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                                                                                                             Abstract  
 

The development of green and sustainable chemical processes towards 

meeting the increasing demands of synthetic functional materials, while balancing 

the rapidly depleting natural resources has been a key focus area of research 

activities. Nanoparticles have attracted bulk of the interest towards the 

development of heterogeneous catalytic systems due to their large surface to 

volume ratio, tunable catalytic properties by controlling the structural and 

compositional complexities, possibilities of surface functionalization as required 

and stabilization of various active catalytic agents (such as free radicals, enzymes 

etc.) on their surface.  

The objective of this thesis is to explore the inherent catalytic activity of an 

important carbonaceous material graphene oxide and Au based monometallic and 

alloy nanoparticles towards the development of greener and highly efficient 

synthetic methods for useful organic transformations. The rationale for these 

studies is to exploit the structural and compositional intricacies of the 

nanoparticles for catalytic organic reactions with high activity, selectivity, atom-

efficiency and step-efficiency.  

In this direction, we have developed the following nanocatalytic systems 

for various important organic transformations under mild reaction conditions:  

1) Graphene oxide based metal-free carbocatalytic system for multicomponent 

coupling reactions under solvent free condition.  

2) Self-assembled monolayer coated gold nanoparticles through thiol binding 

which catalyze the aerobic oxidation of aryl substituted α-hydroxy ketones to aryl 

1,2-diketones as well as one-pot synthesis of quinoxalines via in situ oxidation of 

α-hydroxy ketones and subsequent condensation with aryl 1,2-diamines in water. 
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3) Bimetallic AuPd nanoparticle catalyzed selective oxidation of α-hydroxy esters 

and phosphonates as well as aerobic oxidative cross-dehydrogenative coupling for 

the synthesis of α-ketamide.  

4) Aerobic Oxidative cross-dehydrogenative C-C coupling reaction catalyzed by 

shape controlled Au-Pd bimetallic Nanoparticles. 

 The thesis is divided into the following chapters based on nanocatalytic 

systems used for various organic transformations: 

1. Introduction: 

In the first chapter, we have summarized the historical and recent 

perspectives in the development of carbonaceous materials as catalysts for various 

organic transformations. Further, the basic concepts of monometallic and 

bimetallic Au based nanoparticle catalysts and the subsequent developments 

regarding their performance as efficient catalysts with respect to structural and 

compositional variations in important organic transformations have been 

highlighted. Further a brief summary of the research reported in this thesis and 

their relevance in the prospects of recent developments are discussed. 

 2. Ultrasound mediated synthesis of α-aminophosphonates and 3,4- 

dihydropyrimidin-2-ones using graphene oxide as a recyclable catalyst under 

solvent-free conditions  

In this chapter, we have shown the exploitation of the acidic oxygenated 

groups on the graphene oxide (GO) sheets towards the applicability of GO as a 

potent catalyst for the three-component one-pot synthesis of α-

aminophosphonates, 3,4-dihydropyrimidin-2-one (DHPM) and 3-substitued Indole 

which are important classes of biologically active compounds. Due the presence of 

numerous hydroxy, epoxy and carboxylic groups on their surface and the presence 

of large surface area, graphene oxide can act as an exciting and efficient metal-

free heterogeneous catalyst following green organic protocols. The methodology 

resulted in high yield of the desired products in a very short reaction time. 
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3. Self-assembled monolayer coated gold-nanoparticle catalyzed aerobic 

oxidation of α-hydroxy ketones in water: an efficient one-pot synthesis of 

quinoxaline derivatives  

In this chapter, we have displayed the catalytic activity of self-assembled 

monolayer-coated Au-NPs for the aerobic oxidation of aryl substituted α-hydroxy 

ketones to aryl 1,2-diketones and extended this reaction for a one-pot synthesis of 

biologically significant quinoxaline derivatives in water. Majority investigations 

related to the catalytic activity of Au have been oriented towards the morphology 

of the nanoparticles and the nature of the support, where the Au-NPs are bound by 

weak coordination to the supported polymeric or solid surfaces. 

 4. Selective oxidation of α-hydroxy esters and α-hydroxy phosphonates 

catalyzed by Au-Pd alloy nanoparticles 

  We report that alloying Au with intrinsically active Pd lead to a catalyst 

with fine-tuned activity for this specific reaction. It has been well established that 

bimetallic NPs offer greater reaction specific catalyst tunability and superior 

performance compared to their monometallic counterparts owing to the synergistic 

effect between two different metals. The selectivity in oxidation of substrates 

having esters and phosphonate groups were controlled by tuning the Au:Pd ratio 

(1:1) in a bimetallic nanoparticle catalyst under a base-free and solventless 

condition.  

5. Aerobic Oxidative Cross-Dehydrogenative Coupling catalyzed with 

heterogeneous spherical Au-Pd bimetallic Nanoparticles: synthesis of α-

ketamide  

In this chapter, we have shown a new methodology for the synthesis of α-

ketoamides from phenylglyoxal and aromatic amines using heterogeneous Au-Pd 

alloy nanoparticle as catalyst in presence of molecular oxygen as oxidant. This 

kind of coupling reactions using molecular oxygen as the sole oxidant still remains 

a challenge. The α-ketoamides, as the key structural skeletal framework of many 
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natural products and pharmaceuticals, have attracted interest because of their 

important biologically active properties. 

6. Aerobic Oxidative Cross-Dehydrogenative C-C Coupling reaction 

catalyzed with shape controlled Au-Pd bimetallic Nanoparticles 

In this chapter, we report the cross-dehydrogenative coupling of 1,2,3,4-

tetrahydroisoquinoline with nitromethane catalyzed by shape controlled urchin 

like AuPd bimetallic nanoparticle without any external oxidant. It has now been 

established that shape controlled nanoparticles with well-defined facets can be 

used as heterogeneous catalysts with enhanced activity and selectivity. Towards 

have a better understanding in enhancement of catalytic activities to the surface 

crystal structure, we synthesized urchin shaped AuPd nanoparticles using a 

modified polyol method. The co-reduction of Au3+ and Pd2+ salt in ethylene glycol 

and PVP led to the formation of branched AuPd nanoparticles, when Br- was used 

as an oxidative etchant. 

7. Relevance and Scope of our work:  

 In this chapter, we have summarized the works described in this thesis. 

Further, we have discussed the relevance of our works for the industrial 

applications and future prospects. 
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     In recent years, there has been tremendous emphasis towards developing 

greener methodologies in synthetic organic chemistry. The need for clean 

processes in the industrial production of fine and commodity chemicals is 

becoming increasingly urgent and is reflected in the attention it receives from 

government policies, media and commercially funded research. Anastas and 

Warner’s 12 points of Green Chemistry address specific criteria that must be 

developed in order to attain a clean, sustainable industry whilst continuing to 

meet with the chemical demands of a growing population.1 The focal point 

towards these developments has been towards waste prevention, atom 

economy, designing safer chemicals, safer solvents and auxiliaries, energy 

efficiency, use of renewable feed-stocks, reduce derivatization and inherently 

safer chemistry. 

 

 

 

 

 

 

Figure 1.1 Development of nanocatalyst from green chemistry point of view. 

   Towards the development of green and economical pathways for the large 

scale synthesis at the industrial level, the ideal protocol is judged in terms of 

catalytic activity, selectivity, atom-efficiency and step-efficiency. The terms 

are briefly described as follows: The rate at which a reaction occurs is 

determined by the activation energy of the rate determining step. By providing 

an alternative reaction pathway with a lower energy barrier, a catalyst can be 

used to enhance reaction rate. If there are several products and several reaction 

barriers, catalysts may also direct the formation of one product over another 

because the reaction path is easier; the catalyst drives the reaction selectivity 

towards a particular product. The efficiency of a catalyst lies in the 

achievement of the desired chemical reaction with high yield and selectivity at 
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a mild reaction condition.  Designing new methodology to achieve green and 

sustainable production of chemicals is the need of the hour in which the use of 

catalyst along with reduction of toxic and hazardous chemicals, stoichiometric 

amount of promoter, less consumption of energy, fewer side-products and less 

number of steps is involved.2 A variety of catalysts have been developed, both 

homogenous and heterogeneous since many years but the field still demands 

more research as it has a vast scope from green chemistry point of view. 

Among various methodologies in the synthesis process in organic chemistry, 

fabricating a one-pot method with heterogeneous catalysis is extremely 

challenging goal, because it aims at decreasing the energy and time 

consumption by operation of multi-steps at a time which eliminates the need of 

separation of products from the reaction mixture again and again. 

 

 

 

 

 

 

 

 

Figure 1.2 Benefits of heterogeneous nanocatalysts in the chemical industry. 

1. 1 Heterogeneous vs homogeneous catalyst   

   If the catalyst is in the same phase as the reaction mixture it is defined as a 

homogeneous catalyst, if the two phases are different it is a heterogeneous 

catalyst. The active site of homogeneous catalysts is more clearly defined, thus 

advances in catalyst design for more complex reactions, such as in the fine 

chemicals and pharmaceutical industries, have generally centered on 

homogeneous catalysis.3 However, there are disadvantages to using 
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homogeneous catalysts: they are often more corrosive, more harmful and more 

expensive than heterogeneous catalysts, and they are difficult and costly to 

separate from the product reaction mixture. Heterogeneous catalysts remove 

the necessity for using stoichiometric reagents and if selectivity can be 

appropriately controlled and significantly reduce waste, they meet some 

important criteria in the principles of green chemistry. A heterogeneous 

catalytic reaction involves adsorption and activation of reactants on specific 

sites of a solid surface, chemical transformation of adsorbed species and 

desorption of products. The catalyst surface is complex and understanding the 

various surface reactions at the molecular level is often very tedious for 

designing catalysts with suitable selectivity and activity. Many factors such as 

size, shape, composition and several other variables in a chemical reactor will 

influence the surface properties and thus the catalyst reactivity during reaction. 

Deactivation of the catalyst is also a major issue in the employment of these 

materials in industry. Consequentially, advances in heterogeneous catalyst 

design and improved understanding of the active site is crucial to the 

development of clean industrial technologies.4 

    In homogeneous catalytic systems, the reactions can be efficiently carried 

out with high yields and less reaction time but the main disadvantage of this 

process is that the catalyst cannot be recycled. Generally, expensive metal 

catalysts are used and if they are quite difficult to recover then the whole cost 

of reaction goes high. Heterogeneous catalytic systems have exhibited many 

advantages over homogeneous catalysts, the most extraordinary being the easy 

and faster separation process and facile recovery of the solid heterogeneous 

catalyst from the products for recycling without tedious experimental workup. 

Furthermore, the heterogeneous catalysts can easily operate under hazardous 

condition with elevated temperature when compared to the homogeneous 

catalysts. The mechanistic pathways of both heterogeneous and homogeneous 

catalyst are totally different in nature. In case of homogeneous catalyst, the 

oxidation state of principal metal changes in intermediate steps of the reaction 

process and after the reaction the metal comes back to its initial oxidation 

state. On the other hand, the heterogeneous catalytic reaction involves surface 

initiated and activated chemical transformations. The possibility of product 
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elimination with loss of selectivity of desired product in homogeneous 

catalysis is much greater than the heterogeneous catalytic pathway due to 

involvement of metal in the reaction of the homogeneous catalytic systems. 

The heterogeneous catalysis depends on the nature of catalytically active 

surface, specific properties of support material like surface area, morphology, 

porosity and active centers dispersion, metal-support interactions and mobility 

on the surface.5  

    In recent years, inorganic or organic nanoparticles have been explored as 

effective catalysts for industrial production of fine chemicals and 

pharmaceuticals. Using bottom-up chemistry approaches, the composition, 

size and shape of the nanocrystals can be controlled as desired. The recent 

developments on the size, composition and facet dependent catalytic 

performance of the nanosystems in various organic transformations are of 

great importance for modern heterogeneous catalysis research.6 The desired 

activity and selectivity of catalytic reactions can be obtained by simply tuning 

the size, shape and morphology of the nanoparticles. These will be highlighted 

in the subsequent chapters.   

