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AAbbssttrraacctt  
 
Cost effective, greener and facile synthetic methods for the synthesis of amides and 

ketones have been devised with adopting various techniques including the thermal, 

photochemical and high pressure autoclave methods. In this thesis, we have 

demonstrated a much economical and green strategy for the hydration of terminal 

and internal alkynes. A ferrocene containing Schiff base water-soluble rhodium (I) 

catalyst was synthesised and used for alkyne hydration in photochemical conditions. 

The formation of the desired ketone was obtained in a very short time (20-30 

minute) under UV irradiation. Moreover, water insoluble ironchalcogenidecarbonyl 

complexes (Fe3E2(CO)9 (E=S, Se, Te)) were also explored for the hydration of 

alkynes and highly significant results were obtained than previously reported. Both 

the complexes Rh(I) and Fe3(E2(CO)9 were isolated and reused further without any 

further activation. Here, the catalytic reactions were conducted under aqueous and 

aerobic conditions. Moreover, a highly economic autoclave method for the hydration 

of alkynes was also discovered. This method simply works without a 

metal/catalyst/reagent at 11 bar pressure of nitrogen and 150 °C. Apart from, the 

three new, novel, robust, air and water insensitive Chalcogen functionalized 

pyrazole-based Ru(II) half-sandwich complexes containing the S, Se and Te 

Chalcogen donor sites were designed and synthesised. All the complexes were 

characterized by the 1H, 13C NMR, mass and FT-IR analytical techniques. Moreover, 

and single crystal X-ray diffraction analysis of these complexes was also conducted 

and reveals the pseudo-octahedral half sandwich piano-stool geometry at Ru centre. 

The complexes were found to be highly efficient for the catalytic conversion of 

aldehyde to primary amide in high yield.  
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1.1 Introduction 

The phenomenon called ‘catalysis’ was recognized from a previous era, even though 

people knew nothing about the underlying mechanism and the chemical process 

involved in it. A catalyst accelerates a chemical reaction while actually not being 

consumed, the process is called ‘catalysis’ [1]. By using catalytic reagents, one can 

reduce the temperature of a transformation, reduce reagent based waste, enhance the 

selectivity of a reaction, allowing reactions to occur faster, cheaper and greener [2]. 

Catalysis has a key enabling role in environmental protection, particularly in 

recycling waste and reduction of greenhouse gases. Anastas and Warner in 1998 

suggested a set of twelve principles which is the main philosophy of green chemistry 

to reduce or eliminate chemicals and chemical processes that have negative 

environmental impacts. Designing and development of noval ideal catalyst is one of 

the prior application of green chemistry. According to these principles, highly 

selective catalytic reagents are superior than that of stoichiometric reagents. 

Stoichiometric reagents are used in high amounts and are not reusable while 

catalytic reagents are used in small amounts in some cases  and can carry out a 

single reaction multiple times [3]. Catalysis is the most interdisciplinary and 

overarching technology famously playing a key role in chemical transformations and 

lies at the heart of countless chemical protocols, academic research at laboratories 

level to the chemical industry level [4]. Catalysis research underpins several 

strategic industrial sectors: from energy to the manufacturing of materials and 

industrial processes like petrochemical, pharmaceutical and chemical industries. 

Catalysis history contained a long time: Swedish chemist Jöns Jacob Berzelius first 

time coined new term catalysis in 1835 [5]. He summarised his concepts on 

‘catalysis’ as a novel force, Berzelius wrote:  

“It is, then, proved that several simple or compound bodies, soluble and insoluble, 

have the property of exercising on other bodies an action very different from 

chemical affinity. By means of this action, they produce, in these bodies, 

decompositions of their elements and different recombination of these same elements 

to which they remain indifferent.” He called this new force as ‘catalytic force’ [6]. 

He used it to describe a wide range of observed phenomena, both in homogeneous 

systems, where the catalysts and the reactants happen to be in the same phase and in 
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heterogeneous systems, where the phase differs. Berzelius recognized those common 

principles were involved, but the two branches of catalysis have developed 

independently and offer the chemical industry different strengths and weaknesses 

[7]. The findings formulated by Berzelius were concluded through discussions and 

experimental work with contemporary scientists in Europe [8]. The modern 

definition of the catalyst was described by Wilhelm Ostwald in 1894. He 

generalized the definition and classified catalysts as species which enhance the rate 

of a chemical reaction through the formation of intermediates that is restored at the 

end of the reaction. In 1909, Ostwald was awarded the Nobel Prize for his work on 

catalysis, chemical equilibrium and reaction velocities [9]. A significant number of 

Nobel laureates including Haber (1918), Bergius and Bosch (1931), Natta and 

Ziegler (1963), Fischer and Wilkinson (1973), Knowles, Noyori and Sharpless 

(2001), Chauvin, Grubbs and Schrock (2005) and recently, G.Ertl (2007), followed 

Ostwald contributing majorly to the field of catalysis [1, 6, 10]. 

In fact, we can describe the catalytic reaction as a cyclic event in terms of 

conventional catalysis theory [11] in which the catalyst involved in the reaction  is 

recovered in its original state at the end of the cycle. Let us consider the catalytic 

reaction between two molecules reactant and reagent to give a product in Figure 1.1. 

The cycle starts with the bonding of molecules with the catalyst and forms the 

intermediates and finally gives the product. In the final step, product detaches from 

the catalyst, thus leaving the reaction cycle in its original state. 

 

 

 

 

Figure 1.1: Generalized block schematic representation of energy for catalytic 
reaction as a sequence of elementary steps. 



 

5 
 

1.2 Catalysis: Homogenous vs Heterogeneous 

Catalysis can be bifurcated into two categories depending on the phase homogeneity 

of the substrate(s) and the catalyst: 

1. Homogeneous catalysis – involving a catalyst having phase coherence to that of 

a phase of reactant(s) in the reaction mixture. 

2. Heterogeneous catalysis – involving a catalyst in a different phase to the 

reactants in the reaction mixture 

These ideas brief the affiliation of reactants and catalysts; initially looking to be 

opposing each other, but in reality, they rather form a duo which acts in tandem 

quite well. Catalysts can occur in any physical form and are known as homogenous 

catalysts if they happen to be in the same state as the reagent phase in the reaction 

which is being promoted. During heterogeneous catalysis, a solid catalyst is used to 

accelerate a gas phase or liquid phase reaction. Generally the catalysts consist of tiny 

metal particles dispersed on an inert support material such as silica or alumina. The 

use of support material aids to enhance the metal surface area additionally leading to 

increase thermal stability.  

1.2.1 Homogeneous catalysis  

The first industrial homogeneous catalyst used as part of the lead chamber process 

for making sulphuric acid. In 1746, Birmingham-based British industrialist John 

Roebuck explored the catalytic effect of nitrogen oxide gases on the reaction 

between moist sulphur dioxide [12], air and most of the catalyst designs can be 

found today in the field of homogeneous catalysis due to metal complexes [13-15].A 

vital role by the metal catalyst is played in catalysis in elementary reactions such as 

oxidative additions of reactants, reductive elimination of products, as well as by 

large number but a well-classified rearrangement of the atoms and chemical bonds 

in the coordination with a sphere of metal atoms [16]. Homogeneous catalysis has 

some important properties like high selectivity of the products, good accessibility to 

catalytically active sites, etc. Homogeneous catalysts have superior defined active 

sites and usually include all of the metal atoms available for catalysis, and the steric 

and electronic vicinity of the metal atom can be, at least in principle, altered widely 

[17].The domain of homogeneous catalysts includes acids to sophisticated transition 

metal complexes, with a common feature of high amount of catalytically active sites 
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and relatively high activity. The main disadvantage of such homogeneous transition 

metal complex catalysts is the inability to function at elevated temperatures and the 

problem of separating it. Other associated problems like corrosion, toxicity, 

regeneration and reuse, high cost, the creation large amount of solid waste in case of 

a homogeneous catalyst, make it unsuitable for application in industrial situations in 

today’s environmentally conscious and economically pressured world. This leads to 

conclusion that the immobilization of homogeneous catalyst on polymer matrix may 

increase the possibility of their applications in industry [6,18-22]. Pros and Cons are 

associated with every methodology, heterogenizing through anchoring on a solid 

support increases the applicability of homogeneous catalyst to certain extent but also 

increases the number of synthesis steps for catalyst preparation. The multistep 

synthesis and use of solid support increases the cost of catalyst and hence it less 

attractive for the commercial applications. A reusable homogeneous catalyst could 

be an effective alternative. Due to the fact in homogeneous catalysis every active 

site is available for catalysis; therefore a reusable homogeneous catalyst can be a 

better alternative to heterogeneous catalysts. A homogeneous reusable catalyst could 

be more influential in combination to the biphasic reaction methodology. Designing 

such homogeneous catalysts may improve reusability but confines the application of 

catalyst to a limited set of solvents. 

1.2.2 Heterogeneous Catalysis 

One of the classical examples involving heterogeneous catalysts was the observation 

that red-hot metals such as iron or platinum could catalyse the decomposition of 

ammonia, recorded in 1813 by French chemist Louis Jacques Thenard [6].  

Heterogeneous catalysts have played a vital role in organic transformations and have 

a major impact on the quality of human life as well as on economic progress. More 

than 90% of the processes in the petroleum, petrochemical, fertilizers, and food 

industries are catalytically induced. Synthesis and application of heterogeneous 

catalysis is an interdisciplinary science. Designing heterogeneous catalysts requires 

a good knowledge of chemistry and physics. Heterogeneous catalysts are compatible 

with a variety of reactors and reactions methodologies. These properties are quite 

tempting for industries to utilize heterogeneous catalysts at a commercial scale. 
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1.3 Alternate methodology 

1.3.1 Photocatalysis reactions 

The chemical reactions are initiated by the application of some form of energy like 

thermal [23], photochemical [24] and microwave [25]etc. The present investigation 

based on the use of photo-catalytic methods for organic synthesis, which are the 

alternative to popular thermal methods, in accordance with the fundamental  

principles of green chemistry. Unusual photo-assisted reactions such as 

isomerization around C-C double bond [26], activation of C-C triple bond [24, 

27]also the cycloadditions [28]in the synthetic chemistry.  

1.3.2 Microwave reactions 

Microwave-Induced Organic Reaction Enhancement (MORE) chemistry can be 

considered as one way of improving the synthesis or as a concerted application to 

improve energy efficiency. Microwave aided chemistry has developed into a 

practical technique for numerous well known number of applications in organic 

transformations. Microwave irradiation produces well organized internal thermal 

excitation by the direct coupling of the polar molecules(e.g., solvents, chemical 

reagents and catalysts) with  microwave energy involved in the reaction mixture. 

Hence, it improves the yield as well as decreases the time of the chemical 

transformations over conventional heating techniques [25, 29-31]. 

1.3.3 Autoclave reactions 

Autoclave curing is the globally used method of producing in bulk scale chemicals 

production in industry. The autoclave could be used with high temperature and high 

pressure for the reaction. The use of autoclave technique for hydrogenation [32], 

hydration [33] and various other reactions is quite common. Moreover, these 

methodologies outstandingly reduce the cost and formation of undesired by-products 

and chemical waste in the reaction. Recently, most autoclaves popularly used for 

hydrothermal or solvothermal synthesis in the laboratory [34]. 

The carbonyl functional group remains one of the most versatile functionalities 

available to the organic chemist [4, 35]. The importance of this functionality not 

only from its own inherent reactivity, being susceptible to both nucleophilic attack at 

carbon and electrophilic attack at oxygen, but also from the polarizing effect it has 

on neighboring atoms and functional groups, particularly its ability to stabilize an 
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adjacent carbanion by charge delocalization into the C=O double bond [36]. To 

synthesize the carbonyl compounds like amide, ketones there were many reports 

available like hydroformylation [37], Wacker oxidation[38],  hydration of nitrile 

[38, 39], hydration of alkyne [40-42] and carbonylation [27, 43]. 

A wide range of organic compounds has been catalytically synthesised by use of 

metal or catalyst in one and multistep by following the classical and advanced 

methodologies. There is always a demand the provide the feasible, economical 

method for the synthesis of industrially important value added organic compounds 

due to their huge demand as a precursor in verities of reactions. Amides and ketones 

are also considered the highly important value added compounds due to their 

extensive use in various chemical and pharmaceutical industries. Hence, here we 

have focused on the catalytic synthesis of amides and the ketones and developed 

some new methodologies those are superior in term economic and feasibility of the 

process.   

1.4 Section A: Catalytic formation of amides  

The amide  belongs to the most privileged functional groups in carbonyl chemistry. 

It holds not only a crucial role in nature but also is a backbone in proteins such as 

enzymes. It is found in numerous natural products [44, 45] as a key chemical link in 

nitrogen-pertaining biomolecules [45] like Atorvastatin [46], Lisinopril [47], 

Valsartan [48] and Diltiazem [49] different commercially available pharmaceutical 

drugs [47, 49, 50] and polymers [51, 52] shows tremendous prevalence of amide 

bond formation in the field of synthetic chemistry. Despite their prominent 

importance, in previously most of the amide bond syntheses involve activation of 

carboxylic acid using carbodiimide as a coupling reagent and subsequent coupling 

of the activated species with amine (Scheme 1). 

R1 OH

O

R Act

O

R NR2R3

OActivating
 agent HNR2R3

 

Scheme 1: Representation of activation of carboxylic acid 

Although a large extent of method development has been devoted to fine-tuning of 

these coupling reagents for more efficient amide synthesis, this procedure involves 

inherent drawback of producing waste along with the desired amide [53] and also 
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associated problems like increased costs and significant by-products which need to 

be eliminated. Finding an alternative to enzymes and coupling reagents in amide 

bond synthesis, non-metal catalysts such as organo-catalysts and boron reagents [54, 

55] have been reported and these reports are also suffering from low atom efficiency 

and difficult isolations. Shorting this limitation for a possible solution is metal 

catalysis, which does not only include the advantage of atom-economical behaviour 

but also the low cost and more eco-friendly approach. These drawbacks encouraged 

the efforts towards the development of superior atom-efficient, cost friendly, a 

catalytic methodology for amide bond formation, as revealed by the increasing 

number of publications in this area in recent years. 

1.4.1 Amide from carboxylic acid 

The instantaneous formation of the amides is not possible via combining the two 

functional groups at ambient temperature, due to the presence of water elimination 

step that takes place at a very high temperature (≥200 °C) [56].The yield reflects the 

formation of undesired products as well as an inefficient atom economy for such a 

process which ultimately restricts their industrial application. Hence, the 

development of highly atom economically efficient catalytic approaches for amide 

formation is highly desired in modern synthetic chemistry [44, 57].There have been 

limited reports published in the field of metal catalysts for this transformation. 

However, formic acid as the formulating agent using for the N-formylation of 

amines has recently been reported to proceed under catalytic conditions. In 2006 

reported the first example for this reaction using zinc-oxide as a metal catalyst under 

solvent-free neat reaction at 70 °C, reducing the time scale and obtaining  excellent 

results (Scheme 2) [58] also demonstrated the reusability feature of the zinc-oxide. 

H OH

O
+ HN

R2

R1 ZnO 5mol%

70 oC, no Solvent
10 - 180 min.

H N

O

R2

R1

 

Scheme 2: Representation of N-formylation of an amine with formic acid using 

zinc-oxide catalyst 

In 2009, Rao and Co-workers reported an article on series of  Lewis acid catalysts 

for the same transformation, investigating the dichloride complexes of tin, iron, 

aluminum,nickel, zinc, and lanthanum to produce yields up to 80–100% [59]. They 
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achieved the excellent results, obtained using zinc-chloride as a catalyst under 

solvent free reactions at 70 °C, Hosseini- Sarvari and Sharghi had employed and 

decreased the catalyst loading from 50 mol% (ZnO) to 10 mol% (ZnCl2). Kim and 

Jang published a report on the amidation in presence of In (indium) metal as a 

catalyst again under solventless conditions at 70 °C [60] and resulted in an excellent  

yield using 10 mol% of  indium metal, which they hypothesize that indium metal 

reacts with the formic acid for formation of In(O2CH)3 and acts as a Lewis acid in 

the reaction. 

1.4.2 Amide from ester 

The catalytic synthes of an amide from carboxylic acids is not convenient, as the 

alternative of carboxylic acid and their derivatives, particularly esters, have been 

already studied extensively in the catalytic synthesis of amides. 

In 2003, Ranu and Co-workers, published a convenient methodology for the 

transformation of esters into secondary amides using the catalytic amount of indium 

tri-iodide and an enhanced amount of the amine [61]. The removal of hazardous 

reagents and simplified nature made this procedure an indigenous approach as an 

alternative for the methods known in that era. For a large number of amides having 

functional groups using their excellent yields was reported, but these conditions 

were not successful with secondary amines for the formation of tertiary amides. In 

2005, a similar conversion was published by Gupta and Co-workers employed 

reusable zinc catalyst under either microwave or conventional heating [62]. They 

used only aromatic esters and amines, however a modest range of amides were 

synthesized and again the method was not optimized for tertiary amide synthesis. 

Despite having limited the substrate scope, the reaction procedure was advantageous 

in terms of having zinc catalyst being reusable up to six cycles. Porco and Co-

workers also in the same year published their investigation of the group (IV) metal 

alkoxide complexes which, in combination with an activator and employed for the 

formation of amides from esters and amines (Scheme 3) [63]. They represented a 

variety of substrate domain. 
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Scheme 3: Zirconium catalyzed coupling of esters and amines 

1.4.3 Amide from aldehydes 

Due to their non-toxic nature and abundance aldehydes are desirable precursors in 

amide synthesis. In the previous decades, catalytic systems to effect this 

transformation have been substantially developed applied in useful organic 

transformations. The first metal catalyst system reported to be employed in this 

reaction was Pd(OAc)2 (5 mol%), PPh3 (15 mol%), K2CO3 with aryl bromide as the 

oxidant [64]. In 2008, Torisawa and Co-workers using another palladium catalyst 

with improved reaction conditions to form the corresponding amides from aldehydes 

coupled with morpholine. They use the oxidant H2O2 in urea in combination with 

PdCl2(2.5 mol%) and xantphos(2.5 mol%) with decrementation of time and reaction 

temperature, as well as explore the range of aldehydes [65]. In later year 

Punniyamurthy and Co-workers reported one-pot conversion of an aldehyde with 

hydroxylamine hydrochloride to primary amide using Pd(OAc)2 as a catalyst in 

aqueous DMSO at a moderate temperature(Scheme 4). 

 

R DMSO + Water

NH2OH.HCl

100 οC, 12h

R NH2

O

H

O Pd(OAc)2, Cs2CO3

 

Scheme 4: Pd(OAc)2 Catalyzed aldehyde activation 

This protocol applies for the conversion of aliphatic as well as aryl aldehydes to 

corresponding amides and free from additives or chelating ligands [66]. In 2016, 

Saikia and Co-workers synthesized palladium nanoparticles immobilized on an 

amino-functionalized nanoscale MOF (metal-organic framework) MIL-101(Cr) 

employed as an active heterogeneous catalyst to perform the oxidative amination of 

aldehydes under solvent-free conditions [67]. Mizuno and Co-workers published a 

report in which, Rh(OH)x/Al2O3 catalyzed one-pot conversion of amides from 
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hydroxylamine and different kinds of aldehydes, including aliphatic, aromatic, 

unsaturated and heterocyclic ones, into corresponding amides in high yield and in 

the presence of only one equivalent of hydroxylamine with respect to the 

aldehyde(Scheme 5)[68]. 

R

Rh(OH)x/Al2O3
(NH2OH)2.H2SO4

Water
160 οC, 7h

R NH2

O

H

O

 

Scheme 5: Rh Catalyzed amide synthesis in an aqueous medium 

In 2015, Semeril and Co-workers designed air stable, recyclable homogenous Ru(II) 

pyridoxal thiosemicarbazone complex(0.1mol%) that efficiently catalyses the 

conversion of aldehydes to primary amides with yields up to 91% (Scheme 6)[69]. 

R

Ru Catalyst
NH2OH.HCl

NaHCO3, MeCN
78 οC, 5h

R NH2

O

H

O

 

Scheme 6: One pot Conversion of aldehyde into amide using Ru catalyst 

Wong and Co-workers designed a method involving an efficient gold-catalyzed 

amide synthesis from the reaction of aromatic, aliphatic and polyhydroxy 

oligosaccharide-based aldehydes with secondary amines in the aqueous medium 

[70]. In Later Kobayashi and Co-workers reported gold-nanoparticles (medium size, 

4.5–11 nm diameters) for the selective oxidative amidation of aldehydes and amines. 

