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PREFACE 

 

The thesis entitled "Design and Synthesis of Rhenium and Ruthenium Complexes and Their 

Catalytic Applications Towards Sustainable Transformation" offers an overview of recent 

research focused on advancing sustainable chemical processes. It reflects a continued effort to 

develop and understand rhenium and ruthenium based complexes as catalysts for green 

synthetic methodologies, with particular emphasis on applications in artificial photosynthesis 

and environmentally benign transformations. 

 

The thesis comprises of five chapters. 

 

Chapter 1  

This chapter encompasses a comprehensive summary of the research work presented, along 

with a brief description of the physical techniques and instrumental methods employed 

throughout the study. 

 

Chapter 2  

This chapter presents two dinuclear rhenium(V) oxo complexes that function as homogeneous 

electrocatalysts for water oxidation in acetonitrile–water mixtures. Oxygen evolution was 

verified using GC-TCD analysis. Controlled potential electrolysis (CPE) performed at 1.30 V 

(vs Ag/AgCl, pH ~7) generated their monocationic species through a redox-induced electron 

transfer (RIET) process, which were subsequently oxidized in situ to high-valent Re(VI)=O 

intermediates. In addition, this chapter includes experimental investigations of the 

photophysical properties of these complexes, complemented by comprehensive DFT and 

TDDFT calculations. 

 

Chapter 3  

This chapter presents six isomeric rhenium(I) tricarbonyl complexes with asymmetric diimine 

ligands, synthesized and fully characterized by spectroscopy and X-ray crystallography. These 

complexes catalyze both electrochemical and visible-light-driven CO₂ reduction. In the 

presence of trifluoroethanol (TFE), electrochemical reduction yielded CH₄ and CO, while 

photochemical reduction in acetonitrile with triethanolamine (TEOA) selectively produced 

CO. The complex with the 2-(pyridin-2-yl)naphtho[1,2-d]oxazole ligand showed the highest 
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activity, with a turnover number (TON) of 660 for CO in 5 hours. Mechanistic insights from 

NMR, UV-Vis, and TD-DFT studies underscore the role of ligand design in optimizing 

photocatalytic performance for solar-to-fuel applications. 

 

Chapter 4  

This chapter explores novel ruthenium complexes incorporating bis(2-picolyl)amine, 

bipyridine, and BF₂-chelated dipyrromethane (BODIPY) ligands, modified with electron-

donating groups to enhance light absorption and catalytic performance. Designed as self-

photosensitizing systems, these complexes were evaluated for visible-light-driven CO₂ 

reduction to CO. The study investigates solvent effects, product evolution, and reaction 

selectivity, alongside spectroscopic and electrochemical analyses to identify intermediates and 

understand redox behaviour. The findings offer valuable insights into designing efficient, 

integrated photocatalysts for CO₂ reduction. 

 

Chapter 5  

This work demonstrates the use of well-defined Ru(III) polypyridyl complexes as 

organocatalysts for dehydrogenative annulation reactions, enabling the synthesis of substituted 

quinolines from 2-aminobenzyl alcohols with secondary alcohols or ketones. The study 

highlights the cooperative role of the redox-active polypyridyl ligands with the Ru(III) center 

in facilitating hydrogen removal and bond formation, underscoring the efficiency and 

versatility of these systems in oxidative couplings and their potential in atom-economical 

synthesis. 
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A Concise Literature Review of Rhenium and Ruthenium 
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I.1 General Introduction 

Rhenium (Re)1-4 and Ruthenium (Ru)5-9, occupying neighbouring groups 7 and 8 in the periodic 

table, stand out as fascinating transition metals with rich and diverse chemistries that have 

garnered significant attention in catalysis and energy conversion research. Discovered in 1925, 

Rhenium is characterized by its exceptionally high melting point and density, coupled with a 

wide array of accessible oxidation states ranging from -1 to +7. Ruthenium, a precious metal 

discovered earlier in 1844, is renowned for its corrosion resistance and versatile catalytic 

capabilities, exhibiting oxidation states from 0 to +8. Both elements readily form coordination 

complexes with various ligands, including halides, oxygen donors, phosphines, carbonyls, and 

notably, nitrogen-containing heterocyclic ligands such as pyridines, bipyridines, and 

phenanthrolines, enabling their use as catalysts where a central metal atom, fine-tuned by 

appropriate ligands, serves to lower activation energies and facilitate electron transfer 

processes, demonstrating remarkable activity in numerous chemical transformations spanning 

organic synthesis to industrial processes, including hydrogenation10-14, oxidation15-17, and 

carbon-carbon bond formation18-21. 

In recent years, the quest to uncover the unique chemical properties of rhenium has spurred 

extensive research across a wide range of scientific disciplines. Beyond its well-established 

role in catalysis22,23, rhenium has gained prominence in areas such as nuclear medicine24-29, 

biological applications30-33, photophysics34-40, chemosensing and molecular recognition41-45, 

materials science, and coordination chemistry. 

Rhenium's +5 oxidation state displays distinct chemical behaviour, forming valuable 

complexes often with coordination numbers of 4, 5, or 6, particularly the oxo complexes 

(containing Re=O) such as LL'Re(O)Cl₃ or L₂Cl₃Re=O, which are effective catalysts for 

oxidation reactions, like the conversion of thiols to disulfides by activating sulfoxides for 

oxygen transfer46. Rhenium(I) complexes also exhibit notable catalytic versatility, exhibiting 

diverse properties prominently featured in photocatalytic CO2 reduction47-50, especially with 

polypyridyl ligands that facilitate light absorption and electron transfer; they also function as 

homogeneous catalysts in hydrogenation and transfer hydrogenation of unsaturated 

compounds, olefin metathesis in specific instances, selective epoxidation of olefins, and are 

being explored for C-H activation and various other organic transformations including 

cycloadditions and rearrangements, highlighting their potential in both energy conversion and 

organic synthesis. 

Outside catalysis, rhenium compounds have demonstrated remarkable utility in nuclear 

medicine, particularly through the use of rhenium-188 (¹⁸⁸Re)-a high-energy β⁻-emitting 
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radioisotope with a 16.9-hour half-life. Its beta radiation (average energy: 784 keV; max: 2.12 

MeV) is potent enough to selectively destroy abnormal tissues, while its low-abundance γ-

emission (155 keV, 15%) supports effective imaging and dosimetry. As a result, ¹⁸⁸Re-labeled 

compounds have been successfully used in the clinical management of primary tumours, bone 

metastases, rheumatoid arthritis, and endovascular treatments51-53. 

Additionally, rhenium complexes continue to draw interest in biological and medicinal 

chemistry due to their cytotoxicity profiles and ability to interact with biomolecules, making 

them candidates for anticancer and antibacterial applications. In photophysical research, 

rhenium(I) tricarbonyl diimine complexes are widely studied for their strong metal-to-ligand 

charge transfer (MLCT) emissions and long excited-state lifetimes, making them valuable in 

photoactive materials, light-harvesting systems, and luminescent sensors. Their redox-active 

nature and tunable photophysical properties have also been leveraged in the development of 

electrochemical sensors, molecular switches, and solar energy conversion systems. 

Similarly, Ruthenium exhibits a wide range of catalytic properties, making it indispensable in 

both industrial and academic settings, acting as an effective catalyst in hydrogenation, 

dehydrogenation, and isomerization reactions due to its high activity and resistance to 

poisoning. Ruthenium-based catalysts are critical in large-scale industrial processes like the 

Fischer-Tropsch process for syngas conversion to hydrocarbons54 and in ammonia synthesis 

under mild conditions55-56. In organic synthesis, ruthenium complexes are powerful catalysts 

for olefin metathesis (e.g., Grubbs' catalysts), C–H activation, and oxidation reactions, such as 

the oxidation of alcohols to aldehydes or ketones. Their applications extend into photocatalysis 

and electrocatalysis, where ruthenium complexes are employed for water splitting, CO₂ 

reduction, and dye-sensitized solar cells due to their favourable redox properties and strong 

absorption of visible light. Overall, ruthenium's versatility stems from its multiple oxidation 

states, robust coordination chemistry, and ability to stabilize reactive intermediates. 

Given the distinct yet complementary catalytic attributes of rhenium and ruthenium, their 

integrated application has garnered significant attention in the domain of photocatalysis, 

particularly for the challenging and urgent task of carbon dioxide (CO₂) reduction. 

Ruthenium(II) polypyridyl complexes, exemplified by [Ru(bpy)₃]²⁺ and its derivatives57, are 

widely recognized as highly efficient photosensitizers owing to their strong absorption in the 

visible spectrum, long-lived excited states, and favorable photophysical and redox properties. 

In numerous photocatalytic systems designed for the reduction of CO₂, such photosensitizers 

are commonly paired with rhenium(I) carbonyl complexes, such as [Re(bpy)(CO)₃Cl]58-59, 
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which serve as effective catalytic centers for the multi-electron reduction of CO₂ to value-added 

products, including carbon monoxide, formic acid, and in certain systems, methane. 

This synergy has found relevance in the broader context of artificial photosynthesis, a rapidly 

evolving field driven by the global need for clean and sustainable energy solutions. A critical 

component of artificial photosynthesis is water splitting, wherein the water oxidation half-

reaction responsible for O₂ evolution presents a major kinetic and thermodynamic challenge 

due to the complex four-electron, four-proton transfer process it entails. Efficient and stable 

catalysts are essential for this transformation to proceed under benign conditions. 

Simultaneously, the dramatic rise in atmospheric CO₂ concentrations continues to pose serious 

environmental and energy-related challenges, necessitating the development of efficient carbon 

capture and utilization (CCU) strategies. Catalytic CO₂ reduction into fuels and chemical 

feedstocks provides a promising pathway to close the anthropogenic carbon loop and reduce 

dependence on fossil resources. However, the thermodynamic stability and kinetic inertness of 

CO₂ make its selective transformation into reduced products highly demanding. Effective 

catalysis for CO₂ conversion requires the orchestration of multi-electron, multi-proton transfer 

steps under low overpotentials, with high selectivity and durability. Transition metal 

complexes, particularly those incorporating ruthenium and rhenium, have demonstrated 

significant potential in this context. Their modular coordination environments, redox 

versatility, and ability to mediate key catalytic steps have made them leading candidates in 

homogeneous CO₂ reduction systems, often in conjunction with sacrificial electron donors such 

as 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), under visible-light 

irradiation. 

While metal-based catalysis particularly involving rhenium and ruthenium continues to 

underpin a vast array of chemical transformations, significant advances have also been made 

in organic synthesis mediated by ruthenium catalysts. Ruthenium complexes, especially those 

bearing polypyridyl or pincer-type ligands, have proven highly versatile in promoting a variety 

of oxidative and dehydrogenative transformations, including annulation, olefination, and cross-

coupling reactions. Their redox flexibility, structural tunability, and ability to access multiple 

oxidation states enable ruthenium catalysts to participate in both single-electron and multi-

electron processes under mild conditions. These systems often facilitate atom-economical 

pathways, offering enhanced selectivity and functional group tolerance. 
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I.2 Summary of the present work:  

This thesis investigates the synergistic coordination chemistry and diverse catalytic roles of 

rhenium and ruthenium, two pivotal elements in contemporary chemical research. Specifically, 

it explores their applications in water oxidation, carbon dioxide reduction, and organic 

transformation. By examining the interplay between these transition metals, this work seeks to 

advance the field of sustainable energy and enhance our understanding of their complex 

chemical behaviour. 

 

I.2.1 Chapter II 

This chapter delves into the characteristics and catalytic performance of two dinuclear 

rhenium(V)-oxo complexes: [ReV(O)(Cl)3(DBQ2-)ReV(O)(Cl)3]
2- (1) and [ReV(O)(Cl)3(CA2-

)ReV(O)(Cl)3]
2- (2). These complexes, featuring dianionic 2,5-dihydroxy-1,4-benzoquinone 

(DBQ2-) and chloranilic acid (CA2-) ligands respectively, exhibit rapid and efficient 

electrocatalytic activity for the water oxidation reaction (WOR) in homogeneous solutions. The 

employment of redox non-innocent 1,4-benzoquinone-based ligands is crucial for the 

formation of stable bimetallic complexes with terminal oxo groups (M=O). These ligands 

actively participate in the electron transfer processes essential for the water oxidation catalytic 

cycle. 
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I.2.2 Chapter III 

This chapter introduces a promising new series of rhenium(I) complexes incorporating 

pyridine, quinoline, and isoquinoline-substituted benzo[d]oxazole ligands and their derivatives 

as potential high-performance photocatalysts and electrocatalysts for CO2 reduction. 

 

 

 

 

I.2.3 Chapter IV 

This chapter delves into the explore of three variants of hexadentate ruthenium complexes, 

each featuring a substituted bis(2-picolyl)amine moiety on one side and a bipyridine unit with 

either methyl or N,N-dimethyl substituents on the other. Additionally, we introduce BF₂-

chelated dipyrromethene into the catalyst's structural framework, enabling the catalyst to 

function as a self-photosensitizing system. This dual functionality aims to enhance the 
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efficiency of light harvesting and catalytic activity, providing a promising approach for 

photocatalytic applications. To know the rate variation by substitution of Cl by CH3CN we also 

synthesize the acetonitrile substituted complex.  
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I.2.4 Chapter V 

In this study, we report organocatalytic dehydrogenative transformations catalyzed by 

structurally well-defined Ru(III) polypyridyl complexes. The reaction involves the synthesis 

of substituted quinolines via dehydrogenative annulation of 2-aminobenzyl alcohols with 

secondary alcohols and ketones. This reactivity showcases the efficiency and versatility of 

Ru(III)-polypyridyl systems in mediating challenging oxidative couplings. The redox-active 

nature of the polypyridyl ligand framework is proposed to play a cooperative role with the 

metal center, promoting efficient hydrogen removal and facilitating key bond-forming steps. 

These findings highlight the underexplored potential of Ru(III) polypyridyl catalysts in 

dehydrogenative transformations and contribute to the advancement of atom-economical 

synthetic methodologies. 
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I.3 Experimental Details 

1.3.1 Physical Measurements 

A range of physicochemical techniques was employed to characterize and investigate the 

structural and electronic properties of the synthesized compounds. A detailed description of 

these methods is provided in the subsequent chapters, with a concise overview presented below. 

 

NMR Spectroscopy. 

Proton (1H), carbon (13C), and fluorine (19F) NMR spectra were recorded at room temperature 

using Bruker 300 and 400 MHz FT-NMR spectrometers. Deuterated solvents such as DMSO-

d₆ and CDCl₃ were employed, with tetramethylsilane (TMS) serving as the internal standard. 

The assignment of signals to individual nuclei was based on chemical shift values, spin-spin 

coupling patterns, and the influence of substituents. 

 

Electronic Spectra.  

Electronic spectra were recorded on Perkin-Elmer LAMBDA EZ-301 and a LAMBDA 25 UV-

VIS spectrometer (200-1200 nm). A matched pair of quartz cells of path length 1 cm was used. 

 

Fluorescence Spectra. 

The emission data were collected on Horiba Fluoromax-4 fluorescence spectrometer. For all 

luminescence measurements excitation and emission slit width of 5 nm were used. Cells are 

same as that of the electronic spectra. 

 

Quantum yields Measurements 

Quantum yield of the complexes was determined in freeze-pump-thaw-degassed solutions of 

the complexes using quinine sulphate and fluorescein in the same solvent as the standard 

[Φstd=0.54 at 298 K in 0.1 M H2SO4 at λex=350 nm] by usual method. The quantum yields were 

calculated by using Eq. S1. 

𝛷𝑟 =  𝛷𝑠𝑡𝑑

𝐴𝑠𝑡𝑑

𝐴𝑟

𝐼𝑟

𝐼𝑠𝑡𝑑

𝜂𝑟
2

𝜂𝑠𝑡𝑑
2  

where Φr and Φstd are the quantum yields of unknown and standard samples, Ar and Astd refer 

to the solution absorbances at the excitation wavelength (λex), Ir and Istd are the integrated 

emission intensities, ηr and ηstd are the refractive indices of the solvent. Time-correlated-single-

photon-counting (TCSPC) measurements were performed for the luminescence decay of the 
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complexes in acetonitrile and dichloromethane. The fluorescence decay data were collected on 

a Hamamatsu MCP photomultiplier (R3809) and were analysed by using IBH DAS6 software.  

 

Electrochemical Measurements. 

 Electrochemical studies were conducted using a CHI 620A electrochemical analyzer. All 

measurements were carried out under an inert argon atmosphere at 298 K. The recorded 

potentials are referenced against the Ag/AgCl electrode, without applying junction potential 

correction. 

 

Mass Spectrometry.  

Electrospray ionization mass spectra (ESI-MS) (70 eV) were recorded on a Qtof Micro YA263 

spectrometer. 

 

Elemental Analysis.  

The carbon, hydrogen, and nitrogen content of the samples was determined using a Perkin-

Elmer 2400 Series II elemental analyzer, which operates based on thermal conductivity 

detection of combustion gases (CO₂, H₂O, and N₂). Samples were introduced into the 

combustion chamber at temperatures typically ranging from 900 to 980 °C. Pure oxygen was 

employed to facilitate complete combustion, while high-purity helium served as the carrier gas. 

 

Infrared Spectra.  

IR spectra were recorded with the help of a Perkin-Elmer L-0100 spectrometer. 

         

EPR Spectroscopy.  

EPR spectrum was recorded on a JEOL JES-FA200 spectrometer at X band. 

 

X-ray Structure Determination 

X-ray diffraction data were collected on a Bruker D8 QUEST diffractometer using Mo-Kα 

radiation at 298 K. The structures of all compounds were solved by direct methods using 

APPEX 3.0 and OLEX 2.0. Molecular structure plots were drawn using ORTEP. R1, wR2 and 

goodness-of-fit (GOF) are given by the following equations 1, 2 and 3 respectively. 

R1 = S½½Fo½- ½Fc½½/ S½ Fo½                    (1) 

wR2 = [S[w(Fo2 - Fc2)2] / S[w(Fo2)2]]1/2        (2) 

GOF = S = [Σ[w(Fo2 - Fc2)2] / (no – np)]
1/2      (3) 
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no = number of reflections 

np = total number of parameters refined 

 

Gas Detection by Gas Chromatography (GC):  

The gas evolved during BE was detected by using GC instrument of model no. 8860 (G2790A), 

serial no. CN2211C039 fitted with TCD. 500 µl gases was syringed out by a gas tight syringe 

from the head space of the working chamber of the H cell and was injected into the inlet of the 

GC. 

 

Photocatalytic testing: Photocatalytic reactions were performed using a 300 W Xe lamp 

equipped with a λ ≥ 400 nm cut-off filter as the light source. Prior to photocatalytic testing, the 

reaction solution was degassed with N₂ gas for 20 minutes, followed by bubbling with CO₂ 

(99.999%, Airgas) in the dark for 30 minutes. The reaction mixture was then irradiated at room 

temperature under continuous stirring to facilitate photocatalytic CO₂ reduction. Gas samples 

from the headspace above the reaction solution were collected at designated time intervals 

using a gastight syringe and analyzed with an Agilent 8860 gas chromatograph equipped with 

a thermal conductivity detector (TCD) and a flame ionization detector (FID), along with a 

60/80 Carboxen-1000 packed column (Supelco). The gaseous products were identified and 

quantified using standard gas references.  

 

I.3.2 Computational Studies 

The geometrical structures of the singlet ground state and triplet excited state of the synthesized 

Re complexes were optimized by the DFT method60 using B3LYP exchange correlation 

functional61 approach. The geometry of the Re complexes was fully optimized in solution phase 

(namely dichloromethane and acetonitrile) without any symmetry constraints. There was a 

good agreement between the theoretically modelled and experimental structures. Based on the 

optimized ground state geometry, both the absorption and emission properties in acetonitrile 

and dichloromethane solvent was calculated by time-dependent density functional theory 

(TDDFT)62 approaches related with the conductor-like polarizable continuum model 

(CPCM)63. We computed the lowest 50 singlet-singlet transition and the results obtained from 

the TD calculations were qualitatively very similar. The TDDFT approach had been established 

to be reliable for calculating spectral properties of many transition metal complexes64. Due to 

the presence of electronic correlation in the TDDFT (B3LYP) method it can yield more accurate 

electronic excitation energies. Hence TDDFT had been shown to provide a reasonable spectral 
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feature for the complexes of our examination. In the calculation, the quasi-relativistic pseudo 

potentials of Re atoms were predicted by using Hay and Wadt65 with 14 valence electrons 

[outer-core (5s25p6) electrons and the (5d6) valence electrons] were employed, and a “double-

ξ” quality basis set LANL2DZ was adopted as the basis set for Re atoms. For H 6-31(g) basis 

set was used and the 6-31+ G (d, p) basis set was used for C, N, O and Cl atoms for the 

optimization of the ground state and excited state geometries. Gauss View 5.1 software was 

utilized to originate the figures showing MOs and the difference density plots. All the 

calculations were performed with the Gaussian 09W software package66. 

 

I.3.3 Chemicals And Solvents: 

All chemicals and solvents employed in this study were of analytical grade and used as received 

without additional purification, unless otherwise specified. Solvents used in ligand synthesis 

were dried following standard procedures. Details of purification steps, when applicable, are 

provided in the relevant chapters. Reagents and starting materials for ligand synthesis were 

procured from MERCK (India) and Sigma-Aldrich Chemicals Ltd. 
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II.1 Introduction:  

Humanity is currently grappling with significant energy shortages and the escalating crisis of 

global warming. Addressing the world's growing energy needs necessitates the development 

of innovative technologies and efficient energy storage solutions. A crucial shift from reliance 

on fossil fuels to sustainable renewable energy sources is urgently required to conserve finite 

resources and mitigate the carbon dioxide emissions that contribute to global warming1. 

Artificial photosynthesis has emerged as a highly promising approach for building sustainable 

energy systems within our society2,3. Mimicking the natural process where sunlight fuels the 

conversion of carbon dioxide and water into chemical energy in the form of carbohydrates, 

artificial photosynthesis offers a route to generate valuable chemical fuels from 

environmentally benign resources. This process largely involves two interconnected reactions: 

oxidation and reduction, with the water oxidation process being a key component. 

Traditionally, this oxidation occurs via either a two-electron process yielding hydrogen 

peroxide4-6 (2𝐻2𝑂 →  𝐻2𝑂2 +  2𝐻+ +  2𝑒−, E0 = 1.76 V vs NHE) or a more efficient four-

electron process producing oxygen7,8 (2𝐻2𝑂 →  𝑂2 +  4𝐻+ +  4𝑒−, E0 = 1.23 V vs NHE). 

While the former process producing hydrogen peroxide initially garnered less attention, current 

research in water oxidation heavily focuses on the latter. 

These catalysts can be broadly categorized as either heterogeneous, primarily consisting of 

metal oxides, or homogeneous, which typically involve metal complexes. Homogeneous 

catalysts are particularly attractive due to the ability to fine-tune their redox properties and 

employ well-established spectroscopic techniques to investigate reaction mechanisms at the 

molecular level. The first reported example of a water oxidation catalyst was the blue dimer, 

cis-[(H2O)RuIII(bpy)2(μ-O)RuIII(bpy)2(OH2)]
4+  an active molecular catalyst discovered by 

Meyer and colleagues in 19829. The past four decades have witnessed substantial 

advancements in the field of water oxidation catalysis. Numerous transition metal complexes, 

including mononuclear, binuclear, and multinuclear forms of manganese10-14, ruthenium15-20, 

iridium21-29, iron30-33, cobalt34-37, nickel38-42, copper43-46, and vanadium47-48, have been explored 

for their activity in water oxidation reactions (WOR). 

Under controlled potential electrolysis oxidation, the high-valent metal-oxo (M=O) unit may 

undergo a water nucleophilic attack (WNA) pathway, leading to the formation of a metal 

peroxo (O-O) species49,50. Numerous studies have demonstrated that stable complexes can be 

formed by coordinating these high-valent metal oxo species with strong chelating ligands like 
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tri- or tetra-valent entities. These stable complexes can then participate in WOR through either 

the WNA mechanism or via the interaction of two M-O units (I2M) through a radical coupling 

mechanism49,51. Recent investigations have highlighted the potential of unique macrocyclic 

ligands such corrole52,53, cyclam54,55, porphyrins56 like structures to form stable catalytic 

complexes for WOR. In these systems, the primary role of the ligands is to stabilize the catalytic 

complexes through their strong chelation, rather than directly participating in electron transfer 

to the metal center. 

