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ABSTRACT 

Transition metal complexes bearing protic-NHC (N-heterocyclic 

carbene) ligands have attracted significant attention due to their unique 

structural and electronic properties. However, their catalytic potential 

remains relatively underexplored. This work presents and discusses the 

catalytic applications of ruthenium complexes featuring protic-NHC 

ligands. Specifically, we report the synthesis and characterization of 

pincer ligand-based ruthenium complexes incorporating halide 

derivatives, iodo and chloro as the sixth coordinating ligand. The Ru 

(II) CNN complexes have been characterized by LC-MS, multinuclear 

NMR spectroscopy (1H, 13C), and SCXRD. Spectroscopic 

investigations, including UV-Visible and fluorescence spectroscopy, 

were performed, along with electrochemical studies using cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV). The 

catalytic activity of CNN-based metal complexes towards amine 

double-dehydrogenation, hydration of nitriles, and water oxidation 

catalysis has been explored. 
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CHAPTER 1 

INTRODUCTION 

1.1 Aim of the project: 

 

The aim of this thesis is to synthesize and investigate iodo and chloro- 

based CNN ruthenium pincer complexes, with a particular focus on their 

potential for various catalytic applications. Additionally, this study aims 

to explore their catalytic activities in a range of applications, including 

nitrile hydration, hydrogenation, hydrosilylation, and N-methylation of 

amine. The strong σ-donating ability of the NHC ligand contributes to 

the formation of electron-rich complexes, making them promising 

candidates for the activation of small molecules in key transformations 

such as ammonia oxidation, water oxidation, and CO₂ reduction. 

Through these investigations, this work seeks to advance the 

understanding of the structure-activity relationships of these complexes 

and their broader catalytic applications. We look forward to further 

exploring its capabilities and advancing our understanding in this field. 

1.2 General Introduction: 

 

 

Pincer ligands play an important role in various areas of transition metal 

catalysis. They are widely used in reactions such as cross-coupling, 

polymerization, Diels–Alder reactions, and most notably, in 

hydrogenation and dehydrogenation reactions.1 Pincer ligands, 

characterized by their unique tridentate coordination to the metal center, 

significantly contribute to improving the efficiency and selectivity of 

various catalytic processes.2 Pyridine dicarbene pincer ligands, which 

incorporate N-heterocyclic carbenes (NHCs), are especially favored for 

their ability to increase electron density at the ruthenium center, thereby 

enhancing the metal’s reactivity in catalytic transformations.3 

The use of ruthenium pincer complexes as catalysts has gained 

significant attention in recent years due to their ability to control 

reactivity, stability, and selectivity in various chemical reactions and 

catalyst designs. Ruthenium complexes exhibit several advantageous 
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properties, such as efficient electron transfer, strong coordination 

ability with heteroatoms, low redox potentials, Lewis acidic 

behavior, and distinctive reactivity of metal species and 

intermediates, including oxo-metal complexes, metallacycles, and 

carbenes.4 Ruthenium pincer complexes have attracted 

considerable attention as catalysts due to their accessibility in 

multiple stable oxidation states and their ability to adopt various 

coordination geometries, such as square pyramidal, trigonal 

bipyramidal, and octahedral.3 

Transition metal complexes containing N-heterocyclic carbenes 

(NHCs) have gained significant attention in organometallic 

chemistry and catalysis. This is mainly because NHCs offer a wide 

range of electronic and structural properties and can form highly 

stable metal-ligand bonds.5 Due to their unique properties and 

broad range of applications, NHC-based metal complexes are 

considered a promising area of research with strong potential for 

future advancements. In particular, Ruthenium NHC complexes 

containing the NHC moiety show enhanced reactivity, making 

them suitable for various catalytic processes. This increased 

reactivity makes ruthenium complexes attractive for a wide range 

of catalytic applications.6 

The stability of NHC-based transition metal complexes allows for 

their efficient use as catalysts, enabling the development of new 

synthetic methodologies and the synthesis of complex organic 

molecules.7,8 

1.3 N-Heterocyclic carbene (NHC): 

N-Heterocyclic carbenes (NHCs) are a versatile class of cyclic 

carbenes containing at least two heteroatoms, typically nitrogen. 

Their unique electronic properties and structural flexibility have 

made them indispensable in modern organometallic chemistry and 

catalysis.9 NHCs are characterized by their strong σ-donor and 

weak π-acceptor properties, which contribute to their stability and 

ability to form strong metal-ligand bonds.10 The ease of preparation 
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, thermal stability, and tunability of NHCs have led to their widespread 

use as alternatives to phosphine ligands in various catalytic systems. 

 

Fig. 1: First stable N-Heterocyclic carbene. 11 

 

 

N-Heterocyclic carbene (NHC) chemistry began in 1968 with the 

pioneering work of Ofele12 and Wanzlick13, who focused on metal 

coordination compounds derived from azolium salts. 

A major breakthrough occurred in 1991 when Arduengo successfully 

isolated a free carbene, renewing interest in the field.14 Since then, NHC 

ligands have been widely applied in various catalytic reactions such as 

Heck, Sonogashira, and Suzuki cross-couplings, hydrogenation, C–H 

activation, and olefin metathesis. The high stability of NHC-based 

transition metal complexes enables efficient catalytic performance, 

which has led to the development of new synthetic strategies and the 

preparation of complex organic molecules.8 This progress has sparked 

renewed attention in NHC chemistry, especially because of the 

promising role of these ligands in organometallic catalysis. 

 

 

Fig. 2: N-heterocyclic Carbenes 

 

1.4 Ru-metal Precursor: 

Ruthenium(II) complexes, particularly those incorporating NHC 

ligands, have emerged as a powerful class of organometallic compounds 

with diverse applications.15 The synergy between ruthenium and NHC 

ligands has resulted in catalysts with exceptional performance in a wide 

range of transformations. Some key features and applications of Ru- 

NHC complexes include the following: 
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a. Catalytic versatility: Ru-NHC complexes excel in numerous 

reactions, including olefin metathesis, transfer hydrogenation, C-H 

activation, and cross-coupling reactions.16 

b. Tunable properties: The modular nature of NHC ligands allows for 

fine-tuning of steric and electronic properties, enabling the 

development of tailored catalysts for specific applications.17 

c. Medicinal applications: Ru-NHC complexes have shown promise as 

potential anticancer agents, leveraging the unique properties of 

ruthenium in biological systems.18 

d. Renewable energy: These complexes have found applications in 

dye-sensitized solar cells (DSSCs), contributing to advancements 

in sustainable energy technologies.19,20 

e. Stability and activity: Ru-NHC complexes often exhibit enhanced 

thermal stability and catalytic activity compared to their phosphine 

counterparts. 

Ruthenium pincer complexes have gained significant attention, 

representing approximately 13% of recent research in the pincer 

complex field.21 These complexes, characterized by tridentate 

pincer ligands, offer additional stability and control over the metal 

centre’s reactivity. Ru-pincer complexes have shown exceptional 

performance in various catalytic processes, including: 

i. Hydrogenation and dehydrogenation reactions 

ii. C-C and C-heteroatom bond formation 

iii. CO2 activation and utilization 

iv. Water oxidation catalysis 

The combination of NHC ligands with pincer architectures in 

ruthenium complexes has led to the development of highly efficient 

and robust catalytic systems. These advanced catalysts continue to 

push the boundaries of organic synthesis and sustainable chemistry, 

offering new possibilities for challenging transformations and 

green chemical processes.22 

Ru-CNN pincer complexes have shown significant promise in 

catalysis, but several challenges persist. These include limited 

stability under reaction conditions, which can lead to 
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decomposition or deactivation over time. Achieving high selectivity 

remains difficult, as these complexes may catalyze multiple reactions, 

resulting in undesired by-products. Ligand degradation, particularly 

under harsh conditions, further hampers efficiency. Fine-tuning the 

reactivity for specific reactions is also a challenge, as precise control 

over the ligand's electronic and steric properties is required. So, to 

overcome these challenges, several robust pincer complexes have been 

prepared over time. 