An enhanced range of substrate combinations was employed. In particular, the 

availability of formaldehyde, aliphatic aldehydes, and primary amines [71]. In recent 

year Zhang and Co-workers published an article on oxidative amidation of 

aldehydes using Co(OAc)2 (1 mol%), THICA (3 mol%) as a catalyst with 2 atm of 

O2 at 120˚C. Orthoformates and secondary amines were successfully used as alkoxy 

and amino sources to couple with aldehydes without an acidic co-catalyst (Scheme 

7)[72]. 

R CH3CN
120 οC, 20h

R NH2

O

H

O Co(OAc)2 / THICA

 

Scheme 7: Co(OAc)2 Catalyzed aldehyde activation 
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A copper-catalyzed amide synthesis from aldehyde has been reported [64, 73] using 

tert-butyl hydro-peroxide as an oxidizing agent in aqueous and the employment of 

amine hydrochloride salts for minimization of competing for reaction, oxidation of 

the amine. In case of aliphatic or electron-poor aryl-aldehyde the yields decreased. 

Currently, lanthanide metal to be used as a catalyst for oxidative coupling of 

aldehydes and amines at room temperature have been also reported [74]. The 

advantage for the method is that no external oxidant is required, in the proposed 

catalytic cycle as the aldehyde itself behave as a hydrogen acceptor. Marks and Seo 

synthesized homoleptic lanthanide-amido complex La[N(TMS)2]3 performed for 

amide formation at room temperature in deuterated benzene [75]. Excess of 

aldehyde was required because it acts as a hydrogen acceptor. In 2010, Shen and Co-

workers [74, 76] discovered several heterobimetallic lanthanide complexes used for 

the amination at1 mol% catalyst loading at room temperature. 

1.4.4 Amide from alcohol 

In 1991, Murahasi and Naota reported the use of RuH2(PPh3)4 for the synthesis of 

five and six-member lactams from an intramolecular reaction of 1-4, and 1-5 amino 

alcohols [77]. The same work repeated by Yamaguchi and Co-workers in 2004 with 

the rhodium complexes for the formation of several five-, six-, and seven-membered 

lactams from aromatic amino alcohols [78]. They used [Cp*RhCl2]2(5 

mol%)/K2CO3 (10 mol%), with acetone at 100 ˚C but the intermolecular reaction 

catalyzed by dearomatized PNN-Ru(II) hydride complex was demonstrated in 2007 

by Milstein and Co-workers [79]. 

PhMe
110 οC, 7-12 h

R2 N
H

ORu Cat.
R1NH2 + R2CH2OH R1 + H2

 

Scheme 8: Ru Catalyst for onepot conversion of alcohols into amides 

In the proposed designed method, no special requirement for either acidic or basic 

additives also hydrogen acceptor and only molecular hydrogen were formed as a by-

product during this reaction. This exceptionally simple and neat methodology has 

been further repeated by numerous other research groups since Milstein’s original 

reports. An alternative ruthenium catalyst system was  discovered by Madsen and 

Co-workers (Scheme 8)[80]. Combining of N-heterocyclic carbenes (NHC) with 
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ruthenium complexes employed for an efficient catalytic design to synthesize a 

series of carboxiamides from different alcohols and primary amines. Optically pure 

substrates can be used without detected racemization, although this has been the first 

commercially available catalyst in this reaction, there were hardly significant 

acheivement obtained in terms of scope for the reaction and yield of reagents after 

the Milstein report. Later year, the Hong and Co-workers [81] have also investigated 

the behaviour of several NHC-based ruthenium complexes in amide formation. This 

type of work focuses some light on the reaction mechanism, which proposes that 

alcohol substrate holds a key role during the catalyst activation and the requirement 

of a strong base (NaH or KOtBu) may be associated to the ruthenium-alkoxide 

species activation and just not only associated with the in-situ generations of NHCs 

from the imidazolium. Again the same research group has also integrated easily 

available RuCl3 (5 mol%) with NHCs and pyridine in the presence of NaH [82]. As 

far as hindered substrates are concerned, the employment of a less bulky NHC 

allowed moderate to superior results. Enhanced temperature (165 °C in mesitylene) 

was required for aniline and encumbered amine substrates. The employment of 

[Ru(p-cymene)Cl2]2(2.5 mol%) in unification with dppb(5mol%), Cs2CO3(10 

mol%) and a hydrogen acceptor produced the carboxymide products upto 81% 

yields(Scheme 9)[83]. 

dppb ,Cs2CO3
reflux, 24 h

[Ru(p-Cymene)Cl2]2.+Ph NH2 Ph OH Ph N
H

O
Ph

 

Scheme 9: Ru-Catalyzed oxidative formation of amide 

Reactivity of this Ru-complex toward secondary amine was not at par, and low yield 

of the expected amide was obtained. In 2009, Grutzmacher and Co-workers 

demonstrated methodlogy for primary amide formation [84] using Rh(I)-

diolefinamido complex [Rh(trop2N)(PPh3)] [trop2N=bis(5-H 

dibenzo[a,d]cyclohepten-5-yl)-amide] (0.2 mol%) and obtaining nitrogen from 

ammonia, primary amides were obtained in moderate to good yields in just 4 hours 

and at an ambient temperature. These catalytic systems highly chemo-selective in 

the direction of amide formation, difficult to handle, can be expensive and do not 

allow to secondary amines well. In the same year some of these disadvantages were 
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addressed by Satsuma and Co-workers in their research report on γ-alumina 

supported silver cluster [85]. They used a heterogeneous, re-usable, catalyst for 

secondary amine, which forms the tertiary amides in good yields. 

1.4.5 Amide from Nitrile 

A very simplified and cost effective procedure for synthesizing primary amides is 

the nitrile hydration process. A number of metal complexes have been discovered to 

make this transformation efficiently and in-depth review is done by Kukushk in and 

Pombeiro in 2005 [86]. In 2008, Saito and Co-workers reported the use of Rh 

catalysts which involves the hydration of organonitriles under mild reaction 

conditions [87] and reducing the reaction time to 2 hours under microwave 

irradiation [88], moreover, the nitriles can also serve for amide synthesis. Mizuno 

and Co-workers designed Palladium(II) Containing γ-Keggin Silicodecatungstate 

[89] catalyst system for high catalytic conversion of hydration of numerous kinds of 

structurally diverse nitriles including aromatic, aliphatic, hetero-aromatic and double 

bond-containing ones(Scheme 10). 

 

 

R

N Pd(OAc)2, SiW10

DMF
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Scheme 10: Pd(II) Containing γ-Keggin Silicodecatungstate catalyzed nitrile 
hydration 

In 2013 a different approach was demonstrated by Hong and Co-workers using 

Ruthenium-catalyzed synthesis of amides from nitriles and alcohols [90].On the 

basis of investigation and practical experience, a redox-neutral mechanism involving 

both the reduction of the nitrile and the alcohol oxidation to aldehyde is involved. 

Singh and Co-workers reported the magnetic nanoparticles of Ru complexes used 

for nitrile hydration in aqueous medium [91].Which can be easily separated by using 

the external magnet. In recent, the highly stable iminophosphoranes based Ru 

complexes perform nitrile hydration in aqueous (100 °C, 24 h) and 1,2-

dimethoxyethane (180 °C, 3 h) and neat reaction conditions (180 °C, 3 h)  all cases 

obtained results in the selectivily synthesized benzamide with yields of up to 96%  

(Scheme 11) [92]. 
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Ln = Iminophosphorane ligand  

Scheme11: Iminophosphoranes based Ru catalyst-promoted nitrile hydration  

1.5 Section B: Hydration of alkyne 

The alkyne hydration reaction which is a route to the synthesis of carbonyl 

derivatives, is of prime interest because of the enhanced availability of alkyne 

substrates and the important role of the carbonyl compounds for both the bulk and 

fine chemical industries [93]. In this respect, Markovnikov addition of water on 

alkynes is an ideal method for the formation of ketones; in alkyne hydration water 

used as a reagent with 100% atom economy if a suitable catalyst is available [94]. 

Berthelot was the first to report an alkyne hydration reaction in 1862, which was 

classically catalyzed by Hg(II) salts used as a lewis acid in aqueous sulphuric acid 

solution [95-97]. Mercury promoted hydration of alkynes often suffer a significant 

drawback where certain acid-labile functional groups are not compatible with the 

harsh acidic conditions. Moreover, the reaction proceeds under stringent conditions, 

i.e. high temperatures (> 100 °C), prolonged reaction time as well as requires a large 

excess of acid and water. To circumvent these drawbacks, various transition-metal-

based catalysts [24, 41, 98 -104] have been developed as environmentally benign 

alternatives to mercuric catalysts in the hydration of alkynes. These metals provide a 

more accessible, mild, greener and efficient protocol for the hydration of simple 

alkynes. In selected cases, aryl alkynes posed several challenges giving reduced 

yields, lower selectivity, higher catalyst loading and elevated temperatures etc. The 

hydration of terminal alkynes usually occurs via Markovnikov addition, giving 

methyl ketones, with symmetric internal alkynes selectively yielding single ketone 

products. It is generally accepted that the hydration proceeds via an enol 

intermedaite, which immediately transforms into the more stable ketone via 

tautomerism, with the metal ketone complexes being the key intermediates, in the 

presence of metal catalysts [105]. 

1.5.1 Pd Catalyzed alkyne hydration 

Association of water with the C-C triple bond Catalyzed by transition-metal 

catalysts is an important approach from the non-toxic nature of water to both the 
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user and the environment, its relative abundance compared to other solvents, as well 

as the compatibility with various organic substrates, could proceed with 100% atom 

economy which is need of fundamental principles of “green chemistry” [106, 107]. 

The palladium-catalyzed alkyne hydration is the easy way for generating ketones 

through alkynes [108]. A procedure of alkyne hydration was reported in 1987 

reported, where the PdCl2(MeCN)2(5 mol%) was used in aqueous acetonitrile under 

microwave irradiation for to lead the 1,4-diketone [109]. In 1993, Marineli and Co-

workers used the bi-phasic reaction media for the hydration of a hydroxylated 

alkyne [110] and then Marsella and Co-workers used nafion/palladium(II) resin in 

water-ethanol mixture for the hydration of 2-methylbut-3-yn-2-ol to 3-hydroxy-3-

methylbutan-2-one [111]. Stepnica and Co-workers also reported the Markovnikov 

addition of ethynylferrocene to synthesis of acetylferrocene using camphor 

hydrazone-derivedpalladium(II) complex(10-25 mol%) in a water-methanol mixture 

at room temperature. Other simple terminal acetylenes such as oct-1-yne of several 

ethynylbenzenes and 1-ferrocenylprop-1-yne were not affected or polymerized 

(Scheme 12)[112]. 
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Scheme 12: Camphor hydrazine derived Pd(II) complex catalyzed alkyne hydration 

 Amide oxygen-assisted palladium-catalyzed alkyne hydration developed in 2015 

via an oxypalladation under mild reaction conditions with good functionality. This 

was an improved and convenient route for the synthesis of ortho-acylacetanilide 

derivatives in moderate to superior yields with single regio-selectivity (Scheme 

13)[113]. 
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Scheme13: Amide oxygen-assisted Pd catalyzed alkyne hydration 

1.5.2 Rh Catalyzed alkyne hydration 

Rhodium-catalyzed carbonyl synthesis through the addition of water on alkynes is a 

desirable method and sensitive towards the functional group tolerance of the metal 

and the high activity and selectivity demonstrated under amiable reaction conditions 

[114]. Jun and Co-workers discovered the chelation-assisted catalytic system with 

Rh(I)(5 mol%)and 2-amino-3-picoline(1equiv) used for an intermolecular hydrating 

dimerization reaction of 1-alkyne to give α,β-enones at 100 ˚C. This methodology 

demonstrated a new reaction pathway for the synthesis α,β-enones(Scheme 14) 

[115]. 

(PPh3)3RhCl         
2-amino-3-picoline  

 benzoic acid

THF, 110 ΟC, 12h
R + H2O R R

O

R
O
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Scheme 14: Representation of chelation-assisted hydration of alkyne forming α, β-
enones using Rh(I) Catalyst 

In 2010, Breit and Co-workers designed the first rhodium catalyst system for the 

intermolecular hydro-oxycarbonylation process of terminal alkynes to the 

corresponding Z-anti-Markovnikov fashioned enol esters in remarkable yield with 

an excellent stereo-selectivity at 100 ˚C in 16 hours. This catalytic system was 

generalized on the various substrate and showed a wide functional group tolerance 

[116]. In 2015, reducing the time period and the temperature, the first Rh catalyze 

visible light promoted hydration of alkynes was developed. The rhodium ketonyl 

intermediates were observed from photo-cleavage of Rh-C bonds in an acidic 

solution to produce corresponding products. This alkyne hydration under visible 

light irradiation provides a green approach for organometallic catalysis(Scheme 

15)[41]. 
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Scheme15: Visible light promoted alkyne hydration catalyzed by Rh(III) porphyrin 
complex 

1.5.3 Ru Catalyzed alkyne hydration 

On the basis of the Markovnikov fashion of water on alkynes, Trost and Co-workers 

designed a novel three-component reaction using a terminal alkyne, water, and 

methyl vinyl ketone, for to synthesised the corresponding 1,5-diketones with 

employing of CpRu(COD)Cl and In(OTf)3 at 100 ˚C [117]. In the presence of 

indenyl ruthenium(II) catalyst, various aryl and aliphatic alkynes hydrated and 

selectively produce the corresponding ketones in moderate to excellent yield (77-

98%)[118]. Wakatsuki and Co-workers reported anti-Markovnikov addition of water 

on terminal alkynes catalyzed by ruthenium(II) complexes(10 mol%) in the presence 

of  (C6F5)PPh2(30 mol%). This method was also found applicable to a broad 

substrate scope, but phenylacetylene and tert-butylacetylene gave less yield of the 

corresponding aldehydes [119, 120]. The remarkable enhancement in activity, as 

well as selectivity in the above procedure, was practically done by using 

CpRu(dppm)Cl (1 mol%) complexes bearing bidentate or monodentate phosphine 

ligands (Scheme 16)[121, 122]. 
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Scheme 16: Ru-Catalyzed hydration of alkynes 

In the same year, Grotjahn and Co-workers published the same work with the use of 

ruthenium(II) catalyst, however, the procedure does not require electron-rich 

phosphine and tolerance  for acid sensitive functionality [123]. In the case of alkyl-

substituted alkynes the yield was good to excellent, but for tert-butylacetylene and 

phenylacetylene, there was no significant improvement. It was proposed that the 

imidazole groups in the catalyst play key role in the catalysis. In 2002,the 



 

20 
 

conversion of propargyl alcohols to the corresponding α,β-unsaturated aldehydes in 

a stereoselective manner in aqueous solution was reported with the use of 

CpRu(PMe3)2Cl as catalyst[124]. Gimeno and Co-workers also reported a modified 

way to control the regio-selectivity for alkynes hydration with the help of indenyl 

ruthenium(II) complex bearing π-acidic COD ligand and the addition of water to 

both terminal alkynes and propargyl alcohols in an anti-Markovnikov fashion when 

the reaction completed at 60 °C in an aqueous micellar environment [125]. In 2006, 

Hintermann and Co-workers also introduced a series of more active in-situ 

complexes for the anti-Markovnikov addition of alkynes using 

[CpRu(naphthalene)]PF6 bearing 6-aryl-2-diphenyl phosphinopyridine ligands 

[126]. These in-situ active catalysts are similar to previously reported Grotjahn’s 

complex. However, this catalyst system was four times more active than the 

previous one for the anti-Markovnikov hydration (Scheme 17). 
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Scheme 17: anti-Markovnikov addition of water on alkynes by Ru catalyst 

1.5.4 Au Catalyzed alkyne hydration 

In 1991,Utimoto and co-workers designed a method that produces effective outcome 

when the reaction was executed with Au (gold) catalyst instead of a Pd (palladium) 

catalyst in aqueous methanol mixture, moreover, the internal alkynes were also 

hydrated with 1:1 mixture of region-isomers [127]. In the same year, the conversion 

of methyl propargyl ethers into α,β-unsaturated ketones regio-selectively using gold 

catalyst(5 mol%) in aqueous methanol  reaction conditions  was also reported [128]. 

In 1998, a new and very efficient class of Au(I) catalysts bearing phosphane, 

phosphite, or arsine as ligands were published. These were the quite few excellent 

catalysts employed for the addition of alcohols to alkynes under amiable reaction 

conditions [129]. In 2002, Hayashi and co-workers discovered the Au(I) acid 

catalytic system, which has effectively hydrate the large variety of alkynes with 

significant  turnover frequencies than the cis-(TPPTS)2PtCl2 [130]. Laguna and co-

workers demonstrate that Au(III) complexes, which was acting similarly to lewis 

acids, they have shown the catalytic nature of Au(III) and Au(I) in additions of 
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nucleophiles to double and triple bonds [131]. In 2007, Nolan and co-workers 

designed the first series of well-defined N-heterocyclic gold complexes. They use 

the (NHC)Au(III) complexes along with silver salt as co-catalyst(2 mol%) and 

catalyze the alkyne hydration in aqueous methanol under reflux condition [132]. 

Later on, the same group discovered new (NHC)Au(I) complex and design new 

strategy for alkyne  hydration with various functionality under acid-free conditions 

and at very low catalyst amount (Scheme 18)[133]. 
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Scheme18:  [(NHC)Au(I)] Catalyzed acid-free alkyne hydration 

Hong and Co-workers prepared two new air-stable abnormal (NHC) AuCl 

complexes via transmetalation from the corresponding silver carbene complexes. 

These abnormal NHC gold complexes showed the catalytic activity in the hydration 

of alkynes which worse than those of the normal gold NHC complexes. This 

investigation was utilized for further studies on the structural diversity and enhanced 

catalytic activity of carbene based gold complexes  were synthesised [134]. Corma 

and co-workers reported isolable Au(I) phosphine complexes, which were used at 

room temperature for ketone synthesis without using acidic promoters and also 

found suitable for sensitive acid-labile containing functional groups. This reported 

procedure was amiable, more convenient, selective and  easier to  handle than those 

published before [135]. In 2015, the neutral Au(I) complex instead of cationic ones 

as catalysts was also found efficient for the activation of  C-C triple bonds for regio-

selective ketone synthesis [136]. In the same year, Xu and Co-workers published a 

report on the gold nanoparticles, those can effectively and heterogeneously catalyze 

the acid-sensitive functional alkyne under basic conditions. These gold nanoparticles 

were easily to handle, air and moisture stable, reused by easy filtration and also 

efficiently worked in flow reactors(Scheme 19)[137]. 
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Scheme 19: TiO2 Supported Au-NPs catalyzed alkyne hydration under basic 
conditions 

1.5.5 Ag Catalyzed alkyne hydration 

Silver salts for the alkyne hydration to corresponding ketones were also explored 

with limited examples. In 1993, Marsella and co-workers reported hydration of 

acetylenic compounds, they found during catalyst screening that AgOTf could 

hydrate 2-methylbut-3yn-2ol with 44% conversion after 70 hours [111]. In 2012, a 

simple silver salt of heteropoly tungstate was discovered as a more effective 

heterogeneous catalyst for ketone synthesis via hydration of various structural 

derivatives of alkynes at 100 ˚C in neat condition and absence of mineral acid. The 

catalytic behaviour of the catalyst was depended upon acidity and the number of 

brønsted and lewis acid sites available. The positive properties of this methodology 

is the easy synthesis of the catalyst, this environmentally nature, recyclablity and 

being highly suitable for organic transformations (Scheme 20)[138]. 
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Scheme 20: Hydration of alkynes in solvent free condition using heterogeneous Ag 
exchanged silico-tungstic acid catalyst 

Wagner and co-workers designed a simple and efficient methodology for the chemo-

selective ketone formation using AgSbF6 as a catalyst in aqueous methanol at 75 ˚C 

in 36 to 48 hours. This reaction proceeds smoothly and afford moderate to excellent 

yield, it does not require any co-catalysts, catalyst activators or ligands. As the silver 

salts had drawn attention that these could be used as effective catalyst, hence, the 

role of silver as a co-catalyst has been undervalued in Au promoted hydration 

(Scheme 21)[139]. 
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Scheme 21: Hydration of alkynes catalyzed byAgSbF6 

Later on, Chakraborty and co-workers reported the first gold-free silver catalysis for 

the alkyne hydration of corresponding Markovnikov’s addition product i.e. ketone 

with better results. The large substrate scope like aliphatic, alicyclic, aromatic, 

hetero-aromatic alkynes tolerate the reaction conditions [140]. Xian Liu and co-

workers presented a general and facile procedure for the regioselective synthesis of 

methyl ketones from the simple terminal alkynes in excellent yields using AgBF4(5 

mol%) at 110 ˚C [141]. In 2014, Bera and co-workers reported that AgBArF display 

remarkable catalytic activity in water but being ineffective in common organic 

solvents. Alkynes which are in liquid state do not require the additives or co-

solvents whereas the solid alkynes need a tiny amount of ethyl acetate for to 

promote the reaction [142]. In 2015, Xu and co-workers developed microemulsion 

containing silver catalyst for the selective hydration of both terminal as well as for 

internal alkynes. This procedure proceeds smoothly and afford better results, further 

more, the catalytic microemulsion system can be reused for several reactions [98]. 