 

Figure 1.3 Nanocatalysts used in this thesis work. 
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1.2 Carbonaceous Nanomaterials for catalysis   

 Metal-free nanostructure of elemental carbons and carbonaceous materials has 

been demonstrated as excellent catalysts for a variety of significant organic 

transformations. Metal-free carbon nanostructures consist of the wide range of 

carbon based materials with sp2 or sp3 hybridized carbon which can be easily 

customized in nanoscale dimensions. With varying the feature of carbon 

materials, their inherent functional properties can be easily tuned.7 

 

Figure 1.4 Different types of carbon nanomaterials. 

Carbon based nanomaterials exist is a diverse range of forms such as carbon 

black, carbon nanotubes, carbon nanofibers, graphene, carbon nanotubes, 

fullerene, -coils, -nanodiamonds, -horns, and onions. For the applications in 

the area of catalysis, the carbonaceous nanomaterials have been used mostly as 

a support for anchoring active metal nanoparticles, thus imparting 

heterogeneity to the nanocatalytic systems.8 The ordered porous network in 

mesoporous carbons have been used to impregnate metal nanoparticles for 

further performance as effective catalysts for numerous organic 

transformations. Doped fullerenes have shown activity as a cathode catalyst in 

hydrogen fuel cells. Carbon nanotubes show tremendous activity for oxygen 

reduction reactions, where they show better activity even than platinum for 

fuel cell applications. Metal nanoparticles immobilized on carbon nanotubes 
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have shown very high catalytic activity for several important organic reactions. 

In recent years, there has been huge excitement in the scientific community 

about the two-dimensional nanosheet form of carbon: graphenes.9 Graphene is 

the basic building block for carbonaceous materials of different 

dimensionalities: fullerenes (0D), nanotubes (1D) or graphite (3D).  Their 

importance in technological applications arise from the fact that graphenes 

have higher electrical and thermal conductivities, better transparency, 

mechanical strength and larger surface area due to their unique structure 

containing of sp2 bonded carbon atoms.10 For chemistry applications, however, 

the oxygenated form of grapheme namely graphene oxide has found more 

relevance due to their high water dispersibility, negligible toxicity and 

possibility of further functionalization of various inorganic or organic 

components on their surface. Due to the presence of oxygenated functionalities 

as well as the large specific surface area, graphene oxide nanosheets  are 

emerging as promising smart supports for various graphene-based hybrid 

nanomaterials with significant applications in sensors, optical and electronic 

devices, energy conversion and storage, and catalysis.11 While the array of 

possible oxygen containing functional groups that can associate with graphene 

oxide has been found to catalyse a variety of reactions such as oxidation and 

hydration reactions, aza-michael addition reaction and so on. These functional 

groups also allow attachment and decoration of graphene oxide surface with 

various metal nanoparticles for a range of electronic, charge storage, sensor 

and catalysis applications.12 While GO supported Au or Pd NPs have been 

explored as catalysts for Suzuki-Miyaura coupling reactions, Fe based 

catalysts were used for Fischer-Tropsch synthesis, Pt and Pt-Pd NPs supported 

on GO have been studied for methanol electro-oxidation etc. Further, 

enhancement of recyclability is done by incorporating magnetic iron oxide to 

the Pd/graphene nanocomposite and used for Suzuki-Miyaura coupling.13 

Moreover, nanohybrid materials involving graphene supported porphyrin 

derivatives have shown excellent catalytic activities for oxidation reactions 

with twofold increase in catalytic activity compared to free porhyrin, which 

has opened up a new outlook for using grapheme oxide as a support material.  

The hemin-graphene nanohybrid has proved as highly effective catalyst for 
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toluene oxidation reaction under mild conditions. The hemin-graphene 

conjugates have also performed as an effective catalyst for the oxidation of 

pyrogallol with exceptionally high catalytic activity.14 The inherent π- π 

interactions between hemin and graphene where hemin retains its catalytically 

active monomeric form accounts the activity of the conjugate system. 

    The high activity of graphene oxide based multicomponent catalytic systems 

over other nanohybrids might be due to the synergetic effect between the metal 

and graphene oxide components. Synergetic effect in multicomponent catalytic 

systems represents interaction between the active metal or metal oxide catalyst 

and the supporting material. Theses resulting enhanced catalytic performances 

of the hybrid material compared to combined activity of individual 

components. Also, carbonaceous supports impart high thermal stability for the 

metal nanoparticles preventing agglomeration during high temperature 

annealing required for several nanocatalytic systems for better performance as 

catalysts in chemical reactions. In case of graphene oxide, due to their high 

dispersibility in polar solvents, the adsorption of metal salts and further 

nucleation and growth of the metal nanoparticles on their surface is much 

easier leading to high catalyst loading on the graphene oxide surface.15 

 
1.3 Development of Gold based Nanocatalysts  
 
    Metallic nanoparticles occupy a special place in catalysis and several 

metallic nanoparticles such as Au, Ag, Cu, Pd, Pt, Ru, Rd etc. have 

demonstrated excellent activity as catalysts for several important organic 

transformations such as hydrogenation of alkenes, alkynes and aromatics and 

C-C bond formations such as hydroformylation, methanol carbonylation, 

coupling reactions and Pauson – Khand reactions, oxidation, dehydrocoupling 

and hydrosilylation.16-17 With the development of bottom-up approaches for 

the precise size and shape selective synthesis of nanoparticles, excitement in 

developing metal nanoparticle based catalytic systems for selective synthesis 

of chemicals has increased manifold. Nanoparticles occur in a variety of sizes 

ranging from 10 to 106 atoms per clusters. Metal nanoparticles having 

diameter smaller than 2 nm contain less than 100 atoms and have an especially 
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large surface area to volume ratio with high surface energy, which is highly 

desired in catalysis.18   

 

 

 

 

 

 

 

 

 

Figure 1.5 Decrease of surface-to-volume ratio for cuboctahedral 

nanoparticles (fraction of surface atoms given in %). 

At the nanoscale level, the exposed surface atoms are more active and have 

physico-chemical properties completely different from their bulk counterparts. 

The high activity of these metallic nanoparticles is reflected in an impressive 

number of catalytic reactions that are achieved under milder reaction 

conditions. Further these nanoparticles can also be used as catalysts in 

homogeneous systems or alternatively they can be heterogenized by fixation 

onto a heterogeneous support such as silica, alumina, other oxides or carbon.19-

20 Thus, the field of nanoparticle catalysis involves both the homogeneous and 

heterogeneous catalysis communities and these catalysts are therefore called 

“semi-heterogeneous”. Nanocatalysts are selective, efficient and recyclable 

and thus meet the modern requirements for green catalysts. 

    Au is considered to be a noble metal, as the nobility of metals are entirely 

connected to the chemisorption of oxygen to the metal surface with simple 

bond formation. On Au metal surface, the dissociative chemisorption of 

oxygen is thermodynamically forbidden. Correlating with the chemisorption 

energy of different transition metals in the periodic table as shown in Figure 

1.6, Au is the only metal with endothermic chemisorption energy and has 

weak oxygen binding capability.21 
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Figure 1.6 Chemisorption energy of different transition metals. 

 

    However the seminal discovery by Prof. Haruta’s group that Au 

nanoparticles immobilized on oxide supports (TiO2, Fe2O3 or Co3O4) could 

effectively catalyze CO oxidation to CO2 by O2 even below 200K with the 

crucial requirement for the small size of the Au NPs ( < 5 nm), has completely 

changed the way the chemists look at this magic metal.21 Subsequently, there 

was a flurry of research with respect to activity of Au nanocatalysts with 

respect to size and shape, role of support and their applicability in various 

organic transformations. Detailed mechanistic investigations, both 

experimentally and theoretically, have been explored for understanding the 

complicated surface reactions occurring during these catalytic reactions. Au 

nanoparticles have shown tremendous potential as oxidation catalysts and 

various supported and unsupported Au nanocatalytic systems have been 

developed towards realizing oxidation of organic substrates.22 The 

developments are summarized in Figure 1.7. Along with oxidation reactions 

Au nanoparticles have also shown catalytic activities in several other 

important organic transformations such as selective hydrogenation23 (e.g., CO2 

reduction to CO, nitrophenol to aminophenol, and chemoselective 

hydrogenation of α,β-unsaturated ketones to α,β-unsaturated alcohols). Au 

nanoparticles have also shown  high activity in C-C couplings reactions like 

ullmann homocoupling of halides, oxidative homocoupling of 

organoboronates,24 Suzuki cross-coupling of phenylboronic acid and halides, 
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Sonogashira cross-coupling of iodobenzene and phenylacetylene, and A3 -

coupling reaction of phenylacetylene, amines, and aryl or alkyl aldehydes.32 

 

 

 
Figure 1.7 Important aerobic oxidations in fine chemical syntheses catalysed 

by supported and unsupported Au nanocatalysts (adopted from Annual Review 

of Chemical and Bimolecular Engineering22 ). 

 Some of the important organic transformations  catalysed by Au nanoparticles 

are summarized in Table 1.1. These carbon-carbon bond formations are very 

important in organic synthesis especially for production of natural products 

such as alkaloids, biologically active compounds in pharmaceutical and 

agrochemical industries. 
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Table 1.1 Few Important organic transformations catalyzed by Au 

nanoparticles 

.  

1.4 Role of Support 

    For the nanocatalytic systems, stability of the nanoparticles in the reaction 

medium is a critical issue as electrostatic, steric or ligand interactions often 

lead to agglomeration of the nanoparticles.33 This leads to decreased surface 

area to volume ratio, resulting in decrease in activity of the nanocatalysts. This 

is important as nanoparticles are expected to be reused over several cycles 

Entry Gold 
nanocatalyst 

Reactions 

1 Au/CeO2 

Ref25 

 

2 Au/TiO2 

Ref-26 

 
3 Au/Fe2O3 

Ref-27 

 
  4 AuTiO2 

Ref-28 
 

5 Au/PATP 

Ref-29 

 
6 Au/CeO2 

ref-30 

7 Au/TiO2 

Ref-31 
 

+
I
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without major loss in activity. Therefore there has been continuous effort to 

use nanoparticles in homogeneous, heterogeneous, supported and biphasic 

medium including also studies in non-classical conditions (solvent-free, 

aqueous, use of ionic liquids, fluorine chemistry, microemulsions, micelles, 

reverse micelles, vesicles, surfactants, aerogels, polymers or dendrimers) to 

obtained optimized catalytic conditions.34 In case of Au nanocatalysts, for the 

CO oxidation to CO2 in presence of molecular O2, Haruta et. al. showed that 

the activated metal oxide support was involved in the mechanism. Haruta 

suggested that CO probably adsorbs on the edge and step sites of AuNP 

surfaces and O2 adsorbs on the support surfaces.35  Subsequently several other 

groups have reported the role of various metal oxide supports on 

hydrogenation, C-C coupling and oxidation reactions. With a well-developed 

porous structure and high surface area combined with high thermal and 

chemical stability, a variety of oxides of metals such as Si, Al, Ti, Fe, Zn, Ni, 

Ca, Mg etc. have been studied as supports for Au nanoparticle catalysts for 

important transformations. Charcoal adequately modified to have high surface 

area, porosity and pore size distribution, as well as carbon nanotubes have also 

been used as supports for immobilizing metal nanoparticles for catalysis.36 

Recently, nanoparticles immobilized in metal-organic frameworks have also 

shown high activity as catalysts for chemical reactions.37  

    In this thesis, we have investigated the catalytic activity of Au based 

nanocatalysts stabilized in a polymer matrix namely poly(N-vinyl-2-

pyrrolidone) (PVP). Polymers provide metal NP stabilization not only because 

of the steric bulk of their framework, but also by weak binding to the NP 

surface by the heteroatom, playing the role of ligands. PVP is one of the most 

commonly used polymers for nanoparticle stabilization and catalysis, as it 

fulfils both the stabilization and ligand requirements. Several metal 

nanoparticle-PVP composites such as Pd, Pt, Au and Rh nanoparticles have 

been evaluated for catalysis.  PVP weakly interacts with the nanocluster 

through the -N-C=O sites of their functional groups where the oxygen binds to 

the metal nanoclusters surface.38 The size tunability of the nanoparticles can be 

controlled by varying the polymer:metal salt ratio by properly controlling the 

reaction conditions. Further, PVP has been used as a shape-directing agent 
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towards the synthesis of nanoparticles with exposed facets by the well-known 

polyol method. Hence a proper understanding towards the correlation of size, 

shape and morphology of nanoparticles and catalytic activity can be achieved 

by using this nanocomposite system. Other conventional polymers like 

polyvinyl alcohol (PVA), polyaniline, polyacralamide, poly(N-

isopropylacrylamide) (PNIPAM), polystyrene based polymers, poly(2-amino-

thiophenol) etc.39-40 have been utilized for stabilizing the metal nanoclusters 

through their weak interaction with the metal  surface and catalytic activity of 

these nanocomposites have been performed.  

