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Abstract 

The contents of the present thesis entitled “Catalytic Transformation of Alcohols for the 

Production of Hydrogen, Fuels and Specialty Chemicals Using Pincer-Ruthenium and 

Pincer-Nickel Complexes” have been divided into four chapters based on the results achieved 

from the experimental work carried out during the entire course of the PhD research program. 

Chapter I provides a concise overview of the literature regarding pincer-metal complexes and 

organic transformations facilitated by them. The transformation of alcohols and their tandem 

reactions using transition metal complexes is also discussed. The chapter concludes by 

outlining and defining the scope of the current thesis. 

Chapter II describes the synthesis of pincer-ruthenium complexes based on 

bis(imino)pyridine ligands of the type (R2NNN)RuCl2(CH3CN). These complexes, in addition 

to their analogous phosphine and carbonyl complexes were studied for the reforming of 

methanol in presence of water and base. Among the complexes screened, 

(Cy2NNN)RuCl2(PPh3) (0.2 mol%) gave the best yield of formic acid (81%) and hydrogen (81% 

) with 100% selectivity for a 2:1 mixture of methanol and water at 100 °C. Further, for a 3:1 

mixture of methanol and water, 84% H2 with 81% formic acid at 95% selectivity were obtained 

at 0.8 mol% catalyst loading. The kinetic isotope effect studies resulted in an average value of 

1.96, when CH3OH was replaced with CD3OD in the reaction. A combined kinetic and DFT 

(vide infra) analysis indicated that the methanol C‒H bond activation occurs as a part of the 

mechanism and is not a part of the RDS, while the O-H bond activation is the RDS and 

contributes majorly to the observed average kH/kD value of 1.96. These results are well 

complimented by the DFT studies, which point towards the involvement of σ-bond metathesis 

leading to the generation of first hydrogen molecule as the rate determining step for the both 

the cycles i.e till formic acid and till CO2. The cycle leading to the formation of formic acid is 

kinetically more favored by 4.54 kcal/mol as compared to the CO2 formation cycle. The 

homogeneity of the reaction is proved by the kinetic studies, where rate of the reaction is first-

order relative to both catalyst and methanol. The current reaction has also been extended 

towards to the generation of D2, which has been further employed for the deuteration of 

unsaturated compounds such as styrene, stilbene and medicinally important quinolines. 

Chapter III investigates the catalytic aqueous–phase reforming of ethanol employing a series 

of NNN pincer–ruthenium complexes based on bis(imino)pyridine and 2,6–bis(benzimidazole-

2-yl) ligands. These ruthenium complexes have been studied for H2 production from ethanol 

TH-3585_186122045



 

xii 
 

in water in the presence of base at 120 °C. Among the complexes considered, the best results 

were obtained using (Cy2NNN)RuCl2(PPh3), which gave a yield of up to 70% of H2 and 73% of 

acetic acid from a mixture of ethanol and water in a 2:1 ratio in the presence of 1.5 equivalents 

of KOtBu at 0.2 mol % of catalyst loading. Labelling studies provide key evidence for the 

involvement of C–H activation in the catalytic ethanol reforming reaction with an average KIE 

of 5.23. Kinetic studies have been performed which indicate the first order rate dependence on 

concentration of both pincer-ruthenium catalyst and ethanol, which also validates the 

homogeneity of the reaction. The HRMS and NMR studies provide conclusive evidence for 

the release of PPh3 and generation of (Cy2NNN)RuCl(H) species which plays a key role in 

catalytic aqueous ethanol reforming reaction. The Ru–H species involved in the catalytic cycle 

has also been detected as its phosphine adduct by NMR studies. The computational studies are 

in agreement with the control experiments, and it indicates that the σ-bond metathesis step 

resulting in the release of first molecule of H2, is the rate–determining step (RDS). 

Chapter IV deals with the synthesis of a series of novel NNN pincer-Ni(II) complexes based 

on bis(imino)pyridine ligands ((R2NNN)NiCl2(CH3CN); R = iPr, tBu, Cy, Ph and p-F-C6H4). 

These complexes have been well characterized and effectively used for the catalytic β ̶ 

alkylation of various secondary alcohols with primary alcohols, achieving high yields and 

remarkable turnover numbers. Among all the complexes studied, very high TONs (up to 18400) 

have been observed for the reaction of benzyl alcohol with 1-(4-trifluoromethyl)phenyl)ethane-

1-ol in the presence of 0.005 mol% of (Ph2NNN)NiCl2(CH3CN) and 5 mol% NaOtBu at 140 °C 

after 24 h. The kinetic studies point towards the aldol condensation being the rate determining 

step, with the overall reaction showing zero-order dependence of rate on the catalyst 

concentration and first-order dependence of rate on the concentration of base and substrates. 

The control experiments and HRMS studies are in accordance with the proposed mechanism 

which point towards the involvement of hydrogenolysis/alcoholysis pathway in the product 

formation step.  

The current thesis describes the synthesis of novel pincer-ruthenium and pincer-nickel 

complexes based on bis(imino)pyridine ligands. These novel pincer-ligated ruthenium 

complexes along with the earlier reported pincer-Ru(II) complexes have been employed for the 

reforming of alcohols to generate hydrogen and industrially valuable chemicals. Further, the 

transformation of alcohols to higher alcohols via pincer-Ni(II) catalyzed β ̶ alkylation of 

secondary alcohols with primary alcohols has been demonstrated. 
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1.1 Organometallic complexes 

Organometallic complexes play a pivotal role in catalyzing plethora of organic reactions which 

are otherwise hard to complete.1 An organometallic compound contains at least one metal-

carbon bond/ metal-hydrogen/phosphorus bond in its moiety.1 William Zeise synthesized one 

of the first organometallic compounds in 1827, which was Pt(II) based system named as Zeise’s 

salt K[(η-C2H4)PtCl3].
2 Some of the early organometallic compounds that have been utilized 

on a large scale include tetraethyllead and Grignard reagent. In 1899, Victor Grignard reported 

the synthesis of Grignard reagent (RMgX) starting from magnesium and organic halides (RX; 

R = alkyl and X = halogen), which probably has been the most widely used organometallic 

reagent during the past century.3 Over the past few decades, numerous organometallic 

complexes have been extensively applied towards industrial applications for the manufacturing 

of value-added chemicals.1 In 1963, Ziegler4 and Natta5 were awarded the Nobel Prize for their 

discovery of catalytic system based on early transition metals such as Ti, Zr or Hf along with 

organoaluminium compounds and their application towards the polymerization of α-olefins 

with high regio- and stereo-selectivity. Later, in 2001 W. S Knowles, R. Noyori and Karl Barry 

Sharpless received the Nobel Prize in chemistry for their work based on transition metal 

catalyzed asymmetric hydrogenation.6 This was followed by another Nobel Prize in 2005, 

which was awarded to Rober  H. Grubbs, Yves Chauvin and, Richard R. Schrock for their 

breakthrough research in metal catalyzed alkene metathesis.7 In 2010, Richard F. Heck, Ei-ichi 

Negishi and, Akira Suzuki won the Nobel Prize for palladium catalyzed cross-coupling 

reactions.8 

The transition metals have incomplete d-orbitals, and therefore have a tendency to bind to 

various ligands to achieve stability. In organometallic complexes, ligands donate electrons to 

the metal centre and help them in achieving the stable 18-electron configuration.1 Based on the 

number of donor sites present on the ligands, they can be classified as monodentate, bidentate, 

tridentate and so on. In the context of organometallic catalysis, multiple factors contribute 

towards the efficiency of a catalyst such as its thermal stability, number of vacant sites present 

of metal centre and its oxidattion state. Typically, multidentate ligand systems provide greater 

stability as compared to monodentate ones, but lesser catalytic activity.1 Therefore, systematic 

tuning from monodentate system to polydentate is essential to obtain a balance between 

stability and catalytic efficiency of organometallic complexes. However, it has been observed 

that tridentate pincer ligands form complexes with optimal reactivity and stability.9 
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1.2 Pincer complexes 

The initial organometallic complexes containing tridentate ligands adopting a meridional 

geometry were demonstrated in the late 1970s by Moulton and Shaw,10 and the term “pincer” 

was coined by van Koten in 1989.11, 12 The term “pincer” initially referred to tridentate ligands 

with a central anionic carbon and two flanking donor units having meridional geometry on 

binding to the metal center.12 Since then, the definition of pincer has greatly broadened and 

now it generally refers to any three-coordinate ligand bound to metal centre in a meridional 

fashion. The formation of two five-membered metallocyclic rings occurs upon complexation 

of the pincer ligand to the metal centre.13 The general depiction of a typical pincer-metal 

complex is shown in Figure 1.10, and among the three donor atoms , two (Y) are trans to each 

other and a central donor atom (Z) is cis to both.13   

 

Figure 1.10. Schematic representation of a pincer metal complex showing variable 

parameters.13 

The synthesis of first pincer complex was reported by Moulton and Shaw in 1976, in which the 

treatment of bisphosphine ligand (tBu4PCP) with metal salts resulted in C-H activation of the 

central carbon of the ligand.10 For close to five decades now, the pincer chemistry has made 

steady progress and in the past 15 years, pincer based metal complexes have gained 

significance in the field of homogeneous catalysis owing to their high thermal stability and 

versatility, arising from the rigidity of the pincer framework.9, 14-18 Pincer-metal complexes find 

wide applications in plethora of catalytic reactions, which have also been extended to 

heterogeneous versions.19 The chemistry of pincer-metal complexes based on Ir,18, 20 Pd,21 Ru,22 

Fe,23 Ni,17 Co14, 24 and Mn23, 24 have been covered in several review articles. 

1.3 Catalytic applications of pincer-metal complexes 

In the last two decades, pincer-ligated metal complexes have been highly employed for a 

variety of organic reactions having both industrial and social applications. They exhibit 

excellent activity towards numerous reactions such as alkane dehydrogenation,15 C-C/C-N 
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cross coupling reaction,17, 25 hydrogenation of carbon dioxide,26, 27 nitrile,26, 27 olefins26, 27 and 

alkynes26, 27 and dehydrogenation of alcohols.28, 29 In the context of current thesis, the 

transformation of alcohols leading to hydrogen and value-added chemicals employing 

homogeneous systems (mainly pincer-metal complexes) has been discussed. 

1.3.1 Dehydrogenation of alcohols and their tandem reactions 

Alcohols are abundant and significant feedstock for organic synthesis. They are cheap, have 

low toxicity, and readily available.30 They are present in a great number of renewable 

feedstocks (eg. lignocellulosic biomass and carbohydrates)31 and apart from that they can be 

readily synthesized via reliable methods.30 While for the dehydrogenation of alcohols with high 

hydrogen content, the generation of H2 is the target,29 for higher alcohols (with low H2 wt%), 

dehydrogenation of alcohols leads to reactive carbonyl species32 and their further 

functionalization represents a convenient strategy for the clean synthesis of fine chemicals such 

as esters, higher alcohols, carboxylic acids, amines, imines and others.33  

The dehydrogenation of alcohol resulting in extrusion of hydrogen atoms in the form of 

molecular hydrogen has a high energy barrier and therefore a catalyst is required to accelerate 

the rate of this reaction.34 For example, the sequential conversion of methanol to formaldehyde 

and further to CO has a rate determining barrier of 94.5 kJ/mol.34 An alternate route with a 

lower barrier can only be encountered in the presence of a catalyst. 

1.3.1.1 Acceptorless dehydrogenation of alcohols 

The first report based on pincer-ruthenium catalyzed acceptorless dehydrogenation of alcohols 

was published in 2004 by Milstein and co-workers,35 where they introduced electron-rich and 

bulky ruthenium PNP complex 1.12. They were able to obtain up to 91% yield of corresponding 

ketones starting from secondary alcohols in the presence of 0.4 mol% 1.12 and sodium 

isopropoxide (1 equivalent relative to 1.12) in dioxane at 100 °C after 70 h.35 Following the 

pioneering work by Milstein, several homogeneous complexes were described for catalytic 

acceptorless dehydrogenation of alcohols, with major reports being reported with pincer-Ru 

complexes (Figure 1.11).36 In 2017, Sun designed the PNN-ruthenium complex 1.13 (Figure 

1.11), which was able to effectively catalyze the dehydrogenation of secondary alcohols to 

ketones under low catalyst loading (0.0125‒0.025 mol%) and 1 equivalent of KOtBu, resulting 

in very high TONs (up to 8000) and 100% conversion.37 Later, Yu and co-workers reported the 

acceptorless dehydrogenation of secondary alcohols employing a NNC pincer Ru(II) hydride  
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Figure 1.11. Homogeneous catalysts including pincer-based metal complexes reported for the 

acceptorless dehydrogenation of alcohols to ketones.36 

complex (1.15) (Figure 1.11) at 0.5 mol% catalyst loading without any base additive.38 The 

complex 1.15 exhibited vast substrate scope and up to 99% yields of the corresponding ketone 

was obtained in the presence of 0.5 mol% 1.15 in toluene as solvent at 110 °C after 24 h. 

Since the initial studies on alcohol dehydrogenation reaction were reported with noble metals, 

the catalysts with earth-abundant metals such as manganese,24 iron,39 cobalt24 and nickel17 have 

recently been described for the dehydrogenation of alcohols.32 In 2014, Jones and Schneider 

reported the catalytic acceptorless dehydrogenation of alcohols using well-defined iron-

complex chelated aliphatic PNP pincer ligand 1.16 based on metal-ligand cooperativity 

mechanism.40 This was the first report based on homogeneous iron-based system and in 
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presence of low catalyst loading (0.1‒1 mol%), secondary alcohols underwent transformation 

to corresponding ketones. In the presence of 1 mol% of 1.16 and toluene as solvent, up to 94% 

yield of the desired product was observed after 12 h under reflux conditions.40 Recently, Sortais 

and co-workers utilized the air stable PN3P Mn carbonyl complex 1.17 for the dehydrogenation 

of secondary alcohols to ketones, where they observed very low TON (up to 18) and the 

reaction was completely reversible (Figure 1.11).41 In the presence of 5 mol% 1.17 and 10 

mol% KOtBu, 84% yield of acetophenone was obtained after 22 h at 110 °C. 

A large library of pincer-metal catalyzed acceptorless dehydrogenation reactions of alcohols 

have been reported and well-reviewed in the past.32, 36b In this section, selected examples of 

pincer-metal complexes comprising of noble and earth-abundant metals have been discussed. 

The acceptorless dehydrogenation of alcohols to corresponding aldehyde and ketones is a green 

process, as it is atom economical and eliminates the use of toxic oxidants.36b These valuable 

aldehydes and ketones can be subsequently used as building blocks for the production of 

various value-added chemicals28, 42 which is discussed in the sections below. 

1.3.1.2 N-Alkylation of alcohols 

In the past few decades, the hydrogen borrowing strategy or hydrogen auto-transfer method 

has been successfully described to afford new C-X bonds starting from alcohols, producing 

water as sole by-product.42 The selective N-alkylation of primary amines using alcohols via 

hydrogen borrowing strategy is recognized as an effective strategy to access secondary 

amines.43 This strategy of shuttling hydrogen between substrates without the need of external 

hydrogen, provides a practical approach towards the synthesis of valuable organic frameworks 

in chemical industries.43 Along with the hydrogen, this process generates more reactive 

aldehyde/ketone from alcohol, which undergoes condensation with electron-rich coupling 

partners such as amines or carbonyl compounds to afford C-N and C-C double bonds, which 

are further reduced with the evolved hydrogen in the presence of catalyst (Scheme 1.10).44  

The N-alkylation of amines was initially demonstrated by Watanabe45 and Grigg46, and since 

then tremendous progress has been made in this field mainly using precious metal catalysts 

(Figure 1.12) based on Ru22, 42, 43 and Ir.20, 33, 42, 43 In the context of pincer complexes mediated 

N-alkylation reactions, Kundu and co-workers demonstrated the catalytic activity of pincer 

ruthenium complex 1.20 (Figure 1.12) towards the alkylation of aniline with benzyl alcohol 

under inert atmosphere.47 The use of 0.2 mol% 1.20 along with 25 mol% KOtBu in the presence  
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Scheme 1.10. General scheme for hydrogen borrowing methodology.  

of dioxane as solvent, resulted in 98% conversion of benzyl alcohol after 12 h at 110 °C. This 

protocol was further extended to the N-methylation of several amines using methanol as 

methylating agent, where up to 86% yield of the desired product was obtained.47 Later in 2019, 

Kumar and co-workers employed NNN pincer ligated ruthenium complex 1.21 (Figure 1.12) 

for the alkylation of amines with alcohols under inert conditions.48 The reaction was carried 

out in the presence of sodium, which generated sodium-alkoxide in-situ thereby making the 

process atom-economical. N-Benzylaniline was synthesized with 57% yield (TON 2850) at 

140 °C in 20 h under solvent-free conditions employing 0.02 mol% of 1.21 and 0.75 

equivalents of sodium. The authors reported very high TONs (up to 29000) for the alkylation 

of aniline with cyclohexyl methanol, when 0.002 mol% of catalyst loading was used. The work 

was also extended to N-methylation of anilines and excellent turnovers (12000 TONs) were 

obtained under similar conditions with 1 equivalent of sodium.48  

The use of environmentally benign, less-toxic, cheap and earth-abundant 3d transition metals 

instead of precious metals towards the N-alkylation of alcohols poses a significant challenge 

and is one of the emerging areas of present research.44, 49, 50 Recently, base metal mediated 

alkylation of alcohols with amines employing Ni,17 Co,14 Mn,24 Fe39 and Cr51 has been reported 

where the authors have obtained comparable yields under similar conditions as used in case of 

precious metals (Figure 1.12).49 In 2020, Kempe reported the first chromium catalyzed 

amination of alcohols, which was able to effectively catalyze alkylation of several amines with 
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Figure 1.12. Representative examples of catalytic N-alkylation of amines with primary 

alcohols employing homogeneous complexes including pincer-metal complexes.43, 49   

alcohols containing electron withdrawing and electron donating groups.51 The N-alkylated 

amines were obtained in good to excellent yields (up to 94%) in presence of 1.23 (3 mol%) and 

0.5 equivalents KOtBu in polar dioxane solvent at 150 °C in 18 h under N2 (Figure 1.12).51 In 

2018, Kempe employed pincer ligated PNP-Mn complex 1.24 similar to 1.17 (Figure 1.12), for 

the synthesis of secondary amines (up to 97% yield) starting from primary amines with plethora 

of substituted alcohols in presence of one equivalent of KOtBu in polar solvent THF at 80 °C 

under 3 mol% catalyst loading.52 Recently, nickel based methodologies have gained special 

attention as sustainable alternatives to the noble metal-based complexes owing to the higher 
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abundance of nickel and its inexpensive nature.17, 53 However, due to strong bonding and 

thereby poor leaving group ability of alcohols poses a prime challenge for their transformation 

catalyzed by a nickel center.54 In 2020, Kumar and co-workers described solvent-free N-

alkylation of aniline derivatives with primary alcohols in addition to synthesizing a variety of 

benzimidazoles via hydrogen-borrowing strategy.55 The pincer-nickel complex 1.25 (Figure 

1.12) resulted in moderate to good yields (up to 90%) of the secondary amines under very low 

catalyst loading (0.002‒0.02 mol%) in presence of 0.75 equivalents of NaOtBu. The highest 

yield (up to 90%) was observed for the amination of napthyl-1-methanol with 2-aminopyridine 

and very high turnovers (up to 34000) were observed in case of alkylation of 2-aminopyridine 

with 4-methoxybenzyl alcohol.55 In the following year, Ghosh and co-workers synthesized 

pincer Co(II) complex 1.26 (Figure 1.12) and successfully applied it for the C-N bond 

formation towards the synthesis of N-alkylated amines (up to 85% yield).56 The reaction was 

carried out using 4 mol% 1.26, 0.5 equivalents KOtBu at 110 °C after 24 h under argon 

atmosphere.56 Recently, Mani synthesized four and five coordinated Ni(II) pincer complexes 

and among them 1.27 (2.5 mol%) exhibited excellent catalytic activity for the N-alkylation of 

aromatic amines in presence of 0.8 equivalents of KOtBu at 140 °C in 24 h under nitrogen 

atmosphere.57  

The N-alkylation of amines is currently an emerging research area and it is one of the most 

efficient protocols to generate secondary amines.43 These compounds have remarkable 

significance in terms of applications in biological and pharmaceutical industries.36c In this 

regard, pincer-metal complexes have been at forefront in catalyzing such transformations and 

few of them have been discussed above as covering all of the reports is out of the scope of this 

chapter. Pincer-metal catalyzed transformation of alcohols and primary amines to secondary 

amines has been well-reviewed in past42, 44, 50 and the current focus has shifted to employing 

pincer based 3d metals for N-alkylation of alcohols, and many reports have been published for 

the same.44, 45    

1.3.1.3 Catalytic β−Alkylation of secondary alcohols with primary alcohols 

Several research groups world-wide used the hydrogen borrowing technique to work on C-

alkylation processes concurrently with research on N-alkylation.28, 30 As with N-alkylation, C-

alkylation also follows a similar pathway involving sequence of dehydrogenation, 

condensation and hydrogenation reactions, mediated by a transition metal complex.42 In 
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comparison to the conventional alkylation of stoichiometrically synthesized enolates using 

alkyl halides, this process seems more appealing owing to the stability and easy availability of 

alcohol substrates and water is generated as the sole by-product (Scheme 1.11).42 

 

Scheme 1.11. General scheme for the transition metal catalyzed -alkylation of secondary 

alcohols with primary alcohols also called as Guerbet reaction.  

There have been a plethora of reports for the catalytic -alkylation of secondary alcohols with 

primary alcohols, based on transition metal complexes having Ir,58-67 Rh,68 Ru,25 Mn,24, 49 Co,24 

Ni,17, 49 and Cu49 as metal center. In this regard, pincer ligated metal complexes have been at 

the forefront in the cross-coupling of alcohols resulting in -alkylated alcohols with high yields 

and selectivity (Figures 1.13-1.14).14, 17, 25 In 2008, Crabtree reported -alkylation of 2° 

alcohols with 1° alcohols based on terpy pincer-ruthenium and pincer-iridium catalyst 1.29a-b 

(Figure 1.13).66 The use of 1 equivalent KOH along with 1 mol% 1.29a resulted in 65% yield 

of 1.28 with 100% selectivity, whereas under similar conditions and lower loading of base (20 

mol%), 1.29b afforded 95% yield of the -alkylated product with 93% selectivity.66 In 2016, 

Yu and co- workers studied the -alkylation of secondary alcohols with primary alcohols and 

achieved up to 91% yield of 1.28 using pincer-Ru(III) complex 1.30 (Figure 1.13).69 They also 

further extended the current protocol towards the alkylation of cyclopentanol with benzyl 

alcohol to afford dialkylated secondary alcohols. Later, Kundu and co-workers synthesized a 

series of pincer-ruthenium catalysts and utilized them towards the -alkylation of secondary 

alcohols with primary alcohols.70 They observed that upon significantly decreasing the catalyst 

loading, the NHC ligand-based NNC pincer-ruthenium complex 1.31  (Figure 1.13) resulted in 

very high turnover of 288000 for the C-alkylation reaction under solvent-free conditions.70 

Moreover, the complex 1.31 exhibited a vast substrate scope (including aromatic, aliphatic and 

heterocyclic alcohols). On the similar lines, they discussed the role of metal-ligand 

cooperativity in the bifunctional pincer-ruthenium complex 1.20  (Figure 1.13), which was able 

to effectively bring about the -alkylation of numerous secondary alcohols with very high 

selectivity and turnovers (up to 31500) in the presence of 0.5 equivalents NaOH in refluxing 

toluene after 1.5 h of the reaction.71 In 2020, Kumar and co-workers studied the -alkylation 

of 1-phenyl ethanol alcohol with benzyl alcohol employing phosphine-free NNN pincer-
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ruthenium carbonyl complex 1.32  (Figure 1.13) based on bis(imino)pyridine ligand.72a At a 

loading of 0.00025 mol%, highest TON of 372000 was achieved with the complex 1.32 under 

solvent free conditions in presence of very low loading of NaOH (2.5 mol%). Recently, Bera 

described the catalytic -alkylation of secondary alcohols with primary alcohols using Ir(III)-

NHC complex (1.33) (Figure 1.13) along with potassium hydroxide as base.72b The complex 

1.33 achieved exceptional activity due to the presence of pyripyridyl(benzamide)-

functionalized NHC backbone in which dearomatization/aromatization of pyridine backbone 

occurs during the course of reaction. The catalytic systems exhibits a broad range of substrate 

scope under low base (10 mol%) and catalyst loading (0.05 mol%) in a short span of time i.e 

30 min.72b They also extended the current protocol for the α-alkylation of ketones employing 

primary alcohols in addition to the synthesis of quinoline and lactone derivatives.72b In the same 

year, Ghosh and co-workers synthesized an amido-functionalized ruthenium carbene complex 

1.34 (Figure 1.13) and studied it for the cross-coupling of variety of secondary and primary 

alcohols, where they obtained moderate to good yields (ca. 63‒89%)of the -alkylated 

product.72c  

Although, there have been exemplary cases where the -alkylation of secondary alcohols with 

primary alcohols has been efficiently catalyzed by noble metal based pincer complexes,25 but 

current focus has shifted to employ easily available, less toxic and highly abundant 3d-metal 

based complexes.25 In this context, homogeneous systems mainly comprising of pincer-ligated 

complexes based on Cr,73 Mn,24 Ni,17 Co14 and Zn74 have been reported for such reactions 

(Figure 1.14). In 2017, Kempe and co-workers were the first to report the Co-catalyzed -

alkylation of alcohols using a PN5P pincer-Co complex 1.35 (5 mol %) (Figure 1.14) in the 

presence of 1.1 equiv of KHMDS (potassium hexamethyldisilazane) to get up to 80% yield of 

the -alkylated product.75 The catalyst system was applicable to a broad range of substrates 

and was driven by hydrogen-borrowing strategy. Yu and co-workers were the first to report 

Mn-catalyzed -alkylation reaction, where they synthesized a panel of phosphine-free Mn(I) 

complexes bearing a pyridyl-supported pyrazolyl-imidazolyl ligand.76 Among the complexes 

screened, 1.36 (Figure 1.14) was found to be the most efficient towards the -alkylation 

reaction. It was then employed towards the alkylation of various secondary alcohols with 

primary alcohols (43 examples) and up to 93% yield of the -alkylated product was obtained 

using 2.1 mol% of catalyst loading in presence of KOtBu (30 mol%) at 110 °C with water as 

the sole by product. This protocol was further extended for one pot synthesis of flavan 
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derivatives from simple alcohols and for -alkylation of cholesterol and its derivatives.76 Later 

in 2019, Rueping and coworkers reported a novel Mn(I) complex (1.37) bearing a PNN pincer 

ligand (Figure 1.14) and employed it for the -alkylation of secondary alcohols by primary 

alcohols via double hydrogen auto-transfer.77 They obtained up to 99% conversion using 1 

mol% of 1.37 in presence of KOtBu (25 mol%) at 135 °C and a broad range of substrates (29 

examples) were converted into higher-value alcohols in good yields.77  

In 2021, Ding reported a pincer-cobalt complex (0.7 mol %) supported by a iPrPPPNHPyMe 

terdentate ligand (1.38) (Figure 1.14) for the -alkylation of alcohols in up to 87% yield at 

110°C at a very high loading (110 mol %) of KOtBu.78 Later, Balaraman described the -

alkylation of alcohols utilizing NiBr2/TMEDA (1:1)  in the presence of 1 equivalent of KOH 

  

Figure 1.13. Representative examples of catalytic -alkylation of secondary alcohols with 

primary alcohols employing homogeneous systems majorly comprising of pincer complexes, 

based on precious metals.28 
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Figure 1.14. Representative 3d metal based homogeneous systems reported for catalytic -

alkylation of secondary alcohols with primary alcohols including pincer-metal complexes.28 
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at 130 °C using n-octane as solvent (Figure 1.14).79 The NiBr2/TMEDA (1:1) system tolerated 

a broad spectrum of substrates including aromatic, cyclic, acyclic, aliphatic alcohols and the 

protocol was extended towards the double alkylation of cyclopentanol with various alcohols. 

In the following years, Kumar and co-workers synthesized a series of NNN pincer complexes 

consisting of chromium,73 cobalt80 and manganese81 (1.39-1.41) (Figure 1.14) as central metal 

atom, for the catalytic -alkylation of secondary alcohols with primary alcohols.25 In 2022, 

Kumar reported the use of easily accessible CoCl2 (0.01 mol%) towards the -alkylation of 

alcohols affording high yields of 1.28 (up to 87%) and unprecedented turnovers (ca. 8700) in 

the presence of only 2.5 mol% of NaOtBu.82 Later, similar studies were performed with NNN 

pincer-cobalt complex 1.39 (Figure 1.14)80 and while CoCl2 at a 0.0025 mol% loading and 2.5 

mol % of NaOtBu at 140 °C resulted in 66% yield of 1.28 (26400 TON at 1100 TOF h-1) in the 

-alkylation of 1-phenyl ethanol with benzyl alcohol, its corresponding pincer complex 1.39 

(0.0025 mol%) was highly efficient (ca. 1.3-fold vs CoCl2) and afforded 85% yield of 1.28 (ca. 

34000 TON at 1417 TOF h-1) under similar conditions.80 In the same year, Kumar and co-

workers reported the first chromium catalyzed -alkylation of secondary alcohols with primary 

alcohols, wherein they utilized simple base metal salt CrCl3.6H2O and its corresponding NNN-

pincer complex 1.40 (Figure 1.14) for the cross-coupling of secondary alcohol with primary 

alcohol.73 This protocol afforded high yields of the -alkylated product 1.28 under both 

conventional and microwave conditions. At 0.005 mol% loading of 1.40 and 5 mol% of 

NaOtBu at 140 °C, 90% yield (180000 TON in 1.5 h at 12000 TOs/h) and 84% yield (16800 

TON in 3 h at 5600 TOs/h) of 1.40 was obtained under microwave heating and conventional 

heating respectively.73 In the case of CrCl3.6H2O under similar conditions, lower yields of 1.28 

were obtained under both microwave (ca. 76%) as well as conventional heating (ca. 79%73 

Later in 2023, they reported Mn(I) complex (1.41) (Figure 1.14) based on bis(imino)pyridine 

ligand for the catalytic C-alkylation reaction.81 The pincer-Mn(I) complex (1.41) displayed 

excellent activity (up to 92% yield) towards the catalytic -alkylation of secondary alcohols by 

primary alcohols (35 substrates) at 0.05 mol% catalyst loading in presence of 2.5 mol% of 

NaOtBu under both conventional (air, 140 °C, 12h) and microwave heating (75 W, 2h).81 

In conclusion, the catalytic -alkylation of secondary alcohols with primary alcohols is an 

important organic synthetic reaction as it results in higher alcohols which find extensive 

applications in fine chemical and biofuel industries.30b The use of pincer-metal complexes 

(mainly ruthenium) for such transformations, has been reported by several researchers, namely 
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Crabtree,66 Bera,72b Ghosh,72c Kundu,70 Balaraman,79 Kumar72a and many others. Over the past 

few years, many reviews have discussed the cross-coupling of alcohols utilizing pincer-metal 

complexes28, 30a, 32 and in the current section a few of those examples have been elaborated. 

Recently, pincer-ligated earth abundant metal systems for the catalytic -alkylation reactions 

have also gained attention and research in this area is still being explored.25, 44 The detailed 

discussion of the same is covered in Chapter-IV. 

1.3.1.4 Catalytic cross-coupling of alcohols to form α-alkylated and β-disubstituted 

ketones 

As discussed above, acceptorless dehydrogenative coupling of alcohols is one of the most 

prominent synthetic methodologies in contemporary chemistry.28 The hydrogen borrowing 

process involves the initial transition metal catalyzed dehydrogenation of alcohols to give the 

corresponding carbonyl compounds (Scheme 1.10).42 This is followed by the base mediated 

aldol reaction to give α,-alkylation ketones, which then undergo either partial hydrogenation 

to yield α-alkylated ketones (Scheme 1.12) or complete hydrogenation to afford -alkylated 

alcohols (Scheme 1.11).42 The cross-coupling of secondary alcohols follows similar process, 

resulting in β-disubstituted ketones. 