1.5.6 Fe Catalyzed alkyne hydration 

In 1966, iron was for the first time used for alkyne hydration, the stoichiometric 

amount of FeCl3 was used in a water solvent. The most prominent features of the 

methods consisted the (i) FeCl3 has efficiently catalyzed the reaction but neither the 

[FeCl3.6H2O] aqua catalyst nor FeCl2; (ii) The hydration of aromatic alkynes was 

much faster than that of aliphatic alkynes [143]. In 2005, Martin and co-workers 

proved that Fe(III) halides are excellent catalysts for the combination of acetylenic 

compound and aldehydes at room temperature. In this process when terminal non-

oxygenated acetylenes were used, the stereoselective (E,Z)-1,5-dihalo-1,4-dienes 

were obtained as a major product. Although internal aromatic alkynes were 

exclusively converted into tri-substituted (E)-α,β-unsaturated ketones as under the 

catalytic conditions [144]. In 2009, Darcel and co-workers report a simple and facile 

FeCl3 promoted Markovnikov hydration of various alkynes to ketones with good 

regioselectivity in significant yields. As an initial investigation to improve this 
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FeCl3 catalyzed the hydration of alkynes, using phenylacetylene (1 mmol) in a 1,2-

dichloroethane was allowed to react with water (3 equiv.) at 75 ˚C in 67 hours 

employing anhydrous FeCl3 (10 mol%) under a small pressure of air(Scheme 

22)[145]. 
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Scheme22: FeCl3 Catalyzed hydration of alkynes 

 Later, the [Fe(NTf2)3] complex was also used as a metal catalyst for the 

Markovnikov fashion of water on the terminal and internal aryl-alkyl alkynes, it also 

completes the reaction in quite lesser time period than the previously reported 

methods. Hydrolysis of the salts speedily occurs to give catalytically active protons, 

moreover, the use of triphenylphosphane oxide allows the reuse of the catalyst 

[146]. In 2013, Lee and co-workers presented FeCl2.4H2O(5 mol%) in combination 

with methanesulfonic acid as a catalytic system for  the hydration of a numerous 

number of alkynes in 1,2 dichloroethane, under aimable conditions to produce 

ketones. Iron catalysts, are cost-effective, non-hazardous, and eco-friendly and quite 

significant from the view point of environmental and sustainable chemistry (Scheme 

23)[147]. 
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Scheme 23: FeCl2 Catalyzed hydration of alkynes assisted with methanesulfonic 
acid  

The Bassetti and co-workers have also demonstrated the catalytic nature of iron salts 

in acetic acid, as the brønsted acidic provides the acidic medium, this source is 

environmentally more benign than halogenated solvents. Phenylacetylene was 

transformed into acetophenone in high yield by reaction with stoichiometric 

amounts of both Fe(III) sulfate and acetic acid [103]. 
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1.5.7 Co Catalyzed alkyne hydration 

In 2013, Naka and co-workers developed for the first time a water-soluble cobalt 

porphyrin complex for alkyne hydration to corresponding ketones. This catalyst 

performs reaction under aerobic and mild acidic conditions that enables this catalyst 

to produce results with acid-labile functionalities(Scheme 24)[148]. 
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Scheme 24: Alkyne hydration catalyzed by water-soluble cobalt porphyrin complex 

 Later, a series of porous twofold cobalt porphyrin complexes as heterogeneous 

catalysts were discovered and studied for the hydration of various diversified 

terminal alkynes at low catalyst loading. The twofold interpenetration anticipated 

metalloporphyrin catalytically active sites adjacent to each other, allowing concerted 

activation, which enhanced results in excellent efficiency compared to their 

homogeneous analogs and before ones [149]. In 2014, Lei and co-workers were 

developed water soluble salen Co(III) complex(2 mol%) for the Markonikov fashion 

of water on terminal alkynes with various functionality using acid (2 mol%)  as a co-

catalyst at 80 ˚C for 20 hours. The catalyst could be reused up to three fold with 

significant results[150]. In 2015, Weck and co-workers demonstrated a core-shell 

micellar support Co-Rh catalyzed a tandem reaction. The micelle core and shell 

anticipated different micro environments for the conversion. Co-catalyzed alkyne 

hydration carry out in the hydrophobic core, while the Rh-catalyzed asymmetric 

transfer hydrogenation of the intermediate ketone into chiral alcohol occurs in the 

hydrophilic shell [151]. In 2017, Li and co-workers had discovered a series of 

cobaloxime catalyst and applied on terminal alkyne hydration under acid-free 

conditions. A large number of alkynes bearing different functionality especially with 

acid-sensitive ones were transformed to methyl ketones in moderate to excellent 

yield with complete regioselectivity. The readily available cobaloxime catalysts are 

bench stable and demonstrated the high synthetic potential in organic synthesis 

(Scheme 25)[152]. 
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Scheme 25: Cobaloxime catalyzed hydration of alkynes without acidic promoters  

 

1.5.8 Metal/Catalyst/Reagent-free ketone synthesis 

There were many methodology presents that demonstrate the applications of green 

and sustainable approach for laboratory and industrial productions too. Practicing 

many cost-effective and eco-friendly benign reaction methodologies have unveiled a 

new era in the field of chemistry [153]. Optimizing reaction conditions to achieve 

results without using chemical reagents or catalyst; this phenomenon is interesting 

as well as significantly crucial from a commercial and economic perspective. 

Reordering the temperature and pressure associated with the reaction may forward to 

new insights into catalyst-free organic transformations. In 2004, Vasudevan and co-

workers led catalyst-free approach which exclusively works for hydration of alkynes 

to the corresponding ketones. The alkynes treated in superheated water at 200 ˚C in 

a microwave reactor for 20 minutes to produce the ketones. Although the catalyst-

free alkyne hydration was reported for the first time (Scheme 26)[25]. 
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Scheme 26: Metal-free alkyne hydration under MW irradiation in superheated water 

The Scope of the Work 

Sustainable and economical synthetic methodologies are highly desired requisites of 

the modern chemical industries. The searches for new, improved and economic 

catalysts are the prime requirements in the present scenario. Finding other 

applications of the metal complexes and search for cost-effective alternative catalyst 

or developing reaction methodologies to work economically and with high 

efficiency are the critical goals of this research. Development of new and active 

catalysts that can be used for industrial applications is the motivation for this study. 
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Due to the great importance of carbonyl compound like amide and ketone, various 

synthetic approaches have been reported. The present thesis describes a straight 

forward and more efficient methodology for one-pot synthesis of the amides from 

aldehydes, which can effectively reduce the formation of hazardous wastage and use 

the detrimental reagents. The present ruthenium catalysts are economically better as 

compare to the reported Rh/Ir/Pd metals based catalysts for amide transformations 

and develop new catalytic methodologies for alkyne hydration reducing the time 

period and enhance the reusability of the catalyst also optimized the hydration of 

alkynes upto gram scale in an autoclave. The detail investigations and results are 

presented in the subsequent chapters.  
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2 .1 Introduction 

Amides are amongst the most important organic compounds which have 

been extensively explored as synthetic building blocks in various organic 

transformations [1-3]. The presence of the amide functional group [4-9] as a key 

chemical connection in nitrogen containing biologically active compounds [10], 

various commercially available pharmaceutical drugs [11-13], and polymers [14, 

15], is illustrated by  the high prevalence of amide bond formation in synthetic 

chemistry. Classically, amides are synthesized by a stoichiometric reaction of 

carboxylic acid  or its derivatives (halides, esters or anhydrides) with amines 

[16].The spontaneous formation of the amides is not possible through reacting these 

two functional groups at ambient temperature, because the essential water 

elimination step takes place at very high temperature (≥200 °C) [17]. The formation 

of undesired products and low atom economy in such a process restrict their 

employability in industrial applications. Hence, the development of advance atom-

efficient catalytic methods for amide formation are highly desired in modern 

synthetic chemistry [18, 19]. In this context, several metal-catalyzed approaches for 

amide synthesis have been developed [20]. Many transition metal catalysts including  

scandium [21], nickel [22], copper [23-25], zinc [26], and palladium [27] have been 

reported for the catalytic transformation of aldehyde [24, 25, 27-30] or oxime [22, 

23,28] into corresponding amide. Alumina-supported rhodium [31,32], 

titanosilicates loaded with rhodium [33], and [Ir(Cp*)Cl2]2 [34] were found 

potential candidates for amide synthesis. However, the prime requisite of an inert 

atmosphere to handle the air-sensitive metal catalysts and harsh reaction conditions 

etc. are some of the major disadvantages of these protocols. Moreover, some 

functional groups do not withstand under such severe ambience and the selectivity 

of the desired product decreases. Moreover, the high catalyst loading and 

stoichiometric amount of additional reagents also produce the significant quantity of 

undesired products. Crabtree and Co-workers has developed a ruthenium complex of 

terpyridine based NNN type pincer ligand which efficiently carry out an additives 

free one-pot conversion of amide from aldehyde [35]. The prime goal of the present 

work is to develop an elegant and more efficient method for one-pot synthesis of 

amide from aldehyde which can effectively reduce the formation of hazardous 
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wastage and use of detrimental additive reagents. The present ruthenium catalysts 

are economically better as compare to the reported Rh/Ir/Pd metals catalysts for 

amide transformations. The half sandwich ruthenium(II) complex of terdentate N-

heterocyclic organo-chalcogen ligands had shown promising catalytic activity in 

various catalytic reactions such as asymmetric catalysis and hydration of nitrile [36, 

37], transfer hydrogenation of ketones and oxidation of alcohols [38, 39]. The 

promising catalytic potential of various metal complexes of pyrozole containing 

ligands has been already proven explicitly in various earlier reports [40-48]. The 

strong donor properties of chalcogen ligands make them suitable candidates for 

catalysis of organic transformations [49-56]. Apart from efficiency, 

organochalcogen based catalytic systems are quite attractive due to their 

insensitivity towards the air and moisture, good solubility in various organic 

solvents and high stability in organic solutions. The catalytic strength of metal 

complexes of organochalcogen ligands for this particular transformation has not 

been investigated so far. Also, to the best in our knowledge, we are the first to report 

the ruthenium complexes of pyrazole-based organochalcogen ligands. Therefore, 

moving towards the ligand chemistry and application potential of N-heterocycles 

containing chalcogenated ligand, we have synthesised three new and novel 

mononuclear Ru(II) half-sanwich complexes of pyrazole based organochalcogen 

ligands and investigated their catalytic potential for aldehyde to amide 

transformation. The comparative study of the catalytic efficiency of these three 

complexes has also been investigated. Moreover, the present catalytic systems do 

not require any hazardous additives, and convert the aldehyde into the corresponding 

amide in good to excellent amount underaerobic reaction conditions. 

2.2 Experimental 

2.2.1  Materials and reagents 

 4-Bromopyrazole, phenyl diselenide, thiophenol, sodium borohydride, 

ruthenium chloride, ammonium hexafluorophosphate were procured from Sigma-

Aldrich (USA), and used as received. Bis(4-methoxyphenyl) ditelluride, L1, L2 and 

L3 were prepared by previously reported methods [46, 47]. Prior to their use, all the 

solvents were dried and distilled by standard procedures [57]. The common 
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chemicals and reagents which are available commercially within the country were 

used as received. 

2.2.2 Synthesis of complexes [(η6-C6H6)Ru(L1/L2/L3)Cl].PF6 (1-3) 

Brick red solid [Ru(η6-C6H6)Cl2]2(0.050 g, 0.1 mmol) was added to a solution of 

L1 (0.057 g, 0.2 mmol) / L2 (0.066 g, 0.2 mmol) / L3 (0.082 g, 0.2 mmol) prepared 

in 25 mL of methanol and resulting reaction mixture was stirred for 12 h at ambient 

temperature. The resulting reaction mixture was filtered, and the volume of the 

filtrate was reduced to 5 mL at the rotary evaporator. It was mixed with solid 

NH4PF6 (0.032 g, 0.2 mmol) and further stirred at room temperature for 3h. The 

resulting precipitated solid was filtered, washed with 5 mL of ice-cold methanol, and 

dried in vacuo. Single crystals of complexes 2 and 3 were obtained by slow 

evaporation of a saturated methanolic solution of the 2 and 3.  

2.2.3 Procedure for the catalytic reaction 

In an oven-dried 100 mL two-neck round bottom flask, a mixture of aryl-aldehyde 

(1.0 mmol), NH2OH.HCl (1.0 mmol),  NaOH (1.0 mmol), catalyst (0.1mol%) and 

solvent (5 ml) were heated at 100 °C with continuous stirring for 12 h in air. The 

progress of the reaction was continuously monitored by TLC until the maximum 

conversion of the desired product observed. After completion, the reaction mixture 

was cooled to room temperature and extracted in ethyl acetate (2 × 25 mL). This 

extract was further washed with water and dried over anhydrous Na2SO4. The 

product was purified by column chromatography after removing the solvent on a 

rotary evaporator under reduced pressure. All the desired products obtained as white 

solids were further authenticated by HR-MS, 1H, and 13C NMR spectroscopy. 

2.2.4 Instrumentation 

2.2.4.1 Melting point determination 

 The melting points of all synthesized compounds were determined in an 

electrically heated melting point apparatus (accuracy ± 2°C) by taking the sample in 

a glass capillary sealed at one end and are reported as such. 

2.2.4.2 Nuclear Magnetic Resonance Spectroscopy 

 Multinuclear NMR spectra were recorded by using JEOL ECS-400 spectro-

meter (operating at 400 MHz for 1H and 100 MHz for 13C). 

2.2.4.3 Infra-red Spectroscopy 
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 IR spectra in the range 4000–400 cm−1 were recorded on a Perkin Elmer 10.4.00 

FT-IR spectrometer as KBr pellets of the sample. 

2.2.4.4 High Resolution Mass Spectrometry  

High resolution electron Impact Mass spectra (HR-EIMS) were obtained with Xevo 

G2-S Q-Tof (Waters, USA) with the use of appropriate spectroscopy grade solvent.  

2.3.4.5 Single-Crystal XRD Studies 

 The diffraction data were collected on a Bruker AXS SMART Apex CCD 

diffractometer using Mo−Kα radiations (0.71073 Å) at 298 (2) K. The software 

SADABS was used for absorption correction (if needed) and SHELXTL for space 

group, structure determination and refinements [58-60]. All non–hydrogen atoms 

were refined anisotropically. Hydrogen atoms were included in idealized positions 

with isotropic thermal parameters set at 1.2 times that of the carbon atom to which 

they were attached. The least–squares refinement cycles on F2 were performed until 

the model converged. The CIF containing supplementary material i.e., atomic 

coordinates and anisotropic displacement parameters and hydrogen coordinates etc.  

2.3 Results and discussion 

The systematic methodology adopted for the synthesis of Ru(II) complexes (1-3) is 

illustrated in Scheme 1. The previously reported methods [46, 61] were used to 

prepare the pyrazole based thio/seleno/telluro-ether functionalized bidentate ligands 

(L1-L3). Three new half-sandwich (η6-benzene)ruthenium(II) complexes (1-3) were 

synthesized by reacting [(η6-C6H6)RuCl(μ-Cl)]2 with a methanolic solution of 

L1/L2/L3 under ambient reaction conditions. All the complexes were characterized 

by using the NMR, Mass spectrometry and FT-IR techniques. The NMR and mass 

spectra of complexes 1-3 have been provided in a Compact Disc (CD) appended at 

the end of the thesis. Which were found to be consistent with their molecular 

structures illustrated in Scheme 1. 
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Scheme 1: Synthesis of half-sandwich (η6-benzene)ruthenium(II) complexes 1-3. 

Due to the low solubility of 1-3 in CDCl3, their NMR spectra were recorded in 

CD3CN. As compared to the corresponding free ligands [46, 61], the deshielded 

NMR signals appeared in 1H and 13C spectra of 1-3 at 0.9 ppm and 8.6 ppm, 

respectively, corroborating  the coordination of ligand with Ru(II) in a bidentate 

chelate mode.The four methylene protons (each H5 and H6 group) of –N–CH2–

CH2–E– part of chelate ring were recorded as four multiplets in 1H NMR spectra of 

complex 1-3, which confirmed their diastereotopic nature which  is arisen due to the 

rigid conformation of the coordinated ligand and inherent chirality associated with 

the asymmetric molecular structure of each of the three Ru complexes. Moreover, in 
13C NMR spectra, signals of C9, C6 and C5 were found more deshielded relative to 

those of other carbon atoms of the complex. The protons attached to these carbons 

also appeared somewhat more deshielded than other protons present in the 
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complexes. The high magnitude shift for these carbon atoms and proton is probably 

due to their closeness to the chalcogen donor atoms (N and S/Se/Te). Additionally, 
1H and 13C NMR of each of the complexes 1-3 show a typical resonance (most 

intense signal) for six protons and carbons of η6-benzene in the range of 5.59-5.90 

ppm and 86.2-87.3 ppm, respectively which is in close agreement with the earlier 

reported half-sandwich ruthenium complex of η6-benzene [62].The intense mass 

peaks at (m/z) 496.9025, 544.8474 and 624.8472 appeared in mass spectra of 1, 2 

and 3, respectively, are attributable to [M−PF6]+ cations in each of the three 

complexes. 

2.3.1 Crystal structures 

The solubility of complexes 1-3 were found to be good in acetonitrile, DMF and 

DMSO, while close to negligible in dichloromethane, chloroform and methanol, and 

completely insoluble in diethyl ether and n-hexane. The suitable quality single 

crystals of complexes 2 and 3 were grown by slow evaporation of their saturated 

solution in acetonitrile/methanol (1:1) and subjected to analysis through single 

crystal X-ray crystallography. The thermal ellipsoid diagrams of 2 and 3 are 

depicted in figures 1 and 2 with some selected bond lengths and bond angles. 

Additional parameters are provided in Table 1. The bidentate coordination of ligand 

through N of pyrazole ring and Se/Te with Ru results in the formation of a six 

membered chelate ring in each case. In the cation of each complex, Ru adopts a 

pseudo-octahedral half-sandwich “pianostool” geometry. The observed bond lengths 

for Ru-Se and Ru-Te bonds in 2 and 3,  are 2.511 Ǻ and 2.648 Ǻ, respectively, 

which falls in the range of previously reported ruthenium complexes [38, 63]. 
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Figure 1: The molecular structure of 2 with thermal ellipsoids set at the 30% 

probability level. H atoms and PF6 counter anion are omitted for clarity. Bond 

lengths (Å): Ru(1)–N(2)2.105(11), Ru(1)–Se(1) 2.5106(17); Bond angles (°): N(2)–

Ru(1)–Se(1) 87.0(3), Se(1)–Ru(1)–Cl(1) 91.59(11). 