1.5 Hydration of Nitriles 

 

 

Due to their unique structural properties and reactivity, amides are 

extensively employed as intermediates in the design and synthesis of 

pharmaceuticals, functional materials, and high-performance polymers. 

23,24 Among the various synthetic strategies developed for amide 

formation, the condensation of carboxylic acids with amines is regarded 

as one of the most straightforward and widely adopted approaches.25,26 

Among the numerous strategies explored, the hydration of nitriles has 

emerged as a convenient and sustainable approach due to its 

environmentally friendly nature and absence of toxic byproducts. 24,26 

Conventional methods for nitrile hydration often involve harsh 

conditions, typically requiring strongly acidic or alkaline media, which 

pose significant challenges in terms of sustainability and environmental 

compatibility. 27,28 A wide range of transition metal-based catalysts 

have been developed for nitrile hydration, promoting the direct 

nucleophilic addition of water to the nitrile bond and thereby facilitating 

the efficient formation of amides. 29–31 Ruthenium-based catalysts have 

shown considerable promise in nitrile hydration, enabling high 

selectivity and efficiency under mild reaction environments. 32 

Cadierno and colleagues investigated a ruthenium-based catalyst for the 

hydration of nitriles, demonstrating its effectiveness even at low 

catalyst loading (1 mol%) in an aqueous medium. 33 Recently, Otten 24 

and Gupta 32 reported the use of ruthenium catalysts for nitrile hydration 

under mild reaction conditions, utilizing pincer and tridentate ligands. 

A selection of active ruthenium catalysts for this reaction under mild 

https://www.sciencedirect.com/topics/chemistry/nitrile
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/epileptic-absence
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conditions is presented below (Fig. 1). 
 

 

 

Fig. 3: Some selected active ruthenium catalysts for the hydration 

of nitriles. 

 

 

 

 

 

 

 

Scheme 1: Conversion of Benzonitrile to Benzamide 

 

 

1.6 Amine double-dehydrogenation: 

In the realm of significant organic compounds, aryl nitriles hold a 

vital position as they are commonly present in natural products, 

pharmaceuticals, agrochemicals, materials, and dyes.34 The 

significant role of aryl nitriles in both biology and chemistry has 

continually driven the advancement of novel synthesis methods. 

Nitriles are frequently found in bioactive molecules, natural 

products, and essential compounds for various industrial 

applications.35 In pharmaceuticals, many pharmaceutical drugs 

contain  nitrile  (cyanide)  groups,  such  as 

Milrinone,36 Febuxostat,37 and Etravirine,38 which are essential for 

treating diabetes, arthritis, and AIDS, respectively. 



7  

 

 

Fig. 4: Examples of drug molecules that contain cyano groups 

 

Traditional methods for synthesizing nitriles often encounter problems 

such as inefficient use of atoms, reliance on toxic reagents, and limited 

selectivity. Common techniques, including ammoxidation, Sandmeyer 

reaction, oxidation with hypervalent iodine compounds, and transition- 

metal-catalyzed oxidations, are often hindered by issues like restricted 

reactivity, poor resource utilization, the requirement for mild reaction 

conditions, and limited compatibility with various functional groups.39 

The transition-metal catalyzed process, in which double 

dehydrogenation of primary amines is done, presents an alternative, 

atom-economical strategy that eliminates the necessity for 

stoichiometric oxidants. This reaction occurs under acceptor-less 

conditions.40 This process is facilitated by the removal of H₂ gas as the 

sole byproduct. However, the studies on the double dehydrogenation of 

primary amines are limited, and most available catalysts tend to yield 

low results or require the addition of exogenous bases and/or hydrogen 

acceptors.41,42 

 

 

 

Scheme 2: Conversion of Benzylamine to Benzonitrile 

 

1.7 Water Oxidation: 

 

Water oxidation is vital for energy storage, particularly in the realm of 
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renewable energy. As we move toward sustainable solutions, 

achieving efficient energy storage and hydrogen production 

becomes increasingly important.43 Our promising approach to 

energy storage through water splitting focuses on the oxidation of 

water to produce oxygen. Consequently, the development of an 

efficient water oxidation catalyst is essential for the success of this 

strategy. A variety of metal-based catalysts, such as those 

containing Ruthenium, Iridium, and Cobalt, have been investigated 

for their potential in facilitating water oxidation.44,45 

Efficient water oxidation catalysts play a vital role in advancing 

energy storage systems that rely on water splitting. The hydrogen 

fuel generated through this method serves as a clean energy source 

for fuel cells, offering a sustainable replacement for conventional 

fossil fuels.46 Additionally, the oxygen byproduct can be leveraged 

in industrial applications, including chemical synthesis and 

renewable fuel manufacturing. As a critical component of 

sustainable energy infrastructure, optimizing water oxidation 

efficiency remains a priority, driving ongoing research efforts to 

develop robust, cost-effective catalysts such as iron-based 

complexes and transition metal oxides.47 

 

 

 

Scheme 3: Splitting of water 

Inspired by the natural process of photosynthesis, many researchers 

have been working on creating artificial systems that can replicate 

this process to split water into oxygen and hydrogen.48 In 1982, a 

team of researchers led by Meyer Made made a revolutionary 

breakthrough known as the “Blue dimer”.49 In 2005, Thummel and 

his team achieved a major breakthrough by developing the first- 

ever mononuclear ruthenium water oxidation catalyst.50 

The catalyst has been widely utilized in sustainable energy 

applications, particularly for converting solar energy into chemical 

energy by splitting water molecules to generate oxygen and 

hydrogen.51 Its development has paved the way for researchers to 
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investigate more efficient and cost-effective methods of producing 

clean energy. In 2019, Ahlquist and colleagues offered important 

evidence highlighting the role of a dangling carboxylate group in 

facilitating proton-coupled electron transfer (PCET) reactions. By 

employing an intramolecular proton relay, they provided deeper 

insights into the fundamental mechanisms involved. 52 

In 2012, Son and his research group achieved a significant breakthrough 

by developing a highly efficient water oxidation catalyst 

[Ru(bda)(pic)2].53 
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CHAPTER 2 

EXPERIMENTAL SECTION 

2.1 General information: 

All of the chemicals and solvents used in this study were purchased 

from commercially accessible sources. No purification was done 

before their use. However, hexane and ethyl acetate were distilled 

before usage. The experiments were conducted in a nitrogen-filled 

Schlenk line. The results were monitored using Merck 60 F254 

precoated silica gel plates for thin-layer chromatography (TLC). To 

purify the products, column chromatography with silica gel (100- 

200 mesh) was employed. 

2.2 Chemicals and Reagents: 

 

Without any additional purification, all of the reagents and solvents 

utilized in this experiment were obtained from commercial sources. 