 

Scheme 1.12. General scheme for the transition metal catalyzed -alkylation of secondary 

alcohols with primary alcohols.  

In 2017, Achard reported the catalytic dehydrogenative cross-coupling of secondary alcohols 

with primary alcohols employing complex 1.42 (Figure 1.15) which resulted in selective 

synthesis of -alkylated ketone (via with the concomitant formation of trace amount of - 

alkylated alcohol.72d The complex was able to tolerate variety of substrates and afford moderate 

to good yields of the desired product with high selectivity.72d Later in 2019, Gunanathan and 

co-workers reported a Ru(II) catalyzed cross-coupling of two different secondary alcohols to 

β-disubstituted ketones using 1.43a (Figure 1.15). They employed Ru-MACHO (1 mol%) as 

catalyst for coupling of variety of cyclic and acyclic secondary alcohols with benzylic 

secondary alcohols to yield cross-coupled ketone products in 30‒90% yields.72e They extended 

the present protocol towards the self-coupling of secondary alcohols leading to the synthesis 
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Figure 1.15. Selected examples reported for the synthesis of α-alkylated or β-disubstituted 

ketones via cross-coupling of alcohols. 

of β-branched ketones.72f The complex 1.43a (Figure 1.15) along with NaOtBu was effective 

towards the facile conversion of numerous functionalized aryl methanols, heteroaryl 

methanols, and linear and branched aliphatic secondary alcohols, resulting in water and 

hydrogen as the only by-products.72f  

As discussed in previous and the current section, the acceptorless dehydrogenative coupling of 

alcohols is one of most prominent synthetic strategy towards the synthesis of ketones and 

alcohols.42 The selective synthesis of -alkylated and β-branched ketones is challenging and 

has been mainly described in past using homogeneous Ru(II) complexes comprising of mainly 

pincer complexes by the groups of Achard,72d Song,72g Gunanathan72f and others.28 As, 

discussing all the examples is not in the scope of current chapter, a few of the representative 

examples have been discussed above.  

1.3.2 Aqueous reforming of alcohols for the production of hydrogen 

The environmental concerns and depleting fossil fuels have forced the scientific community to 

focus significantly on developing more sustainable and eco-friendly protocols. The alternate 

sources of energy explored till date, like solar, wind, tidal, nuclear, and geothermal, suffer from 

numerous limitations.83 To eliminate the harmful effects of fossil fuel burning, focus has been 

shifted to hydrogen generation from waste as an immediate solution.84 Hydrogen is regarded 
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as a clean fuel and an efficient energy carrier (120 MJ/kg) that can be converted into electricity 

by utilising various fuel cell technologies, thereby generating a significant amount of energy 

per unit mass.85, 86 The use of hydrogen as a fuel has broadened the scope of energy sources, as 

it substantially reduces the emission of greenhouse gases and does not generate pollutants. 

Currently, the majority of H2 is produced commercially using four main sources: natural gas, 

coal, oil and electrolysis.87 As of 2022, fossil fuels are the major sources (ca. 95%) for the 

industrial-scale production of global hydrogen without carbon abatement.88 The past few 

decades have witnessed a plethora of reports on the production and utilization of H2 as a clean-

burning sustainable energy source with high energy content (120 MJ/kg).86, 89-91 Globally, the 

current emphasis is on sustainable hydrogen production from biomass11-12 or via 

thermochemical, photocatalytic, or electrolytic splitting of water92-94 using electricity from 

wind,95, 96 solar,95, 96 and geothermal energy.92, 94, 97-99 The noteworthy advancement in green 

hydrogen production is, to a large extent, is limited by its storage and transportation, which 

includes low volumetric energy density, safe handling, and the requirement for expensive 

cryogenic and high-pressure compression cylinders.100-103 

The storage of H2 in the chemical bonds of small organic molecules and the transportation of 

these liquid organic hydrogen carriers (LOHCs) prior to their on-site dehydrogenation to 

generate on-demand H2 while regenerating the LOHCs is an evolving and promising method 

in the quest for sustainable energy.104 This process is of great interest due to the abundance of 

H2-rich biomass feedstock. Moreover, the ability to produce H2 from renewable resources 

makes this process environmentally friendly. These carbon-based compounds offer great 

prospects for efficient and sustainable H2 production. In order to selectively generate H2 from 

these molecules, researchers are actively focusing on developing novel catalytic processes that 

can offer potential advantages in terms of scalability, cost-effectiveness and environmental 

impact. By exploring the potential of small organic molecules, researchers aim to reduce the 

challenges and expand the range of possibilities for a future powered by H2. In this regard, 

homogeneous catalysts, particularly those based on pincers, have proven to be efficient for 

catalyzing reactions involving release of H2.
105 

1.3.2.1 Aqueous reforming of (m)ethanol for the production of hydrogen 

In a broader concept of sustainable power management, the production of H2 from renewable 

resources continues to be a challenging issue.106 Alcohols are considered stable H2-rich 
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molecules, and a significant research effort has been made in particular to generate hydrogen 

using alcohols as starting materials.105 Since the storage of H2 in the form of gas or liquid is 

associated with several safety implications owing to its flammable nature, the production of 

‘‘on-demand’’ H2 by directly using liquid organic hydrogen carriers (LOHCs, which could 

either be industrial wastes such as glycerol or readily available biomass derived products such 

as ethanol) provides a potentially promising route for hydrogen generation with concomitant 

production of value-added chemicals.104 Among the plethora of catalysts that are at one’s 

disposal, homogeneous catalysts, especially those containing pincer ligands have been efficient 

in catalyzing reactions involving the release of hydrogen, such as the aqueous reforming of 

(m)ethanol (Figure 1.16).107 

In terms of alcohol reforming, methanol is seen as a viable option as it has a high gravimetric 

hydrogen capacity (12.6 wt%) and is therefore considered a promising candidate for H2 

generation.89 Methanol is of great importance because of its easy availability from biomass and 

industrial sources.108, 109 Depending on the circumstances of the reaction, dehydrogenation of 

methanol leads to the generation of different value-added products. Methanol can be 

dehydrogenated to CO and H2, but carbon monoxide is detrimental for fuel cell applications.110 

Since, aqueous methanol-reforming entails complete dehydrogenation of methanol into CO2 

and H2, it is an appealing method for storing hydrogen. Heterogeneous catalysts have been 

extensively used for methanol reforming and has been reviewed widely.111 

A pioneering report that emerged in 2013 by Beller describes the use of pincer–Ru complexes 

(1.43a-b) (Figure 1.16) based on the MACHO ligand to catalyze the transformation of an 

mixture into H2 and CO2 (or CO3
2‒).112 On optimizing the reaction conditions, it was observed 

that under similar reaction conditions, 1.43b (1.8 ppm, 0.008 mol%) shows better activity 

(16.6% yield of H2 at 2687 h-1) in comparison to 1.43a (8.23% yield of H2 at 1051 h-1) when 

employed in a 9 : 1 mixture of MeOH/H2O (v/v) in the presence of 8.0 M KOH (1.4 equivalents 

with respect to water) after 3 h at 91 °C.112 A remarkable activity was observed (up to 350000 

TONs with 27% yield of hydrogen) when the reaction was performed with 9:1 MeOH/H2O 

(v/v) under 0.008 mol% catalyst loading of 1.43b after 23 days.112 Later, Grutzmacher reported 

an anionic ruthenium complex [Ru(trop2dad)], trop2dad = 1,4-bis- (5H-

dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene, 1.45 (Figure 1.16) for the aqueous-

phase methanol reforming leading to 80% methanol conversion (84% H2 yield) using 0.5 mol% 

1.45 at 90 °C after 10 h.113 This reaction proceeded without the additional use of base, and the 
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H2/CO2 gas mixture evolved was able to power an H2/O2 fuel cell.113 Other significant pincer-

ruthenium complexes 

 

Figure 1.16. Selected examples (including pincer-metal systems) reported for the 

homogeneous catalytic aqueous methanol reforming.105  

reported for this reaction include those by Beller, where he employed pincer–Ru-based catalyst, 

Ru-MACHO-BH, 1.46 (Figure 1.16), for base-free dehydrogenation of methanol.114 The 

complex 1.46 (0.009 mol%) in combination with Ru(H)2(dppe)2 (0.009 mol%) afforded a total 

TON of >4200 (26% yield of H2 relative to H2O) under base free conditions at 93.5 °C after 10 

h for a 9:1 MeOH/H2O (v/v) mixture with only a trace amount of CO being formed (< 8 
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ppm).114 In the same year, Milstein and co-workers reported the first example of a reusable 

homogeneous pincer Ru-PNN complex 1.47 (Figure 1.16) for aqueous reforming of methanol 

to H2 and CO2 (absorbed by base) at 100 °C without any requirement for catalyst isolation and 

purification.115 The reforming of methanol in presence of 0.025 mol% of 1.47 and 2 equivalents 

of KOH, resulted in 77% yield of H2 after 7 days. Moreover, when the organic layer of the 

reaction mixture was collected separately and reused directly, without using a catalyst and 

toluene, 82% yield of hydrogen was produced after nine days.115 Thus, the catalyst was found 

to be reusable after several days of the reaction, and no loss in the activity of the catalyst was 

observed.  

This was followed was several reports by Singh,116 Qin and Zheng117 and others, where 

homogeneous ruthenium complexes were employed for the catalytic reforming of methanol. In 

2021, Milstein and co-workers described an acridine based pincer–ruthenium complex 1.48 

(Figure 1.16) for the base-free methanol reforming reaction without utilizing additional 

solvents.118 For a 9 : 1 MeOH/H2O mixture, 96% yield of H2 was obtained after heating the 

reaction mixture for more than 3 weeks in presence of 0.0056 mol% of 1.48 and an equivalent 

amount of hexanethiol, indicating the robustness and durability of the system.118 

In the context of non-ruthenium based complexes, there are several complexes based on Ir, 

pincer complexes of Fe and Mn that were also reported (Figure 1.16).105 In 2015, Crabtree 

reported an air- stable bis(N-heterocyclic carbene)-based iridium complex 1.49 (0.004 mol%) 

for the acceptorless dehydrogenation of methanol at 91 °C under basic conditions (6.7 M KOH, 

0.3 equivalents relative to water) to produce hydrogen along with formic acid (81% yield at 

3612 TONs) after 24 h.119  

Despite the fact that the precious metals have been mainly studied for methanol reforming 

reaction, few examples have been reported by the groups of Hazari and Beller where they have 

utilized pincer-iron (1.50) and pincer-manganese (1.51) complexes based on MACHO ligand 

(Figure 1.16) for these reactions.120-122 In case of the former, at 0.01 mol% catalyst loading in 

combination with 10 mol% LiBF4, methyl formate and H2 (ca. 99% yield and 20000 TON) 

were observed after heating for 4.4 h under reflux conditions.121 On the other hand, 0.002 mol% 

of PNP pincer-based Mn catalyst 1.51 (Figure 1.16)122 gave up to 7% yield of H2 (up to 20000 

TONs) in the presence of 10 equivalents of PNPiPr ligand and 1.4 equivalents of KOH after 1 

month of prolonged reaction time for a 9 : 1 (v/v) (20 mL) mixture of methanol/water at 92 

°C.122 
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Like methanol, bioethanol has gained attention as a promising hydrogen carrier owing to its 

relatively high hydrogen output (13 wt%).123-126 It is generated on a large industrial scale via 

fermentation of biomass.127 It is low-cost, readily available and has low toxicity.128 The 

synthesis of acetic acid along with hydrogen via reforming of aqueous ethanol would have a 

large impact on industrial organic chemistry.129 The transformation of ethanol to acetic acid has 

been extensively reported with heterogeneous based systems.130, 131 The major drawback of 

heterogenous systems is their poor selectivity towards acetic acid and requirement of very high 

temperature (up to 350 °C). 

 

Figure 1.17. Homogeneous catalysts reported for the aqueous ethanol reforming reaction.105 

In the context of homogeneous based systems, ruthenium-based complexes have been mainly 

demonstrated for the aqueous ethanol reforming reaction resulting in acetic acid and hydrogen 

(Figure 1.17), with only one report with pincer-based system.129, 132-134 The first report on 

catalytic ethanol reforming reaction employing a homogeneous system was published in 2014 

(Figure 1.17). Here, Beller and co-workers studied several Ru and Ir-based complexes for the 

homogeneous catalytic conversion of bioethanol to yield acetic acid and hydrogen.133 Notably, 

the pincer-ruthenium complex 1.43b (Figure 1.17), earlier reported for methanol reforming,112 

was chosen as the optimized catalyst, owing to its high stability and its ability to form a free 

coordination site in the presence of a base.133 Under the optimized conditions, a 5 : 5 

EtOH/water mixture (v/v) led to 70% conversion of ethanol to acetic acid within 20 h at 90 °C. 

The analysis of the gas produced from the reaction showed the presence of very tiny amounts 
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of CO2 and CO (below 10 ppm). In 2018, Fujita and coworkers reported an efficient 

bipyridonate ligated Ir complex 1.53 (Figure 1.17) for production of acetic acid with high yields 

from ethanol‒water solution.135 In the presence of 0.25 mol% 1.53 and 1.2 equivalents of 

NaOH, 99% yield of acetic acid and 95% yield of H2 was observed after 18 h. In 2022, Zheng 

utilized an Ru-alkylidene complex 1.54 (0.0008 mol%) in the presence of 0.9 equivalents of 

KOH in a 1.2 : 1 EtOH: H2O mixture, where they got up to 47295 TON (15.5% conversion of 

ethanol) and 19% yield of H2 after five days at 100 °C (Figure 1.17).134 

The reforming of alcohols, mainly methanol and ethanol using pincer-metal complexes 

continues to be the current favorite of the researchers and has gained significant attention over 

the past few years.104, 105, 107 The production of clean-burning hydrogen under mild conditions 

using homogneous pincer complexes has a clear advantage over the traditional approach where 

harsh conditions are required with heterogeneous systems.111 Apart from the selected examples 

discussed in this section, a detailed review of the previously reported catalytic systems for the 

reforming of methanol and ethanol has been covered in chapter II and III respectively. 

1.3.3 Production of hydrogen from ethylene glycol 

Ethylene glycol (EG) is the simplest and the most abundant vicinal diol, having high hydrogen 

storage capacity (6.5 wt%).136 The liberation of H2 from ethylene glycol, has gained a lot of 

interest recently as a potential candidate for sustainable energy and has been studied using both 

heterogeneous137 and homogeneous29 catalysts.  

Homogeneous reforming of ethylene glycol for the production of hydrogen was first described 

by Cole-Hamilton and the group in 1988.138 A variety of alcoholic substrates were tested using 

[RuH2(N2)(PPh3)3] as a catalyst in presence of NaOH, and rates of hydrogen production 

(catalyst turnover h-1) were reported. The rate was found to be considerably higher on 

employing Ru based catalyst for ethylene glycol (515.9 h-1), and illumination aided the rate of 

hydrogen production still further (1185.3 h-1).138 From the point-of-view of pincer-metal 

complexes, Beller and co-workers in 2015 employed a pincer Ru-PNP catalyst, 1.43a (Figure 

1.18) for hydrogen production from ethylene glycol in diglyme at 125 °C and unprecedented 

catalytic activity was achieved (64,459 h-1 after 1 hour, yield of H2 = 2.5% and 59,253 h-1 after 

2 hours, yield of H2 = 4.5 %) using less than 0.38 ppm (0.000038 mol%) of 1.43a in presence 

of 0.16 equivalents of KOH (relative to ethylene glycol).139 Although the glycolic acid 

generation was not confirmed, the developed protocol was found to be improved by about 54 
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times in terms of hydrogen generation with that reported by Cole-Hamilton’s group (TOF 

1185.3 h-1 after 2h).139  

Very recently, Milstein and co-workers reported PNN pincer‒Ru based aqueous reforming of 

ethylene glycol to glycolic acid and hydrogen gas with no CO2 or CO emissions under milder 

reaction conditions.140a The reforming process resulted in a 91% yield of glycolic acid (TON = 

182) with the evolution of 223 mL of pure hydrogen gas (yield = 93%) at 0.5 mol% catalyst 

loading and with 5 equivalents of the KOH in a 1 : 1 mixture of water (1 mL) and THF (1 mL) 

at 115 °C.140a They screened a variety of acridine-type Ru- PNP complexes  and PNNH-based 

complexes and among all, 1.57 (Figure 1.18) showed superior performance in the reforming 

reaction.140a 

  

Figure 1.18. Pincer-based metal complexes reported for the production of hydrogen from 

ethylene glycol.29 

Reforming of ethylene glycol to glycolic acid has so far relied on expensive metals. In 2022, 

Maji and co-workers have reported a series of complexes based on the third most abundant 

metal, manganese, and employed them for the reforming of ethylene glycol to glycolic acids.141 

A bench stable earth-abundant metal complex 1.58 (Figure 1.18) has catalyzed the reaction at 

140 °C with the catalyst loading of 0.5 mol% in the presence of KOH (5 equivalents) in 

tAmOH. Among all the complexes, 1.58 is stabilized by the PhMACHO ligand and gave the 

highest volume of hydrogen (240 mL, yield = 98%) with a TON > 198 and glycolic acid yield 

> 99% in 24 h.141 
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Very recently, Daw developed a bifunctional NNN pincer–Ru complex 1.59, which showed 

high catalytic efficiency (25225 TON) for the selective production of H2 from ethylene glycol 

(apart from sorbitol142) under mild reaction conditions along with the formation of glycolic 

acid (Figure 1.18).143 In the presence of 1 mol% 1.59 and 2.5 equivalents of KOH, 94% yield 

of glycolic acid was obtained within 2 h at 100 °C using tBuOH as solvent.143 

Ethylene glycol is one of the simplest vicinal diol and reports based on homogeneous reforming 

of ethylene glycol for the production of hydrogen are scarce.29 The pincer-metal complexes 

have majorly been used for the transformation of ethylene glycol to glycolic acid and most of 

these reports have been covered in the current section. Recently in the past two years, Singh,140b 

Daw,143 Maji141 and others29 have explored this polyol for the generation of hydrogen and is an 

emerging area in the field of alcohol reforming using pincer catalysts. 

1.3.4 Transformation of glycerol to lactic acid and hydrogen 

Glycerol is readily available as a result of the booming bio-diesel sector, which creates this 

polyol as a primary waste product.144 Additionally, it is non-toxic and biodegradable and has a 

high boiling point, unlike ethanol and methanol. It is also produced as a waste product from a 

variety of processes, such as hydrogenolysis of cellulose145 and fermentation processes using 

micro-organisms.146 Thus, owing to the contribution from multiple sources including the recent 

boom in bio-diesel production, there is a large abundance of glycerol in global reservoirs. The 

versatile nature of glycerol has rightly made it to be considered as useful waste which can either 

be directly used as a fuel,147, 148 a non-volatile solvent,147, 148 a source of molecular hydrogen 

or be functionalized/transformed into a plethora of valuable raw materials including lactic 

acid.144 Notably lactic acid finds wide utility in food, pharmaceutical and polymers 

industries.149 Bioconversion and heterogeneous catalysts for glycerol to lactic acid are well 

explored and are limited by several challenges.150 In order to achieve high selectivity towards 

lactic acid during its production from glycerol, minimization of some side reactions such as (i) 

C–C cleavage, (ii) over-oxidation and (iii) over-reduction reactions should be accomplished.151 

In this context, the homogeneous catalysts comprising of majorly pincer-metal systems (Figure 

1.17) came into the picture, which can operate under milder conditions and also show higher 

selectivity for lactic acid.29 

In a pioneering effort in 2014, Crabtree set the trend by putting forward the idea of using 

homogeneous iridium complexes for acceptorless dehydrogenation of glycerol to lactic acid 
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and hydrogen.152 The first report employing a pincer-ligated complex for such transformation 

came in 2015, where Beller described the remarkable activity of PNP-Ru complex 1.43a 

(Figure 1.19), where a TON of 270000 with about 67% yield of lactic acid was afforded after 

24 h at 140 °C using NMP as a solvent.139 They obtained similar yield of lactic acid in case of 

industrial glycerol under identical reaction conditions (0.00025 mol% 1.43a and 1.08 

equivalents NaOH). Later, Crabtree and Hazari came up with the first-ever report on the 

homogeneous catalysis of glycerol to lactic acid and hydrogen using a catalyst derived from 

base-metal iron (Figure 1.19).153 Their attempt to convert glycerol to lactic acid using a PNP 

pincer–iron complex 1.50 (0.02 mol%) (Figure 1.19) in the presence of NaOH (base: glycerol 

= 1 : 1) at 140 °C for 3 h gave lactic acid with a high selectivity of 83% (TON = 880), with the 

glycerol conversion (ca. 24%) being lower  than  that  reported with its pincer-ruthenium 

counterpart 1.43a.139   

In 2020, Kumar and co-workers synthesized NNN pincer–Ru complexes based on 

bis(imino)pyridine and 2,6-bis(benzimidazole- 2-yl)pyridine ligands and investigated their 

catalytic activity for the transformation of glycerol into lactic acid and hydrogen.154 All the 

reactions were performed for 48 h at 140 °C, using 0.03 mol% of the considered pincer–Ru 

catalysts in the presence of 0.58 equivalents of KOH, and the best results (approximately 70% 

lactic acid yield with 97% selectivity towards lactic acid) were obtained for catalyst 1.62 

(Figure 1.19). In the case when the KOH loading was increased to 1 equivalent, keeping the 

catalyst loading at 0.03 mol%, Kumar was successful in achieving a 90% yield of lactic acid 

with a high selectivity of 98% towards lactic acid at 92% conversion of glycerol in an open 

vessel in the presence of an inert atmosphere at 140 °C after 48 h.154 In 2022, Deng and Fu 

used PNP–Mn complexes to accomplish the transformation of glycerol into sodium lactate.155 

A very high yield of sodium lactate (96%) with 98% selectivity was obtained in 24 hours when 

5 mmol glycerol was allowed to react with 0.5 mol% 1.58 (Figure 1.19) in the presence of 1.1 

equivalents of NaOH and 0.5 mL of dioxane as solvent at 160 °C. They were also successful 

in achieving 63% lactate yield with 98% selectivity after 36 hours with a very low catalyst 

loading of 0.025 mol% by elevating the temperature to 180 °C.155 

After demonstrating remarkable activity with pincer-ruthenium complex 1.62 towards the 

selective transformation of glycerol to lactic acid,154 Kumar has extended these studies by 

utilizing base-metal salts and complexes for this transformation.156-158 In 2024, the group has 

reported commercially available CoCl2 for both the acceptorless and transfer dehydrogenation 
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of glycerol to lactic acid.157 In the acceptorless dehydrogenation of glycerol, 33% yield of lactic 

acid was observed with 44% selectivity in the presence of 0.5 mol% CoCl2 and 0.75 equivalents 

of KOH while in the presence of acetone, which acts as a sacrificial acceptor, 93% yield of 

lactic acid was observed using 1.1 equivalents of NaOtBu and 0.5 mol% CoCl2 at 160 °C.157 In 

the same year, inspired by the success of with NNN pincer-Ru complexes,154 Kumar 

synthesized bis(imino)pyridine-based NNN pincer-Mn(II) complexes and applied them 

towards the transformation of glycerol to lactic acid in presence of acetone.156 Among the 

considered complexes, Ph2NNNMnCl2 (1.63) (Figure 1.19) was found to be the most efficient. 

Remarkable yield of lactic acid (up to 92%) was observed with >99% selectivity at 0.5 mol% 

loading of 1.63 in the presence of an equivalent of NaOH at 140 °C in 24 h.156 Under similar 

reaction conditions, the commercially available MnCl2.4H2O gave 72% yield of lactic acid with 

96% selectivity. The pincer-Mn(II) catalyst 1.63 was further investigated with a range of 

acceptors, and good to moderate yields were observed in those cases.156 After this report, the 

same group synthesized novel pincer-Fe(II) complexes and studied them for the catalytic 

transfer dehydrogenation of glycerol to lactic acid.158 Similar to the previous work based on 

pincer-manganese,156 in this case also Ph2NNNFeCl2 (1.64) (Figure 1.19) was found to be highly 

efficient and it gave 91% lactic acid with 99% selectivity. Further, very high turnover (up to 

740000 TONs) were obtained on decreasing the catalyst loading to 0.0001 mol%, where 74% 

lactic acid was observed with 98% selectivity after 7 days.158 In comparison to the catalytic 

system based on CoCl2,
157 which was the first glycerol transfer dehydrogenation system 

reported, the current corresponding system based on pincer-Fe operates at a relatively lower 

catalyst loading and at a lower temperature. 

In the nutshell, glycerol is currently easily available owing to the boom in bio-diesel sector144 

and is being used currently to produce several value-added chemicals including lactic acid.29 

To achieve high selectivity of lactic acid, pincer-metal systems have been most promising 

candidates due to their robustness and high stability, as discussed above.29 In the past decade, 

there has been a growing interest for the catalytic conversion of glycerol to lactic acid either 

via acceptorless fashion139, 152-155 or using a transfer dehydrogenating agent.156-158 This is due 

to the fact that large quantities of glycerol is present in global reservoirs.144 Therefore, this 

transformation continues to prosper and is a growing area in the applications of pincer-metal 

chemistry in the transformation of polyols. 
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Figure 1.19. Pincer-based metal complexes reported for the transformation of glycerol to lactic 

acid.29 

1.4 Summary 

After the pioneering report by Moulton and Shaw in 1976,10 catalysis using pincer-metal 

complexes have achieved a significant milestone and still continues to evolve over past few 

decades.9,13-15 These versatile complexes continue to be the most preferred homogeneous 

catalysts and several reviews and pioneering reports exist in literature that describe the 

effectiveness of these complexes.13-26  These complexes have exhibited outstanding catalytic 

properties in significant transformations including but not limited to dehydrogenation of 
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alcohols32 and their tandem reactions such as C-alkylation,30a, 25, 28, 43, 44 N-alkylation30a, 45 and 

others. The use of pincer catalysts for the sustainable chemistry leading to the production of 

hydrogen from easily available and less toxic alcohols is currently an emerging area.29 Each of 

these areas have witnessed a significant growth, thereby showcasing the vast scope of these 

complexes.29 Therefore, an in-depth detailed review on each of the field is currently out of the 

scope of this thesis, and hence a concise overview that highlights the most relevant reactions 

with representative examples has been done. A detailed overview on the literature for the 

relevant reactions has been provided in greater detail in the appropriate chapters. Globally, 

significant amount research is still ongoing that continues to lay emphasis on each of these 

reactions independently. The versatile nature of pincer complexes and their vast application 

discussed above, lays the foundation for the objectives of current thesis. 

1.5 Objectives 

The current chapter has included a thorough literature survey that addresses transition metals 

and their pincer complexes towards plethora of organic transformations. Environmental 

concerns and diminishing non-renewable resources have made the current researchers to focus 

on developing more sustainable protocols. It is crucial to produce fuels and fine chemicals in 

an economical and ecologically responsible manner from inexpensive, plentiful renewable 

resources. Several complexes with a range of pincer-ligand-metals combinations have shown 

remarkable results in accomplishing this task. The high catalytic activity at mild reaction 

conditions, low catalyst loading and high selectivity are the main advantages of the pincer 

chemistry. The rich chemistry of pincer-ligated complexes is yet to be fully explored, mainly 

in context of sustainable chemical processes. 

The aim of the current thesis is to explore the transformation of alcohols towards generation of 

hydrogen and value-added chemicals using pincer-metal complexes, and accordingly, attempts 

have been made to address the following questions: 

▪ Is it possible to move away from phosphine-based ligand systems and study 

bis(imino)pyridine based NNN ligands as they are easy to synthesize? 

▪ Will these NNN-ligated pincer-ruthenium complexes show good catalytic activity 

towards the reforming of various alcohols to generate H2 and value-added chemicals 

with high selectivity without generation of carbon dioxide? 
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▪ Will it be possible to move away from precious metals and study the (de)hydrogenative 

transformation of alcohols using base-metal pincer complexes? 

▪ Is it possible to achieve the −alkylation of alcohols at low catalyst and base loading 

using cheap and abundant pincer-based 3d-metal complexes? 
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Chapter II 

Pincer− Ruthenium Catalyzed Reforming of 

Methanol to Formic Acid and Hydrogen 

 

 

The content of this chapter has been adapted from “Pincer-Ruthenium-Catalyzed Reforming of 

Methanol-Selective High-Yield Production of Formic Acid and Hydrogen” by Arora, V.; Yasmin, 

E.; Tanwar, N.; Hathwar, V.R.; Wagh, T.; Dhole, S.; Dhole, S.; Kumar, A. ACS Catal. 2023, 13, 3605-

3617. 
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2.1 Introduction 

Due to the ever-increasing global energy demand and the rapid rate at which fossil fuel reserves 

are being depleted, there is a great need for the emergence of alternative and clean sources of 

energy which are sustainable and also would lessen the burden of global pollution.1, 2  

Alternative energy sources explored till date, like solar, wind, tidal, nuclear, and geothermal, 

suffer from several limitations.3 Thus, a realistic alternative would be utilizing a combination 

of renewable energy sources and fossil fuels, leading to an uninterrupted production and storage 

of energy.4-6 Several reports have emerged over the last few years on the production of H2 as a 

clean-burning sustainable energy source with high energy content (120 MJ/kg).7-10 Globally, 

the current emphasis is on sustainable hydrogen production from biomass11-12 or via 

thermochemical, photocatalytic, or electrolytic splitting of water11-13 using electricity from 

wind,14, 15 solar,14, 15 and geothermal energy.11, 13, 16-18 The significant advancement in green 

hydrogen production is, to a large extent, overshadowed by the limitations associated with its 

storage and transportation, which include but are not limited to low volumetric energy density, 

safe handling, and the need for expensive cryogenic and high-pressure compression 

cylinders.19-22 Alternative hydrogen adsorption-based technologies suffer from drastic 

conditions, low hydrogen storage capacities, low energy efficiency, and high cost.23, 24 An 

emerging area of hydrogen carrier systems is its storage in the chemical bonds of tiny organic 

molecules.5, 25, 26 This is typically accomplished by catalytic dehydrogenation of light organic 

hydrogen carriers.5, 25, 26 Among the various catalysts that are at one’s disposal, homogeneous 

catalysts, especially those based on pincers (chelating ligands that bind the metal through three 

adjacent donor sites in a meridional geometry) have been efficient in catalyzing reactions 

involving the release of hydrogen, such as the aqueous reforming of methanol (Scheme 2.1).4 

 

Scheme 2.1. Schematic representation of methanol reforming.  

Methanol has up to 12.6% H2 content and hence has been used as an efficient hydrogen storage 

medium as it is capable of meeting the ultimate Department of Energy targets (5.5 wt %) for 

H2 storage on-board vehicles.7 Rightly, its reforming has been reported by a number of groups  
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employing homogeneous complexes, resulting in hydrogen production in high yields and TON. 