 

 
Figure 2: The molecular structure of 3 with thermal ellipsoids set at the 30% 

probability level. H atoms and PF6 counter anion are omitted for clarity. Bond 

lengths (Å): Ru(1)–N(2)2.105(5), Ru(1)–Te(1) 2.6486(10); Bond angles (°): N(2)–

Ru(1)–Te(1) 86.0(17), Te(1)–Ru(1)–Cl(1) 81.6(6). 
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Table 1 Crystal data and structural refinement parameters for 2 and 3 
 

Compound Complex 2 Complex 3 

Empirical formula C17H17BrClN2RuSe. PF6 
C18H19BrClN2ORuTe. 
PF6 

Formula Wt. 689.68 768.34 
Crystal size [mm] 0.31×0.25×0.21 0.29×0.28×0.22 
Crystal system                                  Triclinic Monoclinic 
Space group                                      P1 P21/n 
Unit cell dimension  
 
 
 

a = 7.583(2)Å 
b = 7.862(2)Å 
c = 9.861(3)Å 
α = 102.363(5)° 
β = 101.494(5)° 
γ = 91.189(5)° 

a = 10.808(4)Å 
b = 10.070(4)Å 
c = 22.907(9)Å 
α = 90.00° 
β = 98.559(7)° 
γ = 90.00° 

Cell volume [Å3]  561.5(3) 2465.6(17) 
Z 1 4 
Density (Calc.)  
[Mg.m–3] 

2.040 
2.070 

Absorption coeff.  
[mm–1] 

4.344 
3.649 

F(000)                                               332 1464 
θ Range [°]                                        3.030–24.998 2.21–25.14 
Index ranges                                  −8≤ h ≤ 9 

−9≤ k ≤ 9 
−11≤ l ≤ 11 

−12≤ h ≤ 12 
−11≤ k ≤ 11 
−27≤ l ≤ 27 

Reflections collected 5359 19039 
Independent reflections 
(Rint.) 

3964 (0.0319) 4064(0.1195) 

Max./Min. transmission 0.405/0.247 0.451/0.331 
Data/Restraints/Parameters 3874/0/271 4064/0/290 
Goodness-of-Fit on F2 1.003 1.017 
Final R indices 
[ I >2σ(I)] 

R1 = 0.0525, 
wR2 = 0.1044 

R1 = 0.0524, 
wR2 = 0.1185 

R Indices (All Data) R1 = 0.0601, 
wR2 = 0.1083 

R1 = 0.0833, 
wR2 = 0.1331 

Largest diff. peak/Hole 
[е.Å–3] 

0.786/–0.621 1.134/–1.485 
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2.3.2 Evaluation of the catalytic potential of Ru(II) complexes (1-3) for amide 

synthesis 

Previously, the half-sandwich Ru(II) complexes have been found to be 

promising candidates for the catalysis of various organic transformations including 

conversion of aldehyde to amides which were traditionally achieved by the reaction 

of carboxylic acid or its derivatives (anhydrides, esters or halides) with amines at 

high temperature [16, 17]. In this context, metal-based homogeneous [20-25] as well 

as heterogeneous [31-33] catalysts have been developed. Most of the methods suffer 

from several disadvantages like the requirement of inert atmosphere, high catalyst 

loading, a stoichiometric amount of additional reagents, harsh reaction conditions 

etc. which all are detrimental to the integrity of the substrate. Therefore, for the 

employment of the strong σ-donor properties of soft chalcogen donor sites of N-

heterocycles based organo-chalcogen ligands, insensitivity of their metal complexes 

towards the air and moisture, the catalytic activity of current Ru(II) complexes (1-3) 

was explored for  conversion of aryl aldehydes to corresponding amides (Scheme 2). 

O

R' + NH2OH.HCl

complex 1/2/3
NaOH, toluene

100 °C, 12 h

O

R'
NH2H

12 examples  

Scheme 2: Aldehyde to amide transformation catalyzed with 1-3. 

All three complexes were found to be highly efficient at the 0.1 mol% loading of 

catalyst at 100 °C under the aerobic conditions. Moreover, the present catalytic 

reaction does not demand any hazardous additives and produce the amides in good 

to excellent yields without generating any by-products. For the optimizations of 

reaction parameters, initially, the benzaldehyde was chosen as a model substrate and 

a series of the reactions using the ruthenium complexes 1, 2 and 3 as catalyst were 

performed (Table 2& 3). 
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Table 2 Optimization of the base, solvent and temperature for aldehyde to amide 

transformation. 

Entry Base Solvent Temp. (˚C) Yielda (%) 

1 NaOH Toluene 100 95 

2 NaOH THF 100 83 

3 NaOH Acetonitrile 100 45 

4 NaOH 1,4-dioxane 100 25 

5 NaOH Water 100 Nd 

6 NaOH DMF 100 Nd 

7 NaHCO3 Toluene 100 80 

8 KOH Toluene 100 40 

9 K2CO3 Toluene 100 50 

10 Cs2CO3 Toluene 100 10 

11 Base free Toluene 100 Nd 

12 KtOBu Toluene 100 Nd 

13 NaOH Toluene 80 17 

14 NaOH Toluene Rt Nd 

Reaction Conditions:Aldehyde (1.0 mmol, 0.106 g), 
NH2OH.HCl (1.0 mmol, 0.064 g), catalyst 2 (0.1 mol%), 
base (1.0 mmol.), solvent (5 ml), time (12 h), nd (not 
detected), a isolated yields after purification. 

 

The maximum conversion of aldehyde to amides was obtained with the use of 0.1 

mol% amount of the catalyst, while below to 0.1 mol%, the yield of the desired 

product was significantly reduced. Moreover, the continuous increase in mol% of 

the catalyst (0.1 to 0.5) does not help further to improve the yield of the desired 

product. Furthermore, during the solvent optimization, the highest yield of product 
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was obtained in toluene (Table 2, Entry 1). The desired product was also produced 

when solvents including the THF, acetonitrile and 1, 4-dioxane were used (Table 2, 

Entry 2-4), but yield of the desired product was substantially reduced. Water and 

DMF were also checked as solvent but the reaction was not initiated and failed to 

produce the desired product (Table 2, Entry 4-5). The effect of various bases was 

also investigated, the highest yield (95%) of benzamide was obtained with NaOH 

(Table 2, Entry 1). Other bases including the NaHCO3, KOH, K2CO3 and Cs2CO3 

afforded relatively low yield of desired product 80%, 40%, 50% and 10%, 

respectively (Table 2, Entries 7-10).  It was also noticed that the reaction did not 

produce any product in the absence of base (Table 2, Entry 11). Hence, careful 

selection of the base is a prime requisite for the present transformation reaction. 

Furthermore, the highest yield of the amide was obtained at 95-100 ˚C temperature. 

The drastic changes in the yield were observed when the temperature was reduced to 

80 ˚C (Yield 17%, Table 2, entry 13), and further lowering the temperature of the 

reaction failed to bring the desired transformations (Table 2, entry 14). 

Figure 3 shown below represents the time profile of the catalytic reaction of 

model substrate producing benzamide under optimized rection conditions. The 

initial formation of the desired compound was detected after 4 h. A continuous 

increase in the yield was observed with time and after 12 h the yield of the reaction 

was found to be constant (95%). 
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Figure 3: Time profile of the synthesis of benzamide using complex 2 as a catalyst. 
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In order to check the wide scopes of the reaction, various functionally different 

aldehydes were used under the optimized reaction conditions and the reaction was 

completely generalized on wide range of substrate scope (Table 3). A One pot 

methodology for the synthesis of the primary amides from various aldehydes was 

developed by using the Ru(II) complexes (1-3). It seems that the substituent present 

on the aromatic ring of benzaldehyde does not affect the formation of the product. 

However, some minor differences in the product’s yields were observed.  

The catalytic activity of 1, 2 and 3 was found to be in the order of 2 (Se)>1 

(S) >3 (Te). Such variations are arisen due to the difference in the σ-donor properties 

of S/Se/Te as the other donor sites (N of pyrazole moiety of L1-L3) are common in 

all the three complexes. A similar trend of catalytic activity for Pd complexes of 

S/Se/Te donor analogues ligands towards the C-C coupling reaction has also been 

reported by Singh and Co-workers [64]. An another Pd(II) complex with Te ligand 

[65] has also been reported which had shown much lower catalytic efficiency than 

the S/Se analogues [66, 67]. The high catalytic activity of the selenium based ligand 

over the sulphur analogue for transfer hydrogenation has also been established 

through the experimental as well as the theoretical calculations by Singh and Co-

workers [68].The catalytic studies on the Se based systems [67, 69, 70] have been 

indicated the excellent reactivity of selenium towards catalytic reactions [67] and 

sometimes, Se based systems had shown their outperformance to the phosphine 

based analogue [71]. The lower catalytic activity of present Te containing Ru 

complex is probably due to the steric effect of large size of Te which causes a lower 

electronic charge density accumulation over the central metal atom [64].  
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Table 3 Aldehyde to amide transformations using 1, 2 and 3 as the catalyst. 

O

R' + NH2OH.HCl

Complex 1/2/3
NaOH, toluene

100 °C, 12 h

O

R'
NH2H

 

Entry Substrate Product 
Yielda (%) 

1 2 3 

1 
  

83 95 56 

2 
  

80 89 50 

3 
  

86 91 47 

4 
  

84 94 59 

5 
  

80 93 58 

6 
  

85 90 48 

7 
  

82 88 45 

8 
  

82 85 42 

9 
  

81 94 42 
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10 
  

89 92 41 

11 
  

86 94 47 

12 
  

84 91 35 

Reaction Conditions: Aldehyde (1.0 mmol), NH2OH.HCl (1.0 

mmol), catalyst (0.1 mol%), NaOH (1.0 mmol), toulene (5 

ml), time (12 h), temperature (100 ˚C), a Isolated Yield. 

 

2.3.3 Plausible reaction mechanism 

Based on the available literature evidence for such metal catalyzed reactions [31, 

72,73], the proposed mechanistic pathway for the present ruthenium catalyzed 

transformation of aldehyde to amide is depicted in figure 4. Here, it is assumed that, 

the OH group of aldoxime which is generated in-situ from the reaction of aldehyde 

and hydroxyl amine hydrochloride in the presence of base [35],  coordinates to the 

ruthenium(II) catalyst (1/2/3) to form (η6-C6H6)Ru(L)(−O−N=CHR') species I 

together with the elimination of HCl (step 1). In the next step, species I eliminates 

the nitrile and resulted the intermediate (II) [(η6-C6H6)Ru(L)(OH)] [73]. The 

simultaneous nucleophilic attack of nitrile over the coordinated hydroxide resulted a 

ruthenium iminolate species(III) in step 3 [31, 72]. Under similar reaction 

conditions, the formation of benzamide was also noted when benzonitrile was 

directly used as a substrate with Ru catalyst (2). This experiment further strengethen 

and confirmed the reaction proceed through a nitrile intermediate. Finally, in step 4, 

the hydrolysis of the ruthenium iminolate species (III) leads to the regeneration of 

the catalyst with concomitant formation of the final product. 
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Figure 4: A plausible mechanism for aldehyde to amide transformation catalyzed 
with 1/2/3. PF6 Counter anion is omitted for clarity in each step. 

2.3.4 Comparison of catalytic efficiency of present Ru catalysts (1-3) with 

previously reported catalytic systems for aldehyde to amide transformations 

The catalytic transformation of aldehydes to amides with the present Ru(II) 

complexes 1/2/3 is quite efficient in terms of catalyst loading, reaction time, reaction 

temperature and use of additives in comparison to reported metal-based catalysts for 

amide synthesis [22, 34, 74, 75]. The first metal catalyzed transformation of 

aldoximes to amides was carried out in xylene at high temperature (138 °C)  with a 

high catalyst loading of nickel acetate (5.6 mol%). Moreover, the formation of by-

products was also observed during the catalytic process [22]. The iridium catalyst 

[Ir(Cp*)Cl2]2 [34] has also been used for the amide synthesis with a higher catalyst 

loading (2.5 mol %). Williams and co-workers [74] have also reported a Ru catalyst 

that catalyzed the rearrangement of aldoximes to amides, but p-toluenesulfonic acid 

as an additive was used, and a considerable amount of nitrile was also obtained with 

amides. Crabtree and co-workers reported the ruthenium catalyst based on NNN 

pincer ligand [terpyRu(PPh3)Cl2], which was found to be effective in the catalysis 

of aldehyde to amide transformation in 17 h. The maximum yields were observed 

when an additive NaHCO3was used with1.0 mol% of catalyst loading. Moreover, a 
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η6-arene-ruthenium(II) complex [RuCl2(η6-C6Me6){P(NMe2)3}] has also been 

established [75] as an effective catalyst for aldoxime to primary amides in the water 

at 100 °C with high catalyst loading (5 mol%). The present ruthenium half-sandwich 

complexes (1-3) show in execllent amide formation in 12h with 0.1 mol% of Ru 

catalyst under the aerobic reaction conditions, therefore, can be considered highly 

effective in the catalysis of aldehyde to amide transformation. 

2.3.5 Supplementary data 

Complex 1.Yellow solid, Yield: 0.096 g, 75%. mp: 195 °C. 1H NMR (400 MHz, 

CD3CN)δ (ppm): 8.08 (s, 1H, H9), 7.89 (s, 1H, H7), 7.63-7.46 (m, 5H, H1-3), 5.92 

(s, 6H, η6-C6H6), 4.83-4.78 (m, 1H, H6), 4.46-4.35 (m, 1H, H6), 3.45-3.42 (m, 1H, 

H5), 2.98-2.92 (m, 1H, H5). 13C NMR (100 MHz, CD3CN) δ (ppm): 148.5 (C9), 

136.7 (C7), 130.8 (C3), 130.6 (C2), 129.7 (C1), 125.9 (C4), 93.7 (C8), 86.2 (η6-

C6H6), 49.9 (C6), 34.5 (C5). HR-MS (CH3CN) [M−PF6]+ (m/z) Found: 496.9025; 

Calc. value for  [C17H17BrClN2RuS]+: 496.9028. FT-IR (KBr, νmax/cm−1): 3093 (m, 

νC–H aromatic), 2926 (m, νC–H aliphatic), 1579 (m, νC=N aromatic), 1440 (s, νC=C aromatic), 1303 

(m, νC‒N aliphatic), 823 (s, νC–H aromatic, bending). 

Complex 2.Yellow solid, Yield: 0.099 g, 72%. mp: 190 °C. 1H NMR (400 MHz, 

CD3CN) δ (ppm): 8.08 (s, 1H, H9), 7.90 (s, 1H, H7), 7.79-7.76 (m, 2H, H3), 7.62-

7.60 (m, 3H, H1 and H2), 5.59 (s, 6H, η6-C6H6), 5.11-5.05 (m, 1H, H6), 4.57-4.51 

(m, 1H, H6), 3.34-3.29 (m, 1H, H5), 3.02-2.95 (m, 1H, H5). 13C NMR (100 MHz, 

CD3CN) δ (ppm): 148.3 (C9), 136.8 (C7), 132.2 (C3), 130.8 (C2), 129.1 (C1), 124.8 

(C4), 93.8 (C8), 87.3 (η6-C6H6), 52.0 (C6), 29.0 (C5).HR-MS (CH3CN) [M−PF6]+ 

(m/z) Found: 544.8474; Calc. value for  [C17H17BrClN2RuSe]+: 544.8472. FT-IR 

(KBr, νmax/cm−1): 3098 (m, νC–H aromatic), 2958 (m, νC–H aliphatic), 1574 (m, νC=N 

aromatic), 1437 (s, νC=C aromatic), 1299 (m, νC‒N aliphatic), 834 (s, νC–H aromatic, bending). 

Complex 3.Yellow solid, Yield: 0.114 g, 74%. mp: 193 °C. 1H NMR (400 MHz, 

CD3CN) δ (ppm): 8.10 (s, 1H, H9), 7.89 (s, 1H, H7), 7.72 (d, 3J
H−H = 6.6 Hz, 2H, 

H3), 7.12 (d, 3JH−H = 6.7 Hz, 2H, H2), 5.60 (s, 6H, η6-C6H6), 5.33-5.29 (m, 1H, H6), 

4.53-4.46 (m, 1H, H6), 3.85 (s, 3H, OCH3), 3.03-2.99 (m, 1H, H5), 2.92-2.85 (m, 

1H, H5). 13C NMR (100 MHz, CD3CN) δ (ppm): 161.9 (C4), 148.2 (C9), 136.0 

(C3), 128.4 (C7), 116.5 (C2), 103.1 (C1), 93.5 (C8), 87.3 (η6-C6H6), 55.4 (OCH3), 
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53.2 (C6), 13.0 (C5). HR-MS (CH3CN) [M−PF6]+ (m/z) Found: 624.8472; Calc. 

value for  [C18H19BrClN2ORuTe]+: 624.8475.FT-IR (KBr, νmax/cm−1): 3087 (m, νC–

H aromatic), 2958 (m, νC–H aliphatic), 1580 (m, νC=N aromatic), 1491 (s, νC=C aromatic), 1297 

(m, νC‒N aliphatic), 822 (s, νC–H aromatic (bending)). 

1. Benzamide[27] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.84 – 7.81 (m, 2H), 7.55 – 7.51 

(m, 1H), 7.46 – 7.43 (m, 2H), 6.31 (br s, 2H). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 169.68, 133.32, 131.95, 128.58, 127.29. 

2. 4-Fluorobenzamide[27] 

White Solid, 1H NMR (400 MHz, CDCl3) δ 7.78 – 7.72 (m, 2H), 6.95 – 6.88 (m, 

2H), 6.39 (br s, 1H), 4.11 (br s, 1H). 13C NMR (100 MHz, CDCl3+DMSO-d6) δ 

168.39, 165.82, 163.31, 129.95 (d, J = 8.9 Hz), 129.59, 115.18, 114.97. 

3. 4-Chlorobenzamide[27] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 8.32 (d, 3JH–H = 8.6 Hz, 2H), 

7.99 (d, 8.6 Hz, 2H), 6.13 (br s, 1H), 5.83 (br s, 1H). 13C NMR (100 MHz, 

CDCl3+DMSO-d6) δ (ppm): 167.01, 149.30, 139.22, 128.68, 123.22. 

4. 4-Bromobenzamide[27] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.69 (d, 2H, 3JH–H = 8.5 Hz), 

7.60 (d, 2H, 3JH–H = 8.5 Hz), 6.02 (br s, 1H), 5.81 (br s, 1H). 13C NMR (100 MHz, 

CDCl3+DMSO-d6) δ (ppm) 166.94, 133.40, 131.26, 129.62, 125.04. 

5. 2-Chlorobenzamide[27] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.77 (dd, 1H, 3JH–H = 7.5 Hz, 

1.6 Hz), 7.46 – 7.32 (m, 3H), 6.41 (br s, 2H). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 168.24, 133.76, 131.78, 130.77, 130.59, 130.36, 127.12. 

6. 4-Nitrobenzamide[34] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.84 – 7.75 (m, 2H), 7.53 – 7.43 

(m, 2H), 6.03 (br s, 2H). 13C NMR (100 MHz, CDCl3+DMSO-d6) δ (ppm): 

168.12, 137.42, 131.87, 128.84, 128.24. 

7. 4-Methylbenzamide[27] 

White solid, 1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 8.1 Hz, 2H), 7.11 (d, J = 

8.0 Hz, 2H), 6.42 (br s, 1H), 4.19 (br s, 1H), 2.27 (s, 3H). 13C NMR (100 MHz, 

CDCl3+DMSO-d6) δ 169.60, 142.25, 129.92, 128.88, 127.40, 21.22 
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8. 2-Ethylbenzamide[76] 
1H NMR (400 MHz, CDCl3)δ 8.16 (dd, J = 7.8, 1.9 Hz, 1H), 7.88 (br s, 1H), 7.40 

(ddd, J = 8.4, 7.4, 1.9 Hz, 1H), 7.05 – 6.977 (m, 2H), 6.90 (d, J = 8.2 Hz, 1H), 4.12 

(q, J = 7.0 Hz, 2H), 1.44 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3)δ 167.83, 

157.47, 133.43, 132.39, 121.05, 120.77, 112.39, 64.76, 14.87. 

9. 2-Methylbenzamide[77] 

White solid, 1H NMR (400 MHz, CDCl3)δ (ppm): 7.45 (d, 1H 3JH–H = 7.6 Hz), 7.35 

– 7.32 (m, 1H), 7.25 – 7.19 (m, 2H), 6.20 (br s, 1H), 5.85 (br s, 1H). 13C NMR (100 

MHz, CDCl3)δ (ppm): 172.19, 136.28, 135.15, 131.17, 130.24, 126.91, 125.70, 

19.95. 