1.5 Bimetallic nanoparticles 
   Bimetallic nanoparticles, that comprises two metallic constituents in the 

same nanoparticles has attracted tremendous research activities, as they show 

better reactivity, selectivity and stability compared to their monometallic 

counterparts.41 Bimetallic nanoparticles not only combine the properties of 

their individual constituents, but also it is possible to change the reaction 

pathway dramatically in catalysis when one metal is combined with a second 

metal. Among bimetallic catalysts, AuPd has received a great deal of attention 

because of its superior activity in a number of reactions. AuPd catalysts are 

used in the industrial synthesis of vinyl acetate (VA).42 AuPd catalysts also 

catalyze low-temperature CO oxidation, direct H2O2 synthesis from H2 and O2, 

hydrodechlorination of Cl-containing pollutants in underground water, 

hydrodesulfurization of S-containing organics, hydrogenation of 

hydrocarbons, acetylene trimerization, and many other reactions.43 

Catalytic performances of bimetallic nanomaterials 
1. Structure effect 

2. Composition effect 

3. Morphology effect  

AuPd catalysts are termed as ‘‘alloy’’ when Pd and Au are intimately mixed 

otherwise ‘‘bimetallics’’ when Pd and Au are segregated. The chemical and 

physical properties of bimetallic nanoparticles can be tuned by altering the 

size, composition and atomic ordering of the corresponding metal components 

which is explained as follows. 
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Structure effect 

    Bimetallic nanocatalysts demonstrate structure dependent performance 

which is associated with the electronic states of the nanoparticles surface, as it 

leads to modification of specific geometric structure with varying the local 

strain and atomic coordination number of the corresponding alloy 

nanocatalyst.44 The catalytic efficiency of bimetallic nanoparticles mainly 

depends upon two factors: 

1. Ensemble effect: ascribed with bimetallic nanomaterials that composed 

of different metal atoms or clusters of atoms, which facilitates more 

than one active site for a particular catalytic reaction. In case of AuPd 

system, the catalytically more active component (Pd) is diluted by the 

less active component (Au). As the surface ratio of Au–Pd increases, 

sizes of contiguous Pd ensembles decrease and eventually all Pd atoms 

are separated by Au as isolated Pd monomers.45  

2. Ligand effect: electronic modifications resulting from hetero-nuclear 

metal–metal bond formation. It involves the charge transfer between 

two metals or orbital rehybridization of one or both metallic 

components. In case of AuPd bimetallic nanoparticles, it is expected 

that there will be charge transfer from Pd to more electronegative Au. 

Upon alloying, whereas Au gains s, p electrons while loses d electrons, 

Pd loses s, p electrons and gains d electrons. For transition metals like 

Au and Pd, chemisorption and catalytic properties are governed by d- 

characters more than s and p characters. Gaining d electrons in Pd 

results in weaker interaction between the adsorbates and Pd surface 

atoms.46 Thus Au effectively weakens the binding strength of Pd by 

perturbing the d-band. However the catalytic activity of Pd is enhanced 

within AuPd alloy, possibly due to diminished self-poisoning by 

reactants/products. 

Composition effect 

    In alloy nanoparticles, the composition effect is closely related to 

structure effect. Since the addition of another metal greatly influences 

the electronic properties of the primary metal, it is easily 

comprehensible that the molar ratio of two metals plays an important 
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role in determining the catalytic performance of bimetallic 

nanoparticles. Due to the change in the geometric and coordinating 

parameters of the surface atoms in alloy nanoparticles (which is 

governed by the molar ratio of the two components) the probability of 

binding of the substrate molecules to the surface increases.47 The 

strong metal-metal interactions tune the bonding between the catalysts 

surfaces and reactants, where the extra stabilization of the transition 

state on the alloy catalysts in comparison to the corresponding 

interaction on the monometallic catalyst surface is an additional 

benefit. Furthermore, the metal−metal bonds in bimetallic 

nanoparticles with intrinsic polarity govern unique reaction pathways 

for catalytic reactions. Thus cooperativity and synergistic effects that 

arises from the simultaneous or consecutive actions of different metal 

centers usually result in higher catalytic activity.48  

 

 

 

 

 

 

 

 

            Figure 1.8 Influence of a chemically different second metal on the 

binding of a substrate (synergistic effect) 

 

Morphology effect 

   The catalytic action of bimetallic nanoparticles is a surface phenomenon; 

therefore it is naturally expected that the activity and selectivity of these 

nanoparticles will be dependent on the morphology of the nanoparticles. Based 

on the mixing pattern, bimetallic nanoparticles can be divided into three main 

types: Core– shell structures, heterostructures, and intermetallic or alloyed 

structures. Core–shell structures are formed if one type of metal is reduced 

first to form an inner core and another type of metal prefers to nucleate and 

Interaction of 
substrate in a 
monometallic 
system 

Stereoelectric effect 
of a second metal on 
the M1-Substrate 
interaction 

Combined effect of 
the two metals on 
substrate binding 
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grow around the core to form a shell. In heterostructured NPs, individual 

nucleation and growth of two kinds of metal atoms occur with the sharing of a 

mixed interface during the growth process. Alloy NPs are homogeneous 

mixtures of two metals on the atomic level and can be distinguished owing to 

the formation of metal-metal bonds. In several catalytic reactions, the 

mechanism involves leached metallic species in solution act as the 

catalytically active ones, and they are redeposited at the end of the reaction 

making the reaction quasi-homogeneous.49, 50     

 

 

 

Figure 1.9 schematic representations of some possible mixing patterns in 

bimetallic systems: (a) core–shell alloys, (b) sub-cluster segregated alloys, (c) 

ordered and random homogeneous alloy. The diagrams show cross-sectional 

representations of the clusters (adopted from ref 50). 

1.6 Shape effect Catalytic reactions following the heterogeneous 

pathway can be categorized into structure-sensitive and structure-insensitive or 

facile reactions. In case of facile reactions, the turn-over frequency of the 

catalyst that signifies the rate per exposed surface atom does not depend on the 

structural characteristics of the surface (such as smooth or rough surface, 

exposed crystal planes etc.). In case of structure-sensitive reactions, the turn-

over frequency changes appreciably, in several cases by many orders of 

magnitude, depending on the exposed facets. Therefore, for these kinds of 

reactions, catalyst design with more reactive crystal planes on the surface to 

optimize the structure of the active site is highly desirable for better activity. 

Shape-controlled synthesis of NCs presents great opportunity for the synthesis 

of catalytic materials with such desirable features. 
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Fig. 1.10 Schematic of some examples of atomic arrangement on the surface 

of face centred cubic (fcc) metal crystals with different shapes. (a) Cube 

exposes {100} facets. (b) Octahedron exposes {111} facets. (c) 

Tetrahexahedron exposes {hk0} facets containing atomic steps and terraces. 

(adapted from Reference 52). 

 

      During the last decade, shape-controlled synthesis of nanocrystals have 

attracted increasing interest and semiconductors, metals, metal oxides as well 

as alloys have been exploited to discover structurally unprecedented motifs 

including polyhedrons, rods and belts, plates and prisms with corresponding 

crystal planes exposed. Several groups have performed various catalytic 

reactions using these shape-selective nanoparticles and have identified the 

activity of exposed facets in these reactions. Zhou et. al. summarized facet 

dependent heterogeneous catalytic reactions in an excellent review.51a It is 

worth mentioning that capping agents or morphology controlling agents that 

controls the shape-directing synthesis of nanocrystals might not be easily 

removed from the surface. These stabilizers might play an influential role on 

the catalytic activity and selectivity of the nanocrystals.  
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1.7 Organization of the thesis 

The aim of our works is to explore the inherent catalytic activity of an 

important carbonaceous material graphene oxide and Au based monometallic 

and alloy nanoparticles towards the development of greener and highly 

efficient synthetic methods for useful organic transformations. The use of 

nanocatalysts along with avoiding organic solvents and harsh reaction 

conditions is of significant importance in modern organic chemistry. Recently 

carbonaceous materials such as graphene oxide and ultrasmall carbon dots 

have shown tremendous activity in the area of catalysis. On the other hand, 

there has been a tremendous focus on Au based monometallic and bimetallic 

nanoparticles for catalysis. There has been significant focus on attaining high 

activity and selectivity by controlling the composition and structural 

parameters such as formation of two metal composites (alloy and core-shell) 

and shape controlled nanoparticles where the preferential exposure of facets 

activate the catalytic reactions. 

Chapter 2: In this chapter, we have shown the exploitation of the acidic 

oxygenated groups on the graphene oxide (GO) sheets towards the 

applicability as an efficient catalyst for the three-component coupling reaction 

to synthesis of α-aminophosphonates, 3,4-dihydropyrimidin-2-one (DHPM) 

and 3-substituted indole which are important motif of various biologically 

active compounds. Due the presence of numerous hydroxy, epoxy and 

carboxylic groups on their surface and the presence of large surface area, 

graphene oxide can act as an exciting and efficient metal-free heterogeneous 

catalyst following green organic protocols. The methodology of three 

component coupling resulted in high yield of the desired products in a very 

short reaction time. Major advantages of use of graphene oxide as a catalyst, it 

could be separated easily from the reaction mixture and could be reused for 

several cycles without major loss in catalytic activity. 

Chapter 3: Here we explored the catalytic activity of self-assembled 

monolayer-coated Au-NPs for the aerobic oxidation of aryl substituted α-

hydroxy ketones to aryl 1,2-diketones and extended this reaction for a one-pot 

synthesis of biologically significant quinoxaline derivatives in water. The 
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catalytic behavior of self-assembled monolayer-coated Au-NPs would be 

helpful in establishing the guiding principles for the rational design of active 

Au-NP-based catalytic systems. We have shown that 4-aminothiophenol self-

assembled monolayer-coated gold-nanoparticles (Au-NPs) could catalyze 

aerobic oxidation of aryl substituted α-hydroxy ketones to aryl 1, 2-diketones 

in aqueous medium at 80 °C in presence of K2CO3. The use of our 

methodology allows skipping hazardous acid catalysts, organic solvents, 

avoiding the use of stoichiometric amounts of potentially toxic oxidants and 

often saving time and reagents. 

Chapter 4: α-keto esters and α-keto phosphonates are structural motifs of 

various natural products, pharmaceuticals and biologically active compounds 

and have been found at the core of numerous analgesic, non-steroidal anti-

inflammatory drugs and phytohormonal growth regulators. Hence, 

development of a nanoparticle based reusable catalyst that exhibit a wide range 

of substrate tolerance for the direct oxidation of α-hydroxy esters and α-

hydroxy phosphonates to their keto counterparts is crucial from both synthetic 

and green chemistry point of view. It has been well established that bimetallic 

NPs offer greater reaction specific catalyst tunability and superior performance 

compared to their monometallic counterparts owing to the synergistic effect 

between two different metals. The selectivity in oxidation of substrates having 

esters and phosphonate groups were controlled by tuning the Au:Pd ratio (1:1) 

in a bimetallic nanoparticle catalyst under a base-free and solventless 

condition.  

