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SYNOPSIS 

 Huge dependency on the limited resources of fossil fuels and adverse effects on the 

environment due to its consumption enforces the scientific society to search for 

sustainable and renewable energy sources to cater for the increasing global energy 

demand. Hydrogen is now a well-known clean source of energy. However, the 

production and storage of hydrogen using renewable resources are challenging due 

to the physical property of hydrogen. This thesis comprises the six chapter in which 

we discussed about the importance of hydrogen as well as the design and 

development of efficient catalytic systems for the production of hydrogen gas from 

various liquid organic hydrogen carriers (LOHCs) such as hydrazine, methanol, 

formaldehyde and other alcohols. The first chapter of this thesis is about the brief 

discussion and literature survey on the importance of hydrogen, its utility, storage 

and production. Further, subsequent chapters 2-5 describe the synthesis and 

development of catalytic systems for hydrogen production from several LOHCs 

under varying reaction conditions. The prime objective of the research work 

presented in this thesis is to develop a highly active and efficient catalytic system for 

hydrogen production from various liquid organic hydrogen carriers and to study the 

mechanistic pathways for hydrogen production using various instrumentation 

techniques. The last chapter concludes the important outcome of the research work 

present in this these, and briefly describes the outlook and future scope of the present 

research work.  

The content of each chapter included in the thesis are briefly summarized here:  

Chapter 1. An Overview on Hydrogen Production from 

Various Liquid Hydrogen Storage Materials: Role of the 

Catalyst  

Chapter 1 describes the important highlights of hydrogen gas as a potential clean 

fuel, and its production using different liquid organic hydrogen carriers. This chapter 

also describes, in brief, the role of different homogeneous and heterogeneous 

catalysts for hydrogen production. The increasing content of greenhouse gases due 

to the excessive usage of fossils fuels has raised an alarming situation globally. 
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Therefore, for a sustainable future, the search for an efficient renewable resource of 

energy is the need of the hour. Hydrogen can be the one key sources of energy as 

upon reacting in the fuel cell with oxygen it produces electricity along with the water 

as the sole byproduct. One of the major hurdles to use hydrogen as an energy source 

is the storage and handling of hydrogen due to few of its physical properties. Due to 

the lightweight of hydrogen, the natural occurrence of molecular hydrogen in the 

environment is too low, but it is present in abundance in various other forms. The 

hydrogen can be generated using different liquid organic hydrogen carriers 

(NH2NH2.H2O, CH3OH, HCHO, HCOOH, C6H5CH2OH and other alcohols and 

amines) as the transportation of hydrogen in the form of these LOHCs is easier as 

compared to the gaseous hydrogen. This chapter describes, in brief, most of the 

literature available on hydrogen production from liquid organic hydrogen carriers. 

Further, the role of the catalyst is also elaborated for the process of hydrogen 

production from various LOHCs. Though several reports on the production of 

hydrogen using various metal based catalyst are available but still there are several 

major challenges associated with the purity of hydrogen produced, reaction 

temperature, and using the renewable energy sources needs to be addressed properly. 

In this regard, this thesis describes results on the design and developed several 

ruthenium based catalysts for hydrogen production from various liquid organic 

hydrogen carriers such as hydrazine, methanol, formaldehyde and other alcohols.  

Based on the identified research gaps in the available literature reports, the principal 

objectives of the present study are as below:  

• To develop ruthenium catalyst for the activation of hydrazine monohydrate for 

hydrogen production.  

• To design and develop molecular catalysts based on ruthenium complexes for 

alcohol dehydrogenation and to extensively investigate the mechanistic pathway.  

• To develop the ruthenium complexes-based catalysts for hydrogen production 

from formaldehyde and to study the mechanistic pathway.  

• To develop the ruthenium nanoparticle catalytic system for methanol 

dehydrogenation.  
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Chapter 2. Hydrogen Production from Hydrazine 

Hydrate over Ruthenium Catalyst  

In this chapter, we have discussed the synthesis of ruthenium-arene complexes 

containing N-imine-substituted iminopyridine ligands [(ƞ6-C6H6)Ru(κ2-L1)Cl]+ 

([Ru]-3), [(ƞ6-C6H6)Ru(κ2-L2)Cl]+ ([Ru]-4), [(ƞ6-C6H6)Ru(κ2-L3)Cl]+ ([Ru]-5) 

synthesized by treating [( 6-C6H6)RuCl2]2 ([Ru]-1) with the respective ligands 

(L1 = N-hydroxy-iminopyridine, L2 = N-methoxy-iminopyridine and L3 = N-iso-

propyl-iminopyridine). These complexes were further employed for the catalytic 

dehydrogenation of hydrazine in tetrahydrofuran and ethanol. The release of H2 and 

N2 gas during the catalytic reaction was confirmed by GC-TCD. Results inferred that 

the ligand played a crucial role in the process of hydrogen production from hydrazine, 

where the ruthenium-arene ([Ru]-1) complexes having L1 ligand outperformed over 

others, suggesting the plausible involvement of the hydroxyl group of L1 with 

hydrazine coordinated to ruthenium center. Further, the screening of different 

parameters inferred that the catalytic activity for hydrogen production from 

hydrazine depends on the reaction temperature (30 °C – 80 °C), base (KOtBu and 

KOH), and solvents used (THF, ethanol and water). Moreover, the studied complex 

[Ru]-1 also shows good recyclability for the dehydrogenation of hydrazine (in THF) 

for six consecutive catalytic runs. For the mechanistic investigation of reaction, NMR 

and mass investigations were performed which revealed the formation of end-on 

coordinated hydrazine Ru(II)-arene intermediate [(ƞ6-C6H6)Ru(κ2-L1)(κ1-

NH2NH2)]+, where the coordination of hydrazine to Ru center and subsequent 

activation of hydrazine (Ea = 13.98 kcal mol-1) are expected to be the key steps 

involved in achieving dehydrogenation of hydrazine. Hence, this chapter shows our 

results on hydrogen production from hydrazine using the homogeneous ruthenium-

arene catalyst where the role of the ligand is found to be crucial in facilitating the 

activation of hydrazine over the ruthenium center.  
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Chapter 3. Hydrogen Production from Aromatic 

Alcohols over Ruthenium Catalyst  

In this chapter, we have discussed the synthesis of ruthenium complexes and their 

application for hydrogen production from alcohols. Catalytic acceptorless 

dehydrogenation of alcohols to produced acids is a promising route for the 

production of hydrogen gas, which enables the scientific community to explore 

alcohols as an appropriate liquid organic hydrogen carrier. Alcohol dehydrogenation 

process is an atom economic process by generating pure hydrogen gas (a potential 

clean fuel) along with the desired carboxylic acid (industrial importance). Herein, we 

synthesized pyridylamine ligated arene-Ru complexes [Ru]-6 - [Ru]-15 and 

employed then for the catalytic acceptorless dehydrogenation of primary alcohols to 

carboxylic acids in toluene with the qualitative release of H2 gas. The gas generation 

monitored via water displacement method and characterized using GC-TCD as 

hydrogen. All the complexes [Ru]-6 - [Ru]-15 are well characterized using several 

spectro-analytical techniques such as 1H NMR, 13C NMR and ESI-MS and also the 

structure of the complexes [Ru]-6, [Ru]-7 and [Ru]-10 are determined using single 

crystal X-ray crystallography. The substrate scope for carboxylic acids synthesis with 

hydrogen generation is also studied employing the studied protocol over a wide range 

of substrates (aliphatic alcohols, aromatic alcohols and hetero aromatics alcohols) to 

obtain the respective carboxylic acids in good yields (up to 86%). The arene-Ru 

catalysts [Ru]-6 also displayed superior catalytic performance to achieve a turnover 

of 1378 for the bulk reaction. In addition, detailed mass investigations also carried 

out to elucidate the mechanistic pathway by identifying several important catalytic 
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intermediates, including aldehyde and diol-coordinated Ru species, under catalytic 

and controlled reaction conditions.  

 

 

Chapter 4. Hydrogen Production from Formaldehyde 

over Ruthenium Catalyst in Water  

Formaldehyde is a liquid and has potential to be used as a promising liquid organic 

hydrogen carrier for hydrogen production. In this chapter, we demonstrated a 

selective production of hydrogen from formaldehyde and paraformaldehyde 

catalyzed by an in situ generated ruthenium-imidazole complex from [Ru]-2 

complex and imidazole under mild reaction condition in water at 95 °C. Further, we 

also synthesized and characterized the ruthenium-imidazole complexes containing 

mono-imidazole ([Ru]-16), bis-imidazole ([Ru]-17) and tris-imidazole ([Ru]-18) 

coordinated ligand(s). The reaction performed with these purified imidazole-based 

ruthenium complexes exhibited a close agreement with the in situ generated 

ruthenium complexes. This catalytic system produced hydrogen gas under base-free 

conditions leading to a turnover number >12000 in <32 h, which is the second-largest 

TON reported to date. The higher conversion (>98%) with the release of >2.94 

equivalents of gas per mol of formaldehyde was achieved with the in situ generated 

ruthenium-imidazole complex for a diluted aqueous formaldehyde solution (1.5 mol 

L-1) at 95 °C. Furthermore, this catalytic system also showed appreciably good 

recyclability up to 8 cycles with good conversion of formaldehyde.  
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For the identification and characterization of catalytic intermediate species involved 

in the hydrogen production from formaldehyde, an extensive mass analysis of 

reaction aliquots is performed. Results inferred the presence of several ruthenium-

imidazole species along with the ruthenium hydride species during the catalytic 

reaction, postulated the involvement of such species in the conversion of 

formaldehyde to hydrogen gas. Further, the ruthenium hydride dimer species is also 

characterized using X-ray crystallography.  

Chapter 5. Low-temperature Hydrogen Production from 

Methanol over Ruthenium Catalyst in Water  

In this chapter, we employed organometallic ruthenium complex ([Ru]-1) as a 

precursor in presence of several ligands for in situ generation of active ruthenium 

nanoparticles supported on carbon in the temperature range of 90 – 130 ℃. 

Optimization of several reaction parameters such as temperature, base, additives and 

water content are performed to achieve the higher yield of hydrogen gas per mole of 

methanol and found that 49 mol H2 per mol Ru per hour is produced from methanol-

water mixture at 130 °C. The present catalyst is also active at 90 °C producing 4 mol 

H2 per mol of Ru per hour. The released gas is identified as hydrogen gas by GC-

TCD. Furthermore, the present catalytic system exhibited appreciable long-term 

stability, where a total turnover number of 762 mol of H2 per mol of Ru from 

methanol is achieved.  
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The chemical nature and morphology of the ruthenium nanoparticle catalyst reported 

herein is established by ICP analysis, powder X-ray diffraction, transmission electron 

microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron 

spectroscopy investigations and Hg(0) poison experiments. The experimental and 

spectroscopic investigations confirmed the presence of ruthenium catalyst with Ru 

in its zero-oxidation state. TEM imaging evidenced the formation of Ru 

nanoparticles with approximate particle size of 1.5 nm homogenously dispersed over 

the carbon support. Therefore, the present study demonstrated an efficient process 

for a low temperature (110 – 130 ℃) hydrogen production from the inexpensive and 

biomass-derived methanol in water using ruthenium catalyst for application in on-

board and off-board (stationery) hydrogen production.  

Chapter 6. Summary and Future Scope  

We developed several ruthenium based catalytic system for hydrogen production 

from various liquid hydrogen storage materials. First, we synthesized the half-

sandwich ruthenium complexes for the catalytic hydrogen production from hydrazine 

monohydrate as hydrogen sources, and investigated the mechanistic pathway of the 

dehydrogenation process by identifying important reaction intermediate species 

using different spectroscopic techniques including 1H NMR and ESI-MS 

spectrometry. Further, arene-ruthenium complexes having N,N–donor ligands were 

synthesized and characterized using the different characterization techniques 

including characterization of a few using the X-ray crystallography. These 

complexes were employed for the hydrogen production from alcohols, where value-

added acids were obtained as product. Furthermore, detailed mechanistic 
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investigation was also performed to elucidate the role of the catalyst in the 

dehydrogenation pathway. Later on, we investigated imidazole based arene-

ruthenium complexes for efficient hydrogen production from aqueous formaldehyde, 

where a high conversion of formaldehyde to hydrogen and CO2 was achieved. The 

detailed mechanistic investigation revealed that crucial role of the imidazole-

ruthenium interaction and the identification of several important catalytic 

intermediate species by mass spectrometry helped us to establish the role of the 

catalyst and the dehydrogenation reaction pathway. Using arene-ruthenium 

complexes and a suitable ligand, ruthenium nanoparticles were synthesized in situ 

for efficient hydrogen production from methanol in water at low temperature (<120 

℃). Advantageously, the hydrogen gas was produced from the developed process is 

with high conversion of methanol, where the produced hydrogen gas is free from 

CO2 and other contamination. Moreover, the developed catalyst exhibited 

appreciably high long-term stability for hydrogen production from methanol in 

water. Therefore, through the work presented in this thesis, a range of ruthenium-

based catalysts were explored for hydrogen production from several important liquid 

hydrogen storage materials including hydrazine, methanol, formaldehyde and other 

alcohols.  

Hydrogen has gained center point of attraction considering it as a clean fuel for the 

society, and therefore extensive efforts are being made by the scientific community 

for the development of efficient and sustainable routes for hydrogen production from 

various liquid organic hydrogen carrier. In the recent past, extensive attention has 

been paid towards the use of homogeneous and heterogeneous catalysts to achieve 

efficient hydrogen production from liquid organic hydrogen carriers. Both the 

catalytic systems have their own advantages and disadvantages, but the application 

of heterogeneous catalysts for hydrogen production reactions has revolutionized the 

field in various aspects.  

Despite rapid advancement in the field, the development of a robust catalytic system 

for hydrogen production is still in the top-most requirement of the scientific 

community. Moreover, efforts to develop homogeneous catalytic systems for more 

suitable for industrial-scale hydrogen production from various liquid organic carriers 
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needs particular attention. Furthermore, the development of air-stable and less 

expensive non-noble metal catalysts also need particular attention to bring down the 

cost of the process. Further, detailed investigations can be performed to establish the 

structure-activity relationship at the molecular level for the designing catalysts for 

the several dehydrogenation reactions and a further improvement in the process can 

be done. Attempts can be made to isolate and completely characterize the identified 

reaction intermediates in the studied catalytic dehydrogenation processes in this 

thesis. These detailed results may further authenticate the possible reaction pathway 

for the dehydrogenation reaction over the synthesized catalysts, which will boost up 

the mechanistic understanding of benchmark catalytic transformations. Though 

attempts have been made in this thesis work to evaluate the catalyst performance at 

the bulk-scale production of hydrogen gas, development of a prototype and the 

process optimization can be performed to evaluate the industrial application of the 

developed processes.  
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Chapter 1 

An Overview on Hydrogen Production from Various Liquid 

Hydrogen Storage Materials: Role of the Catalyst  

 

1.1. Introduction 

Hydrogen is a simple but highly flammable molecule with having no odour and taste.  

Hydrogen gas was firstly produced by reacting the metal with acid in the 16th century, 

further Henry Cavendish in the 17th century was the first to recognize hydrogen gas as a 

discrete substance, and discovered that upon burning hydrogen gas with air produced 

water. Later, Antoine Lavoisier reproduced the Cavendish experiment, and named this 

gas “hydrogen”, which is a Greek word that means "water-former".[1] Hydrogen is the 

alternative for cleaner energy production, as the only by-product produced was water 

when combined with oxygen in the fuel cell.[2] The world's first hydrogen-powered 

internal combustion engine was claimed to be invented by French-Swiss inventor Isaac 

de Rivaz in 1804.[3] Depleting fossil fuels resources and deteriorating environmental 

issues triggered the world’s attention to the search for new alternative fuels to fossil fuels 

that should be renewable, sustainable and most importantly environment friendly. In this 

regard, ‘Hydrogen gas’ is identified as a potential clean fuel for both stationary and 

mobile applications, as it has a very high energy density of approx. 120 MJ/kg, almost 

thrice to that of gasoline.[4] Though hydrogen is the third most abundant element on earth, 

but mostly exits as various chemical forms, and its presence as hydrogen gas is extremely 

rare in the earth's atmosphere (1 ppm by volume).[5] Therefore, using hydrogen as a fuel 

may help in controlling the environmental pollution problem with zero emission of any 

harmful substance, but the production, storage and transportation of hydrogen gas has 

several challenges and safety issues due to the chemical and physical properties of 

hydrogen gas.[6] Therefore, it is the need of the hour to develop a new and efficient 

process for the storage and transportation of hydrogen. Now a day’s upto 96% of 

hydrogen gas is being produced from non-renewable sources with major contributors 

being coal gas (48%) and oil (30%) steam reforming, and water gas shift reaction (18%). 

On the other hand, hydrogen production by a more sustainable way from the electrolysis 
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of water contributing only 4% of the total hydrogen gas production. [6b] Therefore to 

develop new sustainable and renewable energy sources for the production of hydrogen 

gas free from CO2 and other contamination gases is the prime need of society.   

 

Figure 1.1.  Schematic representation of hydrogen storage, production and application. 

  

 Though efforts are being made to store hydrogen gas in tanks under high 

pressure (300 bar) and/or as a liquid under cryogenic conditions (-252.87 °C and 1.013 

bar), the low volumetric energy density of hydrogen gas (70.8 kg/m3) and potential safety 

issues has made its storage and transport a critical challenge.[6a] In addition the porous 

structures and metal hydrides have also been explored to store and transport hydrogen 

gas.[6a] However storing hydrogen in chemical bonds in a suitable liquid hydrogen storage 

material has also received considerable global attention. These liquid hydrogen storage 

materials can release hydrogen gas in the presence of a suitable catalyst and in most of 

the cases the hydrogen storage materials can be recovered back via hydrogenation.[7] In 

this regard, hydrazine hydrate (7.9 wt% H2), formic acid (4.3 wt% H2), formaldehyde (8.4 

wt% H2) and methanol (8 – 12.5 wt% H2) and other alcohols have been identified as 

efficient liquid hydrogen carriers.[7,8] Such as methanol which is considered an efficient 

hydrogen generation source (12.5 wt%), can be produced from biomass/food waste and 

by hydrogenation of CO2.
[7] 
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Table 1.1. Comparison table for the different wt% of liquid hydrogen storage system  

S. No. Liquid hydrogen carriers Reaction equation wt% 

1. N2H4.H2O N2H4.H2O        N2 + 2H2 + H2O 7.9 

2. CH3OH (a) CH3OH         HCHO +H2 6.25 

(b) CH3OH + H2O         HCOOH + 2H2 8 

(c) CH3OH + H2O        CO2 + 3H2 12.5 

3. HCHO HCHO +  H2O           CO2 + 2H2 8.4 

4. HCOOH  HCOOH            CO2 + H2 4.3 

5. ArCH2OH ArCH2OH        ArCOOH + 2H2 

Ar = C6H5, other alcohols 

- 

 

           Further, most of these liquid hydrogen storage materials have an appreciably high 

gravimetric density of hydrogen, are inexpensive, ready-to-use and can be obtained from 

renewable resources. Advantageously being liquid at room temperature makes these 

liquids as a viable candidate for hydrogen storage materials which is compatible with the 

existing infrastructure for dispensing fossil fuels. Similarly, methanol, formic acid, and 

formaldehyde have a considerably high content of hydrogen and emerging a promising 

liquid hydrogen storage material.[7,8] In addition, using higher alcohols, hydrogen gas can 

be produced along with the industrially valuable side products, for instance using benzyl 

alcohol for hydrogen production, producing benzoic acid as the side product which is of 

industrial importance in the food industry. Further, the storage and importance of 

hydrogen gas are briefly discussed in the following sections. 

The current energy system which highly depends upon the use of non-renewable 

resources is now needed to be replaced by renewable energy resources.[9] Hydrogen can 

be produced using many ways such as using electrical, thermal and photochemical 

energy, and it also presents as in chemical form in large amount, further it can be 

generated through renewable energy sources.[10] In addition, the use of hydrogen in fuel 

cell produces water as the only byproduct, which is green and has no adverse effect on 

the environment. The major application of hydrogen as an energy carrier is to use it in the 

fuel cell to generate electricity to power the buildings and as well as vehicles.[10] Further, 

hydrogen is also an important component in ammonia synthesis and in fertilizer 
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industries. Similarly, the CO2 which is the major component for the greenhouse effect 

can be reduced using hydrogen to methanol, which is also an efficient pathway to mitigate 

CO2 from the atmosphere by transforming it to methanol. The overview of hydrogen 

utilization is shown in Figure 1.2. 

 

Figure 1.2. Overview of key hydrogen production and usage pathways. Reproduced from 

Ref. 10b with permission from the Royal Society of Chemistry.  

 

1.2. Hydrogen storage and production  

           Notably, the safe storage and transportation of hydrogen gas are typically difficult 

due to its various physical and chemical properties.[6] Storage and transport of hydrogen 

gas in cylinder/tanks under high pressure (300 bar) or as liquid hydrogen (-252.87 °C) is 

not safe.[11] Hence it is highly desirable to search for suitable carriers for hydrogen to 

safely store and transport the hydrogen and to effectively dispense the hydrogen gas on 

site. Compared to hydrogen gas, storing hydrogen in various liquid hydrogen carriers, 

where hydrogen is chemically bonded, which contains appreciably high 

gravimetric/volumetric content of hydrogen is more appropriate and suitable, as being 

liquid at room temperature these liquid hydrogen carriers can be easily and safely stored 

and transported without any significant challenges.[7,8] The various available physical and 
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chemical storage based hydrogen storage systems are briefly described below.

 

Figure 1.3. Various available methods for hydrogen storage. 

 

1.2.1. Physical storage  

Hydrogen can be stored as compressed hydrogen gas (35–70 MPa, room temperature),[12] 

liquid hydrogen (0.1–1 MPa, approx. -253 °C)[11], Cryo-adsorption on high-surface-area 

materials (0.2-0.5 MPa, approx. -193 °C)[6] and over different adsorbents such as zeolites, 

carbon materials, MOFs (metal organic framework) and so on.[13] Currently, compressed 

gaseous hydrogen and liquid hydrogen are the most developed technology for fuel-cell-

powered cars, transportation of hydrogen and so on.[6] However, the physical and 

chemical property of hydrogen makes the storage of hydrogen difficult in high 

pressurized cylinders and also the liquification of hydrogen is a highly energy-intensive 

process. Though physisorption of hydrogen in porous materials such as MOF, zeolites 

and carbon-based materials displayed promising development and advancement, these 

systems still have suffered from low hydrogen wt%. 

 

1.2.2. Chemical Storage 

Although physical storage of hydrogen has several advantages and disadvantages, the 

chemical storage of hydrogen is more efficient as it can storage high content hydrogen 
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and hydrogen can be released efficiently.  In chemical storage methods, hydrogen can be 

stored in various chemicals such as hydride, amine borane adducts, amides/imides and in 

form of liquid organic hydrogen carriers.[6] For instance, chemical storage of hydrogen 

in methanol, water and other liquid hydrogen organic carriers, which are stable at room 

temperature, has its own advantages of easy and safe storage and transportation of 

hydrogen gas. Hydrocarbons are also a good source of hydrogen gas, where hydrogen can 

be produced by gasification, reforming, and other processes at high temperature.[6] Few 

of the chemical storage of hydrogen storage materials are briefly described in the 

following sections. 

 

1.2.2.1. Metal hydride 

There are various metal hydrides available for the storage of hydrogen such as NaBH4, 

NaH, LiBH4 and other metal hydrides.[14] The basic requirement for considering a  metal 

hydride as a hydrogen storage system is to have a redox potential below that of the H+/H2 

system at the corresponding pH, which upon reaction with water produce hydrogen along 

with metal hydroxide or oxide as side products. Metal hydrides have several advantages 

such as favourable oxidation of metal hydrides to release hydrogen gas, and the high 

hydrogen storage capacity such as LiBH4 with H2O can release 8.4 wt% of hydrogen gas. 

However, the major challenge for the metal hydride storage systems is the energy-

intensive and cumbersome process for the regeneration of metal hydride from metal 

hydroxides.   

 

1.2.2.2. Amine borane adduct 

The amine borane adducts are also extensively investigated for hydrogen generation.[15] 

They contain a high wt% of hydrogen, such as H3N·BH3. has 19.6 wt% of hydrogen which 

can be partially decomposed at 130 °C in a multistep decomposition process.[16] The 

major challenge in fully utilizing ammonia borane adducts as the hydrogen reservoir is 

the highly energy-intensive and challenging regeneration of ammonia borane from borate. 
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1.2.2.3. Inorganic Amides/Imides 

Amides/Imides systems are shown to be promising hydrogen materials. Amides can 

efficiently generate hydrogen and can be used as hydrogen storage materials.[17] In 2002, 

Chen and co-worker rediscovered that LiNH2/Li3N shows the hydrogen storage 

property.[18] For the hydrogen production using LiNH2 needs a high temperature (420 °C) 

for the complete generation of hydrogen. This system has major limitations due to the 

thermodynamically favorable side reaction for ammonia generation from pure amides at 

high temperature, as compared to the desired hydrogen production pathway.  

 

1.2.2.4. Hydrocarbons (fossil fuels) 

The industrial hydrogen production process involves the steam reforming of 

hydrocarbons (such as methane steam reforming, eq. 1.1). Hydrocarbons can generate 

hydrogen and carbon-based chemicals when heated at high temperature (700–1000 °C) 

under pressure (3-25 bar).[19] Methane gas contains 25 wt% of hydrogen, in the case of 

methane reforming or natural gas reforming hydrogen production, occurred following the 

below pathways: firstly the steam methane reforming reaction takes place to produce 

carbon monoxide and three equivalents of hydrogen along with a slight impurity of CO2, 

Further, carbon monoxide via water- gas shift reaction  (eq. 1.2) produces CO2 and two 

equivalents of hydrogen. Though the steam methane reforming technology has been very 

well explored and is a stablished process for industrial-scale hydrogen production, the 

need of high temperature and high production cost are few of the drawbacks of this 

process.[20] 

Steam-methane reforming reaction 

                CH4 + H2O → CO + 3H2          ΔH = 206 kJ mol-1                            (eq. 1.1) 

 

Water-gas shift reaction 

                CO + H2O → CO2 + H2         ΔH = -41 kJ mol-1                            (eq. 1.2) 

 

One of the major hurdles for the production of hydrogen via the steam reforming process 

is the very stable nature of methane, which makes the activation of methane molecules 
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difficult. Due to this, the process needs a high temperature and pressure to activate the 

methane molecule. There are various metal catalyst has been explored for the methane 

reforming, but the application of noble metals  (Ru or Rh) based catalyst which shows 

good activity and stability is limited.[21] However, non-noble metal catalysts such as 

commercially available Ni/Al2O3 catalyst suffered from easy deactivation due to sintering 

and coke formation. In addition, the generation of carbon dioxide along with hydrogen 

gas also increases the cost of the process.[22]   

 

1.2.2.5. Ammonia-based Liquid Hydrogen Carriers and Liquid organic 

hydrogen carriers  

Unlike metal hydride and other inorganic hydrogen storage materials, a wide range of 

liquid hydrogen carriers based on ammonia-based (e.g., ammonia and hydrazine) and 

liquid organic hydrogen carriers (LOHCs, e.g., CH3OH, HCOOH, formaldehyde and 

others) are also been extensively explored as a potential candidate for hydrogen storage, 

transport and delivery. Liquid hydrogen carriers have the potential to store hydrogen 

under ambient conditions and to produce hydrogen at room temperature in presence of a 

suitable catalyst. Being liquid, these liquid hydrogen carriers can be easily and safely 

transported and delivered using the current infrastructure of dispensing petroleum 

products. Further, these liquid hydrogen carriers contain a sufficiently high content of 

hydrogen (volumetric and gravimetric), and most importantly many of the liquid 

hydrogen carriers can efficiently regenerate through the catalytic hydrogenation and 

dehydrogenation cycles. For instance, hydrogenation and dehydrogenation of cyclic 

hydrocarbons, benzene/cyclohexane (7.1 wt%) and naphthalene/decalin (7.2 wt%), which 

also have reasonably high volumetric H2 storage capacity. Therefore, for a sustainable 

hydrogen storage system, the liquid hydrogen carriers should have the property to 

produce hydrogen gas in presence of the catalyst and further, the dehydrogenated liquid 

hydrogen carriers can be regenerated upon hydrogenation to their original form.[23] 

Currently, valuable chemicals such as CH3OH, HCOOH, HCHO and NH3 and being 

extensively explored as potential liquid hydrogen storage materials. Notably, these 

hydrogen storage materials can be produced by the hydrogenation of CO2 and N2. 
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Therefore, it is worth exploring these liquid hydrogen carriers for hydrogen production, 

storage and transportation. 

Liquid hydrogen carriers have several advantages for hydrogen production over the other 

hydrogen storage materials, as from the liquid hydrogen carriers, hydrogen can be 

produced under mild reaction conditions. The most conventional way for hydrogen 

production using these liquid hydrogen carriers is reforming at a higher temperature. 

Industrially the hydrogen production via the reforming of hydrocarbon (methane 

reforming) is being operated at a very high temperature (700 °C – 1000 °C) and pressure 

(3-25 bar).[19] Similarly, methanol-reforming also occurred at a high temperature (>200 

°C) and pressure (>25 bar).[24] However, methanol has several advantages as it can be 

produced from biomass (food waste) and also via hydrogenation of carbon dioxide, which 

is important in view of the sustainability of these processes.[25] The below section briefly 

described the hydrogen production process from various liquid hydrogen carriers. 

 

1.2.2.5.1. Ammonia and hydrazine 

Ammonia contains 17.65 wt% of hydrogen and has vapor pressure 9.2 bar at room 

temperature, so can be liquefied at mild conditions. Further, the decomposition of 

ammonia produces hydrogen and nitrogen only, showing no greenhouse gas emissions 

(eq. 1.3). 