10. 2,4-Dimethylbenzamide[78] 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.37 (d, 1H, 3JH–H = 7.7 Hz), 

7.05 (s, 1H), 7.02 (d, 1H, 3JH–H = 7.8 Hz), 5.95 (br s, 1H), 5.79 (br s, 1H), 2.47 (s, 

3H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 172.02, 140.51, 136.55, 

132.05, 127.14, 126.33, 125.71, 21.23, 20.06. 

11. 2,4-Dimethoxybenzamide[79] 

White solid, 1H NMR (400 MHz, CDCl3)δ (ppm): 8.09 (d, 1H, 3JH–H = 8.8 Hz), 

7.55 (br s, 1H), 6.51 (dd, 1H, 3JH–H = 8.8 Hz, 2.3 Hz), 6.41 (d, 1H, 3JH–H = 2.2 Hz  

6.25 (br s, 1H), 3.85 (s, 3H), 3.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 

167.03, 163.72, 159.12, 134.03, 113.70, 105.14, 98.41, 55.78, 55.43. 

12. Nicotinamide[34] 
1H NMR (400 MHz, CDCl3+DMSO-d6) δ 9.02 (s, 1H), 8.64 – 8.63 (m, 1H), 8.13 

(dt, J = 7.9, 1.8 Hz, 1H), 7.37 (br s, 1H), 7.32 – 7.28 (m, 1H), 6.36 (br s, 1H). 13C 

NMR (100 MHz, CDCl3+ DMSO-d6) δ 167.69, 152.24, 148.86, 135.57, 129.46, 

123.34. 

2.4 Conclusion 

Three new Ru(II) half-sandwich complexes have been synthesized in high yield by 

reacting pyrazole-based chalcogenoethers with [(η6-C6H6)RuCl(μ-Cl)]2 in methanol 

under ambient reaction conditions and authenticated with 1H, 13C NMR, mass and 

FT-IR analytical techniques. Single crystal X-ray diffraction analysis of 2 and 3 

revealed pseudo-octahedral half sandwich piano-stool geometry at Ru metal centre 

in both the complexes. The complexes 1-3 have been found efficient, thermally 
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robust and moisture/air insensitive catalysts for the transformation of aldehyde to 

primary amide in high yield (95%). Complex 2, consisting the selenium ligand has 

been found more efficient than their sulphur and tellurium analogues. 
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3.1 Introduction 

Chemical transformations that use water as a reagent or reaction medium continue to 

attract attention in organic synthesis [1]. This stems from the non-toxic nature of 

water to both the user and the environment, its relative abundance compared to other 

solvents, as well as the compatibility with various organic substrates. The atom-

economical hydration of alkynes (with all of the reactant atoms found in the desired 

products) represents one of the most important reactions that utilize water in organic 

synthesis. This well-established reaction is classically catalyzed by the toxic and 

environmentally-destructive metal-containing mercuric sulphate or a strong acid 

catalyst. In the presence of sulphuric acid, the hydration of alkynes leads to 

industrially relevant carbonyl compounds, used in the bulk and fine chemical 

industries [2]. Mercury promoted hydration of alkynes often suffers a major 

drawback where certain acid-labile functional groups are not compatible with the 

harsh acidic conditions. Moreover, the reaction proceeds under stringent conditions, 

i.e. high temperatures (> 100 °C), prolonged reaction time as well as requiring a 

large excess of acid and water. To circumvent these drawbacks, various transition-

metal-based catalysts have been developed as environmentally benign alternatives to 

mercuric catalysts in the hydration of alkynes, and these include Ag [3], Pt [4], Cu 

[5], Au [6], Fe [7-12], Ir [13], In [14],Ru[15-17] and Rh[18-23] complexes. These 

metals provide a much easier, mild, greener and efficient protocol for the hydration 

of simple alkynes. In selected cases, aryl alkynes posed several challenges giving 

reduced yields, lower selectivity or requiring higher catalyst loading and elevated 

temperatures. The hydration of terminal alkynes usually occurs via Markovnikov 

addition, giving methyl ketones, with symmetric internal alkynes selectively 

yielding single ketone products. It is generally accepted that the hydration proceeds 

via an enol which immediately transforms into the more stable ketone via 

tautomerism, with the metal ketonyl complexes being the key intermediates, in the 

presence of metal catalysts [24]. Rhodium-mediated addition of water to alkynes is 

attractive owing to the well-known good functional group tolerance of the metal, as 

well as the high activity and selectivity demonstrated under mild reaction conditions 

in various homogeneous catalytic transformations [25]. Complexing the metal to 

chelating schiff base ligands is a very popular approach because of the good stability 
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and versatility afforded by the ligands, often leading to excellent catalytic activity 

[26]. Herein, we report the photolytic hydration of various alkynes using a 

previously synthesized, reusable, water-soluble N,O-chelate Rh(I)–Schiff base 

catalyst precursor bearing ferrocene as an ancillary support [27]. Using this rhodium 

catalyst, the hydration of alkynes proceeded in 30 minutes under irradiation, 

yielding methyl ketones. 

3.2 Experimental 

3.2.1 Materials and reagents 

 All chemical reagents were of analytical grade and used without further 

purification. 

3.2.2 General Procedure for the Catalytic Reaction: 

 

To a 100 mL capacity borosilicate immersion well of UV reactor 80 mL aqueous 

methanol MeOH:H2O (1:2), alkyne (1 mmol), Rh catalyst (1.5 mol %) was added, 

The reaction mixture was first to cool down at -5 °C then it was exposed to the Hg 

vapour UV lamp, 125W, 289nm for 30 min with continuous stirring. After 

completion of the reaction; reaction mixture was brought up to the room temperature 

and then concentrated in vacuo to remove methanol then extracted with 

dichloromethane and water, the organic phase was dried with anhydrous Na2SO4, 

concentrated at reduced pressure, and purified by flash column chromatography with 

hexanes/ethyl acetate as eluent to obtain the corresponding product. 

3.2.3 Instrumentation 

3.2.3.1 Nuclear Magnetic Resonance Spectroscopy 

 NMR spectra were recorded using JEOL ECS-400 spectrometer (operating at 

400 MHz for 1H and 100 MHz for 13C). 

3.2.3.2 Infra-red Spectroscopy 

IR spectra in the range 4000–400 cm−1 were recorded on a Perkin Elmer 

10.4.00 FT-IR spectrometer as KBr pellets of the sample. 
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3.2.3.3 High Resolution Mass Spectroscopy 

High Resolution Electron Impact Mass Spectra (HR-EIMS) were obtained 

with Xevo G2-S Q-Tof (Waters, USA) with the sample taken up in CH3CN.  

3.3 Result and discussion 

Based on previous reports of water-soluble Rh salts [19] and Rh complexes [20] 

used for hydration reactions, various methods were attempted to improve the yield 

of these transformations. However, these methods have significant limitations which 

include slow processes, long reaction time (12-24 hr), and the loss of volatile 

alkynes at high temperatures during the long reaction hours. However, after studying 

a series of reported reactions with our Rh catalyst, we found insignificant changes to 

the product yield; hence it was decided to adopt a different strategy. This entailed 

the preliminary screening of hydration reactions in a UV reactor (containing 125 W, 

Hg vapour lamp ≈ 289 nm) which produced some unprecedented results. 

 

 

Scheme 1: Photochemical hydration of phenylacetylene with Rh(I) catalyst in 
methanol 

Scheme 1 depicts our preliminary reaction in which the hydration of phenyl 

acetylene (1) resulted in the formation of acetophenone (2). When a methanol 

solution of phenylacetylene containing a catalytic amount of Rh catalyst was 

exposed to UV radiation for 30 min. at -5˚C, the formation of acetophenone was 

unequivocally observed. Phenylacetylene was used as a model reactant for the 

optimization of various reaction parameters in different reaction conditions. The 

feasibility of the catalytic reaction is summarized in Table 1. At a very low catalyst 

loading (0.2 mol%, entry 2), the yield of phenyl acetylene was very poor. However, 

the yield was proportionally improved with an incremental catalyst loading up to 1.5 

mol% (entries 3-6). Moreover, a further increase of catalyst loading to 2.5 mol% 

(entry 7,8) does not show any significant effect on the product yield. For the solvent 

optimizations, when water was used as a solvent, the substrate does not undergo any 

chemical reaction. This may be ascribed to the insolubility of phenylacetylene in 

water (entry 9). However, a water and methanol (1:1) solvent mixture substantially 

increase the yield up to 70% of the desired acetophenone (entry 10,11). 

[Rh cat.]

hν, -5 οC, 30 min.
CH3OH

O

1 2
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Table 1:Optimization of different reaction parameters with phenylacetylene 

Entry mol (%) 
Catalyst 

Solvent Ratio 
(MeOH:Water) 

Time 
(min.) 

Temp 
(˚C) 

Yielda 
(%) 

1.  - 1:2 30 -5 Nd 
2.  0.2 1:2 30 -5 30 
3.  0.5 1:2 30 -5 50 
4.  0.7 1:2 30 -5 60 
5.  1.0 1:2 30 -5 70 
6.  1.5 1:2 30 -5 78 
7.  2 1:2 30 -5 78 
8.  2.5 1:2 30 -5 78 
9.  1.5 0:1 30 -5 Nd 
10.  1.5 1:1 30 -5 70 
11.  1.5 1:2 30 -5 78 
12.  1.5 2:1 30 -5 40 
13.  1.5 1:0 30 -5 08 
14.  1.5 1:2 15 -5 20 
15.  1.5 1:2 20 -5 37 
16.  1.5 1:2 25 -5 60 
17.  1.5 1:2 30 -5 78 
18.  1.5 1:2 35 -5 77 
19.  1.5 1:2 40 -5 75 
20.  1.5 1:2 30 0 53 
21.  1.5 1:2 30 -5 78 
22.  1.5 1:2 30 -10 77 

aisolated Yields 

In an attempt to optimize the yield of the desired product, various other 

combinations of water and methanol were investigated for this reaction. 

Furthermore, increasing the water in the solvent mixture does not bring any changes 

to the yield of the product. A higher ratio of methanol in the solvent mixture 

decreased the yield of acetophenone to a certain extent, while 1:2 ratio of methanol 

and water produced the highest yield (entry 12,13). Other alcohols like ethanol, 

propanol and butanol in combination with water were also studied as a solvent, but 

unfortunately low-yielding transformations were obtained. Moreover, reactions in 

the presence of branched alcohols, isopropanol and tert-butanol also failed to result 
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in a favorable transformation. Nonetheless, the obtained results from various trial 

experiments reveal a new strategy to pursue hydration reactions, which motivated us 

explore a wider scope of the hydration reaction. In optimizing the parameters for 

alkyne hydration, a set of trial reactions were carried out at various times and 

temperatures. Increasing the reaction time from 15 to 30 min (entries 14-18) 

consistently affords an increased yield, while longer periods of photolysis of the 

reaction mixture does not affect the course of the reaction. In assessing the effect of 

temperature, a series of reactions in the range -10 ˚C to 10 ˚C was tested and it was 

noted that the product yield was higher at lower temperatures. Moreover, the yield of 

the desired product was almost constant between -5 to -10 °C, while increasing the 

temperature to 0 °C drastically deaccelerates the rate of hydration (entry 21-22). 

Under the optimized reaction parameters (1.5mol%, 1:2 MeOH-H2O, 30 min, -5 

°C), a selective formation of acetophenone was recorded for the hydration of phenyl 

acetylene. Using the established optimized reaction conditions, we examined the 

hydration of a variety of alkynes and the results are summarized in Table 2. Both 

terminal and internal alkynes are efficiently and selectively converted to their 

corresponding ketones in high yields, in the presence of a range of electron-donating 

or withdrawing functional groups, demonstrating a high tolerance for a variety of 

functional groups. Substituted phenylacetylenes, such as 2- and 4-methoxy 

phenylacetylene gave the corresponding ketones in 82%, and 84% yields 

respectively (Table 2, entry8,9). Similarly, ortho-, meta-, and para-substituted 

methyl-phenylacetylene reacted smoothly; producing the corresponding methyl 

ketones in 83%, 82%, and 83% yields respectively (Table 2, entries 4-6). The 

highest yield (85%) was achieved using 4-tert-butylphenylacetylene (Table 2, entry 

3). The 4-ethylphenylacetylene and 3-aminophenylacetylene also reacted favorably 

and formed the corresponding ketone in 82% and 79% yields respectively (Table 2, 

entry 7, 14). The hydration of ferrocenylacetylene also reacted successfully and 

yielded 80% of keto product (entry 2). The same reaction conditions were applied to 

halo-substituted phenylacetylenes, such as 4-fluoro-, 4-chloro-, 4-bromo and 2-

chloro phenylacetylene to give 81%, 73%, 75% and 74% yields (Table 2, entry 10-

13) respectively. The hydration of internal alkynes yielded the corresponding 

diphenylacetylene in yield of about 76, 81% of the corresponding hydrated product 
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(Table 2, entry 15 - 17). However, this reaction was not found feasible for the 

hydration of aliphatic alkynes under the present reaction condition. 

Table 2: Scope of alkynes hydration for various terminal and internal alkynes 
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Reaction Conditions: Rh-Catalyst 1.5 mol%,Solvent (80mL) MeOH: Water (1:2 
ratio), Temp. -5˚C, hʋ, 0.5h., aIsolated Yield 

The recyclability of the catalyst was studied, using phenylacetylene as a model 

reactant under the optimized reaction conditions. In a typical experiment, the water-

soluble rhodium complex was recovered at the end of the reaction by liquid-liquid 

extraction using dichloromethane and water. The separated aqueous phase was 

directly used in a new catalytic run. The catalyst showed good recyclability and 
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could be used up to 4 times before a decrease in product yield was observed. The 

catalyst was rendered ineffective after the seventh cycle due to possibly metal 

leaching or decomposition of metal complex. Previous Rh metal based catalysts do 

not show such promising catalysis and recyclability, with such a less amount of 

catalyst and short duration of the reaction. 

No.of Cycles 1 2 3 4 5 6 7 8 

Product Yielda 78 78 72 70 60 50 20 Trace 

Condition: Catalyst 1.5 mol%, Solvent (80mL) MeOH: Water (1:2), Temp. -5˚C,  
hʋ, 30 min, aIsolated Yields 

Table 3: Comparisons of reported alkyne hydration reactions with present reaction 

Entry 
Metal 

catalyst 

Catalyst 

(mol%) 
Solvent 

Temp. 

(˚C) 

Time 

(h) 

condition 

(∆, hν, MW) 

Yield 

(%) 
Ref. 

1.  Hg(II) 5 MeCN Rt 12 ∆ 100 [28] 
2.  Sn-W 50 cycloocatane 100 0.5 - 24 ∆ 91 [29] 
3.  Co(III) 2 MeOH 80 5 – 36 ∆ 99 [30] 
4.  Fe(III) 10 DCE 75 67 ∆ 96 [31] 
5.  Ag(I) 10 MeOH 75 36 – 48 ∆ 94 [32] 
6.  Pt(II) 0.8 THF 60 12 ∆ 55:45 [33] 
7.  Rh(III) 4 THF 110 16 – 24 ∆ 93 [19] 
8.  Rh(I) 5 THF  110 2 ∆ 100 [23] 
9.  Rh(III) 20 MeOH Rt 12 Hν 91 [20] 
10.  Ru(I) 1 – 5 IPA 100 12 – 36 ∆ 99 [34] 
11.  Ru(II) 5 PEG-400 Rt 12 – 48 ∆ 89 [35] 
12.  Pd(II) 5 MeOH 50 1 – 51 ∆ 99 [36] 
13.  Au(I) 0.1 Dioxane 120 18 ∆ 97 [37] 
14.  Au-TiO2 1 Dioxane 120 1 Mw 97 [38] 
15.  Au(III) 1.6 – 4.5 MeOH 70 1.5 – 4 ∆ 98 [39] 
16.  Rh(I) 1.5 MeOH -5 0.5 Hν 85 --- 

 

In comparison to the previous reports catalyst reported here show better activity in 

many terms. This catalyst is required in very low amount for this particular reaction. 

This catalyst produces excellent yields with wide functional group compatibility at 

very low temperature and in minimum time in comparison to other catalysts. 

Moreover this catalysis methodology is highly time and energy efficient. While 

comparing the recyclability of the present catalyst, there was only 2 heterogeneous 
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recyclable catalyst are reports earlier (Table 3, Entry 2 and Entry 14), no 

homogeneous recyclable catalyst is reported yet. This will be the first report of a 

homogeneous recyclable catalyst which can produce promising results up to 7 

straight catalytic cycles, there is no need to separated or activated this catalyst. 

While the previous catalysts had shown activity up to 3 and 4 cycles respectively. 

(Table 3 Entry 2 and Entry 14). In comparison to the other Rh based catalyst (RhCl3 

and Rh complexes) [19, 20, 22, 23] most of them does not produce a substantial 

yield in aqueous solvents. However all the previous Rh based catalysts are 

homogeneous similar to the present catalyst but they not reusable. Moreover the 

previous catalysts required high catalyst loading of up to 20 mol% in comparison to 

1.5 mol% of the present catalyst. The only previous methodology to perform this 

reaction under UV irradiation in the presence of Rh (III) catalyst and Triflouroacetic 

acid (TFA) takes 24 hr to complete [20]. But the present catalytic methodology 

produces the same results in 0.5h without any need of organic or mineral acids.   

3.3.1 Mechanism 

A plausible mechanism is envisioned with the aid of previous reports in the 

literature (Figure 2). It is suggested that hydration of alkynes can be conducted 

under UV [20], MW [40] and Thermal [41] conditions. Methanol [20] and water 

[42] are found suitable for alkyne hydrations. In general, metal catalysts are 

employed with polar aprotic solvents with a stoichiometric amount of water in the 

reaction. There are multiple intermediates with water and methanol that have been 

investigated in previous reports. This suggests the formation of intermediates b to d 

which are possible in the presence of water as well as methanol [20]. Various 

possible pathways for the formation of d as an intermediate complex with water and 

methanol are depicted and discussed. 

Figure 1:  Possible pathways for the formations intermediates 
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Pathway 2 followed by addition of methanol (c) or water (d) can form two different 

intermediates which upon loss of MeOH leads to the formation of desire 

intermediate. The most suitable pathway 1 followed by keto-enol tautomerism can 

form the intermediate. Further homolytic cleavage of Rh–C bond under the 

influence of UV radiation produces a PhCOCH2 radical [20]. Formation of 

complexes e and f occurs at high concentration of methanol [41, 43-45]. Complex e 

and f behave as H radical carrier which is transferred to the PhCOCH2 radical [20]. 

 

 

 

 

 

 

                                                                                                                                                            

F 

Figure2: Plausible reaction mechanism for Rh (I) catalyzed alkyne hydration 

Reaction temperatures of -5 ˚C make this reaction a more favourable approach when 

working with low boiling alkynes. Hence, this methodology has shown its ability to 

overcome the challenges of earlier metal mediated and metal free methods reported 

for the hydration of alkynes [40, 46]. 

3.3.2 Supplementary data 

Acetophenone [31] 
1H NMR (400MHz, CDCl3): δ = 7.92 – 7.90 (m, 2H), 7.53 – 7.49 (m, 1H), 7.43 – 

7.39 (m, 2H), 2.55 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.21, 137.13, 

133.19, 128.64, 128.37, 26.68. 
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Acetyl Ferrocene [47] 
1H NMR (400MHz, CDCl3): δ = 4.74 (s, 2H), 4.48 (s, 2H), 4.18 (s, 5H), 2.37 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 202.30, 72.46 69.96, 69.70, 27.55. 

1-(4-(tert-butyl)phenyl)ethan-1-one[31] 
1H NMR (400MHz, CDCl3): δ = 7.90 – 7.88(m, 2H), 7.47 – 7.45 (m, 2H), 2.57 (s, 

3H), 1.33 (s, 9H). 13C NMR (100MHz, CDCl3): δ = 198.05, 156.92, 134.66, 

131.95, 130.14, 128.41, 125.60, 35.18, 31.17, 26.64. 

1-(p-tolyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.77 - 7.74 (m, 2H), 7.14 – 7.11 (m, 2H), 2.44 (s, 

3H), 2.29 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 197.32, 143.66, 134.65, 

129.18, 128.38, 26.29, 21.44. 

1-(m-tolyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.71 – 7.68 (m, 2H), 7.29 – 7.28 (m, 2H), 2.52 (s, 

3H), 2.34 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.36, 138.36, 137.16, 

133.92, 128.82, 128.50, 125.64, 26.70, 21.36. 