These chemicals include Benzimidazole (SRL, 99%), imidazole 

(SRL, 99%), 2,6- dibromo pyridine (Alfa Aesar, 98%), 2-bromo 

pyridine (Spectrochem, 99%), potassium carbonate (SRL, 99.5%), 

sodium bicarbonate (SRL, 99.5%), ruthenium trichloride trihydrate 

(SRL), potassium hydroxide (Emplura, 85%), Sodium hydroxide 

(Emplura, 84%), Methyl iodide (Spectrochem, 99%), Isopropyl 

bromide (Spectrochem, 99%), 1-Methlyimidazole (Spectrochem, 

99%). 

2.3 Instrumentation: 

 

The ADVANCE III 400 and 500 MHz Ascend Bruker BioSpin 

machines were used to record NMR spectra at ambient 

temperature. For mass spectrometric analyses, the Bruker- 

Daltonics micro to-Q II mass spectrometer was utilized. 

2.4 SYNTHESIS OF LIGANDS: 

 

2.4.1 Synthesis of Ligand L1: 

 

Experimental procedure: 
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2,6-dibromopyridine (2.3684 g, 0.01 mol), Benzimidazole (1.1813 g, 

0.01 mol), CuI (0.3804 g, 0.002 mol), K2CO3 (3.8697 g, 0.028 mol), 

TMEDA (0.7 mL), and dry DMSO (20 mL) were added to a two-neck 

round flask and treated for 45 minutes at 85 ˚C in the microwave. After 

completion, the mixture was extracted with brine solution and DCM. 

The compound was dried over anhydrous Na2SO4, and the crude residue 

was purified through silica gel (60-120 mesh) column chromatography 

using hexane/ethyl acetate (70:30) as eluent to obtain a product. The 

crude product 77% (0.8556 g) was obtained, and the characterization 

for 1H NMR and 13C NMR data, which shows the confirmation of the 

ligand. 1H NMR (500 MHz, CDCl3, 25 ˚C δ 8.57 (s, 1H), 8.08 (d, J = 

8.3 Hz, 1H), 7.85 (s, 0H), 7.74 (t, J = 7.8 Hz, 1H), 7.53 (d, J = 7.9 Hz, 

1H), 7.47 (d, J = 7.7 Hz, 1H), 7.39 (dtd, J = 19.5, 7.3, 1.3 Hz, 2H), 7.27 

(s, 0H), 2.03 (s, 1H). 13C{1H} NMR (126 MHz, CDCl3, 25 ̊ C) δ 149.69, 

144.71, 141.25, 141.02 (d, J = 7.5 Hz), 131.88, 125.89, 123.86, 120.87, 

113.03, 112.28, 77.44 – 76.89 (m). 

 

 

2.4.2 Synthesis of Ligand L2: 

 

p-toluidine (2.1432 g, 0.020 mol) and 2-bromopyridine (3.1598 g, 0.020 

mol) were added to a pressure tube and heated in an oil bath at 160 ˚C 

for 24h. Upon completion of the reaction, the mixture was extracted with 

a saturated Na2CO3 solution. The resulting yellow precipitate was 

separated by filtration. The solid was then washed with DCM, and the 

combined organic layers were concentrated under reduced pressure 

using a rotary evaporator to reduce DCM. Hexane was subsequently 

added to the residue to induce further precipitation, and the mixture was 

allowed to stand undisturbed for two days to facilitate complete 

crystallization. After this period, the precipitated product was isolated 

by filtration and analyzed by thin-layer chromatography (TLC) to 

confirm its identity and purity. Yield: 79% (2.94 g) and the 

characterization for 1H NMR (500 MHz, CDCl3, 25 ˚C) δ 8.18 – 8.14 

(m, 1H), 7.44 (ddd, J = 8.8, 7.1, 1.9 Hz, 1H), 7.25 (s, 0H), 7.21 – 7.12 

(m, 4H), 6.82 (d, J = 8.6 Hz, 1H), 6.68 (ddd, J = 7.2, 5.0, 0.9 Hz, 1H), 

2.32 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3, 25 ˚C) δ 156.76, 148.41, 
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137.84 (d, J = 11.1 Hz), 132.90, 129.95, 121.42, 114.63, 107.78, 

20.93. 

 

2.4.3 Synthesis of Ligand L3: 

 

An oven-dried 100 mL 2-neck R.B. flask, fitted with a reflux 

condenser was charged with L1 (1.777 g, 0.00965 mol), L2 (2.0346 

g, 0.00742 mol), Pd(dba)2 (0.17088 g, 0.000297 mol), dppf 

(0.16465 g, 0.000297 mol), KOtBu (1.00121 g, 0.008907 mol, 1.2 

equiv.) and anhydrous toluene (20 mL) under inert atmosphere. 

The flask was lowered into an oil bath and heated to reflux for 24h 

at 110 ˚C. After cooling the reaction mixture to room temperature, 

ethyl acetate (20 mL) was added and stirred for 30 minutes, 

resulting in the formation of a red precipitate. The mixture was 

filtered through Celite to remove the precipitate, and the filtrate 

was evaporated under reduced pressure using a rotary evaporator 

to obtain a brown solid. The crude product was then purified by 

column chromatography on silica gel (60-120 mesh) using ethyl 

acetate/hexane (70:30) as the eluent, yielding 2.19 g of a light 

brown solid (78% yield). The characterization for HRMS (ESI) 

m/z calculated for C24H19N5 [M+H]+ 378.1715, found 378.1713 and 

1H NMR (500 MHz, CDCl3, 25 ˚C) δ 8.41 (dd, J = 4.6, 2.1 Hz, 

1H), 8.39 (s, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.69 (t, J = 8.0 Hz, 1H), 

7.60 (ddd, J = 8.2, 7.3, 2.0 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.29 

– 7.19 (m, 3H), 7.12 – 6.99 (m, 4H), 2.43 (s, 2H). 13C{1H} NMR 

(126 MHz, CDCl3, 25 ˚C) δ 157.62 (d, J = 29.5 Hz), 148.53 (d, J = 

3.8 Hz), 144.53, 141.80, 141.05, 139.92, 137.89, 136.57, 132.15, 

130.76, 128.34, 123.80, 123.06, 120.27, 119.03, 118.18, 113.97, 

111.98, 105.52, 21.25. 
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2.5  SYNTHESIS OF COMPLEXES: 

 

2.5.1 Synthesis of Precursor P1: 

 

2-bromopyridine (1.5799 g, 0.010 mol) and 1H-imidazole (2.042 g, 

0.030 mol) were charged in a pressure tube at 190 ˚C in a silicon oil 

bath for 18h. After completion, the mixture was extracted with DCM 

and water. After the rotary evaporator, a clear solution was kept in a 

vacuum. The obtained product was 87% (1.2675 g), and the 

characterization for LC-MS (ESI) m/z calculated for C8H7N3 [M+H] + 

146.0713, found 146.0859. 

2.5.2 Synthesis of precursor P2: 

 

2-(1H-imidazol-1-yl)pyridine (3.266 g, 0.0221 mol) and Iodomethane 

(2.75 mL, 0.0442 mol) with toluene (10 mL) were added in a pressure 

tube at 110 ̊ C in a silicon oil bath for 24h. After completion, the mixture 

was washed with THF solvent. The Deccan process is used to get the 

compound. A yellow product obtained 75% (4.8655 g), and the 

characterization for LC-MS (ESI) m/z calculated for C9H10N3 [M]+ 

160.0869, found 160.0871. 1H NMR (500 MHz, CDCl3, 25 ˚C) δ 10.72 

(s, 1H), 8.48 (d, 1H), 8.24 (t, 2H), 7.98 (t, 1H), 7.82 (s, 1H), 7.53 (t, 

1H), 4.26 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3, 25 ˚C) δ 149.25, 

145.78, 140.50, 134.83, 125.31, 124.69, 123.70, 119.01, 114.69. 