 

Scheme 2.2. Aqueous reforming of methanol using pincer-Ru complexes reported by Beller. 
27 

A pioneering report that emerged in 2013 by Beller describes the use of pincer–Ru complexes 

based on the MACHO ligand to catalyze the transformation of an MeOH/H2O mixture into H2 

and CO2 (or CO3
2‒).27 In the presence of catalytic amounts of ruthenium complex (21 ppm) and 

0.5 M base, a 4 : 1 methanol–water mixture is dehydrogenated to formaldehyde, which is 

further dehydrogenated to formic acid and finally to carbon dioxide with an overall release of 

three equivalents of hydrogen. A variety of pincer–Ru catalysts were screened by varying 

MeOH/H2O mixtures along with different bases and among all, 2.3 and 2.4 have shown 

significant catalytic activity (Scheme 2.2). On optimizing the reaction conditions, it was found 

that under identical conditions, 2.4 (1.8 ppm, 0.008 mol%) shows better activity (16.6% yield 

of H2 at 2687 h-1) in comparison to 2.3 (8.23% yield of H2 at 1051 h-1) when employed in a 9 : 

1 mixture of MeOH/H2O in the presence of 8.0 M KOH (1.4 equivalents with respect to water) 

after 3 h at 91 °C. Upon increasing the water content (MeOH/H2O = 3 : 2), poor catalytic 

activity was observed with 2.3 (28 ppm, 0.0028 mol%) with the turnover frequency (after 1 h) 

reaching only up to 90 h-1, explaining the poor solubility of 2.3. Again, upon employing 2.4 

(28 ppm, 0.0028 mol%) under similar conditions (MeOH/H2O = 3 : 2), an eight-fold 

improvement of activity was observed with a turnover frequency of 732 h-1 at 86.5 °C.27 

Although with lower activity, a diluted methanol system (MeOH:H2O = 1 : 9) in the presence 

of 8.0 M KOH (1.4 equivalents with respect to water) still afforded significant hydrogen 

evolution after 3 h of the reaction (201 h-1; 1.3% H2 with respect to the limiting reagent) at 95 

°C. A remarkable activity was observed (4734 h-1 with 9.1% yield of hydrogen) when the 
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reaction was performed with neat methanol under similar conditions after 3 h. All the reactions 

were performed at a temperature range of 65–95 °C, and pure hydrogen was detected in all the 

cases.27 

 

Scheme 2.3. Mechanism proposed by Beller for the aqueous reforming of methanol using 

pincer-Ru complex 2.4.27 

Based on several control experiments, a reaction mechanism was proposed (Scheme 2.3) where 

the first step involves the activation of catalyst 2.4 in the presence of base to generate the 

catalytically active amido species 2.4a, which dehydrogenates methanol to afford hydrogen 

and formaldehyde. The removal of the first hydrogen molecule is proposed to occur via the 

outer sphere concerted mechanism involving TS-2.4b, without methanol getting directly 

coordinated to the metal centre. Further attack of hydroxide species will generate the gem-

diol(ate), which will be stabilized by the solvent cage of MeOH/H2O as depicted in TS-2.4e. 
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This will again undergo an outer sphere dehydrogenation step and lead to the generation of the 

second hydrogen molecule along with the formation of formate ions to regenerate the 

catalytically active species 2.4a via path A (Scheme 2.3). Intermediate 2.4a may now again 

enter the catalytic cycle involving path A. Alternatively 2.4a may react with the formate ion to 

undergo decarboxylation via TS-2.4f followed by the removal of the third hydrogen molecule 

via formation of hydride species 2.4c (path B, Scheme 2.3).27 Considering the fact that free 

formate is detected and that there is formation of substantial amounts of carbon dioxide, Beller 

concluded that the rate of formate dehydrogenation (path B, Scheme 2.3) is faster than the rate 

of methanol dehydrogenation (path A, Scheme 2.3). 

An anionic Ru complex [Ru(trop2dad)], trop2dad = 1,4-bis- (5H-dibenzo[a,d]cyclohepten-5-

yl)-1,4-diazabuta-1,3-diene, 2.5 (Figure 2.10) was reported by Grutzmacher for the aqueous-

phase methanol reforming leading to 80% methanol conversion (84% H2 yield) using 0.5 mol% 

2.5 at 90 °C after 10 h.28 This reaction proceeded without the additional use of base, and the 

H2/CO2 gas mixture evolved was able to power an H2/O2 fuel cell.28 Attempts were made to 

elucidate the mechanistic details of the reaction involving 2.5 by density functional theory 

based molecular dynamics (DFT-MD) and solvent effects.28 They concluded that the solvent 

(methanol and water) participates actively in the reaction by forming hydrogen bonds with the 

complex, which helps in the stabilization of the transition state involved in the catalytic cycle, 

thereby assisting the C–H activation process.28 Meijer and co-workers also focused their study 

on the solvent effects of the methanol reforming reaction, concluding that the involvement of 

polar protic solvents largely influences the energetics of the reaction due to hydrogen bonding 

with the solvent molecules.29 

Soon after, Beller and co-workers reported another pincer– Ru-based catalyst, Ru-MACHO-

BH, 2.6 (Figure 2.10), for base-free dehydrogenation of methanol.30 The catalyst is similar to 

2.3 reported for base-mediated dehydrogenation of methanol, but since the catalyst is free from 

the chloride ligand, it eliminates the need for base required for its activation. Both the catalysts 

2.6 and 2.3 exhibited similar activity (with H2 yield at 6% and 7% respectively) in the presence 

of 1.4 equivalents of KOH for a 9 : 1 MeOH/H2O system at 0.009 mol% catalyst loading at 

93.5 °C after 3 h. Further, the use of triglyme as a solvent resulted in a slight increase in the 

yield of H2 (up to 8%) owing to the better solubility of 2.6. Under similar conditions, in the 

absence of base, 0.009 mol% of 2.6 exhibited lesser activity (0.1% yield of H2) for a 9 : 1 

MeOH/H2O system at 93.5 °C.30 However, under identical conditions, upon increasing the 
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catalyst loading from 0.0009 mol% (5 mol) to 0.172 mol% 0.172 mol% (95 µmol), significant 

acceleration in the reactivity was observed (3.4% yield of H2).
30 In order to get higher turnover 

 

Figure 2.10. Ru-based complexes reported for aqueous-phase methanol reforming. 

numbers, authors envisioned that the catalytic step that involves the formic acid 

dehydrogenation needs to be accelerated in a different fashion. Therefore, a bi-catalytic system 

was introduced in which 2.6 interacts with Ru(H)2(dppe)2 2.7 in a synergistic manner under 

base free conditions and a total TON of >4200 (26% yield of H2 relative to H2O) was observed 

with only a trace amount of CO content (< 8 ppm).30 

In a parallel effort in the same year, Milstein and co-workers reported the first example of a 

reusable homogeneous Ru-PNN pincer complex for reforming methanol to H2 and CO2 

(absorbed by base) at 100 °C without any requirement for catalyst isolation and purification.31 

Initially, for a 1 : 5.5 MeOH/H2O system, reaction was performed at 0.2 mol% 2.8 in the 

presence of 2 equivalents of NaOH for 24 hours under solvent-free conditions at 115 °C, and 

no formation of hydrogen was detected.31 However, the addition of THF under similar reaction 

conditions has resulted in 71% hydrogen generation after two days. This is indicative of the 

better solubility of the catalyst in the presence of THF in the reaction medium.31 Upon 
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decreasing the loading of 2.8 to 0.05 mol% in the presence of 2 equivalents of NaOH in THF 

at 115 °C, a decrement in the yield of hydrogen (28%) was observed after four days. Under 

similar conditions, further optimization led to the findings that toluene was a better solvent, 

resulting in a 68% yield of hydrogen after four days at the catalyst loading of 0.05 mol%. When 

2 equivalents of KOH was used in place of NaOH, 70% hydrogen was produced after seven 

days and 77% after nine days in toluene at 115 °C.31 Moreover, when the organic layer of the 

reaction mixture was collected separately and reused directly, without using a catalyst and 

toluene, 82% yield of hydrogen was produced after nine days.31 Thus, the catalyst was found 

to be reusable after several days of the reaction, and no loss in the activity of the catalyst was 

observed. Overall, about 1.53 g of MeOH was found to be fully converted to H2 and CO2 in 

the 2.8 (0.01 mol%) catalyzed reaction in the presence of KOH (2 equivalents) in toluene at 

115 °C with the TON reaching up to 29000 after 30 days.31 

In the year 2020, Singh and co-workers reported methanol reforming employing in situ 

generated ruthenium nano-particles using an organometallic precursor [(η6-benzene)RuCl2]2 

2.9.32 Initially, when the reaction was carried out in a 2 : 1 MeOH/H2O mixture in the presence 

of 1.2 equivalents of KOH at 110 °C, 73 mol H2 per mol Ru was observed (TOF 9 h-1, yield = 

16%). The change in the colour of the reaction mixture from dark brown to a black suspension 

suggested the formation of Ru nanoparticles, which was further confirmed by TEM analysis 

(ca. 18.7 nm).32 Further investigation was performed by adding a 2-hydroxypyridine ligand 

and a significant boost in the initial TOF was observed (18 h-1) with the release of 0.66 moles 

of H2 per mole of methanol (106 moles of H2 per mole of Ru, yield = 23%) in the 2.9 catalyzed 

reforming of 2 : 1 MeOH/H2O in the presence of 1.2 equivalents of KOH at 110 °C. Under 

otherwise identical conditions, when the reaction was performed with 1 : 1 MeOH/H2O, the 

activity was further increased reaching a TON of 134 moles of H2 per mole of Ru (TOF 20 h-

1, yield = 29%).32 Increasing the temperature of this 1 : 1 MeOH/H2O reaction mixture from 

110 °C to 130 °C has accelerated the H2 production rate leading to 49 h-1 and 229 moles of H2 

(yield = 50%) per mole of Ru.32 However, upon further increasing the water content, a 1 : 2 

MeOH/H2O mixture led to lower catalytic activity (14 h-1).   

Later, Milstein and co-workers have reported an acridine based pincer–ruthenium complex 

2.91 for the base-free methanol reforming reaction without utilizing additional solvents.33 The 

reaction was performed in a closed system at 150 °C and surprisingly, adding a catalytic amount 

of thiol (1 equivalent relative to 2.91) to a 4 : 1 MeOH/H2O mixture in the presence of 0.0056 
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mol% 2.91 led to the formation of 330 mL of gas containing H2 and CO2 in a 3 : 1 volumetric 

ratio after heating for 12 hours. Ultimately, a TOF of about 337 h-1 (40%) was obtained, which 

was found to be 80 times more than that obtained in the absence of thiol using 0.02 mol% 2.91 

after 24 h (15 mL of gas containing H2 and CO2 in a 3 : 1 volumetric ratio with TOF = 4 h-1 

and 2% H2 yield).33 Further optimization of the reaction conditions indicated that upon 

lowering the water content by using a 9 : 1 MeOH/H2O mixture, better catalytic activity could 

be achieved (470 mL of gas containing H2 and CO2 in a 3 : 1 volumetric ratio with TOF = 480 

h-1 and 58% H2 yield). This improvement in the catalytic activity upon increasing the methanol 

concentration can be attributed to the better solubility of 2.91 in methanol. After heating the 

reaction mixture for more than 3 weeks, over 10 L of H2 gas with a TON of 4130000 (yield = 

96% relative to water) was produced, indicating the robustness and durability of the system.33 

Recently, Zheng and co-workers have reported the application of a well-known third-

generation Grubb’s catalyst 2.92 for hydrogen generation via aqueous phase methanol 

reforming.34 The reaction was performed in a 9 : 1 MeOH/H2O mixture at 100 °C in the 

presence of 1.4 equivalents of KOH and 2.92 (0.009 mol%) for 3 h. The best TOF3h of 139 h-1 

(corresponding to approximately 1.3% yield of H2) was achieved using 2.92 with negligible 

formation of CO (0.8 X 10-4 ppm).34 The addition of 3-bromopyridine or PCy3 was found to 

cease the hydrogen evolution, suggesting the significance of the dissociation of 3-bromo 

pyridine or PCy3 in the catalytic cycle.34 Further optimization of the reaction condition was 

carried out by varying the base and by changing the ratio of the MeOH/H2O mixture. It was 

observed that both the 9 : 1 MeOH/H2O mixture and neat methanol in the presence of 1.4 

equivalents of KOH have given the best TOF3h values (139 h-1 and 144 h-1 respectively), which 

correspond to 1.25% (relative to water) and 0.3% yields (relative to methanol) of H2 

respectively.34 The reaction was performed for an extended period of time to examine the 

stability of the catalyst, and it was found that at 0.003 mol% loading of 2.92, very high TON 

of 11424 after 72 h, which corresponds to 3.8% conversion of methanol was observed.34 On 

the basis of several experimental and computational studies, a mechanism was proposed, which 

commences with the dissociation of 3-bromopyridine from 2.92 followed by the salt-metathesis 

to generate the active species 2.92b. This undergoes a β-hydride elimination via rearrangement 

to give a Ru-monohydride species 2.92e along with the release of formaldehyde. The 

subsequent interaction of a methanol molecule with 2.92e follows a methanol-assisted 

metathesis pathway and lead to the evolution of the first molecule of hydrogen. A similar 

process occurs for the generation of other two hydrogen molecules (Scheme 2.4).  
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Apart from Ru-based pincer complexes, there are several other complexes based on Ir and Rh 

that were also reported (Figure 2.11). One of the oldest reports for this reaction was with a Rh 

 

Scheme 2.4. Mechanism involved in the aqueous reforming of methanol by the third-

generation Grubb’s catalyst 2.92 as proposed by Zheng.34 

complex (2.93) by Cole-Hamilton in 1987.35 The complex 2.93 was found to give a TOF of 7 

h-1. In 2015, Crabtree and co-workers employed an air- stable bis(N-heterocyclic carbene)-

based iridium complex 2.94 (0.004 mol%) for the acceptorless dehydrogenation of neat 

methanol at 91 °C under basic conditions (6.7 M KOH, 0.3 equivalents relative to water) to 

produce hydrogen (81% yield at 3612 TONs) after 24 h.36 Furthermore, they applied their 

system to carry out the transfer dehydrogenation of ketones and imines, along with aniline 

methylation, with all the reactions giving very high yields.36 In the same year, Fujita and Yama- 
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guchi reported complex 2.95 (0.1 mol%), which gave 64% yield of H2 with a TON of 10510 

for the reforming of a 1 : 4 MeOH/ H2O mixture after 150 h in the presence of 0.5 mol% NaOH 

at 100 °C.37 

 

Figure 2.11. Catalysts other than Ru reported for aqueous-phase methanol-reforming. 

In 2017, Beller and co-workers employed an Ir-based PNP-MACHO complex 2.96 (0.008 mol 

%) for the methanol reforming reaction and a TON of 1400 (ca. 3.5% yield of H2) was achieved 

in the presence of 9 mol% KOH for a 9 : 1 mixture of MeOH/H2O at 94 °C.38 Upon increasing 

the base loading to 1.4 equivalents, the turn-overs increased to 1900 (ca. 5% yield of H2).
38 In 

the same year, Zhou and co-workers developed a Rh-base catalyst [Cp*Rh-(NH3)(H2O)2] 2.97 

for methanol reforming reaction without using any external base.39 In the 0.03 mol% 2.97 

catalysed reforming of methanol using a 3 : 1 MeOH/H2O mixture at 70 °C, hydrogen was 

produced in 1% yield at 83.2 h-1 with no formation of CO.39 The reaction was found to be more 

active under faintly acidic conditions.39 

Despite the fact that the precious metals have historically been at the cutting edge of catalysis, 

their scarcity, high cost, low abundance and toxicity pose questions about sustainability. This 

has sparked significant interest towards the development of base metal catalysts for several 

(de)hydrogenation and related reactions. In this regard, the very first report with an earth-

abundant catalyst for methanol reforming was reported by Beller and co-workers, where they 
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developed an Fe-based pincer catalyst 2.98, which at a loading of 0.002 mol% was found to 

achieve a TON of 10000 (ca. 6% H2 yield) after 46 h in the presence of 1.4 equivalents of 8 M 

KOH for a 9 : 1 MeOH/ H2O mixture at 91 °C.40 However, the 2.98 catalyst was not as stable 

as its Ru counterpart, also reported by Beller (Figure 2.10).27 

Soon after, Bernskoetter, Hazari and Holthausen reported a series of stable pincer-iron 

complexes for the dehydrogenation of methanol in the presence of Lewis acid without any 

requirement of the base.41 The requirement of Lewis acid is only for the activation of the 

catalyst and has nothing to do with the reaction mechanism. In the absence of water, 0.01 mol% 

2.99 in combination with 10 mol% LiBF4 dehydrogenates MeOH to methyl formate and H2 

(ca. 99% yield and 20000 TON) after heating for 4.4 h under reflux conditions.41 Under similar 

conditions, in the presence of water, catalyst 2.99, in combination with 10 mol% LiBF4 fully 

converts MeOH into H2 and CO2 with the TON reaching up to 30000 (ca. 99% yield of H2) 

after 52 h.41 Upon further lowering the loading of 2.99 to 0.006 mol%, a TON of 51000 is 

obtained but with a reduced yield of 50%, which is the highest TON reported for a base metal 

catalyst.41 The stark contrast in the yields observed in case of 2.9840 and 2.9941 is due to the 

fact that in case of latter, LiBF4 is used as additive which helps in the activation of the catalyst 

by facilitating the decarboxylation of the formate complex 2.99 to access the catalytically 

active species.41 Typically the former is an off-cycle species and owing to its inefficient 

activation, lower yields are obtained.40, 41 

In the year 2017, Beller reported a PNP pincer-based Mn catalyst for the methanol reforming 

reaction (Figure 2.11). A range of manganese catalysts and their precursors were tested.42 Upon 

optimizing the reaction conditions, catalyst 2.99a (0.03 mol%) in the presence of 10 

equivalents of PNPiPr ligand and 1.4 equivalents of KOH was found to exhibit the highest TON 

of 138 (ca. 1.4% yield of H2) after 5 h of reaction in a 9 : 1 mixture of methanol/water at 90 

°C.42 In stark contrast, the precursor Mn(CO)5Br, was found to show a decline in the activity 

in the presence of additional PNPiPr ligand (up to 68 TON after 5 h with 0.7% H2 yield).42 

2.2 Objectives 

In the context of the role of pincer-metal complexes in catalytic reforming of methanol, it is 

noteworthy that majority of the reports involve moderately good π-accepting phosphine 

flanking groups in combination with a central N that is either a σ-donating amine or a pyridyl-

N.4 Moreover, the reports demonstrating the use of pincer-ruthenium complexes towards the 
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selective formation of formic acid and hydrogen are scarce. In this regard, the current chapter 

aims to address the following questions. 

• Will replacing the π-accepting phosphine flanking groups with σ-donor groups (eg. 

weaker σ-donor imines), while keeping the central pyridyl N intact affect the catalytic  

activity? 

• Will these NNN-ligated pincer-ruthenium complexes (Figure 2.12) show good 

catalytic activity towards the aqueous methanol reforming to generate H2 and formic 

acid with high selectivity without generation of greenhouse gas carbon dioxide? 

• Will these bis(imino)pyridine based NNN pincers would be innocent that offer a 

distinctly different metal-centered reactivity in stark contrast to the corresponding 

phosphine-based ligands which are typically non-innocent and operate via 

metal−ligand cooperation? 

• What is the mechanism involved in the current study? 

• Can one extrapolate the current study to generation of D2, which is not readily 

available? 

 

2.3 Results and Discussion 

2.3.1 Synthesis and characterization of pincer–ruthenium acetonitrile complexes based 

on bis(imino)pyridine ligands 

The NNN pincer–Ru acetonitrile complexes (2.102b–d) were synthesized in good yields by 

the treatment of the corresponding ligands43-48 with [Ru(p-cymene)Cl2]2 in acetonitrile under 

reflux conditions overnight (Scheme 2.5), followed by washing with diethyl ether. The 

complexes 2.102b–d were fully characterized by high-resolution mass spectrometry (HRMS), 

infrared (IR), 1H, and 13C{H} nuclear magnetic resonance (NMR) studies. 

Good-quality single crystals were obtained by slow diffusion of 1 mL pentane into a 1 mL 

dichloromethane solution of 10 mg of the pincer–ruthenium complex 2.102c. We were also 

successful in obtaining well-defined single crystals of 2.101f, the synthesis of which has been 

earlier reported from our group.45 The structures of both 2.102c and 2.101f were 

unambiguously determined by single-crystal X-ray diffraction studies (Figure 2.13).  
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2.3.2 Catalytic activity of pincer–ruthenium complexes (2.100, 2.101, and 2.102) towards 

aqueous-phase methanol reforming reaction 

The novel pincer-ruthenium acetonitrile-based complexes (2.102) along with the previously 

reported complexes (Figure 2.12) have been employed towards the catalytic reforming of 

methanol for generation of hydrogen. The initial optimization of pincer–ruthenium (2.100, 

2.101, and 2.102) catalyzed aqueous-phase methanol reforming was commenced by heating a  

 

Figure 2.12. Pincer-ruthenium complexes employed in the current study. 

 

Scheme 2.5. General synthetic route towards NNN pincer–ruthenium acetonitrile complexes. 
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mixture of MeOH and H2O (in a 2:1 ratio) containing an equivalent of base (with respect to 

water) in the presence of 0.04 mol % of Cy2NNNRuCl2(CO) (2.100b) as the catalyst (Table 2.2) 

at 100 °C. Among the various bases screened, KOtBu showed better reactivity (entry 3 vs. 

entries 1–7, Table 2.2). When the reaction was further optimized at various loadings of KOtBu, 

the best result was obtained while using 0.5 equivalents of KOtBu (entry 9 vs. entries 3, 10, 

and 11, Table 2.2).  

Further optimization of various pincer–ruthenium catalysts was carried out with MeOH and 

H2O in a 2:1 ratio using 0.5 equivalents of KOtBu (Table 2.3). The best catalytic activity among 

the carbonyl complexes (2.100a-f) was exhibited by Ph2NNNRuCl2(CO) (2.100d) which gave 

yields of hydrogen and formic acid that were about 4.7 folds (entry 4 vs entry 2, Table 2.3) 

higher in comparison to that obtained with 2.100b. On the other hand, the corresponding yields 

obtained with 2.100a, 2.100c, and 2.100e were about three-folds (entries 1, 3, and 5 vs. entry  

 

Figure 2.13. Crystal structures of 2.101f and 2.102d with ORTEP drawn at 50% probability. 

The phenyl groups on all phosphorus, all the hydrogen atoms, counter ion and the solvent 

molecules are omitted for the sake of clarity. 

Table 2.1. Selected crystallographic bond distances (Å) and bond angles (°) of complexes 

2.101f and 2.102d 

2.102d 2.101f 

Ru–N (Å) Pyridine 1.917(5) Ru–N (Å) (Pyridine) 2.007(12) 

Ru–N (imine) (Å) 2.053(5) 

2.081(5) 

Ru–N (imine) (Å) 2.100(12) 

2.127(11) 

Ru–Cl (Å) 2.3732(18)  

2.3794(17) 

Ru–Cl (Å) 2.445(4) 

Ru–N (Å) 

(acetonitrile nitrogen) 

2.089(6) Ru–P (Å) 

 

2.428(4) 

2.422(4) 
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(Imine)N-Ru-

N(Imine) (°) 

157.4(2) (Imine)N-Ru-N(Imine) 

(°) 

158.3(5) 

Ru-N≡CCH3 (°) 177.68(19) P-Ru-P (°) 176.15(13) 

(Pyridine)N-Ru-Cl (°) 176.1(3) 

 

Table 2.2: The 2.100b catalyzed aqueous-phase reforming of methanol using various bases 

 

Reaction conditions: Methanol (0.375 mL, 9.27 mmol), H2O (0.083 mL, 4.635 mmol), base (X 

equivalents), and 2.100b (0.0009g, 0.0019 mmol, 0.04 mol %) at 100 °C. Gas evolution was determined 

by burette measurements. aYield was calculated as moles of H2 (as determined from GC and the amount 

of gas evolved)/moles of H2O. bThe yield of 2.2 is calculated by 1H NMR spectroscopy using sodium 

acetate as a standard. cThe amount of carbon dioxide formed in the reaction was calculated taking in 

account the subsequent dehydrogenation of HCOOH to H2 and CO2. n(CO2) = (mmol of gas  ̶  2*mmol 

of formic acid)/4; yield of CO2 = n(CO2)/n(H2O). dCalculated as weighted average of % hydrogen 

generated from formic acid and % hydrogen generated from carbon dioxide. 

 

2, Table 2.3) lower. Further, upon employing the analogous PPh3 complexes 2.101a-f (Table 

2.3, entries 7–12), better yields (ca. 23.7% each, 7.9 folds higher in comparison with 2.100b) 

of hydrogen and HCOOH were obtained with complex 2.101b (entry 8 vs entry 2, Table 2.3). 

The corresponding yields obtained in the reaction catalyzed by 2.101d were comparable with 

Entry Base  

(X equivalents) 

mmol of gas % Yield of H2
a % Yield of 2.2b % Yield of 

CO2
c 

1 NaOH (1) 0.17 1.89 1.89 0 

2 NaOtBu (1) 0.14 1.48 1.48 0 

3 KOtBu (1) 0.37 3.4d 2.2 1.2 

4 NaOEt (1) 0.23 2.5 2.5 0 

5 Na2CO3 (1) 0.04 0.42 0.42 0 

6 K2CO3 (1) 0.05 0.6 0.6 0 

7 KOH (1) 0.03 0.3 0.3 0 

8 NaOtBu (0.2) 0.15 1.63 1.63 0 

9 KOtBu (0.5) 0.31 3.29 3.29 0 

10 KOtBu (0.2) 0.12 1.28 1.28 0 

11 KOtBu (0.1) 0.01 0.1 0.1 0 
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Table 2.3: Aqueous-phase reforming of methanol using various pincer-ruthenium catalysts 

 

Reaction conditions: Methanol (0.375 mL, 9.27 mmol), H2O (0.083 mL, 4.635 mmol), KOtBu (0.260 

g, 2.32 mmol, 0.5 equivalents), and Ru catalyst (0.0009g, 0.0019 mmol, 0.04 mol %) at 100 °C. Gas 

evolution was determined by burette measurements. aYield was calculated as moles of H2 (as 

determined from GC and the amount of gas evolved)/moles of H2O. bThe yield of 2.2 is calculated by 
1H NMR spectroscopy using sodium acetate as a standard. cThe amount of carbon dioxide formed in 

the reaction was calculated taking in account the subsequent dehydrogenation of 2.2 to H2 and CO2. 
n(CO2) = (mmol of gas  ̶  2*mmol of 2.2)/4; yield of CO2 = n(CO2)/n(H2O). dCalculated as weighted 

average of % hydrogen generated from formic acid and % hydrogen generated from carbon dioxide. 

that observed with 2.101b (ca. 21%, entry 10 vs. entry 8, Table 2.3). The reactivity of 2.101f 

was comparable to 2.100d (entry 12 vs. entry 4, Table 2.3). In case of corresponding acetonitrile 

analogues (2.102b-d), lower yields were obtained when compared to 2.101b (entries 13–15 vs 

entry 8, Table 2.3). The commercially available ruthenium precursors RuCl3.3H2O, 

Entry Ruthenium catalyst 

(0.04 mol%) 

mmols 

of gas 

% Yield of 

H2
a 

% Yield of 2.2b % Yield of CO2
c 

1 2.100a 0.1 1 1 0 

2 2.100b 0.31 3 3 0 

3 2.100c 0.1 1 1 0 

4 2.100d 1.3 14 14 0 

5 2.100e 0.1 1 1 0 

6 2.100f 0.8 9 9 0 

7 2.101a 0.2 3 3 0 

8 2.101b 2.2 24 24 0 

9 2.101c 0.7 8 8 0 

10 2.101d 1.9 21 21 0 

11 2.101e 0.7 8 8 0 

12 2.101f 1.2 13 13 0 

13 2.102b 0.6 7 7 0 

14 2.102c 0.5 6 6 0 

15 2.102d 0.2 2 2 0 

16 RuCl2(PPh3)3 0.2 3 3 0 

17 RuCl3.3H2O 0.4 2.5d 1 1.5 

18 [Ru(p-cymene)Cl2]2 1.09 12 12 0 
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RuCl2(PPh3)3 and [Ru(p-cymene)Cl2]2 demonstrated lower reactivity in comparison to the 

corresponding pincer–ruthenium complexes (entries 16–18 vs entries 1–15, Table 2.3). Among 

all the complexes screened, Cy2NNNRuCl2(PPh3) (2.101b) turned out to be the most active 

catalyst (23.7% yield of H2 and HCOOH, entry 8, Table 2.3). 

Further variations in reaction conditions (Table 2.4) were performed with 0.04 mol % loading 

of 2.101b and 0.5 equivalents KOtBu and MeOH/H2O (2:1). To begin with, the influence of 

the temperature on the catalytic performance was studied. Notably, the yields of hydrogen and 

formic acid at 120 °C and at 140 °C were comparable to those observed at 100 °C in the 2.101b-

catalyzed aqueous-phase methanol reforming reaction (entries 2 and 3 vs. entry 1, Table 2.4). 

Hence, further optimizations were performed at 100 °C for the 2.101b-catalyzed aqueous-

phase methanol reforming reaction. Notably, systematic improvements in yields were observed 

when the base loading was increased to 1 equivalent and further to 1.5 equivalents of KOtBu 

leading to 43% and 66%, respectively, of hydrogen and formic acid each (entries 4–5, Table 

2.4). It is noteworthy that, in these reactions, the selectivity toward formic acid is almost 

quantitative. A further increase in base loading was not investigated owing to the poor solubility 

of KOtBu at higher concentrations. 

There was a gradual increase in yield of hydrogen when the catalyst loading was increased 

(entries 5‒10, Table 2.4) albeit with a compromise in formic acid selectivity. The best yield of 

hydrogen and formic acid at 100% selectivity towards the latter was about 81% each and was 

obtained for the reforming of a 2:1 methanol/water mixture containing 1.5 equivalents of 

KOtBu catalyzed by 0.2 mol % of 2.101b. At 0.8 mol % of 2.101b, though hydrogen was 

obtained in a yield of 89%, the yield of formic acid was however low (64% at 72% selectivity) 

owing to subsequent dehydrogenation to carbon dioxide (ca. 25%, entry 9, Table 2.4). There 

was hardly any increment in yield when the reaction was repeated with 2 mol% of 2.101b, 

ultimately leading to 90% hydrogen and 73% formic acid at 80% selectivity (entry 10, Table 

2.4). The generation of hydrogen from aqueous methanol was studied at higher concentrations 

of methanol (ca. 3:1 with respect to water), and good yields (84%) of hydrogen along with 82% 

of formic acid at 95% selectivity was achieved (entry 11, Table 2.4). Further increase in 

methanol/H2O to 4:1 lead to lower yields of hydrogen with no selectivity towards formic acid 

(entry 12, Table 2.4). Lower yields of hydrogen were observed in case of neat methanol 

highlighting the importance of water in the reaction (entry 13, Table 2.4). On the other hand, 

no reaction was observed when only water was used as the reactant (entry 14, Table 2.4). 
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Table 2.4: Aqueous-phase methanol reforming catalyzed by 2.101b under various conditions. 

 

Entry 2.101b  

(Y mol%) 

KOtBu  

(X equivalents) 

mmols of 

gas 

% Yield 

of H2
a 

% Yield of 2.2b % Yield 

of CO2
c 

1 0.04 0.5 2.2 24 24 0 

2d 0.04 0.5 2.14 23 23 0 

3e 0.04 0.5 1.91 21 21 0 

4 0.04 1.0 3.98 43 43 0 

5f 0.04 1.5 3.04 66 66 0 

6f 0.1 1.5 3.2 69 69 0 

7f 0.2 1.5 3.8 81m 81 0 

8f 0.4 1.5 4.98 82g 56 24 

9f 0.8 1.5 5.3 89g 64 25 

10f 2.0 1.5 5.0 90g 73 18 

11h 0.8 1.5 4.05 84g 81 ± 2l  4 

12i 0.8 1.5 3.4 51 1 50 

13j 0.8 0.75 3.4 29 21 8 

14k 0.8 0.75 0 0 0 0 

Reaction conditions: Methanol (0.375 mL, 9.27 mmol), H2O (0.083 mL, 4.635 mmol), KOtBu (X 

equivalents), and 2.101b ((0.0009g, 0.0019 mmol, 0.04 mol %) at 100 °C. Gas evolution was 

determined by burette measurements. aYield was calculated as moles of H2 (as determined from GC 

and the amount of gas evolved)/moles of H2O. bThe yield of 2.2 is calculated by 1H NMR spectroscopy 

using sodium acetate as a standard. cThe amount of carbon dioxide formed in the reaction was calculated 

taking in account the subsequent dehydrogenation of HCOOH to H2 and CO2. n(CO2) = (mmol of gas   ̶ 

2*mmol of formic acid)/4; yield of CO2 = n(CO2)/n(H2O). dReaction was performed at 120 °C. 
eReaction was performed at 140 °C. fReaction conditions: methanol (0.188 mL, 4.64 mmol), H2O (0.083 

mL, 2.32 mmol), KOtBu (0.390 g, 3.48 mmol) and 2.101b (0.0009‒0.046 mmol, 0.04‒2 mol%) were 

used. gCalculated as weighted average of % hydrogen generated from formic acid and % hydrogen 

generated from carbon dioxide. h6.95 mmol of MeOH, 2.32 mmol of water, 3.48 mmol of KOtBu, and 

0.018 mmol of 2.101b were used. i9.268 mmol of MeOH, 2.32 mmol of water, 3.48 mmol of KOtBu, 

and 0.018 mmol of 2.101b were used. jOnly 4.64 mmol of MeOH and 0.037 mmol of 2.101b were used. 
kOnly 4.64 mmol of water and 0.037 mmol of 2.101b were used. lAverage of three runs.mThis 

corresponds to 3.8 mmol of hydrogen, which was further confirmed by obtaining 3.8 mmol of ethyl 

benzene starting from 4 mmol of styrene in the presence of Pd/C at 120 °C.  