Chapter 5: In this chapter, we have shown a new methodology for the 

synthesis of α-ketoamides from phenylglyoxal and aromatic amines using 

heterogeneous Au-Pd alloy nanoparticle as catalyst in presence of molecular 

oxygen as oxidant. The monometallic Au or Pd nanoparticles stabilized by 

poly(N-vinyl-2-pyrrolidone (PVP) yielded very less coupling product, 

however the alloy AuPd nanoparticles afforded high yield of the coupling 

product in DMSO at 60 °C. The substrate scope was evaluated by varying the 

amines and phenylglyoxals. AuPd alloy nanoparticles showed high yield for 

the coupling products under our reaction conditions. 
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Chapter 6: In this chapter, we report the cross-dehydrogenative coupling of 

1,2,3,4-tetrahydroisoquinoline with nitromethane catalyzed by shape 

controlled urchin like AuPd bimetallic nanoparticle without any external 

oxidant. It has now been established that shape controlled nanoparticles with 

well-defined facets can be used as heterogeneous catalysts with enhanced 

activity and selectivity. It was observed that monometallic Au or Pd 

nanoparticles were unable to catalyze the cross-dehydrogenative coupling 

reaction even at elevated temperature. When spherical AuPd nanoparticles 

were used for the reaction in DMSO using triethyl amine at 60 °C, 30 % of the 

coupling product was obtained. On the other hand, in presence of the urchin 

shaped AuPd nanoparticles, we obtained 88 % yield of the coupling product 

under the similar reaction conditions. A detailed mechanistic study revealed 

that the Br- ions bound on the nanoparticle surface played a pivotal role in 

enhancing the catalytic activity and reactivity. 
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2.1 Introduction  

   With the advent of materials in the nanometer dimensions, there has been a 

tremendous effort towards the development of eco-friendly, more efficient and 

atom economic nanomaterial based heterogeneous catalytic systems for 

organic reactions. Nanomaterials offer manifold increase in the surface area to 

volume ratio that leads to enhancement of catalytic activity much higher 

compared to their bulk counterparts. With the focus on the development of 

green chemistry pathway for industrial applications, carbonaceous materials 

have taken center-stage in catalysis research because of their negligible 

toxicity, availability from natural resources and possibility of surface 

functionalization as desired. Carbonaceous materials, including mesoporous 

carbon, fullerenes and carbon nanotubes, in their pristine or doped states have 

been used as both supports and metal free catalysts for facilitating synthetic 

transformations.1 After the report by Geim and co-workers,2 graphene and 

related two dimensional sp2 -hybridized materials have invoked incredible 

research interest owing to their inherent optical, electrochemical and 

mechanical properties.3 The development of the wet chemical methods for 

chemically modifed graphene in substantial quantities has sparked great 

excitement, enabling the facile fabrication of carbon based functional 

materials.4 Graphene oxide (GO), which is oxygenated graphene sheets 

covered with hydroxyl, epoxy and carboxyl groups (Figure 2.1), offers 

tremendous opportunities for functionalization, and it can be processed into a 

wide variety of novel materials. In the field of catalysis, GOs have been 

focused on primarily as supports for catalytically active metals. Taking 

advantage of the large nucleation or stabilization sites present on the GO 

surface, catalytically active nanoparticle–GO composite materials have been 

synthesized and demonstrated as versatile and recyclable heterogeneous 

catalysts in several important organic transformations.5 Similarly, the activity 

of proteins and enzymes increased several fold while immobilized on 

graphene oxides.6 On the other hand, with the help of the aromatic scaffold 

decorated with oxygenated functional groups, the inherent chemical properties 

of GO have been recently exploited as an effective carbocatalyst that might 

present a green alternative to metal catalysis. GO has been used as an oxidant 
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for the oxidation of sulphides, and other hydrocarbons.7 Furthermore, the 

acidic nature of GO has been exploited for use as a solid acid for the hydration 

of various alkynes, Friedel–Crafts addition of indoles to α,β-unsaturated 

ketones, Aza-Michael addition of amines to activated alkenes, condensation 

and ring opening of epoxides under mild conditions.8 

 

 

 

 

 

 

Figure 2.1 Schematic structure of a single layer graphene oxide. 

      Here, we report the exploitation of the acidic oxygenated groups on the 

GO sheets towards the applicability of GO as a potent catalyst for the three-

component one-pot synthesis of α-aminophosphonates and 3,4-

dihydropyrimidin-2-ones (DHPM),which are important classes of biologically 

active compounds. It is well known that multi-component reactions are more 

competent than multistep syntheses as they require minimal workup and 

desired products can be obtained in one pot, and often in quantitative yield.9 

Hence, there has been an intensified focus towards new heterogeneous 

catalysts for multicomponent reactions that would reinforce environmental 

benefits. The synthesis of α-aminophosphonates has gained considerable 

interest because of their structural analogy to α-amino acids and their action as 

peptide mimics, enzyme inhibitors, herbicides and pharmacological agents.10 

A number of methods have been developed using various Bronsted acids, 

Lewis acids, heteropolyacids and nanocatalysts to accomplish the synthesis of 

these compounds.11 Similarly, intense synthetic investigations have been 

carried out on DHPM scaffolds due to their broad pharmacological profile as 

calcium channel modulator, antiviral, anti-inflammatory, antifungal and 
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antitumor agents.12 The synthetic approach to DHPMs is based on ternary 

condensation of ethyl acetoacetate, aromatic aldehyde and urea under strong 

acidic conditions, which was first reported by Biginelli.1 

 

 

 

 

Figure 2.2 Schematic representation of Syntheses of α-aminophosphonates 

and 3,4-dihydropyrimidin-2-ones using GO as a heterogeneous catalyst.  

   

Subsequently, a variety of procedures using homogeneous Lewis acids as well 

as protic acids or heterogeneous catalysts have been developed to accomplish 

this transformation.14 However, in spite of their potential utility, many of these 

reported protocols suffer from various drawbacks such as the use of expensive 

and highly corrosive catalysts, tedious separation procedures and prolonged 

reaction times. Most of the existing methods use metal-based homogeneous 

catalysts, which are destroyed during the work-up procedure and their 

recovery and reusability is often impossible, limiting their use from the aspect 

of environmentally benign processes. Consequently, the design of a simple, 

efficient, metal-free and green catalyst would extend the scope of the synthesis 

of these important classes of biologically active molecules. The presence of 

bronsted acid sites over a large surface area of GO motivated us to test the 

activity of this non-toxic material as an acid catalyst for the three-component 

one-pot coupling reactions, leading to the formation of α-aminophosphonates 

and 3,4- dihydropyrimidin-2-ones (Figure 2.2). Further we used GO as a 

catalyst towards the synthesis of 3-substituted indoles through a multi-

component coupling pathway. The use of metal-free catalysts such as GO 

follows the precepts of green chemistry, i.e. the reactions are carried out under 

solvent-free conditions and can be used in several cycles. 
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2.2 Results and discussion  
 2.2.1 Optimization for the synthesis of α-amino phosphonates with graphene 

oxide in different conditions 

 

Table 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Entry Catalyst  
(mg or mol%) 

Reaction condition Yieldb (%) 

1  None cWater, 25°C, 3 h.  0 
2  None cNo solvent, 25°C, 3 h. 0 
3 GO (10) cWater, 25°C, 4 h. 18 
4 GO (10) c1,4-dioxane, 25°C, 4 h. 0 
5 GO (10) chexane, 25°C, 4 h. 1 
6 GO (10) ctoluene, 25°C, 4 h. 1 
7 GO (10) cCH3CN, 25°C, 4 h. 8 
8 GO (10) cTHF, 25°C, 4 h. 12 
9 GO (10) cDMF, 25°C, 4 h. 8 
10 GO (10) cethanol, 25°C, 4 h. 10 
11 GO (10) cmethanol, 25°C, 4 h. 12 
12 GO (10) cwater, 60°C, 4 h. 25 
13 GO (10) cwater, 80°C, 4 h. 30 
14 GO (10) cNo solvent, 25°C, 1 h. 79 
15 GO (10) cNo solvent, 60°C, 1 h. 85 
16 GO (10) cNo solvent, 80°C, 1 h. 92e 
17 GO (2) cNo solvent, 25°C, 1 h. 41 
18 GO (5) cNo solvent, 25°C, 1 h. 56 
19 pTSA (10) cNo solvent, 25°C, 1 h. 58 
20 AlCl3 (10) cNo solvent, 25°C, 1 h. 29 
21 CSA (10) cNo solvent, 25°C, 1 h. 77 
22 GO (10) c0.1 mL pyridine, 25°C, 1 h. 9 
23 Amorphous 

carbon (10) 
cNo solvent, 25°C, 4 h. 13 

24 Graphite (10) cNo solvent, 25°C, 1 h. 10 

25 RGO (10) cNo solvent, 25°C, 1 h. 16 
26 GO (2) d No solvent, 25°C, 45 min. 82 
27 GO (5) d No solvent, 25°C, 15 min. 88 
28 GO (10) d No solvent, 25°C, 5 min. 96 

aUnless otherwise specified, all the reactions were carried out with 
benzaldehyde (1.0 mmol), aniline (1.0 mmol) and diethylphosphite (2.0 
mmol), bisolated yields, cunder magnetic stirring, dunder ultrasonic 
irradiation (50 Hz), epolyaniline formed as byproducts. 
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In order to test the efficacy of GO as a catalyst for the one pot multi-

component reactions, we choose the model Kobachnik-Fields reaction 

between benzaldehyde (1.0 mmol), aniline (1.0 mmol) and diethylphosphite 

(2.0 mmol).  The effect of reaction parameters, such as the influence of 

solvents, catalytic concentration, temperature and other reaction conditions, 

was evaluated to optimize the reaction conditions. It was noteworthy that, in 

the absence of GO, no significant product formation was observed under 

similar reaction conditions. In non-polar solvents such as 1,4-dioxane, n-

hexane and toluene, the reaction did not take place in the presence of GO as a 

catalyst even after prolonged reaction time (entry 4–6, Table 2.1). Moreover, 

in the case of polar aprotic solvents, such as acetonitrile, THF and DMF, the 

yield of the reaction was found to be very low (entry 7– 9, Table 2.1). 

Furthermore, even in the case of polar protic solvents such as methanol and 

ethanol, the yield of the desired product was very low (Entry 10-11, Table 

2.1). When we used water as the solvent for the reaction in presence of GO, 

the reaction did not progress well, we were able to isolate the coupling product 

with a moderate yield (18-30%) at various temperature (Entry 11-13, Table 

2.1). Interestingly, there was a substantial enhancement in the yield when the 

coupling reaction was carried out under solvent free conditions with constant 

stirring. The desired coupling product (phenyl-phenylaminomethyl)-

phosphonic acid diethyl ester was obtained in a 79% yield after reacting at 

room temperature for 4 hours (Entry 14, Table 2.1). The yield of the product 

increased to 92% when the reaction was carried out at elevated temperature 

(80 °C) (Entry 16, Table 2.1), however a small amount of green coloured 

byproduct was formed that could be attributed to the emeraldine form of 

polyaniline and was formed by the aerial oxidation under  acidic condition. It 

is observed that the order of mixing the substrates did not influence the 

product yield. GO showed equivalent or superior catalytic behavior as an acid 

catalyst under solvent free conditions compared to other commonly used 

catalysts such as p-toluene sulfonic acid (pTSA), anhydrous AlCl3 or camphor 

sulfonic acid (CSA), under similar reaction conditions (entry 19–21, Table 

2.1). For comparison, we performed the synthesis in the presence of other 

carbon catalysts such as activated carbon, graphite and reduced graphene 
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oxide (RGO, GO reduced with hydrazine, entry 23–25, Table 2.1). The results 

suggested that the presence of acidic groups on the surface of GO played an 

essential role in the multi-component coupling reaction. To verify these 

results, the coupling reaction was performed in the presence of 0.1mL of 

pyridine, and the yield was only 9%, indicating the poisoning of the acid sites 

in GO (entry 22, Table 2.1).  

     Sonochemistry has been recognized to be an efficient technique in organic 

synthesis as ultrasound irradiation can accelerate chemical reactions to provide 

improved reaction yields, shortened reaction time and increased selectivity.16 

When we performed the model coupling reaction between benzaldehyde, 

aniline and diethylphosphite in an ultrasonicator bath (50 Hz) under solvent-

free conditions using GO as a catalyst, the reaction yields improved to 96% in 

a significantly reduced reaction time (5 minutes, Table 2.1, entry 28). Hence, 

it was imperative for us to use ultrasonic irradiation for developing a synthetic 

methodology for the synthesis of α-aminophosphonates. It is worth 

mentioning here that the substrate to catalyst ratio played an important role in 

the rate of the coupling reaction. When the catalyst-substrate ratio was low (2 

wt %), the reaction yield was 82%  after 45 minutes under ultrasonic 

irradiation, whereas there was a drastic enhancement in the rate of the reaction 

when 10 mg (10 wt%) of the catalyst was used under similar reaction 

conditions (96% yield in 5 minutes, entry 26– 28, Table 2.1). From the various 

reaction conditions shown in Table 2.1, it is obvious that the superior result 

was obtained at conditions mentioned in entry 28 (96% yield). 