 

2.5.3 Synthesis of precursor P3: 

 

A Schlenk tube equipped with a magnetic stirring bar was charged with 

isopropyl iodide (0.01 mol, 1 mL), along with 2-(1H-imidazol-1-yl) 

pyridine (0.01 mol, 1.5 g). Dry toluene (3 mL) was then added to the 

mixture at room temperature under a nitrogen atmosphere. The reaction 

mixture was heated in an oil bath at 110 ˚C for 24 hours. After 

completion, the precipitate was filtered to afford yellow solids (62.76% 

yield), respectively. 1H NMR (CDCl3, 500 MHz, 25 ̊ C): δ (ppm) 10.80 

(s, 1H), 8.36 (d, 1H), 8.36 (dd, 1H), 8.21 (d, 1H), 7.85 (d, 1H), 7.76 (d, 

1H), 5.04 (m, 1H), 1.57 (d, 6H); 13C{1H} NMR (CDCl3, 126 MHz, 25 

˚C): δ (ppm) 148.71, 145.56, 140.11, 133.12, 124.84, 120.85, 119.04, 
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114.72, 53.97. 

2.5.4 Synthesis of precursor P4: 

 

P2 (0.100 g, 0.000348 mol), Ruthenium (III) Chloride trihydrate 

(0.09102 g, 0.000034 mol), and THF (5-6 mL) were added in a 50 

mL Schlenk tube in a preheated stirrer at 66 ˚C for 12h under an 

inert atmosphere, leading to the formation of a brown precipitate. 

The resulting solid was collected by filtration, washed multiple 

times with THF, and dried under vacuum. The obtained product 

was 91.06% (0.122 g), and the characterization for LC-MS (ESI) 

m/z calculated for C9H12Cl3N3ORu [M-Cl] + 349.45, found: 348.93, 

[M-Cl+H2O] + 367.45, found: 366.94. 

2.5.5 Synthesis of precursor P5: 

A Schlenk tube equipped with a magnetic stirring bar was charged 

with P3 (0.00076 mol, 0.241 g), RuCl3·3H2O (0.00076 mol, 0.200 

g), and THF (2 mL) under a nitrogen atmosphere. The reaction 

mixture was stirred at reflux temperature (66 ˚C) for 12 hours, 

forming a brown precipitate in a dark brown solution. The resulting 

brown solid was filtered, washed multiple times with THF, and 

dried under vacuum to afford (61.15% yield), respectively, LC- 

MS: 376.96 [M−Cl] +. 

2.5.6 Synthesis of precursor P6: 

[RuIII(PyNHCMe)(Cl)3(H2O)]  (0.288.5  g,  0.00075  mol)  was 

dissolved in DMSO (0.5 mL) in an oven-dried Schlenk tube. The 

reaction mixture was stirred at room temperature (25–28 ˚C) for 3 

days, resulting in the formation of a yellow suspension. The 

precipitated product was collected by filtration using Whatman 

filter paper, washed several times with diethyl ether, and dried 

under vacuum. The purified product was obtained as a yellow solid 

(0.0808 g, 47% yield). LC-MS (ESI) m/z calculated for 

C11H17ClN3O2RuS [M-Cl-DMSO+H2O] + 391.36 found: 391.97, 

C13H21N3O2RuS2 [M-2Cl+H] + 416.04 found: 416.00. 1H NMR 

(400 MHz, DMSO-d6, 25 ˚C) δ 9.47 (d, J = 5.9 Hz, 1H), 8.33 (s, 
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1H), 7.96 (dd, 2H), 7.50 (s, 1H), 7.32 (t, J = 6.7 Hz, 1H), 4.16 (s, 3H), 

2.54 (s). 

2.5.7 Synthesis of precursor P7: 

[RuIII(PyNHCiPr)(Cl)3(H2O)] (0.000485 mol, 0.200 g) was dissolved in 

DMSO (0.5 mL) in an oven-dried Schlenk tube. The reaction mixture 

was stirred at room temperature (25–28 ˚C) for 3 days, resulting in the 

formation of a yellow suspension. The precipitated product was 

collected by filtration using Whatman filter paper, washed several times 

with diethyl ether, and dried under vacuum. The purified product was 

obtained as a yellow solid, 0.228 g (yield: 73.2%). 1H NMR (400 MHz, 

DMSO-d6, 25 ˚C) δ 9.45 (d, J = 6.0 Hz, 1H), 8.34 (d, 1H), 8.00 (t, J = 

7.8 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.68 (d, 1H), 7.35 (d, 1H), 6.31– 

6.05 (m, 1H), 2.54 (s), 1.45 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6, 25 ˚C) δ 182.83, 155.14, 152.66, 138.67, 120.87, 120.48, 

117.43, 110.60, 49.65, 22.08. 

 

2.5.8 Synthesis of complex Ru-1: 

 

An oven-dried Schlenk tube equipped with a magnetic stirring bar was 

charged with the L3 (0.00008 mol, 0.03113 g), P6 (0.00008 mol, 0.039 

g), and NaI (0.005 mol, 0.7494 g) in ethylene glycol (10 mL). The 

mixture was refluxed under a nitrogen atmosphere for 4 hours in a pre- 

heated oil bath stirrer at 200 ˚C. After completion, the reaction was 

cooled to room temperature, and an aqueous solution of KPF6 (0.184 g, 

1 mol in 10 mL of water) was added for ion exchange. The mixture was 

stirred for 2 minutes, leading to the precipitation of the desired complex. 

The yellow solid was collected by filtration, washed with water, and 

dried under vacuum. The obtained product was 0.052 g (70% yield). 

LC-MS (ESI) m/z calculated for C33H28N8IRu [M]+ 765.05, found: 

765.03. 

2.5.9 Synthesis of complex Ru-2: 

 

An oven-dried Schlenk tube equipped with a magnetic stirring bar was 

charged with the L3 (0.00008 mol, 0.03113 g), P6 (0.00008 mol, 0.039 

g), and LiCl (0.005 mol, 0.2119 g) in ethylene glycol (10 mL). The 
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the mixture was refluxed under a nitrogen atmosphere for 4 hours 

in a pre-heated oil bath stirrer at 200 ˚C. After completion, the 

reaction was cooled to room temperature, and an aqueous solution 

of KPF6 (0.184 g, 1 mol in 10 mL of water) was added for ion 

exchange. The mixture was stirred for 2 minutes, leading to the 

precipitation of the desired complex. The yellow solid was 

collected by filtration, washed with water, and dried under vacuum. 

LC-MS (ESI) m/z calculated for C33H28N8ClRu [M]+ 673.66, 

found: 673.11. 

 

 

CHAPTER 3 

RESULT AND DISCUSSION 

3.1 Synthesis of Ligand Precursor: 

The unsymmetrical NNC pincer ligand 6-(1H-benzimidazol-1-yl)- 

N-(pyridin-2-yl)-N-(p-tolyl)pyridin-2-amine (L3) was synthesized 

in three steps, as outlined in Scheme 4. Precursors L1 and L2 were 

prepared following reported literature procedures.54,55 The final 

ligand L3 was obtained in 66% yield via a Pd-catalyzed Buchwald– 

Hartwig cross-coupling reaction between L1 and L2. 

