere followed by the addition of base (K2CO3, 

0.3 mmol, 0.0414 g) with 2.5 equivalent of 4-chloroanisole (0.25 mmol, 30 µL). 5 

mL water was added and reaction mixture was stirred for 8 h at 100 ºC. Resulting 

reaction mixture was cooled down to room temperature and extracted with ethyl 
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acetate (3 × 10 mL) and solvent volume was reduced under pressure. Crude reaction 

mixture was analyzed with 1H NMR. 

 

Note: The contents of this work have been reproduced with the permission from 

The American Chemical Society (Inorg. Chem., 2016, 55, 6739-6749 (DOI: 

10.1021/acs.inorgchem.6b01028). 
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Chapter 5 

Cyclopentadienyl-Ru(II)-pyridylamine complexes: 

Synthesis, X-ray structure and application in catalytic 

transformation of bio-derived furans to levulinic acid and 

diketones in water 

 

5.1. Introduction 

Tremendous interest towards the development of a wide range of stable 

cyclopentadienyl-Ru(II) ((η5-C5H5)-Ru) complexes has been observed over the past 

five decades.[1,2] Consequently, due to the unique structural properties, stability and 

chemical reactivity of the (η5-C5H5)-Ru(II) complexes, these complexes find 

application in various fields (Scheme 1), including small molecule activation, 

transfer hydrogenation, and in biology.[3-19] In particular context of catalysis, one of 

the prominent (η5-C5H5)-Ru(II) based transfer hydrogenation catalyst is Shvo’s 

catalyst, which demonstrated the involvement of both metal and the ligand to control 

the selectivity.[10,11] Nikonov’s group also demonstrated the application of [(η5-

C5H5)Ru(iPr3P)(NCCH3)2] in transfer hydrogenation of ketones, nitriles, esters and 

N-heterocycles.[12,13] Studies demonstrated the formation of (η5-C5H5)Ru-H 

(ruthenium hydride) as an important intermediate species, which facilitated the 

transfer hydrogenation of these unsaturated groups.[14-16] Moreover, mechanistic 

studies by NMR also revealed the presence of a trihydride [(η5-C5H5)Ru(NHC)(H)3] 

species (NHC is a carbene ligand) as the catalyst resting stage for the transfer 

hydrogenation reaction.[16] Weissensteiner et al. also demonstrated the catalytic 

reactivity of the (η5-C5H5)-Ru(II) aminophosphine (PN) complexes [(η5-C5H5)Ru(κ2-

PN)CH3CN]+ and [(η5-C5H5)Ru(κ2-PN)Br] for the transfer hydrogenation of a wide 

range of ketones to secondary alcohols.[17] They proposed that the observed high 

catalytic activity of these (η5-C5H5)-Ru(II) aminophosphine complexes was due to 

the reversible Ru-N bond cleavage in η5-Cp-Ru(II) coordinated aminophosphine 

ligand (Scheme 1). Similarly, Pandey et al. explored (η5-C5H5)-Ru(II) complexes 

containing pyridylphosphine ligands, such as [(η5-C5H5)Ru(PyPPh2)(PPh3)Cl], for 

transfer hydrogenation of aldehydes to alcohols in the presence of 

HCOOH/NaOH.[18] Notably, these aminophosphine or pyridylphosphine ligands may 
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act as hemilabile ligands due to their reversible κ2-κ1-κ2 coordination behaviour to 

the (η5-C5H5)-Ru(II) center. These results inferred that (η5-C5H5)-Ru(II) complexes 

represent an important class of catalyst for transfer hydrogenation reaction, but so far  

the application of (η5-C5H5)-Ru(II) complexes in catalytic biomass transformations 

remains unexplored.[11] 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. Literature reports on cyclopentadienyl-ruthenium based complexes. 

 

Catalytic transformation of biomass-derived furans and its derivatives to open 

ring components, such as LA and diketones, important platform precursors for the 

production of various fine chemicals and fuel components, have been extensively 

explored using various heterogeneous catalysts[19-22] These transformation were 

mostly carried out in the presence of catalysts based on Pt, Pd, Rh, Ru and Au metals 

nanoparticle or in the presence of strong acid (H3PO4, HCl, H2SO4), high temperature 

(120-170 °C) and high H2 pressure (50-100 bar).[20-22] For instance, Montech  et al. 

reported the transformation of 5-HMF to 1-HHD over Pt/C catalyst in oxalic acid at 

140 °C and 30 bar H2.
[20] Similar 5-HMF to 1-HHD transformation was also reported 

over Pd/C with Amberlyst-15 under 50 bar H2.
[21] Analogously, transformation of 

furans to LA was achieved over Pd/Al2O3 with Amberlyst-70 at 165 °C and 70 bar 

H2, as reported by Lie et al.[22] In comparison to the extensive exploration of 

heterogeneous catalytic system, catalyst based on transition metal based complexes 
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are less explored for such biomass transformations. In this direction, Zhang et al. 

reported [(η5-Cp*)Ir(κ2-bpy)Cl]+  (where ‘bpy’ is bipyridine) complexes for the 

catalytic hydrogenolytic transformation of 5-HMF to diketones, 1-hydroxy-2,5-

hexanedione (1-HHD) in water using H2 gas (10 bar) at 120 °C.[23,24] Later, Fu et al. 

also investigated the catalytic transformation of 5-HMF to 1-HHD using formic 

acid/formate buffer solution at 130 °C and 30 bar H2, over (η5-Cp*)-Ir complexes 

having hydroxyl substituted bipyridine ligands, where the hydroxyl substitutes have a 

promotional effect in the studied transformation.[25,26] 

 In recent past, we also explored several half sandwich (η6-arene)Ru(II) 

complexes having nitrogen donor ligands [(η6-arene)Ru(κ2-L)Cl]+ (L = 

ethylenediamine or 8-aminoquinoline) for the catalytic transformation of biomass-

derived furans such as furfural and 5-HMF to LA and diketones (1-HHD and 3-

HHD) using formic acid.[27,28] Our findings revealed that the presence of –NH groups 

in these complexes and presence of a labile coordinating chloro ligands facilitated an 

efficient transfer hydrogenation of furfural to furfuryl alcohol with the aid of formic 

acid. Subsequently, upon the formation of furfuryl alcohol, H+ assisted ring opening 

of furfuryl alcohol led to the formation of LA and diketones. Notably, using formic 

acid is advantageous as it can acts as an efficient hydrogenating source as well as 

control the pH of the catalytic reaction and hence the selectivity of the product. 

Moreover, η6-arene-ruthenium complexes usually undergo decomposition to 

ruthenium metal at higher temperature (>120 °C) and loss the catalytic activity.[29,30] 

On the other hand, the ruthenium-cyclopentadienyl based complexes displayed high 

stability in water, and acid at high temperature compared to η6-arene-ruthenium 

complexes.[31,32] It has been hypothesized that the anionic cyclopentadienyl ligand (in 

ruthenium-cyclopentadienyl based complexes) bonded strongly with the Ru2+ centre, 

compared to the weakly bonded neutral η6-arene ligand.[31,32] Moreover, it has also 

been suggested that due to the anionic cyclopentadienyl ligand the metal center may 

have higher electron density and therefore it may substantially influence the catalytic 

activity of the resulting (η5-C5H5)-Ru(II) complexes, in comparison to the η6-arene 

ligand.  

 Herein, we synthesized a series of half sandwich (η5-C5H5)-Ru(II) complexes 

containing Namine-substituted pyridylamine ligands, and the molecular structure of all 

these complexes are authenticated by X-ray crystallography. These complexes are 

employed for the catalytic ring opening transformation of the bio-derived furfural, 5-
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HMF and other related furans to LA and diketones in water at 120 °C with the aid of 

formic acid. Our findings evidenced that the presence of −NH bonds, suitably 

balanced basicity and bulkiness at Namine, and the flexible nature of the pyridylamine 

ligands has a remarkable effect on this catalytic transformation. Moreover, efficient 

direct transformation of fructose to diketone and a scaled up (gram-scale) 

transformation of furfural to levulinic acid are also achieved over the high 

performing (η5-C5H5)-Ru(II)-pyridylamine catalyst.  