 

2.2.2 Screening with different amine and different aldehydes for the 

synthesis of   Aminophosphonates  

    Under optimal conditions, we examined the scope and generality of this 

multi-component coupling reaction using graphene oxide as a catalyst under 

standard reaction conditions, and the results are compiled in Table 2.2. It was 

observed that there was an insignificant electronic and position effects on the 

three-component coupling from aromatic amines, since anilines with p-, m- or 

o-substituents resulted in the corresponding α-aminophosphonates in excellent 

yield. The aromatic aldehydes having either electron-donating groups or even 
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electron-withdrawing groups gave excellent yield of products (Table 2.2, entry 

1–21). However, the presence of electron-withdrawing groups as a substituent 

in the aryl moiety had considerable effect on the kinetics of the reaction, as we 

observed lesser yield with these substrates even a prolonged ultrasound 

irradiation. 

Table 2.2 Synthesis of α-aminophosphonates (3aa-al) 

    

   

                         

                           

   

R1 H

O

+  R2-NH2  +   HPO(OEt)2
10 Wt % GO

Sonication R1 NH

PO(OEt)2

R2

1(a-k)                  2(b-l)
3(ab-al)
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   Similar effects were observed when electron-withdrawing groups were 

present in the aniline moiety. The reaction was found to be compatible with 

various functional groups such as -Br, -Cl, -OMe, -NO2, -OH and -CN, which 

do not interfere in the reaction by competitive complex formation with the 

catalyst or by nucleophile. 

Encouraged by the electiveness of graphene oxide as a catalyst for 

multicomponent one-pot transformations such as the synthesis of α-

aminophosphonates, we intended to study the versatility of the catalyst 

towards the rapid, automated and high throughput synthesis of biologically 

active 3,4-dihydropyrimidin-2-ones through a multicomponent reaction 

pathway. The one-pot cyclocondensation reaction of aromatic aldehydes, 

ethylacetoacetate and urea in the presence of GO in a solvent-free 

environment under ultrasonication gave the corresponding products. However, 

for better conversion, the reaction had to be carried out for prolonged time 

compared to that for synthesizing α-aminophosphonates. A wide range of 

aromatic aldehydes were investigated for their reaction with ethyl acetoacetate 

and urea in the presence of graphene oxide as a catalyst under the optimized 

reaction conditions, and the results are summarized in Table 2.3.  
Table 2.3 Synthesis of active 3, 4-dihydropyrimidin-2-ones 

 

 

 

N
H

NH

Me
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O

O
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  Aromatic aldehydes containing electron-releasing groups (Table 2.3-5b, 5c) 

in the para position afforded high yields of the products. Another important 

characteristic feature of this method is the tolerance and compatibility of 

various functional groups such as Cl and Br, to the reaction conditions, as we 

did not observe formation of any side product (Table 2.3, 5d, 5e, 5g). Notably, 

we have used low catalyst loading for this coupling reaction compared to the 

previous catalysis reactions using GO.18 Therefore, with low catalyst loading, 

GO can be used as a model catalyst in a solvent-free and metal-free 

environment for practical application. 

Table 2.4 Synthesis of 3-substituted indoles  
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    Further, we explored one-pot multicomponent condensation reaction of 

indole with aldehydes and N-methylaniline to synthesis a skeleton of 3-

substituted indoles using graphene oxide as a catalyst under ultrasonic 

irradiation. In contrast to the earlier multicomponent reaction, higher yields for 

the formation of 3-substituted indoles were observed when the reactions were 

performed using MeOH as a solvent under ultrasonic irradiation. Several 

aromatic aldehydes with electron-donating and electron-withdrawing groups 

CHO

+
N
H

H
N

Me
+

N
H

N
Me

R1

R1

GO, MeOH

Sonication

7(a-i)
6(a-h)
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were preceded to form the desired 3-substituted indole products. It was found 

that corresponding products formed in good yields after 2 hrs and which is 

summarized in this Table 2.4 The presence of electron withdrawing groups 

such as –NO2, -Cl containing the aromatic aldehyde aromatic afforded better 

yield of corresponding products (7e, 7g, 7i, 7f in Table 2.4) compared to the 

presence of the electron donating groups such as -OMe, -Me as substituents 

(7b, 7c, 7h).  

2.2.4 Recyclability of graphene oxide catalyst  

Reusability without much loss of activity is a hallmark of a good 

heterogeneous catalyst. GO catalyst shows good recyclability and could be 

reused by simple filtration and rinsing with dilute HCl. For the model reaction 

between benzaldehyde (1.0 mmol), aniline (1.0 mmol) and diethylphosphite 

(2.0 mmol), the GO catalyst showed very good recyclable activity up to the 

seventh cycle tested figure 2.3. GO catalyst recovered even after the fifth cycle 

afforded 79% of the desired product, indicating that GO could be used as 

effective heterogeneous catalyst for these multi-component coupling reactions. 

 

  

 

 

 

 

                   Figure 2.3 Recyclability of graphene oxide catalysts. 

   

    It is well known that primary amines such as aniline can function as a 

reducing agent, and it is imperative that the chemical nature of GO sheets is 

influenced during their participation as a catalyst. It was further confirmed by 

the fact that the catalytic activity of GO was reduced to some extent during the 
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subsequent cycle of coupling reaction. To study this, we compared the 

physicochemical properties of pristine GO and GO recovered after the 5th 

cycle of reaction. 

2.3 Characterization of graphene oxide catalyst 

2.3.1 UV-Vis study and Raman spectroscopic study   

From the UV-visible studies shown in Figure 2.4 A, pristine GO exhibited two 

absorption peaks, a maximum at 230 nm corresponding to π -π* transitions of 

aromatic C–C bonds and a shoulder at 305 nm attributed to n -π* transitions of 

C-O bonds. In the case of GO recovered after 5th cycle of reaction, we 

observed shoulders at 222 nm, 256 nm and 309 nm, indicating that the 

electronic conjugation was slightly restored in the graphene sheet.19 

 

 

 

 

 

Figure 2.4 A) UV Visible spectra of graphene oxide (a) and recovered 

graphene oxide (b) dispersed in EtOH with 0.03 gm/mL B) Raman spectra of 

graphene oxide and recovered graphene oxide. 

 Furthermore, we performed Raman spectroscopy (Figure 2.4 B) in order to 

evaluate the crystal structure of carbon for pristine GO (red) and recovered 

GO (black). The D bands at 1350 cm-1 in both the samples in the Raman 

spectra confirmed the lattice distortions in the hexagonal graphitic layer. On 

the other hand, we did not observe any significant shift in the G peak (1592 

cm 1) in case of the recovered graphene oxide with respect to pristine graphene 

oxide. The G peak corresponds to the E2g mode of graphite and is a signature 

to the sp2 bonded carbon atoms in a two dimensional hexagonal lattice.20 

However, the ID/IG ratio of the recovered GO exhibited a significant increase 

as compared to pristine GO, demonstrating a partial reduction of GO after 

their participation as a catalyst in the multicomponent reaction. 
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2.3.2 Thermal Gravimetric Analysis and X-Ray diffraction study 

Furthermore, the quality of the pristine GO and recovered GO after the 5th 

cycle of catalysis was examined by thermal gravimetric Study (TGA). As 

shown in Fig. 2.5A, pristine GO (red curve) showed major weight loss 

between 100 °C and 200 °C, indicating the release of oxygenated groups from 

the most labile functional groups during pyrolysis. At a temperature below 800 

°C, the weight loss was observed to be about 69%. In the case of GO 

recovered after the 5th cycle (blue curve), we observed a similar pattern of 

weight loss. However, the weight loss was found to be 53% at a temperature 

below 800 °C. For comparison, we performed the TGA Study of reduced GO 

(black curve) formed by the reaction of GO with aniline in an ultrasonicator 

bath. The curve showed a completely different pattern, and the weight loss was 

found to be about 24% at a temperature below 800 °C, which can be attributed 

to the presence of polyaniline on the graphene oxide surface. From the results, 

it was concluded that although GO was partially reduced during its action as a 

catalyst, oxygen functional groups were not completely removed, which 

ascertains it’s efficiency after repeated cycle. These results were further 

supported by ζ potential measurements in deionized water. Whereas in case of 

pristine GO dispersed in water, ζ was found to be -50.5 mV, the recovered GO 

after 5th cycle showed a ζ value of -44.3 mV, confirming that the GO surface 

was partially reduced during catalytic reactions. 

 

 

 

 

 

 

Figure 2.5 A) TGA diagram of pristine graphene oxide and recovered 

graphene oxide B) XRD of graphene oxide and recovered graphene oxide in 

solid form. 
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Powder x-ray diffraction studies on pristine GO and recovered GO were 

carried out in order to evaluate the structural modifications after their 

participation as catalysts. As shown in Figure 2.5 B, GO showed a broad band 

with 2θ maximum at 9.9. Whereas for the recovered GO after the 5th cycle of 

catalysis, along with the 2θ peak at 9.84, there was an additional broad peak 

with 2θ maxima at 22.8 with interlayer separation of 3.89 Ǻ (black curve). The 

results suggest the partial reduction of GO oxygenated groups during the 

catalytic reactions, which is consistent with other studies.21 

 

2.3.3 FTIR Study 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 2.6 FTIR spectrum of graphene oxide (red line) and the graphene 

oxide recovered after 5th cycle of catalysis (blue line). 

    The FTIR spectra of both the pristine graphene oxide and the recovered 

graphene oxide exhibited broad and intense peaks centered at 3407 cm-1 

attributed to the O-H stretching mode (Figure 2.6). Further peaks at 1703 cm-1 

(C=O), 1557 cm-1 (C=C) and 1234 cm-1 (C-O) were observed in the FTIR 

spectrum indicating little changes in the bonding pattern of the graphene oxide 

before and after its participation as catalyst in the reaction. 

2.3.5 Elemental Analysis 

Elemental analysis of graphene oxide and graphene oxide recovered after 5th 

catalytic cycle of multicomponent reaction for the formation of α-amino 
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phosphonates have been compared in Table 2.4. The carbon content was found 

to increase from 31.4% (GO) to 33.7% (Recovered GO) while the oxygen 

content decreased from 43.2% (GO) to 41.2% (Recovered GO). The C/O ratio 

in the case of recovered GO after catalytic cycles was 1.09 compared to 0.97 

in the case of pristine GO, signifying the partial reduction of GO after its 

participation in catalytic cycles. The detection of 1.8% nitrogen in the 

recovered GO suggested the adsorption of aniline on the GO surface during 

reaction. 

 

Table 2.4 Elemental analysis of graphene oxide and graphene oxide 

recovered after 5th catalytic cycle of multicomponent reaction for the 

formation of α-amino phosphonates. 

 

Element C H O N S Adsorbed C/O 
      Water Ratio 

Wt% of 
Pristine 31.4 2.2 43.2 0 1.3 21.9 0.97 
graphene oxide        
Atom ratio 2.62 1.1 2.7 ------ 0.04 1.22  
Wt % of 33.7 2.1 41.2 1.8 0.9 20.3 1.09 
recovered GO        
after 5th 
catalytic        
Cycle        
Atom ratio 2.81 1.05 2.575 0.13 0.03 1.13  

 

2.3.6 Electron Microscopy Study 

    Transmission electron microscopy studies were carried out on a JEOL JEM-

2100F microscope in order to observe if there was any morphological changes 

after graphene oxide participated as catalysts during the multicomponent 

reactions. For this purpose, GO and recovered GO after catalysis were 

transferred to a copper TEM grid. The TEM image in figure 2.7 showed the 

sheet like structure of graphene oxide having a wrinkled paper like 

morphology with the direct deposition on standard grids having the advantage 

of producing larger areas of GO. The HRTEM image of the GO sheet showed 

a monolayer structure (Figure 2.7b). Figure 2.7c depicts a selected area 

electron diffraction (SAED) pattern of GO that was taken using a selected area 
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from the GO sheet suspended above a micrometer-sized hole on a 200 mesh 

copper transmission electron microscopy (TEM) grid and clearly demonstrates 

that the GO had a crystalline structure. Similar results were obtained from the 

morphological studies by transmission electron microscopy (TEM), where 

both GO and recovered GO showed rippled paper-like structure. Selected area 

electron direction (SAED) pattern of both GO and recovered GO showed their 

high crystallinity (Figure 2.7c and 2.7e). 