2.3.3 Control experiments and mechanistic studies on the pincer‒ruthenium catalyzed 

aqueous-phase methanol reforming reaction. 

Scheme 2.6 depicts the proposed mechanism catalyzed by 2.101a‒d, which demonstrates fairly 
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good activity among all the considered catalysts. In an influential pioneering computational 

study, Lei very nicely elucidates the nature of the pincer‒ruthenium catalyzed aqueous-phase 

methanol dehydrogenation to carbon dioxide and dihydrogen.49 We set up on to 

computationally probe the factors that influence the selective formation of formic acid that is 

observed in the current study on pincer‒ruthenium catalyzed aqueous-phase methanol dehydro-

-genation. For this purpose, DFT calculations were performed employing the PBE method 

using the Def2SVP basis set with a polarization function (Figure 2.14). 

The first step involves the loss of PPh3 from 2.101c to afford a 16-electron pentacoordinate 

species consisting of two chloride ligands (2.101c′). The barrier for this dissociation is 

computed to be 22.16 kcal/mol at 100 °C. The dissociation of PPh3 was confirmed by 31P NMR 

studies (Figure 2.15) and HRMS studies (Figure 2.16). In the presence of methanol (2.1) and 

KOtBu, the dichloride species undergoes salt metathesis to form the Ru‒methoxide species 

2.103c. The calculation of the energetics of the salt metathesis is not undertaken not only 

because this is typically a facile reaction but also because of the complex nature of the base (a 

cocktail of alkali−metal alkoxides in the reaction mixture) and the corresponding product salts 

(solvated or otherwise) involved. 

The Ru‒methoxide intermediate (2.103c) undergoes β‒H elimination to give formaldehyde 

(2.1′) along with the formation of Ru‒H species 2.105c via TS-2.104c. This process is slightly 

uphill (ΔG100 = 7.56 kcal/mol) with a barrier of 17.70 kcal/mol (Figure 2.14). The 

formaldehyde (2.1′) can react with water either independently or in the presence of 2.105c. 

While independent reaction of 2.1′ with one water leads to methanediol (2.1″) with a barrier 

of 33.14 kcal/mol, the corresponding reaction (2.105c → TS-2.106c → 2.107c) in the presence 

of 2.105c leads to 2.1″ coordinated 2.102c, with a comparable barrier (32.25 kcal/mol) (Figure 

2.14). 

With an additional water molecule, while the corresponding barrier is much lower (11.77 

kcal/mol) in the absence of 2.105c, the pincer-ruthenium catalyzed reaction 2.105c → TS-

2.106′c → 2.107c is almost barrierless. Effectively, the presence of a second equivalent of 

water helps in lowering the barrier via a six-membered transition state for the conversion of 

formaldehyde (2.1′) to methanediol (2.1″) both in the presence and in the absence of 2.105c. 

It is likely that 2.1″ is formed via the barrierless steps 2.105c → TS-2.106′c → 2.107c in the 

presence of an additional water molecule and remains coordinated to Ru in 2.107c. 
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Subsequent σ-bond metathesis of the O−H bond in coordinated 2.1″ with the Ru‒H bond of 

2.107c via TS-2.108c results in intermediate 2.109c and the evolution of the first molecule of 

hydrogen, with a barrier of 23.85 kcal/mol and is an uphill process (ΔG100 = 7.81 kcal/mol). 

This is followed by a β-hydride elimination from the alkoxide coordinated to 2.109c, leading 

to the formation of formic acid 2.2 (quantitatively detected in 1H NMR) and the Ru‒H species 

2.105c in a downhill process (ΔG100 = ‒ 9.02 kcal/mol) with a barrier of ΔG‡
100 =11.40 kcal/mol 

(TS-2.110c). This lowest-energy (Figure 2.14) intermediate 2.105c is detected by NMR as 

2.105b′ (Figure 2.15). The resulting Ru‒H species 2.105c has two pathways available at its 

disposal. Apparently in a favorable path, the Ru‒H bond in 2.105c can undergo a σ-bond 

metathesis with the O−H of the methanol to generate back the Ru-methoxide species 2.103c 

and the second molecule of hydrogen via TS-2.114c (ΔG‡
100 = 18.64 kcal/mol) in an uphill 

reaction (ΔG100 = 3.10 kcal/mol). This completes the catalytic cycle for formic acid generation, 

which is an overall downhill process (ΔG100 = ‒ 0.33 kcal/mol) starting from equivalent 

amounts of methanol and water that also give rise to two equivalents of hydrogen. 

Alternatively, liberation of second molecule of hydrogen and formation of Ru-formate 2.112c 

via further σ-bond metathesis of the O−H of formic acid with the Ru‒H bond in 2.105c is likely 

to be difficult as it has a higher barrier (TS-2.111c, ΔG‡
100 = 23.41 kcal/mol). This is in good 

agreement with the slight or no carbon dioxide observed during the reaction. However, when 

all the water is consumed, the formic acid cycle (2.103c → TS-2.104c → 2.105c → TS-2.106′c 

→ 2.107c → TS-2.108c → 2.109c → TS-2.110c → 2.105c → TS-2.114c → 2.103c) stops and 

then the cycle involving the formation of CO2 (2.103c → TS-2.104c → 2.105c → TS-2.106′c 

→ 2.107c → TS-2.108c → 2.109c → TS-2.110c → 2.105c → TS-2.111c → 2.112c → TS-

2.113c → 2.105c → TS-2.114c → 2.103c) may take over. This explains the observation of 

carbon dioxide at higher catalyst loadings (entries 8, 9, and 10, Table 2.4) and at lower 

concentrations of water (entries 11 and 12, Table 2.4). 

The β-hydride elimination from the formate in 2.112c via TS- 2.113c (ΔG‡
100 = 18.08 kcal/mol) 

with the concomitant release of carbon dioxide is a downhill reaction (ΔG100 = −14.75 kcal/ 

mol). Finally, the Ru−H in intermediate 2.105c undergoes σ-bond metathesis with the O‒H of 

methanol to regenerate Ru-methoxide species 2.103c via TS-2.114c along with the liberation 

of the third molecule of hydrogen. This is computed to be uphill (ΔG100 = 3.10 kcal/mol with 

a barrier of 18.63 kcal/mol). The overall process involving the generation of a mole of carbon 

dioxide and 3 moles of hydrogen from a mole each of methanol and water is downhill (ΔG100 

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter II 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 60 

 

= ‒17.00 kcal/mol). Single-point calculations at a higher level with Def2TZVP were also 

performed (Figure 2.17), and interestingly, the level of the calculation does not affect the trend 

of the result.   

Either for the cycle involving the formation of a mole of formic acid and 2 moles of hydrogen 

or for the cycle that results in a mole of carbon dioxide and 3 moles of hydrogen, the σ-bond 

metathesis of the O‒H bond in coordinated 2.1″ with the Ru− H bond of 2.107c (2.107c → 

TS-2.08c → 2.109c) appears to be the rate-determining step (RDS) with a barrier of 23.85 

kcal/mol. Figure 2.14 clearly indicates 2.107c and/or 2.105c (formed via TS-2.110c) to be the 

resting states of the reaction, and not surprisingly, while 2.107b′, the derivative of 2.107b, is 

observed in HRMS analysis (Scheme 2.4 and Figure 2.16), the lowest energy intermediate 

2.105c is detected by NMR as 2.105b′ (Figure 2.15).  

This is well-complemented by the deuterium labelling studies that indicate a kH/kD value of 

1.81 when CH3OH was replaced with CD3OD in the reaction. A combined kinetic and DFT 

(vide infra) analysis indicates that the methanol C‒H bond activation occurs as a part of the 

mechanism50 and is not a part of the RDS50 (Figure 2.18a), while the O-H bond activation is 

the RDS and contributes majorly to the observed kH/kD value of 1.81. 

The ratio of the TOF (8.00 mmol/48 h) of gas evolution for the 2.101b catalyzed reaction of 

CH3OH (13.92 mmol) with water (4.64 mmol) in the presence of KOtBu (6.96 mmol) at 100 

°C to the corresponding TOF (3.78 mmol/48 h) of gas evolution starting from CD3OD (13.92 

mmol) and water (4.64 mmol) is 2.1 (equations 1 vs 2, Scheme 2.7). This KIE of 2.1 very nicely 

correlates with the ratio (1.81) of the corresponding slopes of the initial rate of gas evolution 

(Figure 2.18a). 

Only 38% retention of deuterium in formic acid, upon use of CD3OD + H2O (equation 2, 

Scheme 2.7) and its lack thereof while employing CH3OH + D2O (equation 3, Scheme 2.7) 

suggests that while the steps (2.103c → TS-2.104c → 2.105c → TS-2.106c → 2.107c) are 

reversible, the transformation (2.107c → TS-2.108c → 2.109c → TS-2.110c → 2.105c) is 

facile and irreversible. Similar results were obtained by Zheng34 and Singh32 where they 

observed that CD3OD is more influential than D2O in altering the rate of reaction. Not 

surprisingly, complete retention of deuterium was observed in formic acid in the reaction of 

CD3OD + D2O catalyzed by 2.101b at 100 °C (equation 4, Scheme 2.7). 
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Apparently, the reaction is primarily homogeneous and the major contributor to the observed 

reactivity was well-defined molecular pincer‒Ru catalysts (equations 1 vs 5, Scheme 2.7) with 

minor contribution from heterogeneous Ru nanoparticles (NPs). Accordingly, the tiny amounts 

of black particles formed in the 2.101b catalyzed reaction (entry 11, Table 2.4 and equation 1, 

Scheme 2.7) were analyzed by transmission electron microscopy (TEM) (Figure S1.34, 

Appendix I), separated, and used as a catalyst for methanol reforming under conditions 

identical as entry 11, Table 2.4. The poor reactivity (equation 6, Scheme 2.7) is suggestive of 

the fact that the formation of black Ru NPs is a deactivation step in the 2.101b-catalyzed 

methanol reforming reaction. 

Kinetic experiments were performed to determine the rate order of the reaction with respect to 

the concentration of the catalyst and methanol in a NMR tube. For the sake of ease of operation 

in a NMR tube, the reactions were performed using 0.5 equivalents of KOtBu rather than 1.5 

equivalents. Using the initial rate method, it was found that the plots of the initial rate of 

formation of formic acid vs [2.101b] (Figures 2.18b and 2.20) and the initial rate of formation 

of formic acid vs [methanol] (Figures 2.18c and 2.21) is linear, which is indicative of first-order 

dependence on the concentrations of both 2.101b and methanol.  

Steric bulk on the imine N could play a key role in deciding the barrier of the overall RDS 

involving the σ-bond metathesis of the O‒H bond in coordinated 2.1″ with the Ru‒H bond of 

2.107 via TS-108. Considering the fact that the reaction is performed in water under an 

atmosphere of air, it is likely that a combination of steric factors and the relative stability toward 

moisture/air dictates the observed difference in reactivity of the various considered catalysts. 

Obtaining the desired amount of deuterium for specialized experiments51 is often a challenge, 

not only owing to the fact that D2 is less readily commercially available across all geographical 

locations but also because it is typically available in select expensive pack sizes. Taking into 

consideration, the immense applications of labelling organic compounds with hydrogen 

isotopes in numerous areas, from materials science to medicinal chemistry,51 the ability of the 

current catalytic system to produce pure hydrogen was put into valuable application toward the 

on-site synthesis of desired amounts of D2. Subsequent incorporation of the deuterium 

generated into various unsaturated molecules led to valuable compounds, including but not 

limited to reduced quinoline derivatives, which are key structural features of many natural and 

unnatural compounds with important biological properties such as antibacterial, antifungal, and 

anticancer activity (Scheme 2.8).52  
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Figure 2.15. 31P NMR spectra of (a) 2.101b (80 mM) in MeOH/H2O (b) 2.101b (80 mM) in 

CH3OH (9.27 mmol) with water (4.64 mmol) in the presence of KOtBu (2.32 mmol) at room 

temperature. (c) 2.101b (80 mM) in CH3OH (9.27 mmol) with water (4.64 mmol) in the 

presence of KOtBu (2.32 mmol) at 100 °C. The inset has the region of the corresponding 1H 

NMR depicting the hydride signal.  

2.4 Conclusion 

NNN pincer‒ruthenium complexes of the type (R2NNN)RuCl2(CH3CN) based on 

bis(imino)pyridine ligands have been synthesized and characterized. Along with their 

phosphine and carbonyl counterparts, these pincer ruthenium acetonitrile complexes were 

tested for the value-addition of methanol via its reforming in the presence of a base. In 

comparison with the considered catalysts, the best efficiency was observed with 

(Cy2NNN)RuCl2(PPh3). KOtBu (0.5 equivalents with respect to water) was found to give 

superior results at temperatures as low as 100 °C among the bases screened. For a mixture of 

methanol and water in a 2:1 ratio (Cy2NNN)RuCl2(PPh3) (0.2 mol%) gave a yield of up to 81% 

each of hydrogen and formic acid at 100% selectivity in the presence of KOtBu (1.5 equivalents 

with respect to water) at 100 °C. However, under identical conditions, a higher loading of 

(Cy2NNN)RuCl2(PPh3) (2 mol%) gave up to 90% of hydrogen and 73% of formic acid at 80% 

selectivity. In contrast, use of a 3:1 methanol/water mixture resulted in good yields (84%) of 
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hydrogen with 82% formic acid at 95% selectivity at a 0.8 mol% loading of( 

Cy2NNN)RuCl2(PPh3). The yields of hydrogen/ deuterium calculated by measuring the volume 

of gas evolved are very consistent and comparable to the yields of products obtained by using 

them for reducing the various unsaturated compounds. 

Valuable information was obtained from detailed mechanistic studies. Evidence for the 

homogeneous nature of the reaction involving well-defined molecular catalysts was obtained 

not only from Hg poisoning experiment (equation 5, Scheme 2.7), but also from kinetic studies 

that demonstrated a first-order dependence of rate on the concentrations of both 

(Cy2NNN)RuCl2(PPh3) and methanol. Deuterium labelling studies were indicative of an 

average KIE of 1.96 that is because methanol C‒H bond activation occurs as a part of the 

mechanism but not as a part of the RDS. This is very well complemented by DFT studies that 

compute that either for the cycle leading to formic acid and 2 mol of hydrogen or for the cycle 

that results in carbon dioxide and 3 moles of hydrogen, the σ- bond 

 

Figure 2.16. HRMS analysis of reaction mixture containing methanol (0.282 mL, 6.96 mmol), 

H2O (0.042 mL, 2.32 mmol), KOtBu (0.390 g, 3.48 mmol) and 2.101b (0.0136 g, 0.019 mmol, 

0.8 mol%) at 100 °C after 2 h.  
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Figure 2.18. (a) Plot depicting the initial rate of gas evolution in the 2.101b (0.027 g, 0.037 

mmol, 0.8 mol%) catalyzed reaction of CH3OH (13.92 mmol) with water (4.64 mmol) in the 

presence of KOtBu (6.96 mmol) at 100 °C and in the 2.101b (0.027 g, 0.037 mmol, 0.8 mol%) 

catalyzed reaction of CD3OD (13.92 mmol) with water (4.64 mmol) in the presence of KOtBu 

(6.96 mmol) at 100 °C. Also see Figure 2.19. (b) Variation of initial rate of formation of formic 

acid with concentration of 2.101b (reaction condition: methanol (0.433 mL, 10.71 mmol), D2O 

(0.065 mL, 3.57 mmol), KOtBu (0.2 g, 1.78 mmol), and 2.101b (0.2, 0.4, 0.6, 0.8, and 1 mol 

%) at 100 °C in a NMR tube). Also see Figure 2.20. (c) Variation of the initial rate of formation 

of formic acid with concentration of methanol (reaction condition: methanol (0.108−0.433 mL, 

2.67‒10.71 mmol), D2O (0.065 mL, 3.57 mmol), KOtBu (0.2 g, 1.78 mmol), and 2.101b (0.8 

mol %) at 100 °C in a NMR tube). Dioxane is used as a makeup solvent at lower concentrations 

of methanol. Also see Figure 2.21. 

(a) 

(b)

) 

(c)

) 
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Figure 2.19. Reaction profile of gas evolution in the 2.101b (0.027 g, 0.037 mmol, 0.8 mol%) 

catalysed reaction of CH3OH (13.92 mmol) with water (4.64 mmol) in the presence of KOtBu 

(6.953 mmol) at 100 oC and in the 2b (0.027 g, 0.037 mmol, 0.8 mol%) catalysed reaction of 

CD3OD (13.92 mmol) with water (4.64 mmol) in the presence of KOtBu (6.953 mmol) at 100 
oC. 

 

 

Figure 2.20. Reaction profile of formic acid formation in the 2.101b (1 mol%, 0.8 mol%, 0.4 

mol% and 0.2 mol%) catalysed reaction of CH3OH (10.71 mmol) with D2O (3.57 mmol) in the 

presence of KOtBu (1.79 mmol) at 100 °C. 
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Figure 2.21. Reaction profile of formic acid formation in the 2.101b (0.021g, 0.029 mmol, 0.8 

mol%) catalysed reaction of CH3OH (10.71 mmol, 8.03 mmol, 5.36 mmol, 2.68 mmol) with 

D2O (3.57 mmol) in the presence of KOtBu (1.79 mmol) at 100 °C. Dioxane was added to 

maintain equal volume in all the cases.  

metathesis leading to the elimination of the first molecule of hydrogen is the RDS. The 

unprecedented selectivity toward formic acid in these pincer‒ruthenium catalyzed methanol 

reforming stems from the choice of the Ru‒H bond in (Cy2NNN)RuCl(H) to undergo a σ-bond 

metathesis either with the O−H of methanol (that completes the formic acid cycle) or with the 

O‒H of formic acid that leads to carbon dioxide. Its preference for the former is mainly dictated 

by kinetics, which is more favored by 4.58 kcal/mol. We report a powerful catalytic system 

that comprises of an NNN pincer-ruthenium phosphine catalyst based on bis(imino)pyridine 

ligand for the high yield transformation of a mole of methanol and water to 2 moles of hydrogen 

and a mole of formic acid at unprecedented selectivity at a temperature as low 100 °C. This 

could open up exciting avenues for the reforming of methanol into clean-burning hydrogen and 

high-value formic acid.  

2.5 Experimental Section 

2.5.1 General procedure and materials 

All the manipulations were carried out under purified Ar using either a standard double 

manifold or a glove box. The solvents such as tetrahydrofuran (THF), hexane and toluene were 

dried via double distillation over Na/benzophenone prior to the experiment.53 Methanol was 

dried and distilled under argon according to the literature procedure.53 All other chemicals such 
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Scheme 2.7. Control experiments 

as RuCl3·3H2O, [Ru(benzene)Cl2]2, [RuCl2(p-cymene)]2, pyridine-2,6-dicarboxylic acid, D2O, 

ethanol-d6 and CDCl3 were purchased from MERCK or Sigma-Aldrich and used as such. All 

catalytic reactions were set up either under an Ar atmosphere or under air using dried glassware. 

The complexes RuCl2(PPh3)3, 2.100a–f, 2.101a–f, and 2.102b–d were prepared according to 

the literature procedure.43-48, 54-64 

2.5.2 Physical measurements 

1H, 2H, 13C{H} and 31P were recorded on a Bruker ASCEND 600 operating at 600 MHz for 1H, 

150 MHz for 13C{H} and 564 MHz for 31P or on a Bruker AVANCE 400 operating at 400 MHz 

for 1H, 100 MHz for 13C{H}, 376 MHz for 31P or on a Bruker AVANCE 500 operating at 500 

MHz for 1H, 125 MHz for 13C{H}, 470 MHz for 31P. HRMS measurements were performed 

using an Agilent Accurate-Mass Q-TOF ESI–MS 6546. GC analyses were performed on an 
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Scheme 2.8. On-site generation of deuterium for labelling various unsaturated compounds. 

Agilent 7820-GC instrument fitted with an Agilent Front SS7 inlet N2 HP-PLOT Q column (30 

m length × 530 μm × 40 μm) using the following method: Agilent 7820-GC back detector: 

TCD starting temperature: 40 °C; time at starting temp: 0 min; ramp: 40 °C min−1 up to 250 °C 

with holding time = 5 min; flow rate (carrier): 25 mL min−1 (N2); split ratio: 195; inlet 

temperature: 40 °C; detector temperature: TCD: 250 °C, FID: 250 °C. 

2.5.3 General procedure for the synthesis of (R2NNN)RuCl2(CH3CN) complexes (2.102b; 

R = Cy, 2.102c; R = iPr and 2.102d; R = Ph). The complex 2.102b were prepared by the 
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Figure 2.22. GC-TCD analysis of gas evolved from reaction along with corresponding analysis 

of pure H2 and CO2 gas. Reaction condition: Entry 11, Table 2.4. 

reaction of corresponding ligands 2.103a (0.100 g, 0.393 mmol) with [RuCl2(p-cymene)]2 

(0.120 g, 0.196 mmol), using acetonitrile as the solvent and stirring overnight under reflux 

conditions. The solvent was evaporated under reduced pressure, and the dark brown solid 

(2.102b) was washed with diethyl ether (3 × 3 mL). The residue was dried under a vacuum and 

3a isolated as a black solid with a 64% yield (0.128 g). A similar procedure was followed for 

the synthesis of 2.102b-d. 

(Cy2NNN)RuCl2(CH3CN) (2.102b). (0.128 g) 64% yield. NMR analysis shows the presence 

of two isomers (cis and trans) in a 1:2 ratio. 1H NMR (600 MHz, CDCl3): δ 8.57 (s, 2H, N=CH), 

8.34 (s, 4H, N=CH), 8.02−7.95 (m, 2H, Ar), 7.79 (s, 1H, Ar), 7.59 (d, J = 7.8 Hz, 4H, Ar), 7.43 

(t, J = 7.7 Hz, 2H, Ar), 3.96 (ddt, J = 11.3, 8.0, 3.3 Hz, 6H, NCH(CH2)5), 2.91 (s, 3H, CH3CN), 

2.83 (s, 6H, CH3CN), 2.26−2.28 (m, J = 8.4, 4.3 Hz, 9H, NCH(CH2)5), 2.14−2.17 (m, 6H, 

NCH(CH2)5), 1.99−1.93 (m, 12H, NCH(CH2)5), 1.91−1.84 (m, 14H, NCH(CH2)5), 1.47−1.40 

(m, 12H, NCH(CH2)5), 1.25 (d, J = 6.9 Hz, 7H, NCH(CH2)5). 
13C{H} NMR (151 MHz, 

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter II 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 73 

 

CDCl3): δ 161.91, 159.47 (N=CH), 128.99, 127.82, 126.28 (Ar), 122.35 (CH3CN), 72.54 

(NCH(CH2)5), 33.52, 26.07, 25.93, 25.52, 25.26, 24.10, 23.57 (NCH(CH2)5), 4.90 (CH3CN). 

HRMS (ESI): m/z calculated for [2.102b − Cl]+ = [C21H30ClN4Ru]+, 475.1202; found, 

475.1352; m/z calculated for [2.102b − Cl + CH3CN]+ = [C23H33ClN5Ru]+, 516.1468; found, 

516.1628. 

(iPr2NNN)RuCl2(CH3CN) (2.102c). (0.117 g, black solid) 81% yield. NMR analysis shows the 

presence of two isomers (cis and trans) in a 1:2 ratio. 1H NMR (600 MHz, CDCl3): δ 8.56 (s, 

2H, N=CH), 8.37 (s, 4H, N=CH), 7.96 (d, J = 7.4 Hz, 2H, Ar), 7.78 (t, J = 7.1 Hz, 1H, Ar), 

7.60 (d, J = 7.8 Hz, 4H, Ar), 7.44 (t, J = 7.8 Hz, 2H, Ar), 4.39−4.30 (m, 6H, NCH(CH3)2), 2.91 

(s, 3H, CH3CN), 2.84 (s, 6H, CH3CN), 1.61 (d, J = 6.5 Hz, 22H, NCH(CH3)2), 1.56 (d, J = 5.0 

Hz, 14H, NCH(CH3)2). 
13C{H} NMR (151 MHz, CDCl3); δ 163.26, 161.83, 160.60, 159.55 

(N=CH), 134.01, 129.00, 128.08, 125.42 (Ar), 122.41 (CH3CN), 77.29, 77.08, 76.87, 65.29, 

64.63 (NCH(CH2)3), 23.19, 22.94, 22.91 (NCH(CH2)3), 5.17, 4.79 (CH3CN). HRMS (ESI): 

m/z calculated for [2.102c‒Cl‒CH3CN]+ = [C13H19ClN3Ru]+, 354.0311; found, 354.0304; m/z 

calculated for [2.102c‒Cl]+ = [C15H22ClN4Ru]+, 395.0576; found, 395.0575; m/z calcd for 

[2.102c‒Cl+CH3CN]+ = [C17H25ClN5Ru]+, 436.0842; found, 436.0845. 

(Ph2NNN)RuCl2(CH3CN) (2.102d). (0.116 g, purple solid) 69% yield. 1H NMR (400 MHz, 

CDCl3): δ 8.38 (s, 2H, N=CH), 7.73 (d, J = 7.9 Hz, 2H, Ar), 7.65 (d, J = 8.4 Hz, 4H, Ar), 7.48 

(t, J = 7.9 Hz,1H, Ar), 7.34 (dd, J = 11.9, 7.3 Hz, 6H, Ar), 2.31 (s, 3H, CH3CN). 13C{H} NMR 

(151 MHz, CDCl3): δ 160.30, 154.78, 150.96 (N=CH), 137.50, 129.42, 127.07, 123.43 (Ar), 

121.33 (CH3CN), 77.37, 77.16, 76.95 (Ar), 1.16 (CH3CN). HRMS (ESI): m/z calcd for 

[2.102d‒Cl‒CH3CN]+ = [C19H15ClN3Ru]+, 421.9998; found, 421.9986; m/z calcd for [2.102d‒

Cl]+ = [C21H18ClN4Ru]+, 463.0263; found, 463.0261; m/z calculated for [2.102d‒Cl+CH3CN]+ 

= [C23H21ClN5Ru]+, 504.0529; found, 504.0525. 

2.5.4 General procedure for the aqueous methanol reforming reaction.  

In a 5 mL pear-shaped vessel attached to a condenser, KOtBu (0.390 g, 3.48 mmol) and 2.101b 

(0.04−0.8 mol%; 0.0007−0.0136 g; 0.9−18.5 μmol) were added inside the glove box. This was 

followed by the addition of dry methanol (2.1) (0.188 mL, 4.635 mmol) or (0.282 mL, 6.951 

mmol) and distilled water (0.042 mL, 2.317 mmol) under an Ar atmosphere. The mixture was 

heated in a pre-heated oil bath at 100 °C, and the gas evolved was quantified by the water 

displacement method, and the composition of the gas generated was analyzed by GC. The 
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reaction was run till no more evolution of gas was observed (typically 48 h) and was then 

cooled down to room temperature. An aliquot (10 mg approx.) was withdrawn from the reaction 

mixture, and the yield of the formic acid was determined by 1H NMR using D2O as the solvent 

and sodium acetate (known amount added in the NMR tube) as a standard. 

2.5.5 General procedure for the on-site generation of deuterium and its incorporation in 

unsaturated substrates.  

In a 5 mL pear-shaped vessel (A) attached to a condenser, KOtBu (0.390 g, 3.48 mmol), 2.101b 

(0.8 mol %; 0.0136 g; 18.5 μmol), and anhydrous methanol-d4(5a) (0.282 mL, 6.951 mmol) 

were added inside the glove box. This was followed by the addition of D2O (0.042 mL, 2.317 

mmol) under an Ar atmosphere. On the other hand, Pd/C (10 mol %; 0.0106 g; 0.1 mmol), 

unsaturated substrate (1 mmol), and 1,4- dioxane (0.5 mL) were added to a 30 mL bomb vessel 

B under an Ar atmosphere. The deuterium gas generated in the flask A at 100 °C was fed to 

bomb vessel B at 120 °C for 48 h and then cooled down to room temperature. An aliquot (10 

mg approx.) was withdrawn from the reaction mixture of A, and the NMR yield of the formic 

acid-d2 was determined by 2H NMR using H2O as the solvent and D2O (known amount added 

in the NMR tube) as a standard. The 1H NMR analysis was also done to check the formation 

of formic acid (if any). An aliquot (10 mg approx.) was withdrawn from the reaction mixture 

of B, and the NMR yield of the deuterated product was determined by 1H NMR using CDCl3 

as the solvent and toluene (known amount added in the flask) as the standard. The 2H NMR 

analysis was also done to check the deuterium incorporation in the product.  

2.5.6. General procedure of the kinetic studies performed for the 2.101b catalyzed 

transformation of methanol to formic acid. 

2.5.6.1 Variation of catalyst concentration. In a J-Young Teflon valve NMR tube, KOtBu 

(0.200 g, 1.79 mmol) and 2.101b (0.2−1 mol %; 0.0050−0.0261 g; 7.14−35.7 μmol) were added 

inside the glove box. This was followed by the addition of dry methanol (2.1) (0.433 mL, 10.71 

mmol) and D2O (0.065 mL, 3.57 mmol) under an Ar atmosphere. The tube was heated in a 

preheated oil bath at 100 °C. 1H NMR of the reaction mixture was recorded at different time 

intervals using sodium acetate as a standard. 

2.5.6.2 Variation of MeOH concentration. In a J-Young Teflon valve NMR tube, KOtBu 

(0.200 g, 1.79 mmol) and 2.101b (0.8 mol %; 0.0209 g; 28.56 μmol) were added inside the 
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glove box. This was followed by the addition of dry methanol (2.1) (0.433‒0.108 mL, 10.71‒

2.67 mmol) and D2O (0.065 mL, 3.57 mmol) under an Ar atmosphere. Dioxane was used as a 

make-up solvent at lower concentrations of methanol. The tube was heated in a preheated oil 

bath at 100 °C. 1H NMR of the reaction mixture was recorded at different time intervals using 

sodium acetate as a standard. 

2.5.7. Computational details 

The geometries of all the considered complexes were fully optimized employing the 

DFT(PBE)65 method on the Gaussian-09 package.66 The Def2SVP67-69 basis set with a 

polarization function were used for the metal (Ru) and non-metal atoms respectively. The 

empirical dispersion-GD3 was used in all molecular geometry optimization and energy 

computations. The transition states were located using the synchronous transit-guided quasi- 

Newton (QST2). Frequency calculations were also performed to differentiate minima 

structures or transition states on the potential energy surface. ΔG values were calculated by 

using the sum of electronic and thermal free energies. These values were computed at 100 °C 

to meet the experimental conditions. Single-point calculations were also performed at a higher 

level with Def2TZVP. 