5.2. Results and discussion 

5.2.1. Synthesis and characterization of cyclopentadienyl-ruthenium(II) 

complexes. Pyridylamine ligands (L4-L9) with Namine-alkyl and benzyl substituents, 

2-(aminomethyl)pyridine (L4), N-(pyridin-2-ylmethyl)propan-1-amine (L5), N-

(pyridin-2-ylmethyl)propan-1-amine (L6), N-(pyridin-2-ylmethyl)butan-1-amine 

(L7), 3-methyl-N-(pyridin-2-ylmethyl)butan-1-amine (L8), N-benzyl-1-(pyridin-2-

yl)methanamine (L9) are synthesized by direct condensation of pyridine-2-

carbaldehyde with corresponding amines, and subsequent reduction of imine by 

NaBH4 (L5-L9), while N-(pyridin-2-ylmethylene)propan-2-amine (L10) is 

synthesized by the condensation of pyridine-2-carbaldehyde with isopropylamine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.2. Synthesis of (η5-C5H5)-Ru(II) complexes containing pyridylamine ([Ru]-

17 − [Ru]-22) and pyridylimine ([Ru]-23) based Ligands. 
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Further, (η5-C5H5)-Ru(II) precursor, [(η5-C5H5)RuCl(PPh3)2], is treated with these 

Namine-substituted pyridyamine ligands (L4 − L9) in methanol under refluxed 

condition to afford yellow to orange coloured cationic mononuclear piano-stool (η5-

C5H5)-Ru(II) complexes [Ru]-17 −  [Ru]-22 in good yield (Scheme 5.2). With the 

dissociation of a PPh3 and chloro ligand, the obtained complexes [Ru]-17 −  [Ru]-22 

have a general formula of [(η5-C5H5)Ru(2-L)PPh3]
+ where L = L4, ([Ru]-17), L = 

L5, ([Ru]-18), L = L6, ([Ru]-19), L = L7, ([Ru]-20), L = L8, ([Ru]-21), L = L9, 

([Ru]-22). Analogously, N-(pyridin-2-ylmethylene)propan-2-amine (L10) ligand is 

reacted with [(η5-C5H5)Ru(PPh3)2Cl] to afford (η5-C5H5)-Ru(II)-N-

isopropylpyridylimine complex, [(η5-C5H5)Ru(2-L10)PPh3]
+ ([Ru]-23). All the 

complexes [Ru]-17 − [Ru]-23, are highly stable in air and moisture. The spectro-

analytical analyses of the synthesized complexes corroborated well with the 

proposed structures (see the Experimental Section).  

In 1H NMR of the complexes [Ru]-17 − [Ru]-22, ortho C-H of pyridylamine 

resonated at 8.61-8.32 ppm compared to those of free ligand (8.50-8.29 ppm). 

Analogously, ortho C-H of complex [Ru]-23 resonated at downfield region (9.28 

ppm) as compared to free ligand L10 (8.63 ppm). The absorbed downfield shift is 

consistent with the coordination of pyridylamine/pyridylimine ligands with (η5-

C5H5)-Ru(II) moiety.[17,18] Moreover, the observed downfield shift in the resonance 

of aromatic C-H proton of PPh3 in the 1H NMR region of 7.49-6.94 ppm along with 

the appearance of a sharp singlet in the 31P NMR (55.33-53.17 ppm in [Ru]-17 - 

[Ru]-22 and 48.18 ppm in [Ru]-23) is in accordance with the coordination of PPh3 to 

(η5-C5H5)-Ru(II).[17,18,33-35]  Moreover, the Ru(II) coordinated η5-Cp proton resonated 

as a sharp singlet in the range of 4.80-4.30 ppm. Further the counter anion PF6 

resonated at ~ -144 ppm in 31P NMR for these complexes.[18] ESI-MS analysis 

revealed the presence of mass (m/z) peaks corresponding to the expected molecular 

ion, {(η5-C5H5)Ru(2-L)PPh3}
+ ([M]+), with the characteristic ruthenium isotopic 

pattern. IR spectra of the complexes [Ru]-17 - [Ru]-22 exhibited characteristic bands 

due to νN-H band at around 3360~3260 cm-1, suggesting the presence of −N-H 

bonds. The νC-N band in these complexes shifted towards lower wave number and 

appeared around 1100-1050 cm-1 as compared to that for the corresponding free 

ligand. Analogously, the iminic νC=N band appeared at 1601 cm-1 for complex [Ru]-

23, compared to that for the free imine ligand (L10) (νC=N 1690 cm-1). Moreover, 
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νC=Npy band for the complexes [Ru]-17 - [Ru]-23 observed in the region of 1450-

1430 cm-1 (νC=Npy for free ligand appeared at 1591cm-1). The observed shift in the 

position of νC=Npy, νC=Nimine, νC–Namine relative to the free ligands could be 

attributed to the involvement of these entities in the coordination of ligands to the 

(η5-C5H5)-Ru(II). Strong bands observed in the region of 832 and 557 cm-1 are 

assigned for the counter anion PF6
-. Electronic spectra of the (η5-C5H5)-Ru(II)-

pyridylamine complexes [Ru]-17 - [Ru]-22 recorded in dichloromethane with 

concentration (4×10-3 mol/L), showed bands in the region of 369-363, 330-327 and 

275-266 nm. The moderately intense bands in the range of 330-326 nm are assigned 

to MLCT transition. In addition to the band at 337 nm, complex [Ru]-23 also 

showed a low intensity band at low energy region (436 nm), which can also be 

attributed to MLCT band. The hump in the region 349-363 nm is assigned to (η5-

C5H5)-Ru(II) MLCT transitions. The high intensity bands in the region of 250-270 

nm are ascribed for the intra-ligand transitions (Figure 5.1). The thermogravimetric 

analysis of the complexes [Ru]-17 − [Ru]-23 inferred that these complexes are stable 

up to ~200 °C, with first major weight loss of 58% occurred at around 250 °C, 

attributed to the loss of the PPh3 and bidentate N,N-ligand (Figure 5.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. UV-Vis. Spectral data for (η5-C5H5)-Ru(II) complex [Ru]-17 − [Ru]-23. 
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Figure 5.2. TGA spectra of (η5-C5H5)-Ru(II) complexes [Ru]-17 − [Ru]-23. 

Further, molecular structures of all the complexes [Ru]-17 − [Ru]-23 are 

authenticated by X-ray crystallography (Figure 5.3-5.4 and Table 5.1). The important 

bond parameters are shown in Table 5.2. The complexes [Ru]-17, [Ru]-20, [Ru]-22, 

[Ru]-23 crystallised in monoclinic crystal system with P21/n space group (I2/a space 

group for [Ru]-4), while complexes [Ru]-18 and [Ru]-19 are in triclinic crystal 

system with space group P-1. All the complexes [Ru]-17 − [Ru]-23 adopted a 

typical three legged piano-stool geometry around the Ru(II) center. In this piano-

stool arrangement the κ2 pyridylamine/pyridylimine and PPh3 ligands occupied three 

legs of the stool and the η5-Cp ring is placed at the apex of the stool. For η5-Cp-

Ru(II) moiety, the average Ru-C distances are in the range of 2.157~2.203 Å, 

whereas Ru to η5-Cp centroid distance are in the range of 1.817~1.877 Å.[5,17,18,34,35] 

The Ru-P distances are observed in the range of 2.300~2.345 Å, which is in 

accordance to the Ru-P distances reported for other related systems.5,17,18,34,35 The 

Ru-Npy bonds (2.114-2.064 Å), as well as Ru-Nimine bond (2.055 Å in [Ru]-23), are 

slightly shorter than the Ru-Namine bonds (2.198-2.144 Å).[5,17,18,33] In the complexes 

[Ru]-17 − [Ru]-23, the Npy-Ru-Namine/imine angles are in the range of 75.5o-77.6o, 



158 
 

(f)(e)

(c)

(a) (b)

(d)

suggesting the inward bending of the coordinated pyridylamine/pyridylimine groups. 

In contrary, Npy/amine/imine-Ru-P angle of ca. 94o inferred the away placement of bulky 

PPh3 in the Ru(II) coordination sphere. The η5-Cpct-Ru-P/N angle of ca. 125o is 

consistent with the piano-stool geometry of the η5-Cp-Ru(II)-pyridylamine/imine 

complexes.  

 

 

 

 

 

 

 

 

Figure 5.3. Single crystal X-ray structure of complexes (a) [Ru]-17, (b) [Ru]-18, (c) 

[Ru]-19, (d) [Ru]-20, (e) [Ru]-21 and (f) [Ru]-22, with 30% probability of thermal 

ellipsoids. Anionic counterpart (PF6) and hydrogen atoms, except for the amine 

nitrogen, are omitted for the sake of clarity. 
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Figure 5.4. Single crystal X-ray structure of complex [Ru]-23 with 30% probability 

of thermal ellipsoids. Anionic counterpart (PF6) and hydrogen atoms are omitted for 

the sake of clarity. 