1-(o-tolyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.64 – 7.62 (m, 1H), 7.33 – 7.29 (m, 1H), 7.22 – 

7.16 (m, 2H), 2.51 (s, 3H), 2.48 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 201.68, 

138.47, 137.63, 132.11, 131.60, 129.48, 125.79, 29.56, 21.68.   

1-(4-ethylphenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.87 – 7.85 (m, 2H), 7.26 – 7.24 (m, 2H), 2.71 – 

2.65 (q, 2H), 2.55 (s, 3H), 1.25 – 1.21 (t, 3H). 13C NMR (100MHz, CDCl3): δ = 

197.93, 150.12, 134.98, 128.62, 128.13, 29.01, 26.62, 15.30. 

1-(4-chlorophenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.73 – 7.69 (m, 2H), 7.25 – 7.21(m, 2H), 2.43 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.43, 139.22, 135.30, 129.65, 128.69, 

26.34. 

1-(2-chlorophenyl)ethan-1-one  
1H NMR (400MHz, CDCl3): δ = 7.45 – 7.41 (m, 1H), 7.27 – 7.16 (m, 3H), 2.50 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 199.92, 138.91, 132.01, 131.05, 130.56, 

129.40, 126.96, 30.51. 

1-(4-methoxyphenyl)ethan-1-one [48] 
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1H NMR (400MHz, CDCl3): δ = 7.86 – 7.83 (m, 2H), 6.85 – 6.82 (m, 2H), 3.77 (s, 

3H), 2.46 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 196.75, 163.51, 130.59, 

130.29, 113.69, 55.46, 26.33. 

1-(2-methoxyphenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.64 – 7.62 (m, 1H), 7.33 – 7.29 (m, 1H), 7.22 – 

7.16 (m, 2H), 2.51 (s, 3H), 2.48 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 199.69, 

158.97, 133.77, 130.27, 128.13, 120.49, 111.66, 55.46, 31.87. 

1-(3-aminophenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.30 – 7.18 (m, 3H), 6.85 – 6.83 (m, 1H), 3.86 (s, 

2H), 2.52 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.69, 146.94, 138.25, 

129.52, 119.76, 118.84, 114.07, 26.81. 

1-(4-bromophenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.80 – 7.77 (m, 2H), 7.58 – 7.56 (m, 2H), 2.55 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 197.13, 135.87, 131.97, 129.93, 128.39, 

26.66. 

1-(4-fluorophenyl)ethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 7.96 – 7.92 (m, 2H), 7.10 – 7.06(m, 2H), 2.55 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.54, 165.80 (d, J C – F = 253 Hz), 133.63 

(d, J C – F = 2.7 Hz), 131.00 (d, J C – F = 9.4 Hz), 115.69 (d, J C – F = 22 Hz), 26.58. 

1,2-diphenylethan-1-one [48] 
1H NMR (400MHz, CDCl3): δ = 8.04 – 8.03 (m, 2H), 7.58 – 7.54 (m, 1H), 7.48 – 

7.44 (m, 2H), 7.36 – 7.25 (m, 5H), 4.30 (s, 2H). 13C NMR (100MHz, CDCl3): δ = 

197.77, 136.68, 134.66, 133.31, 129.61, 128.80, 128.78, 128.74, 127.02, 45.61. 

1-(4-chlorophenyl)-2-phenylethan-1-one [49] 
1H NMR (400MHz, CDCl3): δ = 4.25 (s, 2H), 7.23 – 7.34 (m, 5H), 7.40 – 7.43 (m, 

2H), 7.92 – 7.95 (m, 2H). 13C NMR (100MHz, CDCl3): δ = 196.53, 139.72, 

134.90, 134.25, 130.14, 129.47, 129.07, 128.87, 127.14, 45.64 

2-phenyl-1-(p-tolyl)ethan-1-one [50] 
1H NMR (400MHz, CDCl3): δ = 3.01 (s, 3H), 4.25 (s, 2H), 7.13 – 7.18 (m, 4H), 

7.43 – 7.47 (m, 2H), 7.53 – 7.55 (m, 1H), 8.01 – 8.03 (m, 2H). 13C NMR (100MHz, 

CDCl3): δ = 197.96, 136.69, 136.59, 133.22, 131.52, 129.51, 129.42, 128.73, 45.24, 

21.20. 
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3.4 Conclusion 

In conclusion, we have demonstrated a novel and green strategy for the hydration of 

terminal and internal alkynes to produce the ketones, using a water-soluble rhodium 

(I) catalyst. This represents the first example of a UV-assisted alkyne hydration in 

the presence of a water-soluble and reusable rhodium (I) catalyst. The catalytic 

conversion occurs under aqueous, aerobic conditions and the catalyst can be reused 

up to 4 cycles without any regeneration, which reflects the green and robust nature 

of the catalyst. Furthermore, this catalyst produces excellent, selective, high-yielding 

results with terminal, internal and substituted aryl alkynes via a one-pot hydration in 

30 minutes, which is far quicker in comparison with earlier reports. 
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An Efficient, Cost-Effective and Green Approach for 
Hydration of Alkynes by Chalcogenated Metal cluster in 
Photo Chemical Conditions 
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4.1 Introduction 

Association of water and alkynes is difficult due to their different affinities [1], the 

chemical union of these molecules produces carbonyls in the form of ketones or 

aldehydes depending upon the nature of addition (Markonikov or anti-Markonikov). 

Hydration reactions are the most facile methodology to create C–O bonds. Ketones 

are one of the crucial motifs for the modern pharmaceutical and chemical industries. 

Synthesis of ketones has wide fundamental importance for various pharmaceutical 

and API Industries [2]. Synthesis of fexofenadine, benperidol, droperidol, azaperone 

and other related drugs requires alkyne hydration as one of the crucial steps for 

synthesis [2]. Hydrations reactions are slow even in the presence of catalysts; the 

reason is their reconcilable polarities of reagents used in the reaction. Solving this 

problem requires a specific property of catalyst to induce polarity to the alkyne used 

in the reaction [1]. Hydrations of alkynes using mineral acids or organic acids are 

known since the discovery of alkynes. Metal catalyzed hydrations of alkynes is well 

established; classically toxic reagents catalyzed such reactions conventionally 

Hg2+and mercury-based complexes are used [3]. Conventional catalysis techniques 

like the use of acids and mercury restrict the substrate scope of the reaction; acid-

labile functionalities are not compatible with such reaction conditions. To 

circumvent the flaws of previous synthesis methodologies, the opted alternate is the 

transition metal based catalysis. In the 1960’s Kemp et al. reported the use of Ru(III)  

published several reports showing catalytic applications of Ru(II) complexes for 

alkyne hydrations [6-9]. Pt(IV), Au(III), Pd(II), Cu(II) and Ag(I) were also used for 

similar reactions during the same decade [10-16]. However, these methodologies 

were not found adequately efficient for such reactions. 

Tanaka et al. reported a highly efficient Au(I) catalyst for alkyne hydrations in the 

year 2002, but this catalyst performs hydrations in the presence of mineral acids [2]. 

Since then Au(I) complexes had emerged as a promising substitute for the previous 

toxic and inefficient catalysts. In the later years, Au(I) complexes with NHC and 

Phosphine ligands were also reported for their exceptional catalytic ability towards 

alkyne hydrations [17-21]. The need of co-catalysts as halide scavenger and non-

reusable nature are the major drawbacks associated with these catalysts. Heavy 

metals and expensive catalysts are unsustainable from the view of green chemistry. 
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Therefore, many efforts towards the development of an economic catalyst have been 

made in recent years. Ag(I), Fe(III), Fe(II), Co(III) and Sn(II) are presented as a 

valid alternative for the previous expensive catalysts [22-27]. Naka et al. reported 

for the first time a Co(III) porphyrin complex for alkyne hydration; this catalyst 

performs reaction under mild acidic reaction condition that enables this catalyst to 

work with acid-labile functionalities [28]. Most of these catalysts are not reusable 

while; few are the highly sensitive metal-ligand complexes. Hence, many other 

research groups aimed to produce even more sustainable methodologies.  

As it is very familiar that the use of different reaction methodologies (like 

Photochemical, Microwave) that can improve the productivity of reactions. In the 

year 2004, Vasudevan et al. reported a catalyst-free reaction methodology for alkyne 

hydration using superheated water under microwave irradiation [29]. Joshi et al. in 

the year 2018 reported a modified catalyst-free reaction methodology optimised up 

to gram scale in an autoclave [30]. These methodologies use harsh reaction 

conditions for catalytic conversion. Fu et al. reported the use of a Rh(III) porphyrin 

complex in mild acidic condition as a catalyst for alkyne hydration under UV-

Visible irradiation [31]. Recently Joshi et al. reported an Rh(I) Schiff base complex 

for acid-free alkyne hydrations UV irradiation [3]. These reactions use methanol as a 

solvent, and most of the other examples reported with aqueous methanol. As the 

hydration, reactions need water as one of the reactants, and water is an appreciated 

solvent. Non-toxic nature, abundance and easy separation of water make it a most 

favoured solvent. Performing alkyne hydration reactions under neat reaction 

condition stems the sustainable approach towards methodology development. 

Metal Carbonyls are the well-implemented catalysts in the laboratory as well as the 

commercial synthesis of various organic compounds. Chikkali et al. in the present 

year reported an Iron carbonyl catalyzed hydroformylations reaction [32]. 

alkoxycarbonylations of alkyl bromides, and synthesis of γ-lactones using iron 

carbonyls are also reported in this same year [33, 34]. Monoatomic 3d transition 

clusters are sometimes considered toxic, but bi- or triatomic clusters are highly 

stable at ambient temperatures. Additionally, these metal carbonyls can be made 

stable at ambient conditions by introducing Chalcogen between metal-metal bonds. 

Moreover, the use of chalcogens (especially S and Se) is well established for cluster 
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growth reactions. As the literature suggests metal carbonyls under UV irradiation 

forms a catalytically active species [35]. Reports are available highlighting the 

catalytic properties of metal carbonyls under UV irradiation. Masuda et al. (1980) 

and Geoffroy et al.(1985) reported photo induced alkyne polymerisation using 

M(CO)6 where M= Cr, Mo and W [36, 37]. But there are certain drawbacks of using 

M(CO)6 under photochemical conditions. These metal carbonyls may undergo 

irreversible chemical changes during the reaction, and they are not soluble in 

aqueous solvents. 

In terms of finding a stable alternate of metalcarbonyls that can perform reactions 

under aqueous and photochemical condition. Metal Chalcogenide carbonyl clusters 

could be the possible alternate of metal carbonyls [M(CO)x] for such applications, 

but the use of these complexes as catalysts is not very common and to our 

knowledge; these complexes have not yet used as a catalyst under such reaction 

conditions. In this chapter, we wish to report an iron chalcogenide carbonyl cluster 

for hydration of alkyne, which works as a heterogeneous catalyst in aqueous media 

and produce excellent results under UV irradiation. 

4.2 Experimental 

4.2.1 Materials and reagents 

Reactants, reagents, chemicals and solvents available commercially within the 

country were used. Methanol used in this reaction is HPLC grade and purchased 

from Fischer Scientific. De-ionised water is obtained from Aqua Maxx basic 360 

series water purification system manufactured by Young Lin Instrument Co. Ltd., 

South Korea. 

4.2.2 General Procedure for the Catalytic Reaction:  

General Procedure for the Catalytic Reaction: To a 100 mL borosilicate immersion 

well of UV reactor, 80 mL water was used as a solvent, alkyne (1 mmol), 

Fe3Se2(CO)9 catalyst (5 mol%) was added. The reaction mixture was first cooled 

down at -5 °C then it was exposed to the Hg vapour UV lamp, 125 W, 289 nm for 

25 min with continuous stirring. After completion of the reaction, the catalyst was 

separated through filtration and product was extracted through solvent extraction 

with ethyl acetate. The extracted solvent was dried over anhydrous Na2SO4, and 

concentrated at reduced pressure. The residue was subjected to column 
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chromatography with hexanes/ethyl acetate as eluent to obtain the corresponding 

desired product. 

4.2.3  Instrumentation 

4.2.3.1 Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were recorded using JEOL ECS-400 spectrometer (operating at 

400 MHz for 1H and 100 MHz for 13C). 

4.2.3.2 Infra-red Spectroscopy 

IR spectra in the range 4000–400 cm−1 were recorded on a Perkin Elmer 

10.4.00 FT-IR spectrometer as KBr pellets of the sample. 

4.2.3.3 High Resolution Mass Spectroscopy 

High Resolution Electron Impact Mass Spectra (HR-EIMS) were obtained 

with Xevo G2-S Q-Tof (Waters, USA) in HPLC grade acetonitrile solvent.  

4.3 Results and Discussion 

The initial test reactions with phenylacetylene and the Fe(CO)5 in aqueous methanol 

under photo-catalytic conditions do not produce any results. Other iron carbonyl 

clusters were also used for the trail reaction under the same reaction conditions but 

did not mimic any chemical change in the reaction (Table 1, Entry 1 - 5).  

Fe3Se2(CO)9

hν, -5 οC, 30 min
MeOH (aq.) 1:1

O

 

Scheme 1: Reaction of phenyl acetylene under UV irradiation 

The change of the catalyst to Fe3Se2(CO)9 for the same reactions leads to instant 

success (Scheme 1). However, the obtained yield was considerably low. To increase 

the yield of acetophenone, different combinations of the solvent ratio mixtures of 

aqueous methanol were investigated, but no substantial increase in the yield was 

obtained. Use of methanol as a solvent decreases the yield, while water as solvent 

significantly enhances the product yield.  
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 Figure 1: The structure of the iron chalcogenide carbonyl complex used as 
catalyst 

As observed, the presented catalyst is found inactive for this reaction in methanol; 

however in methanol catalyst was completely soluble. However, this catalyst was 

insoluble in water and behaved as a heterogeneous catalyst as well as shows 

catalysis towards the hydration of acetylene. The complex used as the catalyst is 

synthesised as per the procedure reported in the previous literature [38]. The three 

chalcogens (S, Se and Te) are used for the synthesis of the complex. Complex with 

the selenide bridging shows excellent catalysis activity in comparison to the S and 

Te bridging complexes (Table 1, Entry 6 - 8).The reason could be the difference in 

the electron donor properties of S, Se and Te. The literature suggests going down to 

the chalcogen metal group, the HOMO – LUMO band gap decreases which support 

the higher activity of selenium. The reduced catalytic activity of Te complex can be 

explained by the increased atomic size, which tends to reduce the electron density on 

the central metal atom [39-46]. 

Reaction parameters Optimization. Various parameters to scale up the yield of the 

desired product were further investigated. It was noted that 5 mol% of catalyst was 

sufficient enough to bring about the desired organic transformations with significant 

yields. Further addition of the catalyst amount does not affect the product yield 

while the lower quantity of catalyst substantially decreases the product yield. 

Amount less than 2 mol% of catalyst only indicates the traces of the desired organic 

transformation. Gradually increasing the catalyst amount (up to 5 mol %) improves 

the yield in significant amount (Table 1, Entry 9 - 14).The scope of the reaction was 

again explored concerning the reaction temperature. The present reaction was found 

to be sensitive towards the increase in reaction temperature; at 0 °C, the reaction 

produces an average yield of the desired product. However, lowering the reaction 

temperature to -5 °C significantly increase the yield of the desired transformation. 
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Hence, all experiments were conducted at a low temperature of -5 °C; further 

decreasing the temperature does not show any considerable changes in the yield of 

desire reaction product(Table 1, Entry 15 - 17). 

Table 1: Optimizations of reaction parameters for alkyne hydrations 

Entry Catalyst Cat. Amt. 
(mol%) 

Temp. 
(˚C) 

Time 
(min.) 

Yielda 
(%) 

1.  - - -5 25 - 
2.  Fe(CO)5 5 -5 25 - 

3.  Se 5 -5 25 - 

4.  Fe2(CO)9 5 -5 25 - 

5.  Fe3(CO)12 5 -5 25 - 

6.  Fe3Se2(CO)9 5 -5 25 86 
7.  Fe3S2(CO)9 5 -5 25 29 

8.  Fe3Te2(CO)9 5 -5 25 13 

9.  Fe3Se2(CO)9 1 -5 25 - 

10.  Fe3Se2(CO)9 2 -5 25 15 

11.  Fe3Se2(CO)9 3 -5 25 65 

12.  Fe3Se2(CO)9 4 -5 25 76 

13.  Fe3Se2(CO)9 5 -5 25 86 
14.  Fe3Se2(CO)9 6 -5 25 86 

15.  Fe3Se2(CO)9 5 0 25 45 

16.  Fe3Se2(CO)9 5 -5 25 86 
17.  Fe3Se2(CO)9 5 -10 25 86 

18.  Fe3Se2(CO)9 5 -5 10 26 

19.  Fe3Se2(CO)9 5 -5 15 59 

20.  Fe3Se2(CO)9 5 -5 20 76 

21.  Fe3Se2(CO)9 5 -5 25 86 
22.  Fe3Se2(CO)9 5 -5 30 87 

aIsolated Yields, Phenylacetylene (1 equiv), catalyst (5 mol%), Water Solvent, 25 
min., -5 °C 

Using alternate reaction methodologies have extensive benefits in comparison to the 

classical thermal reaction methods. Alternate sources like a microwave or UV-Vis 

irradiation are a possible and efficient way of providing energy to the reaction 
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mixture. Hg vapour lamp is one of the authoritative sources for providing UV-Vis 

irradiation. In this optimised reaction conditions methodology, we have used a 125 

W, high-pressure Hg vapour lamp as a UV source, which produced 289 nm 

wavelength UV-Vis irradiation. This enables us to pursue reactions in a very short 

duration. Under these photochemical conditions, a maximum of 86% yield was 

recorded during optimisation in 25 minutes. In the first 10 minutes, 26% yield was 

recorded, moreover, it was further increased up to 86 % in next 15 min. There was 

no sizeable change obtained for the yield of the desired product beyond the further 

exposure of the irradiations (Table 1, Entry 18 - 22). 

Substrate Scope: Next, to explore is the substrate scope, the optimised reaction 

conditions were employed for the reactions of various alkynes. The functionally 

substituted alkynes are having electron donating and withdrawing groups at any of 

the ortho-, meta- and para- positions proceeds smoothly to produce corresponding 

ketones. It was noteworthy that para-tert-Butyl-phenyl acetylene and 

ethynylferrocene were compatible with the reaction and produced 89% and 85% 

yield of their corresponding ketones (1b and 1c). Other alkyls the ortho-, meta- and 

para- methyl substitutions participated smoothly in the reaction and yields 85%, 

82% and 84% of the desired ketones (1d, 1e and 1f). Similarly, para-ethyl, para-

methoxy and ortho-methoxy efficiently worked for this reaction producing 86%, 

87% and 84% yield of ketones (1g, 1h and 1i). Strongly electron withdrawing 

functionality the para-flouro substitution produces excellent results through this 

reaction as it produces the 86% of the desired product (1j). Other halogens ortho- 

and para-chloro, para-bromo shows slightly reduced yields of their corresponding 

products, 80%, 75% and 74% yields were recorded with these functionalities (1k, 1l 

and 1m). The meta- substituted 3-aminophenyl acetylene also produces 86% yield of 

the keto product (1n).  
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Fe3Se2(CO)9

hν, -5 οC, 25 min
Water

O

1  

     
1a, 86% 1b, 89% 1c, 85% 1d, 84% 1e, 82% 

 

     

1f, 85% 1g, 86% 1h, 87% 1i, 84% 1j, 86% 
 

    
1k, 80% 1l, 75% 1m, 74% 1n, 86% 

 
Scheme 2:  Generalization of the scope of reaction with various terminal acetylenes 

This reaction was extended to internal alkynes, three different internal alkynes were 

used for the hydration reaction and excellent yields of their corresponding ketones  

Fe3Se2(CO)9

hν, -5 οC, 25 min
Water

O

R

R = H, CH3, Cl
R

2  

   
2a, 80% 2b, 78% 3c, 82% 

Scheme 3: Generalization of the scope of reaction with various Internal acetylenes 
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was recorded. It was also noted that the symmetric internal alkyne produces 80%  its 

corresponding ketone (2a), while the para-chloro and para- methyl substituted 

asymmetric internal alkynes produces 78% and 82% of their corresponding ketones 

(2b and 2c).  The recyclability of the catalyst was studied, using phenylacetylene as 

a model substrate under the optimized reaction conditions. In a typical experiment, 

the water-insoluble iron chalcogenide complex was recovered at the end of the 

reaction by filtration and directly used in a new catalytic run. The catalyst showed 

good recyclability and not deactivated much up to 6 catalytic cycles, moreover, up to 

50% product transformations were noted in 8th catalytic cycles. We have used the 

same catalyst up to 9 catalytic cycles and 31% product formation was obtained in 

the 9th catalytic run. This reusability test indicates the catalytic system is highly 

robust and active in nature as it can even work after 9 catalytic cycles and do not 

require any specific treatment for to separate the catalyst as well as the reactivation 

of the catalyst.   