Chart II.1. Isolated Re(V) oxo complexes of 1 and 2 

 

 

 

 

Here, we introduce for the first time the use of high-valent rhenium oxo complexes as active 

catalysts for WOR. we prepared the dinuclear-rhenium(V)-oxo complexes of 

[ReV(O)(Cl)3(DBQ2-)ReV(O)(Cl)3]
2- (1) and [ReV(O)(Cl)3(CA2-)ReV(O)(Cl)3]

2- (2) where 

DBQ2- and CA2- are the dianionic 2, 5-dihydroxy 1,4-benzoquinone and di-anionic chloranilic 

acid ligands respectively (as illustrated in Chart II.1) which are efficient, rapid electro-catalyst 

for WOR in homogeneous process. Herein, redox non-innocent 1,4-bezoquinone based ligands 

form the stable bimetallic M=O complexes where the ligands are playing an electron transfer 

to metal in water oxidation catalysis which was documented so far57. In controlled potential 

electrolysis (CPE) study, at anode 1 and 2 were oxidized in dry acetonitrile solvent at 1.30 V 

vs Ag/AgCl electrode to generate 1+, [ReVI(O)(Cl)3(DBQ3-)ReVI(O)(Cl)3]
- and 2+, 

[ReVI(O)(Cl)3(CA3-)ReVI(O)(Cl)3]
- respectively. In electrochemically isolated 1+ and 2+ ions 

the 1,4-benzoquinone-based ligand is reduced whereas both the rhenium metals are oxidized 

via redox induced electron transfer (RIET) process58,59,60. Thus, both the metal goes to higher 

oxidation state (ReV=OReVIO) while 1,4-benzoquinone core of ligand reduced to 

semiquinone state (DBQ3- and CA3-). 1+ and 2+ ions gives different types of strong EPR 

signals in fluid solution and frozen glass condition due to [ReVI(O)(Cl)3(L
3-)ReVI(O)(Cl)3]

-  
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[ReVI(O)(Cl)3(L
2-)ReV(O)(Cl)3]

- (where L = DBQ and CA) equilibrium. In complexes of 1 and 

2, the dianionic ligands of DBQ2- and CA2-ions were redox non-innocent in nature which can 

exists in different redox states described in Scheme II.1. 

 

 

 

 

 

 

 

Scheme II.1. Electronic state of dianionic ligands 

 

However, 1 and 2 were performed as active WOC while continuing the CPE study (1.30 V vs 

Ag/AgCl) in presence of acetonitrile-water mixture. In situ generated oxidised species of 1+ 

and 2+ further oxidized to higher valent ReVI=O via RIET process. Now, the ReVI=O species 

bound to water through water nucleophilic attack (WNA) to produce peroxide species of 

[ReV(OOH)(Cl)3(DBQ2-)ReV(OOH)(Cl)3] (A1) and [ReV(OOH)(Cl)3(CA2-)ReV(OOH)(Cl)3] 

(A2) intermediates of 1 and 2 catalysts respectively. It is noteworthy that the peroxide species 

(A1 and A2), the active precursors of the water oxidation process, were detected and analyse by 

mass spectrometry and IR spectroscopy. Thus, authentication of the intermediates of plausible 

reaction mechanism is a challenging task in WOR. In literature study, most of the mechanism 

proposed that O-O bond formation prior to the rate-determining step61 of the WOR. Similarly, 

in our work, the electrochemically oxidized species of high valent ReVI=O centred bound with 

molecular water to form the metal peroxide intermediates (A1 and A2) which further proceeds 

through several redox process like proton electron transfer process to produce the molecular 

dioxygen. Moreover, maximum turnover frequency (TOF) of electrocatalyst 1 was 2.1 sec-1 at 

low over potential of 0.27 V which is very significant in WOR. Furthermore, the molecular 

geometry, electronic and redox properties of 1 and 2 were elucidated through combined 

experimental and theoretical DFT study. 
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II.2 Experimental Section 

II.2.1. Materials: 

All chemicals used in the synthesis were of reagent grade and used without further purification. 

2, 5 dihydroxy 1, 4 benzoquinone (H2DBQ) and Chloranilic acid (H2CA) were purchased from 

Sigma-Aldrich. Solvents were distilled from the appropriate drying agents under nitrogen 

before use. All syntheses were performed in a dry oxygen-free box. 

 

II.2.2. Synthesis of ligands and complexes:  

 [Cl3ORe(v)(DBQ2-)Re(v)Cl3O](NBu4)2(1):  

To a 10 ml acetone solution of [ReOCl4]
+[NBu4]

– (60 mg, 0.1 mmol) was added to a acetone 

solution (10 mL) of H2DBQ (7 mg, 0.05mmol) in a wet box. Then, the solution became dark 

blue. After stirring about 2 hours at room temperature, the precipitation came out. This 

precipitation was layered in CH2Cl2 and n-hexane. Single crystals of 1 were obtained by slow 

diffusion of n-hexane to a CH2Cl2 solution of crude product of 1 at RT. [Yield: 40 mg (59.7% 

with respect to rhenium)]. 1H NMR (400 MHz, Acetone) δ 5.78 (s, 2H), 3.48 (s, 16H), 1.84 (d, 

J = 8.2 Hz, 16H), 1.47 – 1.42 (m, 16H), 1.01 (d, J = 7.3 Hz, 24H). 13C NMR (CD3CN, 

101MHz): δ 179.48, 174.85, 174.61, 172.82, 103.39, 59.37, 24.32, 20.33(d, j=2.5 Hz), 13.81. 

 

[Cl3ORe(V)(CA2-)Re(V)Cl3O](NBu4)2 (2): 

To a 10 ml acetone solution of [ReOCl4][NBu4] (60 mg, 0.1 mmol) was added a acetone 

solution (10 ml) of CA (10 mg, 0.05mmol) in a wet  box, and the solution became dark blue. 

After stirring about 2 hours at room temperature, the precipitation comes out. This precipitation 

was layered in CH2Cl2and n-hexane mixture. Single crystals of 2 were obtained by slow 

diffusion of n-hexane to a CH2Cl2 solution of crude product of 2 at RT. [Yield: 45 mg (64%with 

respect to rhenium]. 13C NMR (CD3CN, 101 MHz): δ 172.07, 167.93, 167.59, 166.32, 107.34, 

58.50-58.34(m), 23.37, 19.39 (d,j=2.3Hz), 12.86. 
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II.2.3. NMR spectra 

 

 

Figure II.1. 1H NMR spectra of the complex 1 in CD3CN 

 

 

Figure II.2. 13C NMR spectra of the complex 1 in CD3CN 
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Figure II.3. 13C NMR spectra of the complex 2 in CD3CN 
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II.2.4. IR spectra 

The infrared spectra revealed distinct sharp vibrations for both complex 1 and complex 2. 

Complex 1 exhibited these vibrations at approximately 2970, 1526, and 990 cm⁻¹, while 

complex 2 showed similar vibrations around 2970, 1515, and 990 cm-1. The observed νco values 

in complexes 1526, 1515 cm−1 along with a vibration at 990 cm⁻¹, is attributed to the stretching 

frequency for Re=O.  

 

Figure II.4. Infra-red spectra of (a) Complex 1 and (b) Complex 2 

 

II.2.5. X-ray Crystallography 

The crystal structures of the di-anionic rhenium-oxo complexes 1 and 2 were determined at 

295 K using single-crystal X-ray diffraction. The positive charges were balanced by two 

tertiary butyl ammonium cations. Complex 1 crystallizes in the P21/n space group (CCDC 

2181451). As illustrated in Figure II.5 with its atom labelling scheme, the molecular structure 

of complex 1 was analysed, and key bond lengths and the X ray crystallographic data are 

detailed in Table II.1 and Table II.2 respectively. Within crystal 1, the bond lengths for C(1)-

O(2) and C(2)-O(2) were measured as 1.273 (7) Å and 1.281(8) Å, respectively. The axial 

Re(1)-Cl(1) and Re(1)-Cl(3) bond lengths, at 2.3659(15) Å and 2.3425 (15) Å, were slightly 

longer than the equatorial Re(1)-Cl(2) bond, which measured 2.2989 (15) Å. The bond lengths 

within the p-benzoquinone fragment were notably elongated, while the phenolato bonds were 

shorter. These observations suggest a strong conjugation between the phenolato ion and the p-

benzoquinone fragment in the coordinated structure of complex 1, as depicted in Chart 2. The 

Re(1)-O(1) bond length was found to be 1.684(4) Å, consistent with typical rhenium-oxo 
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complexes. Analysis of the quinone core bond lengths in crystal 1 indicates the presence of two 

five-centered 6π-electron delocalization units. These units consist of O(2)–C(2)–C(3)–C(4)–

O(4) and O(1)–C(1)–C(6)–C(5)–O(3) atoms, which align with the symmetrical Qp-OO state67. 

Chart II.2 

                           

 

Similar to complex 1, complex 2 also crystallizes in the P21/n space group. Although a stable 

single crystal of complex 2 could not be obtained for X-ray diffraction measurements, even at 

115 K, its molecular structure analysis revealed a coordination environment and ligand binding 

sites that closely resemble those of complex 1. This similarity suggests that the instability did 

not significantly affect the redox properties or its potential as a water oxidation reaction (WOR) 

catalyst. Consistent with complex 1, the calculated bond parameters for the quinone core of 

complex 2 indicate the presence of two five-centered 6π-electron delocalization units, as shown 

in Chart II.2. 

 

 

 

 

 

 

 

 

 

 

Figure II.5. Molecular geometries of Complex-1 in the crystal state (40% thermal ellipsoids). 
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Table II.1: Experimental and theoretical bond lengths of complex 1 and theoretical bond 

lengths of 1+ and 1-. 

 

Experimental  

Bond Lengths (Å) 

Calculated bond lengths(Å) 

1 1+ 1- 

C1-C2 1.490(8) 1.508 1.494 1.451 

C2-C3 1.381(8) 1.401 1.393 1.409 

C3-C4 1.395(7) 1.387 1.390 1.391 

C4-C5 1.490(8) 1.508 1.494 1.451 

C5-C6 1.381(8) 1.401 1.393 1.409 

C6-C1 1.395(7) 1.387 1.390 1.391 

C1-O1 1.281(7) 1.275 1.276 1.348 

C2-O2 1.273(7) 1.267 1.280 1.328 

C5-O3 1.273(7) 1.267 1.280 1.328 

C4-O4 1.281(7) 1.275 1.276 1.348 

Re1-O5 1.682(4) 1.676 1.676 1.716 

Re2-O6 1.682(4) 1.676 1.676 1.716 

Re1-Cl1 2.3659(15) 2.431 2.388 2.524 

Re1-Cl2 2.2989(15) 2.370 2.327 2.465 

Re1-Cl3 2.3425(15) 2.431 2.388 2.524 

Re2-Cl4 2.3425(15) 2.431 2.388 2.524 

Re2-Cl5 2.3659(15) 2.431 2.388 2.524 

Re2-Cl6 2.2989(15) 2.370 2.327 2.465 
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Table II.2. X-ray crystallographic data of complex 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Complex 1 

Formula C38H74N2O6Cl6Re2 

Molecular weight 1240.11     

Crystal system monoclinic 

Space group P 21/n 

a/ Å 10.488(3) 

b/ Å 13.127(13) 

c/ Å 17.843(6) 

α/° 90 

β/° 91.283(18) 

γ/° 90 

V/ Å3 2456(3) 

Z 2 

Dcalcd /g cm-3 1.677 

μ/mm-1 5.292 

2θ/° 3.86 to 54.32 

T/K 296 

R1, wR2 [I>2σ(I)] R1 = 0.0335, wR2 = 0.0767 

GOF on F2 1.078 
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II.2.6. Absorption Spectra 

The UV-vis-NIR absorption spectra of the complex 1 and complex 2 were recorded in CH2Cl2 

at 298 K, as shown in Figure II.6(a) and 6b, by employing concentrations in the range ~20 

µM. In all complexes, multiple absorption bands are attributed primarily to the charge-transfer 

transitions within the quinone core with varying contribution of metal d orbitals. The most 

pertinent transitions, energies, characteristics and oscillator strengths of complex 1 have been 

provided in the Table II.3. Transition at 980 nm is calculated to be near 950.30 nm assigned 

as mainly dxz(Re)→π*(lig) MLCT character. The transition at 640 nm is computed at near 

617.72nm can be described as primarily dxz(Re)→π*(lig) MLCT and dxz(Re) → dxy(Re) d-d 

transition. The near-UV band at 360 nm is calculated at near 372.97 nm which again may be 

ascribed as dyz→π*(lig) MLCT type. 

 

 

Figure II.6. UV−vis−NIR absorption spectra of (a) 1 and (b) 2 in CH2Cl2 at 295 K  
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Table II.3. Main calculated optical transition for the complex 1 with composition in terms of 

molecular orbital contribution of the transition, vertical excitation energies (λ/nm), and 

oscillator strength in acetonitrile. 

Complex 

Transition 

 
Experimental 

λmax(nm) 

Calculated 

λmax(nm) 

(osc. strength) 

Major 

contributions 

Assigned major 

Transitions 

1 

S0 →S1 980 950.30 

(0.053) 

HOMO->LUMO 

(47%) 

H-1->L+1(29%) 

HOMO->L+4 

(22%) 

dxz(Re)→π*(lig) 

dxz(Re) → 

dyz(Re) 

dxz(Re) 

→dxy(Re) 

S0 →S6 640 617.72 

(0.3509) 

HOMO>LUMO 

(49%), 

HOMO->L+4 

(34%) 

dxz(Re)→ π*(lig) 

dxz(Re)→dxy(Re) 

S0 →S20 360 372.97 

(0.1885) 
H-5->LUMO (76%) dyz→ π*(lig) 

 

 

II.3. RESULTS AND DISCUSSION 

II.3.1. Redox induced electron transfer (RIET) process:  

All the isolated complexes were electro paramagnetic resonance (EPR) silent in the solid state 

as well as in solution at room temperature and 110 K. The 1,4-benzoquinone based ligands 

types of 2,5-Dihydroxy-1,4-benzoquinone (H2DBQ) and chloranilic acid (H2CA) are react with 

rhenium (V) precursor to produce binuclear complexes of [ReV(O)(Cl)3(DBQ2-)ReV(O)(Cl)3]
2- 

(1) and [ReV(O)(Cl)3(CA2-)ReV(O)(Cl)3]
2- (2). In complexes of 1 and 2, both the metal centre 

was ReV=O species and ligands were in the di-anionic state (DBQ2- and CA2-). However, 1 and 

2 were electrochemically oxidized at 1.30V vs Ag/AgCl (glassy carbon electrode (GCE) as 

working electrode) in dry acetonitrile solvent by applying controlled potential electrolysis 

(CPE) to generate 1+ [ReVI(O)(Cl)3(DBQ3-)ReVI(O)(Cl)3]
- and 2+ [ReVI(O)(Cl)3(CA3-

)ReVI(O)(Cl)3]
- ions respectively. The colour has been changed from blue to green. The 

noteworthy point is that the 1+ and 2+ ions were paramagnetic and gave strong EPR signals. In 

case of both the 1 and 2, one of the Re(V) centre was first oxidized to ReVI=O by CPE condition 

and then fascinatingly another ReV=O got converted to ReVI=O and simultaneously quinone 
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core was reduced to semiquinone forms (i.e. DBQ2- DBQ3- and CA2- CA3-) (Eqn 1 and 

2) via redox induced electron transfer (RIET) process as shown in Scheme II.2. 

ReV(O)Cl3(DBQ2-)ReV(O)Cl3  ReVI(O)Cl3(DBQ3-)ReVI(O)Cl3 + e-                        Eqn 1 

ReV(O)Cl3(CA2-)ReV(O)Cl3  ReVI(O)Cl3(CA3-)ReVI(O)Cl3 + e-                             Eqn 2 

 

Scheme II.2. Electrochemically oxidized species of 1+ and 2+ ions participate in RIET 

process. 

 

 

Furthermore, the EPR spectroscopy study (vide infra) reveals the generation of DBQ3- and 

CA3- ions via RIET process in electrolytic oxidation at room temperature contrary to the mixed 

valance state of 1+ and 2+. Consequently, 1+ and 2+ ions gave strong X-band EPR signals in 

fluid solution due to presence of semiquinone radical of ligand whereas at frozen glass 

condition gave rise to detectable signals of Re(VI). The temperature dependent EPR spectra 

inferred the [ReVI(O)Cl3(L
3-)ReVI(O)Cl3]

- [ReVI(O)Cl3(L
2-)ReV(O)Cl3]

- (where L2- = DBQ2- 

and CA2-) equilibrium (see, Scheme II.2) which are further elaborated in EPR section.     

II.3.2. Electrochemical Characterization 1 and 2: 

By using cyclic voltammetry (CV) at a glassy carbon electrode in dry CH3CN with 0.2 M [N(n-

Bu)4]PF6 as the supporting electrolyte and an inert dinitrogen atmosphere, the electrochemical 

characteristics of the complexes of 1 and 2 were studied as depicted in Figures II.7a and 7b 

respectively and all the data are summarized in Table II.4. Cyclic voltammogram of complex 

1 in acetonitrile solution showed two reversible anodic waves at 1.0 V and 1.58 V vs Ag/AgCl 

and one cathodic wave at -0.34 V. The first oxidation wave of  1 arise due to ReVReV/ReVIReV 

redox couple63 and consecutively another one rhenium centre got oxidized and subsequently 

quinone centre was reduced to DBQ3- state via RIET process to form [ReVI(O)(DBQ3-

)ReVI(O)]-. Interestingly, the second anodic wave of 1 appeared at high potential predicting the 

ligand centred oxidation of ReVI(O)(DBQ3-)ReVI(O)/ReVI(O)(DBQ2-)ReVI(O) redox couple as 
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depicted in Scheme II.3. The reversible cathodic wave of 1 at -0.34 V is assigned to a DBQ2-

/DBQ3- redox couple where both the metals are ReV centred64 (see, Scheme II.3). Similar to 

1, the complex 2 also gave the same pattern of cyclic voltammograms data. The first anodic 

wave at 1.10 V was due to ReVReV/ReVIReV redox couple whereas the second anodic waves at 

1.40 V was for ReVI(O)(CA3-)ReVI(O)/ReVI(O)(CA2-)ReVI(O) redox couple (see, Scheme II.3) 

and the current generation compare to the 1 was quite small due to electron withdrawing 

chlorine groups are present in redox non-innocent quinone system. 

 

Scheme II.3. 

 

 

 

 

Figure II.7. Cyclic voltammograms of the (a) 1and (b) 2 Complexes in CH3CN at 298 K. 

Conditions: 0.2 M [N(n-Bu)4]PF6 supporting electrolyte; scan rate, 100 mV s−1; glassy carbon 

working electrode. 
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Table II.4. Electrochemical Characterization of the 1 and 2 Complexes in CH3CN (0.2 M N(n-

Bu)4]PF6) vs Ag/AgCl. 

complex 1st oxidation potential 2nd oxidation potential Reduction potential 

1 1.0 V 1.58 V -0.34 V 

2 1.1 V 1.4 V -0.20 V 

 

II.3.3. EPR Spectroscopy and DFT calculation:  

The redox states of complexes 1 and 2 were investigated using X-band EPR spectroscopy 

following constant potential electrolysis at 1.3 V versus Ag/AgCl. The EPR spectrum of the 1+ 

ion in acetonitrile solution at room temperature (298 K) showed a strong signal at g = 2.002, 

characteristic of a quinone-centered organic radical (Figure II.8a). In frozen-glass conditions, 

1+ displayed an anisotropic rhombic spectrum (Figure II.8b), consistent with a rhenium(VI) 

oxidation state. These EPR results suggest that 1+ is best described as a rhenium(VI) complex 

coordinated to a semiquinonate radical anion (DBQ·3-), as outlined in Scheme II.2. Similar 

EPR patterns were observed for the 2+ ion. 

Conversely, electrolysis at -0.5 V (vs Ag/AgCl) generated the 1− and 2− ions, which exhibited 

single-line EPR signals in acetonitrile at 295 K, also attributed to a quinone-centered radical 

(DBQ·3-). Notably, the electrochemically generated 1+ species in a water-acetonitrile mixture 

under constant potential electrolysis during the water oxidation reaction was EPR silent. This 

observation indicates that the water oxidation proceeds via the formation of a diamagnetic 

metal-peroxide (M-OOH) intermediate. Complex 2+ follows a similar mechanistic pathway to 

1+. 

Gas-phase geometry optimization of complex 1 was performed using DFT at the B3LYP level, 

considering a singlet spin state for 1 and a doublet spin state for 1+. The calculated bond 

parameters (Table 2) for the optimized structure of 1 are in good agreement with the 

experimental values. Similar agreement was found for the bond parameters of complex 2. 

Analysis of the frontier molecular orbitals for 1 and 2 (Tables II.5 and II.6) reveals that the 

highest occupied molecular orbital (HOMO) is predominantly located on the rhenium center, 

while the lowest unoccupied molecular orbital (LUMO) involves both the rhenium center and 

the π orbitals of the quinone core. For 1+ and 2+, the HOMO and LUMO are predicted to be 

primarily localized on the quinone ring in conjunction with the metal center. The corresponding 

excited states, however, are predominantly metal-centered. Mulliken spin population analysis 

of 1+ and 2+ shows the spin density distributed across the benzoquinone ring and the metal 
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center (Tables II.5 and II.6). The atoms bearing the maximum spin density are C(3) (6%), 

C(2) (6%), and rhenium (50%) for 1+, and C(3) (9%), C(2) (5%), and rhenium (51%) for 2+. 

This DFT study corroborates the EPR findings, indicating that the 1+ and 2+ ions are 

rhenium(VI) complexes of the semiquinonate radical anion (DBQ·3-). 

Furthermore, the EPR spectra and spin density calculations strongly suggest that the electronic 

structures of 1+ and 2+ can be represented as delocalized states: [ReVI(O)(DBQ·3-)ReVI(O)] ↔ 

[ReV(O)(DBQ2-)ReVI(O)] and [ReVI(O)(CA·3-)ReVI(O)] ↔ [ReV(O)(CA2-)ReVI(O)], 

respectively (Scheme 2). 

 

 

Figure II.8. X-band EPR spectra of (a) 1+ at 298 K and (b) 1+ at 115 K. 
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Table II.5. Isodensity plot of the selected orbital and Spin density plot of the excited states for 

 Complex 1 

 

 

 

 

 

 

 

Complex 1 HOMO LUMO 

Optimised 

Ground state 

  

Optimised 

Excited state 

(Oxidised) 

  

Optimised 

Excited state 

(Reduced) 

  

Spin density 

(Oxidised) 

 

Spin density 

(Reduced) 
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Table II.6. Isodensity plot of the selected orbital and Spin density plot of the excited states for 

 Complex 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex 2 HOMO LUMO 

Optimised 

Ground state 

  

Optimised 

Excited state 

(Oxidised) 

  

Optimised 

Excited state 

(Reduced) 

  

Spin density 

(Oxidised) 

 

Spin density 

(Reduced) 
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II.3.4. Catalytic properties of complex 1 and 2:  

The CV studies of 1 and 2 in CH3CN-Water mixture observed a first irreversible anodic peak 

at Ep.a= 1.1 V and 1.3 V for 1 and 2 respectively whereas a second anodic peak at 1.62 V for 

both complexes as shown in Figures II.9a and II.9b. The voltammograms of complexes 1 and 

2 had an enhanced current above background suggesting the catalytic process to be associated 

with the oxidation of water molecules. The catalytic onset potential also shifted to a lower value 

with increasing concentration of water in acetonitrile medium, spanning from 1mM to 5mM 

(Figures II.10 and II.11), suggesting the oxidation occurred by deprotonation step as may be 

expected for a proton-coupled electron transfer (PCET) process. The linear increase of the 

square of the water oxidation current (ip) with water concentration as well as catalyst 

concentration indicated that the catalytic process was first order with respect to water 

concentration (Figures II.10 and II.11) and also with the catalyst concentration (Figures II.12 

and II.13). Complexes 1 and 2 showed linear relation with respect to current generation with 

different scan rate at a fixed potential. The Scan rate vs current generation plot suggested that 

the catalytic reaction follow first order kinetics as shown in Figures II.14 and II.15 for 

complexes 1 and 2 respectively. The evolved O2 was detected in situ by reverse cathodic scan 

an inert dinitrogen atmosphere (Figure II.16). A controlled potential electrolysis (CPE) 

experiment of 1 was performed at 1.3 V with 0.15 mM catalyst in acetonitrile with 5mM neutral 

water (Figure II.17). The Faradaic yield (FY) thus calculated for water oxidation to oxygen is 

determined to be 67% by measuring the volume of oxygen produced (1.2 mL) through 

displacement of water at 1 atm pressure. Moreover, the maximum turnover frequency 

calculation of Complex 1 from current vs potential plot at different scan rate as shown in found 

to be 2.1 s-1. The extent of current generation under similar condition also suggested that the 

complex 1 is superior catalytic role to Complex 2 for water oxidation reaction. It is noteworthy 

that the water oxidation processes can lead to formation of only O2 as a sole product (no H2O2 

is produced, further examined by xylenol orange assay test). 

 

Calculation of diffusion constants from cyclic voltammogram: 

The peak current is given by the Randles-Sevcik equation (1). 