                  NH3 → 1/2N2(g) + 3/2H2(g)      ΔH = +46 kJ mol-1                            (eq. 1.3) 

The production of hydrogen from ammonia is an endothermic process and needs a high 

temperature.[26,27] Depending upon the catalysts used the hydrogen production from 

ammonia needs >650-700 °C temperature. Various heterogeneous metals catalysts 

including Fe, Ni, Pt, Ru, Ir, Pd, Rh, Ni/Pt, Ni/Ru, Pd/Pt/Ru/La, and alloys of Fe with other 

metal oxides including Ce, Al, Si, Sr, and Zr are investigated for ammonia decomposition 

to hydrogen.[27] Notably, ammonia can be reversibly produced from nitrogen and 

hydrogen, therefore ammonia can efficiently store and transport hydrogen. Along with 

ammonia, hydrazine is also well explored for low-temperature hydrogen production using 

various heterogeneous catalytic systems. Hydrazine in presence of a catalyst can produce 

two equivalents of hydrogen and one equivalent of nitrogen (eq. 1.4), leading to carbon-

free hydrogen production, while the partial decomposition of hydrazine produces 



10 

 

ammonia and nitrogen gas (eq. 1.5).[28] Though anhydrous hydrazine contains 12.5 wt% 

of hydrogen but is mutagenic, highly toxic, and unstable. On the other hand, monohydrate 

hydrazine is safe as compared to anhydrous and it also contains a high H2 content of 8 

wt%.[28] 

            N2H4   → N2(g) + 2H2(g)  ΔH = -95.5 kJ mol-1                                        (eq. 1.4) 

            3N2H4   → N2(g) + 4NH3(g)  ΔH = -157 kJ mol-1                                                      (eq. 1.5) 

Both equations 1.4 and 1.5, inferred that both the processes are exothermic and the 

decomposition of hydrazine to ammonia is thermodynamically more favorable. The main 

advantage of hydrazine as a hydrogen source is that its carbon-free energy source, liquid 

at room temperature and that hydrogen can be produced from hydrazine at room 

temperature.[28] Moreover, the complete conversion of hydrazine to hydrogen resulted in 

the generation of nitrogen as the only byproduct which does not have any adverse effect 

on the environment. Though hydrogen production over heterogeneous catalysts is well 

explored, reports for hydrogen production from hydrazine using homogeneous catalyst 

are still less.[29] However, hydrazine coordinated complexes of Fe, W, Mo, Ir, Ru and 

others are extensively explored due to important intermediates in several reactions of 

global importance including nitrogen to ammonia reduction, and therefore these results 

may act as the pathfinder for exploring homogeneous catalysts for hydrogen production 

from hydrazine.[29,30] 

 

1.2.2.5.2. Liquid Organic Hydrogen Carriers (LOHCs) 

As stated above for methane steam reforming reaction the hydrogen production takes 

place at higher temperature (700 °C – 1000 °C) and pressure (3-25 bar), while the 

processes such as methanol steam reforming required relatively low temperature (200 ℃ 

‒ 350 ℃), and 25 bar pressure.[24] For steam reforming of methanol, a wide range of 

catalysts such as CuO/ZnO/Al2O3, Pd/CeO2–ZrO2, Pt3Ni and Ni–Fe–Mg  alloys have 

been extensively explored, but most of these catalysts require a temperature more than 

200 °C. Though recently few of the catalysts such as Pt/MoC catalyst have been explored 

which can operate at a temperature below 200 °C, but still the operating temperature 

(150–190 °C) is high and the catalyst is of an expensive Pt metal. Apart from 
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heterogeneous catalysts, several homogenous catalysts based on Ru, Ir, Fe, and Mn metal 

complexes have also been explored for hydrogen production from methanol at a lower 

temperature (< 100 °C). Further, the higher primary alcohols are also a good candidate 

for hydrogen production as with the production of hydrogen the carboxylic acid is 

produced which is also the industrially important product.[20,31,32] Furthermore, the 

alcohol dehydrogenation to acids is an atom economical reaction and so it is considered 

as a sustainable and green pathway for hydrogen production. These alcohols such as 

methanol, ethanol and others are liquid at room temperature and can be stored at room 

temperature, and hence can be easily stored and transported which is also an important 

requirement for a  liquid hydrogen carrier.[31] Further other alcohols such as benzyl 

alcohol produce two equivalents of hydrogen and benzoic acid as a byproduct.[32] Various 

Ir-, Rh-, and Ru-based homogenous catalysts have also been explored for hydrogen 

production from these aromatic alcohols in water and organic solvents under highly basic 

conditions. 

In the case of methanol, the hydrogen production process is endothermic in nature, where 

three equivalents of hydrogen are produced from methanol-water in a two-step process 

(i) methanol to formic acid with two equivalents of hydrogen (eq. 1.6), and (ii) formic 

acid transformed to one equivalent of hydrogen with one equivalent of CO2 (eq. 1.7).[31] 

   CH3OH + H2O → HCOOH + 2H2    ΔH = 53.3 kJ mol-1                                      (eq. 1.6) 

   HCOOH → CO2 + H2      ΔH = −14.5 kJ mol-1                                                     (eq. 1.7) 

Moreover, various intermediates formed during the hydrogen production from methanol 

such as formaldehyde and formic acid are also important liquid hydrogen carriers. 

Formaldehyde contains 8 wt% of hydrogen and can be efficiently dehydrogenated using 

a metal-based catalyst at low temperature.[33] The favourable thermodynamics showing 

the reaction is exothermic for hydrogen production from formaldehyde-water 

dehydrogenation. 

     CH2O + H2O →2H2 + CO2               ΔH = − 35.8 kJ mol−1                           (eq. 1.8) 

Typically in water, formaldehyde exists in the form of a stable methanediol, and in the 

presence of a suitable catalyst produces hydrogen and carbon dioxide. Recently various 

Ru and Ir metal-based homogeneous complexes were explored for the low temperature 
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(<100 °C) hydrogen production from formaldehyde water solution.[34] Very recently, (η6-

C6Me6)Ru(II)-diamine complexes for H2 production from aqueous formaldehyde under 

the base free condition at 95 °C were investigated by Himeda et al.. Their finding shows 

that paraformaldehyde produced a total turnover number of 24000 over the catalyst [(η6-

C6Me6)Ru(κ2-bipyridyl-2,2’-diamine)OH2]SO4 at 95 °C in water. [34b] Except these 

homogeneous metal catalysts, some heterogeneous metal-based catalysts especially Cu, 

Ag, Au, Pd, Pt, and Zn explored near or at room temperature dehydrogenation of 

formaldehyde. [33]  Similarly, formic acid (4.3 wt% H2) was also extensively explored for 

hydrogen production at low temperature as compared to methanol. Equation 1.7 shows 

that formic acid decomposition is an endothermic process and produce one equivalent of 

hydrogen along with CO2. Various noble and non-noble metal-based homogeneous 

catalysts have been explored for hydrogen production from the formic acid 

solution.[35] Our group also developed a range of ruthenium-based homogeneous metal 

complexes for hydrogen production from formic acid in water.[36] Except these the formic 

acid can be regenerated via hydrogenation of carbon dioxide which makes it a viable 

candidate for hydrogen storage source (LOHC). 

 

1.3. Role of catalyst for the hydrogen production reaction 

Catalysts have a wide range of possible applications in the synthesis of several key industrial 

products. Wilkinson's catalyst RhCl(PPh3)3 [chloridotris(triphenylphosphane)rhodium(I)], is 

known to be a very active homogeneous metal catalyst for the hydrogenation of olefins using 

molecular hydrogen to produce alkanes.[37] Other catalysts, such as Schrock and Grubbs, were 

the first to demonstrate the air-sensitive metallo-carbene complex for olefin metathesis, for 

which Chauvin, Grubbs, and Schrock were awarded the Nobel Prize in 2005.[38]  Noyori, 

Ikariya and colleagues developed very efficient and novel catalytic systems for the 

enantioselective and transfer hydrogenation of aromatic ketones in 1995.[39] So all these 

examples presented the importance of catalyst for the production of industry-oriented value-

added chemicals.  

 Catalysts played a pivotal role in bond activation, and hence tune the selectivity and 

productivity of the reaction. For instance, the activation of bonds for hydrogen gas release 

from alcohols and amines requires a large amount of energy. The ΔH (+130.7 kJ mol-1) for 

methanol dehydrogenation process clearly indicating that the activation of bonds for 
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hydrogen production is an energy-intensive process.[40] When the catalyst is introduced into 

the reaction, it interacts with the substrate and generates several intermediates and transition 

states, lowers the reaction's Gibbs free energy and allowing the hydrogen to be produced at 

milder reaction conditions. CO2/methanol can undergo reversible hydrogenation/ 

dehydrogenation, which makes methanol a potential hydrogen carrier and several catalysts 

for both hydrogenation of CO2 to methanol and dehydrogenation of methanol to CO2 have 

been extensively explored.[40] For example, Beller and co-workers reported highly efficient 

and active catalyst [RuH(CO)Cl(HN(C2H4P
iPr2)2)] for hydrogen production from 

methanol. Moreover, several other metals complexes based on Fe, Ru, Ir, and Mn having 

R2N amido donors in a chelating ligand framework have also been studied for the 

methanol dehydrogenation reaction.[41] The outer-sphere Noyori-type mechanism is 

proposed for most of the alcohol dehydrogenation catalysts, with proton transfer to the 

amido ligand and hydride transfer to the metal in the MeOH activation steps. 

Furthermore, the amine ligand donor's cooperative action with the metal hydride 

produced above results in hydride-proton coupling, which resulted in H2 generation and 

the regeneration of the active amido catalyst (Scheme 1.1).[41]  

 

Scheme 1.1. (a) Proposed Noyori Type cooperative pathways for acceptorless 

dehydrogenation of alcohols, in a Gas-Phase context (b) Structure of complex used for 

the study. Reprinted with permission from ACS Catalysis, 8, 6908–6913. Copyright 2018 

American Chemical Society. Further permission related to the material excerpted should 

be directed to the ACS. 

(a) (b)
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Recently alcohols and amines gain much attention as promising candidates for the 

production of hydrogen along with the generation of value-added chemicals. With special 

reference to hydrazine, there are many reports available on the hydrazine coordinated 

metal complexes in literature but the activation of hydrazine to produced hydrogen is not 

explicitly explored. However, the metal-hydrazine complexes are considered to be the 

key component in the activation of N-H bonds in the hydrazine molecules. Chirik et. al. 

reported the coordination induced bond weakness in ammonia, water and hydrazine 

coordinated molybdenum complexes.[42] After that Field et al. reported the base induced 

dehydrogenation of ruthenium hydrazine complex.[43] Scheme 1.2 shows that at first Ru-

hydrazine moiety gets deprotonated in presence of a base and produced the end-on 

coordinated diazene species, which further form the nitrogen coordinated species with 

hydrogen generation or alternatively nitrogen is produced with the generation of metal-

di-hydride species.[43] 

 

Scheme 1.2. Base-induced dehydrogenation of ruthenium-hydrazine complex. Reprinted 

with permission from Inorg. Chem., 52, 1570-1583. Copyright 2013 American Chemical 

Society. 

 

It is evident that the tetradentate phosphine ligand in the above-mentioned ruthenium 

complex exhibited a unique coordination-decoordination behaviour and hence facilitated 

the base induced activation of hydrazine molecule to produce the diazene coordinated 
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ruthenium complex with the generation of nitrogen and hydrogen. Moreover, the 

ruthenium center in the said complex also played an important role during the 

dehydrogenation of ruthenium-hydrazine complexes, wherein the transfer of electrons to 

the ruthenium from the hydrazine N-N bond form the end-on ruthenium diazene complex, 

which can further be transformed to produce the hydrogen and nitrogen gases. 

Analogously, the catalytic dehydrogenation of other amines, such as benzylamine and 

other aromatic and aliphatic amines also produce pure hydrogen along with imines and 

nitriles as byproducts.[44] The benzylamine can produce two equivalents of hydrogen 

upon double dehydrogenation via cross-coupling to produce imine with one equivalent 

of hydrogen.[44,45,46]  

 

 

Scheme 1.3. Hydrogen production pathways for hydrogen production from amine. 

Reprinted with permission from ACS Catal., 6, 4799−4813. Copyright 2016 American 

Chemical Society. 

 

Recently various Ru-based catalysts have been explored for amine dehydrogenation.[44,45] 

For instance, Szymczak et al. also explored the mechanism of amine dehydrogenation to 

nitrile over N,N,N-amide-ruthenium(II) hydride complex (Scheme 1.3).[46] Their results 

inferred that the catalyst having ortho-methyl group attached to pyridine moiety of the 

ligand plays a crucial role in the double dehydrogenation of amine to nitrile. They also 

explored the alcohol dehydrogenation reaction over the same catalyst and found that 

ortho-CH3 group decreases the rate of reaction of the dehydrogenation process.[46] Based 



16 

 

on the experimental and computational studies, they proposed that the ortho-CH3 group 

plays both steric and electronic effects on the metal center to facilitate the amine 

dehydrogenation reaction (Figure 1.4). 

 

 Figure 1.4. (a) 1-phenylethanol dehydrogenation with 2 (ortho-CH3) and 3 (ortho-H). 

(b) 1-octylamine dehydrogenation with 2 (ortho-CH3) and 3 (ortho-H). Reprinted with 

permission from ACS Catal., 6, 4799−4813. Copyright 2016 American Chemical Society. 

 

On the basis of experimental and computational results, an inner-sphere catalytic cycle 

was proposed for hydrogen production from primary amines (Scheme 1.4). The 

mechanism shows the effect of the ligand attached to the metal center for the selective 

production of nitrile and hydrogen from amines. 
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Scheme 1.4. Proposed catalytic cycle for the hydrogen production from amines. 

Reprinted with permission from ACS Catal., 6, 4799−4813. Copyright 2016 American 

Chemical Society. 

 

Furthermore, ruthenium complexes having nitrogen-based ligand shows good catalytic 

activity for hydrogen production from methanol and other alcohols. Methanol 

dehydrogenation is a three-step reaction for the complete conversion of methanol to 

hydrogen gas. In the first step, methanol is dehydrogenated to formaldehyde and produce 

one equivalent of hydrogen gas. In the second step, the formaldehyde molecule in 

presence of water produced the diol, which dehydrogenated to produce one equivalent of 

hydrogen with formate. Further in the final step, formic acid/formate decomposed over 

the catalyst to produce hydrogen and CO2.
[31a]  

 Beller et. al. reported the ruthenium pincer catalyst for the low-temperature 

dehydrogenation of aqueous methanol under basic condition, wherein the catalytic 

activity was dependent on the ligand structure (Figure 1.5).[31a] Initial results inferred that 

in 0.5M NaOH solution the complex 4 exhibited higher activity with TOF of 124 h-1  as 

compared to 5  with TOF of 45 h-1. However, their studies showed that using 8M KOH 
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solution, complex 5 (iPr substitution) exhibited higher catalytic activity for methanol 

dehydrogenation due to lower solubility of complex 4 in water. 

 

 

Figure 1.5.  Reaction pathway for methanol dehydrogenation and best performing Ru-

pincer complex for the methanol dehydrogenation process performed with 0.5 M KOH at 

72 °C. Reproduced from Nature, 495, 85‒89 with permission from Copyright © 2013, 

Nature Publishing Group. 

 

Further, the purposed catalytic cycle (Scheme 1.5) involves the following steps: initially, 

the ligand gets deprotonated in presence of a base to produce nitrogen deprotonated 

ruthenium species. Further, this nitrogen deprotonated ruthenium species which is the 

active molecular species dehydrogenated methanol to hydrogen and formaldehyde via an 

outer-sphere concerted process. Furthermore, the hydroxide attacks on formaldehyde and 

produce the gem-diol(ate) stabilized by the solvent cage of protic methanol and water. 

The second molecule of hydrogen is also released via the outer sphere dehydrogenation 

of gem-diol to produced formate. At this stage, the catalyst either release the formate and 
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restart the cycle or decompose the formate to generate the third molecule of hydrogen 

along with CO2.  

 

 
Scheme 1.5. Proposed catalyst activation and catalytic cycle for low-temperature 

methanol reforming catalysed by ruthenium complex. The phosphorus iPr substituents 

have been omitted for clarity. ‡ denotes transition state; solvent-H indicates a molecule 

of solvent involved in hydrogen bonding. Reproduced from Nature, 495, 85‒89 with 

permission from Copyright © 2013, Nature Publishing Group. 

 

This concerted mechanism shows the base and ligand plays an important role in the 

hydrogen production from methanol. Similarly, the other groups also reported the 

methanol dehydrogenation using ruthenium-based complexes with other nitrogen and 
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phosphorus-based donor atom ligands. On the other hand, dehydrogenation of higher 

alcohols (such as benzyl alcohol and others) was also reported over other ruthenium 

catalysts having pincer or carbene ligands to produce the hydrogen along with the 

industrially important side products such as benzoic acid used for the preservative in the 

food industry.[48]  

 

Scheme 1.6. Catalyst for the dehydrogenation of alcohols to acid along with generation 

of hydrogen under basic condition. Reproduced from Nat. Chem., 5, 122−125 with 

permission from Copyright © 2013, Nature Publishing Group. 

 

Recently Milstein et. al. reported the three ruthenium-based complexes having pincer 

ligand for benzyl alcohol dehydrogenation to benzoic acid and hydrogen in aqueous basic 

condition (Scheme 1.6).[49] Studies inferred that the pre-catalyst 5 is transformed to 

species  6 in basic condition. The newly generated species is considered to be the active 

species for the hydrogen production from alcohols. They proposed a plausible mechanism 

for the hydrogen production from catalyst 5 in an aqueous basic condition to understand 

the role of catalyst (metal and the ligand) in alcohol dehydrogenation reaction (Scheme 

1.7). 



21 

 

 

Scheme 1.7. Reaction pathway for the hydrogen production from the alcohols using the 

ruthenium catalyst 5 under aqueous basic condition. Reproduced from Nat. Chem., 5, 

122−125 with permission from Copyright © 2013, Nature Publishing Group. 

 

Initially, the methylene arm of the pyridyl group in complex 5 undergoes deprotonation 

to form the catalytic active species 6 with the dearomatized pyridyl group in presence of 

a base. Further, this unsaturated de-aromatized species reacted with the water molecule 

to produce the hydroxy coordinated aromatized species, which in presence of alcohols 

transformed to the alcohol coordinated species with the release of the water molecule. 

The alcohol coordinated species undergoes de-aromatization of ligand to produce the 

hydrogen and alcohol coordinated de-aromatized system which is further involved in the 
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β-hydride elimination to produce the aldehyde coordinated hydride species. The aldehyde 

reacted with water to form the diol coordinated ruthenium hydride species, which further 

dehydrogenated via β-hydride elimination to produce carboxylate and regenerated the 

catalytic active species. It is evident that the reported catalytic system exhibited a strong 

relationship of the ligand and metal to facilitate the efficient production of hydrogen gas 

from alcohols. 

Apart from alcohols, formaldehyde can also be explored for hydrogen production 

over a suitable catalyst. In this regard, Goldberg et. al. recently reported the (para-

cymene)Ruthenium precatalysts for the hydrogen production from acetaldehyde and 

other aldehydes via aldehyde water shift reaction in water at 105 °C.[50] 

 

 

Scheme 1.8. Ruthenium catalyst for aldehyde water shift reaction. Reprinted with 

permission from ACS Catal., 6, 6302 -6305. Copyright 2016 American Chemical Society. 

 

Results evidenced the crucial role of the ligand in tuning the catalytic activity, 

where the highest conversion was achieved with Ru(PDA) catalyst. Analogous, 

(hexamethylbenzene)Ru catalysts were also explored for the aldehyde-water shift 

reaction, where the catalytic activity was also found to be influenced by the arene ligand 

coordinated with the ruthenium center. [51]  

Formaldehyde dehydrogenation was also studied over ruthenium complexes with 

N,N-donor ligands.[52] Studies revealed that such catalytic systems are also active for the 

hydrogen production from alcohols, aldehyde, amines and hydrazine.  

 Moreover, several heterogeneous catalysts have also been explored for hydrogen 

production reactions, where they offer advantage over the homogeneous catalysts in easy 

recovery and recyclability of the catalyst but also have some disadvantages such as 

reaction takes place at higher temperature in case of alcohols. For instance, hydrogen 
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production from hydrazine at near ambient condition is well explored by Xu et. al. over 

various metal (Fe, Co, Ni, Cu, Ru, Rh, Ir, Pt and Pd) nanoparticles,[53] whereas in the case 

of alcohols the heterogeneous catalyst needs higher temperature to activate it. Such as in 

the case of methanol dehydrogenations, the reaction could efficiently work at the higher 

temperature over 200 °C and pressure using different metal-based catalysts such as 

CuO/ZnO/Al2O3,
[54] Pd/CeO2–ZrO2,

[55] Pt3Ni,[56] and Ni–Fe–Mg[57] alloys. On the other 

hand, industrially viable heterogeneous catalysts for low-temperature hydrogen 

production are rarely explored, until recently when the Pt/MoC catalyst was explored for 

hydrogen production from methanol, but this catalyst only worked effectively at higher 

temperature (150–190 °C) and is composed of an expensive Pt catalyst.[58] 

  

1.4. Research Gaps and Objectives of the Thesis 

Extensive research has been done to explore a sustainable and renewable energy source, 

wherein hydrogen is being produced as a clean energy source. It is to be noted that upon 

utilization it only produces water as a byproduct with a large amount of energy on 

combining with oxygen in the fuel cell. However, the physical and chemical property 

of hydrogen makes difficult to handle and store the hydrogen. Based on the literature, 

we found some open questions for hydrogen production from various liquid hydrogen 

storage sources. 

 For hydrazine dehydrogenation, most of the literature reports are based on 

heterogeneous catalysts, while homogeneous metal complexes-based catalysts 

are not extensively explored for hydrazine dehydrogenation 

 Though the complexation of hydrazine with metal complexes are studied well, 

insitu identification of important intermediates and the detailed investigation of 

the mechanistic pathway for hydrogen production from hydrazine over 

homogeneous catalysts need to be explored. 

 The acceptorless dehydrogenation of alcohols was explored using the various 

homogeneous complexes, but the activity of the studied complexes needs to be 

improved. Particularly, the reaction needs to be performed and designed to 

produce hydrogen gas with high turnover at low temperature and with green 

solvents under additive-free conditions. 
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 Though few recent reports using ruthenium-based complexes for hydrogen 

production from formaldehyde has been explored at a temperature <100 °C, 

efforts need to be made to develop more robust catalysts for hydrogen 

production from formaldehyde at low temperature/ room temperature in water. 

Further, detailed mechanistic investigations to study the role of the catalyst in 

hydrogen production from formaldehyde is also required. 

 Apart from higher alcohols, methanol also contains a high weight percentage of 

hydrogen. However, the production of hydrogen from methanol is being 

performed at a high-temperature reforming process (>200 °C), which suffers 

from several drawbacks including contamination of hydrogen produced. 

Therefore, considering the importance of this process, efforts need to be made 

for the selective production of hydrogen gas from methanol at low temperature 

using a suitable catalyst. 

The work compiled in this thesis is mainly focused on the development of active 

catalysts for the dehydrogenation reactions to produce the hydrogen from the 

chemicals, which can be stored at room temperature and also liquid at room 

temperature. In this regard and on the basis of research gaps, we have developed 

the homogeneous as well as heterogeneous catalyst for the dehydrogenation of 

hydrazine, methanol, formaldehyde and benzyl alcohol at low temperature. 

Therefore, the principal objectives of the present study are:  

 To develop ruthenium catalyst for the activation of hydrazine monohydrate 

for hydrogen production. 

 To design and develop molecular catalysts based on ruthenium complexes for 

alcohol dehydrogenation and to extensively investigate the mechanistic 

pathway. 

 To develop the ruthenium complexes-based catalysts for hydrogen production 

from formaldehyde and to study the mechanistic pathway. 

 To develop the ruthenium nanoparticle catalytic system for methanol 

dehydrogenation. 
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1.5. Organization of the Thesis  

In Chapter 1 relevant literature survey on hydrogen storage, production and 

application along with the role of catalyst have been described.   

Chapter 2 describes the catalytic activity of arene-Ru(II) complexes for the 

dehydrogenation of hydrazine to produce hydrogen and nitrogen, and the identification 

of the reaction intermediate species involved in the dehydrogenation pathway. 

In Chapter 3, the synthesis and characterization of a series of pyridylamine ligated 

arene-Ru(II) complexes and their application for the catalytic dehydrogenation of 

aliphatic, aromatic and (hetero)aromatic alcohols are discussed. Further, the role of 

different ligands in tuning the catalytic activity and in the reaction pathway of the catalytic 

reaction is also investigated. 

In Chapter 4, hydrogen production from formaldehyde-water solution over the 

imidazole-based ruthenium complexes is discussed in detail. Moreover, extensive 

mechanistic investigations have been performed to establish the reaction pathway by 

identifying various crucial reaction intermediate species.  

Chapter 5 demonstrates the utilization of arene-ruthenium(II) as a precursor for 

the in situ synthesis of ruthenium nanoparticles, and the synthesized catalysts were 

explored for hydrogen production from methanol under the basic condition at low 

temperature. 

Chapter 6 presents a brief summary of the present thesis, including the findings, 

limitations and future scope of the work. 
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Chapter 2 

Hydrogen Production from Hydrazine Hydrate over 

Ruthenium Catalyst                                                                            

2.1. Introduction 

Hydrazine coordinated transition metal complexes have been receiving huge 

scientific attention because of the involvement of metal-hydrazine species as important 

intermediates in several reactions of global importance including nitrogen to ammonia 

reduction.[1-2] Therefore, such hydrazine coordinated complexes based on Fe, W, Mo, Ir, 

Ru and others have been extensively explored for diverse applications.[1-27] For instance, 

Tyler et al. X-ray crystallographically characterized a Fe-hydrazine complexes cis-

[Fe(DMeOPrPE)2(η
2-N2H4)][BPh4]2{DMeOPrPE=1,2-bis[bis(methoxypropyl)phosphin-

o]ethane}  having η2-coordinated hydrazine, which further undergoes disproportionation 

to ammonia in the presence of acid.[9] On the other hand, upon base-promoted 

deprotonation, such Fe-ƞ2-N2H4 complexes afforded Fe-diazene (Fe-ƞ2-N2H2) 

complexes, which converted back to Fe-hydrazine complex by treatment with a mild 

acid.[10-14] Ikariya et al. reported Fe complexes containing proton responsive pyrazole 

pincer ligand, which also facilitated disproportionation of N2H4 into nitrogen via a 

diazene intermediate.[15] Ir-based hydrazine complexes 

[IrCl2(RNHNH2){P(OEt)3}(AsPh3)2]
+ (R = H, Me, Ph), synthesized by treating 

[IrCl2H{P(OEt)3}(AsPh3)2] with triflic acid followed by an excess of hydrazine, also 

undergoes oxidation in the presence of Pd(OAc)2 to form Ir-diazene and Ir-hydride 

complexes.[16] Very recently, Albertin et al. reported Ir-hydrazine complex [(η5-

C5Me5)Ir{P(OR)3}(N2H4)]
+ which also exhibited Pb(OAc)4 assisted oxidation to Ir-

diazene complex.[17] Seino and Mizobe et al. also reported a (η5-C5Me5)Ir coordinated 

bis-hydrazine cluster [{(η5-C5Me5)Ir}4(μ3-S)2(μ2-H)2(N2H4)2]
2+ having two hydrazine 

molecules coordinated to a single (η5-C5Me5)Ir moiety connected through the bridging 

sulphur of the Ir3 cluster.[18] Analogously, several Ru-hydrazine complexes were also 

reported, which upon oxidation may form corresponding diazene species,[19a-e] such as, 

Ru-hydrazine [RuH(N2H4)L4]
+ and Ru-bis-hydrazine complexes  [Ru(N2H4)2L4]

2+  (L= 

P(OEt)3, PPh(OEt)2, P(OMe)3 resulted in the formation of Ru-diazene complexes upon 
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treatment of Pb(OAc)4 in DCM at -80 oC.[20] Similarly, hydrazine coordinated Ru-arene 

and analogous Os-arene complexes [(6-p-cymene)M{PPh(OEt)2}Cl (1-N2H4)]
+ (M = 

Ru and Os) were also reported to be transformed into corresponding diazene complexes 

upon treatment with Pb(OAc)4 at -30 C.[21] In similar fashion, Os-hydrazine complex 

[Os(PPh3)2{P(OMe)3}(CO)Cl(N2H4)]
+ was also reported to be synthesized by direct 

treatment of N2H4  with [OsHCl(CO)(PPh3)2{P(OMe)3}] in the presence of triflic acid, 

which can be further oxidized to form corresponding Os-diazene complex.[22] Interesting 

to note, that these important intermediates, including those containing N2H4 and N2H2 

coordinated Fe complexes provided substantial mechanistic insights on the role of these 

species in several reactions, such as dehydrogenation reactions. 

 

 

 

 

 

Scheme 2.1. Various hydrazine coordinated metal complexes – a key step to the 

activation of hydrazine. 

In accordance with the above and several other precedent reports on the formation 

of metal-hydride complex upon treatment of metal-diazene complex with a base, clearly 

evidenced a possible pathway for the dehydrogenation of hydrazine.[23-26] For instance, 

Chirik et al. demonstrated the dehydrogenation of hydrazine upon coordination of 

hydrazine with molybdenum-terpyridine-phosphine in [(PhTpy)(PPh2Me)2Mo(2-N2H4)] 



38 

 

complex.[26] Field et al. also investigated the base-induced dehydrogenation of hydrazine 

via a ‘coordination induced activation pathway’ over Ru-tetradentate phosphine 

complexes, where ligand exerted a significant impact on the coordination of hydrazine to 

Ru (side-on [RuCl(2-N2H4)(3-PP3
ipr)]+ or end-on bound hydrazine [RuCl(1-N2H4)(4-

PP3
Ph)]+) and the reactivity pathway of the resulting complexes.[27]  Apart from 

homogeneous catalysts there are several reports are available in the literature for the 

dehydrogenation of hydrazine using heterogeneous catalyst but the exploration of 

homogeneous complexes for hydrazine activation are particular importance because of 

several applications.[28,29] However, anhydrous hydrazine is explosive in nature when 

exposed to a metal catalyst which makes it difficult to handle safely, whereas hydrous 

hydrazine (H2NNH2·H2O), which also contains a large amount of hydrogen (7.9 wt %), 

is much safer and easy to handle.[29] 

Therefore, intrigued by the aforementioned findings, herein, we report the 

reactivity of iminopyridine based ruthenium-arene complexes with hydrazine and 

explored the base assisted catalytic dehydrogenation of hydrazine. 1H NMR and mass 

spectrometric tools were probed to investigate and evidence the possible interactions 

between hydrazine and Ru and the generation of any possible organometallic 

intermediates.  