No. of Cycles 1 2 3 4 5 6 7 8 9 

Product Yielda 86 86 84 84 79 70 60 49 31 

Condition: aIsolated Yields, Phenylacetylene (1 equiv), catalyst (5 mol%), Water 
Solvent, 25 min., -5 °C 

 Most of the iron-based catalysts reported earlier are non-reusable and performs the 

reaction in organic media at highly thermal condition with prolonged time [24, 58, 

25, 26 ] (Table 2, Entry 4, Entry 18, Entry 19, and Entry 20). In comparison to the 

previous reports the presented catalyst has shown better activity in many terms. The 

catalyst produces excellent yields of the desired product and shows wide functional 

group compatibility at very low temperature. This catalytic methodology needs very 

less time in comparison to other reported catalysts (Table 2, Entry1-20), hence the 

present methodology is time and energy efficient. It was also noticed that the 

presented catalyst behaves as a heterogeneous catalyst in aqueous media and can be 

reused up to several catalytic cycles. Moreover, the catalyst can be isolated from the 

reaction through filtration and it does not require any chemical or thermal activation 

and can be used the next catalytic cycle. 

 



 

100 
 

Table 2: Comparison of various alkyne hydration reactions with the present reaction 

Entry Metal 
catalyst 

Catalyst 
(mol%) Solvent Temp. 

(˚C) 
Time 
(h) 

condition 
(∆, hν, MW) 

Yield 
(%) Ref. 

1.  Hg(II) 5 MeCN Rt 12 ∆ 100 47 
2.  Sn-W 50 cycloocatane 100 0.5 – 

 
∆ 91 48* 

3.  Co(III) 2 MeOH 80 5 – 36 ∆ 99 49 
4.  Fe(III) 10 DCE 75 67 ∆ 96 24 
5.  Ag(I) 10 MeOH 75 36 – 48 ∆ 94 22 
6.  Pt(II) 0.8 THF 60 12 ∆ 55:45 50 
7.  Rh(III) 4 THF 110 16 – 24 ∆ 93 51 
8.  Rh(I) 5 THF  110 2 ∆ 100 52 
9.  Rh(III) 20 MeOH Rt 12 Hν 91 31 
10.  Ru(I) 1 – 5 IPA 100 12 – 36 ∆ 99 8 
11.  Ru(II) 5 PEG-400 Rt 12 – 48 ∆ 89 53 
12.  Pd(II) 5 MeOH 50 1 – 51 ∆ 99 54 
13.  Au(I) 0.1 Dioxane 120 18 ∆ 97 55 
14.  Au-TiO2 1 Dioxane 120 1 Mw 97 56* 
15.  Au(III) 1.6 – 4.5 MeOH 70 1.5 – 4 ∆ 98 57 
16.  Rh(I) 1.5 MeOH -5 0.5 Hν 85 3# 
17.  Fe(III) 100 DCM Rt 24 ∆ 92 23 
18.  Fe(II) 5 DCE 60 1 ∆ 92 58 
19.  Fe(III) 10 Dioxane 80 20 ∆ 96 25 
20.  Fe(III) 9 AcOH 95 24 ∆ 99 26 
21.  Fe(0) 5 Water -5 0.42 Hν 86 -- 

*Heterogeneous reusable catalyst, #Homogeneous reusable catalyst 

While comparing the reusability of the present catalyst with the other two reported 

heterogeneous [48, 56] (Table 2, Entry 2 and Entry 14) and as well as one 

homogeneous [3] (Table 2, Entry 16) catalyst, the present catalyst is a unique and a 

rare example of heterogeneous reusable catalyst in aqueous media. While, the 

present catalyst is the first ever example of performing alkyne hydration in neat 

water. 

4.3.1 Supplementary Data 

Acetophenone [24] 
1H NMR (400MHz, CDCl3): δ = 7.87 – 7.85 (m, 2H), 7.48 – 7.44 (m, 1H), 7.38 – 

7.34 (m, 2H), 2.50 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.34, 137.26, 

133.32, 128.77, 128.50, 26.81. 

Acetyl Ferrocene [59] 
1H NMR (400MHz, CDCl3): δ = 4.77 (s, 2H), 4.51 (s, 2H), 4.21 (s, 5H), 2.40 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 202.16, 72.29 69.80, 69.54, 27.38. 
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1-(4-(tert-butyl)phenyl)ethan-1-one [24] 
1H NMR (400MHz, CDCl3): δ = 7.82 – 7.80(m, 2H), 7.39 – 7.37 (m, 2H), 2.48 (s, 

3H), 1.24 (s, 9H). 13C NMR (100MHz, CDCl3): δ = 197.66, 156.52, 134.27, 

131.55, 129.75, 128.02, 125.21, 34.79, 30.78, 26.25. 

1-(p-tolyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.87 - 7.85 (m, 2H), 7.26 – 7.24 (m, 2H), 2.57 (s, 

3H), 2.41 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 197.50, 143.54, 134.33, 

128.91, 128.10, 26.18, 21.28. 

1-(m-tolyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.75 – 7.72 (m, 2H), 7.34 – 7.32 (m, 2H), 2.56 (s, 

3H), 2.38 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.21, 138.21, 137.01, 

133.77, 128.67, 128.35, 125.49, 26.55, 21.21. 

1-(o-tolyl)ethan-1-one [61] 
1H NMR (400MHz, CDCl3): δ = 7.68 – 7.67 (m, 1H), 7.37 – 7.33 (m, 1H), 7.26 – 

7.20 (m, 2H), 2.55 (s, 3H), 2.53 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 201.60, 

138.38, 137.44, 132.02, 131.52, 129.40, 125.70, 29.48, 21.60.   

1-(4-ethylphenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.89 – 7.87 (m, 2H), 7.29 – 7.27 (m, 2H), 2.73 – 

2.67 (q, 2H), 2.57 (s, 3H), 1.27 – 1.23 (t, 3H). 13C NMR (100MHz, CDCl3): δ = 

198.07, 150.26, 135.12, 128.76, 128.27, 29.15, 26.76, 15.43. 

1-(4-chlorophenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.93 – 7.91 (m, 2H), 7.47 – 7.45(m, 2H), 2.62 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.71, 139.40, 135.26, 129.62, 128.75, 

26.45 

1-(2-chlorophenyl)ethan-1-one [3] 
1H NMR (400MHz, CDCl3): δ = 7.55 – 7.53 (m, 1H), 7.41 – 7.29 (m, 3H), 2.64 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 200.32, 138.94, 131.91, 131.13, 130.52, 

129.29, 126.83, 30.58. 

1-(4-methoxyphenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.93 – 7.91 (m, 2H), 6.92 – 6.90 (m, 2H), 3.84 (s, 

3H), 2.53 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 196.88, 163.63, 130.72, 

130.42, 113.82, 55.58, 26.46. 
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1-(2-methoxyphenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.71 – 7.69 (m, 1H), 7.43 – 7.39 (m, 1H), 6.95 – 

6.90 (m, 2H), 3.84 (s, 3H), 2.57 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 199.83, 

159.11, 133.91, 130.41, 128.26, 120.63, 111.80, 55.59, 32.01. 

1-(3-aminophenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.32 – 7.20 (m, 3H), 6.87 – 6.85 (m, 1H), 3.88 (s, 

2H), 2.55 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.53, 146.78, 138.08, 

129.35, 119.60, 118.67, 113.91, 26.65 

1-(4-bromophenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 7.83 – 7.81 (m, 2H), 7.61 – 7.59 (m, 2H), 2.59 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 197.26, 136.00, 132.11, 130.07, 128.53, 

26.79. 

1-(4-fluorophenyl)ethan-1-one [60] 
1H NMR (400MHz, CDCl3): δ = 8.0 – 7.97 (m, 2H), 7.15 – 7.11(m, 2H), 2.59 (s, 

3H).13C NMR (100MHz, CDCl3): δ = 196.67, 165.94 (d, J C – F = 254 Hz), 133.76 

(d, J C – F = 3.0 Hz), 131.13 (d, J C – F = 9.0 Hz), 115.83 (d, J C – F = 22 Hz), 

26.71. 

1,2-diphenylethan-1-one[60] 
1H NMR (400MHz, CDCl3): δ = 8.01 – 7.99 (m, 2H), 7.54 – 7.51 (m, 1H), 7.45 – 

7.41 (m, 2H), 7.33 – 7.21 (m, 5H), 4.26 (s, 2H). 13C NMR (100MHz, CDCl3): δ = 

197.37, 136.27, 134.25, 132.91, 129.20, 128.39, 128.37, 128.34, 126.01, 45.21. 

1-(4-chlorophenyl)-2-phenylethan-1-one [62] 
1H NMR (400MHz, CDCl3): δ = 4.25 (s, 2H), 7.24 – 7.35 (m, 5H), 7.41 – 7.44 (m, 

2H), 7.93 – 7.96 (m, 2H). 13C NMR (100MHz, CDCl3): δ = 196.46, 139.65, 

134.83, 134.18, 130.07, 129.40, 128.99, 128.79, 127.07, 45.56 

2-phenyl-1-(p-tolyl)ethan-1-one [63] 
1H NMR (400MHz, CDCl3): δ = 2.30 (s, 3H), 4.22 (s, 2H), 7.10 – 7.15 (m, 4H), 

7.40 – 7.44 (m, 2H), 7.50 – 7.52 (m, 1H), 7.98 – 8.00 (m, 2H). 13C NMR (100MHz, 

CDCl3): δ = 197.79, 136.52, 136.42, 133.05, 131.35, 129.34, 129.25, 128.56, 45.07, 

21.03. 
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4.4 Conclusion 

We have developed a catalytic methodology for the alkyne hydration under UV 

irradiation. For the first time Iron chalcogenide carbonyl complexes as catalyst were 

used for such reaction. This catalytic methodology is found active towards the 

terminal and internal alkynes having various functional groups at different positions 

(ortho-, meta- and para-) are used in the reaction. This methodology produces 

excellent yields and shows compatibility towards the wide range of functionalities. 

The presented catalyst behaves as a heterogeneous catalyst in aqueous media. 

Moreover, the presented catalyst is reusable up to several cycles and easily separated 

through filtrations as well as the reaction completes in minor duration. 
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Temperature and Pressure Controlled Hydration of 
Alkynes: A Sustainable Strategy for the Ketone Synthesis 
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5.1 Introduction 

Increasing the amount of product with minimising the amount of catalyst and the 

raw material is required one of the critical aspects among the 12 principles of green 

chemistry [1]. There were many reports available that demonstrate the applications 

of green and sustainable methodologies for laboratory and industrial productions. 

Practising various inexpensive and environmentally benign reaction methodologies 

have unveiled a new era in the field of chemistry [2]. Optimizing reaction conditions 

to accomplish without any chemical activation, i.e. without using additional 

chemical reagents or catalyst to perform chemical changes; this phenomenon is 

interesting as well as significantly crucial from a commercial and economic 

perspective. Reordering the physical parameters (temperature and pressure) 

associated with the reaction may lead to new insights in catalyst-free organic 

transformation. The use of high pressure techniques for hydrogenation [3], hydration 

[4] and various other catalytic reactions is quite common. Moreover, these 

methodologies dramatically reduce the cost and formation of undesired by-products 

and chemical waste in the reaction. 

The Wacker oxidation of alkenes and metal mediated carbonylation of alkynes are 

extensively used to generate the carbonyl compounds including the ketones, esters, 

lactone, and melamide [4-11]. The hydration of alkynes had developed a paramount 

interest worldwide among various research groups, and it is a well-established and 

more advanced method for the production of ketones. Due to their diversified 

applications, ketones are the linchpins for various organic syntheses. Moreover, they 

also serve as versatile intermediates in a wide range of chemical syntheses such as 

natural products, drugs and other valuable industrial products [12]. A vast diversity 

of alkyne substrates are precursors for hydration reactions, and the applications of 

obtained carbonyls in organic syntheses [13, 14] is an essential aspect of traditional 

synthetic chemistry. Transition metals and other metal complexes are extensively 

used in hydration reactions. Before 1980’s mercury compounds such as Hg(OTf)2 

[15], HgSO4 [16] and Hg(OAc)2 [17] were utilised for hydration reactions. Due to 

the toxicity and hazards to the environment; search the greener, and more 

economical catalysts is undergoing for many years. There is surplus literature 

accumulated over the  last two decades dealing with alkyne hydrations from a 
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variety of transition metals such as Pd [18-22], Pt [23, 24], Rh [24-27], Ru [28], Au 

[29-39]. However, these metal catalysts are precious and the use thereof not 

economically viable. Although some economical alternatives of a metal catalyst 

such as Ag [40, 41], Fe [42], Co [43], Sn and W mix-oxides [44] have also been 

reported in recent past. In some recent reports, acid catalyzed [45-48] and para-

methoxybenzenetellurinic acid anhydride [49] indicates that alkyne hydration can be 

done by metal-free conditions. However, most of the reactions have suffered from at 

least one or more following drawbacks: (i) Use of expensive transition metals (Ru, 

Rh, Pd, Pt, Au, Ir, Ag) predominantly the recovery and reusability of catalysts and 

the indispensable use of acid co-catalysts, additives, and promoter; (ii) High price 

and the light sensitivity of silver salts and other acid salts; (iii) limited functional 

group compatibility; (iv) Requirement of large excess of acidic additive besides the 

metal complexes if any.  

In the year 2004, Vasudevan and Co-workers [50] reported a catalyst-free 

methodology, which exclusively works for terminal alkynes. The alkynes in 

superheated water were heated at 200 ˚C in a microwave reactor for 20 minutes to 

produces the ketones. Although the catalyst-free alkyne hydration was reported for 

the first time, due to the harsh reaction conditions, the high temperature, unknown 

pressure, it cannot be implemented for large scale synthesis etc. Moreover, this 

method does not work for internal alkynes. All these shortfalls made this method 

inappropriate for the metal-free bulk synthesis of ketones. 

Earlier Methodologies 

 

Metal Catalyst or Acid Catalyst: (1) Au, (2) Pd, (3) Pt, (4) Rh, (5) Ru,  

(6)CF3SO3H 

In Recent Past  
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The Present Work 

 

Reaction carried out in Autoclave, without any catalyst 

Herein, we have investigated a catalyst-free methodology for hydration of terminal 

and internal alkynes without using any metal or acid catalyst. The present reaction is 

carried out in an autoclave at high temperature and pressure. Apart from the 

reactants, the present methodology needs only water/methanol mixture as a solvent. 

The present method has excellent functional group compatibility and also works for 

both the terminal and internal alkynes and do not produce any unwanted by-product.  

5.2 Experimental 

5.2.1 Materials and reagents 

Reactants, reagents, chemicals and solvents available commercially within the 

country were used. Methanol used in this reaction is HPLC grade and purchased 

from Fischer Scientific. De-ionised water is obtained from Aqua Maxx basic 360 

series water purification system manufactured by Young Lin Instrument Co. Ltd., 

South Korea. 

5.2.2 General Procedure for the Catalytic Reaction: 

A typical procedure for the hydration of various alkynes: To initial alkyne (1 mmol) 

dissolve in MeOH and H2O (1:2) (60ml) were placed in a 100 mL stainless-steel 

autoclave. The vessel was pressurized to 11 bar of Ar, and then the mixture was 

vigorously stirred at 150˚C for 14 h. After the reaction, the reactor was cooled to 

room temperature and then the Ar pressure was carefully released to the atmospheric 

pressure. Methanol from the reaction mixture is removed using rotatory evaporator. 

Then work up with ethyl acetate and the products were dried over Na2SO4, filtered, 

and then concentrated under reduced pressure. The resultant crude mixture was 

purified by column chromatography (silica gel) using ethyl acetate/n-hexane as the 

eluent to obtain pure ketone.  

5.2.3 Instrumentation 

5.2.3.1 Nuclear Magnetic Resonance Spectroscopy 
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 NMR spectra were recorded using JEOL ECS-400 spectrometer (operating at 

400 MHz for 1H and 100 MHz for 13C). 

5.2.3.2 Infra-red Spectroscopy 

IR spectra in the range 4000–400 cm−1were recorded on a Perkin Elmer 

10.4.00 FT-IR spectrometer as KBr pellets of the sample. 

5.2.3.3 High Resolution Mass Spectroscopy 

High Resolution Electron Impact Mass Spectra (HR-EIMS) were obtained 

with Xevo G2-S Q-Tof (Waters, USA). with the sample taken up in CH3CN.  

5.4 Result and discussion 

To follow the principles of green chemistry, we were interested in developing a 

metal-free reaction method for hydration of alkynes. Phenylacetylene was chosen as 

a model substrate for all the optimisation. After some reactions under different 

conditions with no results, our series of the trail is interrupted by a trace product 

obtained in a reaction carried out in an autoclave. Desired product acetophenone was 

obtained through a reaction of phenylacetylene in an autoclave at 150 ˚C and 11 bar 

of argon gas pressure in 14 hr. Here, methanol was used as a solvent in the reaction. 

Scheme 1 represents the parameters where the desired alkyne hydration product was 

obtained. (Table 1, entry 9) 

Autoclave

150οC, 14h, Argon 11 bar,
Methanol:H2O

O

 

Scheme 1: Temperature and pressure controlled the formation of ketones 

In the reaction, the inert gas pressure plays an important role. During the pressure 

optimisation, it was found that product yield was proportionally increased with 

continuously increasing pressure from 0 to 11 bar (table 1, entry 1-6). Pressure 

below 9 bar does not initiate the reaction, while a small quantity of product was 

obtained at 9 bar pressure of inert gas. Increasing the pressure up to 11 bar increases 

the product yield. However, the further increase in pressure does not produce any 

change in the yield (Table 1, entry 7-9). We investigated argon, nitrogen and CO2 

gas to generate the desired pressure but irrespective of the nature of gas the product 

formation was consistent and hardly brings any changes in the yield of transformed 

product. Since, the phenylacetylene is a volatile and low boiling liquid, at low 
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pressure and high temperature; it vaporizes, and in the gaseous phase, it is quite 

unlikely to react with the liquid water present in the solvent mixture. While in 

present reaction conditions, the moderate pressure and high temperature restricted 

the vaporization of alkynes which is unable to react it in its vapor form, hence, under 

the reaction conditions it can undergo a hydration reaction. In our opinion, it could 

be the best possible effect of pressure on the reaction. The optimised value of 

pressure to get the highest yield of desired product is 11 bar, while the higher 

pressure of inert gas does not affect the product yield and supports our proposed 

hypothesis. Another reason for this reaction may be the higher ionisation of water 

molecules at higher pressure. In the earlier reports related to the studies of ionisation 

of water at various pressure and temperatures [51] suggested that ionisation of water 

molecules increases at higher pressure and the ionization of water increases with the 

increasing temperature. Here, both the facts again support the present hypothesis of 

the high yield of hydrated product at a relatively high temperature and moderate to 

high pressure. 

Using pure water as a solvent result in no transformation taking place. (Table 1, 

entry 10). Hence, a mixture of water and methanol was used as a solvent. 

Gratifyingly, the 1:1 ratio of water and methanol as solvent enormously increases 

the yield of the desired product (Table 1, entry 11). The presence of methanol in the 

reaction mixture enhances the solubility of the acetylenes in water. Moreover, it also 

helps in the ionisation of water which directly favours the hydration reactions [52, 

53]. As it is reported earlier that ionisation in water can be increased by increasing 

temperature, pressure or both and by adding alcohols [54]. Also by increasing these 

parameters viscosity and surface tension of water decreases and dielectric constant 

increases which improves the solubility of organic compounds in water [55]. 