 

Figure 2.7 (a) Transmission electron micrograph (scale bar 1 μm); (b) 

HRTEM image (scale bar 5 nm) and (c) SAED pattern of graphene oxide. (d) 

Transmission electron micrograph (scale bar 0.5 μm) and (e) SAED pattern of 

recovered GO after their participation in catalytic reactions.   

On the other hand, the recovered GO exhibited a typical rippled and crumpled 

morphology and paper-like structure with single or very thin multi layers. The 

recovered GO also showed highly crystalline structure. The inner six member 

ring came from the (1100) plane, while the six brilliant points were related to 

the [0001] diffractions and retained the hexagonal symmetry of the [0001] 

diffraction pattern. The diffraction pattern images showed that the resulting 

recovered GO has been somewhat restored into the hexagonal graphene 

framework. 
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2.4 Proposed Mechanism 

   Mechanistically, the formation of α-aminophosphonate progressed through 

the imine intermediate, similar to earlier reports17 (Figure 2.8). The formation 

of imine was observed when benzaldehyde was reacted with aniline at room 

temperature under solvent-free conditions in the presence of GO as a catalyst, 

even without ultrasonication. The starting materials benzaldehyde and aniline 

exhibited peaks at 270 nm and 320 nm respectively, whereas the imine 

intermediate formed after catalysis by graphene oxide showed peak at 334 nm, 

confirming imine as the key intermediate in the product-forming pathway 

(Figure 2.8). The peak at 260 nm in the spectra of imine-graphene oxide 

conjugate is assigned to graphene oxide. 

 

 

 

 

 

 

 

 

 

Figure 2.8 Normalized UV-Visible spectrum of benzaldehyde, aniline and 
imine intermediate formed catalyzed by graphene oxide. 

Lewis acid-base interaction between the GO catalyst and the imine facilitates 

the reaction by shifting the equilibrium towards product formation in the 

coupling reaction. Based on the studies, a proposed mechanism is depicted in 

Figure 2.9. The presence of carboxylic acid groups on GO was primarily 

responsible for the activation. It was clearly evident from the observation that 

when the reaction was carried out in the presence of reduced GO (GO reduced 

with hydrazine), the reaction proceeded very slowly and required a prolonged 

reaction time (Table 2.1, entry 25).   
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Figure 2.9 Mechanistic proposal of synthesis of α-aminophosphonate. 

Recently, Su et al. reported the catalytic activity of porous graphene oxide, 

which was synthesized by a sequential base and acid treatment (ba-GO), for 

the oxidative coupling of amines to imines.22 They reported that the oxidative 

coupling of various amines catalyzed by ba-GO involved molecular oxygen, 

and the reaction followed a free radical pathway with the generation of H2O2. 

In order to have further insight into the reaction mechanism for the 

multicomponent coupling reactions catalyzed by GO, we studied the 

generation of H2O2 spectrophotometrically using the FOX method. We did not 

observe any formation of H2O2 during the reaction, which thus eliminates the 

involvement of molecular oxygen during the reaction. Further conformation 

could be obtained from the fact that α-aminophosphonates, 3,4-

dihydropyrimidin-2-ones and 3-substituted indoles were obtained as the sole 

products during the coupling reactions, and no formation of polyaniline as a 

byproduct was observed under the present reaction conditions.  

      If H2O2 would have been produced during the reaction, then significant 

amount of polyaniline should have been formed as a byproduct, as H2O2 is 

known to be a good oxidizing agent for the oxidation of aniline to form 

polyaniline. Moreover, when we carried out the coupling reaction of 
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benzaldehyde, aniline and diethylphosphite under argon environment instead 

of air, we obtained high yield of the coupling product. From these 

observations, it was clearly evident that molecular oxygen did not play any 

significant role in the reaction mechanism, and the reaction proceeded by the 

action of graphene oxide nanosheets, which only act as a facilitator for the 

stabilization of imine intermediate via acid–base interaction. 

2.5 Conclusions 
      In conclusion, we have demonstrated for the first time that graphene oxide 

can be used as a mild, non-toxic and sustainable nanocatalyst for the 

multicomponent coupling reactions leading to biologically relevant α-

aminophosphonates and 3,4-dihydropyrimidin-2-ones under solvent free 

conditions with low catalytic loading. Due to the acidic nature of GO, the 

method could be extended to other acid catalyzed one-pot multicomponent 

reactions. Carbocatalyst such as GO with minimal environmental footprints, 

low cost and possibility of scaling up in large quantities, with a multiplier 

effect of the surface area and presence of oxygen functionalities in the 

mesopores of nanostructured carbon could be used as an effective alternative 

to dwindling metal catalysts. Although the detailed mechanism of catalytic 

origin is not clearly understood, we believe that the presence of carboxylic 

groups at the edges of defect trap molecular oxygen and amine molecules and 

facilitate intermolecular arrangements. Taking advantage of oxygenated 

functional groups and possibility of incorporating functionality when 

necessitated, graphene oxide could be used as an ideal catalytic platform 

towards products of industrial interest through the multicomponent reaction. 

2.6 Materials and Methods 
2.6.1 Instrumentations  

All reactions were carried out in air and monitored by TLC using Merck 60 

F254 pre coated silica gel plates (0.25 mm thickness) and the products were 

visualized by UV detection. Flash chromatography was carried out with silica 

gel (200-300 mesh). FT-IR spectra were recorded on a Bruker Tensor-27 

spectrometer. 1H and 13C NMR spectra were recorded on a Bruker Advance 

(III) 400 MHz spectrometer. Data for 1H NMR are reported as a chemical shift 
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(δ ppm), multiplicity (s = singlet, d = doublet, q = quartet, m = multiplet), 

coupling constant J (Hz), integration, and assignment, data for 13C are reported 

as a chemical shift. TMS was used an internal reference in the NMR spectra. 

Sample concentrations for NMR were in the range of 1-10 mmol in (CD3)2SO 

and CDCl3. UV-visible spectra were recorded in a Varian Cary 100 Bio 

spectrophotometer, TEM images were recorded on a Tecnai G2 20 Ultra- Twin 

microscope. Powder XRD spectra were recorded on a Bruker D8 Advance 

diffractometer using Cu Kα as the X-ray Source. Thermal gravimetric analysis 

(TGA) was performed in a Mettler-Toledo TGA-DSC/1 star system. Zeta 

potential measurements were carried out using a micromeritics NanoPlus 3 

system. 

2.6.2 Experimental section 

Materials  

   Graphite, all the amines, aldehydes, diethylphosphite, ethyl acetoacetate, and 

urea were purchased from Aldrich Chemicals. Potassium permanganate 

(KMnO4), sulphuric acid (H2SO4) and hydrochloric acid (HCl) were 

purchased from Merck, India. All these chemicals were used without further 

purification. Milli Q water was used throughout the experiments. 

2.6.3 Synthesis of graphene oxide by Modified Hummer’s method  
    In a typical procedure, graphite powder (2.0 gm), NaNO3 (2.0 gm) and H2SO4 

(100 ml) were mixed in reaction vessel. KMnO4 (20 gm) was added gradually 

with stirring on an ice bath. After addition of KMnO4, the reaction mixture was 

further stirred at room temperature for 24 hours. Subsequently, 200 ml water was 

added slowly and temperature of the reaction mixture was raised to 100 °C using 

an oil bath. After another 24 hours, 450 ml water was added, followed by addition 

of 30% H2O2 (40 ml). Finally, oxidation product was filtered and purified by 

rinsing with 110 ml of 5% HCl solution. The filtrate cake was repeatedly washed 

with HPLC grade water until the pH was about 6. This dark brown oxidized 

material was dried in oven at 90 °C. The dried product was grounded with a 

mortar and pestle to fine powder. The solid GO catalyst was recovered by 

collecting the non-sedimented supernatant solution after centrifugation at 
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15000 rpm followed by freeze-drying. The physico-chemical properties of GO 

were evaluated using various spectroscopic and microscopic technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Schematic diagram of preparation of Graphene Oxide. 
 

   2.6.4 Synthesis of α-aminophosphonates 

   A mixture of aldehyde (1.0 mmol), amine (1.0 mmol), dialkyl phosphite (2.0 

mmol) and graphene oxide (10 mg) was added in a test tube. The reaction 

mixture was sonicated at room temperature for the time indicated in Table 2 

(progress of the reaction was monitored using TLC). The Product formed was 

extracted with ethyl acetate and water washing. The solid product was 

obtained after concentrating the combined ethyl acetate extracts on rotary 

evaporator. After extraction the water fraction was centrifuged and the catalyst 

was recovered which was reused for further reactions. 

 

2.6.5 Synthesis of 3, 4-dihydropyrimidin-2-ones (DHPMs)  

  To a test tube, aldehyde (5.0 mmol), ethyl acetoacetate (5.0 mmol), and urea 

(10.0 mmol) were added and the mixture was sonicated at room temperature in 

the presence of prepared catalyst (graphene oxide) (50 mg) for 2.0–4.0 hours. 
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Completion of the reaction was monitored by TLC. The reaction mixture was 

extracted with DCM and water and the solid product was obtained after 

concentrating the combined DCM extracts on rotary evaporator. All the 

products were characterized by spectral (NMR) data. 

 

2.6.6 Synthesis of 3-substituted Indoles 

To a solution of N-methylaniline (114 mg, 1.2 mmol), Indole and a 

benzaldehyde (1.0 mmol) in methanol (2 mL) was added GO (30 mg) for 2 

hrs. The progress of reaction was monitored by TLC. After completion of the 

reaction GO was removed by filtration and washed with ethyl acetate. The 

filtrate was dried over anhydrous sodium sulfate and concentrated to obtain 

the crude product, which was purified by column chromatography on silica gel 

(100–200 mesh) using ethyl acetate/hexane as eluents to yield a pure product. 

All the compounds were characterized by ESI-MS, 1H NMR and 13C NMR 

spectroscopic data. 

NMR Data of α-amino phosphonates:  

1.  

3aa (Table 2.2) 

1H NMR (CDCl3, 400 MHz): δH  7.46-7.49 

(m, 2H, C6H5 ), 7.33 (t, 2H, C6H5), 7.10 (t, 

2H, C6H5), 6.69 (t, 2H, C6H5), 6.59 (d, 2H, 

C6H5), 4.71 (d, 1H, CH), 4.09-4.15 (m, 2H), 

3.91-3.97 (m, 1H ), 3.64-3.71 (m, 1H), 1.29 (t, 3H, -OCH2CH3), 1.12(t, 3H, -

OCH2CH3); 13C NMR (CDCl3, 100 MHz) : 146.62, 146.47, 135.87, 129.13, 

128.57, 127.80, 118.35, 113.82, 63.81, 55.28 (d, J=150 Hz, -CH), 16.43 (d, 

J=6 Hz, -OCH2CH3), 16.13 (d, J=6 Hz, -OCH2CH3). 
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2. 

3ab (Table 2.2) 

1H NMR (CDCl3, 400 MHz):  δH  7.49-7.46 (m, 2H, C6H5), 7.33 (t, 2H, C6H5), 

7.12-7.08 (m, 2H, C6H5), 6.69 (t, 1H, C6H5), 6.61-6.59 

(m, 2H, C6H5), 4.10 (d, 2H, -OCH2CH3), 3.97-3.91 (m, 

1H, -OCH2CH3), 3.71-3.64 (m, 1H, -OCH2CH3), 1.29 

(t, 3H, -OCH2CH3), 1.10 (t, 3H, -OCH2CH3); 13C NMR 

(CDCl3, 100M Hz) 146.54, 146.39, 136.06, 129.19, 

128.60, 127.93, 118.37, 113.90, 63.34-63.28 (d, J=6 

Hz), 56.85-55.36 (d, J=150 Hz), 16.47. 

 

3.   

3ac (Table 2.2) 

 1H NMR (CDCl3, 400M Hz): δH  8.98 (d, 1H, 

C6H5), 8.21 (d, 1H, C6H5), 7.50 (d, 2H, C6H5), 

7.39-7.29 (m, 2H, C6H5), 6.72-6.67 (m, 3H, 

C6H5), 4.95 (d, 1H), 4.14-3.91 (m, 4H, -

OCH2CH3), 1.29-1.25 (m, 6H, -OCH2CH3) 13C 

NMR (CDCl3, 100M Hz) 144.06, 143.93, 136.11, 134.59, 128.91, 128.42, 

127.59, 126.88, 116.68, 114.68, 63.75-63.52, 56.28-54.78 (d, J=150 Hz), 

16.38. 