Summation of all the angles around Nimine is 359.67o for the complex [Ru]-23, 

is in agreement with the planar iminic Nimine, which is also well supported by the 

lowest torsion angle (-3.0(4)°) around Nimine. Notably, the iminic C=N is shorter 

(1.282 Å) in [Ru]-23 than the C-Namine bonds (1.440 ~ 1.488 Å) in complexes [Ru]-

17 – [Ru]-22. 
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Table 5.1. Crystal data and structure refinement details for [Ru]-17− [Ru]-23 
 

Crystal 

parameters 

[Ru]-17 [Ru]-18 [Ru]-19 [Ru]-20 [Ru]-21 [Ru]-22 [Ru]-23 

empirical 

formula 

C29H28F6N2P2Ru C32H34F6N2P2Ru C32H34F6N2P2Ru C33H35F6N2P2Ru C68H76F12N4P4Ru2 C36H34F6N2P2Ru C32H32F6N2P2

Ru 

Fw 681.54 723.62 723.62 736.64 1503.34 771.66 721.60 

T (K)  293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 

λ (Å) 0.71073 1.54184 0.71073  1.54184  0.71073  0.71073  0.71073  

crystal system  Monoclinic Triclinic Triclinic Monoclinic Triclinic Monoclinic Monoclinic 

space group P 21/c P -1 P -1 I 2/a P -1 P 21/n P 21/c 

crystal size, mm 

(l × k × h) 

0.23×0.16×0.11 0.33 x 0.26 x 0.18 0.23 x 0.18 x 0.13 0.33 x 0.26 x 0.21 0.24 x 0.19 x 0.13 0.19 x 0.16 x 0.12 0.19 x 0.13 x 

0.10 

a, Å 8.2076(3) 9.7692(5) 9.8166(5) 21.1141(4) 13.2061(8) 11.2831(2) 9.7656(2) 

b, Å 17.4015(6) 10.9629(4) 10.7718(6)  9.7185(2) 14.3801(8) 16.6360(3) 19.6486(3) 

c, Å 19.0812(6) 16.8216(6) 16.7537(8) 32.6092(8) 18.3572(9) 19.5789(4) 16.4536(3) 

α, deg 90 74.993(3) 75.303(4) 90 76.541(4) 90 90 

β, deg 94.399(3) 84.403(4) 83.477(4) 99.930(2) 87.245(4) 104.828(2) 100.074(2) 

γ, deg 90 65.684(5) 65.615(5) 90 89.641(5) 90 90 

V, Å3 2717.23(16) 1585.67(13) 1560.67(15) 6591.1(2) 3386.4(3) 3552.68(12) 3108.45(10) 

Z  4 2 2 8 2 4 4 

calcd, g cm-3 1.666 1.516 1.540 1.485 1.474 1.443 1.542 
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μ, mm-1 0.759 5.486 0.666 5.290 0.617 0.590 0.669 

F(000) 1376 736 736 3000 1536 1568 1464 

  range, deg    3.020-28.822 4.714 -71.298 2.901 to 28.813 4.252-71.326 2.982 -29.123 3.101 -29.128 2.964 -28.814 

Limiting indices   -11<=h<=10,  

-23<=k<=23,  

-24<=l<=25 

-11<=h<=11,  

-13<=k<=9,  

-20<=l<=17 

-10<=h<=13,       

-14<=k<=13,         

-22<=l<=19 

-25<=h<=19,  

-10<=k<=11,  

-39<=l<=39 

-17<=h<=16,  

-19<=k<=18,  

-24<=l<=23 

-13<=h<=15,  

-20<=k<=22,  

-26<=l<=25 

-13<=h<=12,  

-23<=k<=26,  

-20<=l<=21 

completeness to 

max 

99.8 % 99.1 % 99.8 % 100.0 % 99.8 % 99.8 % 99.8 % 

Refinement 

method 

Full-matrix 

least-squares on 

F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix 

least-squares 

on F2 

no. of data 

collected/unique 

data 

24100/6443 

[R(int)= 0.0715] 

10073/5962  

[R(int) = 0.0389] 

14619/7124 

[R(int) = 0.0284] 

22414/6348 

[R(int) = 0.0463] 

33624/15677 

[R(int) = 0.0674] 

34313/8518 

[R(int) = 0.0324] 

24722/7347 

[R(int) = 

0.0310] 

params/restraint

s 

369/0 388/0 394/1 397/0 812/0 428/0 338/0 

goodness of fit 

on F2 

1.077 1.050 1.058 1.086 1.119 1.047 1.035 

Final R indices  

[I > 2(I)]      

R1= 0.0635 

wR2= 0.1570 

R1 = 0.0572,  

wR2 = 0.1607 

R1 = 0.0353,  

wR2 = 0.0940 

R1 = 0.0657,  

wR2 = 0.1753 

R1 = 0.1126,  

wR2 = 0.2776 

R1 = 0.0431,  

wR2 = 0.1086 

R1 = 0.0416, 

 wR2 = 0.1076 

R indices (all 

data)      

R1= 0.0350  

wR2= 0.1647 

R1 = 0.0578,  

wR2 = 0.1615 

R1 = 0.0390,  

wR2 = 0.0978 

R1 = 0.0679,  

wR2 = 0.1775 

R1 = 0.1666,  

wR2 = 0.3436 

R1 = 0.0522,  

wR2 = 0.1163 

R1 = 0.0473,  

wR2 = 0.1128 

Largest diff. 

peak and hole, 

eÅ -3 

1.910 and -

1.723  

0.925 and -1.440  0.600 and -0.530  2.548 and -0.616  3.731 and -2.078  0.975 and -0.694  0.847 and -

0.927 
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Table 5.2. Important bond lengths (Å), bond angles (o) and torsion angle (o) for complexes [Ru]-17− [Ru]-23  

 

Bond  lengths (Å) [Ru]-17 [Ru]-18 [Ru]-19 [Ru]-20 [Ru]-21 [Ru]-22 [Ru]-23 

Ru-Ct 1.877 1.826 1.829 1.817 1.833 1.829 1.852 

Ru-Cavg. 2.191 2.176 2.182 2.170 2.181 2.151 2.203 

Ru-Npy 2.114(4) 2.104(3) 2.0936(19) 2.096(5) 2.064(6) 2.105(2) 2.097(2) 

Ru-Namine/imine 2.163(4) 2.175(4) 2.198(2) 2.144(5) 2.167(6) 2.185(2) 2.055(2) 

Ru-P 2.3005(11) 2.3144(9) 2.3293(6) 2.3094(13) 2.3205(19) 2.3151(7) 2.3452(7) 

Namine/imine-C6 1.475(6) 1.474(6) 1.485(3) 1.440(9) 1.458(11) 1.488(4) 1.282(4) 

Namine/imine-C7 - 1.481(7) 1.523(3) 1.391(9) 1.473(10) 1.504(3) 1.504(4) 

Bond angles (o)        

Npy-Ru-Namine/imine 77.06(16) 77.64(14) 76.60(8) 77.6(2) 75.5(2) 77.13(9) 76.29(9) 

Npy-Ru-P 93.16(10) 90.15(9) 90.79(5) 91.22(12) 92.61(16) 90.81(6) 88.08(6) 

Namine/imine-Ru-P 94.46(13) 92.66(11) 90.13(6) 92.9(2) 90.8(2) 91.39(7) 90.74(7) 

Npy-Ru-Ct 127.65 128.12 127.94 127.15 128.99 126.87 130.28 

Namine/imine-Ru-Ct 124.94 127.93 130.66 127.97 128.60 128.57 128.09 

P-Ru-Ct 125.98 125.94 125.60 125.89 125.40 127.08 127.30 

Torsion angle (o)        

Npy-C5-C6-Namine/imine 23.6(6) -25.6(6) 32.6(3) -15.3(9) 25.92 -30.2(4) -3.0(4) 
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5.2.2 Catalytic transformation of furan derivatives to levulinic acid and diketones in 

water. Catalytic efficacy of the synthesized η5-Cp-Ru(II) pyridylamine complexes [Ru]-

17 – [Ru]-22 along with η5-Cp-Ru(II) pyridylimine complex [Ru]-23 for the 

transformation of biomass-derived furans was evaluated using furfural (1a) as the model 

substrate (as shown in Table 5.3) at 120 °C in the presence of 12 equiv. of formic acid in 

water.  

Table 5.3. Catalytic activity of cyclopentadienyl-ruthenium(II) complexes for 

transformation of furfural (1a) to levulinic acid (2a)[a] 

 

Entry Catalyst Temp. (°C) Time (h) HCOOH 

(mmol) 

Yield 

(%)b 

1  [Ru]-17 120 6 12 70 

2  [Ru]-18 120 6 12 84 

3c  [Ru]-18 120  2, 4 12 35, 51 

4d  [Ru]-18 60, 80, 100  6 12 0, 1, 21 

5e  [Ru]-18 120  6 3, 6 50, 55 

3  [Ru]-19 120 6 12 72 

4  [Ru]-20 120 6 12 74 

5  [Ru]-21 120 6 12 76 

6  [Ru]-22 120 6 12 78 

7  [Ru]-23 120 6 12 48 

8 [Ru]-A3  120 6 12 45 

[a]Reaction conditions: Furfural (1.0 mmol), formic acid (12 equiv.),  ruthenium catalyst 

(5 mol%), water (10 mL), byield with respect to the internal standard, ceffect of reaction 

time, deffect of reaction temperature, eeffect of formic acid concentration.  