To synthesize the ligand L1, 2,6-dibromopyridine and 

benzimidazole were initially treated with K2CO3, followed by the 

addition of TMEDA and dry DMSO. The reaction proceeded via 

an Ullmann coupling pathway. Ligand L1, characterized by 1H 

NMR data, claimed the existence of this compound by giving the 

resonance at δ 8.57 (s) for the carbon group between the nitrogen 

atoms of the benzimidazole moiety. On the other side, we 

synthesized ligand L2 by treating p-toluidine with 2- 

bromopyridine, which was confirmed by 1H and 13C NMR by 

giving the peaks at δ 8.18 (s) for the secondary amine and δ 2.32 

(3H) for the methyl group. NNC pincer ligand (L3) confirmed by 

HRMS (ESI) m/z calculated for C24H19N5 [M+H]+ 378.1715, found 

378.1713, and 1H NMR by giving peaks δ 8.39 (s) for the 

benzimidazole proton of the carbene group, δ 8.41 (d) ortho pyridyl 
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proton, δ 2.43 (s) for the methyl group. By 13C NMR, giving peaks δ 

157.74 and 157.51 for the 2 and 6 positions of pyridine, and δ 21.25 for 

the methyl carbon. (Scheme 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4: Synthesis of Ligand precursor L3 

 

 

3.2 Synthesis of Metal Precursor P6 and P7: 

 

To synthesize a phosphine-free ruthenium precursor, 2-(1H-imidazol-1- 

yl) pyridine (P1) was prepared via a neat reaction, and was characterized 

by LC-MS (ESI) m/z calculated for C8H7N3 [M+H] + 146.0713, found 

146.0859. (Scheme 5) P1 was charged with alkyl (Me and iPr) iodide, 

followed by toluene at reflux temperature. 1H NMR of P2 confirmed it 

by giving the resonance at δ 10.72 (s) for the imidazole proton, and δ 4.26 

(s) for the imidazole methyl group. Also, from LC-MS (ESI) m/z 

calculated for C9H10N3 [M]+ 160.0869, found 160.0871. The 1H NMR 

data for P3 claimed the existence of this compound by giving the 

resonance δ 10.68 (s) for the carbenic proton and δ 1.78(d) for twelve 

methyl protons. (Scheme 6) The reaction of ligand precursors (P2 & P3) 

with RuCl3·3H2O in a 1:1 ratio in THF at reflux temperature afforded the 

[RuIII(PyNHCR)(Cl)3(H2O)] complexes P4 and P5. 

The successful preparation of P4 and P5 was achieved with the ligand 

precursor having iodide counterions. No chemical additive, like a base, 
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was required for the reaction, and no indication of mixed-halide 

products was observed in the preparation of P4 and P5 (via mass 

spectrometry of the crude product). LC-MS (ESI) m/z calculated 

for C9H12Cl3N3ORu [M-Cl] + 349.45, found: 348.93. (Scheme 7) 

The Ru(II)–NHC–DMSO complexes 2a and 2b were synthesized 

by dissolving the corresponding Ru(III)–NHC complexes 1a and 

1b in DMSO. The reaction temperature and time were optimized to 

afford the desired complexes in good yields. The most favorable 

conditions for the synthesis were found to be at ambient 

temperature (25–28 ̊ C) over a duration of three days, as illustrated 

in Scheme 8. The successful formation of complexes P6 and P7 

under these conditions confirmed both the substitution of the 

coordinated ligand and the reduction of the Ru(III) centers in P4 

and P5, facilitated by DMSO. The resulting complexes were 

isolated as stable solids, resistant to air and moisture, and remained 

intact under room temperature storage. Despite their stability, P6 

and P7 demonstrated poor solubility in most conventional organic 

solvents, consistent with previously reported Ru(II)–NHC–DMSO 

complexes. 

LC-MS for P6 (ESI) m/z calculated for C11H17ClN3O2RuS [M-Cl- 

DMSO+H2O] + 391.36 found: 391.97, C13H21N3O2RuS2 [M- 

2Cl+H] + 416.04 found: 416.00. The 1H NMR data for P7 claimed 

the existence of this compound by giving the resonance δ 1.45 (d) 

for the twelve methyl protons. (Scheme 8) 

 

Scheme 5: Synthesis of Metal Precursor P1 
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Scheme 6: Synthesis of Metal Precursor P2 & P3 
 

 

 

 

Scheme 7: Synthesis of Metal Precursor P4 & P5 
 

 

 

Scheme 8: Synthesis of Metal Precursor P6 & P7 
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3.3 Synthesis of complex Ru-1 and Ru-2: 

 

The synthesis of Ru(II) pNHC complexes is straightforward and 

readily scalable. The air- and moisture-stable phosphine-free 

complexes Ru(NNC)(NCMe)I]PF6 and [Ru(NNC)(NCMe)Cl]PF6. The 

synthesis of Ru(II) pNHC complexes is straightforward and readily 

scalable. The air- and moisture-stable phosphine-free complexes 

Ru(NNC)(NCMe)I]PF6 and [Ru(NNC)(NCMe)Cl]PF6 were obtained 

by reacting the pincer ligand precursor L3 with previously reported 

ruthenium precursors P6 in ethylene glycol under a nitrogen 

environment at reflux temperature. The only variation in the reaction 

conditions was the use of NaI for the synthesis involving 

Ru(NNC)(NCMe)I]PF6 and LiCl for the reaction with 

[Ru(NNC)(NCMe)Cl]PF6. 

The Ru(II) complexes were extensively studied using spectroscopic 

techniques multinuclear NMR, as well as analytical approaches such 

as high-resolution mass spectrometry. Additionally, the solid-state 

structures of complex (Ru-1) were elucidated using single-crystal X- 

ray diffraction. LC-MS (ESI) m/z calculated for C33H28N8IRu [M]+ 

765.05, found: 765.03 (Ru-1). 

LC-MS (ESI) m/z calculated for C33H28ClN8Ru [M] + 673.11, found: 

673.07 (Ru-2). 
 

 

 

 

 

 

 

 

Scheme 9: Synthesis of precursor Ru-1 
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Scheme 10: Synthesis of precursor Ru-2 

 

3.4 Description of Crystal Structure [Ru-1]: 

The molecular structure of the [Ru-1] complex was analyzed using 

single-crystal X-ray diffraction. The resulting crystal structure shows a 

distorted octahedral geometry around the ruthenium center, within the 

Pbca space group. The ruthenium is bonded to two five-membered 

metallacycles from the CNN-based pincer ligand, a five-membered 

CNMe metallacycle, and an iodide ion at the sixth coordination site. The 

CNN pincer ligand acts as a tridentate chelate, coordinating the 

ruthenium center in a meridional arrangement. 

 

Fig. 5: Single crystal diffracted structure of [Ru-1] complex. 

All hydrogen atoms (except protic-NH) and one PF6
- counter-anion are 

omitted for clarity. Selected bond lengths (Å) and angles (°): Ru1-I1, 

2.7975(5); Ru1-N6, 2.142(4); Ru1-N3, 2.046(4); Ru1-N6, 2.100(4); 

Ru1-C1, 1.952(5); Ru1-C2, 1.961(5); N3-Ru1-I1, 88.97(11); N3-Ru1- 

N5, 88.98(16); N3-Ru-N6, 173.87(15); N5-Ru-I1, 87.42(12); N6-Ru1- 

I1, 95.11(12); N5-Ru1-N6, 95.79(16); C1-Ru1-I1, 85.85(15); C1-Ru1- 

N3, 80.21(18); C1-Ru1-N5, 167.33(18); C1-Ru1-N6, 95.49(18); C1- 

Ru1-C2, 95.0(2); C2-Ru1-I1, 173.29(14); C2-Ru1- N3, 97.74(18); 

https://www.sciencedirect.com/topics/chemistry/hydrogen-atom
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C2-Ru1-N5, 92.97(18); C2-Ru1-N6, 78.18(18). 