𝒊𝑷 =  𝟎. 𝟒𝟒𝟔𝟑(𝑭/𝑹𝑻)𝟏/𝟐𝒏𝑷
𝟑/𝟐𝑭𝑨𝑫𝟏/𝟐[𝑪]𝝊𝟏/𝟐                          (𝟏) 

In equation (1), ip is peak current, F is Faraday’s constant (F = 96500 C mol-1), R is the universal 

gas constant (R = 8.31 J K-1 mol-1), T is temperature (T = 300 K), np is the number of electrons 
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transferred (np = 1 for ReVI/V redox couple), A is the active surface area of the electrode (A = 

0.02 cm2), D is the diffusion coefficient for the complex, [C] is the concentration of the catalyst,  

and ν is the scan rate. The diffusion coefficients (D) were calculated from the slopes of ip– ν1/2 

plots. Therefore, For Complex 1, D = 𝟓. 𝟖𝟐 × 𝟏𝟎−𝟓cm2 s-1  and for Complex 2, D = 𝟗. 𝟖𝟓 ×

 𝟏𝟎−𝟓 cm2 s-1 . 

 

Faradaic Yield Calculation of Complex 1: 

FY is determined by the equation FY (%) = 100 X 4 X amount of O2 produced (mol)/ (Amount 

of charge consumed during BE/F)  

During the constant potential electrolysis (working electrode Glassy carbon electrode) at 1.3 

V, total charged consumed 51.1 C, gas produced= 1.97 ml. So, FY is 67 % 

 

TOFmax calculations of Complex 1 from cyclic voltammetry experiments: 

The turnover frequency (TOF) is an inherent characteristic of catalysts, which represents the 

rate of conversion reactants into products per mole of active catalyst per unit time. The TOF 

value for 1 was derived using the following equation below from the catalytic cyclic 

voltammograms recorded CH3CN solutions in presence of 5 mM water.  

𝑖𝑐𝑎𝑡 𝑖𝑃 =  4.484 × ⁄ (𝑅𝑇/𝐹)1/2(𝑇𝑂𝐹max)1/2𝜐−1/2 

Where, ip is peak current, icat is the catalytic current, F is Faraday’s constant (F = 96500 C), R 

is the universal gas constant (R = 8.314 J K-1 mol-1), T is temperature (T = 300 K) and ν is the 

scan rate. The TOFmax was calculated from the slope of icat/ipvs ν -1/2 plot. From the icat/ip vs 

1/sqrt (scan rate), we get the slope (m) = 1.04.  

Therefore, 1.04 = 4.484 ×  (𝑅𝑇/𝐹)1/2(𝑇𝑂𝐹max)1/2 

𝑇𝑂𝐹max = (1.04)2  ×  96500 (⁄ 4.4842  × 8.314 × 298) = 2.1 s-1 
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Figure II.9. Homogeneous electro catalytic water oxidation with complexes (a) 1 and (b) 2. 

Cyclic voltammograms (Scan rate = 100 mV/s) of 0.15 mM 1 and 2 in acetonitrile in the 

absence (black) and presence of 5 mM water (red) using GCE as the working electrode, 

Ag/AgCl as the reference electrode and Pt as the counter electrode. 

 

 

Figure II.10. H2O concentration dependence of catalysis of Complex 1 (a) Current vs. potential 

plot with gradual addition of 1µM of water and (b) Current vs. Concentration of water plot. 
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Figure II.11. H2O concentration dependence of catalysis of Complex 2 (a) Current vs. potential 

plot with gradual addition of 1µM of water and (b) Current vs. Concentration of water plot  

 

Figure II.12. Catalyst concentration dependence of catalysis of Complex 1 a) Current vs. 

potential plot with gradual addition of 0.5 µM of catalyst and b) Current vs. Concentration of 

Catalyst plot 
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Figure II.13. Catalyst concentration dependence of catalysis of Complex 2 (a) Current vs. 

potential plot with gradual addition of 0.5 µM of catalyst and (b) Current vs. Concentration of 

Catalyst plot. 

 

 

Figure II.14. a) Current vs. potential plot in different scan rate and b) Ip vs. ν1/2 plot            

Complex-1 

 

 

 

 

 



42 

 

 

 

Figure II.15. a) Current vs. potential plot in different scan rate and b) Ip vs. ν1/2 plot       

Complex-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.16. O2 produced during OER (Oxygen Evolution Reaction) reduced in-situ by the 

working electrode at the reverse cathodic scan at argon atmosphere. 
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Figure II.17. (a) charge build up during CPE (b) I–t curves of the solution using ITO as the 

working electrode at 1.3 V. Black line for the 5ml solution containing CH3CN and H2O (10:1, 

v/v) and the complex 1(0.1mM). Red line for the used ITO electrode and blue line for the blank 

solution. 

 

 

Figure II.18. Calculation of TOFmax for Complex 1: a) current vs potential plot at different 

scan rate b) icat/ip vs ν -1/2 plot 
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II.4. Mechanistic Investigation: 

Now, on electrochemical oxidation of 1 and 2 by CPE study (1.30 V vs Ag/AgCl) in dry 

CH3CN solvent no dioxygen gas was detected at anode and the reaction ended up furnishing 

EPR active 1+ and 2+ ions whereas, 1 and 2 carried out water oxidation in presence of CH3CN-

water mixture solution under the same CPE study (Scheme II.4). 

Scheme II.4. Probable fate of electrochemically oxidised species of [ReVI(O)Cl3(L
3-

)ReVI(O)Cl3]
- in dry CH3CN solvent and in CH3CN-Water mixture solution under CPE study.  

 

 

1 and 2 were active water oxidation catalyst in electrolysis process under CPE study and 

generate rapid molecular oxygen gas at anode in presence of CH3CN-water mixture solution. 

1 and 2 performed as homogeneous catalyst under CPE analyses at +1.30 V potential and 

neutral pH on glassy carbon electrode (GCE) as working electrode in acetonitrile-water 

mixture.  

To understand the active species during electrocatalytic water oxidation, infrared (IR), electron 

paramagnetic resonance (EPR), and mass spectra were recorded over the course of the reaction. 

Now, the CPE study (1.30 V vs. Ag/AgCl) of complex 1 in acetonitrile-water mixture, in situ 

generated oxidised species of 1+ [ReVI(O)Cl3( DBQ3-)ReVI(O)Cl3]
- further oxidized to higher 

valent [ReVI(O)Cl3(DBQ2-)ReVI(O)Cl3] species which bound to molecular water by water 

nucleophilic attack (WNA) to produce peroxide intermediate species of [ReV(OOH)Cl3(DBQ2-

)ReV(OOH)Cl3]
2- (A1) as depicted in Scheme II.4. The Intermediate A1 underwent oxidation 
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through PCET, water addition to liberate molecular dioxygen gas at anode which detected by 

GC-TCD analysis. The peroxide intermediate of A1 is the key step towards water oxidation 

reaction (WOR). Recently, many research group proposed that the high valent metal O-O as 

the active water oxidation precursor 62. The intermediate A1 was detected by ESI mass 

spectrometry (see, Figure II.20) of the reaction mixture after 40 min during the CPE 

measurement and the mass peak was observed at m/z = 789.3261 for 1 (calculated exact mass 

787.72). Interestingly, the intermediate A1 was also detected by IR spectroscopy (see, Figure 

II.19) of the reaction mixture after 40 minutes during the CPE measurement in acetonitrile-

water medium. The IR spectra of 1 and 2 are shown in acetonitrile medium. The νRe−O (oxo)
63 

for complex 1 was reported at 990 cm−1 whereas in CPE study of water oxidation process the 

IR band shifted to lower wave number at 922 cm−1 assigned the νRe=O(oxo)  →

 νRe−O(single bond) conversion and additionally a new vibrational band appeared at 850 cm−1 

due to formation of peroxo bond (νO−O) reported for stretching vibration of peroxide species66. 

Thus, the IR and mass spectrometry results were authenticated to identify the intermediate A1 

in the mechanistic study of WOR which is very significant in water oxidation field as described 

in Scheme II.4. Similarly, the complex 2 also performed the WOR under CPE condition (1.30 

V vs Ag/AgCl, GC electrode) in presence of water meditated acetonitrile solvent. The overall 

mechanism remaining essentially the same for the water oxidation process as described in 

Scheme II.4. 
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Figure II.19. FT-IR spectrum of Complex 1 before and after bulk electrolysis in CH3CN/Water 

mixture at 1.3 V. 

 

 

 

 

 

 

 

 

 

 

Figure II.20. ESI-MS Spectra of the Intermediate A1 for catalysis of complex 1. 
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Scheme II.4. Proposed mechanistic pathway of WOR under CPE condition. 
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II.5. Conclusion 

The CV studies of 1 and 2 in CH3CN-Water mixture observed a first irreversible anodic peak 

at Ep.a= 1.1 V and 1.3 V for 1 and 2 respectively whereas a second anodic peak at 1.62 V for 

both complexes. The voltammograms of complexes 1 and 2 had an enhanced current above 

background suggesting the catalytic process to be associated with the oxidation of water 

molecules. The catalytic onset potential also shifted to a lower value with increasing 

concentration of water in acetonitrile medium, spanning from 1mM to 5Mm, suggesting the 

oxidation occurred by deprotonation step as may be expected for a proton-coupled electron 

transfer (PCET) process. The linear increase of the square of the water oxidation current (ip) 

with water concentration as well as catalyst concentration indicated that the catalytic process 

was first order with respect to water concentration and also with the catalyst concentration. 

Complexes 1 and 2 showed linear relation with respect to current generation with different scan 

rate at a fixed potential. The Scan rate vs current generation plot suggested that the catalytic 

reaction follow first order kinetics for complexes 1 and 2. The evolved O2 was detected in situ 

by reverse cathodic scan an inert dinitrogen atmosphere. A controlled potential electrolysis 

(CPE) experiment of 1 was performed at 1.3 V with 0.15 mM catalyst in acetonitrile with 5mM 

neutral water. The Faradaic yield (FY) thus calculated for water oxidation to oxygen is 

determined to be 67% by measuring the volume of oxygen produced (1.2 mL) through 

displacement of water at 1 atm pressure. Moreover, the maximum turnover frequency 

calculation of Complex 1 from current vs potential plot at different scan rate found to be 2.1 s-

1. The extent of current generation under similar condition also suggested that the complex 1 

is superior catalytic role to Complex 2 for water oxidation reaction. It is noteworthy that the 

water oxidation processes can lead to formation of only O2 as a sole product (no H2O2 is 

produced, further examined by xylenol orange assay test). 
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Chapter III 

Highly Efficient Photocatalytic Reduction of CO2 to CO  

under  Visible Light Using Rhenium Benzo[d]Oxazole  

Complexes. 
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III.1. Introduction:  

The escalating global climate crisis, largely driven by anthropogenic greenhouse gas 

emissions particularly carbon dioxide (CO₂) demands innovative mitigation strategies. 

The combustion of fossil fuels significantly contributes to rising atmospheric CO₂ 

levels, which have exceeded 400 parts per million (ppm), intensifying the impacts of 

climate change1. Consequently, the conversion of CO₂ into valuable liquid fuels using 

renewable energy has emerged as a critical area of research2,3. Among various 

renewable sources, solar energy holds particular promise for driving the photocatalytic 

reduction of CO₂ into products such as CO, CH₄, and HCOOH etc4-8. 

To this end, both homogeneous and heterogeneous photocatalytic systems have been 

explored. However, homogeneous catalysis offers greater flexibility in catalyst design 

and optimization, with enhanced potential for improved catalytic efficiency, 

sustainability, and atom economy9. A wide variety of metal complexes—including those 

based on Ir10-13, Ru14-18, Re19-23, Co24-27, Fe28-33, and Ni34-38—have been investigated for 

their ability to catalyze CO₂ reduction. 

The general mechanism of photocatalytic CO₂ reduction involves three main 

components: a photosensitizer (PS) that captures light energy, a sacrificial electron 

donor (SED) that supplies electrons, and a catalyst that utilizes these electrons to reduce 

CO₂. Most molecular systems designed for photocatalytic CO₂ reduction consist of two 

discrete functional components: a catalyst and a photosensitizer. Recently, the 

development of self-photosensitizing mononuclear complexes capable of functioning 

both as a photosensitizer and as a CO₂ reduction catalyst has marked a significant 

advancement in the field39-49. 

Seminal work by Lehn and co-workers laid the foundation for this area by demonstrating 

the photo- and electrocatalytic reduction of CO₂ to CO using Re(bpy)(CO)₃X complexes 

(where bpy = 2,2'-bipyridine and X is a monodentate apical ligand)50-51. The 

photophysical behavior of these rhenium bipyridyl tricarbonyl complexes is governed 

by a combination of metal-centered ligand field excited states, π-π* transitions localized 

on the bipyridine ligand, and metal-to-ligand charge transfer (MLCT) states. Early 

studies revealed CO production under visible light, with turnover numbers (TON) up to 

48 and quantum yields (Φ) reaching 0.38, although these complexes typically absorb 
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poorly in the visible range. Importantly, the emissive ³MLCT state can be modulated 

via chemical modifications to the bpy ligand52-54. 

Building upon these insights, numerous structurally diverse photo- and electrocatalysts 

based on the Re(bpy)(CO)₃X motif have been developed, offering fundamental 

understanding of CO₂ activation mechanisms. Despite the progress achieved with Re(I) 

diimine complexes, there remains a need for catalysts that efficiently facilitate multi-

electron CO₂ reduction beyond the two-electron product CO. 

A notable advancement has been reported by Angeles-Boza et al., who introduced a new 

class of rhenium complexes featuring pyridine-oxazoline ligands as electrochemical 

CO₂ reduction catalysts. Expanding upon this approach, our research presents a novel 

series of Re(I) complexes incorporating pyridine-, quinoline-, and isoquinoline-

substituted benzo[d]oxazole ligands and their derivatives, as promising candidates for 

both photocatalytic and electrocatalytic CO₂ reduction55-56. 

The benzo[d]oxazole ligand framework is particularly advantageous due to its stability 

under reductive conditions and its synthetic accessibility, which allows for fine-tuning 

of steric and electronic properties. The electron-rich nitrogen center in 

benzo[d]oxazoline facilitates key catalytic steps such as oxidative addition. Moreover, 

the oxazole moiety, beyond serving as a diimine donor, is likely involved in hydride 

storage and transfer, potentially contributing to methane formation during catalysis55. 

Given the established effectiveness of bipyridine- and phenanthroline-based metal 

complexes in CO₂ reduction, this study aims to expand the ligand design space by 

exploring pyridine-, quinoline-, and isoquinoline-benzo[d]oxazole derivatives. These 

ligands may offer improved efficiency and selectivity in catalysis. 

This research introduces a promising new series of rhenium(I) complexes incorporating 

pyridine, quinoline, and isoquinoline-substituted benzo[d]oxazole ligands and their derivatives 

as potential high-performance photocatalysts and electrocatalysts for CO2 reduction. (Figure 

III.1). All synthesized complexes exhibited fluorescence emission arising from both 

ligand-centered π-π* transitions and ³MLCT transitions, observed at distinct 

wavelengths. The inclusion of additional aromatic units in the ligand scaffold led to a 

bathochromic shift of the MLCT band, enhancing absorption in the visible region. This 
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suggests that the complexes possess intrinsic photosensitizing properties, eliminating 

the need for an external photosensitizer. 

The study comprehensively evaluates the influence of various parameters on catalytic 

performance, including solvent effects, product evolution over time, and selectivity 

under different conditions. Additionally, the electrocatalytic activity of the complexes 

toward CO₂ reduction is investigated, providing further insight into their potential for 

practical application. 

 

 

Figure III.1 Structure of the catalysts. 
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III.2. Result and Discussion 

III.2.1 Materials:  

Toluene, hexane, ethyl acetate, methanol, dichloromethane, N,N-dimethylformamide, and 

triethylamine were acquired from Mark and subjected to drying prior to use. 2-Picolylamine, 

3,5-di-tert-butylcatechol, 2-picolinic acid, quinoline-2-carboxylic acid hydrochloride, 1-

amino-2-naphthol hydrochloride, 3-amino-2-naphthol, Isoquinoline-1-carboxylic acid, 2,2,2-

trifluoroethanol, 2,3-dihydro-1,3-dimethyl-2-phenylbenzimidazole(BIH), and 

pentacarbonylchlororhenium(I) were purchased from Sigma-Aldrich. Electrochemical-grade 

tetrabutylammonium hexafluorophosphate ([nBu₄N]PF₆) with a minimum purity of 99.0%  was 

also obtained from Sigma-Aldrich. 

III.2.2 Synthesis: 

Synthesis of 5,7-di-tert-butyl-2-(pyridin-2-yl)benzo[d]oxazole (1) 

 A solution of 2-picolylamine (1.00 mmol, 108 mg) and 3,5-di-tert-butylcatechol (1.00 mmol, 

222 mg) in dichloromethane (30 mL) was stirred for 72 hours, resulting in the formation of a 

yellow solution. The mixture was then purified by column chromatography on neutral alumina 

using a hexane:ethyl acetate (20:1) eluent, affording the desired compound as a yellow oily 

product. 

1H NMR (300 MHz, CDCl3) δ 8.83 (d, J = 4.5 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 7.91 – 7.85 

(m, 1H), 7.69 (d, J = 1.8 Hz, 1H), 7.45 – 7.40 (m, 1H), 7.36 (d, J = 1.8 Hz, 1H), 1.57 (s, 9H), 

1.40 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 163.4, 150.6, 148.2, 147.5, 146.6, 142.3, 137.0, 

134.3, 125.3, 123.3, 122.8, 122.3, 120.6, 114.9, 35.2, 34.7, 32.0, 30.3 ppm. 

Synthesis of 2-(pyridin-2-yl)naphtho[1,2-d]oxazole (2) : 

The ligand was synthesized following a previously published method57. A mixture of pyridine-

2-carboxylic acid and 1-amino-2-naphthol hydrochloride was heated in polyphosphoric acid at 

around 170 °C for 6 hours. The resulting mixture was dissolved in water, neutralized, and 

extracted into dichloromethane. The crude product was then purified using column 

chromatography. The structure of the ligand was verified by spectroscopic analysis. 1H NMR 

(400 MHz, CDCl3) δ 8.85 (d, J = 4.8 Hz, 1H), 8.65 (d, J = 8.4 Hz, 1H), 8.44 (d, J = 8.0 Hz, 

1H), 7.98 (d, J = 8.0 Hz, 1H), 7.94 – 7.89 (m, 1H), 7.86 (d, J = 9.2 Hz, 1H), 7.80 (d, J = 8.8 

Hz, 2H), 7.69 (t, J = 7.6 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.47 – 7.43 (m, 1H). 13C NMR (101 
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MHz, CDCl3) δ 160.8, 150.5, 148.7, 146.4, 137.3, 131.5, 131.1, 128.8, 127.4, 127.3, 126.9, 

125.8, 125.3, 123.3, 122.5, 111.3 ppm. 

Synthesis 2-(pyridin-2-yl)naphtho[2,3-d]oxazole (3) :  

This ligand was synthesized according to the aforementioned process. 1H NMR (300 

MHz, CDCl3) δ 8.86 (d, J = 4.2 Hz, 1H), 8.44 (d, J = 7.8 Hz, 1H), 8.27 (s, 1H), 8.03 (s, 

1H), 8.03 – 7.86 (m, 3H), 7.51 – 7.46 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 163.3, 

150.4, 145.9, 141.6, 139.3, 137.3, 132.3, 131.7, 128.7, 128.1, 126.1, 125.9, 124.9, 124.2, 

118.3, 114.1, 107.1 ppm. 

 

Synthesis 2-(quinolin-2-yl)benzo[d]oxazole(4):  

This ligand was synthesized according to the aforementioned process (vide supra).  1H 

NMR (400 MHz, CDCl3) δ 8.49 (d, J = 8.4 Hz, 1H), 8.37 (d, J = 8.4 Hz, 2H), 7.90 (t, J 

= 8.0 Hz, 2H), 7.82 (t, J = 7.6 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 

7.48 – 7.41 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 137.5, 130.6, 130.4, 128.3, 127.8, 

126.4, 125.2, 120.9, 120.4, 111.6 ppm. 

 

Synthesis of 2-(quinolin-2-yl)naphtho[1,2-d]oxazole (5) : 

 The synthesis of this ligand followed the procedure employed for the preparation of 

ligand 3. 1H NMR (400 MHz, CDCl3) δ 8.71 (d, J = 8.2 Hz, 1H), 8.62 (d, J = 8.5 Hz, 

1H), 8.47 – 8.39 (m, 2H), 8.03 (d, J = 8.3 Hz, 1H), 7.98 – 7.88 (m, 3H), 7.84 (d, J = 6.9 

Hz, 1H), 7.74 (d, J = 7.0 Hz, 1H), 7.65 (dt, J = 21.9, 7.4 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) δ 167.9, 152.2, 149.0, 139.4, 137.7, 136.0, 131.5, 128.8, 128.1, 127.8, 127.7, 

127.4, 126.9, 125.9, 124.9, 122.5, 120.4, 114.2, 111.5 ppm. 

 

Synthesis of 2-(isoquinolin-1-yl)benzo[d]oxazole (6):  

The synthesis of this ligand followed the procedure employed for the preparation of 

ligand 3. 1H NMR (300 MHz, CDCl3) δ 9.74 – 9.71 (m, 1H), 8.79 (d, J = 5.5 Hz, 1H), 

7.96 – 7.93 (m, 2H), 7.86 (d, J = 5.4 Hz, 1H), 7.82 – 7.75 (m, 3H), 7.48 – 7.44 (m, 2H). 

13C NMR (75 MHz, CDCl3) δ 142.3, 137.2, 130.8, 129.2, 127.5, 127.4, 127.3, 126.5, 

125.0, 123.7, 121.0, 111.5 ppm. 
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Synthesis of Complex-1a: 

A mixture of 30.8 mg of the ligand-1 and 20.0 mg of pentacarbonylchlororhenium(I) in 

toluene (30 mL) was subjected to reflux conditions for 4 hours. The resulting reaction 

mixture was purified by column chromatography on neutral alumina using a 

hexane:ethyl acetate (10:1) gradient. The second red eluate was collected and 

characterized as the desired complex. 1H NMR (400 MHz, CDCl3) δ 9.11 (d, J = 5.2 Hz, 

1H), 8.30 (d, J = 7.6 Hz, 1H), 8.20 – 8.16 (m, 1H), 7.85 (d, J = 2.0 Hz, 1H), 7.70 – 7.66 

(m, 1H), 7.57 (d, J = 1.6 Hz, 1H), 1.55 (s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, 

CDCl3) δ 196.1, 187.6, 164.7, 154.5, 151.7, 147.5, 144.5, 139.5, 138.9, 135.6, 128.7, 

124.4, 124.1, 113.9, 77.4, 77.1, 76.8, 35.6, 34.8, 31.6, 30.2 ppm. Elem. Anal. Calcd. for 

ReC23H24ClN2O4: C, 44.98; H, 3.94 and N, 4.56. Found: C, 44.82; H, 3.96; and N, 4.73. 

ESI-MS (CH3CN): m/z 620.1533 [M-Cl− + CH3CN]+. 

 

Synthesis of complex-1b: 

Complex-1b was prepared using a synthetic methodology analogous to that employed 

for complex 1a, substituting ligand 1 with ligand 2. 1H NMR (300 MHz, CDCl3) δ 9.74 

– 9.71 (m, 1H), 8.79 (d, J = 5.5 Hz, 1H), 7.96 – 7.93 (m, 2H), 7.86 (d, J = 5.4 Hz, 1H), 

7.82 – 7.75 (m, 3H), 7.48 – 7.44 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 142.2, 137.2, 

130.8, 129.2, 127.5, 127.4, 127.3, 126.5, 125.0, 123.7, 121.0, 111.5, 77.5, 77.1, 76.7 

ppm. Elem. Anal. Calcd. for ReC19H10ClN2O4: C, 41.35; H, 1.83 and N, 5.08. Found: 

C, 41.25; H, 1.76; and N, 5.33. ESI-MS (CH3CN): m/z 558.0342 [M-Cl− + CH3CN]+. 

 

Synthesis of Complex-1c: 

Complex-1c was synthesized using a method similar to that of complex-1a, employing 

ligand 3 instead of ligand 1. 1H NMR (300 MHz, DMSO) δ 9.01 (d, J = 5.2 Hz, 1H), 

8.51 – 8.48 (m, 2H), 8.33 – 8.27 (m, 1H), 8.18 – 8.14 (m, 2H), 7.82 – 7.77 (m, 1H), 7.54 

– 7.50 (m, 2H), 7.09 – 7.07 (m, 2H). 13C NMR (75 MHz, DMSO) δ 198.7, 188.7, 173.0, 

154.7, 148.3, 143.1, 141.1, 137.2, 136.8, 132.5, 131.6, 128.9, 128.4, 128.2, 127.4, 126.6, 

126.4, 125.3, 116.2, 109.3, 40.3, 40.0, 39.8, 39.5, 39.2, 38.9, 38.6 ppm. Elem. Anal. 