As elaborated in table 3, complex [Ru]-17 containing (2-pyridylmethyl)amine (L4) 

exhibited 70% yield of LA (2a) in 6 h (Table 5.3, entry 1). Yield of LA (2a) was further 

enhanced to 84%, when Namine-n-propyl substituted pyridylamine (L5) coordinated η5-Cp-

Ru(II) complex ([Ru]-18) was employed (Table 5.3, entry 2). However, using η5-Cp-

Ru(II) containing various other Namine-substituted pyridylamine ligands, (Namine-iso-propyl 

[Ru]-19, Namine-n-butyl [Ru]-20, Namine-iso-pentyl [Ru]-21 and Namine-benzyl [Ru]-22), 
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yield of LA (72-78%) could not be further enhanced (Table 5.3, entries 3-6). In contrary to 

the high catalytic activity of η5-Cp-Ru(II) pyridylamine complexes, [Ru]-23 having a rigid 

pyridylimine ligand displayed only 48% yield of LA under analogous reaction condition 

(Table 5.3, entry 7). Notably, the precursor [(η5-C5H5)Ru(PPh3)2Cl] also exhibited poor 

yield of LA (Table 5.3, entry 8). ). The lower catalytic activity of complex [Ru]-17 can be 

attributed to the poor availability of Namine, presumably due to the involvement of Namine in 

strong interactions with solvent water molecules. Further it should be noted that with the 

increase in alkyl carbon chain or branching, polarizability of Namine also increases.[36] 

However, the increase in alkyl chain may also increase the steric hindrance at the nitrogen 

centre (Namine), which may lead to the decrease in the basicity of nitrogen.[36] Further the 

remarkable enhancement in the catalytic efficacy of η5-Cp-Ru(II) pyridylamine complexes 

[Ru]-17 - [Ru]-22 (70-84% yield of LA) compared to η5-Cp-Ru(II) pyridylimine complex 

[Ru]-7 (45% yield of LA), clearly evidenced the crucial importance of the flexible 

pyridylamine ligands over the rigid pyridylimine ligand (Figure 5.5).[17,18,37]  

 

 

 

 

 

 

 

 

 

Figure 5.5. Catalytic transformation of furfural to LA by η5-Cp-Ru(II) complexes in water. 

Reaction conditions: Furfural (1.0 mmol), ruthenium catalyst (5 mol%), formic acid (12 

equiv.) and water (10 mL) at 120 °C for 6 h. 

In this context, preceding studies suggested that pyridylphosphine and 

aminophosphine based hemilabile ligands may show flexible coordination behaviour, 

which consequently create a vacant coordination site at the metal centre.[17,18,37] 

Comparing the catalytic behaviour of various aminophosphine ligands, Weissensteiner et 
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al. demonstrated that the flexible N,N-dimethyl-diphenylphosphinoethylamine (PN) 

exhibited the highest catalytic activity for the transfer hydrogenation of ketone to 

secondary alcohol in compare to the rigid N,N-dimethyl-2-diphenylphosphinoaniline 

(DBD) and 2-{1-(N,N-dimethylamino)-ethyl}-1-diphenyl phosphinoferrocene (PPFA).[17] 

A similar dissociation and recoordination of amine group by the flexible pyridylamine was 

also observed for a Pd-pyridylamine complex catalyzed copolymerization of ethylene and 

norbornene.[37] Hence based on the aforementioned finding, a similar behaviour can also 

be expected for the pyridylamine ligands in the studies complexes [Ru]-17 – [Ru]-22, 

where pyridylamine may  presumably undergoes a reversible κ2 - κ1 - κ2 

coordination/decoordination inter-conversion to have pyridyl group remains coordinated 

with the ruthenium and the amine branch is pendent.[37] This will create a new vacant site 

for the coordination of formate and subsequently form Ru-H species to further facilitate 

the transfer hydrogenation of furfural to furfuryl alcohol. Further, the furfuryl alcohol 

undergoes an acid assisted ring opening to LA (Scheme 5.3). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.3. Plausible catalytic pathway for the [Ru]-18 catalyzed transformation of 

furfural to levulinic acid. 

 

Further, the steric crowding at the Namine centre of the complexes [Ru]-18 – [Ru]-

21 was estimated by comparing the N···Cn and N-H···Cn distances (where Cn is the farthest 

carbon of the alkyl chain and ‘n’ (n  2) represents the position of carbon from the Namine) 

obtained from their single crystal X-ray structures (Table 5.4). Results inferred that the 
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methyl groups of iso-propyl chain are placed very close to the Namine (N···C2 2.499 Å) in 

[Ru]-19 compared to that in [Ru]-18 (N···C2 2.529 Å and N···C3 3.251 Å), suggesting 

more crowding at Namine in the complex [Ru]-19. Further, it was observed that N···C2 

distance in complex [Ru]-18 is comparable and even more than the other complexes [Ru]-

20 and [Ru]-21, having bulky long carbon chains at Namine, suggesting the least steric 

crowding at Namine in complex [Ru]-18. Moreover, the N-H···Cn distances are also in good 

agreement with the observed trend in N···Cn distances (Table 5.4). Interesting to note that 

the N···C3 (3.251 Å) and N-H···C3 (2.873 Å) distances in complex [Ru]-18 are quite 

longer than those in the complex [Ru]-20, clearly showing the relatively less steric 

crowding at Namine of complex [Ru]-18.  

 

Table 5.4. Comparison of Namine-H···C and N···C distances in complexes [Ru]-18 – [Ru]-

22 

NH···C distances (Å) 

  C2 C3 C4 

[Ru]-18 2.608   2.873    

[Ru]-19 2.468   

[Ru]-20 2.696 2.808 4.076 

[Ru]-21 2.736 2.821 4.644 

N···C distances 

[Ru]-18 2.529 3.251  

[Ru]-19 2.499   

[Ru]-20 2.551 3.201 4.427 

[Ru]-21 2.561 3.161 4.480 

NH···Ct
(Ph) and N···Ct

(Ph) distance in [Ru]-22 

NH···Ct
]Ph)              3.592 

N···Ct
(Ph)                 3.719 

 

Moreover, we also observed that the long iso-pentyl substituent at Namine of 

complex [Ru]-21 can fold back and hence, may cause steric crowding at Namine (Figure 

5.6). Therefore, the basicity and the steric crowding at Namine is also expected to play a 

crucial role in tuning the catalytic activity of the studied η5-Cp-Ru(II) complexes for the 

transformation of furfural (1a) to LA (2a).[36] 
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Figure 5.6. Bending behaviour of iso-pentyl group of L8 in [Ru]-21 complex. 

Now, the high performing [Ru]-18 catalysts was used for further optimization of 

the catalytic reaction condition for the transformation of furfural (1a) to LA (2a). 

Performing the reaction at a lower temperature (60–100 °C) resulted in a sharp decrease in 

the yield of LA (2a) (Figure 5.7a).  

 

 

 

 

 

 

 

 

 

Figure 5.7. (a) Effect of reaction temperature, (b) Effect of formic acid concentration on 

the catalytic transformation of furfural to levulinic acid over [Ru]-18 catalyst.  

Moreover, decreasing the amount of formic acid to 3 or 6 equiv. was also found to 

have a detrimental effect on the yield of LA (2a) (Figure 5.7b). It should be noted that 

either in the presence of catalyst alone (without formic acid) or catalyst with H2 gas or 

without catalyst only with formic acid (12 equiv.), the reaction could not proceed, 
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suggesting the presence of formic acid and the catalyst together is essential to achieve an 

efficient transformation of furfural (1a) to LA (2a). Time-dependent reaction progress 

monitored in 2, 4 and 6 h displayed a gradual increase in the yield of LA (2a) from 35% (2 

h) to 84% (6 h) (Table 5.3 Entry 5.3). Therefore, efficiency of complex [Ru]-18 was also 

further investigated for the catalytic transformation of other furan derivatives, 5-HMF (1b) 

and 5-MF (1c) under the optimized reaction conditions (catalyst 5 mol%, formic acid 12 

equiv., at 120 °C, 6 h in water). Unlike furfural (1a), only 66% conversion of 5-HMF (1b) 

was achieved in 6 h, while increasing the reaction time to 12 h, 96% conversion of 5-HMF 

(1b) to open ring products, 1-HHD (2b) with 69% selectivity (yield 42%) along with LA 

(2a) and 3-HHD (2c) (Scheme 5.4b). Formation of 1-HHD (2b) as the major open-ring 

product from 5-HMF (1b) was also reported earlier with other catalytic systems such as 

Pd/C, Cp*Ir or η6-arene-Ru(II) complex.[21,23,27,28] Interestingly, reaction with 5-MF (1c) 

resulted in the formation of 3-HHD (2c, sel. 84%) and 2,5-HD (2d, sel. 16%) (Scheme 

5.4c). Formation of 3-HHD (2c) as a major product over 2,5-HD (2d) was presumably due 

to the higher preference toward hydration over hydrogenation of the intermediate hex-3-

ene-2,5-diene (HED). 

          Encouraged by the above results, catalytic transformation of fructose over 

[Ru]-18 catalyst at 120 °C with 12 equiv. of formic acid was also performed, which led to 

the formation of 1-HHD (2b), LA (2a), 2,5-HD (2d) and 5-HMF (1b) in 65%, 13%, 13% 

and 9% selectivity, respectively in 6 h (Scheme 5.4d). Formation of 5-HMF (2a) and 1-

HHD (2b) products from fructose is consistent with the previous reports, suggesting that 

this transformation proceeded through the formation of platform dehydrogenated 

precursor 5-HMF (1b), which subsequently transformed to 1-HHD (2b).[38] 
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Scheme 5.4. Catalytic transformation of different bio-derived furans over [Ru]-18 

catalyst. adetermined by 1H NMR with respect to the internal standard (p-anisaldehyde), 

bdetermined by column chromatography (ethylacetate/hexane 2/98 – 10/90 v/v). 