Supporting information containing NMR spectra, GC, HRMS analysis, and Cartesian 

coordinates of the computed complexes for chapter II is available as Appendix I and can be 

found at: 

https://drive.google.com/file/d/1ppAVRIRsJuQ7DK_-

J4LtayNnSOUh6GvV/view?usp=sharing 
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Chapter III 

Pincer− Ruthenium Catalyzed Reforming of 

Ethanol to Acetic Acid and Hydrogen 

 

 

This work has been adapted from “Reforming of Ethanol to Hydrogen and Acetic Acid 

Catalyzed by Pincer-Ruthenium Complexes” by Arora, V.; Dhole, S.; Dhole, S.; Kumar, A. Catal. 

Sci. Technol. 2023, 13, 6699-6711. 
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3.1 Introduction 

H2 is considered as an important fuel due to its several benefits such as abundance and high 

energy density (120 MJ/kg).1-3 It is considered as a clean fuel as the only by-product formed 

during its combustion is water.1-3 As discussed in chapter II, liquid organic hydrogen carriers 

(LOHCs) such as methanol and ethanol are most preferred source of generating H2 when 

required, due to their high H2 content (12.6% and 13% respectively) and easy availability.4-6 

Among the different renewable alcohols, bioethanol has gained attention as an emerging 

hydrogen carrier because of its relatively high hydrogen output (13 wt%).7-10 Primary 

investigations on the liberation of hydrogen from ethanol were reported in the 1970s and 

1980s,11, 12 and as compared to methanol, research on ethanol dehydrogenation lags far 

behind.13, 14 Bioethanol is produced on a large scale via fermentation of biomass, such as 

biodegradable waste from food and agriculture based industries.15 It is cheap, readily available 

in high quality and possesses low toxicity.16 One benefit of ethanol’s water content is that it can 

be utilized straight for the aqueous reforming reactions, negating the requirement of rigorous 

purifying methods.17   

Acetic acid, which can be potentially obtained from the aqueous reforming of ethanol along 

with the production of hydrogen, is an organic compound which is produced and consumed on 

a large industrial scale.18, 19 Its global consumption in 2020 was over 18 million tons globally.20 

It is primarily employed for the production of vinyl acetate, which is then polymerized to 

polyvinyl acetate, an important ingredient of paints and coatings21 Along with this, it is also 

used in the production of various esters,22 acetic anhydride23 and polyethylene terephthalate 

(PET).21  

 

Scheme 3.1. Catalytic methods reported in literature for production of acetic acid.18 
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In the past, the industrial production of acetic acid has been majorly performed utilizing 

catalytic oxidation of acetaldehyde and oxygen (Scheme 3.1a).18 Currently, the production of 

acetic acid is mainly accomplished via rhodium-catalyzed Monstano process (Scheme 3.1b).18, 

24, 25 Monsanto process was commercialized in 1966 employing an improved Rh-based 

homogeneous catalyst for a liquid-phase methanol carbonylation with CH3I-promoted rhodium 

catalyst. While the reaction can be carried out using a plethora of Rh(I) or Rh(III) complexes, 

under reaction conditions they are almost invariably transformed to the active catalyst 

[RhI2(CO)2]
-1.21 The main drawback of the process is that it requires harsh reaction conditions 

(180‒220 °C and 30‒40 atm) and difficult separation of corrosive liquid-phase products such 

as methyl iodide, hydrogen iodide from the homogeneous catalyst.13 Moreover, the starting 

material used i.e rhodium is highly expensive. 

Therefore, under these circumstances, developing a novel method for the production of acetic 

acid starting from ethanol as a raw material would be highly beneficial. This is due to the fact 

that, ethanol can be easily produced from renewable plant resources.15 The synthesis of acetic 

acid along with hydrogen via reforming of aqueous ethanol would have a large impact on 

industrial organic chemistry (Scheme 3.1c). The transformation of ethanol to acetic acid has 

been extensively reported with heterogeneous based systems.26, 27 In 2013, Brei reported the 

aqueous reforming of ethanol over Cu/ZnO-ZrO2-Al2O3 catalyst at 250‒320 °C, where up to 

73% yield of acetic acid was obtained with 80% selectivity.28 They observed the formation of 

various by-products such as ethyl acetate, acetaldehyde, methyl ethyl ketone, and butanol. 

Recently, a series of CuCr catalysts have been reported by Ye and co-workers for the 

transformation of ethanol to acetic acid.29 They observed complete conversion of ethanol but 

only 48.6% yield of acetic acid was obtained at 350 °C after 6 h. The major limitation of 

heterogenous based catalysts is their low selectivity towards acetic acid along with the 

requirement of very high temperature (up to 350 °C).    

In the context of homogeneous based systems, ruthenium-based complexes have been mainly 

employed for the aqueous ethanol reforming reaction to afford acetic acid and hydrogen (Figure 

3.10).25, 30-32. The first report on ethanol reforming reaction mediated by a homogeneous 

molecular catalyst was published in 2014 (Figure 3.10). Here, Beller described several Ru and 

Ir-based complexes for the homogeneous catalytic conversion of bioethanol to yield acetic acid 

and hydrogen.31 Initially, the catalytic activity of all the complexes was screened in a 9 : 1 

EtOH/water mixture (v/v) in the presence of 0.0025 mol% of various Ru catalysts along with 
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Figure 3.10. Homogeneous catalysts reported for the aqueous ethanol reforming reaction. 

NaOH (0.36 equivalents with respect to water) at 90 °C.31 Apart from the complex based on 

iridium, all the Ru complexes have shown good to high catalytic activity. Notably, the 

hydrochloride complex 3.3, which exhibited a TOF3h of 1170 h-1 (335 ml of gas evolution, yield 

of H2 = 9%), was chosen as the optimized catalyst, owing to its high stability and its ability to 

form a free coordination site in the presence of a base.31 The influence of increasing the water 

content was also tested in 7.5 : 2.5, 5 : 5, and 1 : 9 EtOH/water mixtures (v/v) and a decrease 

in the TOF3h was observed in all the cases leading to 936 h-1, 587 h-1 and 115 h-1 respectively.31 

However, lower water concentration (say for example a 9 : 1 EtOH/water mixture (v/v)) 

resulted in several side products such as 1-butanol and ethyl acetate. Surprisingly, a 5 : 5 

EtOH/water mixture (v/v) resulted in H2 and acetic acid as the only products. Under the 

optimized conditions, a 5 : 5 EtOH/water mixture (v/v) led to 70% conversion of ethanol to 

acetic acid within 20 h at 90 °C. They performed an additional long-reaction time experiment 

with 3.3 under the optimized conditions that resulted in 80000 TON after 98 h of reaction time. 

31 The analysis of the gas evolved revealed the presence of very tiny amounts of CO2 and CO 

(below 10 ppm). The developed protocol was also successful for the dehydrogenation of 

fermented bioethanol.31 

Very recently, Zheng and co-workers demonstrated aqueous ethanol reforming using an Ru-

alkylidene complex 3.5 (0.0008 mol%) in the presence of 0.9 equivalents of KOH in a 1.2 : 1 

EtOH: H2O mixture, where they obtained up to 47295 TON (15.5% conversion of ethanol) and 

19% yield of H2 after performing the reaction for five days at 100 °C (Figure 3.10).32 The 
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control experiments were performed using the mixture of CH3CHO/H2O and CH3CH2OH/H2O 

under the optimized conditions without any catalyst and in the presence of KOH, where only 

trace amounts of H2 were detected.32 In case of latter, neither acetaldehyde nor ethyl acetate 

was observed. These studies show that no side-reactions are occurring during the process and 

hydrogen obtained is solely due to the reforming of ethanol to acetic acid. The kinetic 

experiments indicate that the reaction is second order with first order in both ethanol and water, 

which is well complemented by the isotope labelling studies, where a KIE value of 2.87 has 

been obtained.32 Furthermore, following the reaction at different temperatures and using the 

Arrhenius plot, an activation energy of 13.0 kcal mol-1 was obtained.32 On the basis of NMR 

studies and control experiments, Zheng and co-workers have proposed a mechanism for the 

ethanol reforming reaction (Scheme 3.2), where initially, the salt metathesis of the base with 

3.5 leads to 3.5a.32 Furthermore, CH3CHO is generated via the β-hydride elimination to 

produce a hydrido complex 3.5b.32 A second ethanol molecule then coordinates to the 

ruthenium centre to form 3.5c and the first molecule of hydrogen gets released.  A second β-

hydride elimination occurs, which affords 3.5d, to which a molecule of water coordinates and 

leads to the generation of a second molecule of H2 and geminal diol complex 3.5e. Finally, 

acetic acid is formed upon further β-hydride elimination along with the regeneration of 3.5b.32  

In the context of non-Ru-based complexes,  . Fujita extended the above studies to the 

dehydrogenation of various primary aliphatic and aromatic alcohols to the corresponding 

carboxylic acids as well, where they obtained moderate to excellent yields. Furthermore, 

complex 3.4 was also tested for its recyclability and even after 3 runs, 100% yield of hydrogen 

was obtained for the ethanol reforming reaction. Moreover, an independent reaction using 

acetaldehyde, a key intermediate in the reaction, has been performed, where in the presence of 

111 equivalents of H2O, 0.25 mol% 3.4 and 1.2 equivalents of NaOH, 88% of acetic acid along 

with 84% of H2 were obtained.33 The proposed catalytic cycle involves the formation of in-situ 

generated Ir‒H species 3.4c during the dehydrogenation of ethanol to acetaldehyde (Scheme 

3.3).33 

3.2 Objectives 

In chapter II, a series of NNN pincer-ruthenium complexes (Figure 3.11) have been 

demonstrated towards the aqueous reforming of methanol resulting in highly selective 

formation of formic acid and hydrogen in high yields.34 In this context, the current chapter aims 

to investigate the applicability of these complexes towards the reforming of ethanol. 
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Scheme 3.2. Plausible reaction mechanism reported by Zheng for the 3.5 catalyzed aqueous 

phase reforming of ethanol.32 

As discussed above, the heterogeneous systems reported in past, operate under very high 

temperature affording acetic acid with low yields and selectivity. Whereas, homogeneous 

systems have several advantages over heterogenous counterparts such as low catalyst loading, 

mild reaction conditions and high yield and selectivity of acetic acid. Therefore, it would be 

interesting to employ these environmentally benign and easy to synthesize bis(imino)pyridine 

based pincer-ruthenium complexes with the following questions in mind. 

• Will these NNN-ligated pincer-ruthenium complexes show good catalytic activity 

towards the ethanol reforming to generate H2 and acetic acid with high selectivity and 

without generation of any carbon dioxide?  

• Is it possible to obtain detailed kinetic and mechanistic (experimental and computation- 
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-al) understanding of the process?  

• Can one extrapolate the current study to reforming of other primary alcohols? 

 

 

Scheme 3.3. Plausible reaction mechanism reported by Fujita for the catalytic reforming of 

ethanol using 3.4.33   

3.3 Results and Discussion 

3.3.1 Aqueous-phase ethanol reforming catalyzed by NNN pincer-ruthenium complexes 

and their precursors 

In chapter II, it has been demonstrated that among the considered NNN pincer-ruthenium 

complexes (Figure 3.11), the complex 3.7b (0.2 mol%) could efficiently catalyze the methanol 

reforming reaction giving very high yields of formic acid (up to 81%, with 100% selectivity) 
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and hydrogen (up to 90%) in the presence of KOtBu (1.5 equivalents). Encouraged by these 

observations, we commenced the optimization of reaction conditions for the reforming of 

ethanol under the influence of numerous bases using pincer-ruthenium complex 3.7b as a 

catalyst (Table 3.1). The studies were initiated by probing the reaction of EtOH and H2O (in 2 

: 1 ratio) in the presence of 0.5 equivalents of KOtBu and 0.2 mol% of 3.7b at 120 °C that led 

to a moderately good yield of acetic acid apart from hydrogen (entry 1, Table 3.1). In 

comparison to the yields of acetic acid and hydrogen obtained when KOtBu was employed, 

while the productivity upon use of 0.5 equivalents of NaOtBu was about half (compare entry 2 

with entry 1, Table 3.1), the corresponding yields were two-thirds when either KOH or Na  

 

Figure 3.11. Pincer-ruthenium complexes employed in the current study. 

(where a base is generated in-situ) was used (compare entries 4 and 10 with entry 1, Table 3.1). 

On the other hand, the use of NaOEt resulted in only one-thirds of the yield in comparison to 

the yields obtained in reactions carried out with KOtBu (compare entry 5 with entry 1, Table 

3.1). Trace amounts of acetic acid and hydrogen were observed when the 3.7b (0.2 mol%) 

catalyzed ethanol reforming was performed with NaOH, Na2CO3, K2CO3, Cs2CO3 and 
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NaHCO3 (entries 3 and 6‒9, Table 3.1). A systematic increase in yields of acetic acid and 

hydrogen was observed upon a gradual increase in the base loading (entries 11 and 12, Table 

3.1). A maximum of 73% yield of acetic acid and 70% yield of H2 was observed in the 3.7b  

Table 3.1: The 3.7b catalyzed aqueous-phase reforming of ethanol using various bases 

 

Reaction conditions: Ethanol (0.271 mL, 4.64 mmol), H2O (0.042 mL, 2.32 mmol), base (X 

equivalents), and 3.7b (0.0034g, 0.0046 mmol, 0.2 mol%) at 120 °C. Gas evolution was determined by 

burette measurements after deducting the blank contribution. aYield was calculated as moles of H2 (as 

observed from GC and the amount of gas evolved)/moles of H2O. bYield of acetic acid was calculated 

from 1H NMR using DMSO as standard. 

(0.2 mol%) catalyzed reforming of ethanol + water (2 : 1) in the presence of 1.5 equivalents of 

KOtBu at 120 °C (entry 12, Table 3.1). Performing the reaction with 1 and 1.5 equivalents of 

KOH gave lower yields (entries 13 and 14, Table 3.1) for the reforming of ethanol. Under the 

best optimized conditions (entry 11, Table 3.1), further optimization of the ethanol reforming 

reaction was carried out using several pincer-ruthenium complexes and their precursors (Table 

3.2). In addition, the commercially available Ru precursors like RuCl3·3H2O, RuCl2(PPh3)3, 

[Ru(p-cymene)Cl2]2 and [Ru(benzene)Cl2]2 also gave lower yields of acetic acid and hydrogen 

Entry Base (X equiv.) mmol of gas % Yield of H2
a % Yield of 3.2b 

1 KOtBu (0.5) 0.99 21 19 

2 NaOtBu (0.5) 0.54 12 11 

3 NaOH (0.5) 0.02 Trace Trace 

4 KOH (0.5) 0.64 14 14 

5 NaOEt (0.5) 0.30 6.58 6.59 

6 Na2CO3 (0.5) 0.01 Trace Trace 

7 K2CO3 (0.5) 0.13 1.12 2.7 

8 Cs2CO3 (0.5) 0.01 Trace Trace 

9 Na (0.5) 0.71 15 15 

10 KOtBu (1.0) 1.72 37 35 

11 KOtBu (1.5) 3.24 70 73 

12 KOH (1.0) 0.79 17 17 

13 KOH (1.5) 1.19 26 25 
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Table 3.2: Aqueous-phase reforming of ethanol using various pincer-ruthenium catalysts 

 

Entry [Ru] (0.2 mol%) mmols of gas Yield of H2
a (%) Yield of 3.2b (%) 

1 3.6a 0.80 17 18 

2 3.6b 1.67 36 35 

3 3.6c 2.00 43 43 

4 3.6d 1.37 30 28 

5 3.6e 3.22 69 70 

6 3.6f 1.31 28 25 

7 3.7a 2.77 60 59 

8 3.7b 3.24 70 73 

9 3.7c 2.67 58 58 

10 3.7d 2.17 47 49 

11 3.7e 2.20 48 47 

12 3.7f 2.88 62 61 

13 3.8b 1.01 22 23 

14 3.8c 0.32 7 9 

15 3.8d 1.40 30 32 

16 RuCl2(PPh3)3 0.46 10 10 

17 RuCl3.3H2O 2.35 51 46 

18 [Ru(p-cymene)Cl2]2 1.68 36 48 

19 [Ru(benzene)Cl2]2 0.94 21 14 

20 3.6bc 3.11 67 66 

21 3.8bc 3.35 72 71 

22 3.6ed 1.88 41 44 

23 Only ligand - - - 

Reaction conditions: Ethanol (0.271 mL, 4.64 mmol), H2O (0.042 mL, 2.32 mmol), KOtBu (0.390 g, 

3.48 mmol, 1.5 equivalents), and ruthenium catalyst (0.0046 mmol, 0.2 mol%) at 120 °C. Gas evolution 

was determined by burette measurements after deducting the blank contribution. aYield was calculated 

as moles of H2 (as observed from GC and the amount of gas evolved)/moles of H2O. bYield of acetic 

acid was calculated from 1H NMR using DMSO as standard. c1 equivalent of PPh3 relative to 3.6b/3.8b 

was added. d2 equivalent of PPh3 relative to 3.6e was added. 
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(entries 16‒19, Table 3.2). The reaction with only ligand was also performed (entry 23, Table 

3.2), where no product was observed. 

Among the carbonyl complexes (3.6a‒f) (entries 1‒6, Table 3.2), the use of 

(Bim2NNN)RuCl2(CO) (3.6e) resulted in the maximum yield of acetic acid (69%) and hydrogen 

(70%) under the optimized conditions (entry 5, Table 3.2). A comparison of the ethanol 

reforming activity of pincer-ruthenium phosphine complexes 3.7a–f (entries 7‒12, Table 3.2), 

revealed that the best results (ca. 73% acetic acid and 70% H2, entry 8, Table 3.2) were obtained 

with 3.7b (0.2 mol%) as a catalyst in the presence of 1.5 equivalents of KOtBu at 120 °C after 

Table 3.3: The 3.7b catalyzed aqueous-phase reforming of ethanol under various conditions 

 

Entry 3.7b (X mol%) mmols of gas Yield of H2
a (%) Yield of 3.2b (%) 

1 0.2 3.24 70 73 

2c 0.2 3.14 68 73 

3c,d 0.2 0.73 16 16 

4c,e 0.2 3.42 74 77 

5c,f 0.2 3.04 66 61 

6c,g 0.2 3.24 70 69 

7 0.1 2.77 60 59 

8 0.4 3.11 67 71 

9 0.6 3.22 70 66 

10 0.8 3.10 67 67 

11c,h Only EtOH 1.07 23 26 

12c,i Only water - - - 

Reaction conditions: Ethanol (0.271 mL, 4.64 mmol), H2O (0.042 mL, 2.32 mmol), KOtBu (0.390 g, 

3.48 mmol, 1.5 equivalents), and 3.7b (X mol%) at 120 °C. Gas evolution was determined by burette 

measurements after deducting the blank contribution. aYield was calculated as moles of H2 (as observed 

from GC and the amount of gas evolved)/moles of H2O. bYield of acetic acid was calculated from 1H 

NMR using DMSO as standard. cReaction was performed in air. dReaction was set up at 100 °C. 
eReaction was set up at 140 °C. f6.95 mmol of ethanol, 2.32 mmol of water, 3.48 mmol of KOtBu and 

0.005 mmol of 3.7b were used. g9.27 mmol of ethanol, 2.32 mmol of water, 3.48 mmol of KOtBu and 

0.005 mmol of 3.7b were used. h4.64 mmol of ethanol, 3.48 mmol of KOtBu and 0.005 mmol of 3.7b 

were used. i2.32 mmol of water, 3.48 mmol of KOtBu and 0.005 mmol of 3.7b were used. 
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36 h. The corresponding acetonitrile pincer-ruthenium complexes (3.8b–d) exhibited poor 

catalytic activity (entries 13‒15, Table 3.2) as compared to 3.7b (entry 8, Table 3.2) and 3.6e. 

When the best optimized conditions were repeated under air, the yields of hydrogen and acetic 

acid were comparable with no change in selectivity (entry 1 vs. 2, Table 3.3). While repeating 

the reaction under air at 100 °C resulted in lower reactivity of 3.7b (0.2 mol%) (entry 1 vs. 3, 

Table 3.3), the corresponding reactivity of 3.7b (0.2 mol%) at 140 °C was comparable to its 

reactivity at 120 °C (entry 1 vs. 4, Table 3.3). Further the yields of hydrogen and acetic acid 

were unchanged when the ratio of ethanol to water was varied to 4:1 (entry 1 vs. 6, Table 3.3) 

in the 3.7b (0.2 mol%) catalyzed reactions at 120 °C. Upon lowering the loading of 3.7b to 0.1 

mol% there was a slight decrease in the yield of hydrogen (60%) and acetic acid (59%, entry 1 

vs. 7, Table 3.3). However, at higher loadings of 3.7b, the aqueous ethanol (2:1) reforming 

activity was comparable (entry 1 vs. 8, 9 and 10, Table 3.3) at 120 °C in the presence of 1.5  

Table 3.4: The 3.7b catalyzed aqueous-phase reforming of various alcohols 

___________________________________________________________________________ 

___________________________________________________________________________ 
Reaction conditions: Alcohol (4.64 mmol), H2O (0.042 mL, 2.32 mmol), KOtBu (0.390 g, 3.48 mmol, 

1.5 equivalents), and 3.7b (0.0034g, 0.0046 mmol, 0.2 mol%) at 120 °C. Gas evolution was determined 

by burette measurements after deducting the blank contribution. aYield was calculated as moles of H2 

(as observed from GC and the amount of gas evolved)/moles of H2O. bYield of the product was 

calculated from 1H NMR using DMSO as standard. For aromatic acids, the yield was similarly 

determined but after work-up of the reaction mixture with 6M HCl. 
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equivalents of KOtBu. This is in contrast to the observed increase in yield of H2 and 3.2 with 

increase in loading of 3.7b at a lower loading of KOtBu (0.5 equivalents) (Figure 3.13a). In the 

absence of water but in the presence of 1.5 equivalents of KOtBu, 3.7b (0.2 mol%) catalyzed 

the transformation of ethanol giving hydrogen and acetic acid in 23% and 26% yields 

respectively (entry 11, Table 3.3). On the other hand, there was no reactivity when the reaction 

was repeated just with water (entry 12, Table 3.3). The optimized protocol (entry 8, Table 3.2) 

was employed to bring about the aqueous reforming of a range of aromatic and aliphatic 

secondary alcohols in moderate to good yields (Table 3.4). 

3.3.2 Control experiments  

In Chapter II, it has been demonstrated that the NNN pincer-ruthenium complex 3.7b (0.2 

mol%) could efficiently catalyze the aqueous reforming of methanol and the reactivity was 

hardly affected by the presence of excess mercury that is indicative of the homogeneity of the 

reaction mixture. Attempts to determine the order of the 3.7b catalyzed ethanol reforming 

reaction using the initial rate method revealed a linear dependence of the rate of formation of 

3.2 on the concentration of both 3.7b (Figure 3.12a) and ethanol (Figure 3.12b), indicating the 

reaction to be first order with respect to both 3.7b and ethanol. These observations also imply 

that the reaction is primarily homogeneous. 

 

Figure 3.12. (a) Variation of the initial rate of formation of acetic acid with the concentration 

of 3.7b (reaction conditions: ethanol (0.416 mL, 7.14 mmol), D2O (0.065 mL, 3.57 mmol), 

KOtBu (0.2 g, 1.78 mmol) and 3.7b (0.1–0.8 mol%; 0.0026–0.0208 g; 3.56–28.56 μmol) at 120 

°C in a NMR tube) (Also see Figure 3.13a). (b) Variation of the initial rate of formation of 

acetic acid with the concentration of ethanol (reaction conditions: ethanol (0.104–0.416 mL, 

1.78–7.14 mmol), D2O (0.065 mL, 3.57 mmol), KOtBu (0.2 g, 1.78 mmol) and 3.7b (0.0052 

g, 7.12 μmol, 0.2 mol%) at 120 °C in a NMR tube). Dioxane is used as a make-up solvent at 

lower concentrations of ethanol (Also see Figure 3.13b). The reactions were performed using 

0.5 equivalents of KOtBu rather than 1.5 equivalents for the sake of ease of operation in NMR 

tube. 
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Under the optimized conditions (entry 8, Table 3.2), the use of D2O instead of H2O did not have 

a significant effect either on the rate of reaction (Figure S2.26, Appendix II), or on the 

productivity (equation 1 vs. 2, Scheme 3.4). On the other hand, the use of CD3CD2OD in comb- 

 

Figure 3.13. (a) Reaction profile of acetic acid formation at different concentrations of 3.7b 

(reaction conditions: ethanol (0.416 mL, 7.14 mmol), D2O (0.065 mL, 3.57 mmol), KOtBu (0.2 

g, 1.78 mmol) and 3.7b (0.1–0.8 mol%; 0.0026–0.0208 g; 3.56–28.56 μmol) at 120 °C in a 

NMR tube) (b) Reaction profile of acetic acid formation at different concentrations of ethanol 

(reaction conditions: ethanol (0.104–0.416 mL, 1.78–7.14 mmol), D2O (0.065 mL, 3.57 mmol), 

KOtBu (0.2 g, 1.78 mmol) and 3.7b (0.0052 g, 7.12 μmol, 0.2 mol%) at 120 °C in a NMR 

tube). Dioxane is used as a make-up solvent at lower concentrations of ethanol. The reactions 

were performed using 0.5 equivalents of KOtBu rather than 1.5 equivalents for the sake of ease 

of operation in NMR tube. 

-ination with either D2O or H2O markedly slowed the reaction (equation 1 vs. 3 and 4, Scheme 

3.4), producing a KIE value of 5.1 (Figure 3.14, equation 1 vs. 3, Scheme 3.4) as determined 

from the ratio of the TOF (36 h) in the 3.7b catalyzed reaction of CD3CD2OD with H2O. Similar 

value of KIE was obtained from the ratio of TOF (1 h) in the 3.7b catalyzed reaction of 

CD3CD2OD with H2O (ca. 5.4). This KIE nicely correlates with the KIE of 5.0 (obtained from 

the ratio of the corresponding slopes of the initial rate of gas evolution, Figure 3.14) and KIE 

of 5.6 (obtained from the ratio of yields of 3.2 and 3.2j, equation 1 vs. 3, Scheme 3.4) resulting 

in an overall KIE of 5.23. The contribution of both C-H bond breaking occurring in the 

mechanism and O-H bond activation which is part of the r.d.s (Scheme 3.15), gives rise to this 

overall KIE of 5.23.  Similarly, the reforming of CD3CD2OD with D2O showed an overall KIE 

of 4.47 (Figure S2.27, Appendix II). 

3.3.3 Plausible mechanism involved in the pincer-ruthenium catalyzed aqueous-phase 

ethanol reforming reaction 

Based on Chapter-II and previous reports,34 a catalytic cycle has been proposed employing 

3.7a–d, which exhibited good activity among the complexes studied (Scheme 3.5). In addition, 

the catalytic cycle has been probed computationally (Figures 3.16, 3.20 and 3.24) using the 
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PBE method with LANL2DZ and 6-311G(d,p) basis sets for metal and non-metal atoms 

respectively. The first step comprises of the formation of 16-electron penta-coordinate species 

3.71a–d via dissociation of PPh3 from 3.7c with a barrier of 21.96 kcal mol−1.  

The 31P NMR studies (Figure 3.17 and Figure 3.18) and HRMS experiments (Figure 3.19) were 

performed to validate the dissociation of PPh3. In the 31P NMR of the reaction catalyzed by 

3.7b, two peaks at ‒5.48 ppm (corresponding to free PPh3) and 29.65 ppm were observed after 

 

Scheme 3.4. Control experiments.  

addition of a base at room temperature (Figure 3.17b). After the reaction mixture was heated 

at 120 °C for 15 min, 3 peaks were observed at ‒5.46 ppm (corresponding to free PPh3), 30.97 

ppm (corresponding to PPh3 bound to Ru in 3.712b) and 38.68 ppm (corresponding to PPh3 

bound to Ru in 3.713b) (Figure 3.17c). The hydrides corresponding to both 3.712b and 3.713b 

were observed in the 1H NMR spectrum (Figure 3.17d). A similar observation was made in the 

31P NMR studies carried out with the catalytic reaction mixture containing 3.7f (Figure 3.18). 

In this case, two peaks at 30.74 ppm (corresponding to free POPh3) and 53.09 ppm 

(corresponding to PPh3 bound to Ru in 3.7fa) were observed after addition of a base at room 

temperature (Figure 3.18b). After the reaction mixture was heated at 120 °C for 15 min, similar 

peaks were observed. The hydride corresponding to 3.7fa was observed in the 1H NMR 

spectrum (Figure 3.18d).  

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter III 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 97 

 

The dichloride species then gets engaged in salt-metathesis with ethanol (3.1) and a base to 

 

Figure 3.14. A comparative plot of the initial rate of gas evolution for the 3.7b (0.0034 g, 

0.0046 mmol, 0.2 mol%) catalyzed reaction of C2H5OH (0.27 mL, 4.64 mmol) with water 

(0.042 mL, 2.32 mmol) in the presence of KOtBu (0.390 g, 3.48 mmol) at 120 °C and for the 

3.7b (0.0034 g, 0.0046 mmol, 0.2 mol%) catalyzed reaction of C2D5OD (0.27 mL, 4.64 mmol) 

with water (0.042 mL, 2.32 mmol) in the presence of KOtBu (0.390 g, 3.48 mmol) at 120 °C. 

(Also see Figure S2.27, Appendix II). 

form Ru-ethoxide species (3.72a‒d) which are also detected in HRMS as its derivative [3.72b′‒

Cl]+ (Scheme 3.5 and Figure 3.19). The β-H elimination in Ru-ethoxide species (3.72a‒d) 

results in the generation of acetaldehyde (3.1′) and Ru-H species 3.74a‒d via TS-3.73a‒d 

(Scheme 3.5). The barrier for this transformation 3.72b → 3.74b is computed to be 14.08 kcal 

mol−1 (TS-3.3b) at 120 °C (Figure 3.16). The acetaldehyde (3.1′) formed above then reacts 

with water to form ethane-1,2-diol via a 6-membered transition state (TS-3.5a‒d) involving 

two water molecules (Scheme 3.5). The interaction of 3.1′ with two water molecules rather 

than one is taken into account owing to the lower barrier in the case of the former with methanol 

(discussed in Chapter II, Figure 2.14 ). With ethanol, the barrier for 3.74b → 3.76b is computed 

to be 13.78 kcal mol−1 (TS-3.75b) (Figure 3.16). This is followed by the alcoholysis of the O–

H bond bound to the metal center in 3.76a‒d with the Ru–H bond, liberating the first molecule 

of H2 and intermediates 3.78a‒d via TS‒3.77a‒d (Scheme 3.5). This process proceeds via a 

barrier of 23.19 kcal mol−1 (TS-3.77b) and 3.76b → 3.78b is an uphill process (ΔG120 = 9.37 

kcal mol−1) (Figure 3.16). 
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Subsequently, the β-H elimination from 3.78a‒d could occur thereby converting ethane-1,2-

diol to acetic acid (3.2) and giving back the Ru–H species 3.74a‒d while going through TS‒

3.79a‒d (Scheme 3.5). This step 3.78b → 3.74b is a downhill process with an activation barrier 

of ΔG‡
120 = 9.54 kcal mol−1 (TS-3.79b). This intermediate (3.74b) has the lowest energy and 

is likely to be the resting state of the reaction. Not surprisingly in the 3.7b/3.7f catalyzed 

ethanol reforming, the Ru–H species 3.74b could be detected as their phosphine adducts 

3.712b/3.7fa in the NMR analysis (Figure 3.17 and Figure 3.18) and HRMS analysis ([3.714b‒

Cl]+, [3.712b+H2O+Na]+ and [3.713b‒Cl]+, Figure 3.19).  

Further, the Ru-ethoxide species 3.72a–d are regenerated by the alcoholysis with an additional 

ethanol molecule via TS-3.711a‒d (Scheme 3.5). The step 3.74b → 3.72b is an uphill process 

(ΔG120 = 8.24 kcal mol−1) with a relatively high barrier (TS‒3.711b; ΔG‡
120 = 23.25 kcal mol−1) 

(Figure 3.5). This completes the cycle for the reforming of ethanol to acetic acid which is an 

overall downhill process (ΔG120 = –7.77 kcal mol−1) liberating two equivalents of hydrogen.  