Calcd. for ReC19H10ClN2O4: C, 41.35; H, 1.83 and N, 5.08. Found: C, 41.17; H, 1.78; 

and N, 5.31. ESI-MS (CH3CN): m/z 558.0433 [M-Cl− + CH3CN]+. 
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Synthesis of complex-2a: 

Complex-2a was synthesized using a method similar to that of complex 1a, employing 

ligand 4 instead of ligand 1. 1H NMR (400 MHz, DMSO) δ 9.13 (d, J = 8.4 Hz, 1H), 

8.74 (d, J = 8.8 Hz, 1H), 8.66 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 8.28 (t, J = 

8.0 Hz, 1H), 8.04 – 8.00 (m, 2H), 7.85 – 7.83 (m, 2H), 7.57 – 7.48 (m, 1H). 13C NMR 

(101 MHz, DMSO) δ 195.1, 182.6, 161.1, 146.5, 145.8, 142.6, 138.3, 134.0, 130.5, 

130.4, 130.0, 129.3, 128.3, 125.3, 120.7, 118.6, 113.1, 40.1, 39.9, 39.7, 39.5, 39.3, 39.1, 

38.9 ppm. Elem. Anal. Calcd. for ReC19H10ClN2O4: C, 41.35; H, 1.83 and N, 5.08. 

Found: C, 41.31; H, 1.69; and N, 5.07. ESI-MS (CH3CN): m/z 558.0464 [M-Cl− + 

CH3CN]+. 

 

Synthesis of complex-2b:  

Complex-2b was synthesized using a method similar to that of complex-1a, employing 

ligand 5 instead of ligand 1. 1H NMR (300 MHz, CDCl3) δ 9.24 (d, J = 8.4 Hz, 1H), 

8.98 (d, J = 9.0 Hz, 1H), 8.64 (d, J = 8.7 Hz, 1H), 8.40 (d, J = 8.7 Hz, 1H), 8.12 – 8.08 

(m, 2H), 8.03 – 8.02 (m, 1H), 7.84 – 7.84 (m, 1H), 7.73 – 7.69 (m, 2H), 7.53 (dd, J = 

5.7, 3.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 195.0, 190.2, 171.3, 158.8, 150.1, 

146.1, 144.1, 137.2, 135.2, 133.8, 128.2, 126.6, 125.4, 125.3, 124.7, 123.7, 122.7, 120.3, 

118.2, 113.9, 112.0, 109.3, 40.1, 39.9, 39.7, 39.5, 39.3, 39.1, 38.8 ppm. Elem. Anal. 

Calcd. for ReC23H12ClN2O4: C, 45.80; H, 1.88 and N, 4.68. Found: C, 45.89; H, 2.01; 

and N, 4.65. ESI-MS (CH3CN): m/z 607.6189 [M-Cl− + CH3CN]+. 

 

Synthesis of complex-3a:  

Complex-3a was synthesized using a method similar to that of complex 1, employing 

ligand 6 instead of ligand 1. 1H NMR (400 MHz, DMSO) δ 9.33 (d, J = 8.0 Hz, 1H), 

9.04 (d, J = 6.0 Hz, 1H), 8.43 (d, J = 6.4 Hz, 1H), 8.41 – 8.38 (m, 1H), 8.28 (d, J = 8.0 

Hz, 1H), 8.19 – 8.13 (m, 2H), 7.98 – 7.96 (m, 1H), 7.89 – 7.83 (m, 2H). 13C NMR (101 

MHz, DMSO) δ 197.1, 187.2, 167.6, 150.4, 146.2, 143.2, 137.3, 137.0, 133.6, 131.8, 

129.3, 128.3, 128.0, 128.0, 126.7, 124.8, 118.5, 113.3, 40.1, 39.9, 39.7, 39.5, 39.3, 39.1, 

38.8. Elem. Anal. Calcd. For ReC19H10ClN2O4: C, 41.35; H, 1.83 and N, 5.08. Found: 

C, 41.27; H, 1.81; and N, 5.22. ESI-MS (CH3CN): m/z 558.0424 [M-Cl− + CH3CN]+. 
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III.2.3. NMR spectra 

Figure III.2 1H NMR Spectrum of Ligand-1a in CDCl3. 

 

Figure III.3 13C NMR Spectrum of Ligand-1a in CDCl3. 
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Figure III.4 1H NMR Spectrum of Ligand-1b in CDCl3 

 

Figure III.5 13C NMR Spectrum of Ligand-1b in CDCl3. 
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Figure III.6 1H NMR Spectrum of Ligand-1c in CDCl3. 

 

Figure III.7 13C NMR Spectrum of Ligand-1c in CDCl3. 
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Figure III.8 1H NMR Spectrum of Ligand-2a in CDCl3. 

Figure III.9 13C NMR Spectrum of Ligand-2a in CDCl3. 
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Figure III.10 1H NMR Spectrum of Ligand-2b in CDCl3 

 

Figure III.11 13C NMR Spectrum of Ligand-2b in CDCl3. 
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Figure III.12 1H NMR Spectrum of Ligand-3a in CDCl3. 

Figure III.13 13C NMR Spectrum of Ligand-3a in CDCl3. 
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Figure III.14 1H NMR Spectrum of Complex-1a in CDCl3. 

 

Figure III.15 13C NMR Spectrum of Complex-1a in CDCl3. 
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Figure III.16 1H NMR Spectrum of Complex-1b in DMSO-d6. 

 

Figure III.17 13C NMR Spectrum of Complex-1b in DMSO-d6. 
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Figure III.18 1H NMR Spectrum of Complex-1c in DMSO-d6. 

 

Figure III.19 13C NMR Spectrum of Complex-1c in DMSO-d6. 
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Figure III.20 1H NMR Spectrum of Complex-2a in DMSO-d6 

Figure III.21 13C NMR Spectrum of Complex-2a in DMSO-d6. 
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Figure III.22 1H NMR Spectrum of Complex-2b in DMSO-d6 

 

Figure III.23 13C NMR Spectrum of Complex-2b in DMSO-d6. 



73 

 

Figure III.24 1H NMR Spectrum of Complex-3a in DMSO-d6 

 

Figure III.25 13C NMR Spectrum of Complex-3a in DMSO-d6. 
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III.2.4 Crystal Structures 

A detailed comparison of the structures obtained through single-crystal X-ray diffraction offers 

valuable insights into the structural distinctions among the five complexes. All the crystals of 

complexes 1a, 1b, 1c, 2b and 3a suitable for X-ray crystallography, were obtained by slow 

evaporation of a 1:1 (v/v) acetonitrile-toluene solution at room temperature. This structural 

analysis provides a clearer understanding of the coordination environments and geometrical 

differences within the complexes. Thermal ellipsoid representations of the five complexes are 

depicted in Table III.1 to Table III.5. All the structures exhibit a distorted octahedral 

geometry, with three CO ligands coordinated in a facial configuration. The Re−Ndiimine bond 

lengths range from 2.158(4) to 2.254(6) Å, consistent with values observed in other 

rhenium−diimine complexes, including the recently reported rhenium complexes featuring 

pyridine−oxazoline ligands56. This similarity in bond distances further supports the structural 

consistency across these systems. The crystallographic data for complexes 1a, 1b, 1c, 2b and 

3a have been deposited in the Cambridge Crystallographic Data Centre (CCDC) as 

supplementary information under the CCDC numbers 2355624, 2385160, 2385164, 2385178 

and 2385175 respectively. 
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Table III.1. crystallographic data of the complex 1a. 

 

 

 

 

 

 

 

 

 Complex-1a 

CCDC No. 2355624 

Formula        C45.75 H48 Cl2 N4 O8 

Re2 

Molecular weight         1225.18 

Crystal system              monoclinic 

Space group            P 1 21/c 1 

a/ Å                         16.2390(11) 

b/ Å                         11.9393(8) 

c/ Å                         26.1931(17) 

α/°                                90 

β/°                         105.713(2) 

γ/°                                 90 

V/ Å3                           4888.6(6) 

Z                         4 

Dcalcd /g cm-3           1.665 

Bond length(Å) Mu (mm-1)           5.110 

Re-N1 2.213(4) T/K                             273.15 

Re-N2 2.170(4) R1 = 0.0316,  

wR2 = 0.0800 C6-O1 1.349(5) 

O1-C7 1.395(5) GOF on F2                1.056 

C6-N2 1.308(6)  

N2-C12 1.399(6) 
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Table III.2. crystallographic data of the complex 1b. 

 

 

 

 

 

 

 

 Complex-1b 

CCDC No. 2385160 

Formula        C19 H10 Cl N2 O4 

Re 

Molecular weight 551.94 

Crystal system          'triclinic' 

Space group             P -1 

a/ Å                         6.977(5) 

b/ Å                         9.781(7) 

c/ Å                         13.71(1) 

α/°                                86.855(19) 

β/°                         

75.528(18) 

γ/°                                 

76.140(18) 

V/ Å3                           

879.5(11) 

Z                         2 

Dcalcd /g cm-3 2.084 

Bond length(Å) Mu (mm-1)             7.088 

Re-N1 2.211(6) T/K                       273 

Re-N2 2.254(6) R1 = 0.0488,  

wR2 = 0.1139 C6-O1 1.349(8) 

O1-C7 1.377(9) GOF on F2         1.074 

C6-N2 1.315(8)  

N2-C16 1.411(9) 
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Table III.3. crystallographic data of the complex 1c. 

 

 

 

 

 

 

 

 

 Complex-1c 

CCDC No. 2385164 

Formula        C19 H10 Cl N2 O4 

Re, 1[CH2Cl2] 

Molecular weight 636.87 

Crystal system          'triclinic' 

Space group              P -1 

a/ Å                         9.4862(4) 

b/ Å                         9.5540(4) 

c/ Å                         13.1539(6) 

α/°                                96.340(1) 

β/°                         102.856(1) 

γ/°                      110.709(1)          

V/ Å3                1063.54(8)            

Z                         2 

Dcalcd /g cm-3           1.989 

Bond length(Å) Mu/mm-1                     6.119 

Re-N1 2.205(3) T/K                              273 

Re-N2 2.179(3) R1 = 0.0252,  

wR2 = 0.0550 C6-O1 1.352(5) 

O1-C7 1.390(5) GOF on F2                0.983 

C6-N2 1.293(5)  

N2-C16 1.417(5) 
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Table III.4. crystallographic data of the complex 2b. 

 

 

 

 

 

 

 

 

 Complex-2b 

CCDC No. 2385178 

Formula        C23 H12 Cl N2 O4 

Re 

Molecular weight           602.00 

Crystal system           'monoclinic'     

Space group              P -1 

a/ Å                           7.2623(6) 

b/ Å                           9.6207(7) 

c/ Å                      14.8789(11)     

α/°                                 99.464(2) 

β/°                          96.228(3) 

γ/°                               100.601(2)     

V/ Å3                997.54(13)            

Z                         2 

Dcalcd /g cm-3            2.004 

Bond length(Å) Mu/mm-1                    6.259            

Re-N1 2.279(6) T/K                    273 

Re-N2 2.209(6) R1 = 0.0400,  

wR2 = 0.1004 C10-O1 1.362(8) 

O1-C11 1.376(12) GOF on F2       1.047 

C10-N2 1.279(10)  

N2-C20 1.396(10) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/cda65138-8a76-ef11-96c8-00505695281c
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Table III.5. crystallographic data of the complex 3a. 

 

 

 

 

 

 

 

 

 

 

 Complex-3a 

CCDC No. 2385175 

Formula    C19 H10 Cl N2 O4 Re 

Molecular weight        551.94 

Crystal system        'monoclinic' 

Space group           'P 1 21/c 1' 

a/ Å                       8.3981(5) 

b/ Å                       16.0907(9) 

c/ Å                       13.2068(8) 

α/°                       90 

β/°                        93.733(2) 

γ/°                       90 

V/ Å3               1780.87(18)      

Z                           4 

Dcalcd /g cm-3              2.059 

Bond length(Å) Mu/mm-1              7.002         

Re-N1 2.210(5) T/K                       273           

Re-N2 2.158(4) R1 = 0.0346,  

wR2 = 0.0976 C10-O1 1.350(6) 

O1-C11 1.391(6) GOF on F2           1.059         

C10-N2 1.350(6)  

N2-C16 1.401(7) 
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III.2.5 IR spectra 

The observed strong vibrations in the infrared spectrum, specifically those appearing around 

1876 to 2021 cm⁻¹, are characteristic of the three carbonyl (CO) stretching vibrations found in 

a fac-[Re(CO)₃]⁺ unit. This core structure exhibits pseudo-C3V symmetry. 

 

 

Figure III.26 FTIR Spectra of the complexes. 

 

 

 

 

 

 

 

 

Table III.6 IR stretching frequencies of the complexes. 

 

complex 

 

experimental νCO (cm−1) 

Complex-1a 2021, 1915, 1888 

Complex-1b 2020, 1906, 1880 

Complex-1c 2020, 1908, 1883 

Complex-2a 2016, 1915, 1879 

Complex-2b 2021, 1912, 1876 

Complex-3a 2018, 1931, 1896 
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III.2.6 Absorption spectra and photophysical properties 

The UV-vis absorption spectra of the studied Re(CO)₃(N^N)Cl complexes in acetonitrile 

solution exhibit distinct features typical of such compounds. Broad, low-energy absorption 

bands appear with maxima between 380 and 450 nm, which are predominantly assigned to 

metal-to-ligand charge transfer (¹MLCT) transitions—from the Re dπ orbital to the π* orbital 

of the N^N ligand. In addition, strong absorption peaks observed between 320 and 380 nm, 

resembling those of the free ligands, correspond to ligand-centered π–π* transitions (spin-

allowed S₀ → ¹IL transitions), as shown in Figure III.27 and detailed in Table III.7. 

The energy and intensity of the ¹MLCT and π–π* transitions are significantly influenced by the 

degree of π-conjugation in the ligand framework, especially when involving pyridine, 

quinoline, and isoquinoline moieties. Enhanced π-conjugation results in a red shift in the 

absorption spectrum, attributed to a reduced energy gap between the ground and excited states. 

Among the three moieties, the isoquinoline-based systems display the most prominent red shift. 

This trend is related to the higher basicity of isoquinoline (pKa = 5.46) compared to quinoline 

(pKa = 4.85), which increases the electron density on the nitrogen atom, thereby enhancing π-

conjugation with the aromatic ring and extending the overall π-system. 

Upon photoexcitation in the low-energy absorption region, the fac-[Re(N^N)(CO)₃Cl] 

complexes exhibit characteristic photoluminescence (PL) emission arising from the lowest-

lying triplet metal-to-ligand charge transfer (³MLCT) excited state, consistent with typical 

Re(I) complex behavior. The emission spectra show a progressive bathochromic shift as the 

degree of conjugation in the N^N ligand increases. This shift is due to increased delocalization 

of electron density in the excited state, which lowers its energy. 

Among all studied complexes, complex-1b shows the strongest photoluminescence. The 

normalized emission spectra are provided in Figure III.28, with complex-1b exhibiting the 

highest quantum yield (Φₑₘ = 0.51), as reported in Table III.8. To further understand the 

emissive properties and decay mechanisms of these coordination complexes, emission decay 

measurements were performed in CH₃CN at room temperature (Figure III.29). 
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                          Figure III.27                                                            Table III.7 

Figure III.27 UV-Vis absorption spectra of complex-1a, complex-1b, complex-1c, complex-

2a, complex-2b and complex-3a. in CH3CN. Table III.7 The absorption maxima wavelengths 

(λmax) and molar extinction coefficients (ε) of fac-[Re(N^N)(CO)₃Cl] in CH3CN. 

 

Figure III.28 Normalized Emission plots of the complexes (1a, 1b, 1c, 2a, 2b, 3a) recorded 

in CH3CN at room temperature. 
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Figure III.29 Emission decay curves of complex-1a, 1b, 1c, 2a, 2b and 3a in aerated CH3CN. 
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Table III.8 Photophysical parameters of the complexes. All the complexes were excited at the 

maximum wavelength of absorption (λmax=λexc). 

 

III.2.7 Catalytic properties 

A. Electrochemical Studies and CO2 reduction 

Electrochemical investigations were systematically conducted using cyclic voltammetry 

(CV) to explore the behaviour of all complexes under Ar atmospheres using 0.1 M 

tetrabutylammonium hexafluorophosphate ([nBu4N]PF6) as a supporting electrolyte, 

glassy carbon as working electrode, platinum wire as counter electrode and scan rate 

was taken 100 mV/s in acetonitrile medium (Figure III.30). A concentration of 0.1 mM 

was used for all the complexes. The electrochemical data are presented in Table III.9. 

A deeper examination of the electrochemical profiles revealed that, under Ar, all 

complexes exhibited one oxidation event and multiple reduction events within the 

experimental window. The oxidation potential ranging from 1.065 to 1.233 V vs Fc+/Fc 

which was generally irreversible, is attributed to a metal-centered Re(I) to Re(II) 

oxidation. The first quasi-reversible reduction peaks, with E1/2 values ranging from -1.1 

to -1.6 V vs Fc+/0 across all complexes, pointed to a ligand-based reduction, where the 

added electron likely resides on the pyridine, quinoline, or isoquinoline moieties to give 

[ReI(N^N)(CO)3Cl]•− followed by Cl− dissociation59 . The second reduction event 

occurring within the -1.8 V to -2.1 vs Fc+/0 range, resulting in the formation of a 

[Re(N^N)(CO)3]
− . 

The appearance of hump-like reduction peaks after the second reduction event was 

particularly noteworthy, as it indicated the reduction of the rhenium hydride complex 

formed after chloride     dissociation. The varied reversibility of the first reduction peak, 

dependent on the ligand substituent, the first reduction potential of pyridine substituted 

complexes i.e for complex 1a, 1b and 1c is ranging -1.355 V to -1.539, more than from 

the quinoline (-1.153 V vs Fc+/0 for complex 2a) or isoquinoline (-1.189 V vs Fc+/0   for 

Complex λexc(nm) λemi(nm) ΦEM τ1(ns) τ2(ns) τavg(ns) kr(s
-1)×107 knr(s

-1)×108 

1a 400 431,446 0.11 1.32 7.73 4.17 1.4 1.15 

1b 400 405,424 0.51 2.11 - 2.11 24.1 2.32 

1c 402 429 0.24 1.54 7.72 5.27 3.1 0.98 

2a 400 431,455 0.13 1.87 7.48 7.06 1.7 1.26 

2b 416 471,501 0.07 2.02 - 2.02 3.4 4.6 

3c 430 474,504 0.05 2.04 8.17 5.28 0.6 1.16 
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complex-3a) analogues.  further underscored the nuanced electrochemical behaviour, 

with some complexes exhibiting quasi-reversibility while others displayed full 

reversibility (Figure III.30).  

In the final phase of our investigation, we focused on the voltammetric behaviour of all 

complexes under CO₂-saturated conditions. The results demonstrated a significant 

increase in current in the acetonitrile medium, while a comparatively lower current 

enhancement was observed in DMF. This notable difference highlighted the superior 

performance of the CH₃CN medium prompting its selection for all subsequent CV 

measurements under CO₂. Through this focused electrochemical study, we were able to 

affirm the capability of these complexes to electrochemically reduce CO₂.  

To determine the most effective electrocatalyst, the maximum turnover frequency 

(TOFₘₐₓ) can be calculated using the equation64,65, icat/ip = 

4.484(RT/F)1/2(TOFmax)
1/2ν−1/2. TOFₘₐₓ determined for the investigated complexes are 

as follows: 1.80 s⁻¹ for complex 1a, 2.90 s⁻¹ for complex 1b, 2.28 s⁻¹ for complex 1c, 

1.19 s⁻¹ for complex 2a, 1.32 s⁻¹ for complex 2b, and 0.62 s⁻¹ for complex 3a (Figure 

III.31 - Figure III.36, Table III.10). Among them, catalyst complex 1b exhibited the 

highest TOFmax of 2.90 s-1, indicating its superior electrocatalytic activity. Since our 

primary focus is on the photocatalytic CO2 reduction by the catalysts, we selected the 

most effective electrocatalyst, complex 1b, for further investigation. Accordingly, we 

performed controlled potential electrolysis (CPE) studies using catalyst complex 1b. 

Controlled-potential electrolysis of complex 1b was conducted in the presence of CO2 

with the addition of 0.1 M TFE. The electrolysis was performed using glassy carbon 

working electrode, a platinum wire counter electrode, and a 0.1 M [nBu4N]PF6 as a 

supporting electrolyte, with a catalyst concentration of 1 mM and an applied potential 

of -2.5 V vs Ag/AgCl (Figure III.37). The primary product observed was carbon 

monoxide (CO), while a smaller amount of methane was also detected (Figure III.38). 

The faradaic efficiencies for CO and methane is 33 % and 6 % respectively (Table 

III.11).  
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TOFmax calculations from the cyclic voltammetry experiments: 

The turnover frequency (TOF) is an inherent characteristic of catalysts, which represents the 

rate of conversion reactants into products per mole of active catalyst per unit time. The TOF 

value was derived using the following equation below from the catalytic cyclic voltammograms 

recorded CH3CN solutions. 

                                 TOF = (Fvnp
3/RT)(0.4463/ncat)(icat/ip)

2 

Where, ip is peak current, icat is the catalytic current, F is Faraday’s constant (F = 96500 C), R 

is the universal gas constant (R = 8.314 J K-1 mol-1), T is temperature (T = 300 K) and ν is the 

scan rate.  (where np is 1, the number of electrons transferred in the noncatalytic reduction, and 

ncat is 2 for CO2 reduction to CO, the number of electrons transferred in the catalytic reaction). 

The TOF was calculated from the slope of icat/ipvs ν -1/2 plot. 

 

 

 

 

 

 

 

 

Table III.9 Peak Potentials of the complexes (1a, 1b, 1c, 2a, 2b and 3a) in CH3CN. 

 

 

 

 

 

E1/2, V vs Fc+/0 

 

Complex-1a 

Complex-1b                             

Complex-1c 

Complex-2a 

Complex-2b 

Complex-3a 

Eox1                 Ered1              Ered2            Ered3   

1.065         -1.539          -2.019         -2.348 

1.202         -1.460          -2.075         -2.463 

1.174         -1.355          -1.893           …… 

1.171         -1.153          -1.912          -2.551 

1.233         -1.187          -1.849          -2.467 

1.117         -1.189          -1.908          -2.370 
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                 1a                                                                           1b 

 

                                1c                                                                         2a 

 

                        2b                                                                                    3a 

Figure III.30 Cyclic voltammograms of 1 mM solution of complexes 1a, 1b, 1c, 2a, 2b and 

3a under Ar (black) and CO2 atmosphere. Potential values are reported versus Fc+/Fc. 
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   Calculation of TOFmax for the Complexes: 

 Figure III.31 Cyclic voltammogram scan rate dependence of 1 mM complex-1a under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-1a. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode.  

 

Figure III.32 Cyclic voltammogram scan rate dependence of 1 mM complex-1b under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-1b. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode.  
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Figure III.33 Cyclic voltammogram scan rate dependence of 1 mM complex-1c under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-1c. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode. 

 

Figure III.34 Cyclic voltammogram scan rate dependence of 1 mM complex-2a under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-2a. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode. 
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Figure III.35 Cyclic voltammogram scan rate dependence of 1 mM complex-2b under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-2b. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode. 

 

Figure III.36 Cyclic voltammogram scan rate dependence of 1 mM complex-3a under an 

atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat vs. 1/scan 

rate1/2 plot of complex-3a. Electrochemical conditions were 0.1 M TBAH as supporting 

electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter electrode, and 

Ag/AgCl reference electrode. 
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Table III.10 TOFmax of the complexes in CH3CN. 

 

 

 

Figure III.37 Representative current versus time plots for controlled potential electrolyses of 

Complex-1b 

 

Catalyst  TOFmax 

1a 1.80 s-1 

1b 2.90 s-1 

1c 2.28 s-1 

2a 1.19 s-1 

2b 1.32 s-1 

3a 0.62 s-1 
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Figure III.38 GC-TCD data after controlled potential electrolyses. 

 

 

 

 

 

Table III.11 Faradaic efficiencies, in CH3CN and 0.1M TFE after CPE experiments with a 

carbon working electrode for the complex 1b, for 2 hours at -2.5 V vs Ag/AgCl. 

 

 

 

 

 

 

Compound Conc.(mM) Faradaic efficiency (%) 

 

1b 

 

1 

H2 CO CH4 

˂1 33 6 
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B. Photocatalysis for CO2 reduction 

The photocatalytic reduction of CO₂ using catalyst-1a was studied in various solvents with 

different proton sources (Table III.12). The system demonstrated the second-highest turnover 

number (TON) for CO production when employing acetonitrile (CH₃CN) as the solvent, 

triethanolamine (TEOA) as the proton source10,63, and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-

benzo[d]imidazole (BIH) as the sacrificial electron donor (SED). In contrast, when water was 

used as the proton source in dimethylformamide (DMF), CO production was maximized, 

accompanied by a reduced yield of hydrogen. However, the presence of water facilitated the 

hydrolysis of DMF, leading to the formation of formate61. This complication made the 

quantification of formate difficult, as it could not be reliably attributed to the catalytic reaction. 

Consequently, this condition was avoided in experiments with other complexes. Further 

experimentation with 2,2,2-trifluoroethanol (TFE) as the proton source in acetonitrile 

demonstrated improved selectivity. In this case, only trace amounts of hydrogen were detected. 