4.  

 3ad (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH 7.47-7.43 (m, 2H, C6H5), 7.39 (dd, 2H, 

C6H5), 7.27-7.20 (m, 1H, C6H5), 7.12-7.20 (m, 

2H, C6H5), 7.10 (t, 1H, C6H5), 6.82(dd, 1H, 

C6H5), 4.76 (dd, 1H), 4.13-4.08 (m, 2H, -

OCH2CH3), 3.91-3.85 (m, 1H), 1.23 (t, 3H, -

OCH2CH3), 1.03 (t, 3H, -OCH2CH3); 13C NMR 
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(CDCl3, 100M Hz):148.79, 147.17, 134.63, 129.26, 128.39, 127.89, 127.64, 

118.81, 112.21, 107.83, 63.40-62.92 (dd, J=46 Hz), 56.11-54.60 (d, J=151 

Hz), 16.10-15.76 (dd, J=34 Hz). 

5.   

3ae (Table2.2) 

1H NMR (CDCl3, 400M Hz): δH  8.07-8.00 (m, 2H, C6H5), 7.49 (d, 2H, C6H5), 

7.41-7.32 (m, 3H, C6H5), 6.69-6.62 (m, 2H, C6H5), 

4.87 (d, 1H), 4.21-4.12 (m, 2H, -OCH2CH3), 3.96-

3.90 (m, 1H, -OCH2CH3), 3.67-3.63 (m, 1H, -

OCH2CH3), 1.33 (t, 3H, -OCH2CH3), 1.13 (t, 3H, -

OCH2CH3); 13C NMR (CDCl3, 100 MHz): 152.15, 

151.83, 138.51, 134.20, 128.54, 127.42, 125.72, 

112.08, 63.54 63.06, 55.91 54.40-54.33 (d, J=150 Hz), 16.44-16.04(dd, J=20 

Hz,). 

6. 

  3af (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH  8.02 (dd, 1H), 7.86 (dd, 1H), 7.29-7.22 (m, 

3H), 6.99-6.91 (m, 2H), 6.82-6.80 (m, 1H), 5.36 (bs, 

1H), 4.70 (dd, 1H), 4.10-4.05 (m, 2H), 3.91-3.85 (m, 

1H), 3.65-3.59 (m, 1H), 1.23 (t, 3H, -OCH2CH3), 

1.05 (t, 3H, -OCH2CH3); 13C NMR (CDCl3, 100M 

Hz): 161.56, 148.84, 147.23, 142.02, 136.01, 126.91, 

124.81, 123.20, 121.42, 70.65-69.05 (d, J=160 Hz), 

62.37-62.16 (d, J=21 Hz), 15.47. 
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7. 

3ag (Table 2.2) 

 

1H NMR (CDCl3, 400M Hz): δH 7.8 (d, 2H), 7.44-7.28 

(m, 5H), 6.38 (d, 2H), 5.12 (bs, 1H), 5.10 (dd, 1H), 

3.96-3.90 (m, 4H), 1.18-1.14 (m, 6H); 13C NMR 

(CDCl3, 100 MHz) :148.03, 137.62, 128.17, 127.89, 

127.40, 127.34, 109.55, 71.41-69.80 (d, J=161 Hz ), 

63.24-63.06, 16.47.  

8. 

     3ai (Table 2.2) 

1H NMR (CDCl3, 400M Hz): 8.51 (d, 1H), 8.00 (t, 

1H), 7.51-7.29 (m, 5H), 6.60 (d, 1H), 6.53-6.51 (m, 

1H), 5.04 (d, 1H), 4.08-3.98 (m, 4H), 1.29-1.17 (m, 

6H); 13C NMR (CDCl3, 100M Hz) 158.48, 134.74, 

138.72, 137.38, 130.02, 129.27, 128.41, 127.44, 

122.12, 71.68-70.09(d, J=159Hz), 63.61-63.21(dd, 

J=20 Hz), 16.60-16.14 (dd, J=23Hz). 

9. 

3aj (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH  7.47 (d, 2H, C6H5), 7.36-7.28 (m, 5H, C6H5), 

6.64 (d, 2H, C6H5), 4.80 (d, 1H, C6H5), 4.18-4.12 

(m, 2H), 3.95-3.89 (m, 1H), 3.67-3.62 (m, 1H), 

1.30 (t, 3H, -OCH2CH3), 1.10 (t, 3H, -OCH2CH3); 

13C NMR (CDCl3, 100M Hz): 134.69, 133.42, 

129.94, 128.71, 128.27, 127.74, 120.00, 113.35, 

63.74-63.28 (d, J=46 Hz), 55.97-54.46 ( d, J=151 

Hz), 16.34-16.02.  

PO(OEt)2

NH

N
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  10. 

3ba (Table 2.2) 

1H NMR (CDCl3, 400 MHz): δH  7.29 (d, 1H, 

C6H5), 7.15-7.11 (m, 2H, C6H5), 6.94 (d, 1H, 

C6H5), 6.85 (t, 1H, C6H5), 6.75 (t, 1H, C6H5), 

6.70 (d, 2H, C6H5), 5.13 (d, 1H, C6H5), 4.83 (bs, 

1H), 4.21-4.06 (m, 3H), 3.96-3.92 (m, 1H, -

OCH2CH3), 1.29 (t, 3H, -OCH2CH3), 1.20 (t, 3H, 

-OCH2CH3); 13C NMR (CDCl3, 100M Hz) 155.58, 146.27, 129.12, 121.12, 

121.42, 120.30, 119.02, 114.25, 63.94 (d, J=7 Hz), 63.55 (d, J=6 Hz), 53.71 

(d, J=153 Hz), 16.33 (d, J=5 Hz), 16.16 (d, J=5 Hz).  

11. 

3da (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH  7.35 (dd, 2H, C6H5), 7.09 (t, 2H, C6H5), 6.86 

(d, 2H, C6H5), 6.69 (d, 1H, C6H5), 6.59 (d, 2H, 

C6H5), 4.69 (d, 1H, CH), 4.17-4.07 (m, 2H), 

3.97-3.91 (m, 1H), 3.77 (s, 3H, -OCH3), 3.73-

3.67 (m, 1H, -OCH2CH3), 1.29 (t, 3H, -

OCH2CH3), 1.13 (t, 3H); 13C NMR (CDCl3, 

100M Hz):167.34 ,150.35, 131.64, 128.01, 128.49, 128.09, 126.04, 113.01, 

63.88 (d, J=7 Hz), 63.61 (d, J=7Hz), 55.55 (s, 1H), 16.73 (d, J=5 Hz), 16.48 

(d, J=5 Hz). 

12. 

 3ek (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH 7.88 (d, 1H, C6H5), 7.55 (dd, 1H, C6H5), 

7.25-7.22 (m, 2H, C6H5), 7.04 (d, 2H, C6H5), 

6.94 (t, 1H, C6H5), 6.35-6.29 (m, 1H, C6H5), 

5.91 (s, 1H), 4.66 (d, 1H), 4.06-3.92 (m, 3H, 

, -OCH2CH3), 3.80-3.73 (m, 1H, -
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OCH2CH3), 2.21 (s, 3H,-CH3), 1.20 (t, 3H, -OCH2CH3), 1.10 (t, 3H, -

OCH2CH3); 13C NMR (CDCl3, 100M Hz) 145.93, 139.26, 130.33, 129.62, 

129.49, 127.77, 120.03, 112.30, 64.11 (d, J=7 Hz), 63.87 (d, J=7 Hz), 57.13 

(d, J=150 Hz), 21.36, 16.71(d, J=6 Hz), 16.55 (d, J=6 Hz). 

13.  

3fh (Entry 15, Table 2) 

1H NMR (CDCl3, 400M Hz): δH  7.73 (d, 2H), 7.01 (d, 1H), 6.84-6.77 (m, 

2H), 6.60 (d, 2H), 5.38 (d, 2H), 4.15 (d, 2H), 

3.90-3.78 (m, 1H), 3.65-3.62 (m, 1H), 3.89 (s, 

3H), 3.67 (s, 3H), 2.42 (s, 3H), 1.30 (t, 3H), 1.05 

(t, 3H); 13C NMR (CDCl3, 100MHz) : 196.41, 

154.27, 154.18, 130.84, 127.86, 125.16, 125.07, 

114.31, 112.67, 111.98, 63.78, 63.45, 56.59-

55.90, 26.26, 16.66-16.36. 

14. 

      3fg (Entry 16, Table 2) 

1H NMR (CDCl3, 400M Hz): δH 7.87 (d, 2H), 6.77 (s, 2H), 6.47 (d, 1H), 6.04 

(d, 1H), 5.53 (d, 2H), 4.14-4.07 (m, 2H), 4.05-

3.97 (m, 1H), 3.96-3.91 (m, 1H), 3.74 (s, 3H), 

3.72 (s, 3H), 1.25 (t, 3H), 1.17 (t, 3H); 13C NMR 

(CDCl3, 100M Hz): 155.26, 153.59, 150.63, 

147.18, 127.05, 114.10, 111.5, 109.17, 64.58, 

62.77, 55.94-55.43(d, J= 51Hz), 16.18.  
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15. 

3ii (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH 8.35 (d, 1H), 7.67 (d, 1H), 7.52 (d, 1H), 7.43 

(d, 1H), 7.22 (s, 1H),7.05 (d, 1H), 6.48 (d, 1H), 

6.34 (d, 1H), 6.01 (bs, NH), 5.02 (d, 1H), 4.00 (d, 

2H), 3.97-3.94 (m, 1H), 3.68-3.64 (m,1H), 1.10 (t, 

3H), 1.02 (t, 3H);  13C NMR (CDCl3, 100M Hz): 

157.50, 155.19, 147.93, 143.00, 139.08, 136.08, 

136.56, 122.82, 122.10, 112.13, 110.54, 71.21-

69.62 (d, 150Hz), 16.30-16.12. 

16. 

    3jb (Entry 21, Table 2) 

1H NMR (CDCl3, 400M Hz): δH  7.81 (s, 1H, C6H5), 7.72-7.67 (m, 3H, C6H5), 

7.48 (dd, 1H, C6H5), 7.34 (dd, 2H, 

C6H5), 7.21 (d, 2H, C6H5), 6.34-

6.32 (d, 2H, C6H5), 4.80 (dd, 1H), 

4.06-4.01 (m, 2H, -OCH2CH3), 

3.85-3.78 (m,1H), 3.58-3.51 

(m,1H), 1.19 

 ( t, 3H, -OCH2CH3), 0.97 (t, 3H, -OCH2CH3); 13C NMR (CDCl3, 100M Hz): 

146.06, 133.15, 132.99, 132.88, 127.84, 127.58, 126.86-126.79 (d, J=7 Hz), 

126.20-126.09 (d, J=7 Hz), 116.03, 79.33, 63.37-63.21 (dd, J=16 Hz), 56.81-

55.31 (d, J=150 Hz), 16.39-16.08 (dd, J=31 Hz). 

17. 

3kg (Table 2.2) 

1H NMR (CDCl3, 400 MHz): δH   

8.06 (d, 2H), 6.45 (d, 2H), 4.60 (bs, 

NH), 4.13-4.05 (m, 4H), 3.83-3.78 

(m, 2H), 1.68-1.55 (m, 3H), 1.39-1.33 (m, 1H), 1.26 (t, 3H), 0.88-0.85 (t, 3H,); 
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13C NMR (CDCl3, 100M Hz): 153.99, 148.31, 109.56, 68.36-66.77 (d, J=159 

Hz), 62.60-62.48 (dd, J=12 Hz), 33.40, 19.01-18.87( d, J=14 Hz), 16.56-

16.50 (d, J=6 Hz), 13.71.  

18. 