Considering the fact that both TS–3.77b and TS–3.711b have comparable energies while 

taking into account the greater normalized value of the former (19.03 kcal mol−1) with respect 

to the latter (7.24 kcal mol−1), the rate determining step (RDS) of the above cycle appears to be 

the alcoholysis of the O–H bond in 3.76b which proceeds via TS–3.77b and has a barrier of 

23.19 kcal mol−1. Zheng reported a KIE of 3.41 for the reforming of CD3OD with D2O where 

the metathesis step leading to evolution of hydrogen was the RDS rather than the C–H 

activation.35 On a similar note, one could explain the KIE of 4.47 for reforming of CD3CD2OD 

with D2O in the current studies which points to the possibility that C–H bond activation is not 

occurring in the RDS though it is likely to occur in one of the segments (here during β‒H 

elimination from 3.72b and 3.78b) of the catalytic cycle. The mechanism of the reaction 

catalyzed by 3.7c is very similar with a rate-determining barrier of 25.67 kcal mol−1 that 

corresponds to the alcoholysis of the O–H bond in 3.74c with ethanol which proceeds via TS‒

3.711c (Figure 3.24).  

A very similar reaction catalyzed by 3.7b is initiated by the dissociation of PPh3 (as evident 

from 1H NMR (Figure 3.17) and HRMS (Figure 3.19)), and the corresponding reactions 

catalyzed by 3.6b proceed via the dissociation of the carbonyl group to give rise to a 

pentacoordinate 16-electron pincer Ru-dichloride as inferred from the IR studies (Figure 3.20 

for 3.6b and Figure 3.21 for 3.6c). Hence, apart from the initial generation of penta-coordinate 
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dichloride species 3.71b, the mechanisms of the 3.6b catalyzed reactions are very similar to 

that catalyzed by 3.7b. As CO is a gas, the lack of reactivity of the former may be related to 

the absence of neutral groups (such as PPh3 in the case of the latter) to stabilize the 16-electron 

pincer‒Ru species and preserve it as 18-electron pincer‒Ru species (say 3.74b as 3.713b 

Scheme 3.5, Figure 3.17 and 3.19) that facilitates its re-entry whenever it goes out of the cycle. 

Not surprisingly, addition of PPh3 (1 equivalent relative to the catalyst) to the reactions 

catalyzed by 3.6b and 3.8b resulted in yields comparable to that obtained with 3.7b as a catalyst 

(compare entry 8, Table 3.2 with entries 20 and 21, Table 3.2). Thus, the activity of both 3.6b 

and 3.8b could be enhanced by the addition of one equivalent of PPh3 (relative to the catalyst) 

to match the reactivity of 3.7b. 
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Scheme 3.15. Plausible mechanism involved in the 3.7a-d catalyzed ethanol reforming. 

 

Figure 3.16. Free energy (ΔG120) profile of the 3.7b catalyzed reforming of ethanol at 120 °C. 

 

Figure 3.17. NMR studies of the reaction mixture containing ethanol (0.271 mL, 4.64 mmol), 

H2O (0.042 mL, 2.32 mmol), and 3.7b (0.0136 g, 0.019 mmol, 0.8 mol%) depicting (a) 31P 

NMR at room temperature (t = 0 h), (b) 31P NMR at room temperature (t = 0 h) in the presence 

of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents), (c) 31P NMR at 120 °C for 15 minutes in the 
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presence of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents) and (d) 1H NMR at 120 °C for 15 

minutes in the presence of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents). 

 

Figure 3.18. NMR studies of the reaction mixture containing ethanol (0.271 mL, 4.64 mmol), 

H2O (0.042 mL, 2.32 mmol), and 3.7f (0.0192 g, 0.019 mmol, 0.8 mol%) depicting (a) 31P 

NMR at room temperature (t = 0 h), (b) 31P NMR at room temperature (t = 0 h) in the presence 

of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents), (c) 31P NMR at 120 °C for 15 minutes in the 

presence of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents) and (d) 1H NMR at 120 °C for 15 

minutes in the presence of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents). 
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Figure 3.19. HRMS of the reaction mixture containing ethanol (0.271 mL, 4.64 mmol), H2O 

(0.042 mL, 2.32 mmol), KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents), and 3.7b (0.0136 g, 

0.019 mmol, 0.8 mol%) maintained at (a) room temperature (t = 0 h) and (b) at 120 °C for 1 h. 

Similar to 3.6c, the carbonyl of 3.6e was found to undergo dissociation under the reaction 

conditions as indicated by IR studies (Figure 3.22). Analysis of the free energy profile of the 

3.6e catalyzed reaction indicated the alcoholysis of the O‒H bond in 3.76e with ethane-1,2-

diol through TS‒3.77e (Figure 3.23) with a barrier of 24.18 kcal mol−1 to be the RDS. In 

contrast to the penta-coordinate 16-electron pincer Ru resting states derived from 

bis(imino)pyridine ligands (3.74b, ‒16.01 kcal mol−1, Figure 3.16 and 3.74c, ‒15.06 kcal 

mol−1, Figure 3.24), the corresponding penta-coordinate 16-electron pincer Ru resting state 

originating from 2,6-bis(benzimidazole-2-yl) pyridine ligands appears to be more stable (3.74e, 

‒17.9 kcal mol−1, Figure 3.23). This means that even in the absence of a neutral ligand, 3.74e 

may be relatively stable in comparison to 3.74b/3.74c. In fact, the presence of neutral ligands 

may further stabilize it and prevent its re-entry into the catalytic cycle. Hence despite the fact 

that, after the generation of the intermediate 3.72e via loss of PPh3, the cationic complex 3.7e 

would follow a similar catalytic cycle to that traversed by 3.6e, the productivity of 3.7e (48% 

H2, entry 11, Table 3.2) is not on-par in comparison to 3.6e (69% H2, entry 5, Table 3.2). The 

inferior productivity of 3.7e in comparison to 3.6e despite having a similar catalytic cycle 

 

Figure 3.20. IR spectra of (a) 3.6b (0.0136 g, 0.019 mmol, 0.8 mol%) in ethanol (0.271 mL, 

4.64 mmol) with water (0.042 mL, 2.32 mmol) (b) 3.6b (0.0136 g, 0.019 mmol, 0.8 mol%) in 

ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence of KOtBu 

(0.390 g, 3.48 mmol, 1.5 equivalents) at room temperature. (c) 3.6b (0.0136 g, 0.019 mmol, 
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0.8 mol%) in ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence 

of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents) after 15 min at of heating 120 °C. 

 

Figure 3.21. IR spectra of (a) 3.6c (0.0121 g, 0.019 mmol, 0.8 mol%) in ethanol (0.271 mL, 

4.64 mmol) with water (0.042 mL, 2.32 mmol) (b) 3.6c (0.0121 g, 0.019 mmol, 0.8 mol%) in 

ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence of KOtBu 

(0.390 g, 3.48 mmol, 1.5 equivalents) at room temperature. (c) 3.6c (0.0121 g, 0.019 mmol, 0.8 

mol%) in ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence 

of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents) after 15 min at of heating 120 °C. 

 

Figure 3.22. IR spectra of (a) 3.6e (0.0094 g, 0.019 mmol, 0.8 mol%) in ethanol (0.271 mL, 

4.64 mmol) with water (0.042 mL, 2.32 mmol) (b) 3.6e (0.0094 g, 0.019 mmol, 0.8 mol%) in 

ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence of KOtBu 

(0.390 g, 3.48 mmol, 1.5 equivalents) at room temperature. (c) 3.6e (0.0094 g, 0.019 mmol, 0.8 
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mol%) in ethanol (0.271 mL, 4.64 mmol) with water (0.042 mL, 2.32 mmol) in the presence 

of KOtBu (0.390 g, 3.48 mmol, 1.5 equivalents) after 15 min at of heating 120 °C. 

(Figure 3.23) may thus be mapped not only to the need of activation via double dissociation of 

PPh3 groups from the former but also to the presence of resting-state stabilizing PPh3 groups 

in the former and its lack thereof in the case of the latter. Apparently, in this case, addition of 

PPh3 (2 equivalents with respect to the catalyst) to the reactions catalyzed by 3.6e resulted in 

yields comparable to that obtained with 3.7e as a catalyst (compare entry 11, Table 3.2 with 

entry 22, Table 3.2). In other words, the activity of 3.6e could be retarded by the addition of 

two equivalents of PPh3 to match the reactivity of 3.7e. It is interesting to note that the barriers 

for each of the steps in the cycle catalyzed by 3.7b and 3.6e are much less than the 

corresponding barrier of the reaction catalyzed by 3.7c (Figure 3.16, Figure 3.23, Figure 3.24 

and Table S2.10, Appendix II). This explains the better activity of 3.7b and 3.6e in comparison 

to 3.7c. Furthermore, the highest normalized barriers of 3.7b (19.03 kcal mol−1, Figure 3.16) 

and 3.6e (19.79 kcal mol−1, Figure 3.23) are comparable and are much lower than the highest 

normalized barrier of 3.7c (23.26 kcal mol−1, Figure 3.24). This is well-reflected in the 

comparable activities of 3.7b (70% H2, entry 8, Table 3.2) and 3.6e (69% H2, entry 5, Table 

3.2) both of which are higher than 3.7c (58% H2, entry 9, Table 3.2). 

Recently, Zheng has studied the experimental activation Gibbs free energy at room 

temperature, ΔG‡
25 = 32.0 kcal mol−1 which differs by about 3.2 kcal mol−1 from the computed 
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Figure 3.23. Free energy (ΔG120) profile of the 3.6e catalyzed reforming of ethanol at 120 °C. 

 

Figure 3.24. Free energy (ΔG120) profile of the 3.7c catalyzed reforming of ethanol at 120 °C. 

 

Figure 3.25 Plot for the calculation of rate constant by linear fitting based on equation 1. 

Reaction conditions: 3.7b (0.0034 g, 0.0046 mmol, 0.2 mol%), EtOH (0.271 mL, 4.64 mmol) 
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with H2O (0.042 mL, 2.32 mmol) in the presence of KOtBu (0.390 g, 3.48 mmol) at 100 °C,120 

°C, 140 °C and, 160 °C. The H2 evolved in first 1 hour of the reaction has been considered. 

barrier (ΔG‡
25 = 28.8 kcal mol−1) for the reforming of methanol catalyzed by Ru(II) alkylidene 

complexes.35 The same protocol has been employed in the current study to calculate the 

activation Gibbs free energy at room temperature for the ethanol reforming reaction catalyzed 

by 3.7b.  

For this purpose, the activation energy (Ea) for the 3.7b catalyzed ethanol reforming was 

determined using the Arrhenius plot (Figure 3.25). The value of rate constants at different 

temperature were obtained from the slopes of the graph shown in Figure 3.25 based on equation 

1. Further, Arrhenius equation (equation 2) was employed to obtain an activation energy (Ea) 

of 8.68 kcalmol-1 by linear fitting of lnk versus (1000/T), where k = rate constant, R = gas 

constant (1.9872 calmol-1K-1) and T = temperature in K. The thermodynamic parameters, 

including activation Gibbs free energy (ΔG‡), activation enthalpy (ΔH‡) and activation entropy 

(ΔS‡), were calculated by using the Eyring equation (equation 3), where k = rate constant, kB = 

Boltzmann constant, h = Planck’s constant, R = gas constant (1.9872 calmol-1K-1) and T = 

temperature in K.35 The plot of ln(k/T) vs. (1000/T), gave the value of ΔH‡ = 7.89 kcalmol-1 

and ΔS‡ = -0.55 kcalmol-1K-1. The Gibbs free energy, ΔG‡
25 was calculated using ΔG‡

 = ΔH‡ ‒ 

TΔS‡, which was found to be 24.28 kcalmol-1.  

ln
[EtOH]t

[H2O]t
= 𝑘([EtOH]0 − [H2O]0). 𝑡 + ln

[EtOH]0

[H2O]0
        (1) 

ln𝑘 = lnA −
1000.𝐸𝑎

RT
                                                       (2) 

ln
𝑘

𝑇
= ln

𝑘𝐵

ℎ
+
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−
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Figure 3.26. Arrhenius plot of lnk vs. 1000/T based on equation 2, at T = 373.15 K, 393.15 K, 

413.15 K and 415.15 K.  

The experimental activation Gibbs free energy at room temperature for the 3.7b catalyzed 

ethanol reforming, ΔG‡
25 = 24.28 kcal mol−1, differs by 1.1 kcal mol−1 from the computed value 

(ΔG‡
25 = 23.17 kcal mol−1). 

3.4 Conclusion 

Pincer-ruthenium complexes based on bis(imino)pyridine ligands and 2,6-bis(benzimidazole--

2-yl) ligands readily convert aqueous feed-agnostic ethanol selectively to clean-burning 

hydrogen and industrially valuable acetic acid. In comparison with the considered catalysts, 

(Cy2NNN)RuCl2(PPh3) gave the best yield of up to 70% of H2 and 73% of acetic acid in the 

presence of KOtBu (1.5 equivalents with respect to water) at 120 °C for the 2 : 1 mixture of 

 

 

Figure 3.27. Eyring plot of ln(k/T) vs. 1000/T based on equation 3, at T = 373.15 K, 393.15 K, 

413.15 K and 415.15 K. 

  

ethanol and water. Under identical conditions, the use of a 4 : 1 ethanol/water mixture afforded 

comparable yields of hydrogen (70%) and acetic acid (69%). Proof for the homogeneity of the 

reaction involving distinct molecular catalysts was obtained from the kinetic studies that 

revealed a first-order dependence of rate on the concentrations of both (Cy2NNN)RuCl2(PPh3) 
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and ethanol. An average KIE of 5.23 was obtained from deuterium-labelling experiments which 

along with the DFT studies point towards the involvement of C‒H bond activation of ethanol 

in the catalytic cycle. The alcoholysis step leading to the evolution of the first molecule of 

hydrogen along with the concomitant formation of (Cy2NNN)RuCl(H) with an energy barrier 

of 23.19 kcal mol−1 has been computed to be the RDS. The HRMS and NMR studies of the 

reaction mixture have been successful in aiding the detection of (Cy2NNN)RuCl(H) as its 

phosphine adduct, which apparently is the resting-state of the catalytic cycle, and are well in 

agreement with DFT studies. This work comprises a robust NNN bis(imino)pyridine pincer-

ruthenium phosphine catalytic system for the aqueous ethanol reforming that not only offers 

great promise but also opens up exciting possibilities towards the generation of hydrogen, a 

sustainable fuel, and industrially important acetic acid. 

3.5 Experimental Section 

3.5.1 General procedure and materials 

All the manipulations were carried out under purified Ar using either a standard double 

manifold or a glove box. The solvents such as tetrahydrofuran (THF), hexane and toluene were 

dried via double distillation over Na/benzophenone prior to the experiment.36 Ethanol was dried 

and distilled under argon according to the literature procedure.36 All other chemicals such as 

RuCl3·3H2O, [Ru(benzene)Cl2]2, [RuCl2(p-cymene)]2, pyridine-2,6-dicarboxylic acid, D2O, 

ethanol-d6 and CDCl3 were purchased from MERCK or Sigma-Aldrich and used as such. All 

catalytic reactions were set up either under an Ar atmosphere or under air using dried glassware. 

The complexes RuCl2(PPh3)3, 3.6a–f, 3.7a–f, and 3.8b–d were prepared according to the 

literature procedure.34, 37-52  

3.5.2 Physical measurements 

1H, 2H, 13C{H} and 31P were recorded on a Bruker ASCEND 600 operating at 600 MHz for 1H, 

150 MHz for 13C{H}, and 564 MHz for 31P or on a Bruker AVANCE 400 operating at 400 MHz 

for 1H, 100 MHz for 13C{H}, 376 MHz for 31P or on a Bruker AVANCE 500 operating at 500 

MHz for 1H, 125 MHz for 13C{H}, 470 MHz for 31P. HRMS measurements were performed 

using an Agilent Accurate-Mass Q-TOF ESI–MS 6546. GC analyses were performed on an 

Agilent 7820-GC instrument fitted with an Agilent Front SS7 inlet N2 HP-PLOT Q column (30 

m length × 530 μm × 40 μm) using the following method: Agilent 7820-GC back detector: 

TCD starting temperature: 40 °C; time at starting temp: 0 min; ramp: 40 °C min−1 up to 250 °C 
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with holding time = 5 min; flow rate (carrier): 25 mL min−1 (N2); split ratio: 195; inlet 

temperature: 40 °C; detector temperature: TCD: 250 °C, FID: 250 °C. Fourier Transform 

Infrared (FT-IR) spectra were analysed on a Perkin Elmer Spectrum Two FT-IR spectrometer 

at room temperature in the region 400–4000 cm−1. 

3.5.3 General procedure for the aqueous ethanol reforming reaction 

In a 5 mL pear-shaped vessel attached to a condenser, KOtBu (0.390 g, 3.48 mmol) and 3.7b 

(0.2–0.8 mol%; 0.0034–0.0136 g; 4.6–18.5 μmol) were added inside the glove box. This was 

followed by addition of dry ethanol (3.1) (0.271 mL, 4.634 mmol) and distilled water (0.042 

ml, 2.317 mmol) under air. The mixture was heated in a pre-heated oil bath at 120 °C and the 

gas evolved was quantified by the water displacement method, and the composition of the gas 

generated was analyzed by GC analysis (Figure 3.28). The reaction was run till no more 

evolution of gas was observed (typically 36 h) and was then cooled down to room temperature. 

An aliquot (approximately 10 mg) was withdrawn from the reaction mixture and the yield of 

acetic acid was determined by 1H NMR using D2O as a solvent and dimethyl sulfoxide (known 

amount added in the vessel) as a standard. 

3.5.4 General procedure for the kinetic studies performed for the 3.7b catalyzed aqueous 

ethanol reforming reaction 

3.5.4.1 Variation of catalyst concentration. In a screw cap NMR tube, KOtBu (0.200 g, 1.78 

mmol) and 3.7b (0.1–0.8 mol%; 0.0026–0.0208 g; 3.56–28.56 μmol) were added inside the 

glove box. This was followed by addition of dry ethanol (3.1) (0.416 mL, 7.14 mmol) and D2O 

(0.065 mL, 3.57 mmol). The tube was heated in a pre-heated oil bath at 120 °C. 1H NMR of 

the reaction mixture was recorded at different time intervals using dimethyl sulfoxide as a 

standard. 

3.5.4.2 Variation of ethanol concentration. In a screw cap NMR tube, KOtBu (0.200 g, 1.78 

mmol) and 3.7b (0.0052 g, 7.12 μmol, 0.2 mol%) were added inside the glove box. This was 

followed by addition of dry ethanol (3.1) (0.416–0.104 mL, 7.14–1.78 mmol) and D2O (0.065 

mL, 3.57 mmol). Dioxane was used as a make-up solvent at lower concentrations of ethanol. 

The tube was heated in a pre-heated oil bath at 120 °C. 1H NMR of the reaction mixture was 

recorded at different time intervals using dimethyl sulfoxide as a standard.  

3.5.5. Computational details 
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The geometries of all the considered complexes were fully optimized employing the 

DFT(PBE)53 method on the Gaussian-09 package.54 The LANL2DZ55-57 and 6-311G(d,p) basis 

sets with a polarization function were used for the metal (Ru) and non-metal atoms respectively. 

The empirical dispersion-GD3 was used in all molecular geometry optimization and energy 

computations. The transition states were located using the synchronous transit-guided quasi- 

Newton (QST2) and Genecp (gen keyword with effective core potential) was used to define 

the basis set. The method and basis set were chosen on the basis of previous reports on pincer 

complexes.37, 40, 49-51 Frequency calculations were also performed to differentiate minima 

structures or transition states on the potential energy surface. ΔG values were calculated by 

using the sum of electronic and thermal free energies. These values were computed at 120 °C 

to meet the experimental conditions. 

 

Figure 3.28. GC-TCD analysis of gas evolved from the ethanol reforming reaction along with 

the corresponding analysis of pure H2 and CO2 gas. Reaction condition:  Ethanol (0.271 mL, 
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4.64 mmol), H2O (0.042 mL, 2.32 mmol), KOtBu (0.390 g, 4.64 mmol, 1.5 equivalents), and 

3.7b (0.0034 g, 0.0046 mmol, 0.2 mol %) at 120 °C (Entry 1, Table 3.3). 

Supporting information containing NMR spectra, GC and HRMS analysis, Kinetics data and 

Cartesian coordinates of the computed complexes for chapter III is available as Appendix II 

and can be found at: 

https://drive.google.com/file/d/1ppAVRIRsJuQ7DK_-

J4LtayNnSOUh6GvV/view?usp=sharing 
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Chapter IV 

Synthesis of Pincer-Nickel Complexes and 

Their Application in the Selective β‒

Alkylation of Secondary Alcohols with 

Primary Alcohols  

 
 

The content of this chapter has been adapted from “Pincer-Nickel Catalyzed Selective Guerbet-

Type Reactions” by Arora, V.; Narjinari, H.; Kumar, A. Organometallics 2021, 40, 2870-2880. 
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4.1 Introduction 

The formation of C-C bonds starting from alcohols play an important role in synthetic organic 

chemistry having varied applications in fuel, fine chemicals, medicinal, agrochemicals, and 

pharmaceuticals.1 The traditional process employed for the synthesis of β-alkylated alcohols 

involves multistep synthetic procedure, but this leads to the consumption of costly and toxic 

reagents along with the generation of a large amount of stochiometric waste (Scheme 4.10).2-4  

 

Scheme 4.10. Traditional methods reported in literature for the synthesis of β-alkylated 

alcohols.5  

Transition metal-catalyzed β-alkylation of alcohols has attracted the most attention among the 

many procedures. Alcohols can be used to generate higher β-alkylated alcohols via acceptorless 

dehydrogenative coupling, which is an intriguing strategy due to its environmentally beneficial 

approach.6, 7 The process begins with the transition-metal mediated initial dehydrogenation of 

both (primary and secondary) alcohols to the corresponding carbonyl intermediates. These 

unsaturated compounds then undergoes aldol condensation to afford corresponding unsaturated 

ketones which further gets hydrogenated to afford the -alkylated alcohols (Scheme 4.11).6  

 

Scheme 4.11. Generalized C-C bond forming pathway via hydrogen borrowing strategy.6 
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Figure 4.10. Selected examples reported for the −alkylation of secondary alcohols with 

primary alcohols.7 

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter IV 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 119 

 

A range of transition metal complexes based on Ir,8-17 Rh,18 Ru,5, 19-25 Pd,26 Mn,27, 28 Co,29 Fe,30 

Ni,31 and Cu32 have been reported for the -alkylation of secondary alcohols with primary 

alcohols (Figure 4.10). Majority of all these reports have been mediated by noble metal 

catalysts and therefore it would be highly desirable to replace them with earth-abundant 

transition metals, such as Cu, Ni, Fe, and Mn.33  

In 2003, Shim and Cho were the first to describe the -alkylation of secondary alcohols with 

primary alcohols using RuCl2(PPh3)3 (5 mol%) in the presence of 1-dodecene in dioxane and 3 

equivalents of NaOH at 80 °C for 40 h (Scheme 4.12). The catalytic system demonstrated a 

vast substrate scope and was effective towards aliphatic, aromatic and cyclic carbinols.34  

 

Scheme 4.12. RuCl2(PPh3)3 catalyzed -alkylation of alcohols reported by Cho and Shim.34 

In 2016, Kundu and co-workers reported an atom-economical alkylation of secondary alcohols 

with primary alcohols employing the bifunctional pincer-ruthenium complex 4.19a.21 The 

complex exhibited metal-ligand cooperativity and tolerated several aromatic, aliphatic and 

heteroatomic alcohols. In the presence of 0.1 mol% of 4.19a and 0.5 equivalents, very high 

yields of the  -alkylated alcohols were obtained within 90 minutes at 125 °C (Scheme 4.13). 

They further extended the current scope to the double alkylation of cyclopentanol with various 

primary alcohols.21 In next year, the same group demonstrated these reactions using similar 

complex (4.19b) having acetonitrile groups instead of phosphine groups (Scheme 4.13).23 In 

comparison to 4.19a (0.1 mol%), the complex 4.19b afforded high yields of the desired 

products at a lower loading (0.01 mol%) in the presence of 0.4 equivalents of NaOiPr but in a 

longer time (1.5 h vs. 3 h). They obtained very high turnover of 288000 for the C-alkylation 

reaction upon significantly decreasing the catalyst loading under solvent-free conditions.23 

In 2020, Kumar and co-workers reported the -alkylation of 1-phenyl ethanol with benzyl 

alcohol employing bis(imino)pyridine based NNN pincer-ruthenium carbonyl complexes and 

phosphine complexes. The highest TON of 372000 was achieved with the pincer complex  

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter IV 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 120 

 

 (Cy2NNNRuCl2(CO) (4.21) under solvent-free conditions under very low base loading (2.5 

mol%) (Scheme 4.13).35a The catalytic cycle initiates with the generation 16-electron five-

coordinate dichloride species via PPh3 or CO dissociation from 4.21 and involves a Ru-H 

intermediate. Further, a series of control experiments and DFT studies pointed towards the 

involvement of metal-centred mechanism and -hydride elimination step was found to be the 

RDS.35a 

Later in 2021, Bera reported a Cp*Ir(III) complex bearing a pyridyl(benzamide)-functionalized 

NHC ligand (4.26) for the -alkylation of secondary alcohols with primary alcohols operating 

via hydrogen borrowing pathway.35b The catalytic system exhibited a broad range of substrate 

scope under low catalyst loading (0.05mol%) and low base loading (10 mol%) in a very short 

span of time (Scheme 4.13).35b In the same year, Ghosh reported a picolyl-functionalized NHC 

based ruthenium complex (4.26´) for the catalytic cross-coupling of alcohols. They obtained 

moderate to good yields (ca. 63-89%) of the desired products in the presence of 1 mol% 4.26´, 

1 equivalent of base and toluene at 110 °C after 3h (Scheme 4.13).35b The catalytic protocol 

was also extended for the tandem one-pot synthesis of flavan derivatives and plant-derived bio-

active natural products.35b 

In the context of 3d-metal based -alkylation of alcohols, majorly reports have been described 

with Cr,36 Mn,27, 28 Fe,30 Co,29 Ni,31 and Cu.32 Although, the base-metals catalyzed reaction 

have lower activity as compared to their noble-metal counterparts, but their easy availability 

and high abundance makes them highly desirable candidate and such replacement would result 

in conservation of our rare element resources. 

The first report on chromium catalyzed -alkylation of secondary alcohols with primary 

alcohols came in 2022, wherein Kumar utilized simple base metal salt CrCl3.6H2O and its 

corresponding NNN-pincer complex 4.24 for this catalytic reaction (Scheme 4.14).36 This 

protocol afforded high yields of the -alkylated product 4.13 under both conventional and 

microwave conditions. At 0.005 mol% loading of 4.24 and 5 mol% of NaOtBu at 140 °C, 90% 

yield (180000 TON in 1.5 h at 12000 TOs/h) and 84% yield (16800 TON in 3 h at 5600 TOs/h) 

of 4.13 was obtained under microwave heating and conventional heating respectively.36 In the 

case of CrCl3.6H2O under similar conditions, lower yields of 4.13 were obtained under both 

microwave (ca. 76%) as well as conventional heating (ca. 79%). 
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Scheme 4.13. -alkylation of secondary alcohols with primary alcohols using homogeneous 

complexes based on noble metals ruthenium and iridium.21, 23, 35 

Kumar and co-workers recently reported that easily accessible CoCl2 (0.01 mol %) is capable 

of catalyzing -alkylation of alcohols affording high yields of 4.13 (up to 87%) and 

unprecedented turnovers (ca. 8700) in the presence of only 2.5 mol % of NaOtBu (Scheme 

4.15).37 They observed that on higher loadings of cobaltous chloride (1 mol%), instant 

formation of nano-particles were noticed which were well characterized by SEM and TEM 

analysis. Later, similar studies were performed with NNN pincer-cobalt complexes 4.23 of the 

type R2NNN (R = tBu, Cy, iPr, Ph, p-F-C6H4) (Scheme 4.15).38 While cobaltous chloride at a 

0.0025 mol % loading and 2.5 mol % of NaOtBu at 140 °C resulted in 66% yield of 4.13 (26400 

TON at 1100 TOF h-1) in the -alkylation of 1-phenyl ethanol with benzyl alcohol, its corres- 
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Scheme 4.14. The first report on chromium catalyzed -alkylation of alcohols reported by 

Kumar and co-workers.36 

-ponding pincer complex (iPr2NNN)CoCl2 (0.0025 mol %) was highly efficient (ca. 1.3-fold vs 

CoCl2) and afforded 85% yield of 4.13 (ca. 34000 TON at 1417 TOF h-1) under similar 

conditions (Scheme 4.15).38 

 

Scheme 4.15. -alkylation of secondary alcohols with primary alcohols employing cobaltous 

chloride and pincer-cobalt(II) complexes.38 

Later in 2023, the same group reported a series of Mn(I) complexes (4.25) based on bis(imino)-

-pyridine ligands of the type R2NNN (R = Cy, iPr, Ph, p-FC6H4) (Scheme 4.16).39 The 

complexes existed as NN bidentate-Mn(I) tris carbonyl species in solid state while in solution 

phase, a gradual loss of a CO molecule was observed resulting in tridentate-Mn(I) bis carbonyl 
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species which eventually disproportionates to an NNN pincer-Mn(II) dibromide and an NNN 

pincer-Mn(0) complex.39 

The pincer-Mn(I) complexes were then investigated for the catalytic -alkylation of secondary 

alcohols by primary alcohols (35 substrates) at 0.05 mol% catalyst loading in presence of 2.5 

mol% of NaOtBu under both conventional (air, 140 °C, 12h) and microwave heating (75 W, 

2h) (Scheme 4.16). Among the complexes investigated, 4.25d gave maximum yield of 92% 

(1840 TON) under conventional heating and yield of 85% (1700 TON) was obtained under 

microwave conditions.39 

In the context of iron-based complexes mediated alkylation of alcohols, the first report came 

from Sun in 2012, where he employed commercially available and inexpensive 

ferrocenecarboxaldehyde (4.18) for the catalytic -alkylation of secondary alcohols with 

primary alcohols.30 In this protocol, 97% yield of -alkylated product with 97% selectivity was 

achieved when 5 mol% of ferrocenecarboxaldehyde was reacted with benzyl alcohol and 1-

phenyl ethanol in presence of 20 mol% NaOH, in p-xylene, at 130 °C for 12 h (Scheme 4.17).30 

 

Scheme 4.16. Pincer-Mn(I) catalyzed -alkylation of secondary alcohol with primary 

alcohols.39 

In the context of alkylation of alcohols utilizing homogeneous nickel complexes, the first report 

came in 2019 from Lang and co-workers, where they exhibited the utility of hexanickel cluster 

embedded with a 4,6-dimethylpyrimidine-2-thion ligand (4.27) in mediating the C–C bond 

formation via hydrogen borrowing methodology.31 The Ni(II) catalyst (4.27) displayed good 

activity towards synthesis of α-alkylated ketones, α,β-unsaturated ketones, and quinolines 
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Scheme 4.17. -alkylation of secondary alcohols with primary alcohols using 

ferrocenecarboxaldehyde described by Sun in 2012.30 

under slightly different optimized conditions. Performing the reaction at higher temperatures 

and under sealed conditions afforded complete hydrogenation of α,β-unsaturated ketones and 

resulted in corresponding alcohols (4.13) (Scheme 4.18).31  

Later in 2021, Balaraman demonstrated the -alkylation of alcohols employing NiBr2/TMEDA 

(1:1) system along with 1 equivalent of KOH at 130 °C in the presence of n-octane as solvent 

(Scheme 4.19).40 A broad range of substrates including aromatic, cyclic, acyclic and, aliphatic 

alcohols were tolerated by NiBr2/TMEDA and the scope was further extended towards the 

double alkylation of cyclopentanol with various alcohols (Scheme 4.19). The initial 

mechanistic studies and isotopic labelling experiments pointed towards the operation of 

hydrogen borrowing strategy in the C–C coupling reaction, with the formation of water as a 

by-product.40 

Apart from transition-metal catalyzed alkylation of secondary alcohols with primary alcohols, 

there have been few reports employing metal-free conditions where the -alkylated alcohol is 

obtained in the presence of high base loading (up to 100 mol%) (Scheme 4.20).2, 3, 41, 42 But, 

this process leads to the generation of enormous amounts of waste leading to poor atom 

economy and selectivity.3 The first report was published by Crabtree in 2010, where he used 

metal hydroxides (1 equivalent KOH or NaOH) for the alkylation of several 1-phenylethanol 

derivatives with primary alcohols under air.2 They observed complete conversion of the starting 

materials to -alkylated alcohol and α-alkylated ketone (up to 99%) but with low selectivity 

towards the -alkylated product (ca. 78% yield). Recently, Gunanathan and Wendt also utilized 

KOH (up to 25 mol%) for the base-mediated alkylation of alcohols in the presence of toluene 

at 135 °C and 120 °C respectively (Scheme 4.20).42, 43 Gunanathan observed the involvement 

of radical intermediates in the catalytic cycle, which was proved using radical scavengers and 
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Scheme 4.18. Nickel(II) catalyzed cross coupling of secondary alcohol with primary alcohol 

reported by Lang.31  

EPR studies.  