2.2. Experimental Section 

2.2.1. Materials. All experiments were carried out using the chemicals of higher purity 

purchased from Sigma Aldrich, TCI and Alfa Aesar unless otherwise specified, except 

the ligands and complexes prepared by us. Ru(II)-arene complexes were synthesized 

according to previous reports using, Ru(II)-arene precursors, [{(η6-benzene)RuCl2}2].
[30] 

2.2.2. Instrumentation. 1H NMR (400 MHz) spectra were recorded at 298 K using 

CDCl3, D2O and DMSO-d6 as a solvent on a Bruker Avance 400 spectrometer using 

tetramethylsilane (TMS) as an external standard. Chemical shifts (in ppm) are relative to 

the center of the singlet at 7.26 ppm for CDCl3, 4.75 ppm for D2O and 2.49 for DMSO-

d6 in 1H NMR respectively. Coupling constant (J) values are reported in hertz (Hz), and 

the splitting patterns are designated as follows: s (singlet); d (doublet); t (triplet); m 

(multiplet); br. (broad). ESI-mass spectra (Positive mode) were recorded on a micrOTF-

Q II mass spectrometer. UV-visible absorption spectra were recorded on a Carry-60 UV-



39 

 

visible Spectrophotometer using 10 mm quartz cuvettes. GC−TCD analysis was 

performed on a Shimadzu GCMS-QP2010 Ultra and GC-2010 Plus system in EI (electron 

impact) mode using RT-Msieve 5A column.  

2.2.3. Single-crystal X-ray diffraction Studies. Single crystal X-ray structure studies of 

complex [Ru]-4, from the suitable crystals grown by slow diffusion of diethyl ether into 

the methanol solution of complex [Ru]-4 was accomplished on a CCD Agilent 

Technologies (Oxford Diffraction) SUPERNOVA diffractometer. Crystal data for 

complexes [Ru]-4 was collected at 293(2) by the standard ‘phi-omega’ scan techniques 

and were scaled and reduced using CrysAlisPro RED software, using graphite-

monochromated Cu Kα radiation (λ = 1.5418 Å) based diffraction. The extracted data 

was evaluated using the CrysAlisPro CCD software. The structures were solved by direct 

methods using SHELXS-97, and refined by full matrix least-squares with SHELXL-97, 

refining on F2.[31] Direct methods determined the positions of all the atoms. All non-

hydrogen atoms were refined anisotropically. The remaining hydrogen atoms were placed 

in geometrically constrained positions and refined with isotropic temperature factors, 

generally 1.2Ueq of their parent atoms. The CCDC number 1535290 contains the 

supplementary crystallographic data for [Ru]-4. The data is freely available at 

www.ccdc.cam.ac.uk (or can be procured from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB21 EZ, UK; Fax: (+44) 1223-336-033; or 

deposit@ccdc.cam.ac.uk). 

2.2.4. Catalytic dehydrogenation of hydrazine over ruthenium catalysts. A two neck 

round bottom flask attached to a condenser and equipped with a magnetic bar was charged 

with ruthenium catalyst (2.5 mol %), potassium tertiary butaoxide (20 mol%), THF-

methanol (5.5 mL, 10:1 v/v). The resulting solution was heated at 80 °C for 15 minute 

until the colour changes from yellow to dark brown. Now the addition of hydrazine in the 

solution resulted in a colour change from dark brown to red-brown. The gas released 

during the reaction was passed through a hydrochloric acid solution (2.0 M) before being 

measured volumetrically by a water displacement method. Later, the presence of 

hydrogen in the generated gas was confirmed by GC-TCD. 

2.2.5. Mass spectral studies to identify the hydrazine-coordinated ruthenium species 

[Ru]-3A. In a separate experiment, complex [Ru]-3 (0.020 mg, 0.05 mmol) and an excess 

mailto:deposit@ccdc.cam.ac.uk
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of hydrazine monohydrate (25 µL, 0.5 mmol) were mixed in 1 mL solution of H2O. The 

reaction mixture was stirred at room temperature for 5 minute, where a colour change 

from yellow to wine-red was observed. An aliquot of the reaction mixture was analysed 

by mass spectrometry to identify hydrazine coordinated Ru(II)-arene species ([Ru]-3A) 

at m/z 333.0. Similarly, under the catalytic reaction condition, an aliquot from the crude 

reaction mixture was taken out to analyse by mass spectrometry and similar intermediate 

species [Ru]-3A was observed. 

2.2.6. NMR spectral studies to identify the hydrazine-coordinated ruthenium species 

[Ru]-3A. To confirm the identity of a plausible hydrazine coordinated species [Ru]-3A 

by 1H NMR, complex [Ru]-3 (0.010 g) in D2O (500 µL) and hydrazine monohydrate 

(12.5 µL) were taken into an NMR tube and analysed by 1H NMR. 

2.2.7. Recyclability experiments. For the recyclability experiment after every cycle the 

20 mol% potassium tertiary butoxide added along with 1 mmol of hydrazine and gas was 

produced measured by volumetrically. 

 

2.3. Results and Discussion 

2.3.1. Synthesis and X-ray structure of ruthenium-arene complexes. To perform 

ruthenium catalyzed dehydrogenation of hydrazine, Ru(II)-arene complexes, [(η6–

benzene)Ru(N-hydroxy-iminopyridine)Cl]+ ([Ru]-3), [(η6–benzene)Ru(N-methoxy-

iminopyridine)Cl]+ ([Ru]-4), and [(η6–benzene)Ru(N-isopropyl-iminopyridine)Cl]+ 

([Ru]-5), were synthesized following earlier reports (Figure 2.1a).[32-34] Recrystallization 

of [Ru]-4 gave orange colour crystals suitable for single-crystal structure determination 

(Figure 2.1b). Complex [Ru]-4 adopted a piano-stool geometry, with bond lengths (Ru-

Cl, Ru-N1, and Ru-N2, Ru-Ct) and bond angles (Npy-Ru-Nimine and Npy/imine-Ru-Cl ) are 

in the expected range of the analogous ruthenium complexes provided in the following 

tables.[33,34] Moreover, torsion angle N1-C5-C6-N2 (-1.2°) is suggesting the planar 

arrangement of the bidentate iminopyridine ligand. 
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Figure 2.1. (a) Ruthenium-arene catalyzed dehydrogenation of hydrazine, (b) X-ray 

crystal structure of complex [Ru]-4 with 30% ellipsoid probability. Counter ion (Cl-) are 

omitted for sake of clarity. 

 

Table 2.1. Crystal refinement data for complexes [Ru]-4 

Empirical formula C13H14Cl2N2ORu 

Formula weight 386.23 

Colour  orange solid 

Crystal size (mm) 0.23 x 0.18 x 0.13 

Crystal system Triclinic 

Space group P-1 

T (K) 150(2)  

λ (Å), radiation 1.5418, Cu Kα 

a (Å) 6.3745(2) 

b (Å) 9.7410(5) 

c (Å) 11.3179(5) 

α (ᵒ) 88.635(4) 

β (ᵒ) 83.291(3) 

γ (ᵒ) 82.905(3) 

V (Å3) 692.59(5) 

Z 2 

Dcalcd. (mg/m3) 1.852 

F (000) 384 

(b) (a) 
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Reflections collected / unique 4044/ 2589 [R(int) = 0.0318] 

Data / restraints / parameters 2589/ 0 / 173 

Final R indices [I>2sigma(I)] R1 = 0.0479, wR2 = 0.1323 

R indices (all data) R1 = 0.0481, wR2 = 0.1327 

GOF 1.072 

 

Table 2.2. Bond lengths [Å] for [Ru]-4 

Ru(1)-N(2) 2.067(3) C(4)-C(5) 1.385(6) 

Ru(1)-N(1) 2.098(4) C(4)-H(4) 0.9300 

Ru(1)-C(8) 2.145(5) C(5)-C(6) 1.457(6) 

Ru(1)-C(13) 2.169(5) C(6)-H(6) 0.9300 

Ru(1)-C(9) 2.181(5) C(7)-H(7A) 0.9600 

Ru(1)-C(10) 2.185(5) C(7)-H(7B) 0.9600 

Ru(1)-C(11) 2.188(6) C(7)-H(7C) 0.9600 

Ru(1)-C(12) 2.196(6) C(8)-C(9) 1.394(10) 

Ru(1)-Cl(1) 2.4024(11) C(8)-C(13) 1.418(11) 

O(1)-N(2) 1.377(5) C(8)-H(8) 0.9300 

O(1)-C(7) 1.432(6) C(9)-C(10) 1.346(10) 

N(1)-C(1) 1.334(6) C(9)-H(9) 0.9300 

N(1)-C(5) 1.354(6) C(10)-C(11) 1.370(12) 

N(2)-C(6) 1.282(6) C(10)-H(10) 0.9300 

C(1)-C(2) 1.380(7) C(11)-C(12) 1.360(12) 

C(1)-H(1) 0.9300 C(11)-H(11) 0.9300 

C(2)-C(3) 1.382(7) C(12)-C(13) 1.387(12) 

C(2)-H(2) 0.9300 C(12)-H(12) 0.9300 

C(3)-C(4) 1.379(7) C(13)-H(13) 0.9300 

C(3)-H(3) 0.9300   

 

Table 2.3. Bond angles [deg] for [Ru]-4 

N(2)-Ru(1)-N(1) 75.80(14) C(3)-C(4)-C(5) 118.8(5) 

N(2)-Ru(1)-C(8) 92.48(19) C(3)-C(4)-H(4) 120.6 
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N(1)-Ru(1)-C(8) 118.5(2) C(5)-C(4)-H(4) 120.6 

N(2)-Ru(1)-C(13) 117.4(3) N(1)-C(5)-C(4) 122.1(4) 

N(1)-Ru(1)-C(13) 94.94(18) N(1)-C(5)-C(6) 115.3(4) 

C(8)-Ru(1)-C(13) 38.4(3) C(4)-C(5)-C(6) 122.5(4) 

N(2)-Ru(1)-C(9) 96.05(19) N(2)-C(6)-C(5) 114.0(4) 

N(1)-Ru(1)-C(9) 155.3(3) N(2)-C(6)-H(6) 123.0 

C(8)-Ru(1)-C(9) 37.6(3) C(5)-C(6)-H(6) 123.0 

C(13)-Ru(1)-C(9) 67.8(2) O(1)-C(7)-H(7A) 109.5 

N(2)-Ru(1)-C(10) 122.4(3) O(1)-C(7)-H(7B) 109.5 

N(1)-Ru(1)-C(10) 161.6(3) H(7A)-C(7)-H(7B) 109.5 

C(8)-Ru(1)-C(10) 66.6(2) O(1)-C(7)-H(7C) 109.5 

C(13)-Ru(1)-C(10) 79.0(2) H(7A)-C(7)-H(7C) 109.5 

C(9)-Ru(1)-C(10) 35.9(3) H(7B)-C(7)-H(7C) 109.5 

N(2)-Ru(1)-C(11) 158.9(3) C(9)-C(8)-C(13) 119.2(5) 

N(1)-Ru(1)-C(11) 125.2(3) C(9)-C(8)-Ru(1) 72.6(3) 

C(8)-Ru(1)-C(11) 78.7(2) C(13)-C(8)-Ru(1) 71.7(3) 

C(13)-Ru(1)-C(11) 66.3(3) C(9)-C(8)-H(8) 120.4 

C(9)-Ru(1)-C(11) 65.4(3) C(13)-C(8)-H(8) 120.4 

C(10)-Ru(1)-C(11) 36.5(3) Ru(1)-C(8)-H(8) 127.3 

N(2)-Ru(1)-C(12) 154.2(3) C(10)-C(9)-C(8) 120.4(6) 

N(1)-Ru(1)-C(12) 99.0(2) C(10)-C(9)-Ru(1) 72.2(3) 

C(8)-Ru(1)-C(12) 67.4(3) C(8)-C(9)-Ru(1) 69.8(3) 

C(13)-Ru(1)-C(12) 37.0(3) C(10)-C(9)-H(9) 119.8 

C(9)-Ru(1)-C(12) 78.0(2) C(8)-C(9)-H(9) 119.8 

C(10)-Ru(1)-C(12) 65.7(3) Ru(1)-C(9)-H(9) 130.9 

C(11)-Ru(1)-C(12) 36.1(3) C(9)-C(10)-C(11) 120.6(6) 

N(2)-Ru(1)-Cl(1) 87.97(10) C(9)-C(10)-Ru(1) 71.9(3) 

N(1)-Ru(1)-Cl(1) 84.61(10) C(11)-C(10)-Ru(1) 71.9(4) 

C(8)-Ru(1)-Cl(1) 156.3(2) C(9)-C(10)-H(10) 119.7 

C(13)-Ru(1)-Cl(1) 153.8(3) C(11)-C(10)-H(10) 119.7 

C(9)-Ru(1)-Cl(1) 118.8(2) Ru(1)-C(10)-H(10) 128.8 
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C(10)-Ru(1)-Cl(1) 93.25(16) C(12)-C(11)-C(10) 121.0(6) 

C(11)-Ru(1)-Cl(1) 92.55(19) C(12)-C(11)-Ru(1) 72.3(4) 

C(12)-Ru(1)-Cl(1) 117.1(3) C(10)-C(11)-Ru(1) 71.6(3) 

N(2)-O(1)-C(7) 116.0(3) C(12)-C(11)-H(11) 119.5 

C(1)-N(1)-C(5) 118.3(4) C(10)-C(11)-H(11) 119.5 

C(1)-N(1)-Ru(1) 126.6(3) Ru(1)-C(11)-H(11) 129.1 

C(5)-N(1)-Ru(1) 115.0(3) C(11)-C(12)-C(13) 120.4(6) 

C(6)-N(2)-O(1) 120.9(4) C(11)-C(12)-Ru(1) 71.6(4) 

C(6)-N(2)-Ru(1) 119.8(3) C(13)-C(12)-Ru(1) 70.4(3) 

O(1)-N(2)-Ru(1) 119.2(3) C(11)-C(12)-H(12) 119.8 

N(1)-C(1)-C(2) 122.6(4) C(13)-C(12)-H(12) 119.8 

N(1)-C(1)-H(1) 118.7 Ru(1)-C(12)-H(12) 130.9 

C(2)-C(1)-H(1) 118.7 C(12)-C(13)-C(8) 118.3(6) 

C(1)-C(2)-C(3) 119.0(4) C(12)-C(13)-Ru(1) 72.6(4) 

C(1)-C(2)-H(2) 120.5 C(8)-C(13)-Ru(1) 69.9(3) 

C(3)-C(2)-H(2) 120.5 C(12)-C(13)-H(13) 120.8 

C(4)-C(3)-C(2) 119.1(4) C(8)-C(13)-H(13) 120.8 

C(4)-C(3)-H(3) 120.4 Ru(1)-C(13)-H(13) 128.8 

C(2)-C(3)-H(3) 120.4   

 

2.3.2. Ruthenium catalyzed dehydrogenation of hydrazine. At an outset, 

dehydrogenation of hydrazine monohydrate (N2H4∙H2O) was attempted over [Ru]-3 

complex in water by using base (KOH) at 80 oC, where the evolution of gas from the 

reaction mixture was observed volumetrically (Table 2.4, entry 1). Further, an 

enhancement in TON and a two-fold increment in TOF were observed by performing the 

experiment in the presence of KOtBu instead of KOH (Table 2.4, entry 2). In contrary to 

water, a significant enhancement in TON was observed for the dehydrogenation reaction 

performed in ethanol (Table 2.4, entry 3). Notably, an appreciable amount of gas 

evolution from the hydrazine solution in ethanol was also observed even in the absence 

of base, but the reaction was observed to be sluggish (Table 2.4, entry 4). Further in the 

search of a suitable solvent medium, [Ru]-3 catalyzed dehydrogenation of hydrazine was 
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performed in THF-methanol (10:1 v/v) at 80 oC in the presence of different bases KOH, 

NaOH and KOtBu, where the highest TON and TOF were achieved with KOtBu (Table 

2.4, entries 5-7). Based on the amount of gas evolved, selectivity for H2 gas (X) was found 

to be 0.46.[28-29,35] Moreover, the presence of H2 in the released gas was also analysed by 

GC-TCD (Figure 2.2).  

 

Figure 2.2. GC-TCD analysis of gas produced for dehydrogenation of Hydrazine 

monohydrate (1.0 mmol) using KOtBu (0.020 mmol), cat. [Ru]-3 (2.5 mol %), THF-

methanol (5.5 mL, 10:1 v/v) in Ar gas atmosphere at 80 oC.   

 

Therefore, the overall hydrazine decomposition equation can be expressed which 

is as follows: 

                            N2H4 → 0.72NH3 + 0.65N2 + 0.92H2         eq. (2.1) 

It should be noted that gas evolution was not observed in the absence of the 

catalyst (Table 2.4, entry 8). Furthermore, we performed control experiment under the 

optimised reaction condition in the absence of hydrazine. There were no traces of gas 

release was observed during the experiment, inferred that under the optimized reaction 

condition methanol dehydrogenation does not occurred (Table 2.4, entry 9). In addition, 
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analysis of reaction mixture obtained after the reaction does not show any other products, 

such as CO, CO2, formate, acetal of formaldehyde, N-methylation of hydrazine. 

Moreover, using methanol is advantageous, as it increases the solubility of the studied 

complex in the solution. The above observations inferred that the observed gas release in 

the presence of hydrazine was due to catalytic dehydrogenation of hydrazine only, and 

that the presence of both catalysts and hydrazine is important for gas generation.  Notably, 

in THF-methanol, an enhancement of three- and two-fold, respectively in the TOF was 

achieved compared to the catalytic dehydrogenation reaction performed in water and 

ethanol. Further performing the catalytic reaction at lower temperature (< 80 C), TON 

and TOF of the catalytic dehydrogenation of hydrazine was significantly decreased 

(Table 2.4, entries 10-14). The apparent activation energy (Ea = 13.98 kcal mol−1) for the 

catalytic dehydrogenation of hydrazine over [Ru]-3 catalyst, as obtained by an Arrhenius 

plot (Figure 2.3), is in good agreement with other literature findings.[35] 
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Figure 2.3. Linear fitting of log [TOF(h-1)] vs 1/T for calculating activation energy from 

the graph (value for activation energy Ea = 13.98 kcal∙mol-1).   
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Table 2.4. Optimization of the reaction condition for the catalytic dehydrogenation 

of hydrazine over [Ru]-3 catalysta 

Entry Catalyst Solvent Base T (oC)/ 

t (min.) 

Volume of 

gas (mL) 

TON TOF   

(h-1) 

1 [Ru]-3 Water KOH 80/53 8.0 - - 

2 [Ru]-3 Water KOtBu 80/36 11.0 3.5 5.8 

3 [Ru]-3 Ethanol KOtBu 80/70 35.0 33.0 28.0 

4 [Ru]-3 Ethanol - 80/154 25.5 21.0 8.0 

5 [Ru]-3 THF-

methanol 

KOtBu 80/40 38.5 37.0 58.5 

6 [Ru]-3 THF-

methanol 

KOH 80/57 36.5 35.0 37.0 

7 [Ru]-3 THF-

methanol 

NaOH 80/75 32.0 29.0 23.0 

8 - THF-

methanol 

KOtBu 80/120 - - - 

9* [Ru]-3 THF-

methanol 

KOtBu 80/120 - - - 

10 [Ru]-3 THF-

methanol 

KOtBu 30/61 8 - - 

11 [Ru]-3 THF-

methanol 

KOtBu 40/66 9.5 1.64 1.49 

12 [Ru]-3 THF-

methanol 

KOtBu 50/111 16.0 9.5 5.18 

13 [Ru]-3 THF-

methanol 

KOtBu 60/48 38.5 37.0 46.0 

14 [Ru]-3 THF-

methanol 

KOtBu 70/55 38.5 37.0 40.0 

15 [Ru]-4 THF-

methanol 

KOtBu 80/65 36.5 35.0 32.0 
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Further to evaluate the effect of substitutes at Nimine the studied ruthenium 

complexes [Ru]-3 – [Ru]-5, catalytic dehydrogenation of hydrazine was performed under 

the optimized reaction condition (hydrazine (1.0 mmol), catalyst (2.5 mol%) and KOtBu 

(2.5 mol%) in THF-methanol (5.5 mL, 10:1 v/v) at 80 C) (Table 4.1, entries 15-16, 

Figure 2.4a). Results inferred that among all the studied complexes having different steric 

and electronic properties, the (6-benzene)Ru complex [Ru]-3 having Nimine-OH group 

outperformed and showed higher TOF (h-1) over those having Nimine-OMe and Nimine-
iPr 

substitution (Figure 2.4b), which can be attributed to the plausible involvement of the 

hydroxyl group in interaction with hydrazine coordinated with Ru and hence facilitating 

improved Ru to hydrazine interactions.[36]  

 

Figure 2.4. (a-b) Comparative catalytic efficacy (a) amount of gas released vs time and 

(b) TOF (h-1) for the dehydrogenation of hydrazine monohydrate over ruthenium-arene 

catalysts. Reaction condition: hydrazine monohydrate (1.0 mmol) over various ruthenium 

catalysts (2.5 mol%) in the presence of KOtBu (20 mol%) in THF-methanol (5.5 mL, 10:1 

v/v) at 80 C. 
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Notably, the outperforming [Ru]-3 catalyst exhibited remarkably high 

recyclability up to six consecutive catalytic runs for the dehydrogenation of hydrazine 

under the optimized reaction condition (Figure 2.5).  
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Figure 2.5. Recyclability experiments for the catalytic dehydrogenation of hydrazine 

monohydrate over [Ru]-3 catalyst. Reaction condition: hydrazine monohydrate (1.0 

mmol) over various ruthenium catalysts (2.5 mol%) in the presence of KOtBu (20 mol%) 

in THF-methanol (5.5 mL, 10:1 v/v) at 80 C. 

 

 Moreover, no remarkable change in the catalytic efficacy was observed during 

the reaction performed in the presence of Hg, suggesting the homogenous nature of the 

active form of the catalyst. To further investigate the role of Ru-catalyst in the catalytic 

dehydrogenation of hydrazine, several controlled and catalytic experiments were 

performed to identify the crucial organometallic intermediates which might be generated 

during the reaction due to the possible interactions between Ru-catalyst and hydrazine. 

In this context, control experiment performed using [Ru]-3 catalyst in D2O with an excess 

of hydrazine added, showed a peak at m/z 333.0 in mass spectra corresponding to the 

hydrazine coordinated Ru-species, [Ru]-3A. Coordination of hydrazine to ruthenium was 

further evidenced by 1H NMR, where an upfield shifting in the peaks corresponding to 

iminopyridine ligand in [Ru]-3 complex was observed (Figure 2.6). 
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Figure 2.6. 1H NMR and mass spectral experiments evidenced the formation of a 

hydrazine coordinated Ru-species [Ru]-3A during the treatment of [Ru]-3 complex with 

an excess of N2H4·H2O in D2O. 

 

 Further, an analogous behaviour in 1H NMR was also observed when an excess 

of hydrazine was added in a solution of [Ru]-3 complex in CD3OD, and the 

corresponding mass data also showed an m/z value of 333.0 corresponding to the [Ru]-

3A species. Moreover, mass spectral analysis of the reaction aliquot during the catalytic 

reaction condition also evidenced the formation of a hydrazine coordinated ruthenium 

species.   

The catalysts [Ru-3] having N–OH substitution outperformed over [Ru]-4 and 

[Ru]-5 having N-OMe and N-iPr substitutions respectively, possibly because of the 

presence of protic group N–OH. In the presence of a base, the protic group N-OH 

deprotonated and thereby stabilised hydrazine coordinated monocationic ruthenium 

species [(η6–benzene)Ru(N-hydroxy-iminopyridine)N2H4]
+ ([Ru]-3A), which was well 

characterised by mass (m/z 333.0) and NMR (Figure 2.6). Analogously, [Ru]-4 and [Ru]-

5 complexes also showed the formation of corresponding hydrazine coordinated 
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ruthenium species and due to lack of protic group these ruthenium hydrazine species are 

dicataionc species [Ru]-4A (m/z 174.0) and [Ru]-5A (m/z 180.0) (Figure 2.7).  

 

 

 

 

 

 

 

 

 

Figure 2.7. Mass spectral analysis for the hydrazine coordinated ruthenium species, 

[Ru]-3A, [Ru]-4A and [Ru]-5A, obtained by the addition of hydrazine to an aqueous 

solution of the corresponding complexes [Ru]-3, [Ru]-4 and [Ru]-5, respectively. 

 

Moreover, the addition of hydrazine to a pale-yellow solution of [Ru]-3 in water 

resulted in an intense wine-red solution, suggested the formation of ruthenium-hydrazine 

species. The significant shift in the 1H NMR spectra and the presence of a mass peak at 

m/z 333.0 corresponds to the [Ru]-3A species clearly evidenced the formation of 

ruthenium-hydrazine species. Further addition of an excess of dil. HCl in the above wine-

red solution immediately resulted in the regeneration of pale yellow solution, thus straight 

forward evidenced the recovery of [Ru]-3, which was also supported by the reappearance 

of m/z peak at 337.0 (in the mass spectral analysis of the pale yellow solution) 

corresponding to the [Ru]-3 catalyst (Figure 2.8).  
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Figure 2.8. Mass spectral experiments showing the generation of a hydrazine 

coordinated ruthenium species ([Ru]-3A), which upon addition of a dilute solution of 

HCl regenerated the original ruthenium precursor ([Ru]-3).  

 

Therefore, mass and 1H NMR spectral results clearly evidenced the coordination 

of hydrazine to Ru center is a crucial step for the activation of hydrazine, which further 

transformed to Ru-H species via a well-established diazene intermediate. The temperature 

dependent 1H NMR and corresponding mass analysis under the catalytic reaction 

condition also inferred the appearance of a ruthenium-hydrazine species with the increase 

in the reaction temperature (30-60 C) (Figures 2.9 and 2.10). 
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Figure 2.9. Variable temperature 1H NMR spectral experiments evidenced the formation 

of a hydrazine coordinated Ru-species during the treatment of [Ru]-3 complex with an 

excess of N2H4·H2O in D2O [Reaction condition: [Ru]-3 (0.010 g) in D2O (500 µL) and 

hydrazine monohydrate (12.5 µL)]. 
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Figure 2.10. Mass analysis (at 30 °C – 60 °C) evidenced the formation of a hydrazine 

coordinated Ru-species [Ru]-3A during the treatment of [Ru]-3 complex with an excess 

of N2H4·H2O in H2O. Along with the hydrazine coordinated ruthenium species ([Ru]-3A 

m/z 333.0), a water coordinated species [([(η6-C6H6)Ru(κ2-L)(OH2)]
+) at m/z 319.0 was 

also observed. All the observed mass spectra of various species identified were matching 

well with corresponding simulated patterns.  

 Analogous to hydrazine coordinated ruthenium species, phenylhydrazine also 

coordinated with the ruthenium metal, and such phenylhydrazine coordinated ruthenium 

species [(η6–benzene)Ru(N-hydroxy-iminopyridine){N2H3(C6H5)}]+ (m/z 409.0) were 

analysed by 1H NMR and mass. Whilst we were unable to observe the Ru-H and Ru-

diazene intermediates during our investigations, presumably because of the lower 

stability of these species in the reaction medium, such species are expected to be involved 

in the dehydrogenation of hydrazine. Notably, X-ray structure of analogous ruthenium-

diazene species [(5-Cp*)Ru(2-HN=NH){P(OEt)3}2]
+ was previously reported by 

Albertin et al..[4a] Also, Hillhouse et al. demonstrated the formation of metal-diazene and 

metal-hydride species from rhenium-hydrazine complexes.[5] In this regard, treating 4-
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methoxystyrene with hydrazine over [Ru]-3 catalyst resulted in the formation of 1-ethyl-

4-metoxy benzene in water-ethanol at 80 ºC, suggesting the possible involvement of 

ruthenium-hydride species during the transfer hydrogenation via ruthenium-catalyzed 

activation of hydrazine. 

In a recent report, Milstein et al. also demonstrated the crucial role of a hydrazine-

coordinated Ru intermediate species [(tBuPNP)Ru(CO)(H)(N2H4)]
+ during a Ru-pincer 

complex catalyzed dehydrogenative coupling of alcohols with hydrazine with the release 

of H2 gas.[25] Similar activation of hydrazine, by the weakening of N-H bond of hydrazine 

upon coordination of hydrazine with molybdenum-terpyridine-phosphine has also been 

demonstrated.[26] It has been observed that such metal hydrazine complexation lower the 

nitrogen-hydrogen bond dissociation free energy (34.6 kcal mol-1) and hence enable H2 

evolution and hydrogenation of styrene.[26] Analogous Ru-hydride and Ru-diazene 

intermediates were also observed during dehydrogenation of hydrazine over Ru-

tetradentate phosphine complexes via a ‘coordination induced activation pathway’.[27] 

Based on the above findings and spectral data (mass and 1H NMR) we proposed a 

plausible general reaction pathway for the hydrazine activation with ruthenium 

complexes shown in the Scheme 2.2. Moreover, the formation of hydrazine coordinated 

ruthenium species for all the complexes [Ru]-3, [Ru]-4 and [Ru]-5, suggesting that these 

complexes probably follow an analogous hydrazine dehydrogenation pathway, as 

illustrated in Scheme 2.2. 
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Scheme 2.2. Plausible reaction pathway for the dehydrogenation of hydrazine over the 

studied ruthenium catalysts. 

2.4. Conclusions 

We demonstrated catalytic dehydrogenation of hydrazine over ruthenium-arene 

catalysts containing N-substituted iminopyridine ligands at 80 ºC in ethanol and THF-

methanol in the presence of a base. Our findings suggested a ligand-accelerated 

dehydrogenation of hydrazine, where the ruthenium complex [Ru]-3 containing N-

hydroxyiminopyridine ligand outperformed over others. The evolved gas was analysed 

by GC-TCD. Our experimental findings along with 1H NMR and mass studies evidenced 

the presence of a hydrazine coordinated ruthenium species. These observations 

suggesting a possible coordination assisted activation of hydrazine N-H bond over 

ruthenium catalyst to release hydrogen gas via a Ru-hydride species. Further efforts to 

explore more into the mechanistic aspect of the ruthenium catalyzed dehydrogenation of 

hydrazine are underway.  

Note: The content of this chapter is published as Awasthi et al., Chem. Asian J., 

2018, 13, 1424 -1431 (DOI: 10.1002/asia.201800315) and reproduced here with the 

permission of Willey-VCH. 
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Chapter 3 

Hydrogen Production from Aromatic Alcohols over 

Ruthenium Catalyst  

 

3.1. Introduction 

        Synthesis of carboxylic acids by oxidation of primary alcohols using a metal-based[1-

5,6(a)] oxidant is well established, but need either toxic strong oxidants or TEMPO with 

stoichiometric amount of sodium hypochlorite making it a less atom efficient process.[6(b)] 

Alternatively, carboxylic acid can also be produced by alcohol dehydrogenation 

process.[7-11] Alcohol dehydrogenation process is an atom economic process by 

generating hydrogen gas (a potential fuel) along with the desired carboxylic acid, and 

thus provide an opportunity to explore alcohols as potential hydrogen storage compounds. 