Notably, the recovered catalyst [Ru]-18 (5 mol%) showed high stability, and could 

be recycled for four consecutive catalytic runs for the transformation of furfural (1a) to 

LA (2a), where 60% yield of LA (2a) was achieved even after the 4th catalytic run (TON 

for 1st catalytic run 16.8 and TTN 58.4) (Figure 5.8). Experiments performed in the 

presence of Hg metal showed no significant change in catalytic activity of [Ru]-18 for 

furfural (1a) to LA (2a) transformation, suggesting that the active catalytic species is of 

homogeneous in nature.[39] To further explore the practical applicability of this catalytic 

methodology, a gram scale experiment was also carried out for the catalytic 

transformation of furfural over [Ru]-18 catalyst (1 mol%), and we achieved 64% yield of 

LA (2a) (TON 64.0) (Scheme 5.4e). 
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Figure 5.8. Recyclability of [Ru]-18 catalyst for the catalytic transformation of furfural 

(1a) to LA (2a) in the presence of formic acid (12 equiv.) in water at 120 °C for 6 h. 

Therefore, the above findings clearly evidenced the high stability of the [Ru]-18 

catalyst at high temperature (>120 °C) in water and in the presence of acid (formic acid). 

Moreover, as inferred from the Hg poisoning experiments, no decomposition of [Ru]-18 

catalysts to Ru nanoparticles was observed under the catalytic reaction conditions (>120 

°C in water). The observed high stability of [Ru]-18 catalysts can be attributed to the 

strong coordination of η5-Cp to the Ru-center, while η6-arene-Ru(II) complexes 

decompose to Ru nanoparticle at higher temperature.[29,30] Moreover, the high aqueous and 

thermal stability of the studied η5-Cp-Ru(II)-pyridylamine complexes is also reflected in 

its two fold higher catalytic activity (84% yield of LA, 6 h, 120 °C, 12 mmol HCOOH) 

over the analogous η6-arene-Ru(II) (42% yield of LA, 8 h, 100 °C, 12 mmol HCOOH).[27] 

Notably, previously explored catalyst based on η5-Cp*-Ir complex or other metal 

nanoparticle catalysts (Pd/Al2O3 or Au/Nb2O5) required high H2 gas pressure (5~80 bar) 

and higher temperature (120~170 °C) for analogous catalytic transformations (Table 

5.5).[19-26] Therefore, the studied η5-Cp-Ru(II)-pyridylamine complexes represent a class 

of highly active catalyst with high thermal and aqueous stability, showing catalytic 

activity higher or as par with previously reported catalytic system.  
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Table 5.5. Comparative table of previous literature work and this work 

 

 

 

 

 

S/N Catalyst Temp. 

(°C) 

Yield (%) H-source Ref. 

 

1 

 

 

 

 

150 

 

 

 

40 

71 (Fructose to 

BHMF(2,5-

bis(hydroxymethyl)) 

furan) 

94 (HMF to BHMF) 

HCOOH Ref. 

38e 

2 

 
 

120 84.1 (1-HHD) H2 gas  

(5 bar) 

 

Ref. 

23 

3 

 

 

 

 

 

120 >99 (conversion) H2 gas  

(10 bar) 

 

Ref. 

24 

4 

 

 130 98 (1-HHD) H2 gas  

(10 bar) 

 

Ref. 

25 
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5 

 

 

 

130 41 (LA) H2 gas  

(30 bar) 

 

Ref. 

26 

6  

 

 

80 42 (LA) HCOOH Ref. 

27 

7  

 

 

 

80 47 (LA) HCOOH Ref. 

28 

9  Pd/C and Amberlyst-15 80  65 (1-HHD) H2 gas  

(50 bar) 

 

Ref. 

21 

10 Amberlyst 70 (acid 

catalyst) 

 

 

 

Pd/C (hydrogenation 

catalyst) 

170 11 (LA) 

55 (polymerization 

product) 

 

50 (LA) 

H2 gas  

(70 bar) 

 

Ref. 

22a 

11  Pd/Al2O3 165 3.4 (LA) 

21.6 (Methyl levulinate 

(MLE)) 

H2 gas  

(70 bar) 

 

Ref. 

22b 

13  

 

 

 

120 84 (LA) HCOOH This 

work 
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5.3. Conclusions 

In summary, we synthesized and characterised (by 1H, 13C, 31P, NMR, and mass) a series 

of cationic η5-Cp-Ru(II)-pyridylamine ([Ru]-17 − [Ru]-22) and η5-Cp-Ru-pyridylimine 

([Ru]-23) complexes and authentication of molecular structure of all the complexes by X-

ray crystallography. The synthesized η5-Cp-Ru-pyridylamine complexes displayed 

remarkably high catalytic activity for the transformation of biomass-derived furans, 

furfural (1a), 5-HMF (1b) and 5-MF (1c), to value added open ring products, LA (2a) and 

diketones (1-HHD (2b), 3-HHD (2c) and 2,5-HD (2d)) with high conversion (>99%) and 

selectivity at 120 °C in the presence of formic acid. Experimental findings demonstrated 

that the η5-Cp-Ru-pyridylamine complexes exhibited higher catalytic performance over 

analogous η5-Cp-Ru-pyridylimine complex, which can be attributed to the hemilabile 

nature of the pyridylamine ligands and the basicity and bulkiness at Namine. Moreover, the 

studied catalytic system was also applied for the transformation of fructose and the gram-

scale transformation of furfural to open ring product for practical application. Therefore, 

high catalytic activity along with the aqueous and thermal stability demonstrated by the 

studied η5-Cp-Ru(II) complexes may also find application in various other high 

temperature catalytic reactions. 

5.4. Experimental section 

5.4.1. Materials and methods. All reactions were performed under open atmosphere 

using chemicals of high purity purchased from sigma Aldrich, TCI chemicals and Alfa 

Aesar. Cyclopentadienyl-ruthenium precursors [(η5-C5H5)RuCl(PPh3)2] were synthesized 

according to the literature procedures.[40,41] 1H NMR (400 MHz), 13C NMR (100 MHz) 

and 31P NMR (161.97 MHz) spectra were recorded at 298 K using DMSO-d6 or CDCl3 as 

the solvent on a Bruker Avance 400 spectrometer. Tetramethylsilane (TMS) was used as 

an external standard and the chemical shifts in ppm are reported relative to the centre of 

the singlet at 7.26 ppm for CDCl3 and 2.49 ppm for DMSO-d6 in 1H NMR, and to the 

centre of the triplet at 77.0 ppm for CDCl3 and 39.50 ppm for DMSO-d6 in 13C NMR. 

Suitable single crystals of complexes [Ru]-17 − [Ru]-23 were subjected to single-crystal 

X-ray structural studies using Agilent Technologies Supernova CCD system. ESI (positive 

mode), and high-resolution mass spectra (HRMS) were recorded on a micro TF-Q II mass 

spectrometer. Infrared spectra (4000 to 500 cm−1) were recorded with a FTIR STD10 

Perkin Elmer. UV–vis spectra were performed on Carry-60 UV-Visible 

Spectrophotometer using dichloromethane as solvent with a concentration of 4×10-3 mol/L 
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at room temperature using 10 mm quartz cuvette. Thermal gravimetric analyses (TGA) 

were performed on the Mettler Toledo thermal analysis system.  

5.4.2. Single-crystal X-ray diffraction studies. Single-crystal X-ray structural studies of 

the (η5-C5H5)-Ru(II) complexes [Ru]-17 − Ru]-23 were performed on a CCD Agilent 

Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data were collected at 

150(2) K using graphite-monochromated Cu Kα radiation (λα = 1.5418 Å) for [Ru]-18 

and [Ru]-20 whereas Mo Kα radiation (λα = 0.71073 Å) for [Ru]-17, [Ru]-19, [Ru]-21, 

[Ru]-22 and [Ru]-23. The strategy for the data collection was evaluated using the 

CrysAlisPro CCD software. The data were collected using the standard ‘phi-omega’ scans 

techniques, and were scaled and reduced using CrysAlisPro RED software. The structures 

were solved by direct methods using SHELXS-97, and refined using full matrix least-

squares with SHELXL-97, refining on F2.[42] The positions of all the atoms were obtained 

by direct methods. All non-hydrogen atoms were refined anisotropically. The remaining 

hydrogen atoms were placed in geometrically constrained positions, and refined with 

isotropic temperature factors, generally 1.2 Ueq of their parent atoms. The crystal and 

refinement data are summarized in Table 5.1. Selected bond lengths and bond angles are 

summarized in Tables 5.2. CCDC deposition numbers of the complexes [Ru]-17, [Ru]-18, 

[Ru]-19, [Ru]-20, [Ru]-21, [Ru]-22 and [Ru]-23 are 1564514, 1556948, 1564515, 

1556949, 1564516, 1564517 and 1564518, respectively. 

5.4.3. General procedure for the synthesis of cyclopentadienyl-ruthenium(II) 

complexes ([Ru]-17−[Ru]-23). Complexes ([Ru]-17 − [Ru]-23) was synthesized by 

treating N-substituted pyridylamine (L4-L9) and pyridylimine (L10) ligands with 

cyclopentadienyl-ruthenium precursor, [(η5-C5H5)RuCl(PPh3)2] in methanol (25 mL) 

under refluxing condition for 20 h. Later, volume was reduced to 10 mL, and then added 

NH4PF6 (0.489 g, 3.0 mmol). The solution was stirred at room temperature for 12 h to 

precipitate out the desired complexes, which was washed with diethylether (3×10 mL) and 

dried in air.  

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-2-(aminomethyl)pyridine]PF6 ([Ru]-17). 