However, the TON values in this system were relatively low compared to the using of TEOA 

as the proton source. At higher concentrations of BIH (greater than 0.025 M), a decline in 

catalytic activity is observed (Figure III.39). This reduction in activity is attributed to the 

complex mechanisms that govern the photocatalytic CO₂ reduction system62. The system 

comprises two primary processes: electron relay cycle and catalytic cycle. In the electron relay 

cycle, electron transfer from BIH to the excited photosensitizer (PS*) occurs within an 

encounter complex, producing a reduced photosensitizer (PS.⁻). Simultaneously, protonation 

of BIH by BIH.+  inhibits back electron transfer, thereby improving electron transfer efficiency  

 

Scheme III.1 The electron relay cycle in the photochemical CO2 reduction. 
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and boosting CO production (Scheme III.1). At high concentration of BIH progressive 

oxidation of BIH to BI⁺ induces a decrease in solution basicity, impairing the reducing capacity 

of protonated BIH relative to BIH. This modification in electron transfer kinetics at higher 

[BIH]₀ adversely affects the efficiency of CO production. 

All these observations highlight the importance of optimizing solvent choice, proton source 

and sacrificial electron donor (SED) as these factors play a crucial role in determining both the 

selectivity and efficiency of CO₂ reduction. To maximize selectivity, TON and TOF, CH3CN 

was chosen as the solvent with TEOA as the proton source (4.0 mL, 10:1 v/v), 0.2 mM 

Ru(dmbpy)3
2+ as phtosensitizer, 25 mM SED and 20 µM catalyst is used for all catalysts. 

Among all the complexes studied, E1/2 of the 1st and 2nd reduction potential was more positive 

than that of Ru(dmbpy)3
2+ (-1.74 V vs Ag/AgCl)15. This indicates that electron transfer from 

the OER species of the Ru center is thermodynamically favourable. Consequently, in all cases, 

the electron photochemically extracted from BIH to the Ru center undergoes rapid transfer to 

the Re center. Additionally, TEOA plays multiple roles beyond functioning as a proton source. 

It contributes to an alkaline environment that facilitates the deprotonation of oxidized BIH (by 

abstracting a proton from BIH•⁺), while also serving as a CO₂ absorber. The formation of a 

TEOA–CO₂ adduct is postulated to enhance photocatalytic performance by increasing the local 

CO₂ concentration within the reaction system46. 

For the catalysts 1a, 1b, 1c, 2a, 3a the photocatalytic reduction of CO2 was also performed 

without [Ru(dmbpy)3]
2+. Irradiation was carried out at λ ≥ 400 nm using a 300 W Xenon lamp. 

The gaseous products in the headspace were analyzed and monitored using gas 

chromatography with a thermal conductivity detector (GC-TCD). 

Additionally, NMR spectroscopy was utilized to examine the formation of formate during 

photoirradiation, both in the presence and absence of catalysts. In the catalyst-free experiments 

using the photosensitizer (PS), only small amounts of CO and H₂ (0.03 µmol CO) were 

detected, with no formate observed (Figure III.42). To accurately quantify the CO and H2 

produced by the photocatalytic system, the background levels from the control experiment 

without the catalyst were subtracted. The TON value of Re-benzo[d]oxazole complexes 

exhibits significant disparities when compared to Re-bipyridine complexes. This pronounced 

difference in catalytic performance underscores the potential impact of ligand structure on the 

efficiency of rhenium-based photocatalysts for CO2 reduction. The amount of H2 and CO given 

in the Table III.13.  The observed TONCO values follow the trend: complex-1b > complex-1c 
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> complex-1a > complex-2b > complex-2a > complex-3a (Figure III.40 (a)). Under 5 hours 

of irradiation, complex-1b generated 66 μmol of CO, corresponding to a TONCO of 660, while 

complex-2a and complex 3a produced 50.7 μmol 32.5 μmol of CO, achieving a TONCO of 507 

and 325 respectively under identical conditions.  

The decrease in TON observed when transitioning from pyridine-benzo-oxazoline systems to 

quinoline- or isoquinoline-based systems can be attributed to the shift of metal-to-ligand charge 

transfer (MLCT) absorption into the visible region in the latter systems. This shift may result 

in competition between the photosensitizer and the catalyst for light absorption, thus 

diminishing overall catalytic efficiency or leading to the destabilization of the complexes. 

When the catalytic reaction was performed without an added photosensitizer under Xe light as 

well as in sunlight (Figure III.40 (b) and Figure III.41), complex 1b exhibited higher catalytic 

activity compared to other complexes. Additionally, after 2 hours, a more rapid fading of colour 

was observed for complex 2b, 3a indicating greater instability. Under direct sunlight, the 

colour fades more rapidly.  The TON value is significantly higher in the presence of a 

photosensitizer (PS) compared to when it is absent. This can be attributed to the very short 

lifetime of the excited state of the catalyst in the absence of a PS, leading to a rapid return of 

the catalyst to its ground state before it can effectively react with CO2
39. However, when 

comparing complexes 1a, 1b, and 1c or 2a with 2b, it is evident that an increase in aromatic 

conjugation correlates with an increase in the TON value. To verify that the CO generated 

originated solely from the photoreduction of CO₂ and not from the decomposition of other 

materials within the system, experiments were conducted under a ¹³CO₂ atmosphere. The 

resulting gaseous products were analyzed by GC-MS, which revealed a characteristic peak at 

m/z = 29, corresponding to ¹³CO. This provides definitive evidence that the CO was produced 

through the reduction of ¹³CO₂ (Figure III.43) 
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Table III.12 Photocatalytic CO2 reduction at different condition. For all catalysts, the 

photochemical conditions include 4 mL of solvent, 0.2 mM Ru(dmbpy)₃²⁺ as the 

photosensitizer, 25 mM SED, and 20 µM complex-1a. The quantities of the reduced products 

generated by the catalysts were measured after 2 hours. 

  

No. Solvent(4ml) Electron  

donor 

λ (nm)       Gas             Reduced products TONCO 

 CO 

(μmol) 

H2 (μmol) 

1 DMF/H2O(4:1) BIH 420 ≤ λ ≤ 750  CO2 42 0.012 420 

2 DMF/TEOA(4:1) BIH 420 ≤ λ ≤ 750  CO2 26 3.03 260 

3 DMA/H2O(4:1) BIH 420≤ λ ≤ 750 CO2 33 0.01 330 

4 DMF/TEA(4:1) BIH 420 ≤ λ ≤ 750 CO2 5 2.88 50 

5 CH3CN/H2O(4:1) BIH 420 ≤ λ ≤ 750  CO2 9 ˂0.01 90 

6 CH3CN/TEOA(4:1) BIH 420 ≤ λ ≤ 750  CO2 37 0.01 370 

7 CH3CN/TFE(4:1) BIH 420 ≤ λ ≤ 750  CO2 22 ˂0.01 220 

8 DMF/TFE(4:1) BIH 420 ≤ λ ≤ 750  CO2 27 1.32 270 

9 CH3CN/TEOA(4:1) BIH Dark CO2 0 0 0 

10 CH3CN/TEOA(4:1) BIH 420 ≤ λ ≤ 750 N2 0 0 0 

11 CH3CN/TEOA(4:1) + 

0.1 ml TFE 

BIH 420 ≤ λ ≤ 750 CO2 33 0.2 330 
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Figure III.39 The amount of CO produced after 4 hours of photocatalytic CO₂ reduction by 

complex-1a as a function of BIH concentration. 

 

Figure III.40 (a) TONCO obtained by the catalysts after 5 h. CH3CN was chosen as the solvent 

with TEOA as the proton source (4.0 mL, 10:1 v/v), 0.2 mM Ru(dmbpy)3
2+ as phtosensitizer, 

25 mM SED and 20 µM catalyst. (b) Turnover number versus time plots without added PS. 

Solvent CH3CN with TEOA as the proton source (4.0 mL, 10:1 v/v), 25 mM SED and 0.1 mM 

catalyst is used. 
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Table III.13 The quantities of the reduced products generated by the catalysts were measured 

both with the addition of a photosensitizer (after 5 hours) and without the photosensitizer (after 

2 hours). The corresponding turnover number (TON) values for each condition. 

 

 

 

 

 

 

 

With added photosensitizer 

Catalyst CO 

(μmol) 

H2 

(μmol) 

TONCO TONH2 TOFco 

(min-1) 

1a 59 0.023 590 0.23 1.96 

1b 66 0.021 660 0.21 2.2 

1c 63.5 0.027 635 0.27 2.1 

2a 50.7 0.016 507 0.16 1.69 

2b 57.5 0.024 575 0.24 1.91 

3a 32.5 0.014 325 0.14 1.08 

Re(bpy)(CO)3Cl 12.6 0.01 126 0.1 0.42 

Without added photosensitizer  

1a 6 0.005 15 0.012 0.125 

1b 8.8 0.004 22 0.01 0.183 

1c 7.2 0.005 18 0.012 0.15 

2a 3.2 0.004 8 0.010 0.06 

3a 2.4 0.002 6 0.005 0.05 
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Figure III.41 Photocatalytic reduction of CO2 in bare sunlight by complex 1a, 2a and 3a. 

 

 

Figure III.42 1H NMR spectra in CD3CN/TEOA in the presence of BIH, SP under CO2 

atmosphere  and photo irradiation 𝜆 ≥ 400 nm , irradiation time 5 hours (a) without catalyst (b) 

with catalyst. 



100 

 

 

 

 

Figure III.43 Mass spectra obtained from GC-MS analysis using labelled 13CO2. 
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III.3. Mechanistic Investigation: 

To examine the active species involved in the photocatalytic reduction of CO₂, ¹H NMR 

spectroscopic studies were conducted in CD₃CN/TEOA (4:1), employing 5 mM BIH as a 

sacrificial reductant. Under photoirradiation in a CO₂ atmosphere, a gradual decrease in the ¹H 

NMR signal associated with BIH was observed (Figure III.44), concomitant with the 

emergence of a new peak attributed to the formation of BI⁺. Notably, the consumption rate of 

BIH was significantly accelerated in the presence of the photosensitizer (PS) (Figure III.45). 

Additional mechanistic insights were gained through UV-vis spectroscopic analysis of the most 

efficient catalyst, complex 1b. 

Upon irradiation, complex-1b exhibited a marked bleaching in the low-energy absorption band 

and the appearance of new, red-shifted maxima centered around 587 nm, indicative of the 

formation of the one-electron reduced species [Re(N^N)(CO)₃Cl].⁻ (Figure III.46) . This 

assignment was corroborated by TD-DFT calculations on the one-electron reduced products 

(Figure III.47). TD-DFT calculations revealed that the UV peak observed for Complex-1b at 

440 nm shifts to 500 nm upon one-electron reduction. This theoretical prediction closely aligns 

with experimental findings. 

Interestingly, when the UV-vis spectrum was recorded in the presence of CO₂, the 

bathochromic shift of the low-energy peaks was absent, suggesting the formation of a new 

complex. Based on these experimental findings and computational mechanistic studies 

reported previously for rhenium-oxazoline55,56 systems, a proposed mechanism is depicted in 

Scheme III.2. 
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Figure III.44 1H NMR spectra of Complex 1b in CD3CN/TEOA in the presence of BIH under 

CO2 atmosphere  and photo irradiation 𝜆 ≥ 400 nm , irradiation time 0  min. (a), 60 min (b), 

120 min(c). 

 

Figure III.45 1H NMR spectra of Complex-1b in CD3CN/TEOA in the presence of BIH and 

PS under CO2 atmosphere  and photo irradiation 𝜆 ≥ 400 nm , irradiation time 0  min. (a), 60 

min (b), 120 min(c) 



103 

 

 

 

Figure III.46 UV−vis spectral changes measured during photocatalytic reactions using 

complex-1b. (λirr > 400 nm). 

 

Figure III.47 TD-DFT calculation of Complex-1b (a) and its one electron reduced state (b). 
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Scheme III.2 Proposed mechanism for the photochemical reduction of CO2 into CO catalyzed 

by rhenium benzo[d]oxazole Complexes. Complex 1b was employed to exemplify the 

mechanism
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III.4. Conclusions: 

In this study, a series of novel rhenium benzo[d]oxazole complexes were synthesized and 

evaluated for their catalytic activity in the photoreduction of CO₂ to CO. These complexes 

exhibited distinct phosphorescence properties, with emissions arising from both π-π* ligand-

centered transitions and metal-to-ligand charge transfer (3MLCT) transitions. Our findings 

demonstrate that all synthesized complexes achieve exceptional selectivity for CO₂ to CO 

conversion, exceeding 99% under photochemical conditions. 

A key observation was that increasing the conjugation within the ligand framework induces a 

redshift in the 3MLCT absorption band, extending its transition into the visible region. This 

enhancement enables more conjugated complexes to function as efficient photocatalysts under 

visible light irradiation without requiring an additional photosensitizer. Notably, these newly 

developed complexes exhibit approximately fivefold higher photocatalytic activity compared 

to conventional rhenium bipyridine systems. Furthermore, the tunability of the ligand structure 

allows for the development of self-sensitized photocatalysts, presenting a promising avenue for 

future research. 

Additionally, the impact of ligand modifications on catalytic performance was systematically 

investigated. While an increase in Re–Cl bond length was anticipated to correlate with 

enhanced catalytic activity, following the ligand variation from pyridine to quinoline and 

isoquinoline the observed catalytic performance exhibited an inverse trend. This finding 

suggests that factors beyond Re–Cl bond length play a decisive role in governing overall 

catalytic efficiency. These insights contribute to the rational design of next-generation 

rhenium-based photocatalysts with improved performance and stability, advancing efforts 

toward sustainable CO₂ conversion technologies. 
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Chapter IV 

Design Evolution of Ruthenium Polypyridyl Complexes:  

Achieving Self-Sensitized CO₂ Photoreduction  

via BODIPY Incorporation 
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IV. 1. INTRODUCTION 

The escalating atmospheric concentration of carbon dioxide (CO₂), a primary driver of climate 

change1, necessitates the development of sustainable technologies for its conversion into 

valuable chemical feedstocks. Fossil fuels, the dominant energy source, contribute significantly 

to anthropogenic CO₂ emissions, prompting research into renewable alternatives2. Sunlight, an 

abundant and clean energy source, offers a promising pathway for photocatalytic CO₂ 

reduction, enabling the synthesis of fuels and commodity chemicals such as carbon monoxide 

(CO), methane (CH₄), formic acid (HCOOH) etc3.    

Photochemical CO₂ reduction has witnessed substantial progress, with catalysts based on 

various transition metals, including Ir4, Ru5, Re6 etc. demonstrating catalytic activity. However, 

a significant challenge lies in achieving efficient and selective CO₂ reduction in aqueous 

environments due to the competitive proton reduction reaction.  

 Photocatalytic CO₂ reduction systems typically consist of three fundamental components: a 

photosensitizer for light absorption and energy capture, an electron donor to supply reducing 

equivalents, and a catalyst to drive CO₂ reduction. While conventional molecular systems often 

employ a two-component approach, where the photosensitizer and catalyst function separately, 

the development of self-photosensitizing mononuclear complexes has introduced a more 

efficient strategy by integrating light absorption and catalytic activity within a single molecular 

entity. Building upon this concept, homogeneous catalytic systems utilizing molecular dyads, 

in which a photosensitizer and a carbon dioxide reduction catalyst are covalently linked, have 

garnered significant attention for their potential in achieving efficient CO₂ conversion7. These 

systems operate through an elegant mechanism involving intramolecular electron transfer. 

Upon photoexcitation of the photosensitizer and subsequent reductive quenching by an external 

electron donor, the resulting reduced photosensitizer moiety facilitates electron transfer to the 

proximally bound CO₂ reduction catalyst, thereby initiating the catalytic cycle. This approach 

offers the advantage of minimizing diffusional limitations and promoting faster reaction 

kinetics by keeping the active components in close proximity.  

Building upon the quest for efficient light-harvesting components in artificial photosynthesis, 

recent advancements have explored the incorporation of Boron-dipyrromethene (BODIPY) 

derivatives into catalyst frameworks8. Characterized by their sharp absorption in the visible 

light region and high molar extinction coefficients, BODIPY dyes present themselves as 

excellent candidates for light-harvesting applications relevant to CO₂ reduction9. While 
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BODIPYs have found widespread use as triplet photosensitizers in photoredox catalysis, solar 

energy conversion, and photodynamic therapy, their superior fluorescent properties also make 

them highly attractive as functional organic fluorescent dyes with main absorption bands 

typically around 500 nm. Modifications to the BODIPY core structure by incorporating 

electron-donating substituents and π-conjugation systems allow for tuning of their 

photophysical properties, potentially leading to enhanced performance in photocatalytic CO₂ 

reduction systems10.  

Motivated by the potential of molecular dyads and self-photosensitizing systems for efficient 

CO₂ reduction, and inspired by the favorable photophysical properties of BODIPY derivatives, 

this study investigates a series of novel ruthenium complexes strategically designed to 

incorporate both substituted bis(2-picolyl)amine and bipyridine ligands alongside a BF₂-

chelated dipyrromethane moiety. Furthermore, the BODIPY moieties within these complexes 

are modified by incorporating different electron-donating substituents. The primary aim of this 

research is to enhance light harvesting capabilities and catalytic activity within a single 

molecular framework to achieve efficient CO₂ reduction. Consequently, this work specifically 

focuses on the photocatalytic reduction of CO₂ to carbon monoxide using these novel 

ruthenium complexes under visible light irradiation. To gain a comprehensive understanding 

of the catalytic process, the study explores the influence of various reaction parameters, 

including solvent effects, the temporal evolution of the product, and the selectivity of the 

reaction. Complementary electrochemical studies are also conducted to thoroughly assess the 

redox properties of the synthesized complexes in relation to their ability to facilitate CO₂ 

reduction. 
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Figure IV.1 Structure of the catalysts. 
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IV.2. Result and Discussion 

IV.2.1 Materials:  

Acetonitrile, toluene, hexane, ethyl acetate, methanol, ethanol, dichloromethane, N,N-

dimethylformamide, and triethylamine were procured from Merck and dried before use. The 

compounds bis(pyridin-2-ylmethyl)amine, benzaldehyde, 2,4-dimethyl-1H-pyrrole, 4-

(chloromethyl)benzoyl chloride, 2,2'-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 4,4'-bis(N,N-

dimethylamino)-2,2'-bipyridine, 2,3-dihydro-1,3-dimethyl-2-phenylbenzimidazole (BIH), 

Boron Trifluoride Diethyl Etherate, N-Iodosuccinimide (NIS) and ruthenium trichloride were 

purchased from Sigma-Aldrich. Tetrabutylammonium hexafluorophosphate ([nBu₄N]PF₆) of 

electrochemical grade and ≥99.0% purity was also obtained from Sigma-Aldrich. 

IV.2.2 Synthesis: 

Synthesis of ligand N,N-bis-(2-pyridylmethyl)benzylamine (dpba):  

The ligand dpba was synthesized following a modified procedure based on reported methods. 

Benzaldehyde (1 mmol) was dissolved in methanol (10 mL), and N,N-bis-(2-

pyridylmethyl)amine (1 mmol) was added to the solution. Subsequently, two drops of acetic 

acid were introduced, and the mixture was stirred. Sodium cyanoborohydride (1 mmol) was 

then added under an argon atmosphere, and the reaction mixture was stirred at room 

temperature for 72 hours. After completion, the reaction mixture was acidified with dilute 

hydrochloric acid to neutralize any excess sodium cyanoborohydride and then dried. The 

mixture was washed with water (3 × 10 mL) and extracted with dichloromethane. The organic 

layer was concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel using a dichloromethane/ethanol gradient (from 100:0 to 90:10 

v/v) to afford the pure ligand as an orange oil. 1H NMR (400 MHz, CDCl3) δ 8.42 (q, J = 6.3, 

5.5 Hz, 2H), 7.53 (h, J = 6.9 Hz, 4H), 7.34 (q, J = 7.0, 6.4 Hz, 2H), 7.28 – 7.19 (m, 2H), 7.18 

– 7.10 (m, 1H), 7.03 (dq, J = 10.5, 5.6, 4.6 Hz, 2H), 3.88 – 3.49 (m, 6H). 13C NMR (101 MHz, 

CDCl3) δ 159.63, 159.61, 157.73, 149.24, 148.91, 148.80, 148.78, 138.85, 138.83, 136.72, 

136.50, 128.80, 128.28, 127.80, 127.78, 127.05, 126.79, 126.77, 123.10, 123.07, 122.80, 

122.50, 121.98, 121.69, 77.73, 77.41, 77.10, 64.30, 60.14, 59.86, 59.84, 58.50, 58.48, 58.16, 

57.00. 

Synthesis of the ligand dpba-bdp: 

The step-by-step procedure is illustrated in Scheme IV.1. The compound was synthesized 

according to a modified version of a previously reported method. First, dichloromethane was 
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deoxygenated by bubbling nitrogen gas through it. To the deoxygenated solvent, 1 equivalent 

of 4-(chloromethyl)benzoyl chloride and 2 equivalents of 2,4-dimethyl-1H-pyrrole were 

added. The reaction mixture was then heated at 50 °C for approximately 2 hours under an argon 

atmosphere. After cooling to room temperature, triethylamine was added, and the mixture was 

stirred for an additional 15 minutes. Subsequently, boron trifluoride diethyl etherate was added, 

and the reaction was heated again at 50 °C for about 2 hours. The reaction mixture was then 

dried, washed with water, extracted with DCM, and the crude product was purified by column 

chromatography on silica gel using a hexane/DCM (50:50 v/v) eluent. This yielded an orange 

solid, designated as intermediate (i). Next, the obtained orange solid was transferred to a round-

bottom flask, and acetonitrile was added. Potassium iodide (KI), bis(pyridin-2-ylmethyl)amine, 

triethylamine, and two drops of water were then added to the solution. The mixture was stirred 

overnight at room temperature under an argon atmosphere. After completion, the reaction 

mixture was dried, washed with water, extracted with DCM, and the product was purified by 

column chromatography on silica gel using a DCM/methanol (10:1 v/v) eluent. The final 

product, dpba-bdp, was obtained as a deep orange-red oily material. 1H NMR (300 MHz, 

CDCl3) δ 8.56 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H), 7.71 (td, J = 7.6, 1.8 Hz, 2H), 7.60 – 7.52 (m, 

4H), 7.26 (d, J = 8.0 Hz, 3H), 7.19 (ddd, J = 7.4, 4.9, 1.3 Hz, 2H), 5.97 (s, 2H), 3.81 (d, J = 

15.9 Hz, 6H), 2.57 (s, 6H), 1.66 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 159.53, 155.85, 155.39, 

149.38, 149.14, 149.04, 148.30, 143.06, 141.70, 139.89, 136.99, 136.56, 133.82, 131.47, 

129.89, 127.95, 123.38, 122.85, 122.71, 122.36, 122.23, 122.13, 121.19, 63.34, 59.78, 58.11, 

53.07, 44.76, 42.52, 14.58, 14.34. 

Synthesis of the ligand dpba-bdp-I2: 

The ligand dpba-bdp was placed in a round-bottom flask and dissolved in dichloromethane 

(DCM). The solution was deoxygenated by bubbling argon through it. Subsequently, 2 

equivalents of N-iodosuccinimide (NIS) were added gradually, and the reaction mixture was 

stirred at room temperature for approximately 2 hours under an argon atmosphere. After 

completion, the reaction mixture was dried, washed with water, and extracted with DCM. The 

crude product was purified by column chromatography on silica gel using a DCM/methanol 

(10:1 v/v) eluent, affording the ligand dpba-bdp-I₂ as a solid deep pink-red product. 1H NMR 

(400 MHz, CDCl3) δ 8.58 (dd, J = 4.9, 1.6 Hz, 2H), 7.72 (td, J = 7.7, 1.8 Hz, 2H), 7.58 (t, J = 

8.2 Hz, 4H), 7.21 (dd, J = 10.4, 6.7 Hz, 4H), 3.84 (d, J = 14.6 Hz, 6H), 2.66 (s, 6H), 1.36 (s, 

6H). 13C NMR (101 MHz, CDCl3) δ 159.32, 156.74, 149.10, 145.28, 140.56, 136.61, 133.54, 

131.35, 130.16, 127.80, 122.91, 122.20, 59.77, 58.01, 30.94, 29.71, 16.95, 16.02. 
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Scheme IV.1 Preparation of the ligands. a) (i) DCM, 50 °C, 80 min; ii) triethylamine, 

BF3.Et2O, CH2Cl2, 50 °C, 1 h; (b) Triethylamine, KI, Acetonitrile, 5 h R. T. (c) N-

Iodosuccinimide (NIS), DCM, 2 h R.T. 
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Synthesis of the complex 1; [Ru(dpba)(bpy)Cl]Cl 

RuCl₃·3H₂O (132.5 mg, 0.5 mmol) was refluxed in a degassed mixture of water and ethanol 

(1:4 v/v, 10 mL total) under a nitrogen atmosphere for about 5 hours, until the solution turned 

blue. Next, 1 mL of concentrated HCl was added, followed by the dropwise addition of 5 mL 

of an ethanolic solution of ligand dpba. The reaction mixture was then heated for an additional 

5 hours and subsequently cooled to room temperature. The volume was adjusted to 5 mL, and 

the solution was refrigerated overnight, yielding a yellow precipitate, which was collected by 

filtration and washed with cold water. The resulting solid (100 mg, 0.2 mmol), lithium chloride 

(25 mg, 0.3 mmol), and 2,2′-bipyridine (bpy) (0.2 mmol) were then placed in a round-bottom 

flask under nitrogen. To this, 10 mL of nitrogen-degassed ethanol containing trimethylamine 

(42 µL, 0.3 mmol) was added, and the mixture was refluxed overnight. After cooling to room 

temperature, the mixture was filtered, and the filtrate was concentrated under reduced pressure. 