Interestingly, compared to the well explored oxidative syntheses of carboxylic acids using 

alcohols, catalytic dehydrogenation of alcohols (such as benzyl alcohol) are explored only 

in last decade using Ir[8], Rh[9] and Ru[10-13] based metal complexes.  

 

Scheme 3.1. Literature reported active catalysts for the dehydrogenation of alcohol to 

carboxylic acid. 

 

Moreover, the alcohol dehydrogenation reactions are explored either in presence 

of high base concentration in water or in organic solvents at higher temperature (≥ 110 
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°C) (Scheme 3.1).[7-13]  Yamaguchi et al. reported an Cp*Ir(III)-based dicationic complex 

having strongly electron-donating N-heterocyclic carbene (NHC) ligand and α-

hydroxypyridine moiety based bidentate ligand.[8(a)] They have shown that α-

hydroxypyridine moiety plays an important role for the activation of secondary and 

primary alcohols to dehydrogenate in ketones and acids, respectively, in neutral water at 

140 °C.[8(a)] Recently, another Ir(III) complexes [Ir(2-PyCH2(C4H5N2))(COD)]OTf and 

[Ir(2-PyCH2PBu2t)(COD)]OTf having NHC (2-((3-methyl-2,3-dihydro-1H-imidazol-1-

yl)methyl)pyridine) and N,P (2-((di-tert-butylphosphino)methyl) pyridine) ligands 

respectively, reported by Williams et al. for the catalytic acceptorless dehydrogenation 

of benzyl alcohol to benzoic acid (yield 98% in 40 h) in the presence of a base (KOH) in 

toluene at 120 °C.[8(b)] Furthermore, the Rh-based complexes containing diolefin amido 

tridentate ligands are also explored for the catalytic dehydrogenation of alcohol using 

acceptors such as O2/DMSO, 1-hexene and cyclohexanone at room 

temperature.[9(a),9(b),9(c)] Recently, acceptorless dehydrogenation of alcohols using Ru-

based metal complexes are also explored using the tridentate pincer type ligand 

(PNN[10(a)] and PNP[10(b)]), N-heterocyclic carbene (NHC)[10(c)] ligand and bidentate N,N-

type[11] ligand. Milstein et al. reported that in the Ru-complex having a PNN-type 

tridentate pincer ligand, the PNN ligand undergoes dearomatized to form the catalytic 

active species for the dehydration of alcohols in an alkaline aqueous solution under reflux 

condition for 18 h.[10(a)] Bera et al. explored Ru-hydride catalyst having N,N-type 

bidentate ligands for the catalytic dehydrogenation of alcohols in aqueous medium albeit 

in highly basic condition (18.5 mmol NaOH) at 110 °C.[11] The only half-sandwich Ru-

NHC complex [(p-cymene)RuCl2(IiPr)] (where IiPr = 1,3-diisopropyl-2,3-dihydro-1H-

imidazole) is reported by Madsen et al. for the catalytic alcohol dehydrogenation reaction 

in the presence of additive (PCy3 and HBF4) at 110 °C in toluene for 6h.[12] Peng et al. 

investigated dehydrogenation of neat alcohol using Ru-complexes [Ru(L)X(CH3CN)2]
+ 

(L = 2,6-bis(benzimidazol-2-yl) pyridine, X = Cl, OTf) having N,N,N tridentate ligands, 

albeit at high temperature (150 °C) and in the presence of CsOH.[13] Apart from noble 

metal based catalysts, recently, Liu et al. investigated Mn(I) based complexes having 

PNP-type pincer ligands for the catalytic acceptorless dehydrogenation of primary 

alcohols to carboxylic acids at 160 °C.[14]  
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Therefore, it is evident that most of the Ru-based catalysts explored so far, for 

alcohol dehydrogenation requires either highly basic condition, additives or higher 

temperature. In recent past, we have also developed several arene-Ru(II)-based catalysts 

for the acceptorless dehydrogenation of hydrazine hydrate and formic acid, and found 

that ligands have a crucial role in tuning the catalytic activity.[15] Herein, we synthesized 

several arene-Ru(II) complexes containing bidentate pyridylamine based ligands and 

explored for the acceptorless dehydrogenation of aromatic and aliphatic alcohols to 

carboxylic acids in toluene. Moreover, molecular structures of [Ru]-6, [Ru]-7 and [Ru]-

10 are also authenticated by X-ray crystallography. Further, we probed mass investigation 

to elucidate the mechanistic pathway by identifying several crucial catalytic intermediate 

species under the catalytic and controlled reaction conditions. 

3.2. Experimental Section 

3.2.1. Materials. All experiments are carried out using the chemicals of high purity 

purchased from Sigma Aldrich, TCI and Alfa Aesar, unless otherwise specified, Ligand 

L4 is purchased from Alfa Aesar. The precursors [{(η6-C6H6)RuCl2}2], [{(η6-

C10H14)RuCl2}2] and [{(η6-C6Me6)RuCl2}2] are synthesized following the previous 

reported method.[16] 

3.2.2. Instrumentation. 1H NMR (300, 400 and 500 MHz), 13C NMR (100 MHz) and 

31P NMR (161.97 MHz) spectra are recorded at 298 K using DMSO-d6 or CDCl3 as the 

solvent on a Bruker Avance 300, 400 and 500 spectrometer. Tetramethylsilane (TMS) is 

used as an external standard and the chemical shifts in ppm are reported relative to the 

centre of the singlet at 7.26 ppm for CDCl3, 2.49 ppm for DMSO-d6 and multiplet at 3.30 

ppm for CD3OD in 1H NMR, and to the centre of the triplet at 77.0 ppm for CDCl3 and 

39.50 ppm for DMSO-d6 in 13C NMR. Suitable single crystals of complexes [Ru]-6, 

[Ru]-7 and [Ru]-10 subjected to single-crystal X-ray structural studies using Agilent 

Technologies Supernova CCD system. Coupling constant (J) values are reported in hertz 

(Hz), and the splitting patterns are designated as follows: s (singlet); d (doublet); t 

(triplet); m (multiplet); br. (broad). ESI (positive mode), and high-resolution mass spectra 

(HRMS) are recorded on a micro TF-Q II mass spectrometer. GC-TCD analysis was 

performed on a Shimadzu GCMS-QP2010 Ultra and GC-2010 Plus system in EI (electron 

impact) mode using RT-Msieve 5A column. 
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3.2.3. Single-crystal X-ray diffraction studies. Single crystal was obtained by diffusion 

of diethyl ether into methanol solution of the complex [Ru]-6, [Ru]-7, and [Ru]-10 are 

performed on a CCD Agilent Technologies (Oxford Diffraction) SUPER NOVA 

diffractometer. Data are collected at 150(2) K using graphite-monochromated Mo Kα 

radiation (λα = 0.71073 A). The strategy for the data collection evaluated using the 

CrysAlisPro CCD software. The data are collected using the standard ‘phi-omega’ scans 

techniques, and are scaled and reduced using CrysAlisPro RED software. The structures 

are solved by direct methods using SHELXS-97, and refined using full matrix least-

squares with SHELXL-97, refining on F2.[17] The positions of all the atoms are obtained 

by direct methods. All non-hydrogen atoms are refined anisotropically. The remaining 

hydrogen atoms are placed in geometrically constrained positions, and refined with 

isotropic temperature factors, generally 1.2 Ueq of their parent atoms. The crystal and 

refinement data are summarized in Tables 2.1. Selected bond lengths and bond angles are 

summarized in Tables 2.2 and 2.3. CCDC deposition numbers of the complex [Ru]-6 

1872164, [Ru]-7 is 1865341 and for [Ru]-10 is 1872151. These data are freely available 

at www.ccdc.cam.ac.uk (or can be procured from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB21 EZ, UK; Fax: (+44) 1223-336-033; or 

deposit@ccdc.cam.ac.uk). 

3.2.4. General Procedure for the catalytic alcohol dehydrogenation reaction over 

pyridylamine-based (η6-arene)Ru(II) complexes. Typically, alcohol (1.0 mmol), 

catalyst (0.02 mmol), and KOH (1.1 mmol) are mixed in dry toluene (2 mL) in two necked 

round bottom flask equipped with a condenser and argon balloon. The reaction mixture 

is stirred at 110 °C for 6 h on an oil bath. After the desired reaction duration, solvent is 

removed under reduced pressure and the residue obtained is dissolved in deionized water 

(20 mL) and is acidified with 1 M HCl. Acidified solution is extracted with ethyl acetate 

(3 × 10 mL). The organic phase separated, dried over Na2SO4, and the organic solvent is 

removed under vacuum. For carboxylate salts, after the catalytic reaction, solvent is 

removed under reduced pressure and remaining residue is dissolved in methanol, filtered 

and dried to yield the pure carboxylate salt. 
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3.2.5. Dehydrogenation of benzaldehyde 

 

Benzaldehyde (1.0 mmol), [Ru]-6 (2 mol%), and KOH (1.1 mmol) are mixed in dry 

toluene (2 mL) in two necked test tube equipped with a condenser. The reaction mixture 

is stirred at 110 °C on an oil bath under Argon atmosphere. The gas evolved is measured 

by water displacement method. After the reaction was over, the products are analyzed by 

1H NMR spectroscopy. The selectivity for benzoic acid and benzyl alcohol are 

respectively, 92% (89% isolated yield) and 8%.  

3.2.6. General procedure for the synthesis of (η6-C6H6)Ru(II) complexes [Ru]-6 ‒ 

[Ru]-10 and (η6-C10H14)Ru(II) complexes [Ru]-11 ‒ [Ru]-15. Complexes [Ru]-6 ‒ 

[Ru]-15 are synthesized by treating N-substituted pyridylamine (L4 – L8) (0.59 mmol) 

with the respective precursor [{(η6-arene)RuCl2}2] (0.29 mmol) in acetonitrile (10 mL) at 

room temperature for 1 h under argon atmosphere. Later, the solvent is completely dried 

and dissolved in 5 mL ethanol, and then excess of NH4PF6 is added. The resulting solution 

is stirred for 30 minutes at room temperature. Adding 10 mL water in the reaction mixture 

resulted in the precipitation of the desired complexes, which is washed with water (2 × 5 

mL) and diethyl ether (3 × 10 mL), and finally dried in air. 

(a) Synthesis of [(η6-C6H6)RuCl(κ2-(N,N)-2-(aminomethyl)-pyridine)]PF6 ([Ru]-6). 

Complex [Ru]-6 is synthesized following the above general procedure, by using 2-

(aminomethyl)pyridine (L4) (0.59 mmol) and [{(η6-C6H6)RuCl2}2] (0.29 mmol). Yellow 

solid is obtained, yield 65%. [Ru]-6: 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 9.21 (d, 

1H, J = 4 Hz), 7.95 (t, 1H, J = 8 Hz), 7.55 (d, 1H, J = 8 Hz), 7.50 (t, 1H, J1 = 4Hz, J2 = 

8Hz), 5.90 (s, 6H), 4.14 (t, 2H, J1 = 8Hz, J2 = 4Hz). 13C NMR (100 MHz, DMSO-d6): δ 

(ppm) =161.49, 154.80, 139.19, 124.66, 121.16, 84.53, 52.10. 31P NMR (161.97 MHz, 

DMSO-d6): δ (ppm) = −144.18 (sep, PF6). MS (ESI): m/z calculated for [(η6-

C6H6)RuCl(κ2-L4)]+ (L4 = 2-(aminomethyl) pyridine) [M]+ 322.9883, found 322.9986. 

(b) Synthesis of [(η6-C6H6)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)propan-2-

amine)]PF6 ([Ru]-7). Complex [Ru]-7 is synthesized following the above general 
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procedure, by using N-(pyridin-2-ylmethyl)propan-2-amine (L5) (0.59 mmol) and [{(η6-

C6H6)RuCl2}2] (0.29 mmol). Pale yellow solid is obtained, yield 68%. [Ru]-7: 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) = 9.06 (d, 1H, J = 4Hz), 7.99 (d, 1H, J = 8Hz), 7.63 (d, 

1H, J = 8Hz), 7.54 (t, 1H, J1 = 8Hz, J2 = 4Hz), 5.93 (s, 6H), 4.33 (d, 2H, J = 8Hz), 3.92 -

3.87 (m, 1H), 1.41(d, 2H, J = 4Hz), 1.28 (d, 2H, J = 4Hz). 13C NMR (100 MHz, DMSO-

d6): δ (ppm) =160.48, 154.72, 139.13, 124.93, 121.58, 85.28, 58.71, 56.62, 23.66, 20.14. 

31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = −144.18 (sep, PF6). MS (ESI): m/z 

calculated for [(η6-C6H6)RuCl(κ2-L5)]+ (L5 = N-(pyridin-2-ylmethyl)propan-2-amine)) 

[M]+ 365.0354, found 365.0436. 

(c) Synthesis of [(η6-C6H6)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)propan-1-

amine)]PF6 ([Ru]-8). Complex [Ru]-8 is synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethyl)propan-1-amine (L6) (0.59 mmol) and [{(η6-

C6H6)RuCl2}2] (0.29 mmol). Pale yellow solid is obtained, yield 64%. [Ru]-8: 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) = 9.08 (d, 1H, J = 4Hz), 8.01 (t, 1H, J = 8Hz), 7.61 (d, 

1H, J = 8Hz), 7.54 (t, 1H, J1 = 8Hz, J2 = 4Hz), 5.93 (s, 6H), 4.38-4.26 (m, 2H), 3.52 (br, 

1H), 3.16 (br, 1H), 1.78 (br, 1H), 1.6 (br, 1H), 0.96  (t, J = 8Hz). 13C NMR (100 MHz, 

DMSO-d6): δ (ppm) = 159.70, 154.92, 139.17, 124.97, 121.43, 85.00, 62.01, 59.08, 21.77, 

11.33. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = −144.18 (sep, PF6). MS (ESI): m/z 

calculated for [(η6-C6H6)RuCl(κ2-L6)]+ (L6 =N-(pyridin-2-ylmethyl)propan-1-amine) 

[M]+ 365.0354, found 365.0449. 

(d) Synthesis of [(η6-C6H6)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)butan-1-

amine)]PF6 ([Ru]-9). Complex [Ru]-9 is synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethyl)butan-1-amine (L7) (0.59 mmol) and [{(η6-

C6H6)RuCl2}2] (0.29 mmol). Pale yellow solid is obtained, yield 71%. [Ru]-9: 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) = 9.08 (d, 1H, J = 4Hz), 7.99 (t, 1H, J = 8Hz), 7.61 (d, 

1H, J = 8Hz), 7.55 (t, 1H, J1 = 4Hz, J2 = 8Hz), 5.93 (s, 6H), 4.44 - 4.27 (m, 2H), 3.56 - 

3.53 (m, 1H), 3.23 - 3.19 (m, 1H), 1.75 - 1.62 (m, 2H), 1.39 (t, 2H, J1 = 4Hz,  J2 = 8Hz ), 

0.94 (t, 1H, J1 = 8Hz, J2 = 4Hz). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 159.71, 

154.93, 139.21, 125.03, 121.49, 85.04, 62.09, 57.19, 30.45, 19.17, 13.86. 31P NMR 

(161.97 MHz, DMSO-d6): δ (ppm) = −144.17 (sep, PF6). MS (ESI): m/z calculated for 
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[(η6-C6H6)RuCl(κ2-L7)]+ (L7 = N-(pyridin-2-ylmethyl)butan-1-amine) [M]+ 379.0510, 

found 379.0701. 

(e) Synthesis of [(η6-C6H6)RuCl(κ2-(N,N)-3-methyl-N-(pyridin-2-ylmethyl)butan-1-

amine)]PF6 ([Ru]-10). Complex [Ru]-10 is synthesized following the above general 

procedure, by using 3-methyl-N-(pyridin-2-ylmethyl)butan-1-amine (L8) (0.59 mmol) 

and [{(η6-C6H6)RuCl2}2] (0.29 mmol). Pale yellow solid is obtained, yield 62%. [Ru]-10: 

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 9.08 (d, 1H, J = 4Hz), 7.99 (t, 1H, J = 8Hz), 

7.61 (d, 1H, J = 8Hz), 7.55 (t, 1H, J1 = 4Hz, J2 = 8Hz), 5.93 (s, 6H), 4.45-4.37 (m, 1H), 

4.34-4.28 (m, 2H), 3.60-3.52 (m, 1H), 3.25-3.22 (m, 1H), 1.73-1.62 (m, 2H), 1.59-1.50 

(m, 1H) 0.95 (t, 6H, J = 8Hz). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 159.67, 154.92, 

139.20, 125.01, 121.47, 85.03, 62.13, 55.86, 37.12, 30.69, 25.77, 22.53. 31P NMR (161.97 

MHz, DMSO-d6): δ (ppm) = −144.18 (sep, PF6). MS (ESI): m/z calculated for [(η6-

C6H6)RuCl(κ2-L8)]+ (L8 = 3-methyl-N-(pyridin-2-ylmethyl)butan-1-amine) [M]+ 

393.0607, found 393.0860. 

(f) Synthesis of [(η6-C10H14)RuCl(κ2-(N,N)-2-(aminomethyl)-pyridine)]PF6 ([Ru]-

11). Complex [Ru]-11 is synthesized following the above general procedure, by using 2-

(aminomethyl)pyridine (L4) (0.59 mmol) and [{(η6-C10H14)RuCl2}2] (0.29 mmol). 

Yellow solid is obtained, yield 60%. [Ru]-11: 1H NMR (400 MHz, DMSO-d6): δ (ppm) 

= 9.12 (d, 1H, J = 4 Hz), 7.96 (t, 1H, J = 8 Hz), 7.55 (d, 1H, J = 8 Hz), 7.51 (d, 1H, J = 

4Hz), 5.91 (d, 1H, J = 4Hz), 5.85 (d, 1H, J = 4Hz), 5.73 (d, 1H, J = 8Hz), 5.67 (d, 1H, J 

= 8Hz), 4.21-4.10 (m, 2H), 2.72 (br, 1H), 1.9[5 (S, 3H), 1.12 (d, 6H, J = 8Hz). 13C NMR 

(100 MHz, DMSO-d6): δ (ppm) =161.22, 154.54, 139.13, 124.86, 121.14, 103.04, 98.01, 

84.80, 83.05, 82.26, 82.70, 52.03, 30.22. 22.31, 21.42, 17.63. 31P NMR (161.97 MHz, 

DMSO-d6): δ (ppm) = −144.18 (sep, PF6). MS (ESI): m/z calculated for [(η6-

C10H14)RuCl(κ2-L4)]+ (L4 = 2-(aminomethyl) pyridine) [M]+ 379.0510, found 379.0459. 

(g) Synthesis of [(η6-C10H14)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)propan-2-

amine)]PF6 ([Ru]-12). Complex [Ru]-12 is synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethyl)propan-2-amine (L5) (0.59 mmol) and [{(η6-

C10H14)RuCl2}2] (0.29 mmol). Yellow solid is obtained, yield 63%. [Ru]-12: 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) = 9.00 (d, 1H, J = 4 Hz), 8.00 (t, 1H, J = 8 Hz), 7.65 (d, 
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1H, J = 8 Hz), 7.56 (t, 1H, J1 = 8Hz, J2 = 4Hz ), 5.91 (d, 1H, J = 4Hz), 5.82 (s, 2H), 5.71 

(d, 1H, J = 8Hz), 4.32-4.25 (m, 2H), 3.84 (br, 1H), 2.09 (m, 1H), 1.98 (S, 3H), 1.38 (d, 

3H, J = 4Hz), 1.31 (d, 3H, J = 4Hz), 1.09 (d, 3H, J = 8Hz), 1.00 (d, 3H, J = 8Hz). 13C 

NMR (100 MHz, DMSO-d6): δ (ppm) = 159.97, 154.86, 139.17, 125.09, 121.79, 105.28, 

96.56, 86.19, 84.92, 82.41, 80.38, 58.60, 56.18, 30.45, 23.42, 21.75, 21.64, 20.26, 17.38. 

31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = −144.19 (sep, PF6). MS (ESI): m/z 

calculated for [(η6-C10H14)RuCl(κ2-L5)]+ (L5 = N-(pyridin-2-ylmethyl)propan-2-amine) 

[M]+ 421.0981, found 421.0909. 

(h) Synthesis of [(η6-C10H14)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)propan-1-

amine)]PF6 ([Ru]-13). Complex [Ru]-13 is synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethyl)propan-1-amine (L6) (0.59 mmol) and [{(η6-

C10H14)RuCl2}2] (0.29 mmol). Pale Yellow solid is obtained, yield 72%. [Ru]-13: 1H 

NMR (400 MHz, DMSO-d6): δ (ppm) = 9.03 (d, 1H, J = 4 Hz), 8.00 (t, 1H, J = 8 Hz), 

7.62 (d, 1H, J = 4 Hz), 7.56 (t, 1H, J1 = 8Hz, J2 = 4Hz ), 5.86 (t, 2H, J = 4Hz), 5.83 (d, 

1H, J = 4 Hz), 5.75 (d, 1H, J = 4Hz), 4.35-4.32 (m, 2H), 3.43-3.28 (br, 2H), 2.61 (br, 3H), 

1.90 (s, 2H), 1.74-1.63 (m, 2H), 1.10-1.04 (dd, 6H, J = 8Hz), 0.96 (t, 3H, J = 8Hz). 13C 

NMR (100 MHz, DMSO-d6): δ (ppm) =159.45, 154.88, 139.22, 125.13, 121.62, 105.14, 

96.20, 85.54, 83.84, 82.64, 81.60, 61.12, 59.00, 30.53, 22.15, 21.14, 17.40, 11.25. 31P 

NMR (161.97 MHz, DMSO-d6): δ (ppm) = −144.19 (sep, PF6). MS (ESI): m/z calculated 

for [(η6-C10H14)RuCl(κ2-L6)]+ (L6 = N-(pyridin-2-ylmethyl)propan-1-amine) [M]+ 

421.0981, found 421.0919. 

(i) Synthesis of [(η6-C10H14)RuCl(κ2-(N,N)-N-(pyridin-2-ylmethyl)butan-1-

amine)]PF6 ([Ru]-14). Complex [Ru]-14 is synthesized following the above general 

procedure, by using N-(pyridin-2-ylmethyl)butan-1-amine (L7) (0.59 mmol) and [(η6-

C10H14)RuCl2]2 (0.29 mmol). Yellow solid is obtained, yield 60%. [Ru]-14: 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) = 9.03 (d, 1H, J = 8 Hz), 8.00 (t, 1H, J = 8 Hz), 7.62 (d, 

1H, J = 8 Hz), 7.56 (t, 1H, J = 8Hz), 5.88 (d, 2H, J = 8Hz), 5.83 (d, 1H, J = 8 Hz), 5.75 

(d, 1H, J = 8Hz), 4.32 (m, 2H), 3.47-3.30 (br, 2H), 1.89 (s, 3H), 1.67 (m, 2H), 1.40 (m, 

2H), 1.08 (t, 6H, J = 8Hz), 0.94 (t, 3H, J = 8Hz). 13C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 159.43, 154.86, 139.20, 125.12, 121.62, 105.23, 95.94, 85.71, 83.83, 82.40, 

81.57, 61.21, 56.99, 30.55, 30.10, 22.14, 21.08, 19.61, 17.33, 13.78. 31P NMR (161.97 
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MHz, DMSO-d6): δ (ppm) = −144.19 (sep, PF6). MS (ESI): m/z calculated for [(η6-

C10H14)RuCl(κ2-L7)]+ (L7 = N-(pyridin-2-ylmethyl)butan-1-amine) [M]+ 435.1138, 

found 435.1072. 

(j) Synthesis of [(η6-C10H14)RuCl(κ2-(N,N)-3-methyl-N-(pyridin-2-ylmethyl)butan-

1-amine)] PF6 ([Ru]-15). Complex [Ru]-15 is synthesized following the above general 

procedure, by using 3-methyl-N-(pyridin-2-ylmethyl)butan-1-amine (L8) (0.59 mmol) 

and [{(η6-C10H14)RuCl2}2] (0.29 mmol). Yellow solid is obtained, yield 63%. [Ru]-15: 

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 9.02 (d, 1H, J = 4 Hz), 8.00 (t, 1H, J = 8 Hz), 

7.62 (d, 1H, J = 8 Hz), 7.56 (t, 1H, J = 8Hz), 5.88 (t, 2H, J = 4Hz), 5.82 (d, 1H, J = 4 Hz), 

5.75 (d, 1H, J = 4Hz), 4.33 (m, 2H), 3.50 (br, 1H), 3.30 (br, 1H), 2.61 (m, 2H), 1.89 (s, 

3H), 1.70-1.54 (m, 4H), 1.08 (t, 6H, J = 8 Hz ), 0.94 (t, 6H, J = 8Hz). 13C NMR (100 

MHz, DMSO-d6): δ (ppm) =159.41, 154.85, 139.20, 125.12, 121.62, 105.31, 95.77, 

85.84, 83.79, 82.37, 81.62, 61.29, 55.65, 36.77, 30.57, 25.60, 22.58, 22.37, 22.18, 21.02, 

17.30. 31P NMR (161.97 MHz, DMSO-d6): δ (ppm) = −144.19 (sep, PF6). MS (ESI): m/z 

calculated for [(η6-C10H14)RuCl(κ2-L8)]+ (L8 = 3-methyl-N-(pyridin-2-ylmethyl)butan-

1-amine) [M]+ 449.1294, found 449.1229. 

 

3.3. Results and Discussion 

3.3.1. Synthesis and characterization of arene-Ru complexes. N-substituted 

pyridylamine ligands, N-(pyridin-2-ylmethyl)propan-2-amine (L5), N-(pyridin-2-

ylmethyl)propan-1-amine (L6), N-(pyridin-2-ylmethyl)butan-1-amine (L7) and 3-

methyl-N-(pyridin-2-ylmethyl)butan-1-amine (L8) are synthesized following literature 

reports,[16] except 2-(aminomethyl)-pyridine (L4) which is commercially available. The 

ligands L4 – L8 are treated with [{(η6-arene)RuCl2}2] in acetonitrile under argon 

atmosphere to obtain the monometallic (η6-arene)Ru(II) complexes [Ru]-6 ‒ [Ru]-15 in 

good yields (Scheme 3.2). All the synthesized complexes displayed high stability in air 

and moisture, and are highly soluble in acetone. The spectro-analytical analysis of the 

synthesized complexes corroborated well with proposed structures. X-ray suitable crystal 

of [Ru]-6, [Ru]-7, and [Ru]-10 are grown using slow diffusion of diethyl ether in 

methanol/acetone (9:1 v/v) solution of the complexes. ESI-mass of all the synthesized 

complexes displayed prominent mass peak corresponding to the cationic mononuclear 
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species with general formula [(η6-C6H6)RuCl(κ2-L)]+ and [(η6-C10H14)RuCl(κ2-L)]+, 

where L is pyridylamine ligands L4 ‒ L8. 

 

Scheme 3.2. Synthesis of complexes [Ru]-6 ‒ [Ru]-15. 

 

In the 1H NMR spectra of the complexes [Ru]-6 ‒ [Ru]-15, the ortho C−H of 

pyridylamine resonated at downfield region 9.21 – 8.99 ppm in comparison to those of 

free ligands (L4 – L8) (8.50 – 8.29 ppm),[18] which is consistent with the coordination of 

pyridylamine ligands with the (η6-arene)Ru(II) moiety.[19] On introducing an alkyl 

substituent at the aminic nitrogen (Namine), a significant upfield shift is observed for the 

ortho C-H proton of pyridine ring from 9.21 ppm in [Ru]-6 to 9.06 – 9.08 ppm in [Ru]-

7 ‒ [Ru]-10. Moreover, the Ru(II)-coordinated η6-C6H6 ring protons resonated as a singlet 

in the range of 5.90 ‒ 5.93 ppm, suggesting the equivalence of all the carbon of the 

benzene ring. Analogous to (η6-C6H6)Ru complexes, [(η6-C10H14)RuCl(κ2-L)]+ 

complexes [Ru]-11 ‒ [Ru]-15 also exhibited an upfield shift in the resonance of ortho C-

H of pyridine ring from 9.12 ppm in [Ru]-11 to 8.99 ‒ 9.03 ppm in [Ru]-12 ‒ [Ru]-15, 

with the introducing of alkyl substituents at the aminic nitrogen (Namine). The Ru(II) 

coordination with the p-cymene is also confirmed by the presence of peaks for the 

aromatic proton in the range of 5.88 ‒ 5.73 ppm, methyl proton in the range of 1.95 ‒ 

1.89 ppm, and methine and methyl protons of isopropyl group, respectively in the range 
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of 2.72 ‒ 2.07 ppm and 0.98 ‒ 1.38 ppm for [Ru]-11 ‒ [Ru]-15. In 31P NMR the counter 

anion PF6
- for the complexes [Ru]-6 ‒ [Ru]-15 resonated at −144 ppm.[18] Further, 

molecular structures of the complexes [Ru]-6, [Ru]-7 and [Ru]-10 are also authenticated 

by X-ray crystallography (Figure 3.1 and Table 3.1). The important bond lengths, bond 

angles and torsion angles are shown in Tables 3.2, 3.3 and 3.4. 
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Figure 3.1. X-ray crystal structures of the complex (a) [Ru]-6, (b) [Ru]-7 and (c) [Ru]-

10 with 30% ellipsoid probability. Counter anions are omitted for the sake of clarity. 