The bond length and bond angle formed by ruthenium with both 

carbene atoms of the pincer, i.e., Ru1–C1 = 1.952(5) Å, Ru1–C2 = 

1.961(5) Å, C1–Ru1–C2 = 95.0(2) ° and the bite angle formed by 

C1–Ru1–N6 = 95.49(18)°. The bidentate ligand CNMe occupies 

two coordination sites to ruthenium with the bond angle between 

Ru1–C2 = 1.961(5) Å and bite angle N6–Ru1–C2 = 78.18(18)°. 
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3.5 Characterization of Ligand L1 

 

3.5.1 NMR spectra of Ligand L1 

 

 

Fig. 6: 1H NMR of Ligand L1 
 

 

Fig. 7: 13C NMR of Ligand L1 
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3.6 Characterization of Ligand L2 

 

3.6.1 NMR spectra of Ligand L2 

 

 

Fig. 8: 1H NMR of Ligand L2 

 

 

Fig. 9: 13C {1H} NMR of Ligand L2 
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3.7 Characterization of Ligand L3 

 

3.7.1 HRMS of Ligand L3 

 

 

Fig. 10: LC-MS of Ligand L3 

3.7.2 NMR spectra of Ligand L3 

 

 

Fig. 11: 1H NMR of Ligand L3 
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Fig. 12: 13C {1H} NMR of Ligand L3 

 

3.8 Characterization of Precursor P1 

 

3.8.1 LC-MS of Precursor P1 
 

 

Fig. 13: LC-MS of precursor P1 

3.9 Characterization of Precursor P2 
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Fig. 14: 1H NMR of Precursor P2 

 

 

Fig. 15: 13C {1H} NMR of Precursor P2 
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Fig. 16. LC-MS of Precursor P2 

3.10 Characterization of Precursor P3 
 

 

 

Fig. 17: 1H NMR of Precursor P3 in CDCl3 
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Fig. 18: 13C {1H} NMR of Precursor P3 in CDCl3 

3.11 Characterization of Precursor P4 
 

 

 

Fig. 19: LC-MS of Precursor P4 

 

 

3.12 Characterization of Precursor P5 
 

 

 

Fig. 20: LC-MS of Precursor P5 
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3.13 Characterization of Precursor P6 

 

 

Fig. 21: 1H NMR of Precursor P6 

 

Fig. 22: LC-MS of Precursor P6 

 

 

3.14 Characterization of Precursor P7 
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Fig. 23: 1H NMR of Precursor P7 

 

 

Fig. 24: 13C{1H} NMR of Precursor P7 
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3.15 Characterization of complex Ru-1 
 

 

Fig. 25: LC-MS of complex Ru-1 
 

 

 

 

Fig. 26: 1H NMR of complex Ru-1 
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Fig. 27: 13C {1H} NMR of Complex Ru-1 

 

3.16 Characterization of complex Ru-2 
 

 

 

Fig. 28: 1H NMR of complex Ru-2 
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Fig. 29: 13C{1H} NMR of Complex Ru-2 

 

 

 

3.16.1 LC-MS of complex Ru-2 

 

 

Fig. 30: LC-MS of complex Ru-2 
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3.17 Photoluminescent Studies 

 
3.17.1 UV-Visible spectra of Ru-1 
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Fig. 31. UV-vis spectra of complex Ru-1 recorded in CH3OH at room 

temperature. 

In the UV-Vis spectra of Ru-1, 3 major peaks were observed. 

I. 239: The starting peak, which corresponds to a π→π* transition, is 

characteristic of the conjugated system present within the aromatic 

framework of the molecule. 

II. 303: The most intense absorption peak observed at 303 nm in the UV- 

Visible spectrum is primarily attributed to a ligand-centered π→π* 

transition within the conjugated pincer-NHC framework, with a 

possible minor contribution from a metal-to-ligand charge transfer 

(MLCT) involving the Ru (II) center. 

III. 376: The weak absorption band observed at 376 nm is attributed to a 

metal-to-ligand charge transfer (MLCT) transition, arising from 

excitation of an electron from the Ru (II) d-orbitals to the π* orbitals of 

the conjugated pincer-NHC ligand framework. 
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3.17.2 UV-Visible spectra of Ru-2 
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Fig. 32. UV-vis spectra of complex Ru-1 recorded in CH3OH at 

room temperature. 

In the UV-Vis spectra of Ru-2, 3 major peaks were observed. 

I. 271: The intense absorption peak observed at 271 nm in the UV- 

Visible spectrum of the Ru-2 complex is attributed to a ligand- 

centered π→π* transition, with its position reflecting the influence 

of the more electron-withdrawing Cl⁻ ligand, which stabilizes the 

π* orbital and lowers the energy of the transition relative to the iodo 

analogue. 

II. 305: The most intense absorption peak observed at 305 nm in the 

UV-Vis spectrum of the Ru-2 complex is assigned to a ligand- 

centered π→π* transition, arising from electronic excitation within 

the conjugated aromatic framework of the pincer–NHC ligand. 

III. 378: The broad and weak absorption band at 378 nm in the Ru-2 

complex is assigned to a metal-to-ligand charge transfer (MLCT) 

transition from Ru (II) d-orbitals to π* orbitals of the pincer–NHC 

ligand, with the bathochromic shift relative to the iodo analogue 

reflecting the influence of the more electron-withdrawing chlorido 

ligand. 
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3.17.3 Emission Spectra 

Both complexes were found to be light yellow emissive under UV light 

in the solid state. To investigate the photoluminescent properties, solid- 

state emission spectra were recorded at room temperature. Broad 

emission and excitation spectra were observed for both Ru-1 and Ru-2. 

This Emission spectrum is recorded in CH3CN. 

 

Ru(NNC)(NCMe)I]PF6 (Ru-1) 
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Fig. 33. Emission spectra of complex Ru-1 recorded in CH3CN at room 

temperature. 

 

The emission spectrum of Ru-1 exhibited two distinct peaks at 380 nm 

and 435 nm, with the latter representing the λmax. The shift from 380 nm 

to 435 nm indicates a red shift, suggesting a change in the electronic 

environment of the complex, possibly due to ligand substitution or 

structural reorganization around the metal center. 

In the emission spectrum, a minor peak was observed at 380 nm, 

suggesting that in the Ru-1 complex, the iodo ligand at the sixth 

coordination site has been substituted by DMSO. Since the iodo ligand 

is relatively labile and can dissociate easily, this substitution is 

plausible. However, the low concentration of the species accounts for 

the weak intensity observed in the emission spectrum. 
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Ru(NNC)(NCMe)Cl]PF6 (Ru-2) 
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Fig. 34. Emission spectra of complex Ru-2 recorded in CH3CN at 

room temperature. 

The emission spectrum displays a broad fluorescence peak 

centered at 450 nm, which corresponds to the λmax of the complex. 

This broad and red-shifted emission is indicative of strong π-back- 

donation from the Ru(II) center to the coordinated ligands, 

suggesting potential applicability in photophysical or 

photocatalytic processes. 