The crude product was purified by column chromatography on neutral alumina using an 

acetonitrile/methanol mixture (20:1 v/v) as the eluent, affording the desired dark red solid. 1H 

NMR (400 MHz, CD3CN) δ 9.51 (d, J = 5.7 Hz, 2H), 8.55 – 8.48 (m, 4H), 8.01 – 7.94 (m, 2H), 

7.71 (dd, J = 8.5, 7.0 Hz, 3H), 7.51 – 7.45 (m, 2H), 7.40 – 7.36 (m, 2H), 7.34 – 7.25 (m, 4H), 

7.23 – 7.16 (m, 2H), 4.39 (d, J = 16.2 Hz, 2H), 3.77 (d, J = 16.4 Hz, 2H), 3.06 (d, J = 7.3 Hz, 

2H). 13C NMR (101 MHz, CD3CN) δ 161.19, 158.61, 155.08, 154.78, 154.55, 152.54, 152.43, 

151.96, 136.62, 136.37, 135.75, 135.44, 135.35, 135.27, 132.23, 132.10, 131.53, 130.64, 

129.05, 128.84, 128.54, 126.12, 125.80, 125.68, 124.25, 123.92, 123.86, 123.33, 123.25, 

122.91, 121.93, 121.37, 121.26, 67.78, 67.25, 65.85, 65.75, 65.11, 45.57. 

Synthesis of the complex 2; [Ru(dpba)(bpy-Me)Cl]Cl 

The complex was synthesized using the same procedure as for complex 1, except that 

bipyridine was replaced with 4,4'-dimethyl-2,2'-bipyridine. 1H NMR (400 MHz, CD3CN) δ 

9.52 – 9.46 (m, 2H), 8.38 (s, 2H), 8.31 (d, J = 6.1 Hz, 2H), 7.71 – 7.68 (m, 2H), 7.40 – 7.24 

(m, 9H), 7.18 (d, J = 7.4 Hz, 2H), 4.33 (d, J = 16.1 Hz, 2H), 3.74 (d, J = 16.4 Hz, 2H), 3.11 (s, 

2H), 2.60 (s, 6H). 13C NMR (101 MHz, CD3CN) δ 163.68, 161.67, 161.31, 159.47, 158.77, 

158.12, 154.87, 154.18, 153.83, 152.50, 152.10, 151.82, 148.72, 147.65, 147.51, 136.38, 

135.46, 135.19, 132.20, 132.08, 131.50, 130.67, 129.04, 128.83, 128.55, 127.00, 126.75, 

126.65, 124.16, 124.06, 124.01, 123.82, 123.71, 121.76, 121.25, 121.21, 67.62, 67.26, 65.76, 

65.43, 65.04, 45.58, 29.36, 20.20, 20.11, 20.01. 
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Synthesis of the complex 3; [Ru(dpba)(bpy-NMe2)Cl]Cl 

The complex was synthesized using the same procedure as for complex 1, except that 

bipyridine was replaced with 4,4'-bis(N,N-dimethylamino)-2,2'-bipyridine. 1H NMR (400 

MHz, CD3CN) δ 9.49 (d, J = 5.6 Hz, 2H), 7.87 (d, J = 6.6 Hz, 2H), 7.65 – 7.57 (m, 4H), 7.40 

(dt, J = 14.4, 7.0 Hz, 3H), 7.21 (q, J = 8.4, 7.4 Hz, 6H), 6.69 (dd, J = 6.3, 3.0 Hz, 2H), 4.21 (d, 

J = 16.0 Hz, 2H), 3.71 (d, J = 16.0 Hz, 2H), 3.21 (d, J = 7.0 Hz, 14H). 13C NMR (101 MHz, 

CD3CN) δ 162.01, 158.05, 154.12, 152.86, 150.84, 134.32, 131.43, 130.96, 128.94, 128.56, 

123.46, 120.81, 108.93, 105.86, 67.70, 67.61, 38.97. 

Synthesis of the complex 4; [Ru(dpba)(bpy)CH3CN][PF6]2 

Complex 1 was dissolved in 10 mL of CH₃CN, and 2 equivalents of AgBF₄ were added. The 

reaction mixture was then heated at 50 °C for approximately 3 days. The product was purified 

by column chromatography using a CH₃CN:MeOH (10:1) eluent with adding NH4PF6.
 1H 

NMR (400 MHz, DMSO) δ 8.95 (d, J = 5.4 Hz, 2H), 8.82 (d, J = 8.5 Hz, 2H), 8.40 (d, J = 5.7 

Hz, 2H), 8.23 (t, J = 8.0 Hz, 2H), 7.84 (t, J = 7.9 Hz, 2H), 7.72 – 7.63 (m, 2H), 7.47 – 7.35 (m, 

7H), 7.30 (d, J = 7.8 Hz, 2H), 4.70 (d, J = 16.6 Hz, 2H), 3.97 (d, J = 16.6 Hz, 2H), 3.07 (s, 2H), 

2.06 (t, J = 2.1 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 161.21, 157.56, 153.23, 152.03, 

138.22, 137.77, 132.27, 130.59, 129.62, 128.96, 127.93, 126.49, 125.07, 124.59, 122.59, 79.37, 

79.04, 67.12, 66.02, 4.56. 

Synthesis of the complex 5; [Ru(dpba-bdp)(bpy)Cl]Cl 

A solution of dpba-bdp (1.5 equivalent) in 4 mL of chloroform was added dropwise to a 

magnetically stirred solution of RuCl₃·3H₂O (1 equivalent) in 30 mL of dry ethanol under a 

nitrogen atmosphere. The mixture was heated at 75 °C for 4 h. The reaction volume was then 

reduced to approximately 10 mL, and the resulting precipitate was collected by filtration, 

washed thoroughly with methanol (100 mL) and diethyl ether, and dried under vacuum. The 

obtained orange solid was placed in a Schlenk flask together with lithium chloride and bpy 

ligand under nitrogen. Nitrogen-degassed ethanol (10 mL) containing triethylamine was added, 

and the reaction mixture was stirred at 75 °C in the dark for 16 h. After cooling, the mixture 

was filtered through a Celite pad, and the solvent was removed under reduced pressure. The 

crude product was purified by column chromatography on neutral alumina using an 

acetonitrile/methanol (9:1, v/v) mixture as eluent, affording the desired complex as a dark 

brown solid (51 mg, ~54% yield). 1H NMR (400 MHz, DMSO) δ 9.37 (s, 2H), 8.74 (d, J = 8.7 

Hz, 2H), 8.42 (d, J = 4.8 Hz, 2H), 8.04 (t, J = 8.0 Hz, 2H), 7.75 (t, J = 8.0 Hz, 3H), 7.58 – 7.13 
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(m, 9H), 6.21 – 6.03 (m, 2H), 4.61 (d, J = 16.1 Hz, 2H), 3.88 (d, J = 3.0 Hz, 2H), 3.15 (s, 2H), 

2.50 (s, 6H), 1.30 – 1.17 (m, 6H). 

Synthesis of the complex 6; [Ru(dpba-bdp)( bpy-NMe2)Cl]Cl: The procedure for complex 

5 was followed, except that 4,4′-bis(N,N-dimethylamino)-2,2′-bipyridine was used in place of 

bipyridine.1H NMR (400 MHz, CDCl3) δ 8.54 (s, 2H), 7.96 (d, J = 72.5 Hz, 8H), 7.54 (d, J = 

73.9 Hz, 8H), 6.14 (s, 2H), 3.98 (s, 2H), 3.50 (d, J = 5.5 Hz, 2H), 3.33 (s, 2H), 2.65 (s, 6H), 

1.68 (s, 18H). 

Synthesis of the complex 7; [Ru(dpba-bdp-I2)(bpy)Cl]Cl : The synthesis was carried out 

following the procedure for complex 5, except that dpba-bdp-I₂ was used in place of dpba-bdp. 

1H NMR (400 MHz, DMSO) δ 9.37 (s, 2H), 8.74 (d, J = 8.7 Hz, 2H), 8.42 (d, J = 4.8 Hz, 2H), 

8.04 (t, J = 8.0 Hz, 2H), 7.75 (t, J = 8.0 Hz, 3H), 7.60 – 7.13 (m, 9H), 4.61 (d, J = 16.1 Hz, 

2H), 3.93 – 3.81 (m, 2H), 3.15 (s, 2H), 2.50 (s, 6H), 1.31 – 1.17 (m, 6H). 
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IV.2.3. NMR spectra 

 Figure IV.2 1H NMR Spectrum of dpba in CDCl3. 

Figure IV.3 13C NMR Spectrum of dpba in CDCl3. 
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 Figure IV.4 1H NMR Spectrum of dpba-bdp in CDCl3. 

 Figure IV.5 13C NMR Spectrum of dpba-bdp in CDCl3. 
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Figure IV.6 1H NMR Spectrum of dpba-bdp-I2 in CDCl3 

 Figure IV.7 13C NMR Spectrum of dpba-bdp-I2 in CDCl3 
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Figure IV.8 1H NMR Spectrum of Complex-1 in CDCl3 

 Figure IV.9 13C NMR Spectrum of Complex-1 in CDCl3 
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 Figure IV.10 1H NMR Spectrum of Complex-2 in CDCl3 

 Figure IV.11 13C NMR Spectrum of Complex-2 in CDCl3 
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 Figure IV.12 1H NMR Spectrum of Complex-3 in CDCl3 

 

 Figure IV.13 13C NMR Spectrum of Complex-3 in CDCl3 
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 Figure IV.14 1H NMR Spectrum of Complex-4 in CDCl3 

 Figure IV.15 13C NMR Spectrum of Complex-4 in CDCl3 
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 Figure IV.16 1H NMR Spectrum of Complex-5 in CDCl3 

Figure IV.17 1H NMR Spectrum of Complex-6 in CDCl3 
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Figure IV.18 1H NMR Spectrum of Complex-7 in CDCl3 
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IV.2.4 Crystal Structures 

Single-crystal X-ray diffraction analysis of complexes 1, 2, 3, 4, and 6 provides detailed 

insights into their structural features and comparative geometries. High-quality crystals 

suitable for X-ray studies were obtained by layering methanolic solutions of the respective 

complexes with diethyl ether. This comparative structural investigation reveals the 

coordination environments and geometric variations among the complexes. Thermal ellipsoid 

plots for each structure are presented in Tables IV.1–IV.5. All five complexes adopt a distorted 

octahedral coordination geometry, with closely comparable bond distances, indicating a high 

degree of structural consistency within this series. The crystallographic data have been 

deposited with the Cambridge Crystallographic Data Centre (CCDC) under deposition 

numbers 2333295, 2471746, 2335459, 2471751, and 2479497 respectively. 
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Table IV.1. crystallographic data of the Complex 1. 

 

 

 

 

 

 

 

 

 

 Complex-1 

CCDC No.  2333295 

Formula moiety      

'C29H27ClN5Ru,Cl' 

Molecular weight         617.52 

Crystal system              monoclinic 

Space group            P 1 21/c 1 

a/ Å                         7.8797(9) 

b/ Å                         18.0830(17) 

c/ Å                         20.4461(18) 

α/°                                90 

β/°                         100.577(3) 

γ/°                                 90 

V/ Å3                           2863.8(5) 

Z                         4 

Dcalcd /g cm-3           1.432 

Bond length(Å) Mu (mm-1)           0.770 

Ru-N1 2.047(4) T/K                             296 K 

Ru-N2 2.048(4) R1 = 0.0566( 3881) 

wR2 = 0.1562( 6287) Ru-N3 2.055(4) 

Ru-N4 2.144(4) GOF on F2                0.983 

Ru-N5 2.066(4)  

Ru-Cl 2.4079(12) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/0a4a3bac-a25d-f011-96d4-00505695f620
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Table IV.2. crystallographic data of the Complex 2. 

 

 

 

 

 

 

 

 

 

 Complex-2 

CCDC No.  2471746 

Formula moiety      

C30.968H30.968ClN5 Ru,Cl 

Molecular weight         645.16 

Crystal system              monoclinic 

Space group            P 1 21/c 1 

a/ Å                         7.8383(12) 

b/ Å                         16.843(3) 

c/ Å                         23.938(4) 

α/°                                90 

β/°                         93.302(5) 

γ/°                                 90 

V/ Å3                           3155.1(9) 

Z                         4 

Dcalcd /g cm-3           1.358 

Bond length(Å) Mu (mm-1)           0.693 

Ru-N1 2.050(2) T/K                             273 K 

Ru-N2 2.052(2) R1 = 0.0381(6307) 

wR2 = 0.1248( 6959) Ru-N3 2.062(2) 

Ru-N4 2.136(2) GOF on F2                1.070 

Ru-N5 2.069(2)  

Ru-Cl 2.4036(8) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/21ad1f04-a25d-f011-96d4-00505695f620
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Table IV.3. crystallographic data of the Complex 3. 

 

 

 

 

 

 

 

 

 Complex-3 

CCDC No.  2335459 

Formula moiety      

C33H37ClN7Ru,Cl 

Molecular weight         703.67 

Crystal system              triclinic 

Space group            P -1 

a/ Å                         13.4792(15) 

b/ Å                         16.1532(19) 

c/ Å                         18.861(2) 

α/°                                76.205(3) 

β/°                         85.140(3) 

γ/°                                 

88.807(3) 

V/ Å3                           3973.9(8) 

Z                         2 

Dcalcd /g cm-3           1.407 

Bond length(Å) Mu (mm-1)           0.575 

Ru-N1 2.050(4) T/K                             296 K 

Ru-N2 2.053(5) R1 = 0.0647(9541) 

wR2 = 0.1875( 15297) Ru-N3 2.071(4) 

Ru-N4 2.032(5) GOF on F2                1.042 

Ru-N5 2.117(5)  

Ru-Cl 2.4346(15) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/35a6cf81-a35d-f011-96d4-00505695f620
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Table IV.4. crystallographic data of the Complex 4. 

 

 

 

 

 

 

 

 Complex-4 

CCDC No.  2471751 

Formula moiety      

C31H30N6Ru,2(F6 P), 

0.45[CH3CN], 0.5[CH3CN] 

Molecular weight         916.62 

Crystal system              triclinic 

Space group            P -1 

a/ Å                         8.9477(10) 

b/ Å                         19.133(2) 

c/ Å                         22.471(3) 

α/°                                90.593(3) 

β/°                         99.792(3) 

γ/°                                 

94.589(3) 

V/ Å3                           3777.8(7) 

Z                         4 

Dcalcd /g cm-3           1.612 

Bond length(Å) Mu (mm-1)           0.594 

Ru-N1 2.062(4) T/K                             273 K 

Ru-N2 2.056(4) R1 = 0.0638(11074) 

wR2 = 0.1921( 16776) Ru-N3 2.063(4) 

Ru-N4 2.064(4) GOF on F2                1.031 

Ru-N5 2.137(4) 

Ru-N6 2.040(4) 

C29-N6 1.124(6) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/8a988912-a65d-f011-96d6-00505695281c
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Table IV.5. crystallographic data of the Complex 6. 

 

 

 

 

 

 

 

 

 

 Complex-6 

CCDC No.  2479497 

Formula moiety      C46H51BF2ClN9 

Ru, Cl, 4[CH3CH2OH] 

Molecular weight         

 1135.01 

Crystal system              triclinic 

Space group            P -1 

a/ Å                         13.3750(18) 

b/ Å                         13.6199(15) 

c/ Å                         16.609(2) 

α/°                                94.970(3) 

β/°                         103.278(3) 

γ/°                                 

115.130(3) 

V/ Å3                           2607.1(6) 

Z                         2 

Dcalcd /g cm-3           1.446 

Mu (mm-1)           0.466 

T/K                            273 K 

R1 = 0.0858( 3845) 

wR2 = 0.2829( 8136) 

GOF on F2       0.974 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/50a97eac-2876-f011-96d7-00505695281c
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IV.2.5 Absorption spectra and photophysical properties:  

The UV–Vis absorption spectra of the ruthenium complexes were recorded in acetonitrile at 

room temperature. Complexes 1–4 display broad, low-energy absorption bands around ~500 

nm, which are primarily assigned to singlet metal-to-ligand charge transfer (1MLCT) 

transitions from the Ru dπ orbitals to the π* orbitals of the coordinated ligands. Additional 

absorption features near 380 nm are also attributed to 1MLCT transitions. In the higher-energy 

region (257–295 nm), all complexes exhibit intense absorption peaks, which are assigned to 

singlet ligand-to-ligand charge transfer (1LLCT) transitions, corresponding to electronic 

excitation between π-systems within the ligands. For complex 4, a noticeable blue shift of the 

MLCT band is observed. This shift arises from the coordination of an acetonitrile in place of -

Cl to the ruthenium center. The electron-withdrawing nature of CH₃CN lowers the energy of 

the Ru dπ orbitals, which in turn shifts the MLCT absorption to shorter wavelengths (Figure 

IV.19, Table IV.6.). 

Complexes 5 and 7, both incorporating a green-light-absorbing BODIPY ligand, display 

intense absorption peaks at 500 nm and 530 nm respectively, corresponding to BODIPY-

centered π–π* transitions. Complex 7 features an iodinated BODIPY unit, whereas complex 5 

contains the non-iodinated analogue. The iodination of the BODIPY core in complex 7 also 

leads to more fluorescence quenching compared to complex 5, consistent with the heavy-atom 

effect. This effect promotes intersystem crossing to the triplet state, thereby reducing 

fluorescence quantum yield, as reported for other halogenated BODIPY derivatives (Figure 

IV.19). 

Figure IV.19 UV-Vis absorption spectra of (a) complex 1-4 (b) complex 5,7 in CH3CN. (c) 

Normalized Emission plots of the complex 5,7 recorded in CH3CN at room temperature. 
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Table IV.6. Main calculated optical transition for the complex 1-4 with composition in terms 

of molecular orbital contribution of the transition, vertical excitation energies (λ/nm), and 

oscillator strength in acetonitrile. 

 

 

 

  

Compound Electronic 

transition 

Composition Excitation 

energy(eV) 

Oscillator 

strength 

(f) 

 C.I. Assign λexp in nm ( 

in M-1cm-1) 

 

 

1 

 

 

S0S3 H-2L 2.6659 (465 nm) 0.1146 0.5526 1MLCT 500 (4500) 

S0S13 H-2L+2 3.4577 (358 nm) 0.0633 0.5255 1MLCT 378 (10000) 

S0S32 H-4L 4.4279 (280 nm) 0.4831 0.53012 1LLCT 295 (26100) 

 

2 

S0S4 H-2L 2.6710 (464 nm) 0.1301 0.5406 1MLCT 493 (3250) 

S0S13 H-1L+3 3.4482 (359 nm) 0.0903 0.5818 1MLCT 382 (7450) 

S0S31 H-3L 4.4365 (279 nm) 0.5480 0.5377 1LLCT 293 (20000) 

 

3 

S0S3 H-1→L 2.6326 (470 nm) 0.0999 0.6039 1MLCT 491 (3500) 

S0S14 H-3L+9 3.4053 (364 nm) 0.1356 0.4019 1MLCT 389 (10750) 

S0S26 H-1→L+7 3.9425 (314 nm) 0.0810 0.4579 1MLCT 310 (7850) 

S0S49 H-3→L+4 4.7820 (259 nm) 0.6571 0.4779 1LLCT 257 (31500) 

 

 

4 

S0S3 H-2→L 2.9797 (416 nm) 0.1259 0.6776 1MLCT 426 (7000) 

S0S9 H→L+2 3.6065 (343 nm) 0.0766 0.4444 1MLCT 345 (13000) 

S0S27 H-5→L 4.4372 (279 nm) 0.5991 0.6374 ILLCT 285 (39000) 
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IV.2.6 Electronic Spectra: 

Electrochemical Studies 

Cyclic voltammetry (CV) was employed to examine the electrochemical behaviour of the 

synthesized ruthenium complexes (1-4) under both argon and carbon dioxide atmospheres, 

with the dual objective of elucidating their redox properties and evaluating their 

thermodynamic suitability for CO₂ reduction catalysis in conjunction with photosensitizers. 

Electrochemical measurements were systematically performed using 0.1 M 

tetrabutylammonium hexafluorophosphate ([nBu₄N]PF₆) as the supporting electrolyte in 

acetonitrile. A glassy carbon working electrode, a platinum wire counter electrode, and a scan 

rate of 100 mV s⁻¹ were employed in all experiments. Under an argon atmosphere, all 

complexes exhibited two distinct oxidation processes along with multiple reduction events 

within the accessible potential window. The first oxidation wave, generally reversible and 

occurring in the range +0.03 to +0.38 V vs Fc, is attributed to the metal-centred Ru(II)/Ru(III) 

redox couple. The second oxidation process, observed between +0.70 and +1.02 V, 

corresponds to the Ru(III)/Ru(IV) transformation. 

The influence of ligand electronics was evident in the case of the complex bearing the electron-

rich 4,4′-bis(N,N-dimethylamino)-2,2′-bipyridine ligand, which displayed a significantly lower 

oxidation potential, consistent with enhanced electron-donating effects that stabilize higher 

oxidation states. 

All complexes exhibited multiple cathodic features. The first reduction wave, typically quasi-

reversible and appearing between −1.79 and −2.34 V, is assigned to a ligand-centred reduction 

involving the bipyridine moiety (bpy•–/bpy). This process is followed by chloride dissociation, 

which subsequently generates species capable of undergoing further reduction at more negative 

potentials (Figure IV.20 and Table IV.7). 

Under a CO₂ atmosphere, a pronounced increase in cathodic current was observed beginning 

from the second reduction event, consistent with electrocatalytic CO₂ reduction following 

chloride dissociation. Notably, the magnitude of current enhancement diminished upon 

incorporation of electron-donating substituents (methyl or N,N-dimethyl) at the 4,4′-positions 

of the bipyridine ligands, indicating a decrease in CO₂ reduction activity. This trend suggests 

that excessive electron density at the metal centre may disfavour the binding or activation of 

CO₂ (Figure IV.20). 



139 

 

Furthermore, complexes bearing labile acetonitrile (Complex-4) ligands exhibited 

substantially greater catalytic current enhancement compared to their halide-containing 

analogues, underscoring the beneficial influence of ligand lability on catalytic performance. 

These results collectively highlight the interplay between ligand electronics, coordination 

environment, and catalytic activity in the electrochemical CO₂ reduction process. 

 

 

 

 

 

 

 

 

 

Table IV.7 Peak Potentials of the complexes 1-4 in CH3CN. 

 

 

 

 

 

 

 

 

 

E1/2, (V) vs Fc+/0 

 

Complex-1 

Complex-2 

Complex-3 

Complex-4 

 

Eox1                 Eox2              Ered1            Ered2 

       0.37         0.73          -2.02        -2.52 

       0.32         0.70         -2.08        -2.60 

       0.03        0.73          -2.34       -2.80 

       0.38        1.02          -1.79       -2.40 
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Figure IV.20 Cyclic voltammograms of 1 mM solution of complexes 1-4 under Ar (black) and 

CO2 atmosphere. Potential values are reported versus Fc+/Fc. 
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TOFmax calculations from the cyclic voltammetry experiments: 

The turnover frequency (TOF) is an inherent characteristic of catalysts, which represents 

the rate of conversion reactants into products per mole of active catalyst per unit time. 

The TOF value was derived using the following equation below from the catalytic cyclic 

voltammograms recorded CH3CN solutions. 

                                 TOF = (Fvnp
3/RT)(0.4463/ncat)(icat/ip)

2 

Where, ip is peak current, icat is the catalytic current, F is Faraday’s constant (F = 96500 

C), R is the universal gas constant (R = 8.314 J K-1 mol-1), T is temperature (T = 300 K) 

and ν is the scan rate.  (where np is 1, the number of electrons transferred in the 

noncatalytic reduction, and ncat is 2 for CO2 reduction to CO, the number of electrons 

transferred in the catalytic reaction). The TOF was calculated from the slope of icat/ipvs 

ν -1/2 plot. TOFₘₐₓ determined for the investigated complexes are as follows: 0.3 s⁻¹ for 

complex 1, 0.15 s⁻¹ for complex 2, 0.07 s⁻¹ for complex 3 and 4.5 s⁻¹ for complex 4, 

(Figure IV.21-Figure IV.24, Table IV.8). Among them, catalyst complex 4 exhibited 

the highest TOFmax of 4.5 s-1, indicating its superior electrocatalytic activity Since our 

primary focus was on the photocatalytic CO₂ reduction activity of the catalysts, no 

further investigations were carried out. 