 

(a)

(b)

(c)
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Table 3.1. Crystal structure refinement data for [Ru]-6, [Ru]-7, and [Ru]-10 

 [Ru]-6 [Ru]-7 [Ru]-10 

empirical formula C12H14ClF6N2PRu C15H20Cl2N2Ru C17H24ClF6N2PRu 

formula wt 467.74 400.30 537.87  

colour  yellow block red block golden yellow 

block 

crystal size (mm) 0.23 x 0.17 x 0.13 0.26 x 0.22 x 

0.18 

0.23 x 0.18  

x 0.13  

crystal system Monoclinic monoclinic Triclinic 

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

T (K) 293(2)  293(2)  293(2)  

λ (Å), radiation 0.71073, Mo Kα 0.71073, Mo 

Kα 

0.71073, Mo Kα 

a (Å) 8.9736(8) 11.3850(2) 7.5042(3) 

b (Å) 14.2623(12) 10.4973(3) 12.0015(5) 

c (Å) 12.1118(11) 13.8742(4) 13.2949(5) 

α (ᵒ) 90.00 90 115.000(4) 

β (ᵒ) 95.125(7) 96.421(2) 94.297(3) 

γ (ᵒ) 90.00 90 92.318(3) 

V (Å3) 1543.9(2) 1647.73(7) 1078.68(8) 

Z 4 4 2 

ρcalcd. (g/cm3) 2.012 1.606 1.656 

F (000) 920.0 800.0 540 

no. of data collected / 

unique data 

15913 / 3789 

[R(int) = 0.0820] 

17041 / 3965 

[R(int) = 

0.0377] 

9410 / 4982 

[R(int) = 0.0357] 

data / restraints / 

parameters 

3789/0/208 3965/ 0 / 183 4982 / 0 / 257 

final R indices 

[I>2sigma(I)] 

R1 = 0.0484, wR2 

= 0.1354 

R1 = 0.0275, 

wR2 = 0.0631 

R1 = 0.0445,  

wR2 = 0.1157 
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R indices (all data) R1 = 0.0581, wR2 

= 0.1232 

R1 = 0.0237, 

wR2 = 0.0643 

R1 = 0.0522, 

wR2 = 0.1268 

goodness of fit 1.039 0.973 0.919 

 

Table 3.2. Important bond parameters of the complexes [Ru]-6, [Ru]-7, and [Ru]-10 

 [Ru]-6 [Ru]-7 [Ru]-10 

Bond length (Å) 

Ru-Ct 1.675 1.684 1.680 

Ru-Cavg 2.186 2.193 2.168 

Ru-Npy 2.083(4) 2.1033(17) 2.090(3) 

Ru-Namine 2.123(4) 2.1926(18) 2.138(3) 

Ru-Cl 2.3923(12) 2.4308(6) 2.4007(10) 

Namine-C6 1.478(6) 1.504(3) 1.490(5) 

Bond Angles (°) 

Npy-Ru-Namine 76.19(14) 77.98(7) 76.42(12) 

Npy-Ru-Cl 84.23(11) 84.77(5) 85.61(9) 

Namine-Ru-Cl 84.19(11) 93.48(5) 84.28(9) 

Npy-Ru-Ct 131.64 130.28 129.06 

Namine-Ru-Ct 132.12 128.61 133.52 

Cl-Ru-Ct 129.34 126.14 129.29 

Torsion Angles (°) 

Namine-C5-C6-Npy 28.5(5) 27.4(3) 27.2(5) 

 

Table 3.3. Selected bond lengths for complexes [Ru]-6, [Ru]-7 and [Ru]-10 

Bond Length(Å) [Ru]-6 [Ru]-7 [Ru]-10 

Ru1 N1 2.083(4) 2.1033(17) 2.090(3) 

Ru1 N2 2.123(4) 2.1926(18) 2.138(3) 

Ru1 C7 2.182(6) - - 

Ru1 C8 2.175(5) - - 

Ru1 C9 2.192(5) - - 

Ru1 C10 2.191(5) 2.178(3) - 
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Ru1 C11 2.202(6) 2.159(3) - 

Ru1 C12 2.173(5) 2.197(3) 2.172(5) 

Ru1 C13 - 2.201(3) 2.168(5) 

Ru1 C14 - 2.218(3) 2.139(4) 

Ru1 C15 - 2.202(3) 2.159(5) 

Ru1 C16  - - 2.188(5) 

Ru1 C17 - - 2.182(5) 

Ru1 Cl1 2.3923(12) 2.4308(6) 2.4007(10) 

N1 C5 1.345(6) 1.356(3) 1.348(5) 

N1 C1 1.343(6) 1.358(3) 1.340(5) 

N2 C6 1.478(6) 1.504(3) 1.490(5 

N2 C7 - 1.513(3) 1.479(5) 

C1 C2 1.358(8) 1.388(4) 1.387(7) 

C2 C3 1.393(8) 1.387(4) 1.365(8) 

C3 C4 1.376(7) 1.390(4) 1.373(8) 

C4 C5 1.379(7) 1.397(3) 1.372(6) 

C5 C6 1.495(7) 1.502(3) 1.484(6) 

C7 C8 1.430(9) 1.536(4) 1.506(5) 

C8 C9 1.391(8) - 1.539(6) 

C9 C10 1.405(8) - 1.520(7) 

C10 C11 1.380(8) 1.438(6) - 

C11 C12 1.437(10) 1.416(5) - 

C12 C13 - 1.390(5) 1.363(10) 

C13 C14 - 1.396(4) 1.406(10) 

C14 C15 - 1.362(5) 1.359(9) 

C15 C16  - 1.378(8) 

C16 C17 - - 1.354(9) 

C7 C12 1.387(10) - - 

C15 C10 - 1.426(6) - 

C7 C9 - 1.541(4) - 

C9 C11 - - 1.540(8) 
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C12 C17 - - 1.362(10) 

 

Table 3.4. Selected bond Angles for complexes [Ru]-6, [Ru]-7 and [Ru]-10 

Bond Angles (deg) [Ru]-6 [Ru]-7 [Ru]-10 

N1-Ru-N2 76.19(14) 77.98(7) 76.42(12) 

N1-Ru-Cl 84.23(11) 84.77(5) 85.61(9) 

N2-Ru-Cl 84.19(11) 93.48(5) 84.28(9) 

N2-Ru-Ct 131.64 130.28 129.06 

N2-Ru-Ct 132.12 128.61 133.52 

Cl-Ru-Ct 129.34 126.14 129.29 

Ru-N1-C5 117.2(3) 115.59(14) 116.5(3) 

Ru-N2-C6 109.0(3) 104.55(13) 106.9(2) 

Ru-N1-C1 124.7(3) 125.12(15) 124.2(3) 

N1-C5-C6 114.4(4) 115.19(18) 114.3(3) 

N2-C6-C5 108.0(4) 111.32(18) 109.5(3) 

C6-N2 –C7 - 116.07(18) 111.6(3) 

C8-C7-C9 - 109.4(2) - 

C8-C7-N2 - 107.73(19) 112.2(3) 

C9-C7-N2 - 113.2(2) - 

C9-C8-C7 - - 113.1(4) 

C8-C9-C10 - - 110.3(5) 

C8-C9-C11 - - 109.8(5) 

C10-C9-C11 - - 110.1(4) 

 

Complexes [Ru]-6 and [Ru]-7 crystallized in monoclinic crystal system with P-

21/n and P-21/c space group respectively, whereas complex [Ru]-10 crystallized in a 

triclinic crystal system with P-1 space group. Consistent with the NMR and mass results 

crystal structure of the complexes [Ru]-6, [Ru]-7 and [Ru]-10 confirmed the piano stool 

type geometry of these complexes, where the η6-C6H6 ring placed at the apex of the stool 

and the legs of the stool are occupied by the κ2-pyridylamine and chloro ligands. The 

bond angle from the benzene ring centroid (Ct) to each of the ligands are more than 120°, 
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which is consisted with the formation of piano stool geometries for these complexes. For 

complex [Ru]-6 the Ct‒Ru‒Npy, Ct‒Ru‒Namine and Ct‒Ru‒Cl are found to be 131.64°, 

132.12° and 129.34°, respectively.[18,19] Similarly for [Ru]-7 and [Ru]-10, the respective 

bond angles are more than 120° suggesting the piano stool type geometry for these 

complexes also. Centroid (Ct) to Ru distance for [Ru]-7 (1.684 Å) and [Ru]-10 (1.680 Å) 

are higher than, those of [Ru]-6 (1.675),[19(b)] inferred the possible steric effect due to the 

alkyl substituents at the aminic nitrogen. The Ru-Cl bond lengths for [Ru]-6, [Ru]-7 and 

[Ru]-10 are 2.3923, 2.4308 and 2.4007Å, respectively.[19] The Ru-Npy bond lengths 

(2.0830 ‒ 2.1033Å) are shorter than the Ru-Namine bond lengths (2.1230 ‒ 2.1926Å), 

which is consistent with the sp2 hybridized Npy and sp3 hybridized Namine. Moreover, the 

Ru‒Npy and Ru‒Namine bond lengths in [Ru]-6 are shorter than those in [Ru]-7 and [Ru]-

10, presumably due to the strong coordination of L4 with the Ru center. The Ru‒Namine 

bond lengths in [Ru]-6, [Ru]-7 and [Ru]-10 are 2.1230, 2.1926 and 2.1380 respectively, 

inferred that upon introducing the alkyl group at Namine, the Ru‒Namine bond length also 

increases. The unusually higher Ru‒Namine bond length in [Ru]-7 is a typical nature of 

iso-propyl substituted nitrogen atoms.[20] 

3.3.2. Catalytic dehydrogenation of alcohols to carboxylic acids. Catalytic 

performance of the synthesized complexes [Ru]-6 ‒ [Ru]-15 along with their precursors 

for the acceptorless alcohol dehydrogenation to carboxylic acid/carboxylate is evaluated 

using benzyl alcohol (1a) as a model substrate at 110 °C in toluene using 1.1 equiv. of 

KOH (Table 3.5 and 3.6). Typically, dehydrogenation of alcohols to carboxylic acids 

involves two steps, firstly alcohols converted to aldehyde with the release of one 

equivalent of H2 gas and finally diols, generated from aldehyde with the aid of a base, 

further dehydrogenated to carboxylic acid with the release of an another equivalent of H2 

gas. Therefore, with the release of two equivalents of hydrogen gas and the quantitative 

yield of carboxylic acid, alcohol dehydrogenation is considered as an atom economic 

reaction. Preliminary investigation inferred that among the arene-ruthenium precursors, 

[{(η6-C6H6)RuCl2}2], [{(η6-C10H14)RuCl2}2] and [{(η6-C6Me6)RuCl2}2], the [{(η6-

C6H6)RuCl2}2] exhibited higher conversion for benzyl alcohol dehydrogenation at 110 

°C in toluene (Table 3.6). Therefore, further exploration for catalytic benzyl alcohol 

dehydrogenation is performed using [(η6-C6H6)RuCl(κ2-L)]+ ([Ru]-6 ‒ [Ru]-10). 
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Moreover, the catalytic performance of analogous [(η6-C10H14)RuCl(κ2-L)]+ ([Ru]-11 ‒ 

[Ru]-15) are also explored. Our results inferred that among the complexes [Ru]-6 ‒ [Ru]-

15 explored for benzyl alcohol dehydrogenation, [(η6-C6H6)RuCl(κ2-L)]+ ([Ru]-6 ‒ [Ru]-

10) exhibited higher catalytic activity, wherein [Ru]-6 outperformed over others with 

94% yield (>99% conversion) of benzoic acid with quantitative yield of H2 gas in 6h 

(Table 3.5, entries 1-5, and Table 3.6). 

Table 3.5. Screening of the catalyst [Ru]-6 ‒ [Ru]-10 for benzyl alcohol dehydrogenationa 

 

Entry Catalyst temperature (°C) isolated yield (1b) (%) 

1. [Ru]-6 110 94 (1.9)b 

2. [Ru]-7 110 88 (1.6)b 

3. [Ru]-8 110 90 

4. [Ru]-9 110 91 

5. [Ru]-10 110 92 

6. [Ru]-6 100 72 

7. [Ru]-6 90 39 

aReaction condition: 1a (1 mmol), catalyst (2 mol%), KOH (1.1 equiv.), toluene (2 mL), 6 

h. bH2 gas released (in mmol) 

 

Table 3.6. Screening of the catalyst for benzyl alcohol dehydrogenationa 

 

Entr

y 

Catalyst temperature (°C) conv. (1b) (%)b 

1. [{(ƞ6-C6H6)RuCl2}2] 110 65 

2. [{(ƞ6-C10H14)RuCl2}2] 110 17 
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3. [{(ƞ6-C6Me6)RuCl2}2] 110 22 

4. [Ru]-6 110 >99 

5. [Ru]-11 110 76 

6. [Ru]-12 110 73 

7. [Ru]-13 110 77 

8. [Ru]-14 110 72 

9. [Ru]-15 110 63 

aReaction condition: 1a (1 mmol), catalyst (2 mol%), KOH (1.1 equiv.), toluene (2 

mL), 6 h. bconv. determined using 1H NMR. 

  

The amount of gas produced during the reaction is measured by water 

displacement method and is identified as hydrogen by GC-TCD (Figure 3.2, and Figure 

3.3).  

 

Figure 3.2. GC-TCD (using Argon as carrier gas) of (a) H2 gas (Pure sample) (b) evolved 

gas from the reaction mixture. Reaction condition: 1a (1 mmol), catalyst (2 mol%), KOH 

(1.1 equiv.), toluene (2 mL), 110 °C.  
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Figure 3.3. Hydrogen gas generation profile for benzyl alcohol dehydrogenation to 

benzoic acid over [Ru]-6 and [Ru]-7 catalysts. Reaction condition: 1a (1 mmol), catalyst 

(2 mol%), KOH (1.1 equiv.), toluene (2 mL), 110 °C. 

 

The trend of the catalytic activity for [Ru]-6 ‒ [Ru]-10 complexes is observed as 

[Ru]-6 > [Ru]-10 > [Ru]-9 > [Ru]-8 > [Ru]-7. Interestingly, the observed trend in the 

catalytic activity is in good correlation with the basicity of the aminic nitrogen of the 

complexes [Ru]-6 ‒ [Ru]-10.[19] Complex [Ru]-7, having N-isopropyl substituted 

pyridylamine ligand (L2), exhibited the lowest activity (benzoic acid, yield 81%), 

attributed to the lower basicity of Namine and the steric crowding at α-carbon.[20] Further 

the activity increases with the increase in carbon chain length or branches from complexes 

[Ru]-8 ‒ [Ru]-10. However, the marginal increase in benzoic acid yield from 90% [Ru]-

8 to 92% [Ru]-10 may be substantiated by the fact that with the increase in alkyl carbon 

chain length or branches the basicity of Namine increases, but it may also increase the steric 

hindrance at Namine. As also inferred, from the respective single-crystal X-ray Ru-Namine 

bond lengths in complexes [Ru]-6, [Ru]-7 and [Ru]-10, the Ru-Namine is the shortest 

(2.123 Å) for [Ru]-6 and the longest (2.1926 Å) for [Ru]-7. The observed trend 

suggesting the high basicity of Namine in [Ru]-6 compared to [Ru]-7 and [Ru]-10, which 

is well in accordance with the observed trend in the catalytic activity for alcohol 
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and varying reaction temperature. Results showed that base exerts significant effect on 

the catalytic activity, where a strong base (NaOH and KOH) facilitated the higher 

conversion of 1a, while with weak base (K2CO3, Na2CO3 and NaHCO3) poor conversion 

is observed (Table 3.7).  

 

Table 3.7. Screening of the base for benzyl alcohol dehydrogenationa 

 

entry Catalyst Base conv. (1b) (%) 

1. [Ru]-6 KOH >99 

2. [Ru]-6 NaOH 62 

3. [Ru]-6 K2CO3 3 

4. [Ru]-6 Na2CO3 2 

5. [Ru]-6 NaHCO3 <1 

aReaction condition: 1a (1 mmol), catalyst (2 mol%), base (1.1 equiv.), toluene (2 mL), 

6 h, 110 °C. 

Results also showed that decreasing the reaction temperature to 100 °C and 90 

°C, the yield of the product also decreased to 72% and 39% respectively (Table 3.4). The 

estimated activation energy is calculated to be 17.3 kcal/mol for the dehydrogenation of 

1a to 1b over [Ru]-6 catalyst (Figure 3.4).  
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Figure 3.4. (a) Dehydrogenation of benzyl alcohol (1a) over [Ru]-6 catalyst at various 

temperatures. (b) Arrhenius plot of TOF values. Reaction condition: 1a (1 mmol), catalyst 

(2 mol%), KOH (1.1 equiv.), toluene (2 mL). 

 

Moreover, performing the reaction using benzyl alcohol (1a) and [Ru]-6 catalyst in 

absence of base in toluene, revealed in the formation of only aldehyde with 6 % 

conversion of 1a in 6h, suggesting the crucial role of the base in alcohol dehydrogenation 

reaction (Figure 3.5). 
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3.3.3. Substrate screening. Further, the generality and the scope of the superior 

catalyst of the [Ru]-6 catalyst is further investigated for the acceptorless dehydrogenation 

of other substrates under the optimized reaction condition ([Ru]-6 (2 mol%), KOH (1.1 

equiv.), toluene (2 mL), 110 °C). A wide range of substrates including aliphatic alcohols 

(2a‒5a), p-substituted benzyl alcohols (6a‒9a), (hetero)aromatic alcohols (12a) and other 

alcohols (10a‒11a) are efficiently transformed to their respective carboxylic acid 

products in moderate to good yields (upto 86%). The lower yield of iso-butyric acid (2b, 

20%) can be attributed to the lower boiling point of iso-butyl alcohol (2a) (Table 3.8, 

entry 1). However, the n-butyl alcohol (3a, boiling point 117-119 °C) converted 

efficiently to n-butyric acid (3b) with an isolated yield of 80 % (Table 3.8, entry 2). 2-

Methoxyethanol (4a) and 2-(methylamino)ethanol (5a) are also transformed to their 

respective carboxylic acids (4b and 5b) in good yields (Table 3.8, entries 3 and 4). Further 

p-substituted benzyl alcohols (6a‒9a) also transformed to their corresponding carboxylic 

acids (6b‒9b) in good yield (Table 3.8, entries 5-8). Among several p-substituted benzyl 

alcohols explored for this reaction, those having p-methyl (8a) and p-methoxy (9a) 

substituents exhibited higher yield of the corresponding carboxylic acid (86%, 8b and 

80%, 9b). Notably, p-chloro and p-bromo substituted benzyl alcohols (6a and 7a) 

displayed moderate to good yield for the corresponding p-halogen substituted benzoic 

acid (6b and 7b). The lower yield of p-bromobenzoic acid (7b) is presumably due to the 

cleavage of p-Br/C bond under the catalytic reaction conditions (Table 3.8, entry 6). [Ru]-

6 can also catalyzed the dehydrogenation of phenyl ethyl alcohol (10a), albeit with lower 

yield of the desired phenyl acetic acid (10b) (Table 3.8, entry 9). 2-Naphthoic acid (11b) 

is also obtained with 65% yield from 2-naphthyl methanol (11a) (Table 3.7, entry 10). 

Notably, pyridine-2-methanol (12a) is also efficiently converted into pyridine-2-

carboxylic acid (12b) in 85% yield (Table 3.8, entry 11). 

 

 

. 
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Table 3.8. Substrate scope for alcohol dehydrogenation using [Ru]-6 catalysta  

entry Alcohol Product isolated 

yield (%) 

1. 

 

 

20 

2. 

 

 

80 

3. 

 

 

52 

4. 

 
 

75 

5. 

 
 

72 

6. 

 

 

59 

7. 

 
 

86 

8. 

 
 

80 
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9. 

  

39 

10. 

 

 

65 

11. 

 
 

85 

aReaction conditions: 2a‒12a (1 mmol), catalyst (2 mol%), KOH (1.1 equiv.), toluene 

(2 mL), 110 °C, 6 h 

 

3.3.4. Bulk reaction for the catalytic alcohol dehydrogenation reaction. 

Further, our catalytic system can also be applied for the gram scale synthesis of carboxylic 

acids. 10 mmol of benzyl alcohol (1a) is dehydrogenated to benzoic acid (1b) in the 

presence of 1.1 equiv. of KOH in toluene. 0.97 g of benzoic acid is obtained after 9 h, 

along with the release of the ca 16 equiv. of H2 gas over [Ru]-6 catalyst with turnover 

number (TON) of 400. Further, 62% (TON 620) yield of benzoic acid (1b) is obtained 

over 0.1 mol% of [Ru]-6 catalyst in 24 h under the catalytic reaction condition (Table 

3.9).  

Table 3.9. Screening of catalyst amount in benzyl alcohol dehydrogenation 

 

Entry catalyst (mol%) solvent (mL) time (h) temperature (°C) isolated 

yield (1b) 

(%) 

1. [Ru]-6 (2.0) toluene (2 mL) 6 110 94 

2. [Ru]-6 (2.0) water (2 mL) 6 110 10 
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2. [Ru]-6 (0.5) toluene (2 mL) 24 110 76 

3. [Ru]-6 (0.1) toluene (2 mL) 24 110 62 

Reaction condition: 1a (1 mmol), [Ru]-6, KOH (1.1 equiv.), 110 °C. 

The high catalytic activity (TON 620) studied (arene)Ru(II) pyridylamine-based 

complex is of significant importance and the obtained results are superior or as par with 

several of present reports for alcohol dehydrogenation. The only previous report using 

(arene)RuNHC complex [(p-cymene)RuCl2(IiPr)]in toluene needs 300 mol% of KOH 

and a catalytic amount of PCy3 and HBF4 as additives at 110 °C. Although, Williams et 

al. reported an efficient formation of benzyl alcohol to benzoic acid in 98% yield using 

0.2 mol% of [Ir(2-PyCH2PBu2t)(COD)]OTf catalyst, but reaction takes 40 h at 120 

°C.[8(b)] On the other hand, with [Ru]-6 catalyst, 80% yield of benzoic acid can be 

obtained in lesser duration (9 h) and temperature (110 °C) in toluene (TOF 44 h-1). 

Moreover, TON as high as 1378 (TOF 57 h-1) is also achieved over [Ru]-6 catalyst for a 

bulk reaction of benzyl alcohol (1a). 

 
Figure 3.6. Hydrogen generation profile for gram scale dehydrogenation of benzyl 

alcohol (1a) to benzoic acid (1b) over [Ru]-6 catalyst. Reaction conditions: 1a (10 mmol), 

[Ru]-6 (0.2 mol%), KOH (1.1 equiv.), toluene (10 mL), 9 h, 110 °C. 

0 100 200 300 400 500
0

4

8

12

16

Time (min)

 

 

 H
2

  g
a

s
 (

m
m

o
l)



89 

 

3.3.5. Mechanism. To elucidate the possible pathway for the dehydrogenation of alcohol 

to carboxylate as catalyzed by (η6-C6H6)Ru(II) pyridylamine-based complexes, several 

controlled experiments and extensive mass investigation are conducted to identify 

catalytic intermediate species involved in alcohol dehydrogenation reaction (Figures 3.7-

3.10).  

 

Figure 3.7. (a) ESI-MS analysis in water, [Ru]-6, KOH (b) ESI-MS analysis in water, 

[Ru]-6, KOH, p-methylbenzaldehyde. 
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Figure 3.8. ESI-MS analysis of the reaction mixture after heating at 110 °C in catalytic 

reaction condition using the [Ru]-8 (2 mol%), KOH (1.1 equiv.), benzyl alcohol (1 mmol), 

toluene (2 mL) in 30 min and 1 h. 

 

Figure 3.9. ESI-MS analysis of the reaction aliquot for benzyl alcohol dehydrogenation 

after heating at 110 °C for 1 h under controlled reaction condition using the catalyst 

[Ru]-8 (0.1 mmol), benzyl alcohol (0.3 mmol) and KOH (0.3 mmol) in toluene (2 mL).  
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Figure 3.10. 1H NMR of the reaction aliquot (diluted with methanol-d4) for benzyl alcohol 

dehydrogenation after heating at 110 °C for 1 h under controlled reaction condition using 

the catalyst [Ru]-8 (0.1 mmol), benzyl alcohol (0.3 mmol) and KOH (0.3 mmol) in toluene 

(2 mL). 

Treating the complex [Ru]-6 with KOH (1 equiv.) in water gave a clear wine red 

solution, which is analyzed as [(η6-C6H6)Ru(κ2-L4)]+ [Ru]-6A showing a dominant mass 

peak at m/z 287. Analogously, mass analysis of the catalytic reaction mixture in toluene 

also showed the presence of a mass peak at m/z 287 ([Ru]-6A), suggesting the 

involvement of this species in the catalytic reaction. Notably, an intense wine-red color 

appeared upon addition of p-methylbenzyl alcohol (8a) to the reaction mixture containing 

[Ru]-6 catalyst and KOH at room temperature, and catalytic reaction condition in toluene.  
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methylbenzaldehyde)]+ (m/z 449) is also observed upon treatment of [Ru]-8 with p-

methyl benzaldehyde in toluene or water. Notably, gentle heating (85 °C) of the above 

reaction mixture resulted in the disappearance of the mass peak at m/z 449 and a new 

peak appeared at m/z 467 corresponding to the diol coordinated Ru species ([Ru]-8D) 

(Figure 3.11). 

 

Figure 3.11. (a) ESI-MS analysis in water before heating, [Ru]-8, KOH, p-

methylbenzaldehyde (b) ESI-MS analysis in water after heating, [Ru]-8, KOH, p-

methylbenzaldehyde, gentle heating (85 °C).  
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the stoichiometric ratio (3:1 molar ratio) of benzyl alcohol and [Ru]-8 catalyst in the 

presence of 1 equiv. of KOH in toluene (2 mL) at 110 °C. Mass spectral analysis (Figure 

3.9) of the reaction mixture obtained after 1 hour, clearly evidenced the presence of 

prominent peaks corresponding to the aldehyde coordinated species {(η6-C6H6)Ru(κ2-

L6)(benzaldehyde)}+ ([Ru]-8D) at m/z 435.1 along with the species [Ru]-8A ({(η6-

C6H6)Ru(κ2-L6)}+ m/z 329.1). Further, the 1H NMR (in methanol-d4) of the above 

reaction mixture also evidenced the presence of (η6-C6H6)Ru based species, which is 

consistence with the mass studies (Figure 3.10). These findings further authenticated the 

intactness of the η6-C6H6-to-Ru bond under the catalytic reaction condition of benzyl 

alcohol dehydrogenation over the studied (η6-C6H6)Ru-pyridylamine catalysts. Since no 

induction period is observed for the catalytic benzyl alcohol dehydrogenation, it can be 

anticipated that various (η6-C6H6)Ru based catalytic species (such as [Ru]-8A and [Ru]-

8D) observed during the initial hours of the catalytic reactions are presumably the crucial 

catalytic species involved in the alcohol dehydrogenation reaction. Though our findings 

clearly suggested that arene ring of (η6-C6H6)Ru is not lost under the catalytic 

dehydrogenation reaction conditions, we cannot completely exclude the displacement of 

arene ring.[21] 

Earlier reports showed that the alcohol dehydrogenation may go through the 

Tishchenko-like reaction pathway, but we could not observe any traces of ester formation 

in our catalytic reaction condition. Notably, aromatic aldehydes readily undergo 

disproportionation to benzyl alcohol and carboxylate in the presence of KOH.[12] Under 

our dehydrogenation condition, only 8% benzyl alcohol is observed during the reaction 

of benzaldehyde with [Ru]-6 catalyst, suggesting the possibility of Cannizzaro reaction. 

However, it should be noted that dehydrogenation of aldehyde to carboxylic acid occurred 

at a faster rate as ca 92% of benzoic acid formation is observed within initial 1 hour over 

the [Ru]-6 catalyst. Moreover, in contrast to the earlier reports under our reaction 

condition immediately dehydrogenation start and ca. 8.2 equiv. of H2 gas (approx. 80% 

conversion) is achieved (Figure 3.12-3.13).  
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Figure 3.12. Hydrogen generation from benzaldehyde to benzoic acid using [Ru]-6 

catalyst. Reaction condition: benzaldehyde (1 mmol), [Ru]-6 (2 mol%), KOH (1.1 equiv.), 

toluene (2 mL), 1 h, 110 °C. 

 

Figure 3.13. 1H NMR spectra after the reaction of benzaldehyde. 

 

Analogously, 95% isolated yield of p-methyl benzoic acid with equivalent amount 

of H2 gas is generated from p-methyl benzaldehyde over [Ru]-6 catalyst (Figure 3.14). 
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Figure 3.14. Hydrogen generation from p-methyl benzaldehyde to benzoic acid using 

[Ru]-6 catalyst. Reaction condition: p-methyl benzaldehyde (1 mmol), [Ru]-6 (2 mol%), 

KOH (1.1 equiv.), toluene (2 mL), 1 h, 110 °C. 

 

Based on the experimental and mass investigations, a proposed pathway for the 

catalytic alcohol dehydrogenation is illustrated in Scheme 3.3. We believe that [Ru] pre-

catalyst transferred to the active [Ru]-6A catalytic species in the presence of KOH. The 

first step involved the coordination of alcohol to [Ru]-6A species to from [Ru]-6B, which 

undergoes β-hydride elimination to yield aldehyde and a Ru-hydride species ([Ru]-6C). 

Further, the [Ru]-6C species undergoes dehydrogenation to regenerate [Ru]-A species. 

Upon coordination with aldehyde, [Ru]-6A species further generated a Ru-aldehyde 

species ([Ru]-6D), which later transformed to a diol coordinated species [Ru]-6E. Diol 

in [Ru]-6E species undergoes β-hydride elimination to release one equiv. of H2 gas and 

carboxylate to regenerate the catalytic active species [Ru]-6A. 
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Scheme 3.3. A proposed mechanistic pathway for the dehydrogenation of alcohol 

 

3.4. Conclusions 

We synthesized several pyridylamine ligated (η6-arene)Ru(II) cationic complexes [Ru]-

6 ‒ [Ru]-15 and confirmed the structures of three complexes by single crystal X-ray 

diffraction. We employed these complexes to achieve efficient acceptorless 

dehydrogenation of benzyl alcohol (1a) to benzoic acid (1b) with the quantitative release 

of 2 equiv. of H2 gas, in toluene at 110 °C. Results inferred that Namine basicity and steric 

crowding at Namine influenced the overall catalytic activity of the studied pyridylamine-

(arene)-Ru(II) complexes, where the picolylamine ligated (ƞ6-C6H6)Ru(II) complex 

([Ru]-6) displayed superior catalytic performance. The optimized catalytic protocol is 
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also employed to a wide range of substrates including aliphatic, aromatic and (hetero) 

aromatic alcohols to obtain the respective carboxylic acids in good yields (up to 86%). 

Extensive mass spectral investigations evidenced the presence of several important 

organometallic species, such as aldehyde and diol coordinated (η6-arene)Ru species, 

under the catalytic and controlled reaction conditions. Moreover, highly active [Ru]-6 

catalyst also exhibited superior catalytic performance for the gram/bulk scale catalytic 

reaction to achieve the turnover number of 1378, which is superior or on par with several 

active Ru and Ir based complexes available in the literature. 

 

Spectral data for dehydrogenation products of alcohols[8,10-13] 

 

Isobutyric acid (2b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 1.17-1.18 (d, 6H, J = 5 

Hz), 2.54-2.64 (m, 1H). 

 

Butyric acid (3b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 2.33-2.36 (t, 2H, J1= 10 Hz, 

J2= 5 Hz), 1.64-1.71 (m, 2H), 0.96-0.99 (t, 2H, J1= 5 Hz, J2= 10 Hz). 

 
 

2-methoxyacetic acid (4b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 4.09 (s, 2H), 3.48 

(s, 3H). 

 

Potassium-2-(methylamino)acetate (5b): 1H NMR (300 MHz, D2O): δ (ppm) = 3.35 (s, 

2H), 2.49 (s, 3H). 
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4-chlorobenzoic acid (6b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.02-8.04 (d, 2H, J 

= 10 Hz), 7.44-7.45 (d, 2H, J = 5 Hz). 