3.18 Electrochemical Studies of Ruthenium Complexes 
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Fig. 35. Cyclic voltammograms of Ru-1 in 0.1 M TBAPF6 

recorded in CH3CN, at scan rates between 50 mV/s to 1000 mV/s. 
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Fig. 36. Cyclic voltammograms of Ru-2 in 0.1 M TBAPF6, recorded 

in CH3CN at scan rates between 50 mV/s to 1000 mV/s. 

This graph shows cyclic voltammograms of a ruthenium-chloride 

complex (Ru-Cl-Complex) at different scan rates. The x-axis 

represents potential versus NHE (Normal Hydrogen Electrode) 

measured in volts (V), ranging from approximately 0.0 to 2.2 V. The 

y-axis shows current in microamperes (μA), ranging from about -60 to 

+80 μA. Multiple overlaid curves represent the same Ru-Cl complex 

measured at different scan rates, ranging from 50 mV/s to 1000 mV/s, 

as indicated in the legend. The black line at the bottom represents a 

blank acetonitrile (ACN) control measurement. In case of Ru-1, a 

small redox process around 0.8-1.0 V along with a more pronounced 

redox couple around 1.4-1.6 V and another redox process around 1.8- 

2.0 V. Two distinct redox couples (peaks) are visible, the first redox 

couple appears around 1.0-1.2 V and the second redox couple appears 

around 1.7-1.9 V in Ru2. 

As the scan rate increases (from 50 to 1000 mV/s), the peak currents 

increase proportionally, and the peaks shift slightly. This behaviour is 

typical in cyclic voltammetry and indicates diffusion-controlled 

electrochemical processes. The increase in peak current with scan rate 

follows the Randles-Sevcik equation, which relates peak current to the 

square root of the scan rate. 
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This electrochemical data likely represents the oxidation/reduction 

behaviour of the ruthenium complex, showing multiple accessible 

redox states typical for transition metal complexes. 

 

3.19 CATALYTIC APPLICATIONS: 

3.19.1 Amine double-dehydrogenation via [Ru-2] catalyst 

Reaction Scheme: 
 

 

 

 

 

 

 

Scheme 11: Conversion of Benzylamine to Benzonitrile 

 

 

Experimental procedure: A ruthenium catalyst [Ru-2] (0.01 

mmol, 8.18 mg) was added to a Schlenk tube, followed by KOtBu 

(1 mmol, 112.21 mg) as the base and distilled toluene (2 mL). The 

setup was maintained under a nitrogen flow within a fume hood. 

The mixture was stirred for 5–10 minutes until a homogeneous 

solution was achieved. Subsequently, benzylamine (1 mmol, 

109.22 µL) was introduced as the substrate. The reaction mixture 

was then placed in a preheated silicon 

oil bath at 80 ˚C and allowed to react for 24 hours. 

Observation: The obtained product conversion was 54 %, 

characterized by GC-MS. 

Table 1. Screening of catalyst Optimization in toluene for 

benzylamine double-dehydrogenation. 
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Entry Catalyst 

(mol%) 

Base Temp. (° 

C) 

Conversion 

(%) 

1. Ru-2 (1) KOtBu (1 

equiv.) 

80 54 

2. Ru-2 (1) KOtBu (1 

equiv.) 

90 67 

3. Ru-2 (1) KOtBu (1 

equiv.) 

90 46 

4. Ru-2 (1) KOtBu (1 

equiv.) 

90 40 

5. Ru-2 (0.5) KOtBu (1 

equiv.) 

90 91 

6. Ru-2 (0.5) KOtBu (1 

equiv.) 

90 65 

7. Ru-1 (1) KOtBu (1 

equiv.) 

90 62 

 

Reaction Condition: Benzylamine, Catalyst (0.5 & 1 mol%), KOtBu, 

and toluene (2 mL) heated in a sealed tube at a temperature (˚C) and 

duration is 24h. 

Conversion was determined by gas chromatography (GC-MS). 

GC-MS spectra for screening of catalyst optimization in toluene for 

double-dehydrogenation of benzonitrile for Table 1. 
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Fig. 37. GC-MS spectrum for entry 1 of Table 1 
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Fig. 38. GC-MS spectrum for entry 2 of Table 1 
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Fig. 39. GC-MS spectrum for entry 3 of Table 1 
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Fig. 40. GC-MS spectrum for entry 4 of Table 1 



46  

 

 

 

 

Fig. 41. GC-MS spectrum for entry 5 of Table 1 
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Fig. 42. GC-MS spectrum for entry 6 of Table 1 
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Fig. 43. GC-MS spectrum for entry 7 of Table 1 

 

 

3.19.2 Hydration of Nitriles via [Ru-2] catalyst 

Reaction Scheme: 

 

 

 

 

 

 

 

 

Scheme 12: Conversion of Benzonitrile to Benzamide 

 

 

Experimental Procedure: A dry 10 mL Schlenk tube with a magnetic 

bead was prepared. As the reaction is not air-sensitive, no nitrogen flow 

was used. [Ru-2] (0.01 mmol, 8.18 mg), NaOH (0.2 mmol, 7.98 mg), 

and water (5 mL) were added and stirred for 5–10 min until 

homogeneous. Benzonitrile (1 mmol, 103 µL) was then added, and the 

mixture was heated at 60 ˚C in an oil bath for 12–24 h. 

Observation: The obtained product was characterized by GC-MS. 

 

Table 2. Screening of catalyst Optimization in water for the hydration 

of Benzonitriles. 

 

Entry Catalyst (mol%) Base (mmol) Time (h) Conversion 

(%) 

1. Ru-2 (1) NaOH (0.2) 24 92 

2. Ru-2 (1) NaOH (0.2) 12 68 

3. Ru-2 (1) KOH (0.2) 24 82 
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Reaction Condition: Benzonitrile (1 mmol), Catalyst (1 mol%), 

Base, and H2O (5 mL) under an open-air condition, heated at a 

temperature of 60 ˚C. 

Conversion was determined by gas chromatography (GC-MS) 

without an internal standard. 

 

GC-MS spectra for screening of catalyst optimization in water for 

hydration of benzonitrile for Table 2. 
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Fig. 44. GC-MS spectrum for entry 2 of Table 2 
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Fig. 45. GC-MS spectrum for entry 3 of Table 2 

 

 

 

3.19.3 Water Oxidation via Ru-1 catalyst 

As a part of our research, we have extensively established the 

process of water oxidation using the Ru-1 catalyst, including 

Nitric acid. 

Further studies are necessary to uncover the underlying 

mechanisms that govern this behavior and optimize the conditions 

for effectively utilizing the Ru-1 catalyst in the water oxidation 

reaction. 

 

Oxygen Evolution Experiment in HNO3: 

Reaction Scheme: 

 

Scheme 13: Oxygen evolution experiment in 0.1M HNO3. 

 

Experimental Procedure: To experiment, the CAN was dissolved 

in 0.1 M HNO3 by stirring and purging with N2 in a 25 mL round- 
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bottom flask custom-made for this purpose. The catalyst was then 

dissolved in ACN and added through the sidearm to complete the 

reaction mixture. The reaction mixture was stirred and maintained at a 

temperature of up to 60 ˚C. 

Observation: During the experiment, a significant phenomenon was 

observed wherein the evolution of oxygen bubbles occurred 

over a specific temporal interval. Within the subsequent 20 minutes, a 

quantified volume of 4 mL of oxygen was evolved. The reaction 

proceeded steadily, and after 24 hours, the total volume of evolved 

oxygen reached 18 mL. 