Complex [Ru]-17 was synthesized following the above general procedure, by using 2-

(aminomethyl)pyridine (L4) (1.180 g, 1.1 mmol) and [(η5-C5H5)Ru(PPh3)2Cl] (0.363 g, 

0.5 mmol). Pale yellow solid, yield: 0.210 g (61%). FTIR (ν, cm−1): 3357, 3313 ν(N-H 

stretching), 1606 ν(N-H bending), 1090 ʋ(C-N), 832 ν(PF6 stretching), 556 ν(PF6 
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bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.61 (d, 1H, J = 5.20 Hz), 7.56 (t, 

1H, J1 = 7.80 Hz, J2 = 7.52 Hz), 7.39 (t, 6H, J1 = 9.28 Hz, J2 = 6.24 Hz), 7.32 (t, 6H, J1 = 

8.80 Hz, J2 = 6.28 Hz), 7.28 (d, 1H, J = 8.28 Hz), 7.12 (t, 6H, J1 = 9.28 Hz, J2 = 8.04 Hz), 

6.79 (t, 1H, J1 = 6.52 Hz, J2 = 6.28 Hz), 4.36 (s, 5H), 4.03-3.99 (m, 1H).  13C NMR (100 

MHz, DMSO-d6): δ (ppm) = 162.28, 155.77, 136.18, 134.35, 133.97, 132.97, 132.86, 

129.64, 128.32, 128.23, 123.02, 120.32, 75.09, 53.54. 31P NMR (161.97 MHz, DMSO-d6): 

δ (ppm) = 55.33 (s, PPh3), -144.19 (sep, PF6).
 MS (ESI) m/z calculated for [(η5-

C5H5)Ru(2-L4)PPh3]
+ (L4 = 2-(aminomethyl) pyridine), 537.1 [M]+, found 537.1 [M]+. 

UV-Vis.{dichloromethane, λmax, nm (, M-1cm-1)}: 365 (3.7×103), 327 (6.8×103), 274 

(8.0×103), 267 (7.1×103). CCDC deposition number of the complex [Ru]-17 is 1564514. 

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-N-(pyridin-2-ylmethyl)propan-1-amine]PF6 

([Ru]-18). Complex [Ru]-18 was synthesized following the above general procedure, by 

using N-(pyridin-2-ylmethyl)propan-1-amine (L5) (0.165 g, 1.1 mmol) and [(η5-

C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield: 0.225 g (62%). FTIR (ν, 

cm−1): 3277 ν(N-H stretching), 1605 ν(N-H bending), 1091 ν(C-N), 833 ν(PF6 stretching), 

557 ν(PF6 bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.39 (d, 1H, J = 5.24 Hz), 

7.70 (t, 1H, J1 = 7.76 Hz, J2 = 7.52 Hz), 7.46 (t, 3H, J1 = 6.28 Hz, J2 = 8.28 Hz), 7.42 (d, 

1H, J = 7.76 Hz), 7.39 (t, 6H, J = 7.56 Hz, J2 = 7.00 Hz), 7.00 (t, 6H, J1 = 9.28 Hz, J2 = 

8.28 Hz), 6.90 (t, 1H, J1 = 6.52 Hz, J2 = 6.52 Hz), 4.51 (s, 5H), 4.39 (dd, 1H, J1 = 15.56 

Hz, J2 = 15.56 Hz), 4.09-4.02 (m, 1H), 3.29-3.25 (m, 1H), 3.19-3.14 (m, 1H), 2.90-2.88 

(m, 1H), 1.40-1.36 (m, 1H), 1.18-1.15 (m, 1H), 0.54 (t, 3H, J1 = 7.28 Hz, J2 = 7.52 Hz). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) = 161.23, 155.37, 136.74, 132.99, 132.77, 

132.65, 132.61, 130.07, 128.76, 128.67, 123.55, 120.92, 75.68, 61.13, 60.71, 21.49, 10.29. 

31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = 54.98 (s, PPh3), -144.19 (sep, PF6).
 MS 

(ESI) m/z calculated for [(η5-C5H5)Ru(2-L5)PPh3]
+ (L5 = N-(pyridin-2-ylmethyl)propan-

1-amine), 579.1 [M]+, found 579.1 [M]+. UV-Vis.{dichloromethane, λmax, nm (, M-1cm-

1)}: 369 (3.7×103), 329 (6.7×103), 274 (7.5×103), 266 (6.6×103). CCDC deposition number 

of the complex [Ru]-18 is 1556948.  

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-N-(pyridin-2-ylmethyl)propan-2-amine]PF6 

([Ru]-19). Complex [Ru]-19 was synthesized following the above general procedure, by 

using N-(pyridin-2-ylmethyl)propan-2-amine (L6) (0.165 g, 1.1 mmol) and [(η5-

C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield: 0.240 g (66%). FTIR (ν, 

cm−1): 3274 ν(N-H stretching), 1604 ν(N-H bending), 1093 ν(C-N), 828 ν(PF6 stretching), 
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556 ν(PF6 bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.16 (d, 1H, J = 5.24 Hz), 

7.76 (t, 1H, J1 = 7.60 Hz, J2 = 7.76 Hz), 7.50 (t, 3H, J1 = 7.56 Hz, J2 = 7.00 Hz), 7.48 (d, 

1H, J = 7.75 Hz), 7.44 (t, 6H, J1 = 6.28 Hz, J2 = 8.52 Hz), 7.00 (t, 6H, J1 = 8.80 Hz, J2 = 

8.28 Hz), 6.94 (t, 1H, J1 = 6.28 Hz, J2 = 7.04 Hz), 4.64 (s, 5H), 4.14-4.11 (m, 1H), 3.26-

3.21 (m, 1H), 1.94-1.88 (m, 1H), 0.93 (dd, 6H, J1 = 6.04 Hz, J2 = 6.52 Hz). 13C NMR (100 

MHz, DMSO-d6): δ (ppm) = 161.55, 154.93, 137.10, 132.82, 132.73, 132.63, 132.44, 

130.27, 128.99, 128.90, 123.42, 121.08, 75.33, 58.35, 56.63, 24.72, 20.48. 31P NMR 

(161.97 MHz, DMSO-d6): δ (ppm) = 54.44 (s, PPh3), -144.17 (sep, PF6).
 MS (ESI) m/z 

calculated for [(η5-C5H5)Ru(2-L6)PPh3]
+ (L6 = N-(pyridin-2-ylmethyl)propan-2-amine), 

579.2 [M]+, 579.2 found [M]+. UV-Vis.{dichloromethane, λmax, nm (, M-1cm-1)}: 369 

(3.7×103), 329 (6.9×103), 275 (7.7×103), 266 (6.7×103). CCDC deposition number of the 

complex [Ru]-19 is 1564515. 

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-N-(pyridin-2-ylmethyl)butan-1-amine]PF6 

([Ru]-20). Complex [Ru]-20 was synthesized following the above general procedure, by 

using N-(pyridin-2-ylmethyl)butan-1-amine (L7) (0.180 g, 1.1 mmol) and [(η5-

C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield: 0.250 g (67%). FTIR (ν, 

cm−1): 3127 ν(N-H stretching), 1601 ν(N-H bending), 1092 ν(C-N), 830 ν(PF6 stretching), 

557 ʋ(PF6 bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.38 (d, 1H, J = 5.28 Hz), 

7.70 (t, 1H, J1 = 7.52 Hz, J2 = 7.52 Hz), 7.45 (t, 3H, J1 = 6.00 Hz, J2 = 6.80 Hz), 7.39 (t, 

6H, J1 = 6.52 Hz, J2 = 8.04 Hz), 7.19 (t, 1H, J1 = 9.04 Hz, J2 = 7.28 Hz), 7.00 (t, 6H, J1 = 

9.28 Hz, J2 = 8.28 Hz), 6.89 (t, 1H, J1 = 6.52 Hz, J2 = 6.52 Hz), 4.51 (s, 5H), 4.42-4.37 

(m, 1H), 4.11-4.03 (m, 1H), 3.24-3.22 (m, 1H), 2.91-2.85 (m, 1H), 1.36-1.31 (m, 1H), 

1.18-1.10 (m, 1H), 0.96-0.91 (m, 1H), 0.77 (t, 3H, J1 = 7.04 Hz, J2 = 7.24 Hz). 13C NMR 

(100 MHz, DMSO-d6): δ (ppm) = 161.23, 155.36, 136.75, 133.02, 132.77, 132.65, 130.06, 

128.75, 128.65, 123.55, 120.92, 75.70, 60.88, 59.17, 30.53, 18.78, 13.66. 31P NMR 

(161.97 MHz, DMSO-d6): δ (ppm) = 54.89 (s, PPh3), -144.18 (sep, PF6).
 MS (ESI) m/z 

calculated for [(η5-C5H5)Ru(2-L7)PPh3]
+ (L7 = N-(pyridin-2-ylmethyl)butan-1-amine), 

593.2 [M]+, found 593.2 [M]+. UV-Vis.{dichloromethane, λmax, nm (, M-1cm-1)}: 369 

(3.5×103), 330 (5.9×103), 274 (7.9×103), 266 (7.0×103). CCDC deposition number of the 

complex [Ru]-20 is 1556949. 