 

4-bromobenzoic acid (7b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.96-7.98 (d, 2H, J 

= 10 Hz), 7.62-7.64 (d, 2H, J = 10 Hz). 

 

4-methylbenzoic acid (8b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.00-8.02 (d, 2H, J 

= 10 Hz), 7.27-7.29 (d, 2H, J = 10 Hz), 2.44(s, 1H). 

 

4-methoxybenzoic acid 2-phenylacetic acid (9b): 1H NMR (500 MHz, CDCl3): δ (ppm) 

= 8.06-8.08 (d, 2H, J = 10 Hz), 6.94-6.96 (d, 2H, J = 10 Hz), 3.88 (s, 1H). 

 

2-phenylacetic acid (10b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 7.33-7.36 (m, 2H), 

7.27-7.30 (m, 3H), 3.66 (s, 2H). 

 

 

2-naphthoic acid (11b): 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.74 (s, 1H), 8.13-8.15 

(d, 1H, J = 10 Hz), 7.99-8.01 (d, 1H, J = 10 Hz), 7.90-7.94 (t, 1H, J1 = 10 Hz, J2 = 10 

Hz), 7.62-7.65 (t, 1H, J1 = 10 Hz, J2 = 5 Hz), 7.56-7.59 (t, 1H, J1 = 5 Hz, J2 = 10 Hz). 
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potassium picolinate (12b): 1H NMR (500 MHz, CD3OD): δ (ppm) = 8.54-8.55 (d, 1H, 

J = 5 Hz), 7.97-7.99 (d, 1H, J = 10 Hz), 7.81-7.85 (t, 1H, J1 = 10 Hz, J2 = 10 Hz), 7.38-

7.40 (t, 1H, J1 = 5 Hz, J2 = 5 Hz). 

 

Spectral data for synthesized complexes 

 
1H NMR spectra of complex [Ru]-6 
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13C NMR spectra of complex [Ru]-6 

 
31P NMR spectra of complex [Ru]-6 
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ESI-MS spectra of complex [Ru]-6 

 
1H NMR spectra of complex [Ru]-7 
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13C NMR spectra of complex [Ru]-7 

 
31P NMR spectra of complex [Ru]-7 

180 160 140 120 100 80 60 40 20

Chemical Shift (ppm)

DMSO-d6

2
0
.
1

4

2
3
.
6

6

3
8
.
8

7

3
9
.
0

8

3
9
.
3

0

3
9
.
5

0

3
9
.
7

1

3
9
.
9

2

4
0
.
1

3

5
6
.
6

2

5
8
.
7

1

8
5
.
2

8

1
2
1

.
5

8

1
2
4

.
9

3

1
3
9

.
1

3

1
5
4

.
7

2

1
6
0

.
4

8

150 100 50 0 -50 -100 -150 -200 -250

Chemical Shift (ppm)

-
1

5
7

.
3
4

-
1

5
2

.
9
6

-
1

4
8

.
5
6

-
1

4
4

.
1
8

-
1

3
9

.
7
8

-
1

3
5

.
3
8

-
1

3
1

.
0
0



103 

 

 

ESI-MS spectra of complex [Ru]-7 

 

1H NMR spectra of complex [Ru]-8 
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13C NMR spectra of complex [Ru]-8 

 
31P NMR spectra of complex [Ru]-8 
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ESI-MS spectra of complex [Ru]-8 

 
1H NMR spectra of complex [Ru]-9 
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13C NMR spectra of complex [Ru]-9 

 
31P NMR spectra of complex [Ru]-9 
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ESI-MS spectra of complex [Ru]-9 

 

 

 
1H NMR spectra of complex [Ru]-10 
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13C NMR spectra of complex [Ru]-10 

 
31P NMR spectra of complex [Ru]-10 
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ESI-MS spectra of complex [Ru]-10 

 

1H NMR spectra of complex [Ru]-11 
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13C NMR spectra of complex [Ru]-11 

 
31P NMR spectra of complex [Ru]-11 
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ESI-MS spectra of complex [Ru]-11 

 
1H NMR spectra of complex [Ru]-12 
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13C NMR spectra of complex [Ru]-12 

 

31P NMR spectra of complex [Ru]-12 
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ESI-MS spectra of complex [Ru]-12 

 
1H NMR spectra of complex [Ru]-13 
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13C NMR spectra of complex [Ru]-13 

 
31P NMR spectra of complex [Ru]-13 
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ESI-MS spectra of complex [Ru]-13 

 
1H NMR spectra of complex [Ru]-14 
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13C NMR spectra of complex [Ru]-14 

 
31P NMR spectra of complex [Ru]-14 
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ESI-MS spectra of complex [Ru]-14 

 
1H NMR spectra of complex [Ru]-15 
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13C NMR spectra of complex [Ru]-15 

 
31P NMR spectra of complex [Ru]-15 
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ESI-MS spectra of complex [Ru]-15 

 

 

Note: The content of this chapter is published as Awasthi et al., Inorg. Chem., 2019, 

58, 21, 14912–14923, (DOI: 10.1021/acs.inorgchem.9b02691) and reproduced here 

with the permission of American Chemical Society. 
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Chapter 4 

Hydrogen Production from Formaldehyde over Ruthenium 

Catalyst in Water  

     

4.1. Introduction 

Globally efforts are being made to search for a sustainable and renewable energy resource 

to cope with the current scenario of depleting fossil fuels resources and deteriorating 

environmental condition. In this regard, ‘Hydrogen gas’ is identified as a potential clean 

fuel for both stationary and mobile application, as it has very high energy density and it 

produces only water when combine with oxygen in a fuel cell.[1] Despite that hydrogen is 

the third most abundant element on earth, it is mostly found in its various chemical forms, 

and its presence as hydrogen gas in the earth's atmosphere is extremely rare (about 1 ppm 

by volume).[1, 2] Though efforts are being made to store hydrogen gas in tanks under high 

pressure and/or as liquid under cryogenic condition, the low volumetric energy density 

of hydrogen gas and potential safety issues has made its storage and transport a critical 

challenge.[3] 

 In addition to the extensive efforts to store hydrogen in porous structures and 

metal hydrides, storing hydrogen in chemical bonds in a suitable liquid hydrogen storage 

material has also received considerable global attention.[2,4] These liquid hydrogen 

storage materials can release hydrogen gas in the presence of a suitable catalyst and can 

be recovered back via hydrogenation.[5-13] In this regard, formic acid, formaldehyde and 

methanol have been identified as efficient hydrogen carriers.[6-13] Further, most of these 

liquid hydrogen storage materials have appreciably high gravimetric density of hydrogen, 

are inexpensive, ready-to-use and can be obtained from renewable resources. 

Advantageously being liquid, these liquid hydrogen storage materials would be 

compatible with the existing infrastructure for dispensing fossil fuels. In line with 

methanol[6,9] and formic acid,[7] formaldehyde[8-13] is also emerging a promising liquid 

hydrogen storage material. Compared to formic acid, formaldehyde has a gravimetric 

hydrogen density of 8.4 wt%, and for the aqueous formaldehyde (37 wt%) (H2CO-H2O) 
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the gravimetric hydrogen density is 5.0 wt%.[8-13] The favorable thermodynamics (ΔHr = 

− 35.8 kJ mol−1) for hydrogen production from formaldehyde-water dehydrogenation 

(CH2O + H2O → 2H2 + CO2), makes formaldehyde a potential source of hydrogen gas. 

Typically, in water formaldehyde exists in the form of a stable methanediol, and in the 

presence of a suitable catalyst produces hydrogen and carbon dioxide (Scheme 4.1).[8- 13] 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Literature known homogeneous catalysts for hydrogen production from 

formaldehyde.  

Recently, several Ru and Ir-based homogenous catalysts have been reported for 

hydrogen production from formaldehyde and paraformaldehyde (Scheme 4.1).[8-14] 

Among one of the first report on H2 production from formaldehyde, Prechtl et al. used 

ruthenium para-cymene dimer complex ([(η6-C10H14)RuCl2]2) to achieve a turnover 

number of 700 for hydrogen production from formaldehyde in water at 95 °C.[10] A water 

soluble Ir(III) complex [(η5-C5Me5)Ir(4-(1H-pyrazol-1-yl)benzoic acid)(H2O)]+ was also 

reported for hydrogen production from paraformaldehyde under basic reaction conditions 

(pH 11) at 25 °C (TON 24), where the in situ generated active catalytic species Ir(III)-

hydroxo species was found to be crucial for this reaction.[11] Fujita et al. investigated 

Ir(III)-bipyridionate complex ([(η5-C5Me5)Ir(6,6′-dionato-2,2′-bipyridine)(OH)]–) for H2 

production (TON 178) from formaldehyde  in the presence of NaOH, where the 
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bipyridionate ligand plays crucial role in the catalytic reaction.[9] Ru(II) hydrido complex 

was also reported for the dehydrogenation of formaldehyde to H2 at 60 °C, albeit required 

a strong basic reaction conditions (2.72 mol L-1 KOH).[12] Recently, Himeda et al. 

employed (η6-C6Me6)Ru(II)-diamine complexes for H2 production from aqueous 

formaldehyde at 95 °C.[13] Using paraformaldehyde a total turnover number of 24000 was 

achieved over the catalyst [(η6-C6Me6)Ru(κ2-bipyridyl-2,2’-diamine)OH2]SO4 at 95 

°C.[13] Very recently, we also explored arene-Ru(II)-pyridine-2-ylmethanol complex [(η6-

C10H14)Ru(κ2-pyridine-2-ylmethanol)(Cl)]+ for hydrogen production from aqueous 

formaldehyde to achieve an impressive initial TOF of 1072 h-1 (TON 1838) (Scheme 4. 

1).[14] Therefore, it is evident from these reports that the development of efficient catalytic 

system for hydrogen production from aqueous formaldehyde without the use of any 

organic solvent is highly desirable. Herein, we report hydrogen production for 

formaldehyde and paraformaldehyde in water by utilizing ruthenium catalysts in the 

presence of a suitable ligand. In the presence of a suitable ligand, in situ generated highly 

active ruthenium catalyst exhibited high yields and selectivity of hydrogen gas from 

formaldehyde and paraformaldehyde with high TON and TOF under moderate reaction 

conditions.  

4.2. Experimental section 

4.2.1 Materials. All experiments were carried out using the chemicals of higher purity 

purchased from Sigma Aldrich, TCI and Alfa Aesar unless otherwise specified. Ru(II)-

arene complexes were synthesized according to previous reports using, Ru(II)-arene 

precursors, [{(η6-C10H14)RuCl2}2].
15 

4.2.2. Instrumentation. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra are 

recorded at 298 K using D2O or CDCl3 as the solvent on a Bruker Avance 400 

spectrometer. Tetramethylsilane (TMS) is used as an external standard and the chemical 

shifts in ppm are reported relative to the centre of the singlet at 7.26 ppm for CDCl3 and 

4.75 ppm for D2O in 1H NMR, and to the centre of the triplet at 77.0 ppm for CDCl3 in 

13C NMR. Suitable single crystals of complex [Ru]-16 and [Ru]-18 subjected to single-

crystal X-ray structural studies using Bruker APEX SMART D8 Venture CCD 

diffractometer and Agilent Technologies Supernova CCD system respectively. Coupling 
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constant (J) values are reported in hertz (Hz), and the splitting patterns are designated as 

follows: s (singlet); d (doublet); t (triplet); m (multiplet); br. (broad). ESI (positive mode), 

and high-resolution mass spectra (HRMS) are recorded on a micro TF-Q II mass 

spectrometer. The GC-TCD analyses are performed on a Shimadzu GC-2014 system 

using a shin carbon-ST packed column. 

4.2.3. Single-crystal X-ray diffraction studies: X-ray suitable single crystals of [Ru]-

16 and [Ru]-18 are grown by diffusion of diethyl ether into methanol solution of 

complexes. Solid state structure of [Ru]-18 is obtained using a CCD Agilent 

Technologies (Oxford Diffraction) SUPER NOVA diffractometer while the [Ru]-16 is 

collected using a Bruker APEX SMART D8 Venture CCD diffractometer. Data were 

collected at 293(2) K using graphite-monochromated Mo Kα radiation (λα = 0.71073 A). 

The strategy for the data collection is evaluated using the CrysAlisPro CCD software. 

The data are collected using the standard ‘phi-omega’ scans techniques, and are scaled 

and reduced using CrysAlisPro RED software. The structures are solved by direct 

methods using SHELXS-97 and SHELXS-2014, and refined using full matrix least-

squares with SHELXL-97 and SHELXS-2014, refining on F2.[16] The positions of all the 

atoms are obtained by direct methods. All non-hydrogen atoms are refined 

anisotropically. The remaining hydrogen atoms are placed in geometrically constrained 

positions, and refined with isotropic temperature factors, generally 1.2 Ueq of their parent 

atoms. CCDC deposition numbers of the complex [Ru]-18 and [Ru]-16 is 1994921 and 

1994922 respectively. These data are freely available at www.ccdc.cam.ac.uk (or can be 

procured from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge 

CB21 EZ, UK; Fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk). 

4.2.4. General Procedure for the catalytic formaldehyde dehydrogenation reaction 

over in situ generated complexes. Typically, formaldehyde (13.55 mol L-1, 1.07 mL), 

[Ru]-2 precursors [{(η6-C10H14)RuCl2}2] (13 µmol), and ligands (L9-L16) (26 µmol) are 

mixed in two necked test-tube equipped with a condenser and water displacement setup. 

The reaction mixture is stirred at 95 °C on an oil bath. Analogous reactions are also 

performed for the catalytic dehydrogenation of aq. formaldehyde (1.5 mol L-1, 1.07 mL). 

mailto:deposit@ccdc.cam.ac.uk
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4.2.5. Procedure for the synthesis of (η6-C10H14)Ru(II) complexes [Ru]-17 ‒ [Ru]-19. 

Complex synthesized via treating imidazole ligands in 2, 4 and 6 equivalent with respect 

to the precursor [{(η6-C10H14)RuCl2}2] at room temperature. 

(a) Synthesis of [(η6-C10H14)Ru(L14)Cl2] ([Ru]-17). Complex [Ru]-17 is synthesized 

following the literature reported procedure,[17] by using imidazole (L14) (0.41 mmol) and 

[{(η6-C10H14)RuCl2}2] (0.2 mmol) in refluxing toluene (30 mL) . The yellow solid is 

precipitated out and filtered. The precipitate was dissolved in methanol and 

dichloromethane mixture (v/v; 9:1) and layered with diethyl ether yielded the [Ru]-17 as 

yellow color solid, yield 62%. [Ru]-17: 1H NMR (400 MHz, CDCl3): δ (ppm) = 10.47 (s, 

1H), 7.47 (s, 1H), 6.93 (s, 1H), 6.57 (s, 1H), 5.39 (d, 2H, J = 4Hz), 5.20 (d, 2H, J = 4Hz) 

2.90-2.83 (m, 1H), 2.06 (s, 3H), 1.27 (d, 6H, J = 8Hz). 13C NMR (100 MHz, CDCl3): δ 

(ppm) = 138.42, 129.72, 117.58, 102.78, 97.10, 82.46, 81.40, 65.82, 30.64, 22.20, 18.33, 

15.23. MS (ESI): m/z calculated 339.0197 ([M-Cl]+), found 339.0241. 

(b) Synthesis of [(η6-C10H14)Ru(L14)2Cl]Cl ([Ru]-18). Complex [Ru]-18 is synthesized 

following the literature reported procedure,[17] by using imidazole (L14) (0.81 mmol) and 

[{(η6-C10H14)RuCl2}2] (0.20 mmol) in methanol (30 mL) and refluxed for 3h. Pale yellow 

solid is obtained on adding the diethyl ether in the concentrated solution of reaction 

mixture. Dried under vacuum yielded 69% of [Ru]-18 as yellow color solid. [Ru]-18: 1H 

NMR (400 MHz, CDCl3): δ (ppm) = 13.01 (s, 2H), 8.27 (s, 2H), 7.30 (s, 2H), 6.87 (s, 

2H), 5.71 (d, 2H, J = 4Hz), 5.60 (d, 2H, J = 4Hz) 2.44-2.39 (m, 1H), 1.69 (s, 3H), 1.08 

(d, 6H, J = 4Hz). 13C NMR (100 MHz, CDCl3): δ (ppm) = 138.69, 129.54, 117.14, 103.14, 

100.28, 86.01, 81.61, 65.81, 30.68, 22.20, 17.76, 15.23. MS (ESI): m/z calculated 

407.0572 ([M]+), found 407.0571. 

(c) Synthesis of [(η6-C10H14)Ru(L14)3]Cl2 ([Ru]-19). Complex [Ru]-19 is synthesized, 

by using imidazole (L14) (1.3 mmol) and [{(η6-C10H14)RuCl2}2] (0.20 mmol) in 30 mL 

dichloromethane. Pale yellow solid is obtained as precipitate washed with diethylether 

and dried and stored under vacuum, yield 64%. [Ru]-19: 1H NMR (400 MHz, D2O): δ 

(ppm) = 7.63 (s, 3H), 7.24 (s, 3H), 6.89 (s, 3H), 6.01 (d, 2H, J = 4Hz), 5.76 (d, 2H, J = 

8Hz), 2.39-2.31 (m, 1H), 1.74 (s, 3H), 1.06 (d, 6H, J = 8Hz). 13C NMR (100 MHz, D2O): 
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δ (ppm) = 139.57, 130.53, 118.52, 105.33, 103.32, 86.77, 82.90, 30.18, 21.38, 17.08. MS 

(ESI): m/z calculated 220.0628 ([M]2+), found 220.0739. 

[(η6-C10H14)2Ru2(µ-H)(µ-OOCH)(µ-Cl)]PF6: 1H NMR (400 MHz, CDCl3): δ (ppm) = 

6.81 (s, 1H), 6.53 (d, 2H, J = 4Hz), 6.19 (d, 2H, J = 4Hz), 5.77 (d, 2H, J = 8Hz), 5.42 (d, 

2H, J = 4Hz)  2.73-2.63 (m, 2H), 2.10 (s, 6H), 1.29 (t, 12H, J = 8Hz), -7.29 (s, 1H). 13C 

NMR (100 MHz, D2O): δ (ppm) = 172.36, 102.15, 95.23, 83.64, 81.83, 78.42, 76.33, 

29.06, 20.48, 19.57, 16.83. 31P NMR (161.97 MHz, CDCl3): δ (ppm) = −144.09 (sep, 

PF6).  MS (ESI): m/z calculated 553.0024 ([M]+), found 552.9792. 

4.2.6. Mercury poisoning experiment. A two neck testtube attached to a condenser and 

equipped with a magnetic bar was charged with ruthenium catalyst ([Ru]-2), 0.013 

mmol), and ligand (L14, 0.026 mmol) with aqueous formaldehyde (13.55 mmol) and 

mercury (250 mg). The resulting solution was stirred at room temperature for 2 h then 

heated at 95 °C, the reaction start to produce the gas, which measured by using the water 

displacement method. 

4.2.7. Recyclability experiment: Initially, aq. formaldehyde (1.5 mol L-1, 1.07 mL), 

[Ru]-2 precursors [{(η6-C10H14)RuCl2}2] (13 µmol), and ligand (L14) (26 µmol) are 

mixed in two necked test-tube equipped with a condenser and water displacement setup. 

The reaction mixture is stirred at 95 °C on an oil bath. For subsequent catalytic run 1.5 

mmol of formaldehyde added in each cycle and release of gas was monitored by water 

displacement process. Equivalence of gas calculated using the eq. (4.1) 

                                 HCHO + H2O                    2H2 + CO2                              -------- eq. (4.1) 

So 1 equivalent of formaldehyde produced the 3 equivalent of gas. 

4.2.8. TON and TOF calculation:  

TON calculations are performed using formula- 

TON = ƞ(gas produced in mmol) / ƞ(catalyst used) 

for TOF calculation- 

TOF = TON / time (h) 

e.g. for the bulk reaction the total gas produced was 1580 mL (64.5 mmol) from 60 mmol 

of formaldehyde over 0.005 mmol of catalyst.  
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TON = 64.5/0.005 

So, the calculated TON of the reaction is 12905. 

4.3. Results and discussion 

Firstly, hydrogen production from aqueous formaldehyde was examined over in-

situ generated ruthenium catalyst obtained using [(η6-C10H14)RuCl2]2 ([Ru]-2) in the 

presence of various mono-dentate nitrogen based ligands at 95 °C in water (Scheme 4.2 

and Table 4.1). The reaction setup was equipped with a gas burette to monitor the release 

of gas, and further the composition of the released gas was determined by gas 

chromatography (Figure 4.1). Among various ligands (L9-L16) screened for hydrogen 

production from formaldehyde in the initial 1 h, aniline (L11-L13) and imidazole (L14-

L16) based ligands outperformed over others (L9-L10). In the presence of aniline (L11), 

the release of 258 moles of gas per mol of catalyst was achieved, whereas using 

substituted aniline (L12-L13) could not significantly enhance the amount of gas released 

over the ruthenium catalyst. On the other hand, the release of 281 moles of gas per mol 

of catalyst was achieved in the initial 1 h and 515 moles of gas per mol of catalyst was 

released in 3 h over the catalyst [Ru]-2 in the presence of imidazole (L14) (Figure 4.2).  
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Figure 4.1. GC- TCD of (a) H2 gas (Pure sample) (b) CO2 gas (Pure sample) and (c-f) 

gas evolved from aqueous formaldehyde at different time interval of the catalytic 

reaction. (Reaction condition: aq. formaldehyde (13.55 mmol, 1.07 mL), catalyst [Ru]-2 

(13 μmol) and ligand L14 (26 μmol) at 95 °C) (Analyses performed using Argon as carrier 

gas). 
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Figure 4.2. Initial time course for hydrogen production from aqueous formaldehyde. 

(Reaction condition: aq. formaldehyde (13.55 mol L-1, 1.07 mL), catalyst [Ru]-2 (13 

μmol) and ligand L14 (26 μmol) at 95 °C). 

 

Further, using substituted imidazole ligands (L15-L16) could not significantly 

increase the release of gas from formaldehyde. Nevertheless, the turnover number of 454 

and 421 achieved respectively with L15 and L16 in 3 h is higher than that observed under 

ligand-free condition for hydrogen production from formaldehyde over [Ru]-2 at 95 °C 

(Table 4.1).  

 

 

 

 

 

Scheme 4.2. Comparative TON for the catalytic hydrogen production from aqueous 

formaldehyde (13.55 mmol, 1.07 mL) over catalyst [Ru]-2 (13 μmol) in the presence of 

ligands (L9-L16, 26 μmol) at 95 °C. 
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The observed >35% enhancement in TON (515 in 3h) with [Ru]-2 in the presence of 

ligand L14 (L14/Ru) as compared to TON of 380 with [Ru]-2 without ligand inferred 

that presumably the ruthenium-imidazole (L14) interaction is playing a crucial role. 

Notably with L14/Ru catalyst, higher catalytic turnover of 688 moles of gas per mol of 

catalyst (with an initial TOF of 850 h-1) was achieved to produce 438 mL of hydrogen 

gas from aqueous formaldehyde in 7 h at 95 °C. 

Table 4.1. Optimization of reaction parameters for hydrogen production from 

formaldehyde in water catalyzed by [Ru]-2[a] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further, the content of ligand L14 per ruthenium was found to be highly 

influential in tuning the amount of hydrogen gas released from formaldehyde. Figure 4.3 

displayed the time-course plot for hydrogen production from formaldehyde over [Ru]-2 

catalyst in the presence of varying L14/Ru ratio of 1, 2 and 3. Further, despite the initial 

 

Entry Cat./ligand Evolved Gas [mL] TOF [h-1][e] 

1 Ru 242 (334)[b]     560 

2 Ru/L9 255  539 

3 Ru/L10 (103)[c]     498 

4 Ru/L11 290  788 

5 Ru/L12 270 788 

6 Ru/L13 270 808 

7 Ru/L14 328 (438)[d] 850 

8 Ru/L15 289 850 

9 Ru/L16 268 725 

[a] Reaction was performed with aqueous formaldehyde (13.55 

mol L-1, 1.07 mL), catalyst [Ru]-2 (13 μmol) and ligands L9-

L16 (26 μmol) at 95 °C for 3 h. [b] Total gas evolved in 6 h. [c] 

Evolved gas in 1 h. [d] Total gas evolved in 7 h. [e] Average TOF 

for initial 10 min. 
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faster rate of gas generation observed with L14/Ru ratio of 3, reaction ceased after the 

release of 224 mL of gas in 75 min with a maximum TON of 352. On the other hand, 352 

mL of gas was produced from formaldehyde for L14/Ru ratio of 2, before the reaction 

ceased in 180 min (TON of 553) (Figure 4.3a). In contrary to the reaction performed with 

higher L14/Ru ratios, a noteworthy steady release of gas was observed for the reaction 

performed with L14/Ru ratio of 1, and reaction remains active even after 6 h to yield over 

400 mL of gas (TON of 688) (Figure 4.3a and Table 4.1).  

Figure 4.3. (a) Time course for hydrogen production from aqueous formaldehyde (13.55 

mol L-1, 1.07 mL) over catalyst [Ru]-2 (13 μmol) in the presence of 1, 2 and 3 equiv. of 

ligand L14 at 95 °C and (b) The H2/CO2 ratios in the produced gas mixture from aqueous 

formaldehyde. 

 

These results further suggesting the crucial role of the imidazole ligand (L14) in 

ruthenium catalyzed hydrogen production from formaldehyde. Notably, hydrogen 

production from formaldehyde in water (methanediol, 8.4 wt% H2) involves two-step 

dehydrogenation pathways: (a) methanediol to formic acid with the release of one 

equivalent of H2, and (b) dehydrogenation of formic acid to H2 and CO2. Previous studies 

revealed that dehydrogenation of formic acid requires base to achieve efficient 

dehydrogenation of formic acid.[7h,7i] On the other hand, dehydrogenation of 

formaldehyde in water can occur even in the absence of base, but the presence of base 

may enhance the efficiency of catalytic dehydrogenation reaction.[10] As analyzed by GC-
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TCD, the gas released during the dehydrogenation of formaldehyde in water over the 

studied L14/Ru catalyst (L14/Ru ratio of 1) at 95 °C inferred higher H2 content in the 

initial hours of the dehydrogenation reaction, which is consistent with the two-step 

dehydrogenation pathway of formaldehyde in water (Figure 4.3b). 

 The high hydrogen selectivity of ~90% in the initial hours, suggesting the 

conversion of methanediol to hydrogen gas and formic acid/formate in the first step, 

which is followed by the second step of formic acid/formate conversion to H2 and CO2 

resulting in gradual decrease in H2/CO2 ratio to 1:1. Moreover, we analysed the reaction 

mixture by 1H NMR during the initial 1h of the formaldehyde (13.55 mol L-1) 

dehydrogenation reaction (Figure 4.4).  

 

Figure 4.4. (a) The H2/CO2 ratios in the produced gas mixture and (b) 1H NMR yield of 

HCOOH during the catalytic dehydrogenation of aqueous formaldehyde in the initial 1 h 

of the reaction. (Reaction condition: aq. formaldehyde (13.55 mol L-1, 1.07 mL), catalyst 

[Ru]-2 (13 μmol) and ligand L14 (26 μmol), at 95 °C. HCOOH yield was determined 

using dioxane as an internal standard). 

 

Results inferred the generation of formic acid in the initial 30 min, and later the 

content of formic acid starts decreasing. This trend clearly suggesting the initial 

decomposition of methanediol to formic acid and H2, followed by the conversion of 

formic acid to H2 and CO2 in an exergonic pathway.[10] Further, we observed that the 

studied L14/Ru catalyst also catalysed the dehydrogenation of formic acid in the absence 

of base to release 112 mL of gas (TON of 176) in the initial 1 h and 186 mL (TON of 292 

in 3 h) with an initial TOF of 528 h-1 (in 10 min) (Figure 4.5). Similarly, at lower 
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concentration of formic acid (1.5 mol L-1), higher conversion of formic acid to H2 and 

CO2 is achieved with an initial TOF of 453 h-1 (in 5 min) (Figure 4.5). Therefore, the 

observed trend in the formic acid generation and consumption during the formaldehyde 

dehydrogenation is consistent with the H2/CO2 ratio in the evolved gas. 

Figure 4.5. Time course for hydrogen production from formic acid (a) 13.55 mol L-1, 1.07 

mL and (b) 1.5 mol L-1, 1.07 mL over catalyst [Ru]-2 (13 μmol) in the presence of ligand 

L14 (26 μmol) at 95 °C. 

 

Notably, analysis of the catalytic reaction mixture by mass spectrometry 

evidenced the presence of several imidazole coordinated ruthenium species. The presence 

of mass peak at m/z 339 ([M-Cl]) for the reaction performed with L14/Ru ratio of 1 was 

assigned to an in situ formed (arene)Ru-imidazole species [(η6-C10H14)Ru(L14)Cl2], 

under the both catalytic and controlled reaction conditions (Figure 4.6). Analogously, for 

the reaction performed with higher L14/Ru ratio of 2 and 3, prominent mass peaks 

corresponding to the monocationic bis-imidazole ruthenium [(η6- C10H14)Ru(L14)2Cl]+ 

(m/z 407) and dicationic tris-imidazole ruthenium species [(η6- C10H14)Ru(L14)3]
2+ (m/z 

220), respectively were also observed (Figure 4.6). Therefore, these results inferred that 

the coordination behaviour of the imidazole ligand (L14) to ruthenium significantly tune 

the catalytic hydrogen production from formaldehyde. The observed increase in the 

catalytic activity upon increasing the imidazole contents (L14/Ru) in the reaction 

medium from 1 to 3, can be attributed to the formation of highly active Ru-imidazole 

species. However, during the course of the reaction the higher content of imidazole favors 
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the formation of bi-imidazole and tris-imidazole  ruthenium species in the reaction, as 

confirmed by mass studies of the reaction mixture (Figure 4.6). On the other hand, 

monocationic bis-imidazole ruthenium [(η6-C10H14)Ru(L14)2Cl]+ was observed for the 

reaction mixture for L14/Ru ratio of 1, and it persist throughout the dehydrogenation 

reaction of formaldehyde. Mass investigations also evidenced the presence of 

methanediol coordinated ruthenium-imidazole species [(η6-C10H14)Ru(L14)(HC(OH)O-

)(H2O)]+ (m/z 369) for the reaction performed with L14/Ru ratio of 1 (Figure 4.6).  