 

3.19.4 Water Oxidation as an Electrochemical Process 
 

 
 

 

 

250 
 

 
200 

 

 
150 

 

 
100 

 

 
50 

 

 
Blank ACN 

Ru Iodo 0L 

Ru Iodo 20L 

Ru Iodo 40L 

Ru Iodo 60L 

Ru Iodo 80L 

Ru Iodo 100L 

Ru Iodo 120L 

Ru Iodo 140L 

Ru Iodo 160L 

Ru Iodo 180L 

Ru Iodo 200L 

Ru Iodo 300L 

Ru Iodo 400L 

Ru Iodo 500L 

Ru Iodo 600L 

Ru Iodo 700L 

Ru Iodo 800L 

Ru Iodo 900L 

Ru Iodo 1000L 

Ru Iodo 2000L 

 

Ru-1 Iodo Complex 

 
0 

 

 
-50 

 

 
-100 

0.0 0.5 1.0 1.5 2.0 

Potential vs NHE (V) 

 
Fig. 46. Cyclic voltammograms of complex Ru-1 recorded in CH3CN 

using 0.1 M TBAF6 as the supporting electrolyte 
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Fig. 47. DPV of complex Ru-1 recorded in CH3CN using 0.1 M 

TBAF6 as the supporting electrolyte 
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Fig. 48. Cyclic voltammograms of complex Ru-2 recorded in 

CH3CN using 0.1 M TBAF6 as the supporting electrolyte 

 

Blank ACN 

Ru-I-0L (DPV) 

Ru-I-20L (DPV) 

Ru-I-40L (DPV) 

Ru-I-60L (DPV) 

Ru-I-80L (DPV) 

Ru-I-100L (DPV) 

Ru-I-120L (DPV) 

Ru-I-140L (DPV) 

Ru-I-160L (DPV) 

Ru-I-180L (DPV) 

Ru-I-200L (DPV) 

Ru-I-300L (DPV) 

Ru-I-400L (DPV) 

Ru-I-500L (DPV) 

Ru-I-600L (DPV) 

Ru-I-700L (DPV) 

Ru-I-800L (DPV) 

Ru-I-900L (DPV) 

Ru-I-1000L (DPV) 

Ru-I-2000L (DPV) 

 

 

 C
u

rr
e
n

t 
(

A
) 

C
u

rr
e
n

t 
(

A
) 



55  

 

 

100 
 
 

 
80 

 
 

 
60 

 
 

 
40 

 

 
Blank ACN 

Ru-Cl 0L (DPV) 

Ru-Cl 20L (DPV) 

Ru-Cl 40L (DPV) 

Ru-Cl 60L (DPV) 

Ru-Cl 80L (DPV) 

Ru-Cl 100L (DPV) 

Ru-Cl 120L (DPV) 

Ru-Cl 140L (DPV) 

Ru-Cl 160L (DPV) 

Ru-Cl 180L (DPV) 

Ru-Cl 200L (DPV) 

Ru-Cl 300L (DPV) 

Ru-Cl 400L (DPV) 

Ru-Cl 500L (DPV) 

Ru-Cl 600L (DPV) 

Ru-Cl 700L (DPV) 

Ru-Cl 800L (DPV) 

Ru-Cl 900L (DPV) 

Ru-Cl 1000L (DPV) 

Ru-Cl 2000L (DPV) 

Ru-2 Cl complex DPV 

 
 

 

20 
 
 

 
0 

 

 
0.0 0.5 1.0 1.5 2.0 

Potential vs NHE (V) 

 
Fig. 49. DPV of complex Ru-2 recorded in CH3CN using 0.1 M TBAF6 

as the supporting electrolyte 

 

This graph shows cyclic voltammograms of a Ru-Chloro complex 

being tested for water oxidation catalysis at different scan rates. The 

most notable feature is the dramatic current increase beginning around 

1.5V and continuing to rise steeply as the potential increases beyond 

1.8V. This large anodic (positive) current wave represents water 

oxidation catalysis - the electrocatalytic conversion of water to oxygen 

(2H₂O → O₂ + 4H⁺ + 4e⁻). There is a small redox couple visible 

around 1.0- 1.2V, which likely represents a Ru(II)/Ru(III) transition in 

the complex before the catalytic water oxidation begins. Some of the 

higher concentration samples show a second feature around 2.0V, 

which could represent additional oxidation states of the catalyst or a 

second catalytic process. The onset potential for water oxidation 

(around 1.5V vs NHE) is consistent with what's typically seen for 

ruthenium-based water oxidation catalysts. The large catalytic currents 

compared to the background processes indicate good catalytic activity 

of this complex toward water oxidation. These differences likely result 

from the electronic and structural influence of the iodide ligands 

versus the chloride ligands, affecting the catalytic mechanism and 

efficiency of the water oxidation process. The chloro complex still 

functions as an effective water oxidation catalyst, but with slightly 

different electrochemical behavior compared to its iodo counterpart. 
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3.19.5 Evaluation of Catalyst for Hydrogen Splitting 

Catalysis: 

1.1 Addition of Base: KOtBu is added as a base to a J-Young NMR 

tube containing the Ru-2 catalyst dissolved in DMSO-d6, followed 

by mixing using a shaker. 

Observation: After analyzing the 1H NMR spectrum before and 

after the addition of the base, the disappearance of the protic-H 

peak at 12.42 ppm confirms successful deprotonation. 

 

 
KOtBu 

 

 

 

 

 

Fig. 50. 1H NMR spectrum (500 MHz) of [Ru-2] in DMSO-d6 after 

addition of base. 
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1.2 H2 Bubbling: 

In the same NMR J-Young NMR tube, after the disappearance of the 

proton peak, H₂ gas was introduced for 1–2 hours. 

Observation: After analyzing the 1H NMR spectrum, no hydride peak 

was observed in the shielded region, nor was any signal detected in the 

protic (deshielded) region. 

This indicates that the Ru-2 catalyst is unable to split H₂ and is not 

suitable for H₂ splitting catalysis. 

 
H2 

 

 

 

 

Fig. 51. 1H NMR spectrum (500 MHz) of [Ru-2] in DMSO-d6 after H2 

bubbling. 



 

CHAPTER-4: CONCLUSION: 

 

 
In conclusion, a series of phosphine-free Ru(II) complexes bearing 

protic NHC ligands, namely Ru-1 and Ru-2, were successfully 

synthesized. Both complexes were thoroughly characterized using 

liquid chromatography mass spectrometry (LC-MS), multinuclear 

NMR spectroscopy, and single-crystal X-ray diffraction, the latter 

of which confirmed the molecular structure of Ru-1. The catalytic 

performance of these Ru(II)-pNHC complexes was explored in 

various reactions, including amine double dehydrogenation, nitrile 

hydration, and water oxidation. Notably, Ru-2 was found to be 

inactive in H₂-splitting catalysis. Electrochemical studies revealed 

that the chloro-substituted complex acts as an efficient water 

oxidation catalyst, although it exhibits slightly different 

electrochemical behavior compared to its iodo analogue. 

 

 

4.1 Future Prospective: 

 

Further studies will focus on optimizing the reaction conditions for 

amine double dehydrogenation to achieve better conversions. 

Subsequent investigation of the substrate scope will provide 

insights into the versatility and limitations of the catalytic system. 

Additional catalytic reactions and electrochemical studies may 

provide deeper insights into the reactivity and potential 

applications of these Ru(II)-pNHC complexes. 
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