4.2 Objectives 

In chapter II and III, a series of NNN pincer-ruthenium complexes (Figure 3.11) were 

demonstrated towards the aqueous reforming of (m)ethanol resulting in high yields of 

corresponding acids and hydrogen. Notably, dehydrogenation is a key step here.1 Therefore, 

our aim in current chapter is to move away from precious metals and test the ability of earth 

abundant base metal such as nickel towards the transformation of alcohols where 

dehydrogenation is a key step. Formation of C-C bonds using alcohols as alkylating agents 

involves dehydrogenation as a pivotal step and is a very convenient reaction to probe. On the 

basis of these facts, the current chapter attempts to address the following questions,  

• In comparison to corresponding noble metals, will NNN pincer-nickel(II) complexes 

show good activity towards the alkylation of alcohols, that involve a key 

dehydrogenation step? 

• Is it possible to achieve −alkylation of alcohols at low base loadings in the pincer-

nickel catalyzed reactions? 
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• Will it be possible to obtain a detailed kinetic and mechanistic understanding of the 

process?  

• Can these pincer-nickel complexes tolerate vast substrate scope and afford good yields 

of the desired product? 

 

 

Scheme 4.19. -alkylation of secondary alcohols with primary alcohols catalyzed by a 

NiBr2/TMEDA (1:1) system reported by Balaraman and co-workers.40  

 

4.3 Results and Discussion 

4.3.1 Synthesis and characterization of pincer-nickel complexes based on 

bis(imino)pyridine ligands. 

The NNN pincer ligands44, 45 and their corresponding Ni complexes46 were synthesized 

according to our recently reported protocol (Scheme 4.21). Treatment of anhydrous 

NiCl2(DME) (DME = dimethoxyethane) with (R2NNN) ligand in acetonitrile at room 

temperature for 20 h, followed by washing with diethyl ether, afforded the corresponding 

pincer-Ni(II) complexes (4.32a-e) in good yields (Scheme 4.21). While NMR analysis was not 

possible for these paramagnetic complexes, the magnetic susceptibility measurements of these 

complexes provided evidence for their octahedral structure and paramagnetic nature (4.32a, 

μeff = 3.20 μB; 4.32b, μeff = 3.28 μB; 4.32c, μeff = 3.21 μB; 4.32d, μeff = 3.01 μB; 4.32e, μeff = 4.24 

μB) due to the presence of 2 unpaired electrons (S = 1).47-49 
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Scheme 4.20. Base mediated -alkylation of secondary alcohols with primary alcohols 

reported independently by Crabtree, Wendt and, Gunanathan.3, 41, 42  

 

 

Scheme 4.21. A general pathway to the synthesis of (R2NNN)NiCl2(CH3CN) (4.32a-e). 

The EPR signals of the octahedral complexes 4.32a-e were broad and hard to detect (even at 

very low temperatures, Figures S3.107-S3.110, Appendix III) which is typical of an octahedral 

d8 Ni(II) species.50-52 

The single-crystal X-ray analysis of 4.32c′ (obtained by the substitution of acetonitrile in 4.32c 

by a water molecule)46 showed Ni is in an octahedral environment having the pincer ligand  
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Figure 4.11. Pincer-nickel(II) complexes employed in current study. 

bound in a meridional fashion with the two chlorides trans to each other (Figure 4.12). 

Surprisingly, crystallization of 4.32e via slow evaporation from methanol led to the isolation 

of a dicationic complex 4.33e (presumably formed due to its equilibration with 4.32e in the 

mother liquor (Scheme 4.21)) where the Ni is in an octahedral environment with two pincer 

ligands attached to it in a meridional geometry (Scheme 4.21). While the complex 4.32c′ 

crystallized in the C2/c space group, the dicationic complex 4.33e crystallized in the triclinic 

P1̅ space group (Figure 4.12). The Ni‒N(pyridyl) bond distance was slightly longer in the case 

of neutral complex 4.32c′ (4.32c′, 2.008(6) Å; 4.33e, 1.983(3) Å) (Table 4.10). On the other 

hand, the Ni‒N(imine) bond length was similar in both the complexes (4.32c′, 2.171(5) Å; 

4.33e, 2.172(3) Å) (Table 4.10). The (pyridyl)N‒Ni‒N(imine) bond angles in both the 

complexes were comparable (4.32c′: 77.60(5)°; 4.33e: 77.73(12)°). A detailed comparison of 

the crystallographic parameters of 4.32′ and 4.33e is provided in Table 4.10. 

Table 4.10. Selected crystallographic bond distances (Å) and bond angles (°) of complexes 

4.33e and 4.32c′. 

4.33e 4.32c′ 

Ni-N (Å) 

(Pyridine) 

1.983(3) Ni-N (Å) (Pyridine) 2.008(6) 

Ni –N (imine) (Å) 2.172(3) Ni –N (imine) (Å) 2.171(5) 

(Imine)N-Ni-

N(Imine) (°) 

154.13(10) (Imine)N-Ni-N(Imine) 

(°) 

153.4(2) 

Ni-Cl (Å) 2.4167(14) 

(Pyridine)N-Ni-

N(Imine) (°) 

77.73(12) Ni-OH2 (Å) 2.049(7) 

N=C-Ni-Cl (°) 86.49 

<Ar-N-Ni-N=C (°) 77.60(5) 

<Cl-Ni-OH2 (°) 88.03(5) 
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Figure 4.12. Crystal structures of 4.33e and 4.32c´ with ORTEP drawn at 50% probability. All 

the hydrogen atoms and the aromatic groups on two N atoms of one of the pincer fragment in 

4.33e are omitted for the sake of clarity. 

Interesting observations were made from the HRMS analysis that provided evidence for the 

presence of fragments originating from both 4.32 and 4.33 (Figures S3.69, S3.74, S3.78, S3.82 

and, S3.86, Appendix III). For instance, the HRMS analysis of 4.32a showed peaks at m/z 

values 274.1783 and 338.1178 that correspond to [4.32a ‒ 2Cl]2+ and [4.32a ‒ CH3CN − Cl]+, 

respectively. Similar observations were made in the HRMS analysis of the other considered 

complexes (Figures S3.69, S3.74, S3.78, S3.82 and, S3.86, Appendix III). Single-crystal X-ray 

analysis and HRMS studies thus clearly indicate that, in solution, the complex 4.32 exists in 

equilibrium with 4.33 (Scheme 4.21), the extent of which is likely to be different for various 

complexes based on the nature of the R group (R = iPr, tBu, Cy, Ph, and p-F-C6H4). The pincer-

Ni complexes (4.32a-e)/ (4.33a-e) demonstrated very good thermal stability as indicated by the 

TGA analysis (Figure S3.65-S3.68, Appendix III) and they were stable up to 250-300 °C. The 

mass loss could be correlated to loss of fragments either from 4.32 or from 4.33 (Figure S3.65-

S3.68, Appendix III). 

4.3.2 Investigations on the pincer-nickel catalyzed −alkylation of 1-phenyl ethanol with 

benzyl alcohol. 

To arrive at the optimal conditions, the catalytic β-alkylation reactions were initiated in the 
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presence of 4.32a-e along with a variety of bases using 1-phenyl ethanol and benzyl alcohol as 

a model secondary and primary alcohol, respectively, at 140 °C (Table 4.11). At a loading of 

0.01 mol % of 4.32d, the reaction of 4.10 with 4.11 did not proceed when 5 mol % of either 

Na2CO3 or K2CO3 was used (entries 1 and 2, Table 4.11). Poor yields of β-alkylated product 

4.13 were obtained when the 4.32d (0.01 mol %) catalyzed reaction was performed 

independently with KOtBu (5 mol %) and KOH (5 mol %) (entries 3 and 4, Table 4.11). On the 

other hand, use of 5 mol % of NaOH provided moderate yields (68%) of 4.13 in the 4.32d (0.01 

mol %) catalyzed reaction (entry 5, Table 4.11). The yields of 4.13 dropped steadily upon 

lowering the NaOH loading (entries 6 and 7, Table 4.11). Employing Na (5 mol %) to generate 

the base in-situ (prior to addition of 4.32d) resulted in yields that are comparable to that 

obtained with the use of NaOH (5 mol %) (entry 5 vs entry 8, Table 4.11). The yield of 4.13 

improved (75%) with the use of NaOtBu (5 mol %) in the 4.32d (0.01 mol %) catalyzed β-

alkylation of 4.10 with 4.11 (entry 9, Table 4.11). 

Similar to the observations made during the use of NaOH, lowering the amounts of NaOtBu 

led to reduced yields (entries 10 and 11, Table 4.11). Lowering the loading of 4.32d to 0.005 

mol % while maintaining NaOtBu at 5 mol % resulted in about 82% of 4.13 and 11% of 4.12 

that amounts to a total of 18600 TON (4.12 + 4.13) (entry 12, Table 4.11). Repeating the same 

at a lower temperature (120 °C) or with a different base (5 mol % NaOH) resulted in a decrease 

in productivity of 4.13 (entries 13 and 15, Table 4.11). The β-alkylation of 4.10 with 4.11 did 

not proceed either in the absence of a base (entry 14, Table 4.11) or in the absence of a 

catalyst.35 Under the optimized conditions comprising 0.005 mol % of Ni catalyst in the 

presence of NaOtBu (5 mol %) at 140 °C, the total turnovers (4.12 + 4.13) obtained were clearly 

lower with the other considered catalysts (entries 16‒21, Table 4.11) in comparison with 4.32d 

(entry 12, Table 4.11). 

The practical utility of this reaction was confirmed by carrying out the 4.32d (0.005 mol %) 

catalyzed β-alkylation of 1 g of 4.10 with 0.895 g of 4.11 in the presence of 5 mol % of NaOtBu 

at 140 °C to obtain 1.301 g of 4.13 in 74% isolated yield and 85% selectivity. The synthetic 

utility of the optimized catalytic system (entry 12, Table 4.11) was further investigated for the 

catalytic β-alkylation of several 1-phenyl ethanol derivatives with a variety of benzyl alcohols 

(Table 4.12 and Table 4.13). 

In most cases, good tolerance was observed for the electron-withdrawing (‒Cl, ‒F) and 

electron-donating (‒Me, ‒OMe) groups at the para and meta positions of the phenyl ring in 
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Table 4.11. Solvent-free β-alkylation of 1-phenyl ethanol with benzyl alcohol under varying 

conditions.    

 

aReaction conditions: 4.14 mmol of 4.10, 4.14 mmol of 4.11, X mol% of 4.32 and Y mol% of base at 

140 oC. aYield was determined from 1H NMR using toluene as a standard. bSelectivity of 4.13 = (Yield 

of 4.13/Total yield of 4.12 and 4.13) *100.  cYield reported as an average of two runs. dReaction was 

performed at 120 oC. 

Entry Base 

(Y mol%)  

Catalyst 

(X mol %) 

% Yielda [TON] Selectivity 

of 4.13b 
4.12 4.13 

1 Na2CO3 (5) 4.32d (0.01) 0 [0] 0 [0] 0 

2 K2CO3 (5) 4.32d (0.01) 1 [100] 0 [0] 0 

3 KOtBu (5) 4.32d (0.01) 2 [100] 23 [2300] 92 

4 KOH (5) 4.32d (0.01) 3 [300] 31 [3100] 91 

5 NaOH (5) 4.32d (0.01) 2 [200] 68 [6800] 97 

6 NaOH (2.5) 4.32d (0.01) 2 [200] 37 [3700] 95 

7 NaOH (1.25) 4.32d (0.01) 2 [200] 15 [1500] 88 

8 Na (5) 4.32d (0.01) 9 [900] 62 [6200] 87 

9 NaOtBu (5) 4.32d (0.01) 14 [1400] 75 [7500] 84 

10 NaOtBu (2.5) 4.32d (0.01) 3 [300] 47 [4700] 94 

11 NaOtBu (1.25) 4.32d (0.01) 7 [700] 18 [1800] 72 

12c NaOtBu (5) 4.32d (0.005) 10±1 [2200] 82±1 [16400] 89 

13d NaOtBu (5) 4.32d (0.005) 2 [400] 51 [10200] 96 

14 -- 4.32d (0.005) 0 [0] 0 [0] 0 

15 NaOH (5) 4.32d (0.005) 23 [4600] 71 [14200] 75 

16c NaOtBu (5) 4.32c (0.005) 12±3 [2400] 78±1 [15600] 87 

17c NaOtBu (5) 4.32a (0.005) 9±1 [1800] 80±2 [16000] 90 

18c NaOtBu (5) 4.32b (0.005) 11±0 [2200] 76±3 [15200] 87 

19c NaOtBu (5) 4.32e (0.005) 13±1 [2600] 77±2 [15400] 86 

20 NaOtBu (5) NiCl2 (0.005) 2 [400] 50 [10000] 96 

21 NaOtBu (5) NiCl2(DME) 

(0.005) 

3 [600] 77 [15400] 96 

22c NaOtBu (5) 4.33e (0.005) 16±1 [3200]  72±2 [14400]   82 

23 K3PO4 4.32d (0.005) 1 [200] 3 [600] 75 
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primary alcohols, affording good yields of the desired products (4.13a-g, Table 4.12) with high 

selectivity (up to 98%, Table 4.12). A decrease in product yield (4.13h-l, Table 4.12) barring 

4.13l was observed when heteroaromatic primary alcohols were used as alkylating agents 

presumably due to inhibition of Ni by the heteroatoms. The inhibition affect appears to be more 

pronounced in the case of 4.13h that is capable of forming a chelate with the Ni center. The 

formation of 4.13l in good yields points to the poor inhibition of the Ni(II) by the relatively 

soft S. Aromatic primary alcohols consisting of naphthyl and anthracyl groups could be used 

as alkylating agents with moderate yields (4.13m-n, Table 4.12). Lower yields were observed 

upon use of primary aliphatic alcohols (4.13o, 4.13p, and 4.13q, Table 4.12). 

A general trend of good yields was observed across various 1-phenylethanol substrates using 

benzyl alcohol as alkylating agent in the 4.32d (0.005 mol %) catalyzed β-alkylation at 140 °C 

(Table 4.13). However, in particular, the presence of electron-withdrawing groups in the meta 

position (‒Cl and CF3 in 4.13y and 4.13zd, respectively, Table 4.13) and in the para position 

(‒F, ‒OCF3, and NO2 in 4.13u, 4.13ze, and 4.13zf, respectively, Table 4.13) leads to lower 

yields of products. A lower yield was also obtained for the β-alkylation of an aliphatic 

secondary alcohol (4.13zg, Table 4.13). 

Mechanistic studies (vide infra) have indicated that the aldol condensation of benzaldehyde 

4.11′ with acetophenone 4.10′ is the rate-determining step (RDS). Apparently, electron-

withdrawing groups on 4.10 are likely to have a detrimental effect on the overall yield of the 

reaction. Accordingly, very poor yields of 4.13u were obtained as a result of the highly 

electronegative fluoro group in the para position that withdraws electrons by an inductive 

effect. The compound 4.13v that had a less electronegative chloro group was obtained in better 

yields.  

The higher yields of 4.13v in comparison with 4.13y can be traced to the fact that the inductive 

effect of the chloro group is more pronounced at the meta position as compared to the para 

position considering the fact that the inductive effect of a substituent is directly proportional to 

the distance.53, 54 However, upon replacement of chloro with a poorer electron-withdrawing and 

less electronegative bromo substituent in 4.13w and 4.13x, the inductive effect is hardly 

noticeable. Not surprisingly, the yields of the corresponding para- and meta-substituted bromo 

derivatives 4.13w and 4.13x are comparable. The −CF3 group demonstrates an electron-

withdrawing nature only by an inductive effect which is more significant in the meta position 

in comparison to the para position. Rightly, the yield of 4.13zd was poorer than that of 4.13zc. 
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Table 4.12. 4.32d catalyzed solvent-free β-alkylation of 1-phenyl ethanol with a variety of 

benzyl acohols. 

_________________________________________________________________________ 

__________________________________________________________________________________ 

Reaction conditions: 4.14 mmol of 4.10, 4.14 mmol of 4.11, 5 mol% of NaOtBu (0.04 g, 0.416 mmol) 

and 0.005 mol% of 4.32d (0.0002 g, 0.44 µmol) at 140 oC. aYield was determined from 1H NMR using 

toluene as a standard. bSelectivity of 4.13 is mentioned in parenthesis ((Yield of 4.13/ Total yield (4.12 

+ 4.13) *100). 

However, in the case of 4.13zf, the nitro group exhibits a very strong electron-withdrawing 

character due to the involvement of both inductive and resonance activities that result in a 

complete mitigation of reactivity. 
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Table 4.13. 4.32d catalyzed solvent-free β-alkylation of 1-phenyl ethanol derivatives with 

benzyl acohol. 

_________________________________________________________________________ 

__________________________________________________________________________________ 

Reaction conditions: 4.14 mmol of 4.10, 4.14 mmol of 4.11, 5 mol% of base (0.04 g, 0.416 mmol) and 

0.005 mol% of 4.32d (0.0002 g, 0.44 µmol) at 140 oC. aYield was determined from 1H NMR using 

toluene as a standard. bSelectivity of 4.13 is mentioned in parenthesis ((Yield of 4.13/ Total yield (4.12 

+ 4.13) *100). 

4.3.3 Control experiments and mechanistic insights 

The hydrogen evolution was demonstrated in the 4.32c catalyzed dehydrogenation of 4.11 with 

an associated formation of benzaldehyde 4.11′ and trace amounts of benzyl benzoate (equation 
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1, Scheme 4.22).46 Similarly, one could anticipate formation of 4.10′ and hydrogen in the 4.32  

 

Scheme 4.22. Control experiments. 

catalyzed dehydrogenation of 4.10. The reaction of 4.10′ and 4.11′ in the presence of catalytic 

amounts of base yields the α,β- unsaturated ketone 4.11′′ (equation 2, Scheme 4.22).35a 

Furthermore, 4.11′′ has been detected in the reaction mixture by HRMS experiments (Figures 

S3.101, S3.104, and S3.105, Appendix III). Transfer hydrogenation of 4.11′′ with 4.11 results 

in the formation of a mixture of 4.12 (9% isolated yield with respect to 4.11′′) and 4.13 (40% 

isolated yield with respect to 4.11′′) (equation 3, Scheme 4.22). The above observations in 

addition to the fact that both 4.12 and 4.13 are isolated in minor and major amounts, 

respectively (Table 4.11), form the basis of the proposed mechanism (Scheme 4.23) for the 

4.32 catalyzed β- alkylation of 4.10 with 4.11 under open-vessel conditions. 

Treatment of the NNN pincer-Ni complex with NaOtBu in the presence of 4.11/4.10 results in 

the formation of 4.35/4.34 by the dissociation of either CH3CN from 4.32 or the ligand 4.31 

from 4.33 along with the formation of NaCl (Scheme 4.23).46 The β-hydride elimination from 

4.35/4.34, followed by extrusion of 4.11′/4.10′, results in the formation of a pincer Ni-H species 

4.36 similar to that reported by us earlier (Scheme 4.23).46 The active species 4.35/4.34 is 

regenerated by the alcoholysis of 4.36 with 4.11/4.10 along with the liberation of H2. In the 

presence of NaOtBu, the aldol reaction of 4.11′ with 4.10′ results in the formation of α,β- 

unsaturated ketone 4.11′′. 
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Figure 4.13. HRMS analysis of the reaction mixture containing 4.10 and 4.11 in the presence 

of 0.5 mol% 4.32d (0.02 g, 0.044 mmol) and NatBuO (0.04 g, 0.416 mmol) at t = 0 h at room 

temperature. 

 

 

Figure 4.14. HRMS analysis of the reaction mixture containing 4.10 and 4.11 in the presence 

of 0.5 mol% 4.32d (0.02 g, 0.044 mmol) and NatBuO (0.04 g, 0.416 mmol) at t = 2 h at 140 

°C. 

Insertion35 of the C−C double bond in 4.11′′ into the Ni−H bond of 4.36 results in the formation 

of intermediate 4.37 (Scheme 4.23). The carbonyl compound 4.12 is obtained from 4.37 either 

by the hydrogenolysis with H2 or by the alcoholysis with 4.11/4.10 while regenerating 

4.36/4.35/4.34. A similar insertion, followed by a hydrogenolysis/alcoholysis pathway 

involving 4.36→ 4.38→ 4.36/4.35/4.34, can account for the transformation of 4.12 to 4.13 

(Scheme 4.23). We have previously shown that both hydrogenolysis and alcoholysis contribute 
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Scheme 4.23. Plausible mechanism involved in the 4.32/4.33 catalyzed β-alkylation of 4.10 

with 4.11. 

to the 4.32c catalyzed N-alkylation reactions under open-vessel                                                                                                                                                                                                         

conditions.46 DFT studies indicate that the latter is the more favorable path in comparison to 

the former.46 Despite the low-steady state concentration of hydrogen in the reaction mixture, 

the highly pressurized conditions in closed vessel systems would ensure hydrogenolysis not 

only leading to the product but also to the starting material alcohol which typically results in 

lower reactivity. On the other hand, the alcoholysis step would be the major contributor under 

open-vessel conditions owing to equilibrium driven reasons.  Not surprisingly, in the case of 

N-alkylation of benzyl alcohol,46 open-vessel condition gave higher overall yield (ca. 60%) in 

comparison to closed vessel (ca. 43%). Therefore, in the present work open-vessel conditions 
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were employed and the fact that 4.13 is obtained as a major product in our current studies 

further fortifies the involvement of alcoholysis as the major contributor to the observed 

reactivity (Scheme 4.23).  

Valuable information on the intermediates proposed in Scheme 4.23 was obtained from the 

HRMS(ESI) analysis performed by periodic sampling of the reaction between 4.11 and 4.10 in 

the presence of 0.5 mol % of 4.32d and 5 mol % of NaOtBu. The HRMS analysis of the reaction 

mixture at t = 0 (Figure 4.13) contained several adducts of 4.11/4.10 with pincer-Ni species 

such as [4.35a + CH3CN + K + H]2+, [4.34a + CH3CN + H2O + H]+, [4.34a + CH3OH + 

CH3OK]+, and [4.34a + CH3CN + CH3OK + H]+ corresponding to peaks at m/z 326.1919, 

645.4985, 687.3524, and 697.3808, respectively. The HRMS profile at t = 2 h (Figure 4.14) 

provided key evidence to the intermediates proposed in Scheme 4.23 and demonstrated peaks 

at m/z 681.3039, 764.5815, 771.3520, and 859.3856 that correspond to [4.38a + CH3CN + 

3H2O + H]+, [4.38b + CH3OH + H2O + K]+, [4.38b + 3CH3OH]+, and [4.38b + 4.10′ + 

2CH3OH]+, respectively. The profile of HRMS analysis at t = 4, 8, 16, and 24 h (Figures 

S3.101−S3.106, Appendix III) were similar to that observed at t = 2 h, and some of them 

contained an additional peak at m/z = 209.0986 corresponding to [4.11′ + H]+ (Figures S3.101, 

S3.104, and S3.105, Appendix III). 

Kinetic studies were carried out for the 4.32d catalyzed reaction of 4.11 with 4.10 in the 

presence of 5 mol % of NaOtBu at 140 °C (Figure 4.15). Notably, upon use of 0.005 mol % of 

4.32d, a very high initial rate (TOF = 3200 h−1) was observed (Figure S3.111a, Appendix III). 

Using the initial rate method, it was observed that the plot of initial rate vs [4.32d] was a straight 

line that ran parallel to the x-axis, implying a zero-order dependence of rate on catalyst 

concentration (Figure 4.15). On the other hand, the corresponding plots of initial rate vs 

concentrations of base, 4.11, and 4.10 were all linear and nearly passing through the origin. 

This indicates that the reaction has a first-order dependence of rate on the concentrations of 

base and primary and secondary alcohols.  

This can be explained only if one invokes the possibility of a fast dehydrogenation (4.11/4.10 

→ 4.11′/4.10′ + H2) and hydrogenolysis (4.11′′ and 4.12 with H2)/alcoholysis (4.11′′ and 4.12 

with 4.11/4.10) steps. Apparently, the base mediated coupling of benzaldehyde 4.11′ and 

acetophenone 4.10′ that gives α,β-unsaturated ketone 4.11′′ is the rate-determining step. Not 

surprisingly, 4.11′′ (Figures S3.101, S3.104, and S3.105, Appendix III) and its Ni-adducts 

4.37a and 4.37b (Figures S3.101− S3.106, Appendix III) are detected in HRMS analysis. 
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4.4 Conclusion 

We have accomplished the synthesis of a series of NNN pincer-nickel complexes of the type 

(R2NNN)NiCl(CH3CN) (R = iPr, tBu, Cy, Ph, and p-F-C6H4) based on bis(imino)-pyridine 

ligands. Single-crystal, HRMS, and TGA analyses reveal that these complexes exist as 

equilibrium mixtures of neutral and dicationic pincer-nickel complexes containing one and two 

pincer ligands, respectively. Among the five pincer-Ni complexes that have been screened for 

the catalytic β-alkylation in the presence of 5 mol% of NaOtBu at 140 °C, 

(Ph2NNN)NiCl2(CH3CN) (0.005 mol %) was the most efficient catalyst, giving up to 92% yield 

 

Figure 4.15. Variation of initial rate of formation of 4.13 with concentration of (a) 4.32d, (b) 

NaOtBu, (c) 4.10 and, (d) 4.11.   

 (ca. 18400 TON) for a combination of benzyl alcohol and 1-(4-(trifluoro- 

methyl)phenyl)ethane-1-ol. Kinetic studies on the (Ph2NNN)NiCl2(CH3CN) catalyzed β-

alkylation of 1-phenyl ethanol with benzyl alcohol revealed a first-order dependence of rate on 

the concentration of base, first-order dependence on both the alcohols, and zero-order 

dependence on catalyst concentration. This is indicative of a base-mediated aldol condensation 

as the rate-determining step. HRMS analysis proved to be a useful tool in the identification of 

several intermediates that are involved in the catalytic cycle. 
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4.5 Experimental section 

4.5.1 General procedure and materials 

All manipulations were carried out under an argon atmosphere in a glovebox or by using a 

standard double manifold. The nickel precursor, NiCl2(DME), was purchased from Sigma-

Aldrich. Benzyl alcohol, acetonitrile, and hexane were purchased from MERCK and were dried 

according to a literature procedure prior to experiment.55 Other chemicals were purchased from 

MERCK or Sigma-Aldrich and used as such. All catalytic reactions were carried out under an 

argon atmosphere using dried glassware. The ligands (4.31a-e)44, 45 and complex 4.32c46 were 

prepared according to literature procedures. 

1H, 2H, 13C{H} and 31P were recorded on a Bruker ASCEND 600 operating at 600 MHz for 1H, 

150 MHz for 13C{H} and 564 MHz for 31P or on a Bruker AVANCE 400 operating at 400 MHz 

for 1H, 100 MHz for 13C{H}, 376 MHz for 31P or on a Bruker AVANCE 500 operating at 500 

MHz for 1H, 125 MHz for 13C{H}, 470 MHz for 31P. HRMS measurements were performed 

using an Agilent Accurate-Mass Q-TOF ESI–MS 6520. X-ray crystallographic data were 

acquired on a Bruker D8 Venture single-crystal X-ray diffractometer using graphite 

monochromated Mo Kα radiation. The data refinement and cell reductions were carried out by 

the Bruker SAINT program.56 Structures were further solved and refined by the full matrix 

least- squares method using SHELXS-14.57 A JES-FA200 ESR spectrometer was use to record 

the X-band EPR spectra. Thermogravimetric analyses were performed using a thermal analyzer 

(SDTQ600) with a simultaneous DTA/TGA system, under nitrogen with a heating rate of 10 

°C min−1. Solid-state magnetic susceptibilities of the complexes at room temperature were 

recorded using a Sherwood Scientific magnetic balance MSB-1. 

4.5.2 Synthesis of (1E,1′E)-1,1′-(Pyridine-2,6-diyl)bis(N-(4-fluorophenyl)methanimine) 

(4.31e) 

The ligand 4.31e was prepared according to the procedure reported in literature.44, 45 The 

reaction of pyridine-2,6- dicarbaldehyde (0.1 g, 0.529 mmol) with 4-fluoroaniline (0.117 g, 

1.06 mmol) in anhydrous dichloromethane containing molecular sieves (4 Å) was stirred for 

12 h at 40 °C, followed by filtration and removal of solvent, affording the ligand 4.31e as light-

yellow powder (0.102 g) in 60% yield. 1H NMR (400 MHz, CDCl3): δ 8.66 (s, 2H), 8.27 (d, J 

= 7.8 Hz, 2H), 7.94 (t, J = 7.8 Hz, 1H), 7.35−7.29 (m, 4H), 7.12 (t, J = 8.6 Hz, 4H). 13C{H} 

NMR (101 MHz, CDCl3): δ 163.25, 160.81, 159.85, 154.71, 146.90, 137.52, 123.40, 122.98, 

TH-3585_186122045



Catalytic Transformation of Alcohols …………………………………………………………………………………………Chapter IV 

__________________________________________________________________________________ 

  

Vinay Arora, Ph.D Thesis, IIT Guwahati 141 

 

122.90, 116.34, 116.12. 19F NMR (377 MHz, CDCl3): δ −115.59. HRMS (ESI): m/z calculated 

for [4.31e + 4H2O]+: 393.1500, found 393.1826. 

4.5.3 General procedure for the synthesis of (R2NNN)NiCl2(CH3CN) complexes (4.32a-

e).  

The complex 4.32a was prepared by the reaction of corresponding ligands 4.31a (0.037 g, 

0.154 mmol) with NiCl2(DME) (0.034 g, 0.15 mmol), using anhydrous acetonitrile as the 

solvent and stirred for 20 h at room temperature. The solvent was evaporated under reduced 

pressure, and mustard solid (4.32a) was washed with diethyl ether (3 × 3 mL). The residue was 

dried under a vacuum and 3a isolated as mustard solid with 61% yield (0.039 g). A similar 

procedure was followed for the synthesis of 4.32b, 4.32d and 4.32e. 

(tBu2NNN)NiCl2(CH3CN) (4.32a). (0.037 g) 61% yield. HRMS (ESI): m/z calculated for 

[4.33a − 2Cl]2+: 274.1569, found 274.1783; m/z calculated for [4.32a − Cl − CH3CN]+: 

338.0934, found 338.1178; m/z calculated for [(4.32a − 2Cl − CH3CN) + HCOO]+: 348.1222, 

found 348.1521;  m/z calculated for [4.33a + H]+: 619.2593, found 619.4700; m/z calculated 

for [4.33a + H + 2H2O + CH3OH + CH3CN]+: 728.3332, found 728.5434. Magnetic 

susceptibility μeff = 3.20 μB. 