 

Figure IV.21 Cyclic voltammogram scan rate dependence of 1 mM complex-1 under 

an atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat 

vs. 1/scan rate1/2 plot of complex-1. Electrochemical conditions were 0.1 M TBAH as 

supporting electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter 

electrode. 
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Figure IV.22 Cyclic voltammogram scan rate dependence of 1 mM complex-2 under 

an atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat 

vs. 1/scan rate1/2 plot of complex-2. Electrochemical conditions were 0.1 M TBAH as 

supporting electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter 

electrode. 

 

 

Figure IV.23 Cyclic voltammogram scan rate dependence of 1 mM complex-3 under 

an atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat 

vs. 1/scan rate1/2 plot of complex-3. Electrochemical conditions were 0.1 M TBAH as 

supporting electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter 

electrode. 
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Figure IV.24 Cyclic voltammogram scan rate dependence of 1 mM complex-4 under 

an atmosphere of argon (a) and under an atmosphere of CO2 (b) in acetonitrile. (c) ip/icat 

vs. 1/scan rate1/2 plot of complex-4. Electrochemical conditions were 0.1 M TBAH as 

supporting electrolyte, 3 mm diameter glassy carbon working electrode, Pt wire counter 

electrode. 

 

 

 

 

 

 

 

Table IV.8 TOFmax of the complexes in CH3CN. 

 

 

 

 

 

Catalyst  TOFmax 

1 0.31 s-1 

2 0.15 s-1 

3 0.07 s-1 

4 4.5 s-1 
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IV.2.7 Photocatalysis:  

Photocatalytic CO₂ reduction experiments were conducted in a glass reactor containing a CO₂-

saturated DMA/H₂O mixture (4.0 mL, 3:1 v/v) at room temperature. For complexes 1–4, an 

external photosensitizer (PS) was employed: [Ru(bpy)₃]²⁺ (0.5 mM), with BIH (0.25 mM) as 

the sacrificial electron donor and catalyst loading of 20 µM. The suspension was irradiated 

with λ ≥ 420 nm using a 275 W Xe source, and gaseous products accumulating in the headspace 

were periodically quantified by GC-TCD. 

Within the externally sensitized series (1–4), the influence of ligand electronics on activity was 

probed by varying substituents on the bipyridine framework. Electron-donating groups on the 

4,4′-positions decreased CO production relative to the unsubstituted analogue, for complex 4, 

TONCO was 440, indicating that modest perturbations to the bipyridine π-system can alter 

excited-state energetics and redox matching with the PS/BIH pair, thereby impacting 

productive electron transfer versus deactivation pathways. Under these conditions, complex 4 

delivered the highest turnover number 1700 among 1–4 (see Figure IV.25 (a)). 

To eliminate reliance on an external PS and streamline the system, we next designed self-

sensitized catalysts by appending a BODIPY light-harvesting unit (complexes 5 and 7). 

Complex 5 bears the non-iodinated BODIPY, whereas complex 7 incorporates an iodinated 

BODIPY unit. Both complexes absorb strongly in the visible region, enabling direct 

photoactivation under λ ≥ 420 nm without [Ru(bpy)₃]²⁺. Notably, complex 7 achieved a higher 

TON, 55 than complex 5 (TON 17) (see Figure IV.25 (b)). under otherwise identical 

conditions. We ascribe this enhancement to the heavy-atom effect of iodine within the 

BODIPY chromophore, which promotes intersystem crossing and lengthens the triplet-state 

lifetime. The resulting increase in triplet population and lifetime improves intramolecular 

charge separation and accelerates electron transfer from the photoexcited BODIPY to the 

catalytic center, while suppressing back-electron transfer—collectively yielding superior CO₂-

to-CO performance. 

In summary: complex 4 is the top performer within the externally sensitized set (1–4); 

transitioning to self-sensitized designs obviates the external PS; and within that family, the 

iodinated BODIPY complex 7 outperforms complex 5, consistent with heavy-atom-enabled 

triplet harvesting and more efficient photoredox coupling. 
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Figure IV.25 (a) TONCO obtained by the catalysts after 10 h. DMA was chosen as the solvent 

with water as the proton source (4.0 mL, 10:1 v/v), 0.2 mM Ru(dmbpy)3
2+ as phtosensitizer, 25 

mM SED and 20 µM catalyst. (b) Turnover number versus time plots after 4 h without added 

PS. Solvent DMA with water as the proton source (4.0 mL, 10:1 v/v), 25 mM SED and 0.1 

mM catalyst is used. 

IV.3. Mechanistic Discussion:  

For complexes 1-4, photocatalytic CO₂ reduction proceeds via an external photosensitizer 

pathway in which [Ru(bpy)₃]²⁺ absorbs visible light (λ ≥ 420 nm) and is excited to its singlet 

state, followed by intersystem crossing to the triplet state. This triplet photosensitizer is 

reductively quenched by BIH, generating the reduced [Ru(bpy)₃]⁺ species, which subsequently 

transfers an electron to the Ru catalyst, producing the active Ru(I) species. Ru(I) binds CO₂ to 

form a Ru–CO₂ adduct, which undergoes stepwise proton-coupled electron transfer to release 

CO and regenerate Ru(II). In the self-sensitized systems (complexes 5 and 7), the BODIPY 

chromophore is covalently attached to the Ru catalytic site, eliminating the need for an external 

photosensitizer. Upon light absorption, BODIPY is excited to the singlet state, and in complex 

7, iodination promotes efficient intersystem crossing to the triplet state via the heavy-atom 

effect, producing a longer-lived excited state than in complex 5. The excited BODIPY is 

reductively quenched by BIH to form a BODIPY radical anion, which transfers an electron 

intramolecularly to the Ru center to generate the Ru(I) active species, followed by CO₂ 

activation and reduction to CO as in the external PS pathway. The enhanced triplet yield and 
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prolonged lifetime in complex 7 facilitate more efficient electron transfer, accounting for its 

superior turnover number compared to complex 5. (See Scheme IV.2) 

 

 

 

 

Scheme IV.2 Proposed mechanism for the photochemical reduction of CO2 into CO catalyzed 

by the Complexes. Complex 1 was employed to exemplify the mechanism.
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IV.4. DISCUSSION AND CONCLUSIONS: 

The photocatalytic CO₂ reduction studies reveal that the catalytic performance is highly 

sensitive to both the ligand framework and the mode of photosensitization. Complexes 1–4, 

evaluated in the presence of an external photosensitizer ([Ru(bpy)₃]²⁺), show clear trends 

correlating ligand electronic properties with activity. Substitution at the 4,4′-positions of the 

bipyridine moiety with electron-donating methyl groups (complex 2) results in a decrease in 

CO yield compared to the unsubstituted analogue (complex 1), suggesting that increased 

electron density on the ligand may destabilize the key metal–carbon intermediates. More 

pronounced electron donation, as in 4,4′-bis(N,N-dimethylamino) substitution (complex 3), 

leads to a substantial loss of activity, likely due to suppression of efficient photoinduced 

electron transfer from the photosensitizer to the catalyst. In contrast, complex 4, bearing a 

coordinated acetonitrile ligand, exhibits the highest turnover number among the external-PS 

systems. The electron-withdrawing nature of the CH₃CN ligand likely lowers the reduction 

potential, facilitating CO₂ activation. To circumvent the need for an external photosensitizer, 

BODIPY-based complexes 5 and 7 were designed as self-sensitized catalysts. The 

incorporation of a BODIPY chromophore allows direct harvesting of visible light, with 

intramolecular electron transfer from the photoexcited BODIPY to the Ru catalytic center 

driving CO₂ reduction. Notably, complex 7, containing an iodinated BODIPY unit, 

demonstrates superior TON relative to complex 5. This enhancement can be attributed to the 

heavy-atom effect of iodine, which promotes intersystem crossing to the triplet excited state, 

increasing the lifetime of the charge-separated species and thus improving photocatalytic 

efficiency. The combined results confirm that both the photophysical and electronic properties 

of the ligands play decisive roles in dictating catalytic activity. 

This study establishes a clear structure–activity relationship in Ru-based CO₂ reduction 

catalysts, highlighting the delicate balance between ligand electronics and photophysical 

properties. Complex 4 achieves the highest performance among the external-photosensitizer 

systems, while the self-sensitized iodinated BODIPY complex 7 surpasses TON from the 

complex 5, eliminating the need for an auxiliary photosensitizer. These findings demonstrate 

that strategic ligand design particularly through integration of strong light-absorbing units and 

judicious modulation of their electronic character—offers an effective route to enhance 

photocatalytic CO₂ reduction. The insights gained here provide a valuable framework for the 

future development of efficient, self-sensitized photocatalysts for sustainable fuel generation. 
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Chapter V 

Highly Efficient Homogeneous Friedländer  

Quinoline Formation Mediated by a Stable  

Pincer-Ruthenium(III) Catalyst 
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V.1. Introduction 

Quinolines constitute a significant class of nitrogen-containing heterocycles, widely 

recognized for their broad range of applications in pharmaceutical development, agrochemical 

formulations, and functional materials1-3. Numerous synthetic strategies have been developed 

to construct the quinoline core, including classical methods such as the Combes, Doebner–von 

Miller, Conrad–Limpach, Gould–Jacobs, Skraup, and Povarov reactions4-5. However, these 

traditional approaches are often constrained by harsh reaction conditions, prolonged reaction 

times, suboptimal stereoselectivity, and a narrow substrate scope. 

To address these drawbacks, acceptorless dehydrogenative coupling (ADC) reactions 

have emerged as a green and atom-economical alternative, allowing direct access to quinolines 

from primary amino alcohols via a tandem alcohol dehydrogenation and cyclization process6-

8. Such transformations are typically facilitated by transition metal catalysts, with ruthenium 

complexes demonstrating particular promise due to their versatile redox chemistry, thermal 

stability, and compatibility with a broad range of functional groups9-10. Ruthenium-catalyzed 

indirect Friedländer-type annulations have been effectively utilized by several groups including 

Shim, Yus, Milstein, and Liu. Nevertheless, the continued exploration of well-defined Ru-

based catalysts that operate under milder, more selective, and operationally simple conditions 

remains highly desirable11-14. 

Considerable advances have been achieved in the synthesis of N-heterocycles through 

direct dehydrogenative functionalization of alcohols, where precious heavy metal catalysts 

such as Ru15-16, Rh17-18, and Ir19-20 have played a central role. Among these, ruthenium-based 

systems have demonstrated remarkable efficiency and versatility, making them one of the most 

widely employed catalysts for such transformations. Nevertheless, the dependence on noble 

metals raises concerns regarding cost, toxicity, and long-term sustainability. In contrast, first-

row transition-metal alternatives (e.g., Mn, Fe, Co, Cu, Ni) are more earth-abundant and 

environmentally benign, yet they often face challenges including poor product selectivity, 

generation of hazardous byproducts, low turnover numbers (TONs), the need for high catalyst 

loadings, and difficulties in recovery and reuse. Homogeneous catalysts, in particular, suffer 

from limited recyclability, which restricts their industrial applicability. For example, in the case 

of copper, in-situ generated species derived from simple salts frequently require stoichiometric 

or excess loadings, resulting in low TONs and reduced sustainability21. Therefore, while non-

precious metals remain attractive for developing greener catalytic strategies, ruthenium 



152 

 

continues to be a catalyst of choice due to its superior activity and robustness in enabling 

efficient Friedländer quinoline synthesis under homogeneous conditions. Cooperative 

catalysis, involving the synergistic participation of metal centers and ligand frameworks, 

further enhances the potential of Ru systems to accomplish demanding transformations under 

relatively mild conditions. 

Herein, we report organocatalytic dehydrogenative transformations catalyzed by 

structurally well-defined Ru(III) polypyridyl complexes. The reaction involves the synthesis 

of substituted quinolines via dehydrogenative annulation of 2-aminobenzyl alcohols with 

secondary alcohols and ketones. This reactivity showcases the efficiency and versatility of 

Ru(III)-polypyridyl systems in mediating challenging oxidative couplings. The redox-active 

nature of the polypyridyl ligand framework is proposed to play a cooperative role with the 

metal center, promoting efficient hydrogen removal and facilitating key bond-forming steps. 

These findings highlight the underexplored potential of Ru(III) polypyridyl catalysts in 

dehydrogenative transformations and contribute to the advancement of atom-economical 

synthetic methodologies. 

V.2. Result and Discussion 

V.2.1 Materials:  

Acetonitrile, toluene, hexane, ethyl acetate, methanol, ethanol, dichloromethane, and N,N-

dimethylformamide were obtained from Merck and purified by standard drying procedures 

prior to use. Bis(pyridin-2-ylmethyl)amine, salicylaldehyde, 5-methoxysalicylaldehyde, 5-

methylsalicylaldehyde, 5-bromosalicylaldehyde, and dichloro(p-cymene)ruthenium(II) dimer 

were purchased from Sigma-Aldrich. 

V.2.2 Synthesis of ligands and complexes: 

Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)phenol (Lig-1): 

The ligand-1 was synthesized following a modified procedure based on reported methods. 

Salicylaldehyde (1 mmol) was dissolved in methanol (10 mL), and N,N-bis-(2-

pyridylmethyl)amine (1 mmol) was added to the solution. Subsequently, two drops of acetic 

acid were introduced, and the mixture was stirred. Sodium cyanoborohydride (1 mmol) was 

then added under an argon atmosphere, and the reaction mixture was stirred at room 

temperature for 72 hours. After completion, the reaction mixture was acidified with dilute 

hydrochloric acid to neutralize any excess sodium cyanoborohydride and then dried. The 

mixture was washed with water (3 × 10 mL) and extracted with dichloromethane. The organic 
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layer was concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel using a dichloromethane/ethanol gradient (90:10 v/v) to afford 

the pure ligand-1. 1H NMR (300 MHz, CDCl3) δ 8.59 – 8.49 (m, 2H), 7.60 (tt, J = 7.7, 1.8 Hz, 

2H), 7.33 (dd, J = 8.1, 1.5 Hz, 2H), 7.22 – 7.10 (m, 3H), 7.05 (dd, J = 7.4, 1.7 Hz, 1H), 6.91 

(dd, J = 8.1, 1.2 Hz, 1H), 6.76 (td, J = 7.3, 1.3 Hz, 1H), 3.82 (d, J = 27.1 Hz, 6H). 13C NMR 

(75 MHz, CDCl3) δ 158.19, 157.54, 148.80, 136.89, 130.20, 129.08, 123.27, 122.81, 122.29, 

118.90, 116.53, 58.98, 56.92, 29.69. 

Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol (Lig-2): The 

synthesis of the ligand was carried out following the same procedure as described for ligand 1, 

except that 5-methylsalicylaldehyde was used in place of salicylaldehyde.1H NMR (300 MHz, 

CDCl3) δ 8.56 (ddd, J = 5.1, 1.8, 0.9 Hz, 2H), 7.61 (td, J = 7.7, 1.8 Hz, 2H), 7.35 (dt, J = 7.8, 

1.1 Hz, 2H), 7.15 (ddd, J = 7.5, 4.9, 1.2 Hz, 2H), 6.98 (dd, J = 8.3, 2.2 Hz, 1H), 6.89 – 6.79 

(m, 2H), 3.87 (s, 4H), 3.75 (s, 2H), 2.24 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 158.29, 155.15, 

149.03, 148.84, 136.84, 130.72, 129.49, 129.12, 127.87, 123.26, 122.50, 122.25, 116.27, 

116.02, 63.71, 59.08, 57.03, 20.48, 20.42. 

Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-methoxyphenol (Lig-3): The 

synthesis of the ligand was carried out following the same procedure as described for ligand 1, 

except that 5-methoxy salicylaldehyde was used in place of salicylaldehyde. 1H NMR (300 

MHz, CDCl3) δ 8.54 (dd, J = 5.0, 1.7 Hz, 2H), 7.60 (dt, J = 7.7, 1.4 Hz, 2H), 7.33 (d, J = 7.8 

Hz, 2H), 7.17 – 7.09 (m, 2H), 6.84 (d, J = 8.8 Hz, 1H), 6.73 (dd, J = 8.7, 3.0 Hz, 1H), 6.64 (d, 

J = 3.0 Hz, 1H), 3.86 (s, 3H), 3.83 – 3.54 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 160.13, 

158.13, 152.30, 151.34, 148.84, 148.68, 136.87, 136.59, 126.98, 123.43, 123.31, 122.73, 

122.30, 121.93, 116.90, 116.75, 115.85, 114.00, 113.73, 113.32, 63.49, 59.05, 57.03, 55.78, 

50.96, 17.94. 

Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-bromophenol (Lig-4):  The 

synthesis of the ligand was carried out following the same procedure as described for ligand 1, 

except that 5 bromo salicylaldehyde was used in place of salicylaldehyde. 1H NMR (300 MHz, 

CDCl3) δ 8.50 (dt, J = 5.4, 2.5 Hz, 2H), 7.55 (ddt, J = 7.8, 4.9, 2.6 Hz, 2H), 7.42 – 7.16 (m, 

3H), 7.15 – 6.91 (m, 3H), 6.75 (dt, J = 8.7, 1.9 Hz, 1H), 3.81 (t, J = 2.3 Hz, 4H), 3.68 (d, J = 

2.4 Hz, 2H).13C NMR (75 MHz, CDCl3) δ 158.57, 157.93, 156.83, 149.17, 148.95, 148.72, 

136.92, 136.66, 136.57, 136.55, 132.63, 131.70, 130.98, 130.34, 125.17, 123.15, 122.48, 
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122.33, 122.20, 122.09, 118.48, 117.69, 110.34, 63.46, 62.05, 60.14, 58.79, 56.28, 54.17, 

29.65. 

Synthesis of complex-1: Initially, 2 equivalents of the ligand were dissolved in 

dichloromethane in a round-bottom flask, followed by the addition of 1 equivalent of 

dichloro(p-cymene)ruthenium(II) dimer. The reaction mixture was stirred overnight at room 

temperature. Upon completion, the mixture was subjected to column chromatography, 

affording the desired product as a blue solid using CH₃CN:MeOH (9:1) as the eluent. 

Synthesis of complex-2: The synthesis was carried out following the same procedure as 

described for complex 1. 

Synthesis of complex-3: The synthesis was carried out following the same procedure as 

described for complex 1. 

Synthesis of complex-4: The synthesis was carried out following the same procedure as 

described for complex 1. 

 

 

Scheme V.1. Synthetic Procedure for the Complexes. 
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V.2.3. NMR spectra 

Figure V.1 1H NMR Spectrum of Lig-1 in CDCl3. 

Figure V.2 13C NMR Spectrum of Lig-1 in CDCl3. 
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Figure V.3 1H NMR Spectrum of Lig-2 in CDCl3 

Figure V.4 13C NMR Spectrum of Lig-2 in CDCl3. 
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Figure V.5 1H NMR Spectrum of Lig-3 in CDCl3 

Figure V.6 13C NMR Spectrum of Lig-3 in CDCl3. 
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Figure V.7 1H NMR Spectrum of Lig-4 in CDCl3 

Figure V.8 13C NMR Spectrum of Lig-4 in CDCl3. 
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V.2.4 Crystal Structures: 

Single-crystal X-ray diffraction studies of complexes 1–4 provided detailed information on 

their structural characteristics and comparative geometries. Suitable single crystals for X-ray 

analysis were obtained by layering methanolic solutions of the respective complexes with 

diethyl ether. The comparative structural examination highlights the coordination 

environments and geometric variations across the series. Thermal ellipsoid representations of 

the complexes are shown in Tables V.1–V.4. All four complexes exhibit a distorted octahedral 

coordination geometry with closely comparable bond parameters, reflecting a high degree of 

structural uniformity within the series. The crystallographic data have been deposited in the 

Cambridge Crystallographic Data Centre (CCDC) under deposition numbers 2333903, 

2334355, 2480982 and 2480992. 
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Table V.1. crystallographic data of the Complex 1. 

 

 

 

 

 

 Complex-1 

CCDC No. 2333903 

Formula moiety       C19H18Cl2N3ORu 

Molecular weight          496.50 

Crystal system              monoclinic 

Space group            P 1 21/c 1 

a/ Å                          10.1531(6) 

b/ Å                          13.3819(8) 

c/ Å                          14.9665(9) 

α/°                                90 

β/°                         100.656(2) 

γ/°                                 90 

V/ Å3                            1998.4(2) 

Z                         4 

Dcalcd /g cm-3            1.650 

Bond length(Å) Mu (mm-1)            1.067 

Ru-N1 2.065(5) T/K                             273 K 

Ru-N2 2.061(5) R1 = 0.0546(2786) 

wR2 = 0.1327(3470) Ru-N3 2.051(5) 

Ru-O1 1.976(4) GOF on F2                1.074 

Ru-Cl1 2.3716(17)  

Ru-Cl2 2.3966(19)  

O1-C13 1.336(8)  



161 

 

Table V.2. crystallographic data of the Complex 2. 

 

 

 

 

 

 

 Complex-2 

CCDC No.  2334355 

Formula moiety       C20H20Cl2N3ORu 

Molecular weight          536.44 

Crystal system              'orthorhombic' 

Space group            P212121 

a/ Å                          11.8251(7) 

b/ Å                          13.3394(8) 

c/ Å                          14.5582(8) 

α/°                                90 

β/°                         90 

γ/°                                 90 

V/ Å3                            2296.4(2) 

Z                         4 

Dcalcd /g cm-3            1.552 

Bond length(Å) Mu (mm-1)            0.939 

Ru-N1 2.073(3) T/K                             273 K 

Ru-N2 2.070(3)  R1 = 0.0277(3783) 

wR2 = 0.0563(4062) Ru-N3 2.053(3) 

Ru-O1 1.970(2) GOF on F2                1.051 

Ru-Cl1 2.3789(9)  

Ru-Cl2 2.4001(9)  

O1-C13 1.351(4)  

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/e6e31bec-dcd0-ee11-96be-00505695281c
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Table V.3. crystallographic data of the Complex 3. 

 

 

 

 

 

 

 Complex-3 

CCDC No. 2480982 

Formula moiety       C20H20Cl2N3O2Ru 

Molecular weight          644.58 

Crystal system              'orthorhombic' 

Space group            P212121 

a/ Å                          11.7242(6) 

b/ Å                          13.2328(7) 

c/ Å                          15.0351(8) 

α/°                                90 

β/°                         90 

γ/°                                 90 

V/ Å3                            2332.6(2) 

Z                         4 

Dcalcd /g cm-3            1.835 

Bond length(Å) Mu (mm-1)            0.939 

Ru-N1 2.076(3) T/K                             273 K 

Ru-N2 2.071(3) R1 = 0.0321(4906) 

wR2 = 0.0994(5132) Ru-N3 2.055(3) 

Ru-O1 1.971(2) GOF on F2                1.054 

Ru-Cl1 2.3815(9)  

Ru-Cl2 2.3998(10)  

O1-C13 1.350(4)  

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/5e99fb75-897b-f011-96d5-00505695f620
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Table V.4. crystallographic data of the Complex 4. 

 

 

 

 

 

 Complex-4 

CCDC No. 2480992 

Formula moiety     C19H17BrCl2N3O 

Ru,1.5[CH3CH2OH] 

Molecular weight           624.34 

Crystal system              'orthorhombic' 

Space group            P212121 

a/ Å                           11.764(2) 

b/ Å                           13.181(2) 

c/ Å                           15.012(3) 

α/°                                     90 

β/°                             90 

γ/°                                    90 

V/ Å3                                 2327.8(7) 

Z                              4 

Dcalcd /g cm-3               1.782 

Bond length(Å) Mu (mm-1)               2.652 

Ru-N1 2.077(5) T/K                             273 K 

Ru-N2 2.085(4) R1 = 0.0436( 4366) 

wR2 = 0.1223( 4844) Ru-N3 2.051(5) 

Ru-O1 1.995(4) GOF on F2                1.050 

Ru-Cl1 2.3782(14)  

Ru-Cl2 2.3971(16)  

O1-C13 1.353(7)  

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/a95f23b7-8e7b-f011-96d5-00505695f620


164 

 

V.2.5. Catalytic Activity: 

In this study, we report the dehydrogenative coupling of secondary alcohols or ketones with 2-

amino primary alcohol derivatives, catalyzed by the synthesized stable octahedral Ru(III) 

polypyridyl complexes. These complexes exhibited excellent catalytic efficiency in the one-

pot cascade synthesis of quinoline derivatives, using 2-aminobenzyl alcohol as the coupling 

partner. Conventionally, Friedländer annulation reactions employ the condensation of 2-

aminobenzaldehydes with ketones under either basic or acidic conditions22. However, such 

methods are often limited by the instability of 2-aminobenzaldehydes, which are prone to self-

condensation and undesired side reactions. To overcome these drawbacks, we developed a 

more sustainable approach based on acceptorless dehydrogenative coupling (ADC), utilizing 

catalytic amounts of base and the more stable 2-aminobenzyl alcohol and its derivatives. 

The reaction of 2-aminobenzyl alcohol with acetophenone was selected as a model system to 

optimize conditions for mono-dehydrogenative cyclization, affording quinoline derivatives 

(Condition-A). Building on these results, the feasibility of double-dehydrogenative cyclization 

involving secondary alcohols and 2-aminobenzyl alcohol was subsequently examined 

(Condition-B). Remarkably, the benchmark reaction of 1-phenylethanol with 2-aminobenzyl 

alcohol proceeded smoothly, delivering the desired quinoline derivatives in good yields, as 

summarized in Table V.5. 