 

Figure 4.6. (a) Ruthenium-imidazole (L14/Ru ratio of 1) species, (b) methanediol 

coordinated ruthenium-imidazole (L14/Ru ratio of 1), (c) ruthenium-bis-imidazole 

(L14/Ru ratio of 2), and (d) ruthenium-tris-imidazole (L14/Ru ratio of 3) coordinated 

species observed during mass studies. 

Further, along with the ruthenium-imidazole species, mass peak at m/z 553 

corresponding to the dinuclear ruthenium hydride species [{(η6-C10H14)Ru}2(µ-H)(µ-

HCO2)(µ-Cl)]+ ([Ru]-16) was also observed during the catalytic reaction. We also 

obtained the solid state structure of the PF6
- salt of this diruthenium species by single-
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crystal X-ray diffraction, which inferred that two (η6-C10H14)Ru species are bridged with 

Cl-, H- and HCOO-, analogous to the previously reported X-ray structure of its BF4 salt 

by Perchtl et. al (Figure 4.7).[9]  

 

Figure 4.7. (a) X-ray crystal structures of the complex [Ru]-16 (with 30% ellipsoid 

probability and counter anion PF6
- is omitted for the sake of clarity). 

 

This diruthenium hydride species is considered to be one of the prominent species 

involved in the catalytic dehydrogenation of formaldehyde.[9] Nevertheless, mass 

investigation of the reaction aliquots collected at regular intervals for the catalytic 

reaction performed with L14/Ru ratio of 1, inferred that the mass peaks corresponding to 

the ruthenium-imidazole persist throughout the dehydrogenation reaction of 

formaldehyde. These finding suggesting the possible involvement of the ruthenium-

imidazole species in the catalytic dehydrogenation of formaldehyde. 

As mass investigation evidenced the in situ generation of ruthenium-imidazole 

species during the catalytic dehydrogenation of formaldehyde, we further synthesized 

purified mono-, bis- and tris-imidazole ruthenium complexes, [(η6-C10H14)Ru(L14)Cl2] 

([Ru]-17), [(η6-C10H14)Ru(L14)2Cl]Cl ([Ru]-18), and [(η6-C10H14)Ru(L14)3]Cl2 ([Ru]-
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19), as the chloride salts. All the complexes were fully characterized, and the molecular 

structure of the ruthenium-bisimidazole complex [(η6-C10H14)Ru(L14)2Cl]Cl ([Ru]-18) 

was also confirmed by single-crystal X-ray diffraction. Unfortunately, its crystal 

refinement data is not suitable for publication. Nevertheless, the molecular structure and 

the arrangement of all the ligands around the Ru metal center corroborated well with the 

piano stool geometry in complex [Ru]-18, where η6-C10H14 is placed on the top of Ru, 

while two imidazole and a chloro ligand occupied the three legs (Figure 4.8).  

 

Figure 4.8. X-ray crystal structure of the complex [Ru]-18 with 30% ellipsoid probability 

(Counter anions are omitted for the sake of clarity). 

Further, we performed catalytic reactions for hydrogen production from aqueous 

formaldehyde with these purified ruthenium-imidazole complexes under the reaction 

condition analogous to that utilized for the in situ generated ruthenium catalysts. To our 

delight, we observed a close agreement of the gas evolution performance of these purified 

ruthenium-imidazole complexes with the in situ generated ruthenium-imidazole catalysts 

for hydrogen production from formaldehyde (Figure 4.9). Consistent with our findings, 

the mono-imidazole ruthenium complex [Ru]-17 outperformed over others with a steady 

rate of gas generation to yield over 400 mL of gas in 6 h (300 mL in 180 min). 

Analogously, with bis-imidazole ruthenium complex [Ru]-18, a total of 333 mL of gas 
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was generated in 180 min, which is also consistence with the trend observed with the in 

situ generated catalyst (L14/Ru ratio of 2) (Figure 4.9). 
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Figure 4.9.  Time course for hydrogen production from aqueous formaldehyde (13.55 

mol L-1, 1.07 mL) in the presence of catalyst [Ru]-2 (13 μmol) (with ligand L14), [Ru]-

17 (26 μmol) and [Ru]-16 (26 μmol). 

 

On the other hand, we observed that earlier Perchtl et al. reported the production 

of ~300 mL of gas in 200 min over [(η6-C10H14)RuCl2]2 catalyst under base free condition, 

while employing the dinuclear diruthenium species [{(η6-C10H14)Ru}2(µ-H)(µ-HCO2)(µ-

Cl)]+ only 180 mL of gas is released in 200 min.[10] However, when reaction was 

performed in the presence of a base K3PO4, higher amount of gas generation (340 mL in 

180 min) for [{(η6-C10H14)Ru}2(µ-H)(µ-HCO2)(µ-Cl)]+ was observed.[10] These results 

inferred that indeed the dinuclear diruthenium species is involved in the dehydrogenation 

of formaldehyde, but is presumably not the most active catalytic species involved in the 

dehydrogenation of formaldehyde. Through literature, it has been observed that Prechtl 

et al. found this dinuclear diruthenium species more active for self-hydrogenation of 

formaldehyde to methanol.[18] In contrary to the above, we observed that the mono-

imidazole ruthenium complex [(η6-C10H14)Ru(L14)Cl2] ([Ru]-17) yields much higher 
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gas generation of 300 mL in 180 min (414 mL of gas in 6 h, TON of 471 in 3 h). Further, 

the clear resemblance of the catalytic performance of the purified mono-imidazole 

ruthenium complex [Ru]-17 with that of in situ generated ruthenium-imidazole catalyst 

using L14/Ru ratio of 1, evidenced the involvement of the ruthenium-imidazole species 

as the most prominent species in the catalytic production of hydrogen gas from 

formaldehyde in water at 95 °C. Based on the experimental evidences and the 

identification of various imidazole coordinated ruthenium species, we proposed a 

plausible reaction pathway, where presumably imidazole ligand plays a crucial role in 

proton exchange during the dehydrogenation process (Scheme 4.3). Initially Ru-

methanediol species ([Ru]-17B) was formed upon the coordination of methanediol to 

[Ru]-17A. Subsequently, with the release of an equivalent of H2 (via a Ru-H 

intermediate), a ruthenium-formate species ([Ru]-17C) was formed. Consequently, [Ru]-

17C undergoes decarboxylation to generate a Ru-H species ([Ru]-17D). Further, with the 

aid of imidazole ligand, an equivalent of H2 molecule is released from [Ru]-17D to 

regenerate the [Ru]-17A. 

 

Scheme 4.3. A plausible pathway for dehydrogenation of aqueous formaldehyde over 

[Ru]-17. 
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Notably, hydrogen production from formaldehyde was also observed at a 

temperature as low as 65 °C, where over 108 mL of gas was produced in the initial 180 

min in the presence of L14/Ru catalyst (L14/Ru ratio of 1). A linear Arrhenius plot for 

the catalytic reaction performed in the temperature range of 65 °C ‒ 95 °C suggesting 

activation energy of 18.7 kcal mol-1 for the production of hydrogen from formaldehyde 

(Figure 4.10).[13]  

 

Figure 4.10. (a) Temperature dependent hydrogen production from aqueous 

formaldehyde and (b) the corresponding Arrhenius plot of initial TOF values (initial 10 

min). (Reaction condition: aq. formaldehyde (13.55 mol L-1, 1.07 mL), catalyst [Ru]-2 

(13 μmol) and ligand L14 (26 μmol) at 95 °C). 

Further to check the homogeneity of the reaction, the reaction performed with and 

without mercury and results inferred the homogenous nature of the catalyst with 

comparable gas generation in 3 h (Figure 4.11).  
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Figure 4.11. Mercury poisoning test for the catalytic reaction for hydrogen production 

from aqueous formaldehyde (13.55 mol L-1, 1.07 mL) over the catalyst [Ru]-2 (13 μmol) 

in the presence of ligand L14 (26 μmol) at 95 °C (with/without added Hg). 

 

Moreover, a distinct effect of the concentration of formaldehyde over the amount 

of gas released in the presence of L14/Ru catalyst was observed, where the rate of gas 

release increased markedly as the concentration of formaldehyde increase from 1.1 mol 

L-1 – 13.55 mol L-1 (Table 4.2 and Figure 4.12).  

 

Figure 4.12. Hydrogen production from varying concentration of aqueous formaldehyde 

(1.1–13.55 mol L-1) over the catalyst [Ru]-2 (13 μmol) and ligand L14 (26 μmol) at 95 

°C. 
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Results inferred that higher conversion (>98%) with the release of >2.94 

equivalents of gas per mol of formaldehyde was achieved with L14/Ru catalyst for a 

diluted aqueous formaldehyde solution (1.5 mol L-1) at 95 °C (Figure 4.13 and Table 4.3).  
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Figure 4.13. Time course plot for hydrogen production from aqueous formaldehyde. 

(Reaction condition: aq. formaldehyde (1.5 mol L-1, 1.07 mL), catalyst [Ru]-2 (13 μmol) 

and ligands L9, L11 and L14 (26 μmol) at 95 °C). 

Table 4.2. Hydrogen production from varying concentration of formaldehyde  

Entry Formaldehyde 

(mol L-1) 

Time 

(min) 

Evolved 

gas (mL) 

Conv. (%) Equivalents of 

evolved gas 

1. 1.1 65 min 75 93 2.8 

2. 1.35 125 min 90.2 91 2.7 

3. 1.5 92 min 108 98 2.9 

4. 2 200 min 114.4 78 2.3 

5. 6.75 200 min 268.2 54 1.6 

6. 13.55 350 min 427.4 43 1.3 

Reaction conditions: aqueous formaldehyde (1.07 mL), catalyst [Ru]-2 (13 μmol), 

ligand L14 (26 μmol) at 95 °C. 
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Moreover, the generation of formic acid in the initial duration of the formaldehyde 

dehydrogenation and its further consumption observed during aq. formaldehyde (1.5 mol 

L-1) dehydrogenation reaction is analogous to that observed with the dehydrogenation of 

13.55 mol L-1 aq. formaldehyde (Figure 4.14). 

 

Figure 4.14. (a) The H2/CO2 ratios in the produced gas mixture and (b) 1H NMR yield of 

HCOOH during the catalytic dehydrogenation of aqueous formaldehyde in the initial 1 h 

of the reaction. (Reaction condition: aq. formaldehyde (1.5 mol L-1, 1.07 mL), catalyst 

[Ru]-2 (13 μmol) and ligand L14 (26 μmol), at 95 °C. HCOOH yield was determined 

using dioxane as an internal standard). 

 

 Further, we also screened other ligands (L9 and L11) for the catalytic 

dehydrogenation of aq. formaldehyde at this optimal concentration. Results inferred an 

analogous trend to that observed with the dehydrogenation of 13.55 mol L-1 aq. 
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Table 4.3.  Hydrogen production from formaldehyde in water: Effect of ligands[a] 

Entry Cat./ligand Evolved Gas (equiv.) TOF (h-1)[b] 

1 Ru 2.46 415 

2 Ru/L9 2.42 406 

3 Ru/L11 2.17 471 

4 Ru/L14 2.94 509 

[a]Reaction was performed with aqueous formaldehyde (1.5 mol L-1, 1.07 mL), catalyst 

[Ru]-2 (13 μmol), ligands L9, L11 and L14 (26 μmol) in 90 min at 95 °C. [b]Average 

TOF for initial 10 min. 
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formaldehyde, where with the ligand L14 superior catalytic activity was observed as 

compared to that observed with ligands L9 and L11. Moreover, results also inferred a 

significant improvement in TOF in the presence of L14, as compared to the reaction 

performed without ligand or with other ligands. 

Based on these findings, we performed reaction for bulk hydrogen production as 

well as for recyclability of catalyst from 1.5 mol L-1 formaldehyde concentration 

catalyzed by L14/Ru under the optimized reaction condition. As shown from the time 

course plot of the bulk reaction (Figure 4.15), a TOF of 5715 h-1 for the initial 10 min 

was achieved. Notably, we accomplished the long term bulk production of hydrogen gas 

for over 33 h with the turnover number of 12905, which is the second largest TON 

reported till date.[13] Further, 1H NMR of the spent reaction mixture inferred the presence 

of 24 mmol of formic acid. Advantageously, the average rate of gas production (426 mL 

min-1 gcat
-1) is also several folds higher than that reported earlier values under analogous 

condition.[13] 

 

Figure 4.15. Hydrogen production from a paraformaldehyde-water solution (inset shows 

the GC traces for the evolved gas in initial 5 min). (Reaction conditions: 

paraformaldehyde-water (1.5 mol L−1, 40 mL), catalyst [Ru]-2 (2.5 μmol) and ligand L14 

(5 μmol) at 95 °C). 

Further, we performed recyclability experiments to investigate the long term 

stability of the catalyst for the catalytic dehydrogenation of aq. formaldehyde solution 
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(1.5 mol L-1). As inferred from Figure 4.16, the L14/Ru catalyst exhibited high catalytic 

activity for 8 consecutive cycle runs with an appreciably good conversion (>80%), 

evidenced the robustness of the L14/Ru catalyst. In contrary to the high performance of 

L14/Ru, a significant loss (even in the 4th catalytic run) in the catalytic activity for 

formaldehyde dehydrogenation was observed with catalyst [Ru]-2 in the absence of the 

ligand L14 under analogous reaction condition (Figure 4.17 and 4.18). These results 

clearly evidenced the crucial role of the ligand L14 in achieving high catalytic 

performance and catalyst robustness for formaldehyde dehydrogenation. 

Figure 4.16. Long term stability and recyclability experiment for catalytic hydrogen 

production from aq. formaldehyde over the catayst [Ru]-2 in the presence of ligand L14. 

(Reaction condition: aq. formaldehyde (1.5 mol L-1, 1.07 mL), catalyst [Ru]-2 (13 μmol) 

and ligand L14 (26 μmol) at 95 °C, 1.5 mmol of formaldehyde added in each cycle). 

 

Figure 4.17. Long term stability and recyclability experiment for hydrogen production 

from aqueous formaldehyde over complex [Ru]-2. (Reaction condition: aq. formaldehyde 
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(1.5 mol L-1, 1.07 mL), catalyst [Ru]-2 (13 μmol) at 95 °C; 1.5 mmol of formaldehyde 

added in each cycle). 

 

Figure 4.18. TOF comparison graph for hydrogen production from aqueous 

formaldehyde over [Ru]-2/L14 and [Ru]-2. (Reaction condition: aq. formaldehyde (1.5 

mol L-1, 1.07 mL), catalyst [Ru]-2 (13 μmol) and ligands L14 (26 μmol) at 95 °C). 

 

4.4. Conclusion 

In summary, we develop an efficient catalytic system for the production of hydrogen gas 

from formaldehyde and paraformaldehyde in water using ruthenium-imidazole catalysts 

under moderate condition. This catalytic system produces hydrogen from formaldehyde 

without the use of an external base and works effectively at 95 °C in water. We also 

achieve appreciably higher turnover number (>12000) and appreciably good TOF (5175 

h-1) in a long-term bulk hydrogen production from a paraformaldehyde-water solution 

over ruthenium-imidazole catalyst. Further, the studied catalyst also exhibited high 

catalyst recyclability for formaldehyde dehydrogenation in water. The present catalytic 

system may provide new insights to explore rather simple systems for efficient hydrogen 

production from liquid organic hydrogen carriers.  
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1H NMR spectra of complex [Ru]-17

 

13C NMR spectra of complex [Ru]-17 
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ESI-MS spectra of complex [Ru]-17 

 

1H NMR spectra of complex [Ru]-18 
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13C NMR spectra of complex [Ru]-18 

 

ESI-MS spectra of complex [Ru]-18 
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1H NMR spectra of complex [Ru]-19

 

13C NMR spectra of complex [Ru]-19 
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ESI-MS spectra of complex [Ru]-19 
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1H NMR spectra of complex [Ru]-16 

13C NMR spectra of complex [Ru]-16 

 

31P NMR spectra of complex [Ru]-16 
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ESI-MS spectra of complex [Ru]-16 

 

Note: The content of this chapter is published as Awasthi et al., Sustainable Energy 

Fuels, 2021, 5, 549-555 (DOI: 10.1039/D0SE01330G) and reproduced here with the 

permission of Royal Society of Chemistry.  
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Chapter 5 

Low-Temperature Hydrogen Production from Methanol over 

Ruthenium Catalyst in Water      

 

5.1. Introduction 

Hydrogen is a potential clean energy carrier, and when used in fuel cell it produces only 

water as a byproduct. Unfortunately, the presence of hydrogen gas in the earth’s 

atmosphere is extremely low (≈ 1 ppm by volume). Therefore, one of the major hurdles 

in exploring hydrogen economy with full potential is the safe production and storage of 

hydrogen gas. Notably, carrying big and heavy hydrogen cylinders with high pressure has 

critical safety and economical challenges. On the other hand, using liquid hydrogen 

storage materials (such as HCHO, CH3OH, HCOOH) in the fuel tank of existing vehicles 

(using petroleum products) and generate hydrogen on-board to supply to Fuel Cell is not 

only a viable concept but is also very economical.[1-12] In this context, methanol, which 

contains an appreciably high gravimetric content of hydrogen 12.5 wt% is a promising 

candidate for on-board and off-board (stationary) large-scale production of hydrogen 

gas.[13-20] Notably, methanol offers several advantages, such as it is an inexpensive liquid, 

low carbon content (C1 alcohol), easy to store, and is being produced on large scale from 

biomass resources and hydrogen and carbon monoxide, or as industrial byproducts.[13-20] 

Traditionally, hydrogen gas is being produced from methanol steam reforming process at 

a high-temperature range (200 ℃ ‒ 350 ℃), while catalyst assisted hydrogen production 

from methanol in water is more energy efficient as it operates at low temperature (< 190 

℃).  

In principle, hydrogen production from methanol is mildly endothermic, therefore 

a suitable catalyst may activate methanol to produce hydrogen gas.[14-24] Experimental 

evidences revealed that in the presence of a catalyst the dehydrogenation of methanol 

may follow the three consecutive pathways: initially, the dehydrogenation of methanol to 

formaldehyde and hydrogen (eq. 5.1), followed by the dehydrogenation of formaldehyde 

in the presence of water (gem-diol) to hydrogen and formic acid (eq. 5.2), and finally 

dehydrogenation of formic acid to hydrogen and CO2 (eq. 5.3).  
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CH3OH → H2CO + H2 (∆H = 129.8 kJ mol-1)     (5.1)  

H2CO + H2O → HCOOH + H2 (∆H = ‒30.7 kJ mol-1)   (5.2) 

HCOOH → CO2 + H2 (∆H = 31.6 kJ mol-1)                 (5.3)  

A wide range of catalysts has been explored to utilize methanol, as a potential 

liquid hydrogen storage material, for the production of hydrogen gas at low-temperature 

with regulated emission of unwanted CO and methane.[21,25] Recently, homogeneous 

catalysts based on Ru, Ir, Fe, and Mn have been explored to dehydrogenate methanol in 

presence of water and produce H2 without or very low ppm of CO at the temperature 

below 100 °C.[14,21,25-30] In particular, ruthenium-pincer based molecular catalysts 

exhibited higher activity to produce hydrogen from methanol in basic condition.[25-26] In 

contrary to the above, heterogeneously catalyzed reforming of methanol to produce 

hydrogen and carbon dioxide has been continuously studied and developed, using 

different metal-based catalysts such as CuO/ZnO/Al2O3,
[31] Pd/CeO2-ZrO2,

[32] Pt3Ni,[33] 

and Ni-Fe-Mg[34] alloys, but most of these catalysts require higher temperature over 200 

°C and pressure. On the other hand, industrially viable heterogeneous catalysts for low-

temperature hydrogen production are rarely explored, until recently when Pt/MoC 

catalyst was explored for hydrogen production from methanol, but this catalyst worked 

effectively only at the higher temperature (150-190 ℃) and using an expensive Pt 

catalyst.[35]  

Notable, the development of catalysts for the selective transformation of methanol 

to hydrogen gas (eq. 1) with the generation of formic acid is of critical importance, as it 

eliminates the energy-intensive process of CO2 scrubbing from H2 and CO2 mixture 

obtained from complete transformation of methanol (eq. 5.1 and 5.2). Furthermore, the 

byproduct formic acid is also a worthful product and a potential hydrogen storage 

material.[9] Herein, we synthesized ruthenium nanoparticles in-situ from an 

organometallic ruthenium complex and a ligand and utilized it to achieve efficient 

catalytic activity to produce hydrogen gas and formate/formic acid from methanol in the 

water at the lower temperature (90-130 ℃). The structure of the ruthenium catalyst was 

established by TEM, XPS, P-XRD, ICP, TGA and several reaction parameters were 



162 

 

evaluated to achieve high catalytic activity for the low-temperature conversion of 

methanol to hydrogen gas and formate over the ruthenium catalyst in water.  

5.2. Experimental section 

5.2.1. Materials. All reactions were performed under Argon gas atmosphere using 

chemicals of high purity procured from Sigma Aldrich and Alfa Aesar unless otherwise 

specified. [{(η6-benzene)RuCl2}2] and [{(η6-p-cymene)RuCl2}2] were synthesized using 

literature reports. 

 

5.2.2. Instrumentation. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra are 

recorded at 298 K using D2O as the solvent on a Bruker Avance 400 (400 MHz) 

spectrometer. Chemical shifts are reported in ppm relative to the centre of the singlet at 

4.75 ppm for D2O in 1H NMR. SEM images and EDS data were collected on Carl Zeiss 

supra 55 equipped with OXFORD instrument EDS X-ray spectrometer. Electron 

microscopy (TEM and HAADF-STEM) experiments and elemental analysis (EDX) were 

performed with a FEI Tecnai F20 ST TEM (operating voltage 200 kV) equipped with a 

field emission gun and EDAX EDS X-ray spectrometer [Si(Li) detecting unit, super 

ultrathin window, active area 30 mm2 resolution 135 eV (at 5.9 keV)]. For TEM and SEM 

analysis, a few droplets of the nanoparticle suspension were deposited onto amorphous 

carbon-coated 400 mesh copper grids and eventually air-dried. Powder XRD 

measurements were performed on the dried particles on a Rigaku SmartLab, Automated 

Multipurpose x-ray Diffractometer at 40 kV and 30 mA using Cu Kα radiation (λ = 

1.5418 Å). The XPS analyses were conducted over PHI 5000 Versa Prob II,FEI Inc. 

Charge correction was based on the position of C 1s (C 284.6 eV) and to assigned the 

oxidation state of Ru in the catalyst, CuO used as an standard (Cu2+3p3/2 933.5 eV in 

CuO). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was 

achieved with ARCOS, simultaneous ICP spectrometer of SPECTRO analytical 

instruments (SPECTRO Analytical Instruments). Thermogravimetric analysis (TGA) 

was performed over Mettler Toledo TGA instrument of the dried samples, under pure N2 

gas flow 50 mL min−1 at a linear heating rate of 5°C min−1. ESI-mass spectra are recorded 

on a micrOTFQ II mass spectrometer. The GC-TCD analyses are performed on a 

Shimadzu GC-2014 system using a shin carbon-ST packed column.  
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5.2.3. Catalytic hydrogen production from methanol. Typically, an appropriate 

amount of [{(η6-benzene)RuCl2}2] [Ru]-1 (0.05 mmol) (or other precursors) and ligand 

(0.1 mmol - 0.2 mmol) in methanol-water solution (n(CH3OH)/n(H2O) = 1:0 to 1:2) was 

taken in a 5 mL test tube reaction vessel and was added an appropriate base (1.1 equiv. 

with respect to methanol). Then the reaction vessel, connected equipped with a condenser 

(–10 °C) and water displacement setup, was de-aerated and flushed with Ar. Further, the 

reaction mixture was stirred at a suitable temperature on an oil bath. The amount of gas 

generated per unit time was quantified by the water displacement method, and the 

composition of the released gas was confirmed by GC-TCD. The turnover number (TON) 

was calculated by the formula [n(H2)/n(catalyst)]. The turnover frequency (TOF) was 

calculated as TON/time. After the catalytic reaction, the supported ruthenium 

nanoparticles were collected by centrifugation and dried in a vacuum oven and weight to 

~14 mg of catalysts (as obtained from 25 mg of [Ru]-1 used in the catalytic reaction) 

which can be used for the further catalytic cycles.  

5.2.4. Catalytic hydrogen production from ethanol/n-propanol. Catalytic hydrogen 

production from ethanol/n-propanol was performed following the procedure used for 

methanol, by using ethanol/n-propanol (16.08 mmol), Ru/L9 catalyst (0.625 mol%, 

n([Ru]-1)/n(L9) = 1:2) and potassium hydroxide (1.2 equiv.) in water (1 equiv.). Then 

the 5 mL test tube reaction vessel, connected equipped with a condenser (-10 °C) and 

water displacement setup, was de-aerated and flushed with Ar. Further, the reaction 

mixture was stirred at 110 °C on an oil bath. The amount of gas generated per unit time 

was quantified by the water displacement method, and the composition of the released 

gas was confirmed by GC-TCD. The turnover number (TON) was calculated by the 

formula [n(H2)/n(catalyst)]. The turnover frequency (TOF) was calculated as TON/time. 

5.2.5. Synthesis of ruthenium nanoparticles. Ru nanoparticles were synthesized by 

adding the dropwise of an aqueous solution of NaBH4 (0.025 g, in 5 mL of water) in an 

aqueous solution of RuCl3.3H2O (0.026 g, 0.1 mmol, in 5 mL of water) and PVP (0.05 

g). The content of the flask was sonicated for 10 min to obtain a black suspension of Ru 

nanoparticles, which were collected by centrifugation and was washed with distilled 

water (10 mL x 02).  
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5.2.6. Long term stability and recyclability experiments. Initially, the Ru/L9 catalyst 

(0.625 mol%, n([Ru]-1)/n(L9) = 1:2) in methanol (16.08 mmol) and water (1 equiv.) was 

taken in a 5 mL test tube reaction vessel, and was added KOH (1.2 equiv.). Then the 

reaction vessel, connected equipped with a condenser (–10 °C) and water displacement 

setup, was de-aerated and flushed with Ar. Further, the reaction mixture was stirred at 

130 °C on an oil bath. The amount of gas generated per unit time was quantified by the 

water displacement method. For the subsequent catalytic run, the reaction mixture was 

centrifuged to separate the catalyst. Further, the catalyst was transferred to the reaction 

vessel, and methanol (16.08 mmol), water (1 equiv.) and KOH (1.2 equiv.) were added 

to the reaction vessel, and the reaction mixture was stirred at 130 °C on an oil bath under 

Argon atmosphere. The release of gas was monitored by water displacement process, and 

the composition of the released gas was confirmed by GC-TCD. 

5.2.7. Estimating the performance of Ru/L9 catalyst for hydrogen production from 

methanol for industrial application. Considering the worldwide aggressive initiatives 

to promote hydrogen fueled vehicles, there will be a requirement of installing a huge 

number of hydrogen gas fueling stations. Hence, a huge infrastructure will be required to 

produce hydrogen gas in bulk scale and to be transported to recharge these fueling station. 

Alternatively, small and efficient hydrogen production units can be installed at the fueling 

stations to on-demand production of hydrogen gas. In this context, we estimated that 1 kg 

of H2 gas can be produced from 14.5 L of methanol using the Ru/L9 catalyst at 130 ℃. 

These estimated values are impressive, comparing to that observed for earlier reported 

highly active catalysts, 0.2%Pt/α-MoC catalyst (1 kg H2 per 546.5 L of methanol at 190 

℃) and Ru-PNP complex (1 kg H2 per 57.9 L methanol). Therefore, the Ru/L1 catalytic 

system represents a cost effective and industrially viable candidate to meet the 

requirement for bulk hydrogen production for application in recharging H2 fueling 

stations for fuel cell-based vehicles and cater other related H2-based energy requirements. 
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5.3. Results and discussion 

At an outset, we employed [{(ƞ6-benzene)RuCl2}2] ([Ru]-1) as a pre-catalyst for 

hydrogen production from methanol (2:1 molar ratio of CH3OH:H2O) at 110 °C in the 

presence of 1.2 equiv. KOH, where we observed the release of 73 mol H2 per mol of Ru 

(initial TOF 9 h-1) (Table 5.1, entry 1). The evolved gas was identified as hydrogen by 

GC-TCD. Notably, the initial dark brown color of the reaction solution turned to a black 

suspension, which was identified as Ru nanoparticles (ca. 18.7 nm) by TEM (Figure 5.1).  

 

Figure 5.1. TEM images of ruthenium nanoparticles obtained from [Ru]-1 in the absence 

of the ligand.  

Further, recent studies revealed that pyridine-based ligands can act as an internal base and 

play a crucial role in C-H activation reaction.[36-37] We, therefore, investigated the role of 

2-hydroxy pyridine (L9) as a promoter in the ruthenium-catalyzed hydrogen production 

from methanol. For Ru/L9 catalyst (pre-catalyst [Ru]-1 in the presence of L9), we 

observed a significant enhancement of ca. 82% in the initial TOF with the release of 0.66 
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mol of H2 per mol of methanol (TON of 106 mol H2 per mol of Ru) (Table 5.1, entry 2 

and Figure 5.2a).  

 

Figure 5.2. Effect of (a) ligand L9 and (b) methanol to water molar ratio on the Ru/L9 

catalyzed hydrogen production from methanol at 110 ℃. (Reaction condition: methanol 

(16.08 mmol), Ru catalyst (0.625 mol%, n([Ru]-1)/n(L9) 1:2), KOH (1.2 equiv.) and 

methanol to water molar ratio (1:1), argon, amethanol to water molar ratio is 2:1, and 

b[Ru]-2 precursor is used). 

When the reaction was performed using CH3OH:H2O molar ratio of 1:1, the intrinsic 

activity increased further to yield a TON of 134 mol of H2 per mol of Ru (0.83 mol of H2 

per mol of methanol) with an improved initial TOF of 20 h-1 (Table 5.1, entry 5 and Figure 

5.2b). Notably, further increasing the water content (1:2 molar ratio of CH3OH:H2O) 

resulted in lower catalytic activity for H2 production from methanol over Ru/L9 catalyst 

(Table 5.1, entry 6, and Figure 5.2b), as compared to the reaction performed with high 

methanol content (CH3OH:H2O molar ratio of 1:1, 2:1 or 4:1) (Table 5.1 and Figure 5.2a). 