(Cy2NNN)NiCl2(CH3CN) (4.32b). (0.057 g) 47% yield. Light green solid. HRMS (ESI): m/z 

calculated for [4.33b − 2Cl]2+: 326.1882, found 326.1894; m/z calculated for [4.32b − Cl − 

CH3CN]+: 390.1247, found 390.1240; m/z calculated for [4.33b − Cl]+: 687.3452, found 

687.3447. Magnetic susceptibility μeff = 3.28 μB. 

(Ph2NNN)NiCl2(CH3CN) (4.32d). (0.041 g) 89% yield. Light orange solid. HRMS (ESI): m/z 

calculated for [4.33d − 2Cl]2+: 314.0943, found 314.0944; m/z calculated for [4.32d − Cl − 

CH3CN]+: 378.0808, found 378.0276; m/z calculated for [4.33d − Cl]+: 663.1574, found 

663.1526. Magnetic susceptibility μeff = 3.01 μB. 

((p-F-Ph)2NNN)NiCl2(CH3CN) (4.32e). (0.041 g) 89% yield. Orange solid. Crystals suitable for 

X-ray analysis were obtained by slow evaporation of a solution containing 4.32e (10 mg) in 1 

mL of methanol under non-inert conditions. HRMS (ESI): m/z calculated for [4.33e − 2Cl]2+: 

350.0755, found 350.0788; m/z calculated for [4.32e − Cl − CH3CN]+: 414.0120, found 

414.0128; m/z calculated for [4.33e − Cl]+: 735.1179, found 735.1196. Magnetic susceptibility 

μeff = 4.24 μB. 
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4.5.4 General procedure for the pincer-nickel catalyzed −alkylation of alcohols 

In a 10 mL two-neck round-bottom flask was added NaOtBu (0.04 g, 0.416 mmol) inside the 

glovebox. This was followed by addition of 0.005 mol % of 4.32d (0.0002 g, 0.44 µmol) (from 

a stock solution in either benzyl alcohol or 1-phenyl ethanol) under an argon atmosphere. 

Subsequently, the reaction mixture as made up with the required amounts of benzyl alcohol 

(4.11) and 1-phenyl ethanol (4.10). Ultimately, the reaction mixture contained 0.430 mL of 4.11 

(4.14 mmol) and 0.500 mL of 4.10 (4.14 mmol). The mixture was heated at 140 °C for 24 h 

and was then cooled down to room temperature. An aliquot (10 mg) was withdrawn from the 

reaction mixture, and the yield was determined by 1H NMR using CDCl3 as solvent and toluene 

as a standard (10 µL added in the NMR tube). The rest of the reaction mixture was quenched 

with water, followed by extraction of the organic fraction with dichloro- methane. The organic 

phase was separated and was dried over anhydrous Na2SO4. The solvent was removed from the 

organic fraction under reduced pressure. Silica gel column chromatography using 0−5% ethyl 

acetate in hexane as eluent gave the product 4.13 in a pure form. 

1,3-Diphenylpropan-1-ol (4.13): 1H NMR (600 MHz, CDCl3): δ 7.39 – 7.36 (m, 4H, Ar), 7.32 

– 7.29 (m, 3H, Ar), 7.22 – 7.20 (m, 3H, Ar), 4.69 (m, J = 6.0 Hz, 1H, CHOH), 2.79 – 2.74 (m, 

1H, CH2), 2.71 – 2.66 (m, 1H, CH2), 2.18 – 2.12 (m, 1H, CH2), 2.07 – 2.02 (m, 1H, CH2).
 

13C{H} NMR (151 MHz, CDCl3): δ 144.65, 141.88, 128.63, 128.55, 128.50, 127.75, 126.04, 

125.96 (Ar), 73.97(CHOH), 40.55, 32.15 (CH2). HRMS (ESI): m/z calculated for [M + Na]+: 

235.1099, found 235.0846. 

1-Phenyl-3-(p-tolyl)propan-1-ol (4.13a): 1H NMR (400 MHz, CDCl3): δ 7.44 – 7.38 (m, 4H, 

Ar), 7.34 (ddd, J = 8.6, 3.7, 2.1 Hz, 1H, Ar), 7.15 (brs, 4H, Ar), 4.72 (ddd, J = 8.1, 5.3, 3.1 Hz, 

1H, CHOH), 2.80 – 2.64 (m, 2H, CH2), 2.39 (s, 3H, CH3), 2.22 – 2.02 (m, 3H, CH2).
 13C{H} 

NMR (151 MHz, CDCl3): δ 144.72, 138.76, 135.42, 129.20, 128.63, 128.43, 127.74, 126.06 

(Ar), 74.02 (CHOH), 40.68, 31.72 (CH2), 21.12 (CH3). 

1-Phenyl-3-(m-tolyl)propan-1-ol (4.13b): 1H NMR (400 MHz, CDCl3) δ 7.25 (d, J = 4.3 Hz, 

4H, Ar), 7.21 – 7.16 (m, 1H, Ar), 7.11 – 7.06 (m, 1H, Ar), 6.93 – 6.89 (m, 4H, Ar), 4.58 (ddd, 

J = 7.9, 5.3, 2.3 Hz, 1H, CHOH), 2.67 – 2.48 (m, 2H, CH2), 2.23 (s, 3H, CH3), 2.08 – 1.92 (m, 

2H, CH2), 1.91 (brs, J = 3.0 Hz, 1H, OH). 13C{H} NMR (126 MHz, CDCl3): δ 144.71, 141.82, 

137.98, 129.34, 128.56, 128.37, 127.66, 126.67, 126.03, 125.53 (Ar), 73.99 (CHOH), 40.57, 

32.06 (CH2), 21.46 (CH3). 
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3-(4-Methoxyphenyl)-1-phenylpropan-1-ol (4.13c): 1H NMR (400 MHz, CDCl3): δ 7.43 – 7.35 

(m, 5H, Ar), 7.20 – 7.18 (m, 2H, Ar), 6.93 – 6.91 (m, 2H, Ar), 4.70 (t, J = 4.0 Hz, 1H, CHOH), 

3.83 (s, 3H, OCH3), 2.80 – 2.65 (m, 2H, CH2), 2.19 – 2.04 (m, 2H, CH2). 
13C{H} NMR (151 

MHz, CDCl3): δ 157.87, 144.73, 133.91, 129.44, 128.62, 127.72, 126.05, 113.91 (Ar), 73.94 

(CHOH), 55.37 (OCH3), 40.80, 31.24 (CH2). HRMS (ESI): m/z calculated for [M + Na]+: 

265.1204, found 265.1055.  

3-(3-Methoxyphenyl)-1-phenylpropan-1-ol (4.13d): 1H NMR (400 MHz, CDCl3): δ 7.36 (d, J 

= 4.3 Hz, 4H, Ar), 7.32 – 7.25 (m, 1H, Ar), 7.20 (td, J = 7.4, 1.7 Hz, 1H, Ar), 6.80 (d, J = 7.6 

Hz, 1H, Ar), 6.74 (d, J = 7.0 Hz, 2H, Ar), 4.70 (ddd, J = 8.1, 5.3, 2.8 Hz, 1H, CHOH), 3.79 (s, 

3H, OCH3), 2.79 – 2.61 (m, 2H, CH2), 2.20 – 1.98 (m, 2H, CH2), 1.93 (brs, J = 3.2 Hz, 1H, 

OH). 13C{H} NMR (101 MHz, CDCl3): δ 159.83, 144.70, 143.57, 129.47, 128.65, 127.77, 

126.05, 120.99, 114.35, 111.35 (Ar), 74.00 (CHOH), 55.27 (OCH3), 40.47, 32.24 (CH2). 

HRMS (ESI): m/z calculated for [M + H]+: 265.1204, found 265.1198. 

3-(4-fluorophenyl)-1-phenylpropan-1-ol (4.13e): 1H NMR (600 MHz, CDCl3): δ 7.37 – 7.34 

(m, 4H, Ar), 7.30 – 7.28 (m, 1H, Ar), 7.15 – 7.13 (m, 2H, Ar), 6.96 (t, J = 6 Hz, 2H, Ar), 4.67 

(brs, 1H, CHOH), 2.75 – 2.70 (m, 1H, CH2), 2.67 – 2.60 (m, 1H, CH2), 2.14 – 2.08 (m, 1H, 

CH2), 2.02 – 1.97 (m, 1H, CH2), 1.87 (brs, 1H, OH). 13C{H} NMR (151 MHz, CDCl3): δ 

162.21, 144.61, 137.48, 129.91, 129.86, 128.71, 127.88, 126.03, 115.31, 115.17 (Ar), 73.92 

(CHOH), 40.72, 31.37 (CH2).
 19F NMR (377 MHz, CDCl3): δ -117.65. 

3-(4-Chlorophenyl)-1-phenylpropan-1-ol (4.13f):   1H NMR (600 MHz, CDCl3): δ 7.29 – 7.25 

(m, 4H, Ar), 7.23 – 7.20 (m, 1H, Ar), 7.18 – 7.16 (m, 2H, Ar), 7.04 (d, J = 6.0 Hz, 2H, Ar), 

4.58 (t, J = 6.0 Hz, 1H, CHOH), 2.66 – 2.61 (m, 1H, CH2), 2.59 – 2.54(m, 1H, CH2), 2.05 – 

1.99 (m, 1H, CH2), 1.94 – 1.88 (m, 1H, CH2), 1.85 – 1.82 (m, 1H, CH2). 
13C{H} NMR (151 

MHz, CDCl3): δ 144.52, 140.34, 131.68, 129.92, 128.71, 128.59, 127.89, 126.01 (Ar), 73.84 

(CHOH), 40.44, 31.51 (CH2). HRMS (ESI): m/z calculated for [M + Na]+: 285.0448, found 

285.1295.  

3-(3-Chlorophenyl)-1-phenylpropan-1-ol (4.13g): 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.17 

(m, 5H, Ar), 7.14 – 7.07 (m, 3H, Ar), 6.99 (d, J = 4.0 Hz, 1H, Ar), 4.61 – 4.57 (m, 1H, CHOH), 

2.69 – 2.53 (m, 2H, CH2), 2.08 – 1.83 (m, 3H, CH2).
 13C{H} NMR (151 MHz, CDCl3): δ 

144.49, 143.99, 134.25, 129.76, 128.73, 127.92, 126.79, 126.20, 126.01 (Ar), 73.85 (CHOH), 

40.32, 31.86 (CH2). 
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1-Phenyl-3-(pyridin-3-yl)propan-1-ol (4.13i): 1H NMR (600 MHz, CDCl3): δ 8.43 – 8.37 (m, 

2H, Ar), 7.51 –7.50 (m, 1H, Ar), 7.35 – 7.34 (m, 4H, Ar), 7.29 – 7.28 (m, 1H, Ar), 7.20 – 7.18 

(m, 1H, Ar), 4.68 – 4.66 (m, 1H, CHOH), 2.77 – 2.65 (m, 2H, CH2), 2.15 – 2.08 (m, 1H, CH2), 

2.02 – 1.98 (m, 1H, CH2), 1.71 (s, 1H, OH). 13C{H} NMR (151 MHz, CDCl3): δ 149.91, 

147.30, 144.60, 137.34, 136.14, 128.70, 127.84, 125.99, 123.50 (Ar), 73.50 (CHOH), 40.21, 

29.29 (CH2). 

1-Phenyl-3-(pyridin-4-yl)propan-1-ol (4.13j): 1H NMR (500 MHz, CDCl3): δ 8.32 – 8.30 (m, 

2H, Ar), 7.27 – 7.26 (m, 4H, Ar), 7.21 – 7.19 (m, 1H, Ar), 7.02 – 7.01 (m, 2H, Ar), 4.61 – 4.58 

(m, 1H, CHOH), 2.70 – 2.64 (m, 1H, CH2), 2.62 – 2.56 (m, 1H, CH2), 2.07 – 2.00 (m, 1H, 

CH2), 1.97 – 1.90 (m, 1H, CH2).
 13C{H} NMR (151 MHz, CDCl3): δ 151.16, 149.70, 144.43, 

128.75, 127.95, 125.97, 124.08 (Ar), 73.65 (CHOH), 39.38, 31.5 (CH2). HRMS (ESI): m/z 

calculated for [M + H]+: 214.1232, found 214.1273. 

3-(Furan-2-yl)-1-phenylpropan-1-ol (4.13k): 1H NMR (500 MHz, CDCl3): δ 7.35 (d, 4H, Ar), 

7.31 – 7.28 (m, 2H, Ar), 6.28 (brs, 1H, Ar), 6.06 – 6.01 (s, 1H, Ar), 4.73 – 4.70 (m, 1H, CHOH), 

2.79 – 2.68 (m, 2H, CH2), 2.17 – 2.03 (m, 2H, CH2), 1.93 (brs, 1H, OH). 13C{H} NMR (151 

MHz, CDCl3): δ 155.66, 144.46, 141.10, 128.68, 128.65, 127.83, 126.02, 110.27, 105.17 (Ar), 

73.84 (CHOH), 37.30, 24.54 (CH2). 

1-Phenyl-3-(thiophen-2-yl)propan-1-ol (4.13l): 1H NMR (500 MHz, CDCl3): δ 7.27 – 7.19 (m, 

5H, Ar), 7.02 – 7.01 (m, 1H, Ar), 6.83 – 6.82 (m, 1H, Ar), 6.71 (s, 1H, Ar), 4.61 (s, 1H, CHOH), 

2.88 – 2.77 (m, 2H, CH2), 2.11 – 1.94 (m, 2H, CH2).
 13C{H} NMR (126 MHz, CDCl3): δ 

144.73, 144.46, 128.66, 127.81, 126.87, 126.00, 124.43, 123.20 (Ar), 73.60 (CHOH), 40.78, 

26.32 (CH2). 

3-(Naphthalen-1-yl)-1-phenylpropan-1-ol (4.13m): 1H NMR (600 MHz, CDCl3): δ 7.98 (d, J 

= 6.0 Hz, 1H, Ar), 7.85 – 7.81 (m, 1H, Ar), 7.71 (d, J = 12.0 Hz, 1H, Ar), 7.49 – 7.45 (m, 2H, 

Ar), 7.40 – 7.34 (m, 5H, Ar), 7.31 – 7.28 (m, 1H, Ar), 4.81 – 4.80 (m, 1H, CHOH), 3.28 – 3.23 

(m, 1H, CH2), 3.14 – 3.09 (m, 1H, CH2), 2.29 – 2.23(m, 1H, CH2), 2.19 – 2.14 (m, 1H, CH2), 

1.93 (brs, J = 3.1 Hz, 1H). 13C{H} NMR (151 MHz, CDCl3): δ 144.65, 138.13, 134.04, 131.96, 

128.90, 128.69, 127.84, 126.82, 126.09, 125.93, 125.68, 125.59, 123.91 (Ar), 74.34 (CHOH), 

39.97, 29.26 (CH2). 
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3-(Anthracen-9-yl)-1-phenylpropan-1-ol (4.13n): 1H NMR (600 MHz, CDCl3): δ 8.33 (s, 1H, 

Ar), 8.18 (d, J = 8.6 Hz, 2H, Ar), 7.99 (d, J = 8.1 Hz, 2H, Ar), 7.46 (dt, J = 16.6, 7.0 Hz, 6H, 

Ar), 7.39 (t, J = 7.5 Hz, 2H, Ar), 7.32 (t, J = 7.3 Hz, 1H, Ar), 4.94 (p, J = 3.7 Hz, 1H, CHOH), 

3.78 (ddd, J = 13.4, 11.2, 5.0 Hz, 1H, CH2), 3.65 (ddd, J = 13.8, 10.9, 6.0 Hz, 1H, CH2), 2.34 

– 2.26 (m, 1H, CH2), 2.22 (ddd, J = 13.9, 10.6, 5.4 Hz, 1H, CH2), 2.05 (brs, 1H, OH). 13C{H} 

NMR (151 MHz, CDCl3) δ 144.60, 134.47, 131.76, 129.72, 129.33, 128.73, 127.92, 126.10, 

125.92, 125.66, 124.96, 124.46 (Ar), 74.57 (CHOH), 40.18, 24.12 (CH2). 

3-Phenyl-1-(p-tolyl)propan-1-ol (4.13r): 1H NMR (500 MHz, CDCl3): δ 7.18 – 7.15 (t, J = 7.5 

Hz, 2H, Ar), 7.12 – 7.10 (m, 2H, Ar), 7.08 – 7.03 (m, 5H, Ar), 4.50 (t, J = 5.0 Hz, 1H, CHOH), 

2.64 – 2.58 (m, 1H, CH2), 2.56 – 2.50 (m, 1H, CH2), 2.23 (s, 3H, CH3), 2.03 – 1.96 (m, 2H, 

CH2), 1.92 – 1.85 (m, 1H, CH2).
 13C{H} NMR (151 MHz, CDCl3): δ 141.94, 131.65, 137.33, 

129.24, 128.53, 128.44, 126.00, 125.88 (Ar), 73.73 (CHOH), 40.41, 32.15 (CH2), 21.21 (CH3). 

HRMS (ESI): m/z calculated for [M + Na]+: 249.1255, found 249.1276. 

1-(4-Methoxyphenyl)-3-phenylpropan-1-ol (4.13s): 1H NMR (600 MHz, CDCl3): δ 7.28 (d, J 

= 5.0 Hz, 3H, Ar), 7.19 (d, J = 7.1 Hz, 3H, Ar), 6.89 (d, J = 8.6 Hz, 2H, Ar), 4.64 (brs, 1H, 

CHOH), 3.81 (s, 3H, OCH3), 2.68 (d, J = 79.0 Hz, 2H, CH2), 2.17 – 1.98 (m, 2H, CH2). 
13C{H} 

NMR (101 MHz, CDCl3): δ 159.28, 141.98, 128.57, 128.51, 127.35, 125.97, 114.05 (Ar), 73.65 

(CHOH), 55.44 (OCH3), 32.27 (CH2). HRMS (ESI): m/z calculated for [M + Na]+: 265.1204, 

found 265.1384. 

1-(3-Methoxyphenyl)-3-phenylpropan-1-ol (4.13t): 1H NMR (500 MHz, CDCl3): δ 7.16 (q, J 

= 7.9 Hz, 3H, Ar), 7.09 (d, J = 7.7 Hz, 3H, Ar), 6.82 (d, J = 7.0 Hz, 2H, Ar), 6.72 (d, J = 8.4 

Hz, 1H, Ar), 4.59 – 4.54 (m, 1H, CHOH), 3.70 (s, 3H, OCH3), 2.69 – 2.53 (m, 2H, CH2), 2.06 

– 1.89 (m, 2H, CH2), 1.85 (brs, 1H, OH). 13C CHOH {H} NMR (126 MHz, CDCl3): δ 159.95, 

146.45, 141.90, 129.66, 128.57, 128.51, 125.98, 118.37, 113.22, 111.56 (Ar), 73.94 (CHOH), 

55.36 (OCH3), 40.52, 32.16 (CH2). 

1-(4-Bromophenyl)-3-phenylpropan-1-ol (4.13w): 1H NMR (600 MHz, CDCl3) δ 7.49 – 7.46 

(m, 2H, Ar), 7.29 (t, J = 7.5 Hz, 2H, Ar), 7.24 – 7.17 (m, 5H, Ar), 4.65 (ddd, J = 8.2, 5.1, 3.0 

Hz, 1H, CHOH), 2.77 – 2.63 (m, 2H, CH2), 2.13 – 1.96 (m, 2H, CH2), 1.95 (brs, J = 3.4 Hz, 

1H, OH). 13C{H} NMR (151 MHz, CDCl3): δ 143.62, 141.56, 131.70, 128.58, 128.54, 127.78, 

126.09, 121.46 (Ar), 73.28 (CHOH), 40.57, 32.01 (CH2). 
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1-(3-Bromophenyl)-3-phenylpropan-1-ol (4.13x): 1H NMR (500 MHz, CDCl3): δ 7.42 (brs, 

1H, Ar), 7.33 –7.31 (d, J = 10.0 Hz, 1H, Ar), 7.22 – 7.16 (m, 3H, Ar), 7.14 – 7.09 (m, 4H, Ar), 

4.55 (brs, 1H, CHOH), 2.69 – 2.59 (m, 2H, CH2), 2.04 – 1.88 (m, 3H, CH2). 
13C{H} NMR 

(126 MHz, CDCl3): δ 147.10, 141.57, 130.76, 130.21, 129.17, 128.59, 128.55, 126.11, 124.64, 

122.77 (Ar), 73.25 (CHOH), 40.60, 32.03 (CH2). 

3-Phenyl-1-(thiophen-2-yl)propan-1-ol (4.13za): 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.20 

(m, 3H, Ar), 7.16 (d, J = 7.5 Hz, 3H, Ar), 6.97 – 6.90 (m, 2H, Ar), 4.88 (t, J = 6.7 Hz, 1H, 

CHOH), 2.79 – 2.63 (m, 2H, CH2), 2.25 – 2.05 (m, 2H, CH2), 1.95 (s, 1H, OH). 13C{H} NMR 

(101 MHz, CDCl3): δ 148.67, 141.60, 128.63, 128.59, 126.82, 126.11, 124.83, 124.06 (Ar), 

69.69 (CHOH), 40.86, 32.16 (CH2). 

1-(Naphthalen-2-yl)-3-phenylpropan-1-ol (4.13zb): 1H NMR (500 MHz, CDCl3): δ 7.71 – 7.68 

(m, 3H, Ar), 7.62 (brs, 1H, Ar), 7.37 – 7.32 (m, 3H, Ar), 7.18 – 7.15 (m, 2H, Ar), 7.09 – 7.07 

(m, 3H, Ar), 4.68 (brs, 1H, CHOH), 2.67 – 2.60 (m, 1H, CH2), 2.58 – 2.53 (m, 1H, CH2), 2.12 

– 2.06 (m, 1H, CH2), 2.01 – 1.94 (m, 1H, CH2). 
13C{H} NMR (151 MHz, CDCl3): δ 141.93, 

141.82, 133.31, 133.06, 128.56, 128.51, 128.48, 128.03, 127.80, 126.29, 125.98, 124.79, 

124.14 (Ar), 74.03 (CHOH), 40.38, 32.12 (CH2). HRMS (ESI): m/z calculated for [M + Na]+: 

285.1255, found 285.1200. 

3-Phenyl-1-(4-(trifluoromethyl)phenyl)propan-1-ol (4.13zc): 1H NMR (600 MHz, CDCl3): δ 

7.63 (d, J = 8.0 Hz, 2H, Ar), 7.49 (d, J = 8.0 Hz, 2H, Ar), 7.32 (t, J = 7.5 Hz, 2H, Ar), 7.22 (d, 

J = 7.8 Hz, 3H, Ar), 4.78 (b rs, J = 3.7 Hz, 1H, CHOH), 2.83 – 2.70 (m, 2H, CH2), 2.17 – 2.03 

(m, 2H, CH2), 2.03 (brs, J = 3.4 Hz, 1H, OH). 13C{H} NMR (151 MHz, CDCl3): δ 148.61, 

141.42, 129.83 (q, J = 32.4 Hz, CF3), 128.62, 128.54, 126.27, 126.17, 125.57 (q, J = 3.7 Hz), 

125.14, 123.34 (Ar), 73.27 (CHOH), 40.69, 31.96 (CH2).
 19F NMR (377 MHz, CDCl3) δ -

62.45.  

3-Phenyl-1-(3-(trifluoromethyl)phenyl)propan-1-ol (4.13zd): 1H NMR (500 MHz, CDCl3): δ 

7.55 (s, 1H, Ar), 7.47 – 7.45 (m, 2H, Ar), 7.40 – 7.37 (m, 1H, Ar), 7.23 – 7.18 (m, 2H, Ar), 7.13 

– 7.11 (m, 3H, Ar), 4.70 – 4.67 (m, 1H, CHOH), 2.73 – 2.60 (m, 2H, CH2), 2.06 – 1.91 (m, 3H, 

CH2). 13C{H} NMR (126 MHz, CDCl3): δ 145.77, 141.48, 129.38, 129.09, 128.65, 128.57, 

126.20 (Ar), 124.53 (q, J = 3.8 Hz, CF3), 122.86 (q, J = 3.7 Hz, Ar), 73.38 (CHOH), 40.76, 

32.08 (CH2). 
19F NMR (471 MHz, CDCl3): δ -62.60. 
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3-phenyl-1-(4-(trifluoromethoxy)phenyl)propan-1-ol (4.13ze): 1H NMR (500 MHz, CDCl3): δ 

7.30 – 7.29 (m, 2H, Ar), 7.22 – 7.18 (m, 2H, Ar), 7.12 – 7.11 (m, 5H, Ar), 4.63 (s, 1H, CHOH), 

2.71 – 2.57 (m, 2H, CH2), 2.07 – 2.00 (m, 1H, CH2), 1.97 – 1.90 (m, 1H, CH2), 1.86 (s, 1H, 

OH). 13C{H} NMR (126 MHz, CDCl3): δ 148.70, 143.42, 141.59, 128.61 (CF3), 128.55, 

127.44, 126.14, 121.13 (Ar), 73.23 (CHOH), 40.71, 32.09 (CH2).
 19F NMR (471 MHz, CDCl3): 

δ -57.88. 

Supporting information containing NMR spectra, HRMS analysis, SCXRD data, EPR analysis, 

Kinetics data and, TGA analysis of the complexes for chapter IV is available as appendix III 

and can be found at: 

https://drive.google.com/file/d/1ppAVRIRsJuQ7DK_-

J4LtayNnSOUh6GvV/view?usp=sharing 
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Chapter I outlines the use of organometallic complexes in catalysis. Among the vast array of 

transition-metal complexes that have been documented in the literature, pincer-metal 

complexes have proven to be highly effective and serve a crucial role in organic 

transformations. Among the various reactions, catalytic transformation to alcohols to various 

value-added products using pincer-metal systems has been well documented. The chapter 

concludes with a consideration of the current thesis’s scope.  

 

Figure 1. Catalytic transformation of alcohols to produce hydrogen and value-added chemicals 

using pincer-metal complexes. 

Chapter II deals with the synthesis of novel bis(imino)pyridine based pincer-ruthenium 

complexes having R2NNN ligand (R = tBu, iPr, Cy and Ph). All of these complexes along with 

their phosphine and carbonyl based counterparts were employed towards catalytic methanol 

reforming for generation of hydrogen. Methanol, due to its high hydrogen content (12.6% H2) 

and ease of handling is the most preferred alcohol for the hydrogen storage systems. The 

complex (Cy2NNN)RuCl2(PPh3) was found to be the most efficient among the considered 

complexes. For a mixture of methanol and water in a 2:1 ratio, (Cy2NNN)RuCl2(PPh3) (0.2 mol 

%) resulted in a yield of 81% each of H2 and formic acid at 100% selectivity in the presence of 

KOtBu (1.5 equivalents with respect to water) at 100 °C. In contrast with the previous reports, 

where complete dehydrogenation of methanol to carbon dioxide (a greenhouse gas) has been 

observed, the present catalyst system selectively generates formic acid and hydrogen. The 

increment in the concentration of methanol (3:1 methanol/water mixture) resulted in good 

yields (84%) of hydrogen with 82% formic acid at 95% selectivity at a 0.8 mol% catalyst 

loading. The deuterium-labelling studies were indicative of an average KIE of 1.96 that points 

towards the involvement of methanol C−H bond activation in the mechanism but not as a part 

of the RDS, while the O-H bond activation is the RDS and contributes majorly to the observed 
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average kH/kD value of 1.96 These studies are in accordance with the DFT studies that compute 

that either for the cycle leading to formic acid and 2 moles of hydrogen or for the cycle that 

results in carbon dioxide and 3 moles of hydrogen, the release of first hydrogen molecule is the 

RDS. The current protocol has also been successfully extended towards to the generation of D2 

and its incorporation in various unsaturated compounds. 

 

Figure 2. Pincer-ruthenium catalyzed reforming of methanol in water to generate H2 and 

formic acid with high selectivity. 

In line with the above chapter, Chapter III is based on the aqueous reforming of ethanol to 

valuable acetic acid and hydrogen. After methanol, bioethanol has emerged as a promising 

LOHC due to its high hydrogen output (13% H2) and easy availability. The pincer-ruthenium 

complexes based on bis(imino)pyridine and 2,6-bis(benzimidazole-2-yl) pyridine ligands have 

been studied for the reforming of ethanol to produce hydrogen and acetic acid. Among the 

complexes screened, the best yield was obtained with 0.2 mol% of (Cy2NNN)RuCl2(PPh3), 

which afforded up to 70% of H2 and 73% of acetic acid from a 2:1 mixture of ethanol and water 

in the presence of 1.5 equivalents KOtBu. The kinetic isotope effect studies point towards the 

involvement of C–H activation in the aqueous ethanol reforming reaction with an average KIE 

of 5.23. The first order dependence of rate on the concentration of both pincer-ruthenium 

catalyst and ethanol was observed from kinetic studies, which also confirms the homogeneous 

nature of the reaction. The release of PPh3 and generation of (Cy2NNN)RuCl(H) species 

(detected as phosphine adduct) which plays a pivotal role in the catalytic cycle has been 

observed by HRMS and NMR studies. DFT studies are accordance with the control 

experiments which shows that the σ-bond metathesis step resulting in the release of the first 

molecule of H2 is the rate–determining step (RDS). 
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Figure 3. Pincer-ruthenium catalyzed aqueous reforming of ethanol for the selective 

production of H2 and CH3COOH. 

Chapter IV discusses the synthesis of NNN pincer-Ni(II) complexes based on 

bis(imino)pyridine ligands ((R2NNN)NiCl2(CH3CN); R = iPr, tBu, Cy, Ph and p-F-C6H4), which 

are well characterized using HRMS, thermogravimetric analysis, magnetic susceptibility 

measurements and SCXRD studies. In solution, these complexes are found to exist in 

equilibrium mixtures containing one and two pincer ligands, respectively. These complexes 

have been further tested towards the Guerbet type β ̶ alkylation of benzyl alcohol with 1-phenyl 

ethanol at 140 °C under very low catalyst (0.005 mol%) and base loading (5 mol%). Notably, 

the highest TON (up to 16400) was achieved with (Ph2NNN)NiCl2(CH3CN) 5 mol% NaOtBu 

under 0.005 mol% catalyst loading at140 °C after 24 h. The catalytic system tolerated a broad 

spectrum of substrates having electron-withdrawing and electron-donating groups. For the 

reaction of benzyl alcohol with 1-(4-trifluoromethyl)phenyl)ethane-1-ol, very high TONs (up 

to 18400) were observed in the presence of 0.005 mol% of (Ph2NNN)NiCl2(CH3CN) and 5 

mol% NaOtBu at 140 °C after 24 h. The overall reaction exhibits zero-order kinetics in terms 

of catalyst concentration and first-order kinetics with respect to base and substrate 

concentrations. The control experiments and HRMS studies support the proposed mechanism, 

which shows the involvement of hydrogenolysis/alcoholysis pathway.  
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Figure 4. Pincer-nickel catalyzed β-alkylation of secondary alcohols with primary alcohols. 

The current thesis has demonstrated synthetic protocols for a series of pincer-ruthenium and 

pincer-nickel complexes. These complexes have successfully accomplished the transformation 

of alcohols to clean burning hydrogen and industrially valuable chemicals. These results offer 

great promise from an industrial point of view as alcohols are abundant and an important 

feedstock in the context of synthetic organic chemistry. The reactivity exhibited by the 

considered complexes reflects their versatility in catalyzing various other related important 

organic transformations. 

Among numerous intriguing opportunities, this thesis could pave the way for new avenues in 

activation of small molecules such as carbon dioxide (considering its presence in the reforming 

cycle) using pincer-metal systems. Apart from the various catalytic reactions discussed in the 

thesis, following challenges still remain unaddressed that could be taken up during future 

studies, 

▪ Can one design catalytic systems based on bis(imino)pyridine pincer-ruthenium 

complexes and heterogenize them on inert solid supports?  

▪ Can these immobilized pincer-metal complexes bring about generation of hydrogen 

from other abundantly available LOHCs which have been less explored? 

▪ Is it possible to achieve reforming of various alcohols using pincer-metal complexes 

derived from 3d-metals? 
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