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-3-methyl-N-(pyridin-2-ylmethyl)butan-1-

amine]PF6 ([Ru]-21). Complex [Ru]-21 was synthesized following the above general 

procedure, by using 3-methyl-N-(pyridin-2-ylmethyl)butan-1-amine (L8) (0.195 g, 1.1 
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mmol) and [(η5-C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield: 0.255 g 

(68%). FTIR (ν, cm−1): 3306 ν(N-H stretching), 1608 ν(N-H bending), 1089 ν(C-N), 829 

ν(PF6 stretching), 556 ν(PF6 bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.37 (d, 

1H, J = 5.16 Hz), 7.69 (t, 1H, J1 = 7.76 Hz, J2 = 9.04 Hz), 7.46 (t, 3H, J1 = 7.52 Hz, J2 = 

5.76 Hz), 7.38 (t, 6H, J1 = 6.28 Hz, J2 = 7.04 Hz), 7.19 (t, 1H, J1 = 9.04 Hz, J2 = 8.04 Hz), 

7.01 (t, 6H, J1 = 9.00 Hz, J2 = 8.28 Hz), 6.88 (t, 1H, J1 = 6.28 Hz, J2 = 6.52 Hz), 4.52 (s, 

5H), 4.41 (dd, 1H, J1 = 7.76 Hz, J2 = 4.52 Hz), 4.11-4.04 (m, 1H), 3.24-3.21 (m, 1H), 

1.28-1.19 (m, 2H), 1.11-0.98 (m, 1H), 0.80 (d, 3H, J = 6.28 Hz), 0.76 (d, 3H, J = 6.28 Hz). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) = 161.23, 155.44, 136.74, 133.10, 132.78, 

132.72, 132.67, 130.03, 128.72, 128.62, 123.54, 120.88, 75.71, 61.17, 57.79, 37.73, 25.04, 

22.56, 22.33. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = 54.73 (s, PPh3), -144.18 (sep, 

PF6).
 MS (ESI) m/z calculated for [(η5-C5H5)Ru(2-L8)PPh3]

+ (L8 = 3-methyl-N-(pyridin-

2-ylmethyl)butan-1-amine), 607.2 [M]+, found 607.2 [M]+. UV-Vis.{dichloromethane, 

λmax, nm (, M-1cm-1)}: 363 (3.7×103), 329 (6.1×103), 274 (8.2×103), 267 (7.4×103). CCDC 

deposition number of the complex [Ru]-21 is 1564516. 

Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-N-benzyl-1-(pyridin-2-yl)methanamine]PF6 

([Ru]-22). Complex [Ru]-22 was synthesized following the above general procedure, by 

using N-benzyl-1-(pyridin-2-yl)methanamine (L9) (0.217 g, 1.1 mmol) and [(η5-

C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Pale yellow solid, yield: 0.251 g (65%). FTIR (ν, 

cm−1): 3254 ν(N-H stretching), 1605 ν(N-H bending), 1090 ν(C-N), 836 ν(PF6 stretching), 

557 ν(PF6 bending). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.36 (d, 1H, J = 5.28 Hz), 

7.68 (t, 1H, J1 = 9.28 Hz, J2 = 7.76 Hz), 7.49 (t, 3H, J1 = 7.52 Hz, J2 = 7.00 Hz), 7.41 (t, 

6H, J1 = 6.24 Hz, J2 = 8.56 Hz), 7.34-7.26 (m, 5H), 7.18-7.12 (m, 1H),  6.94 (t, 6H, J1 = 

9.32 Hz, J2 = 8.00 Hz), 6.79 (d, 1H, J = 6.28 Hz), 4.61 (s, 5H), 4.50-4.46 (m, 1H), 4.39-

4.33 (m, 1H), 4.27-4.20 (m, 1H), 3.95 (dd, 1H, J1 = 4.52 Hz, J2 = 4.52 Hz). 13C NMR (100 

MHz, DMSO-d6): δ (ppm) = 161.04, 155.48, 137.10, 136.69, 133.49, 133.38, 132.03, 

132.98, 132.92, 132.60, 130.40, 129.15, 129.05, 128.90, 128.81, 128.41, 123.86, 121.37, 

75.95, 62.87, 60.96. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = 55.317 (s, PPh3), -

144.18 (sep, PF6).
 MS (ESI) m/z calculated for [(η5-C5H5)Ru(2-L9)PPh3]

+ (L9 = N-

benzyl-1-(pyridin-2-yl)methanamine), 627.2 [M]+, found 626.8 [M]+. UV-

Vis.{dichloromethane, λmax, nm (, M-1cm-1)}: 366 (2.9×103), 328 (5.3×103), 373 

(7.2×103), 266 (6.6×103). CCDC deposition number of the complex [Ru]-22 is 1564517. 
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Synthesis of [(η5-C5H5)RuPPh3(2-(N,N)-N-(pyridin-2-ylmethylene)propan-2-

amine]PF6 ([Ru]-23). Complex [Ru]-23 was synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethylene)propan-2-amine (L10) (0.162 g, 1.1 mmol) 

and [(η5-C5H5)Ru(PPh3)2Cl] (0.363 g, 0.5 mmol). Brown solid, yield: 0.255 g (70%). 

FTIR (ν, cm−1): 1092 ν(C-N), 830 ʋ(PF6 stretching), 557 ν(PF6 bending). 1H NMR (400 

MHz, DMSO-d6): δ (ppm) = 9.28 (d, 1H, J = 5.52 Hz), 8.63 (d, 1H, J = 5.03 Hz), 7.70 (t, 

1H, J1 = 7.80 Hz, J2 = 7.52 Hz), 7.62 (d, 6H, J = 7.76 Hz), 7.43 (t, 3H, J1 = 7.52 Hz, J2 = 

6.76 Hz), 7.36 (t, 6H, J1 = 6.80 Hz, J2 = 7.00 Hz), 7.19 (t, 1H, J1 = 7.00 Hz, J2 = 6.00 Hz), 

7.02 (t, 6H, J1 = 9.28 Hz, J2 = 8.56 Hz), 4.84 (s, 5H), 4.66-4.59 (m, 1H), 1.42 (d, 3H, J = 

6.56 Hz), 0.80 (d, 3H, J = 6.52 Hz).  13C NMR (100 MHz, DMSO-d6): δ (ppm) = 160.69, 

156.05, 155.68, 135.36, 132.71, 132.60, 131.36, 130.95, 130.13, 128.57, 128.47, 127.56, 

124.45, 78.94, 66.29, 25.00, 21.63.  31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = 48.18 

(s, PPh3), -144.18 (sep, PF6).
 MS (ESI) m/z calculated for [(η5-C5H5)Ru(2-L10)PPh3]

+ 

(L10 = N-(pyridin-2-ylmethylene)propan-2-amine), 577.1 [M]+, found 577.1 [M]+. UV-

Vis.{dichloromethane, λmax, nm (, M-1cm-1)}: 436/2.9×103, 337/2.5×103, 273/9.1×103, 

267/8.0×103. CCDC deposition number of the complex [Ru]-23 is 1564518. 

5.4.4. General procedure for η5-Cp-Ru(II) catalysed transformation of furfural (1a) 

and its derivatives to levulinic acid (1b) and diketones in water. All the reactions were 

carried out in Teflon coated autoclave. To an aqueous suspension (10 mL) of (η5-C5H5)-

Ru(II) catalyst (5 mol%), 1.0 mmol of furan (or its derivatives or fructose) and formic acid 

(as specified) were added and the reaction mixture was heated at 120 ºC for the specified 

duration. After completion of the reaction, reaction mixture was cooled to room 

temperature, and dried under reduced pressure. Selectivity of the products was determined 

by 1H NMR. Yield for LA (2a) from furfural (1a) was determined by isolating the purified 

product through column chromatography (ethylacetate/hexane 2/98 – 10/90 v/v) and by 1H 

NMR in CDCl3 with reference to p-anisaldehyde added as an internal standard (Figure 

5.9). Yields of the diketone products, 1-HHD (2b, from 5-HMF, 1b) and 3-HHD (2c, from 

5-MF, 1c) were determined by isolating the purified products by column chromatography 

(ethylacetate/hexane 2/98 – 10/90 v/v). 
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Figure 5.9. 1H NMR spectra of catalytic reaction of [Ru]-19 with p-anisaldehyde as 

internal standard. 

 

Note: The contents of this work have been reproduced with the permission from The 

American Chemical Society (Inorg. Chem., 2018, 57, 4777-4787 (DOI: DOI: 

10.1021/acs.inorgchem.8b00536). 
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Chapter 6 

Conclusions and future scope 

 

6.1. Conclusions  

 In summary, present thesis focused to design, synthesis and structural 

characterization of half sandwich Ru(II) complexes with environmentally favourable 

nitrogen and oxygene donor ligands and also try to explore their catalytic activity in the 

feild of various organic transformations. For better understanding towards plausible 

catalytic pathway various instrumental techniques (Mass, NMR, UV-vis. etc.) were 

employed for mechanistic studies of presented catalytic reactions. 

 In Chapter 1, containing introduction and background of transition metal based half 

sandwich complecxes and their catalytic activity for various important organic 

transformation reactions and their mechanistic aspects have been discussed. 