Decreasing the amount of water in solvent mixture produces moderate product yield 

(Table 1, entry 12). Inversely, the increasing the amount of water in the solvent 

mixture improves the product yield and the maximum recorded yield of 79% was 

obtained with 1:2 ratio of methanol and water (Table 1, entry 13). Use of other 

alcohols, ethanol, isopropyl alcohol and tert-butanol showed a substantial decrease 

in the yield. 
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Further optimisation of temperature and time was carried out. Temperature up to 

110 ˚C does not produce even a trace of the desired product. Increasing the 

temperature to 120 ˚C leads to a low yield of the phenylacetylene obtained. Amount 

of product was consistently increased with increasing the temperature up to 150 ˚C 

(Table 1, entry 14-17), furthermore increase of temperature up to 180 ˚C does not 

show any changes in the yield of product (Table 1, entry 18-20). Duration of 

reaction up to 14 hr or more produces a consistent yield (Table 1, entry 21-25), 

while the least 4-8 hr reaction produces below to average yield. However, it further 

increases up to 14 hr and then become consistent (Table 1, entry 26-28). 

The present methodology was also found compatible with a wide variety 

functionalities. The substrate scope of this reaction is represented in Table 2. Phenyl 

acetylenes substituted with electron-donating or withdrawing groups produces 

excellent yield of their corresponding methyl ketones. Besides the phenyl acetylene, 

other aromatic alkynes (both terminal and internal), including the functional groups 

like fluoro, chloro, bromo, amino, alkyl, alkoxy also undergo hydration and affords 

excellent yields. The ferrocenyl acetylene yield acetylferrocene in 83% (Table 2, 

entries 2). ortho-, meta- and para- methyl-phenyl acetylene reacted smoothly, 

forming the corresponding methyl ketones in 84 %, 82 % and 83 % respectively 

(Table 2, entries 3-5). Halo-substituted phenyl acetylenes such as 4-fluoro-, 4-

chloro-, 4-bromo and 2-chlorophenyl acetylene yielded 78 %, 76 %, 73 % and 72 % 

respectively (Table 2, entries 6-9). ortho- and para- methoxyphenylacetylene gave 

the corresponding products by 84 % and 83 % yield (Table 2, entries 10, 11). 4-

ethylphenylacetylene reacted easily and formed the corresponding ketones in 85% 

yields (Table 2, entries 12). The 4-tert-butylphenylacetylene gave the corresponding 

ketones in 89 % (Table 2, entries 13); while the 3-aminophenylacetylene yielded 80 

% of the hydrated product (Table 2, entries 14). The symmetrical diphenyl acetylene 

while 80 % yield of the hydrated product was recorded with the unsymmetrical 1-

methyl-4-(phenylethynyl)benzene respectively (Table 2, entries 15 and 16). 
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Table 1: Optimization of reaction parameters with phenylacetylene 

Autoclave
150οC, 14h, Argon 11 bar
Methanol : water (1 : 2)

O

 

Entry Ar Pressure 

(B ) 

Solvent 
Ratio 

 
 

Temp 

(˚C) 

Time 

(h) 

Yielda 

(%) 1.  00 1:2 150 14 nd 
2.  9.0 1:2 150 14 23 
3.  9.5 1:2 150 14 34 
4.  10.0 1:2 150 14 45 
5.  10.5 1:2 150 14 60 
6.  11.0 1:2 150 14 79 
7.  11.5 1:2 150 14 79 
8.  11.0 1:2 150 14 79 
9.  11.0 1:0 150 14 Trace 
10.  11.5 0:1 150 14 nd 
11.  12.0 1:1 150 14 69 
12.  11.0 2:1 150 14 45 
13.  11.0 1:2 150 14 79 
14.  11.0 1:2 120 14 20 
15.  11.0 1:2 130 14 50 
16.  11.0 1:2 140 14 60 
17.  11.0 1:2 150 14 79 
18.  11.0 1:2 160 14 79 
19.  11.0 1:2 170 

 

 

14 79 
20.  11.0 1:2 180 14 79 
21.  11.0 1:2 150 4 nd 
22.  11.0 1:2 150 8 23 
23.  11.0 1:2 150 10 43 
24.  11.0 1:2 150 12 67 
25.  11.0 1:2 150 14 79 
26.  11.0 1:2 150 16 79 
27.  11.0 1:2 150 18 79 
28.  11.0 1:2 150 20 79 

Reaction Condition: Solvent MeOH: Water (1:2), Temperature 150 ˚C, 11.0 bar 
argon, 14 h, aIsolated yield, nd = not detected 
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The reaction was further extended to the internal alkynes with maintaining the 

similar reaction parameters, a significant conversion of 78 % was obtained Here, 

hydration of both the symmetrical and unsymmetrical diarylacetylene 

regioselectively forms only one product and the formation of carbonyl group is 

preferred at the position where carbonyl is conjugated with a substituted phenyl 

group[56, 57] 

Table 2: Substrate scope of hydration reaction in an autoclave 

R

Autoclave

150οC, 14h, Argon 11 bar,
Methanol:H2O

R

OR'
R'

R= Ph
R'= H, Ph  

Entry Reactant Product 
Yielda 

(%) 

1.  
 

O

 

79 

2.  Fe

 

Fe

O

 

83 

3.  

 

O

 

84 

4.  

 

O

 

82 

5.  

 

O

 

83 

6.  
Cl

 

OCl

 

72 

7.  

Cl
 

O

Cl  

76 
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8.  

Br
 

O

Br  

73 

9.  

F
 

O

F  

78 

10.  

O  

O

O  

84 

11.  

O
 

O

O  

83 

12.  

Et
 

O

Et  

85 

13.  
t-Bu

 

O

t-Bu  

89 

14.  
H2N

 

O
H2N

 

80 

15.  
Ph

Ph

 Ph

O
Ph

 
78 

16.  

  

80 

Reaction Condition: Solvent MeOH: Water (1:2), Temperature 150 ˚C, 11.0 bar 
argon, 14 h, aisolated yield 

We attempt to address the issue of scalability of the method which was the limitation 

of the previous approach, [56] by performing reaction on 1 g scale of phenyl 

acetylene under considered optimised reaction parameters. After the completion of 

the reaction, a yield 70% of acetophenone was isolated. This indicates the present 

method can be utilized for the bulk production in relevant industries.  

5.3.1 Supplimentary Data 

Acetophenone [12] 



 

122 
 

1H NMR (400MHz, CDCl3): δ =   7.92 – 7.90 (m, 2H), 7.50 – 7.49 (m, 1H), 7.42 – 

7.38 (m, 2H), 2.54 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 197.92, 136.93, 

132.97, 128.43, 128.15, 26.44. 

1,2-diphenylethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 8.01 – 7.99 (m, 2H), 7.53 – 7.51 (m, 1H), 7.45 – 

7.41 (m, 2H), 7.33 – 7.22 (m, 5H), 4.27 (s, 2H). 13C NMR (100MHz, CDCl3): δ = 

197.61, 136.52, 134.50, 133.15, 129.45, 128.64, 128.62, 128.58, 126.86, 45.45. 

Acetyl Ferrocene [58] 
1H NMR (400MHz, CDCl3): δ = 4.77 (s, 2H), 4.50 (s, 2H), 4.20 (s, 5H), 2.39 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 202.09, 72.26 69.77, 69.50, 27.36. 

1-(o-tolyl)ethan-1-one [44] 
1H NMR (400MHz, CDCl3): δ = 7.65 – 7.62 (m, 1H), 7.33 – 7.31 (m, 1H), 7.29 – 

7.16 (m, 2H), 2.51 (s, 3H), 2.48 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 201.68, 

138.45, 137.59, 132.10, 131.60, 129.50, 125.78, 29.53, 21.69.   

1-(m-tolyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.76 – 7.73 (m, 2H), 7.34 – 7.32 (m, 2H), 2.57 (s, 

3H), 2.39 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 198.40, 138.39, 137.19, 

133.93, 128.84, 128.51, 125.65, 26.72, 21.38. 

1-(p-tolyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.59 - 7.57 (m, 2H), 6.96 – 6.94 (m, 2H), 2.26 (s, 

3H), 2.11 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 197.25, 143.57, 134.55, 

129.09, 128.28, 26.20, 21.35. 

1-(2-chlorophenyl)ethan-1-one  
1H NMR (400MHz, CDCl3): δ = 7.35 – 7.33 (m, 1H), 7.17 – 7.07 (m, 3H), 2.41 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 199.94, 138.90, 131.99, 131.04, 130.54, 

129.37, 126.94, 30.50. 

1-(4-chlorophenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.62 – 7.60 (m, 2H), 7.14 – 7.12 (m, 2H), 2.32 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.41, 139.20, 135.27, 129.63, 128.67, 

26.34. 

1-(4-bromophenyl)ethan-1-one [29] 
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1H NMR (400MHz, CDCl3): δ = 7.83 – 7.81 (m, 2H), 7.61 – 7.59 (m, 2H), 2.59 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.94, 135.69, 131.79, 129.75, 128.21, 

26.48. 

1-(4-fluorophenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 8.00 – 7.97 (m, 2H), 7.15 – 7.11 (m, 2H), 2.55 (s, 

3H). 13C NMR (100MHz, CDCl3): δ = 196.54, 165.80 (d, J C – F = 253 Hz), 133.63 

(d, J C – F = 2.7 Hz), 131.00 (d, J C – F = 9.4 Hz), 115.69 (d, J C – F = 22 Hz), 26.58. 

1-(2-methoxyphenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.71 – 7.68 (m, 1H), 7.43 – 7.38 (m, 1H), 6.95 – 

6.90 (m, 2H), 3.84 (s, 3H), 2.57 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 199.69, 

158.97, 133.77, 130.27, 128.13, 120.49, 111.66, 55.46, 31.87. 

1-(4-methoxyphenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.85 – 7.83 (m, 2H), 6.85 – 6.83 (m, 2H), 3.77 (s, 

3H), 2.46 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 196.75, 163.51, 130.59, 

130.29, 113.69, 55.46, 26.33. 

1-(4-ethylphenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.89 – 7.87 (m, 2H), 7.29 – 7.27 (m, 2H), 2.73 – 

2.67 (q, 2H), 2.57 (s, 3H), 1.27 – 1.23 (t, 3H). 13C NMR (100MHz, CDCl3): δ = 

197.93, 150.12, 134.98, 128.62, 128.13, 29.01, 26.62, 15.30. 

1-(4-(tert-butyl)phenyl)ethan-1-one [12] 
1H NMR (400MHz, CDCl3): δ = 7.90 – 7.88(m, 2H), 7.47 – 7.45 (m, 2H), 2.57 (s, 

3H), 1.33 (s, 9H). 13C NMR (100MHz, CDCl3): δ = 198.05, 156.92, 134.66, 

131.95, 130.14, 128.41, 125.60, 35.18, 31.17, 26.64. 

1-(3-aminophenyl)ethan-1-one [29] 
1H NMR (400MHz, CDCl3): δ = 7.32 – 7.20 (m, 3H), 6.87 – 6.85 (m, 1H), 3.88 (s, 

2H), 2.55 (s, 3H). 13C NMR (100MHz, CDCl3): δ = 199.53, 146.78, 138.08, 

129.35, 119.60, 118.67, 113.91, 26.65. 

2-phenyl-1-(p-tolyl)ethan-1-one 
1H NMR (400MHz, CDCl3): δ = 3.01 (s, 3H), 4.25 (s, 2H), 7.13 – 7.18 (m, 4H), 

7.43 – 7.47 (m, 2H), 7.53 – 7.55 (m, 1H), 8.01 – 8.03 (m, 2H). 13C NMR (100MHz, 

CDCl3): δ = 197.96, 136.69, 136.59, 133.22, 131.52, 129.51, 129.42, 128.73, 45.24, 

21.20. 
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5.4 Conclusion 

In this note, we report the development of new metal/catalyst/ acid reagent-free 

methodology for hydration of alkynes at possible reaction conditions. 

Transformation of acetylene to ketone was entirely controlled by tuning the 

temperature and pressure of the reaction. The reaction shows excellent functional 

group compatibility and works smoothly for aryl containing either electron donating 

or withdrawing functional groups. Moreover, a significant yield of the product was 

also obtained, irrespective of the position of functional group attached to benzene. 

Hence, reaction indicates the robustness nature towards all possible alkynes. Apart 

from alkyne substrate, the present method needs only mixture of water and methanol 

as solvent and does not form any by-product. This method offers high atom 

economy and successfully implemented for the bulk synthesis of ketone in fine 

chemical industries.  
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SUMMARY 

 

 This thesis presented a cost effective, facile synthetic methodology and 

greener approach for ketone synthesis and report on the design of three new robust 

complexes for one pot conversion of aldehyde to amide synthesis. 

 

• We have synthesised three new and novel mononuclear Ru(II) half-sandwich 

complexes of pyrazole based organo-chalcogens ligands and investigated their 

catalytic potential for aldehyde to amide transformations. The comparative study of 

different Chalcogen based metal complexes the catalytic efficiency of these three 

complexes has also been investigated. Moreover, the present catalytic systems do 

not require any hazardous additives, and convert the aldehydes into corresponding 

amides in good to excellent yields under aerobic reaction conditions. 

• We report the photolytic hydration of various alkynes using a previously 

synthesized, reusable, water-soluble N,O-chelate Rh(I)–Schiff base catalyst 

precursor bearing ferrocene as ancillary support. Using this rhodium catalyst, the 

hydration of alkynes proceeded in 30 minutes under irradiation, yielding methyl 

ketones. 

• We developed a catalytic methodology for the alkyne hydration under UV 

irradiation. For the first time Iron Chalcogenide carbonyl complexes as catalysts 

were used for such a reaction. This catalytic methodology is found effective towards 

terminal and internal alkynes having a wide range of functionalities. The reported 

catalyst behaves as a heterogeneous catalyst in aqueous media. Moreover, the 

catalyst is reusable up to several cycles and can be easily separated through filtration 

as well as the reaction is completed in short reaction times. 

• We had devised a new metal/catalyst/ acid reagent free methodology for 

hydration of alkynes at feasible reaction conditions. Transformation of acetylene to 

ketone was fully controlled by tuning the temperature and pressure of the reaction. 

This methodology optimized up to gram scale. 
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Chapter 2 

 (η6-Benzene)Ru(II) Half-Sandwich Complexes of Pyrazolated Chalcogenoethers for 

Catalytic Activation of Aldehydes to Amides Transformation 

Supporting Information 

1H and 13C NMR Spectra of Complexes and Compounds  

SCXRD of Complexes 2 and 3 

Mass Spectra of Complexes of 1-3 

  

 



 

 

 

Figure S1: 1H NMR (400 MHz, CD3CN) of complex 1. 



 

 

 

Figure S2: 13C NMR (101 MHz, CD3CN) of complex 1. 



 

 

 

Figure S3: 1H NMR (400 MHz, CD3CN) of complex 2. 



 

 

 

Figure S4: 13C NMR (101 MHz, CD3CN) of complex 2. 



 

 

 

Figure S5: 1H NMR (400 MHz, CD3CN) of complex 3. 



 

 

 

Figure S6: 13C NMR (101 MHz, CD3CN) of complex 3. 



 

 

 

Figure S7: Mass spectrum of complex 1. 



 

 

 

Figure S8: Mass spectrum of complex 2. 



 

 

 

Figure S9: Mass spectrum of complex 3 

 

 

Figure S10: The molecular structure of 2 with thermal ellipsoids set at the 30% probability level. 

H atoms and PF6 counter anion are omitted for clarity 



 

 

 

Figure S11: The molecular structure of 3 with thermal ellipsoids set at the 30% probability level. 

H atoms and PF6 counter anion are omitted for clarity 

 

 

Table S1 Selected Bond Lengths [Å] and Bond Angles [°] for 2 and 3 

Complex Bond Length [Ǻ] Bond Angle [o] 

2 Ru(1)—Cl(1)   

Ru(1)—Se(1)  

Ru(1)—N(2)  

Ru(1)—C(12)  

Ru(1)—C(13)  

Ru(1)—C(14)  

Ru(1)—C(15)  

Ru(1)—C(16)  

N(1)—N(2)  

N(2)—C(1)  

N(1)—C(4)  

Se(1)—C(5)  

Se(1)—C(6)  

C(4)—C(5)  

2.392(4) 

2.5106(17) 

2.105(11) 

2.16(2) 

2.16(2) 

2.15(2) 

2.159(18) 

2.169(19) 

1.362(7) 

1.316(19) 

1.472(17) 

1.973(15) 

1.948(16) 

1.49(2) 

Cl(1)—Ru(1)—Se(1) 

N(2)—Ru(1)—Cl(1) 

N(2)—Ru(1)—Se(1) 

C(5)—Se(1)—Ru(1) 

C(6)—Se(1)—C(5) 

C(6)—Se(1)—Ru(1) 

C(1)—N(2)—N(1) 

C(1)—N(2)—Ru(1) 

N(1)—N(2)—Ru(1) 

C(3)—N(1)—C(4) 

N(2)—N(1)—C(3) 

N(2)—N(1)—C(4) 

C(7)—C(6)—C(11) 

C(7)—C(6)—Se(1) 

C(11)—C(6)—Se(1) 

C(1)—C(2)—Br(1) 

C(1)—C(2)—C(3) 

91.59(11) 

85.5(3) 

87.0(3) 

103.8(5) 

98.0(7) 

111.9(4) 

106.0(13) 

126.7(10) 

127.3(9) 

126.7(13) 

111.6(12) 

121.7(11) 

122.6(16) 

121.6(12) 

115.8(12) 

126.1(13) 

107.5(15) 

3 Ru(1)—Cl(1)   

Ru(1)—Te(1)  

2.403(2) 

2.6486(10) 

Cl(1)—Ru(1)—Te(1) 

N(2)—Ru(1)—Cl(1) 

81.6(6) 

86.3(17) 



 

 

Ru(1)—N(2)  

Ru(1)—C(13)  

Ru(1)—C(14)  

Ru(1)—C(15)  

Ru(1)—C(16)  

Ru(1)—C(17)  

Ru(1)—C(18)  

N(1)—N(2)  

N(2)—C(1)  

N(1)—C(4)  

Te(1)—C(5)  

Te(1)—C(6)  

C(4)—C(5) 

2.105(5) 

2.16(8) 

2.16(8) 

2.19(10) 

2.21(10) 

2.17(9) 

2.18(8) 

1.362(7) 

1.333(8) 

1.468(9) 

2.165(7) 

2.126(7) 

N(2)—Ru(1)—Te(1) 

C(5)—Te(1)—Ru(1) 

C(6)—Te(1)—C(5) 

C(6)—Te(1)—Ru(1) 

C(1)—N(2)—N(1) 

C(1)—N(2)—Ru(1) 

N(1)—N(2)—Ru(1) 

C(3)—N(1)—C(4) 

N(2)—N(1)—C(3) 

N(2)—N(1)—C(4) 

C(7)—C(6)—C(11) 

C(7)—C(6)—Te(1) 

C(11)—C(6)—Te(1) 

C(1)—C(2)—Br(1) 

C(1)—C(2)—C(3) 

86.0(17) 

99.9(2) 

97.3(3) 

104.2(2) 

105.9(5) 

126.0(4) 

128.1(4) 

128.4(6) 

110.4(6) 

121.1(5) 

118.5(7) 

124.7(6) 

116.8(6) 

124.9(7) 

106.2(7) 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 



Chapter 3 

A Water Soluble Rh(I) Catalyst for Photochemically  Induced Hydration of Alkynes 

Supporting Information 

 

Photochemical reactor vessel (Capacity 100 mL) 

 

1H and 13C NMR Spectra of Compounds  

 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



Chapter 4  

Iron Chalcogenide Carbonyl Complexes as a heterogeneous Photo 

catalyst for alkyne hydrations in aqueous media 

Supporting Information 

1H and 13C NMR Spectra of Compounds  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 



 

 

 

 



 

 

 



 

 

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 



 

 

 

 

 



 

 



Chapter 5 

Temperature And Pressure Controlled Hydration Of Alkynes: A Sustainable Strategy For The 

Ketone Synthesis   

Supporting Information 

Autoclave Reactor 

 

 

 

 

 

 

 

 

 

 

 

Stirring 

Motor 

Control 

unit 

Reactor  

Assembl
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Autoclave Reactor Vessel 

Autoclave reactor is purchased from Amar Equipment’s Pvt. Ltd., India. This instrument is 

equipped with 100mL capacity reactor which can use up to 100bar at 350˚C.  

 

 

 

 

 

1H and 13C NMR Spectra of Compounds  
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