Literature reports on aqueous methanol dehydrogenation outlined the beneficial role of 

water in methanol dehydrogenation reaction.[11,14] For instance, Grützmacher et al. 

achieved dehydrogenation of methanol using CH3OH/H2O 1:1 molar ratio, and 

mentioned that in the presence of water high gravimetric content of hydrogen can be 

achieved form methanol.[11] Beller and other researchers also highlighted the role of 

water-promoted dehydrogenation of formaldehyde to formic acid and H2 during methanol 

dehydrogenation reaction.[25,38]  Notably, Lin et al. also reported efficient hydrogen 
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production from methanol over Pt/α-MoC using higher water content (CH3OH/H2O 

molar of 1:3 and 1:1).[35]  

        Table 5.1. Screening of catalyst to producing hydrogen from methanol a 

Entry Cat. n(alc.)/

n(H2O) 

T (°C) KOH 

(equiv.) 

n(H2)/ 

n(alc.) 

n(H2)/ 

n(cat.) 

TOFh 

(h-1) 

1b Ru 2:1 110 1.2 0.45 73 9 

2 Ru/L19 2:1 110 1.2  0.66 106  18 

3 Ru/L9 4:1 110 1.2 0.68 109 13 

4 Ru/L9 neat  110 1.2 0.63 102 14 

5 Ru/L9 1:1 110 1.2 0.83 134 20 

6 Ru/L9 1:2 110 1.2 0.25 40 14 

7c Ru/L9 1:1 110 - 0.67 107 19  

8 Ru/L9 1:1 130 1.2 1.42 229 49 

9 Ru/L9 1:1 90 1.2 0.24 38 5 

10d Ru/L9 1:1 110 1.2 0.50 81 11 

11e RuNP/L

9 

1:1 110 1.2 0.13 21 12 

12f Ru/L9 1:1 110 1.2 0.61 98 20 

13g Ru/L9 1:1 110 1.2 0.69 111 16 

aReaction condition: alcohol (16.08 mmol), Ru catalyst (0.625 mol%, 

n([Ru]-1)/n(L9) 1:2), KOH (1.2 equiv.), 10 h, argon, bin the absence of ligand 

L9, creaction with NaOMe in place of CH3OH, dwith [Ru]-2 and L9 (n([Ru]-
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2)/n(L9) 1:2), ewith pre-synthesised Ru nanoparticles and L9 (1 equiv.), 

fusing ethanol as reactant, gusing n-propanol as reactant and haverage turnover 

frequency (TOF) at 1 h. 

Notably, we found that base played a crucial role in generating the active Ru nanoparticles 

in the initial hour of the reaction. Moreover, lower activity was observed while using less 

content of KOH (0.42 equiv.) (Table 5.2). Results inferred that compared to KOH, 

reaction with other bases such as NaOH, KtOBu, and K2CO3 exhibited either lower 

activity or no reaction (Table 5.3).  

Table 5.2. Effect of base concentration on catalytic hydrogen production from methanol 

over Ru/L9 catalyst 

entry base (equiv.) n(H2)/n(methanol) n(H2)/n(cat.) 

1 KOH (1.2) 0.66 106 (173)a 

2 KOH (0.42) 0.23 38 (52)b 

Reaction condition: methanol (16.08 mmol), Ru/L1 catalyst (0.625 mol%, n([Ru]-

A)/n(L9) = 1:2), base, water (0.5 equiv.), 110 °C, 10 h, Argon. a29 h, b23 h 35 min.  

 

Table 5.3. Effect of base on catalytic hydrogen production from methanol over Ru/L9 

catalyst 

entry base  n(H2)/n(methanol) n(H2)/n(cat.) 

1 KOH 0.83 134 

2 NaOH 0.77 123 

3 KtOBu 0.45 72 

4 K2CO3 Nr Nr 

Reaction condition: methanol (16.08 mmol), Ru/L1 catalyst (0.625 mol%, n([Ru]-

1)/n(L9) = 1:2), base (1.2 equiv.), water (1 equiv.), 110 °C, 10 h, Argon. nr = no 

reaction.  

It is worth noting that almost a similar amount of H2 was released when NaOMe was used 

as a substrate instead of methanol, in absence of base, suggesting that presumably content 

of base is crucial for the deprotonation of methanol (Table 5.1, entry 7, and Figure 5.3).  
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Figure 5.3. Hydrogen production from NaOMe over Ru/L9 catalyst. Reaction condition: 

NaOMe (16.08 mmol), Ru/L1 catalyst (0.625 mol%, n([Ru]-1)/n(L9) = 1:2), water (1 

equiv.), 110 °C, Argon. 

 

Moreover, kinetic isotope effect (KIE) studies indicated that CD3OD is more influential 

than D2O in tuning the reaction rate for the Ru/L9 catalyzed hydrogen production from 

methanol (Figure 5.4).  

0 100 200 300 400 500 600
0

50

100

150

200

250

300

350

Time (min)

V
o

lu
m

e
 o

f 
G

a
s
 (

m
L

)

 

 

 CD
3
OH:H

2
O

 CH
3
OH:D

2
O

 CH
3
OH:H

2
O

 
Figure 5.4. Kinetic isotope effect (KIE) experiments for hydrogen production from 

methanol over Ru/L9 catalyst. Reaction condition: CH3OH/CD3OD (16.08 mmol), Ru/L9 

catalyst (0.625 mol%, n([Ru]-1)/n(L9) = 1:2), KOH (1.2 equiv.), H2O/D2O (1 equiv.), 

110 °C, Argon. 
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These results inferred that the activation of methanol C-H bond is presumably the rate-

determining step and not the proton assisted release of hydrogen gas from methanol. 

Further, 13C NMR of the reaction aliquot after the completion of the catalytic reaction 

inferred the presence of formate with traces of carbonate, suggesting that decomposition 

of formate does not take place. Notably, performing the reaction with the spent Ru/L9 

catalyst resulted in no formate decomposition and no traces of carbonate was detected in 

13C NMR (Figure 5.5).  

 

Figure 5.5. 13C NMR spectra of the reaction mixture obtained after the reaction 

performed using the recovered catalyst. Reaction condition: methanol (16.08 mmol), 

spent Ru/L9 catalyst, KOH (1.2 equiv.), water (1 equiv.), 110 °C, Argon. 

 

Furthermore, the amount of formate formed as a co-product was also quantified to nearly 

half of the mol of H2 gas generated during the reaction. GC-TCD analysis of the evolved 

gas is in good agreement with the observation of only purified hydrogen gas. When 

reaction temperature was increased to 130 °C, initial TOF increased by over ten-folds to 

49 mol H2 per mol Ru per hour as compared to the reaction performed at 90 °C (TOF of 

5 mol H2 per mol of Ru per hour) (Table 5.1, entries 5, 8, 9, and Figure 5.6).  
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Figure 5.6 (a) Temperature dependent hydrogen production from aqueous methanol, and 

(b) the corresponding Arrhenius plot of initial TOF values (initial 10 min). Reaction 

condition: methanol (16.08 mmol), Ru/L9 catalyst (0.625 mol%, n([Ru]-1)/n(L9) = 1:2), 

KOH (1.2 equiv.), water (1 equiv.), 110 °C – 130 ℃, Argon.  

 

Notably, the Ru/L9 catalyst exhibited the generation of 1.42 mol H2 per mol of methanol 

(~71% conv.) (at 130 °C), which is several-folds higher than that reported for 0.2%Pt/α-

MoC catalyst (0.037 mol H2 per mol of methanol at 190 °C).35 The apparent activation 

energy for the conversion of methanol to H2 over Ru/L9 catalyst was estimated as 18.3 

kcal/mol (Figure 5.6). Therefore, it is evident from these results that Ru/L9 is active even 

at lower reaction temperature of 90 °C – 130 °C.  

Further to detect various species that might form during the dehydrogenation of methanol, 

the reaction mixture at various time intervals (0, 15 and 60 min) was analyzed by 1H and 

13C NMR, where no traces of formaldehyde, methanediol, paraformaldehyde and trioxane 

were detected. Consistent with the literature reports, this can be attributed to the faster 

transformation of formaldehyde to formic acid and hydrogen in water as compared to 

methanol dehydrogenation to formaldehyde.[11,18,38] Furthermore, we performed the 

catalytic dehydrogenation of aqueous formaldehyde (37 wt.%) under analogous reaction 

condition to methanol dehydrogenation and analyzed the evolved gas by GC-TCD and 

the reaction aliquots by NMR. Results inferred that indeed in the presence of base only 

pure hydrogen and formate was produced from formaldehyde dehydrogenation as 

confirmed by GC-TCD and NMR, respectively. Therefore, these results evidenced that 
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during methanol dehydrogenation under the optimized reaction condition, the possible 

intermediates such as formaldehyde or methanediol formed during the reaction may also 

undergo faster transformation to formic acid and H2 gas, and therefore formaldehyde was 

not detected in the reaction solution. However, we have detected and isolated the formic 

acid generated during the methanol dehydrogenation reaction under the studied reaction 

condition.  

Further, to obtain insights into the role of pyridine ligand, catalytic conversion of 

methanol to H2 was also examined using 2-methoxy pyridine (L17) where a significant 

decline in the initial TOF (15 mol H2 per mol Ru per hour) was observed with Ru/L17 

catalyst as compared to the TOF of 20 mol H2 per mol Ru per hour obtained with Ru/L9 

catalyst (Figure 5.7).  

 

Figure 5.7. Effect of ligands (L9, L17 – L19) on the ruthenium catalyzed hydrogen 

production from methanol. Reaction condition: methanol (16.08 mmol), Ru/Ligand 

catalyst (0.625 mol%, n([Ru]-1)/n(Ligand) = 1:2), KOH (1.2 equiv.), water (1 equiv.), 3 

h, 110 °C, Argon.  
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activity. Notably, performing the catalytic reaction with the larger content of the ligand 

L1 (Ru/L9 1:4) resulted in lower activity yielding only 46 mol H2 per mol Ru in 8 h as 

compared to 62 mol H2 per mol of Ru for Ru/L9 ratio of 1:2, presumably because excess 

ligands may poison the catalyst. Moreover, using [{(ƞ6-p-cymene)RuCl2}2] ([Ru]-2) 

precursor instead of [Ru]-1 could not improve the catalytic activity (Table 5.1, entry 10).  

Further, performing the catalytic reaction in the presence of pre-synthesized Ru 

nanoparticles with L9 resulted in only lower activity, suggesting that in-situ generated 

Ru nanoparticles in the presence of L9 in the more suitable condition to generate active 

Ru nanoparticle catalysts (Table 5.1, entry 11). Moreover, to know the nature of real 

catalyst for methanol dehydrogenation, we performed a series of poisoning experiments 

using Whitesides' mercury test.[25] Results inferred that the catalytic reaction quenched in 

the presence of Hg(0) (>300 equiv.) due to the poisoning of the Ru/L9 catalyst by 

amalgam formation. In contrary to the control reaction, the addition of Hg(0) (>300 

equiv.) at the beginning of the reaction resulted in complete quenching of the catalytic 

methanol dehydrogenation, suggesting the heterogeneous nature of the Ru/L9 catalyst. 

Further, in another experiment, the spent Ru/L9 catalyst was also stirred with an excess 

of added Hg(0) (>300 equiv.), before employing it as a catalyst for methanol 

dehydrogenation reaction under the optimized reaction condition, but no gas release was 

observed. It is worth noting here, that the spent Ru/L9 catalyst was found to be highly 

active (in the absence of Hg(0)), supports the heterogeneous nature of the studied 

catalysts. Moreover, the Ru/L9 catalyst also exhibited appreciable long-term stability, 

where a total turnover number (TON) of 762 mol of H2 per mol of Ru was achieved in a 

7-cycle recyclability experiment generating 186 L of H2 gas per gram of Ru (Figure 5.8).  



174 

 

 

Figure 5.8. Long term stability and recyclability experiment for Ru/L9 catalyzed 

production of H2 from methanol at 130 °C.  

On the other hand, continuing the reaction with the reaction solution 

(supernatant), obtained after the removal of Ru/L9 catalyst, resulted in no release of gas 

even after extending the catalytic reaction for a longer duration (10 h). The literature 

revealed that reaction performed under reducing condition may result in the 

transformation of organometallic Ru precursor to Ru(0) nanoparticles.[39-43] Chaudret et 

al. established the mechanism and the process for the transformation of organometallic 

ruthenium complexes to Ru nanoparticles.[42-43] Similarly some other groups have also 

established the transformation of organometallic ruthenium complexes to Ru 

nanoparticles.[40] Therefore, in absence of induction period during the in-situ 

transformation of [Ru]-1 to Ru nanoparticles can be attributed to the highly reducing 

reaction condition due to the presence of KOH, H2 gas and 110-130 ℃. Further, ICP-OES 

analysis of the recovered nanoparticles inferred the presence of ~54 wt.% of Ru, whereas 

no traces of metal were detected (detection limit of 0.01 ppm) in the supernatant, evidence 

the absence of ruthenium species in the reaction mixture also supports the complete 

transformation of [Ru]-1 precursor to Ru nanoparticles. Moreover, the liquid portion 

(supernatant) was also analyzed by ESI-MS, where any isotopic patterns corresponding 

to ruthenium was not observed, further suggesting that ruthenium complex is converted 

to ruthenium nanoparticles during the reaction and no residual ruthenium species is 
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present in the solution. Therefore, the above findings evidenced the heterogeneous nature 

of the Ru/L9 catalyst for methanol dehydrogenation.  Furthermore, the ethanol and n-

propanol were also investigated under catalytic reaction conditions and the results showed 

that the studied Ru/L9 catalysts can also efficiently generate hydrogen gas along with 

value-added products such as acetic acid (Table 5.1, entries 12, 13, and Figure 5.9).  
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Figure 5.9. Hydrogen production using different alcohols (methanol, ethanol and n-

propanol) over Ru/L9 catalyst. Reaction condition: alcohol (16.08 mmol), Ru/L9 catalyst 

(0.625 mol%, n([Ru]-1)/n(L9) = 1:2), KOH (1.2 equiv.), water (1 equiv.), 110 °C, Argon. 

  

The activity of the catalyst slightly decreased with subsequent catalytic runs, 

attributed to the surface oxide coating of the Ru catalyst, as also confirmed by XPS 

analysis (Figure 5.10). Though the turnover number was relatively low for the studied 

Ru/L9 catalyst, it is evident that Ru/L9 catalysts exhibited the generation of higher 

equivalents of hydrogen gas per moles of methanol (n(H2)/n(MeOH) 1.42) as compared 

to the earlier reported catalysts. Moreover, in the studied catalytic system, formate/formic 

acid is obtained as a worthful byproduct. Advantageously, this resulted in the generation 

of hydrogen gas in high purity from methanol. Therefore, the studied Ru/L9 catalytic 

system could be a promising candidate for low-temperature bulk hydrogen production 

from methanol.     
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Figure 5.10. XPS spectra corresponding to (a) Ru 3p3/2 (b) Ru 3d5/2 and (c) N 1s core for 

ruthenium catalyst obtained in the absence of ligand L9.  
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To obtain insights into the structural and chemical nature of the in-situ generated 

Ru/L9 catalyst, we employed several characterization methods. Powder X-ray diffraction 

of Ru nanoparticles obtained after the catalytic reaction showed a broad peak at 25-45°, 

suggesting the highly dispersed small Ru nanoparticles over the carbon support.[44] 

Transition electron microscopy (TEM) images confirm the existence of homogenous 

dispersion of Ru nanoparticles of particle size ca. 1.5 nm on the carbon support (Figure 

5.11a). Furthermore, the dispersion of in-situ generated ruthenium nanoparticles in the 

presence of L9 ligand was also estimated as 86%, as calculated from the generalized 

equations using mean particle size (dTEM) as obtained from the TEM by considering ~110 

particles.[45-46] In sharp contrast, without ligand, the Ru nanoparticles have an average 

particle size of ca. 18.7 nm with poor dispersion (Figure 5.11). High angle annular dark-

field (HAADF) scanning transmission electron microscopy (STEM) images and energy-

dispersive X-ray spectroscopic (EDS) analysis inferred the presence of Ru element 

(Figure 5.11b-d). Moreover, the EDS line scan also confirmed the even distribution of Ru 

nanoparticles over the carbon support (Figure 5.11d).  

 

Figure 5.11 (a) TEM image (inset particle size distribution), (b) EDS point analysis, and 

(c) HAADF image and the corresponding (d) EDS line scan analyses for Ru/L9 catalyst.  
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Thermogravimetric analysis of the in-situ generated Ru/L9 catalyst inferred the 

presence of large organic content (~30% more) as compared to the Ru nanoparticles 

obtained in the absence of the ligand L9. Further, the presence of 0.74% nitrogen content 

observed for Ru/L9 in the elemental analysis, further suggesting the presence of the 

ligand L9 in the catalyst. Such behavior is consistent with the stabilization of smaller Ru 

nanoparticles with 2-hydroxypyridine ligand (L9). This phenomenon was also revealed 

earlier where Ru nanoparticles were stabilized by small ligands.[47-48] In addition, the 

binding energy of Ru/L9 as obtained from X-ray photoelectron spectroscopy (XPS) 

experiment for both Ru(3d) and Ru(3p) core levels are assigned to the oxidation state of 

Ru in the catalyst using CuO as a standard (Cu2+3p3/2 933.5 eV in CuO). In the XPS 

spectra of Ru/L9 catalyst, peak maxima observed at the binding energy values of 461.7 

eV (Ru 3p3/2) and 279.8 eV (Ru 3d5/2) are assigned to the metallic ruthenium (Figure 5.12 

and Figure 5.10). Moreover, the low-intensity XPS peak at 399.07 eV corresponding to 

N 1s for the XPS of Ru/L9 catalyst, manifested the presence of the ligand over the 

ruthenium nanoparticles (Figure 5.12).  
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Figure 5.12. XPS spectra corresponding to the (a) Ru 3p3/2 (b) Ru 3d5/2 and (c) N 1s core 

levels of Ru/L9 catalyst. 
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Notably, XPS of the Ru nanoparticles obtained in the absence of ligand L9 

inferred the higher content of ruthenium oxide (Figure 5.10), further suggesting that the 

presence of ligand L9 over the Ru nanoparticles prevented the facile oxidation of the 

surface in Ru/L9 catalyst. Hence, the observed enhanced catalytic performance of the 

Ru/L9 catalyst can be attributed to the smaller particle size ruthenium nanoparticles and 

the ligand L9. 

5.3. Concusions 

We developed an efficient new Ru/L9 catalyst comprises of ligand capped ruthenium 

nanoparticles homogeneously dispersed over the carbon support, in-situ generated from 

the ruthenium arene precursor and 2-hydroxypyridine (L9) ligand. The Ru/L9 catalytic 

system displayed excellent catalytic activity for CO2 free hydrogen production from 

methanol (1.43 mol of H2 per mol of methanol) at low temperature (110 – 130 °C). This 

process also generated formic acid as a byproduct. The studied catalyst exhibited 

outstanding long-term stability to generate 186 L of H2 gas per gram of Ru. This catalytic 

system may encourage the search of an efficient industrially viable process for the low-

temperature transformation of methanol to hydrogen gas and formic acid. 

 

Note: The content of this chapter is published as Awasthi et al., Catal. Sci. Technol., 

2021, 11, 136-142 (DOI: 10.1039/D0CY01470B) and reproduced here with the 

permission of Royal Society of Chemistry.  
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Chapter 6 

Summary and Future Scope 

 

 

6.1 Summary of the PhD thesis work 

 Indeed using hydrogen gas as the energy carrier is a more sustainable and 

environmental friendly way to meet the global energy demand. Hydrogen can be 

produced by water electrolysis, gasification of biomass, reforming of hydrocarbons 

and methanol, and so on. Process such as gasification and reforming needs high 

temperature and pressure to produce hydrogen. However, contamination of the 

produced hydrogen gas with CO, CO2 and other harmful gases are the major 

drawback with the reforming and gasification processes. On the other hand, water 

electrolysis is an energy-intensive process, which also suffers from low efficiency. 

Therefore, it is the need of the hour to explore and develop low-temperature 

hydrogen production techniques for the selective production of hydrogen. Apart 

from the hydrogen production processes, the easy and safe storage and transportation 

of hydrogen gas are one of the major challenges in realizing the Hydrogen Economy. 

Due to some physical and chemical properties of hydrogen, the storage of large 

content of hydrogen in high-pressure cylinders is difficult and challenging. 

Therefore, conventionally hydrogen is being stored in the form of liquid for hydrogen 

supply under on-board or off-board usage. However liquid hydrogen or hydrogen 

stored under high pressure, which both have 100 wt% of hydrogen have several 

drawbacks such as in the case of liquid hydrogen, its needs -252.87 °C temperature 

and 1.013 bar pressure to liquefy hydrogen. Further heat flow takes place from the 

environment to the container leads to the evaporation of hydrogen and due to that the 

pressure inside the container increase and after some time its needs to vent in the 

environment to maintain the inside pressure. In this process, even in an ideal parking 

state, the hydrogen loss to the environment is called boil off the gas. Furthermore, in 

the case of hydrogen stored under high pressure needs 35-70 MPa pressure. However 

above this pressure, deviations from the ideal gas behavior are too large, and 

lowering the pressure decreases the energy content. On the other hand, the liquid 
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hydrogen carriers, offers several advantages as these are liquid at room temperature 

and hence can be easily and safely stored and transported and also that these liquid 

hydrogen carriers contains high hydrogen content which can be generated with the 

intervention of a suitable catalyst under moderate conditions. Notably, efforts are 

being made to develop efficient, additive-free and low-temperature processes for 

hydrogen production from these liquid hydrogen carriers for the onboard/offboard 

production of hydrogen. An intensive literature study of liquid hydrogen storage 

sources evidenced some open questions for the hydrogen production from various 

liquid hydrogen storage sources such as hydrazine, methanol, formaldehyde and 

aromatic alcohols.  

For hydrazine dehydrogenation, most of the literature reports are based on 

heterogeneous catalysts, while homogeneous metal complexes-based catalysts are 

not extensively explored for hydrazine dehydrogenation. Though the complexation 

of hydrazine with metal complexes are studied well, insitu identification of important 

intermediates and the detailed investigation of the mechanistic pathway for hydrogen 

production from hydrazine over homogeneous catalysts need to be explored. 

Further low-temperature, additive-free hydrazine dehydrogenation also needs to be 

explored using metal complexes. Moreover, acceptorless dehydrogenation of 

alcohols can produce hydrogen along with the value-added chemicals is an atom 

economic process. In this regard, acceptorless dehydrogenation of alcohols has been 

explored using the various homogeneous complexes, but the activity of the studied 

complexes needs to be improved. Particularly, the reaction needs to be performed 

and designed to produce hydrogen gas with high turnover at low temperature and 

with green solvents under additive-free conditions. Furthermore, few recent reports 

using ruthenium-based complexes for hydrogen production from formaldehyde has 

been explored at a temperature <100 °C, but still, efforts need to be made to develop 

more robust catalysts for hydrogen production from formaldehyde at low 

temperature/ room temperature in water. Further, detailed mechanistic investigations 

to study the role of the catalyst in hydrogen production from formaldehyde is also 

required. 

Apart from higher alcohols, methanol also contains a high weight percentage of 
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hydrogen, however, the production of hydrogen from methanol is performed at a 

high-temperature reforming process (>200 °C), which suffers from several 

drawbacks including contamination of hydrogen produced. Therefore, considering 

the importance of this process, efforts need to be made for the selective production 

of hydrogen gas from methanol at low temperature using suitable catalysts. 

Therefore, to address these research gaps and the limitations with the existing process 

for hydrogen production from liquid hydrogen carries, in this PhD work several low-

temperature hydrogen production techniques are developed by utilizing a wide range 

of ruthenium-based catalysts to efficiently and selectively produce hydrogen gas 

from liquid hydrogen carriers such as hydrazine, methanol, formaldehyde and 

aromatic alcohols under moderate reaction condition.  

  For the hydrogen production from hydrazine, several arene-ruthenium based 

molecular catalysts containing N-substituted imino-pyridine ligands were employed 

at 80 °C in ethanol and THF-methanol in the presence of a suitable base. 

Experimental findings inferred the crucial role of the ligand in tuning the catalytic 

efficacy, where N-hydroxyiminopyridine ligated ruthenium-arene catalyst exhibited 

the highest catalytic activity over others mechanistic investigations inferred the 

coordination of hydrazine with ruthenium center and subsequent weakening of the 

N-H bond of hydrazine is the key to achieve efficient transformation of hydrazine to 

hydrogen gas. After achieving hydrogen production from hydrazine over 

iminopyridine-arene-ruthenium complexes, the pyridylamine ligated arene-Ru 

complexes are employed for the catalytic acceptorless dehydrogenation of primary 

aromatic alcohols to the corresponding carboxylic acids in toluene with the 

production of H2 gas.  The well-characterized complexes also efficiently transform 

a wide range of other primary alcohols to the corresponding carboxylic acids in good 

yields (up to 86%) with the production of hydrogen gas. Results clearly inferred that 

determining role of the pyridylamine ligands over the hydrogen production process, 

where the steric bulkiness and the electron density over the amine are crucial factors. 

Among the studied catalysts, the arene-Ru-pyridylamine catalyst displayed superior 

catalytic behavior to achieve the turnover of 1378 for the bulk reaction of hydrogen 

gas from benzyl alcohol. The detailed mechanistic investigations resulted in the 
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identification of several important catalytic intermediates, including aldehyde and 

diol-coordinated Ru species, under catalytic and controlled reaction conditions. 

Further, a range of ligands are explored to in situ generate active arene-ruthenium 

catalyst for hydrogen production from formaldehyde in water. Screening of various 

ligands inferred that the in situ arene-ruthenium catalyst generated in the presence of 

imidazole ligand outperformed other for the production of hydrogen gas from 

formaldehyde and paraformaldehyde in water under moderate reaction conditions. 

Moreover, the L/Ru ratio also found to be a crucial factor to achieve high catalytic 

turnover, where L/Ru ratio of 1:1 was found to be optimal. The identity of the in situ 

synthesized catalytic species was confirmed by mass, and further its active role in 

the catalytic reaction was established by the ex-situ synthesis of the arene-ruthenium-

imidazole complex. The ex-situ synthesized complex exhibited analogous catalytic 

behaviour as observed with the in situ condition further evidenced the involvement 

of the arene-ruthenium-imidazole (L/Ru = 1:1) in the catalytic hydrogen production 

from formaldehyde in water. Advantageously, the studied catalytic system produces 

hydrogen from formaldehyde without the use of any external base and works 

effectively at 95 °C in water. Moreover, an appreciably higher turnover number 

(>12 000) and appreciably good TOF (5175 h−1) was also achieved during long-term 

bulk hydrogen production from a paraformaldehyde–water solution over the arene–

ruthenium–imidazole catalyst.  

In the last project, the in situ generated arene-ruthenium complex in the presence of 

2-hydroxypyridine was employed for the synthesis of ruthenium nanoparticles 

Ru/L9 catalyst that comprises ligand capped ruthenium nanoparticles 

homogeneously dispersed over the carbon support. The Ru/L9 catalytic system 

displayed excellent catalytic activity for CO2 free hydrogen production from 

methanol (1.43 mol H2 per mol methanol) at low temperature (110–130 °C). This 

process also generated formic acid as a by-product. The studied catalyst exhibited 

outstanding long-term stability and generated 186 L of H2 gas per gram of Ru. This 

catalytic system may encourage the search for an efficient industrially viable process 

for the low-temperature transformation of methanol into hydrogen gas and formic 

acid. Overall, a wide range of ruthenium catalysts was developed and employed for 
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hydrogen production from several liquid hydrogen carriers based on hydrazine, 

aromatic alcohols, formaldehyde, and methanol, and with the help of extensive 

mechanistic investigations, the plausible role of the synthesized ruthenium catalysts 

in the hydrogen production process was deduced. Through this work, the role of 

ligand-to-metal interactions, metal-to-hydrogen carriers interactions, and the ligand-

to-hydrogen carriers interactions in the hydrogen production process was studied, 

and therefore it may also be useful to further design the new and efficient catalysts 

for such reactions. 

6.2. Future Scope 

The use of hydrogen as an energy carrier to produce clean fuel is the need of the hour 

for current society due to the depletion of fossil fuels and increasing pollution due to 

the burn of fossil fuels. Therefore, searching for new and efficient catalysts for 

hydrogen generation from various liquid hydrogen carriers is highly desirable. In the 

recent past, various researchers have extensively investigated the hydrogen 

production process by hydrocarbon reforming, water splitting, methanol-reforming 

and others over a wide range of efficient homogeneous and heterogeneous catalysts. 

However, still, efforts need to be made to achieve high productivity for the hydrogen 

production process at low temperature with high efficiency and robustness of the 

catalysts. Systematic studies in the area of heterogeneous catalysts for hydrogen 

production reactions can revolutionize the field in various aspects. Further using 

various supported heterogeneous catalysts with the high surface area can be explored 

to achieve better efficiency in for hydrogen production process. This will also 

prevent the leaching of the metal catalyst during the reaction and hence will increase 

the chances of the recovery of active catalysts. Despite rapid advancement in the 

field, the development of a robust catalytic system for hydrogen production is still 

the top-most requirement to escalate the laboratory scale results to an industrial scale. 

Analogously the development of homogeneous catalysts based on air-stable and 

inexpensive metals for the hydrogen production from various liquid hydrogen 

carriers is also underexplored.  

For instance, hydrazine dehydrogenation is very well explored over heterogeneous 

catalysts, whereas homogenous catalysts for the same are still only a few. Efforts 
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need to be made to develop homogeneous catalysts for low-temperature hydrogen 

production from hydrazine. Through, interaction of hydrazine with metal complexes 

have been studied in detail, but these results need to be explored with respect to the 

application of the same for hydrazine activation reaction. Through our work on 

arene-ruthenium complexes from hydrogen production from aromatic alcohols, we 

tried to provide an alternative process for low-temperature hydrogen production. 

However, there are still several challenges that need to be addressed such as using 

green solvents, less basic or without base, low-temperature, and use of non-noble 

base metals complexes. We also explored the formaldehyde dehydrogenation over 

in situ generated ruthenium complexes and achieved appreciably good TON and 

TOF at 90 °C. However, there are still a demand to search for an efficient and highly 

active catalytic system to produce hydrogen from formaldehyde solution at room 

temperature with high TON and TOF value under base free condition. Using 

methanol (12.5wt% of hydrogen content) as a hydrogen source has several 

advantages as compared to other liquid hydrogen carriers. We achieved good 

conversion of methanol to pure hydrogen at <150 ℃ by an in situ generated Ru 

nanoparticles-based catalyst under alkaline condition. However, efforts need to be 

made to develop catalysts that can work efficiently even at low temperature for 

hydrogen production from methanol. Further efforts can be towards stabilizing active 

metal nanoparticle catalyst over the support material, which may result in enhancing 

the catalytic activity to achieve high productivity for hydrogen production from 

methanol. 

Hence, lots needs to be done to realize the hydrogen economy, where the role of the 

catalysts is crucial to achieve high productivity for hydrogen generation from a wide 

range of promising liquid hydrogen carriers. 
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