 In chapter 2, discussed synthesis, characterization and catalytic activity of a series of 

highly active water-soluble homogenous catalysts based on arene-ruthenium(II) 

complexes containing simple and readily available ethylenediamine (or its derivatives) 

ligands, were successfully employed for the catalytic transformation of bioderived furans 

into open-ring value-added ketoacid and diketones in the presence of formic acid in 

water. The N-H bonds present in the synthesized half sandwich arene-ruthenium(II) 

complexes were exhibits their significant role on the catalytic transformation, where the 

most active catalyst has the highest number of N-H bonds. Moreover, direct catalytic 

transformation of fructose to 1-hydroxyhexane-2,5-dione (1-HHD) and levulinic acid 

(LA) was also achieved with limited conversion. Mechanistic studies involving 1H NMR 

spectroscopy and experiments with variable formic acid concentrations revealed a tandem 

mode of catalytic transformation of furfural to LA via the hydrogenated intermediate, 

furfuryl alcohol. Furthermore, high aqueous solubility and stability of the ruthenium 

catalyst offers the potential for easy recovery and reusability in at least five consecutive 

catalytic runs without any significant loss of the catalytic activity. Through our study, we 

have demonstrated a significant cooperative effect between the ruthenium catalyst and 

formic acid to achieve high catalytic activity for the transformation of bio-derived furans.  

 Chapter 3 an efficient catalytic system was developed in which the cooperative 

synergy of [(η6-C6H6)-Ru(ethylenediamine)Cl]+ and formic acid resulted in the in situ 

generation of active Ru nanoparticles immobilised on carbon (Ru/C) and H2 gas to 



 
 

188 
 

achieve the facile tandem catalytic hydrogenation of a wide range of arenes and 

heteroarenes in water. Selective ring hydrogenations of nitrogen contining heteroarenes 

are very difficult and it is important for natural product (alkaloids) synthesis. The 

catalytic activity of the reported catalytic system was attributed to the unique structure-

activity relationship of the precursor complex [(η6-C6H6)Ru(ethylenediamine)Cl]+, in 

which the N-H bond plays a crucial role in the initial activation of formic acid to generate 

H2 gas. Furthermore, a high reaction temperature enhances the rapid reduction of RuII in 

the precursor complex to Ru0. TEM observations of the Ru/C nanoparticles and the Hg0 

poisoning experiments suggest the heterogeneous nature of the catalyst. Moreover, a wide 

range of aromatic compounds analogous to lignin fragments were hydrogenated 

successfully to the corresponding alicyclic products, thus the present catalytic system 

may find application in biomass transformations.  

 In chapter 4, synthesized a series of highly stable and water soluble half-sandwich 

arene-ruthenium(II) complexes with O/O and O/N donor troponate/aminotroponate 

ligands, and structures of two representative complexes were authenticated by single-

crystal X-ray diffraction studies. These synthesized complexes exhibited higher catalytic 

activity for direct ortho C-H bond arylation of 2-phenylpyridine with 4-chloroanisole at 

100 °C in water, without the use of any carboxylate additive, with enhanced selectivity 

for monoarylated product over diarylated product. In comparison to arene-ruthenium(II)-

troponate complex [Ru]-13, the selectivity toward monoarylated products is more 

prominent with arene-ruthenium(II)-aminotroponate complexes [Ru]-15 and [Ru]-16. 

Notably, these complexes are also catalytically active in the presence of carboxylate 

additive, where selectivity toward diarylated product is favored over monoarylated 

product with the more bulky carboxylates: pivalate > isobutyrate > propionate > acetate. 

Extensive mass-spectral studies were performed to identify active key intermediates of 

the catalyst and to evaluate their role in the C-H bond activation pathway. Our studies 

showed the formation of a new cycloruthenated species, [Ru]-B, by the release of arene 

ring from the catalyst, is favored over the well-established arene-ruthenium 

cycloruthenated species [Ru]-A. It is worth mentioning here that arene-free ruthenium 

species, for instance, RuCl3(H2O)n, were also reported to be active for catalytic C-H 

arylation reactions. Consistent with the above results, reaction free energies, calculated 

by using DFT calculations, also favored the formation of species [Ru]-B over [Ru]-A. 

On the basis of the experimental evidence, a reaction pathway was proposed showing the 

key importance of the species [Ru]-B in C-H bond arylation of 2-phenylpyridine. We 
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believe observations marked in the present study using troponate/aminotroponate arene-

ruthenium(II) complexes will contribute in enhancing the mechanistic understanding of 

such catalytic systems in C-H activation reactions and help in development of new and 

highly active catalytic system.  

 In chapter 5, synthesized a series of highly stable cationic η5-Cp-Ru(II)-

pyridylamine ([Ru]-17 − [Ru]-22) and η5-Cp-Ru-pyridylimine ([Ru]-23) complexes and 

characterized byvarious spectroscopic technique likes 1H, 13C, 31P NMR and mass 

spectrometry. Molecular structures of all the complexes are authentication by single 

crystal X-ray difraction. Synthesized complexes are shown higher stability in water and 

acid even at high temperature and pressure. The synthesized η5-Cp-Ru-pyridylamine 

complexes displayed higher catalytic activity for the transformation of biomass-derived 

furans, (furfural, 5-HMF and 5-MF) to value added open ring products, LA and diketones 

(1-HHD, 3-HHD and 2,5-HD) with high conversion (>99%) and selectivity at 120 °C in 

the presence of formic acid. Experimental findings confirmed that the η5-Cp-Ru-

pyridylamine complexes exhibited higher catalytic activity over analogous η5-Cp-Ru-

pyridylimine complex, which can be attributed to the hemilabile nature of the 

pyridylamine ligands. Higher catalytic activity of these complexes is due to combined 

effect of flexibility, basicity and bulkiness at Namine. Moreover, the studied catalytic 

system was also applied for the transformation of fructose and the gram-scale 

transformation of furfural to open ring product for practical application. Therefore, high 

catalytic activity along with the aqueous and thermal stability demonstrated by the studied 

(η5-C5H5)-Ru(II) complexes may also find application in various other high temperature 

catalytic reactions. 

 Thus, present thesis work concluded that design and synthesis of various half 

sandwich ruthenium(II) complexes based on N/N, N/O and O/O donor ligands are indeed 

important to achieve highly efficient catalytic systems. In addition, incorporation of 

easily available, environmentally benign bidentate nitrogen donor ethylenediamine based 

ligands in (η6-arene)-Ru(II) complexes which enhance their stability in water and air and 

make them a suitable candidates for various catalytic reactions. It is efficiently suitable 

for transfer hydrogenation reaction in which –NH bond plays an important role in 

reduction step in this reaction. Moreover, use of seven membered ring containing 

bidentate tropolone/aminotropolone ligands provide stability to complexes due to the 

delocalization of −C=O bond, as well as offers the opportunity to study a ligands tuned 
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catalytic reaction. Various instrumental techniques and theoretical calculation further 

enhances the mechanistic understanding for the catalytic reactions. Synthesis of η5-Cp-

Ru(II)-pyridylamine/imine complexes which shows higher thermal stability, provide 

efficient catalytic system for various organic transformations due to of hemilabile nature 

of pyridylamine ligands. The enhanced catalytic activity of these complexes basically is 

the result of combined effect of basicity, flexibility and bulkyness at Namine. These types 

of catalysts are suitable for organic transformations even at higher reaction temperature. 

These strategies were successfully employed for the development of new catalysts for 

catalytic ring opening of bioderived furans to various open ring products, selective ring 

hydrogenation of (hetero)arene and C-H bond activation/arylation of 2-phenylpyridine 

with arylhalide in water. Further efforts were made to study mechanistic investigations 

for gain better understanding toward catalytic reaction pathway for the catalytic reactions, 

which were supported by various control experiments, mass and NMR spectral 

experiments to trap and identify the crucial organometallic intermediates species.  

6.2. Future scope  

 Design and synthesis of a series of new sustainable catalytic system based on 

nitrogen and oxygen donor ligands is highly desired. Interestingly, ligands having -NH 

moiety shows wide scope in field of catalysis like one used in asymmetric hydrogenations 

catalysts is Noyori’s catalysts which have systematically studied the role of –NH bond 

present in catalyst for various catalytic transformations. In spite of the advantageous role 

of –NH2 donor ligands its exploration in field of biomass transformation is limited. There 

is a wide scope of studies using such type of complexes in the field of biomass which is 

very demamding and less explored yet. Moreover, structure-activity relationship plays an 

important role in their catalytic activity and involvement of the concept for activation of 

substrates by cooperative effect as well as metal-coordinated intermediated, may favor to 

achieve for the such challenging tasks like selective ring hydrogenation of (hetero)arene, 

small molecules activation, C-H bond functionalization and generation of H2 gas from 

formic acid. However, mechanistic understanding of catalytic reactions may help to 

improve drawbacks of a particular reaction. Identification and isolation of active 

intermediate catalytic species also plays a crucial role to control the conversion and 

selectivity of catalytic reactions by performing controlled experiments. Experimental 

techniques such as NMR, mass, IR and UV-vis spectroscopy, and single crystal X-ray 

diffraction studies may also help in isolation and identification of active organometallic 
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intermediate species, which helps to improve the catalytic system for efficient catalytic 

activity.  
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