 Preliminary experiments were conducted using 1.00 mol% of catalyst Complex-1 and 

100 mol% of KOtBu under open-air conditions at 85 ºC, yielding 95% and 92% of 1 under 

condition A and condition B, respectively (Table V.5, entry 1). 

 

Scheme V.1.  The reaction of 2-aminobenzyl alcohol with acetophenone and 1-phenylethanol 

at different condition. 
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Table V.5. Optimization of the reaction conditions for the Ru(III) catalyzed acceptorless 

mono- and double-dehydrogenative coupling of 2-aminobenzylalcohol with acetophenone and 

1-phenylethanol. 

 

aReaction Conditions: mono-dehydrogenation: condition A: 2-Amino benzyl alcohol 6a (1.00 mmol), 

acetophenone 3a (1.00 mmol). Double-dehydrogenation: condition B: 2-Amino benzyl alcohol 6a (1.00 mmol), 

1-phenylethanol 4a (1.00 mmol), Base, 5.0 ml toluene, Reaction time 18 hrs, open air. 
 bIsolated yield after coloumn chromatography. 

 cRT = Room Temperature. 

 dUnder an argon atmosphere. 

 eReaction time 6 hrs, ND = Not Detected. 
frepresents the yield of the mono-dehydrogenative coupling reaction. 

 grepresents the yield of the double-dehydrogenative coupling reaction. 

 

Entry Catalyst  

(X mol%) 

Solvent Base  

(Y mol%) 

Temp (ºC) Yieldb,f (%) Yieldb,g (%) 

1 Complex-1(1.00mol%) Toluene KOtBu (100) 85 95 92 

2 Complex-1(1.00mol%) Toluene KOtBu (50) 85 93 90 

3 Complex-1(1.00mol%) Toluene KOtBu (20) 85 87 70 

4 Complex-1(1.00mol%) Toluene KOtBu (40) 85 90 87 

5 Complex-1(1.00mol%) Toluene NaOtBu (40) 85 87 60 

6 Complex-1(1.00mol%) Toluene NaOH (40) 85 90 60 

7 Complex-1(1.00mol%) Toluene KOH (40) 85 87 62 

8 Complex-1(1.00mol%) Toluene K2CO3 (40) 85 50 20 

9 Complex-1(1.00mol%) Xylene KOtBu (40) 85 80 55 

10 Complex-1(1.00mol%) THF KOtBu (40) 85 50 25 

11 Complex-1(1.00mol%) EtOH KOtBu (40) 85 ND ND 

12c Complex-1(1.00mol%) Toluene KOtBu (40) RT NR ND 

13 Complex-1(1.00mol%) Toluene KOtBu (40) 100 92 90 

14  Toluene KOtBu (40) 85 ND ND 

15d Complex-1(1.00mol%) Toluene KOtBu (40) 85 trace trace 

16e Complex-1(1.00mol%) Toluene KOtBu (40) 85 78 35 

17 Complex-2(1.00mol%) Toluene KOtBu (40) 85 85 82 

18 Complex-3(1.00mol%) Toluene KOtBu (40) 85 95 93 

19 Complex-4(1.00mol%) Toluene KOtBu (40) 85 83 80 
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Upon reducing the base loading to 40 mol%, the yield of the desired products remained largely 

unaffected (Table V.5, entries 4). However, a further reduction to 20 mol% severely diminished 

the product yield (Table V.5, entries 3). Among the various trial bases, including NaOtBu, 

KOH, NaOH, K2CO3 and KOtBu, the highest yield of the desired 1 was achieved using 40 

mol% of KOtBu with 1 mol% catalyst. Notably, KOtBu proved to be the most efficient base 

for this reaction, affording 1 in excellent yields. The reaction efficiency was maximized in 

aprotic solvents such as xylene, toluene, and THF, whereas the yield decreased drastically in 

protic solvents like ethanol (Table V.5, entries 11). Additionally, the yield of 1 dropped 

significantly when the temperature was reduced from 85 ºC to room temperature. However, 

increasing the temperature beyond 85 ºC did not lead to a significant improvement in yield. 

The ligand framework plays a pivotal role in determining the catalytic behaviour of the 

complexes. The catalytic activity is strongly influenced by the substituent positioned opposite 

to the phenolic –OH group. Incorporation of electron-withdrawing groups at this site enhances 

the catalytic performance, as the increased electron deficiency strengthens the polarity of the 

Ru–O bond, thereby facilitating its easier dissociation from the metal centre. Thus, complex-3 

displayed the highest catalytic activity, which can be attributed to the presence of the –OMe 

group positioned opposite to the phenolic –OH functionality. Accordingly, the catalytic 

efficiency of the complexes follows the order: complex-3 > complex-1 > complex-2 > 

complex-4. 
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Table V.6 Screening of various secondary alcohols and ketones for dehydrogenative coupling 

reaction. 

 

 

V.3. Mechanism: 

Based on previous reports15,16,23,24, a plausible mechanism for the Ru(II)-catalyzed ADC 

reaction is proposed, as illustrated in Scheme 4. Under the reaction conditions, the Ru(III) 

precatalyst is first reduced in situ to generate the active Ru(II) species. In the presence of 

KOtBu and alcohol, this species undergoes transformation to form the Ru(II)-alkoxy 

intermediate. Subsequent transfer of the α-hydrogen from the alkoxy moiety to the metal center 

furnishes the hydrido species along with the corresponding ketone. The hydrido intermediate 

then releases H₂, regenerating the active Ru(II) species (Scheme V.2). 
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Scheme V.2. Proposed reaction mechanism for Ru(III)-mediated catalytic reaction. 
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V.4. Conclusion 

This study demonstrates that Ru(III) polypyridyl complexes serve as highly effective catalysts 

for acceptorless dehydrogenative coupling, providing a sustainable route to substituted 

quinoline derivatives. The method offers clear advantages over traditional Friedländer 

annulation by utilizing stable 2-aminobenzyl alcohols and avoiding the limitations associated 

with unstable 2-aminobenzaldehydes. Reaction optimization established KOtBu as the most 

suitable base, with 40 mol% loading and 1 mol% catalyst affording excellent yields under open-

air conditions. Solvent and temperature screening further revealed that aprotic solvents and 

elevated temperatures are essential for achieving maximum efficiency. 

The catalytic performance was found to be strongly dependent on the ligand environment, 

particularly the substituent positioned opposite to the phenolic –OH group. The –OMe group 

in complex-3 significantly enhanced Ru–O bond polarity, leading to the highest catalytic 

activity. Accordingly, the activity trend among the complexes was identified as complex-3 > 

complex-1 > complex-2 > complex-4. These findings highlight the potential of Ru(III) 

polypyridyl systems in promoting challenging oxidative couplings and open new avenues for 

designing redox-active ligand frameworks in atom-economical catalysis. 
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V.5 Characterization data of Ru(III) catalyzed compounds: 

All the reactions were carried out in 1.0 mmol scale of reactant and according to the general 

procedure for synthesis of quinoline derivatives. 

 

2-phenyl quinoline (1): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 95%). 1H 

NMR (400 MHz, CDCl3) δ 8.20 – 8.09 (m, 3H), 8.04 (d, J = 8.6 Hz, 1H), 7.83 (d, 

J = 8.6 Hz, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.66 (dd, J = 9.0, 2.4 Hz, 1H), 7.55 (dd, 

J = 8.3, 6.2 Hz, 2H), 7.53 – 7.48 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 157.46, 

146.63, 139.16, 131.91, 131.33, 130.56, 127.54, 126.16, 119.71. 

 2-(p-tolyl)quinoline (2): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 96%).  1H 

NMR (300 MHz, CDCl3) δ 8.21 (d, J = 8.6 Hz, 2H), 8.17 – 8.06 (m, 2H), 

7.92 – 7.80 (m, 2H), 7.75 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.54 (ddd, J = 8.0, 

6.8, 1.2 Hz, 1H), 7.41 – 7.32 (m, 2H), 2.47 (s, 3H). 13C NMR (75 MHz, 

CDCl3) δ 157.35, 148.32, 139.43, 136.90, 136.69, 129.68, 129.61, 127.48, 127.13, 126.11, 118.89, 

21.38. 

 2-(m-tolyl)quinoline (3): Eluent: Hexane/Ethyl acetate (20:1). Yellowish Liquid (yield = 

92%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.25-8.20 (m, 2H), 7.95 

(d, J = 7.7 Hz, 1H), 7.85 (d, J = 6.6 Hz, 1H), 7.80-7.73 (m, 2H), 7.55 

(t, J = 6.9 Hz, 1H), 7.47-7.37(m, 2H), 7.31 (d, J = 6.7 Hz, 1H), 2.51 (s, 

3H). 13C NMR (75 MHz, CDCl3): δ (ppm) 157.6, 148.3, 138.5, 136.7, 133.8, 130.1, 129.7, 

129.6, 128.7, 128.4, 128.3, 127.4, 126.2, 124.7, 119.1, 21.6. 

2-(o-tolyl)quinoline (4): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 85%). 1H 

NMR (400 MHz, CDCl3) δ 8.22 (dd, J = 18.0, 8.5 Hz, 2H), 7.89 (dd, J = 8.1, 1.5 

Hz, 1H), 7.77 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.62 – 7.51 (m, 3H), 7.35 (h, J = 

3.2, 2.5 Hz, 3H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 160.28, 147.85, 

140.68, 136.14, 136.01, 130.88, 129.71, 129.66, 129.57, 129.05, 128.54, 127.52, 126.76, 126.44, 

126.02, 122.40, 20.35. 

 2-(4-methoxyphenyl)quinoline (5): Eluent: Hexane/Ethyl acetate (20:1). pastel orange solid 

(yield = 90%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.22-8.15 (m, 

4H), 7.88-7.82 (m, 2H), 7.73 (t, J = 6.9 Hz, 1H), 7.52 (t, J = 7.5 Hz, 

1H),7.08 (d, J = 8.9 Hz, 2H), 3.92 (s, 3H). 13C NMR (75 MHz, CDCl3): 

δ (ppm) 160.8, 157.0, 148.3, 136.7, 132.3, 129.6, 129.5, 128.9, 127.4, 126.9, 125.9, 118.6, 

114.2, 55.4.  
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2-(4-bromophenyl)quinoline (6): Eluent: Hexane/Ethyl acetate (20:1). fawn solid (yield = 

87%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.26 (d, J = 7.8 Hz, 1H), 

8.18 (dd, J = 8.5, 1.0 Hz, 1H), 8.08 (d, J = 8.6 Hz,2H), 7.87 (d, J = 8.6 

Hz,2H), 7.79-7.74(m, 1H), 7.68(d, J = 8.6 Hz, 2H), 7.57 (t, J = 6.9 Hz,1H). 

13C NMR (75 MHz, CDCl3): δ (ppm) 156.1, 148.3, 138.5, 137.0, 132.0, 131.4, 129.9, 129.7, 

129.1, 127.5, 127.3, 126.6, 123.9, 118.5. 

2-(4-fluorophenyl)quinoline (7): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 

85%).  1H NMR (400 MHz, CDCl3) δ 8.32 – 8.11 (m, 4H), 7.85 (d, J = 8.4 Hz, 

2H), 7.80 – 7.71 (m, 1H), 7.59 – 7.51 (m, 1H), 7.23 (t, J = 8.6 Hz, 2H). 13C 

NMR (101 MHz, CDCl3) δ 165.06, 162.58, 156.26, 148.24, 136.93, 

135.85, 135.82, 129.81, 129.65, 129.47, 129.39, 127.50, 127.10, 126.37, 118.65, 115.90, 

115.68. 

2-(4-nitrophenyl)quinoline (8): Eluent: Hexane/Ethyl acetate (20:1). beige solid (yield = 

70%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.43-8.36 (m, 4H), 8.35-

8.32 (m, 1H), 8.24-8.20 (m, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.92-7.89 

(m, 1H), 7.84-7.78 (m, 1H), 7.65-7.60 (m, 1H). 13C NMR (75 MHz, 

CDCl3): δ (ppm) 157.6, 148.4, 148.3, 145.5, 137.4, 130.3, 130.0, 128.4, 128.2, 127.6, 127.3, 

124.1, 118.8. 

2-(naphthalen-2-yl)quinoline (9): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 

85%). 1H NMR (300 MHz, CDCl3) δ 8.65 (d, J = 1.8 Hz, 1H), 8.41 (dd, J = 

8.6, 1.8 Hz, 1H), 8.36 – 8.22 (m, 2H), 8.18 – 7.95 (m, 3H), 7.95 – 7.73 (m, 3H), 

7.71 – 7.43 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 157.18, 148.39, 136.97, 

136.86, 133.91, 133.54, 129.78, 129.76, 128.88, 128.62, 127.69, 127.54, 127.21, 126.76, 126.38, 

126.14, 125.79, 125.11, 119.19. 

 2-cyclohexylquinoline (10): Eluent: Hexane/Ethyl acetate (20:1). yellowish oil (yield = 90%).  

1H NMR (300 MHz, CDCl3): δ (ppm) 8.11 (d, J = 3.0 Hz, 1H), 8.08 (d, J 

= 3.4 Hz, 1H), 7.79 (dd, J = 8.1, 1.5 Hz, 1H), 7.70 (ddd, J = 8.5, 6.9, 1.5 

Hz, 1H), 7.50 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.36 (d, J = 8.6 Hz, 1H), 

2.99-2.93 (m, 1H), 2.09-2.03 (m, 3H), 1.95-1.90 (m, 2H), 1.69-1.48 (m, 5H). 13C NMR (75 

MHz, CDCl3): δ (ppm) 166.8, 147.9, 136.2, 129.2, 129.0, 128.2, 127.4, 125.6, 119.6, 47.62, 

32.8, 28.5, 26.6, 26.2, 25.7. 
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2-hexylquinoline (11): Eluent: Hexane/Ethyl acetate (20:1). colorless oil (yield = 78%). 1H 

NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.7 Hz, 2H), 7.75 (dd, J = 18.4, 

2.3 Hz, 1H), 7.60 (ddd, J = 24.5, 9.0, 2.4 Hz, 1H), 7.34 (d, J = 8.4 Hz, 

1H), 3.02 – 2.93 (m, 2H), 1.87 – 1.77 (m, 2H), 1.47 – 1.33 (m, 6H), 0.90 (td, J = 5.8, 4.7, 2.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 163.49, 146.23, 135.29, 130.42, 130.27, 127.30, 126.16, 125.61, 122.27, 

39.27, 31.71, 29.89, 29.21, 22.57, 14.07. 

6-chloro-2-phenylquinoline (12): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 

95%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.19-8.12(m, 4H), 7.92 (d, 

J = 8.7 Hz, 1H), 7.83 (d, J = 2.3 Hz, 1H), 7.68 (dd, J = 9.0, 2.3 Hz, 1H), 

7.59-7.47 (m, 3H). 13C NMR (75 MHz, CDCl3): δ (ppm) 157.6, 146.7, 

139.2, 135.9, 131.9, 131.3, 130.6, 129.6, 128.9, 127.7, 127.5, 126.2, 119.8. 

6-chloro-2-(4-chlorophenyl)quinoline (13): Eluent: Hexane/Ethyl acetate (20:1). white solid 

(yield = 95%). 1H NMR (300 MHz, CDCl3) δ 8.18 – 8.07 (m, 4H), 7.91 – 

7.82 (m, 2H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H), 7.55 – 7.48 (m, 2H). 13C NMR 

(75 MHz, CDCl3) δ 156.23, 146.62, 137.59, 136.04, 135.85, 132.18, 131.30, 

130.79, 129.11, 128.77, 127.77, 126.18, 119.38. 

6-chloro-2-(4-fluorophenyl)quinoline (14): Eluent: Hexane/Ethyl acetate (20:1). white solid 

(yield = 92%).  1H NMR (300 MHz, CDCl3) δ 8.24 – 8.14 (m, 3H), 8.10 (dt, 

J = 9.0, 0.7 Hz, 1H), 7.92 – 7.80 (m, 2H), 7.68 (dd, J = 9.0, 2.4 Hz, 1H), 7.28 

– 7.19 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 165.60, 162.29, 156.46, 146.62, 

136.00, 132.00, 131.25, 130.73, 129.45, 129.34, 127.63, 126.17, 119.44, 116.02, 115.74. 

 6-chloro-2-(4-methoxyphenyl)quinoline (15): Eluent: Hexane/Ethyl acetate (20:1). white 

solid (yield = 92%). 1H NMR (300 MHz, CDCl3) δ 8.20 – 8.04 (m, 4H), 

7.85 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 2.4 Hz, 1H), 7.65 (dd, J = 9.0, 2.4 Hz, 

1H), 7.12 – 7.01 (m, 2H), 3.91 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 161.02, 

157.11, 146.68, 135.69, 131.77, 131.46, 131.11, 130.46, 128.87, 127.45, 126.13, 119.33, 114.30, 55.42. 

6-chloro-2-(4-nitrophenyl)quinoline (16): Eluent: Hexane/Ethyl acetate (20:1). white solid 

(yield = 75%).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.23 (d, J = 8.7 

Hz, 2H), 7.96 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 2.3 Hz, 2H), 7.74 (d, J 

= 2.3 Hz, 1H), 7.45 (d, J = 2.5 Hz, 1H), 6.63 (d, J = 8.8 Hz, 1H). 13C 

NMR (75 MHz, CDCl3): δ (ppm) 154.7, 148.5, 146.4, 144.7, 136.6, 133.2, 131.4, 129.3, 128.4, 

128.1, 126.3, 124.1, 119.7.  



173 

 

6-chloro-2-(pyridin-4-yl)quinoline (17): Eluent: Hexane/Ethyl acetate (20:1). white solid 

(yield = 80%). 1H NMR (300 MHz, CDCl3) δ 8.84 – 8.71 (m, 2H), 8.23 – 8.09 

(m, 2H), 8.05 (d, J = 5.3 Hz, 2H), 7.95 – 7.87 (m, 1H), 7.86 – 7.75 (m, 1H), 7.73 

– 7.56 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 154.63, 150.49, 146.62, 136.37, 

133.02, 131.11, 130.03, 128.35, 127.25, 126.24, 121.67, 119.26. 

6-chloro-2-(naphthalen-2-yl)quinoline (18): Eluent: Hexane/Ethyl acetate (20:1). white solid 

(yield = 90%). 1H NMR (300 MHz, CDCl3) δ 8.62 (d, J = 1.8 Hz, 1H), 8.37 

(dd, J = 8.6, 1.9 Hz, 1H), 8.17 (dd, J = 8.8, 4.5 Hz, 2H), 8.06 – 7.89 (m, 4H), 

7.70 (dd, J = 9.0, 2.4 Hz, 1H), 7.57 (qd, J = 6.4, 2.5 Hz, 3H). 13C NMR (75 

MHz, CDCl3) δ 157.39, 146.75, 143.23, 136.49, 135.89, 133.49, 131.33, 130.66, 128.87, 128.32, 

127.96, 127.77, 126.91, 126.46, 126.20, 124.89, 123.85, 123.82, 119.97. 

 6-chloro-2-hexylquinoline (19): Eluent: Hexane/Ethyl acetate (20:1). colorless oil (yield = 

78%, 193mg).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.00-7.92 (m, 

2H), 7.77-7.71 (m, 1H), 7.64-7.53 (m, 1H), 7.34-7.28 (m, 1H), 2.97 

(dd, J = 8.6, 7.2 Hz, 2H), 1.86-1.76 (m, 2H), 1.46-1.40 (m, 5H), 0.97-0.87 (m, 4H). 13C NMR 

(75 MHz, CDCl3): δ (ppm) 163.5, 146.2, 135.3, 131.2, 130.4, 130.2, 127.3, 126.1, 122.3, 39.3, 

31.7, 29.9, 29.2, 22.6, 14.1. 

6-chloro-2-(m-tolyl)quinoline (20): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 

95%). 1H NMR (400 MHz, CDCl3) δ 8.14 (dd, J = 8.8, 4.9 Hz, 2H), 

8.01 (s, 1H), 7.92 (t, J = 8.9 Hz, 2H), 7.83 (d, J = 2.3 Hz, 1H), 7.68 

(dd, J = 9.1, 2.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 7.6 Hz, 

1H), 2.51 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 157.81, 146.66, 139.20, 138.63, 135.79, 

131.85, 131.31, 130.55, 130.39, 128.81, 128.21, 127.73, 126.15, 124.67, 119.98, 21.60. 
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V.6. NMR spectra of selected compounds 

 

Figure V.9. 1H NMR spectrum of compound 15 in CDCl3 

 

Figure V.10. 13C NMR spectrum of compound 15 in CDCl3.  
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Figure V.11. 1H NMR spectrum of compound 19 in CDCl3. 

 

 

Figure V.12. 13C NMR spectrum of compound 19 in CDCl3.  
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Figure V.13. 1H NMR spectrum of compound 20 in CDCl3. 

 

Figure V.14. 13C NMR spectrum of compound 20 in CDCl3.  
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Highly efficient photocatalytic reduction of CO2 to
CO under visible light using rhenium benzo[d]
oxazole complexes†

Uday Shee, Biswajit Khutia, Sneha Ray, Sumona Ghosh and Kajal Krishna Rajak *

A series of six isomeric rhenium(I) tricarbonyl complexes featuring asymmetric diimine ligands 5,7-di-tert-

butyl-2-(pyridin-2-yl)benzo[d]oxazole, 2-(pyridin-2-yl)naphtho[1,2-d]oxazole, 2-(pyridin-2-yl)naphtho

[2,3-d]oxazole, 2-(quinolin-2-yl)benzo[d]oxazole, 2-(quinolin-2-yl)naphtho[1,2-d]oxazole, and 2-(isoqui-

nolin-1-yl)benzo[d]oxazole, was synthesized and comprehensively characterized through analytical tech-

niques, spectroscopy, and single-crystal X-ray diffraction. These complexes were assessed as catalysts for

visible-light-driven CO2 reduction, both with and without an external photosensitizer (PS), and also

exhibited catalytic activity in electrochemical CO2 reduction, effectively functioning in both regimes. In

the presence of a proton donor, trifluoroethanol (TFE), the complexes produced methane and carbon

monoxide (CO) electrochemically. Under photochemical conditions, high selectivity for CO production

was achieved in acetonitrile with triethanolamine (TEOA) as the proton source. This work highlights the

tunability of metal complex photocatalysts for solar-to-fuel conversion through ligand design. Among the

complexes studied, the rhenium complex featuring the 2-(pyridin-2-yl)naphtho[1,2-d]oxazole ligand

demonstrated the highest catalytic efficiency, achieving a turnover number of 660 for CO2 reduction to

CO after 5 hours. Mechanistic studies employing NMR, UV-vis spectroscopy, and time-dependent density

functional theory (TD-DFT) calculations provided insights into the catalytic process. These rhenium(I)

complexes demonstrate promising potential for photocatalytic CO2 reduction to CO, offering valuable

insights into the design and development of efficient catalysts for artificial photosynthesis and solar-to-

fuel conversion.

Introduction

The escalating global climate crisis, primarily attributed to
anthropogenic greenhouse gases, mainly carbon dioxide (CO2)
emissions, necessitates innovative strategies for CO2 mitiga-
tion. Fossil fuel combustion contributes significantly to atmos-
pheric CO2 levels, surpassing 400 parts per million (ppm), and
exacerbating climate change impacts.1 Consequently, the con-
version of CO2 into valuable liquid fuels using renewable
energy sources has emerged as a critical research frontier.2,3

Solar energy offers a promising avenue for the photocatalytic
reduction of CO2 to products such as CO, CH4, HCOOH, etc.4–8

To achieve this goal, both homogeneous and heterogeneous
systems have been explored. However, homogeneous catalysis
offers more flexibility in catalyst design and optimization due

to its potential for gradual improvement in catalytic efficiency,
sustainability, and atom economy.9 A diverse range of metal
complexes, including those based on Ir,10–13 Ru,14–18 Re,19–23

Co,24–27 Fe,28–33 and Ni,34–38 have been investigated as catalysts
for CO2 reduction. The general mechanism for the photo-
catalytic reduction of CO2 involves light absorption by a photo-
sensitizer (PS) for harvesting the energy of light and a sacrifi-
cial electron donor (SED) that provides electrons for the
reduction, followed by a catalyst that accepts these electrons
and reacts with CO2 to produce the reduced products. Most
molecular systems developed for the photocatalytic reduction
of CO2 typically comprise two distinct components, each
serving a specific function: one molecule acts as the catalyst,
while the other operates as a photosensitizer.

Recently, the development of self-photosensitizing mono-
nuclear complexes that act as both photosensitizers and CO2

reduction catalysts has been reported, marking a significant
advancement in this field.39–49 The pioneering work by Lehn
et al. on the photo- and electrocatalytic reduction of CO2 to CO
using Re(bpy)(CO)3X complexes (where bpy = 2,2′-bipyridine
and X represents a monodentate apical ligand) laid the foun-
dation for subsequent research in this field.50,51 The photoche-

†Electronic supplementary information (ESI) available. CCDC 2355624, 2385160,
2385164, 2385178 and 2385175. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d4dt03400g
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