3al (Table 2.2) 

1H NMR (CDCl3, 400M Hz): δH  7.33 (d, 2H), 7.23 (t, 1H), 7.16 (d, 2H), 4.04-

3.97 (m, 2H), 3.90 (d, 1H), 3.91- 3.70 

(m, 2H), 2.34-2.25 (m, 2H), 1.35-

1.20(m, 8H), 1.18 (t, 3H), 1.07 (t, 

3H), 0.79-.067 (m, 6H); 13C NMR 

(CDCl3, 100M Hz) :136.38, 132.31, 

129.76, 128.46, 128.21, 127.64, 62.95-62.88 (d, J=7 Hz), 62.64-62.57 (d, J=7 

Hz), 62.27-60.74 (dd, J=153 Hz), 51.16-50.99 (d, J=17 Hz), 39.48-39.35 (d, 

J=13 Hz), 28.96-28.76 (d, J=20 Hz), 24.45-24.29 (d, J=16 Hz), 23.01-22.96 

(d, J=5 Hz), 16.37-16.31 (d, J=5 Hz), 16.37-16.31 (d, J=6 Hz), 16.17-16.11 

(d, J=6 Hz), 13.99-13.96 (d, J=3 Hz), 10.95-10.88 (d, J=7 Hz).  

NMR data of 3,4-dihydropyrimidin-2-ones (DHPMs): 

1.            

5a  

1H NMR (CDCl3, 400M Hz): δH   8.02 (s, 1H), 

7.32-7.31 (m, 4H), 5.78 (s, 1H, NH), 5.40 (d, 1H), 

4.08 (q, 2H), 2.35 (s, 3H), 1.15 (t, 3H). 
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2. 

     5b 

1H NMR (CDCl3, 400M Hz): δH   8.57 (s, 1H), 7.20 

(d, 4H), 6.08 (s, 1H), 5.34 (d, 1H), 4.08 (q, 2H), 

3.78 (s, 3H), 2.32 (s, 3H), 1.17 (t, 3H).  

 

 

 

3. 

              5c 

1H NMR (CDCl3, 400M Hz): 8.32 (s, 1H), 7.31-7.19 

(m, 5H), 5.39 (s, 1H), 4.05 (q, 2H), 2.31 (s, 3H), 2.19 

(s, 3H), 1.15 (t, 3H). 

 

 

4. 

     5d 

1H NMR (CDCl3, 400M Hz): δH   8.00 (s, 1H), 7.44 

(d, 2H), 7.20 (d, 2H), 5.83 (s, 1H), 5.37 (s, 1H), 4.10 

(q, 2H), 2.34 (t, 3H), 1.17 (t, 3H). 
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5. 

 

  5e 

1H NMR (CDCl3, 400M Hz): δH   8.86 (s, 1H), 7.39 

(d, 2H), 7.26-7.23 (m, 3H), 5.90 (s, 1H), 4.05 (q, 

2H), 2.45 (s, 1H), 1.07 (t, 3H). 

 

NMR of 3-substituted Indoles 

1.   

7c 

   1H NMR (400 MHz, CDCl3): δ 7.91(s, 

1H), 7.36-7.08 (m, 11H), 6.60 (d, J = 8 Hz, 

2H), 6.45- 6.48 (m, 2H), 5.45 (s, 1H), 3.71 

(s, 3H), 2.81 (s, 3 H); 13C NMR (100 MHz, 

CDCl3): δ 39.66, 47.37, 50.88, 111.11, 

112.32, 112.40, 119.05, 119.79, 122.06, 

123.49, 123.82, 126.83, 129.62, 130.30, 131.31, 136.19, 143.08, 147.77. 
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3.1 Introduction  
    The exploration of gold nanoparticles (Au-NPs) as catalysts has attracted 

tremendous attention in recent years in the context of developing 

environmentally friendly and sustainable routes to a myriad of important 

organic transformations.1 The high activity of Au in the nanometer dimension 

has led to several reports of catalytically active Au-NP systems prepared in the 

presence of supports, such as poly(N-vinyl-2-pyrrolidone), polyaniline, 

coordination polymers, dendrimers and solid oxide surfaces such as TiO2, 

CeO2, SiO2, Al2O3 etc.2 Although the catalytic activities of Au-NPs with 

various supports have been explored extensively, there are not much studies on 

the role of surface active groups (strongly or weakly bound) on the Au 

nanoparticle surfaces. Hence, there are no reports which study the catalytic 

properties of Au-NPs, governed mainly by the intrinsic surface properties of 

the nanoparticles, while stabilized with only a self-assembled monolayer, e.g. 

surface bound via the strong Au–S bond. Undoubtedly, understanding the 

catalytic behaviour of self-assembled monolayer-coated Au-NPs would be 

helpful in establishing the guiding principles for the rational design of active 

Au-NP-based catalytic systems. 
 
    Au nanoparticles functions as effective catalysts for oxidation reactions in 

presence of molecular oxygen. In this regard, developing a simple 

selfassembled monolayer-coated Au-NP-based catalytic system for the 

oxidation of α-hydroxy ketones and the synthesis of biologically significant 

quinoxaline derivatives in water has great significance. Aryl substituted 1,2-

diketones and quinoxaline derivatives are utilized as intermediates in the 

synthesis of chiral ligands and biologically active compounds.5,6 In addition to 

their medicinal use, these derivatives have also found technological importance 

in dyes, semiconductors, anticorrosion in mild steels, as photosensitive 

coatings in photocurable agents etc.7 Investigations, such as oxalyl chloride 

with organostannanes,8a oxidation of alkynes,8b aldehyde condensation8c and 

oxidation of alcohols8d,e,f on the preparation of benzil derivatives have been 

reported. Similarly, for the preparation of quinoxaline derivatives, generally 

acid or transition metal (Mn, Ru, Pd, Cu, Ce etc.) catalyzed condensations of 

an aryl 1,2-dicarbonyl compound with a 1,2-diamine have been reported.8,9 
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There are several other approaches reported for the synthesis of quinoxaline 

compounds, e.g. the combination of phenyl epoxides or phenacyl bromides 

with o-phenylenediamines, using catalysts such as Bi(0), HClO4/SiO2, β-

cyclodextrin (β-CD) and TMSCl.10 Recently, a few reports of one pot 

syntheses of quinoxaline from α-hydroxy ketones using solid supports, such as 

KF/Al2O3, Ru/C in the presence of β–CD, manganese oxide octahedral 

molecular sieves (OMS-2), HgI2, RuCl2(PPh3)3–TEMPO, MnO2 etc.11 have 

been published. However, they often suffer from one or more disadvantages, 

such as the use of organic solvents, unsatisfactory product yields, tedious 

experimental procedures, non-catalytic, multistep, harsh reaction conditions, 

difficult operation etc. To overcome all these disadvantages, the development 

of an effective nanoparticle-based catalytic system is highly desirable for the 

synthesis of benzils and quinoxaline derivatives that leads to better yields 

under mild reaction conditions, specifically in water, which is very significant 

in the context of green chemistry. Herein, we demonstrate the activity of Au 

nanoparticles stabilized by 4-aminothiophenol towards the aerobic oxidation of 

aryl substituted α-hydroxy ketones to afford 1,2-diketones in water (Scheme 

3.1) adopting a simple and green procedure.  The method was extended for the 

one-pot direct synthesis of aryl substituted quinoxalines via in situ oxidation 

and condensation reactions between aryl substituted 1,2-diketones with aryl 

1,2-diammines. 

 

 

 

 

 

Scheme 3.1 Syntheses of aryl 1, 2-diketones and quinoxaline derivatives. 

3.2 Characterization of 4-aminothiophenol monolayer-coated Au-NPs 

   The 4-aminothiophenol monolayer-coated Au-NPs (A) were prepared in a 

one-pot synthetic procedure using 4-aminothiophenol as both the reducing and 
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stabilizing agent, according to a literature procedure.12 Briefly, a solution of 4-

aminothiophenol in DMF was added to an aqueous solution of HAuCl4 under 

continuous stirring (molar ratio of 4-aminothiophenol:HAuCl4 was maintained 

at 3:1). The nanoparticle formation was confirmed by the optical changes in 

the solution from wine red initially to a brownish blue color.  The Au-NPs 

were stabilized by thiolates adsorbed onto the surfaces of the nanoparticles. 

 

 

Figure 3.1 a) Schematic representation of 4-aminothiophenol coated Au-NPs 

(Catalyst A). (b) UV-visible spectra of the Au-NPs formed using 4-

aminothiophenol as both reducing and stabilizing agent in a DMF-water 

mixture. (c) XRD pattern of the Au-NPs, the corresponding lattice planes are 

marked. (d) TEM images of the Au-NPs in a DMF-water mixture Scale bar 20 

nm. 

Figure 3.1a depicts a representation of the self-assembled monolayer formation 

of 4-aminothiophenol on the surfaces of the Au-NPs. The appearance of a 

plasmon resonance band at 530 nm (as shown in Figure 3.1b) confirmed the 

formation of Au-NPs. The formation of Au-NPs was further confirmed from 
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the powder X-ray diffraction (XRD) pattern, where the intense peaks 

corresponding to the (111), (200) and (220) Braggs’ reflections are in good 

agreement with those reported for Au nanoparticles4a (Figure 3.1c). The TEM 

images taken of the synthesized Au-NPs from the DMF–water mixture (1 : 1), 

as shown in Fig 3.1d, indicated the formation of Au-NPs with an average 

diameter of 10 ± 3 nm. A closed-packed assembly of smaller Au-NPs was 

observed, whereas Au NPs were interconnected through hydrogen bonding 

between the amines and thiol groups or by covalent bonding.   

    We performed TGA experiment to evaluate the amount of Au in catalyst A. 

For this, the 4- aminothiophenol coated Au-NPs were dialyzed against water 

overnight to remove the unbound 4-aminothiophenol and DMF. Then the 

nanoparticles were dried using lyophilisation and the dried sample was 

evaluated for Au content using TGA. As shown in Figure 3.2, the typical 

thermogram showed the onset of desorption at around 150 °C and its 

completion around 300 °C. No significant mass loss was observed further. The 

total weight loss was approximately 76% and occurred predominantly through 

a single-step process. 

 

 

 

 

 

 

 

Figure 3.2 TGA graph for 4-aminothiophenol coated Au-NPs (catalyst A). 

In order to compare the catalytic properties of the self-assembled monolayer 

systems which have terminal thiolate functional groups on the Au surface, we 

also synthesized undecanethiol-coated Au-NPs (catalyst B).  
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Figure 3.4 (A) Schematic representation for 1-undecanethiol coated Au-NPs 

(catalyst B) (B) UV-visible spectra of 1-undecanethiol coated Au-NPs  in 

toluene (C) TEM image of Au-NPs coated with 1-undecanethiol, the 

nanoparticles were deposited from toluene solution. Scale bar 100 nm (D) 

particle size distribution.   

3.3 Aerobic Oxidation of aryl-α-hydroxy ketones and aryl 

substituted quinoxalines 

    In order to evaluate the performance of Au nanoparticles capped with thiol 

containing monolayers, we optimized the oxidation of α-hydroxy ketone at 

different reaction conditions (temperature, catalyst loading and base) using two 

catalytic systems (4-aminothiophenol coated Au Nanoparticles and 1-

undecathiol coated Au-nanoparticles).  
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Table 3.1 Optimization of reaction conditions for the aerobic oxidation of 

benzoin to benzyl. 

Entry Catalysts Base Temp (°C) Yielda (%) 
1 Nil Nil 60 2 
2 Nil Na2CO3 60 - 
3 Nil K2CO3 60 - 
4 A (4.00 atom %) Nil 80 3 
5 B (2.50 atom %) K2CO3 60 15 
6 A (2.50 atom %) K2CO3 40 22 
7 A (2.50 atom %) K2CO3 60 38 
8 A (2.50 atom %) K2CO3 80 83 
9 A (0.08 atom %) K2CO3 80 40 
10 A (1.6 atom %) K2CO3 80 59 
11 A (4.00 atom %) K2CO3 80 91 

12 A (4.00 atom %) K2CO3 80 7b 

13 A (4.00 atom %) K2CO3 80 92c 
14 A (4.00 atom %) Na2CO3 80 27 
15 A (4.00 atom %) Cs2CO3 80 83 

 
Unless otherwise specified, all reactions were carried out with benzoin (1.0 mmol), 
base (2.0 mmol) and water (10 mL) in the presence of air at the specified temperature 
and catalysts. aIsolated product after column chromatography. bReaction was carried 
out in an argon atmosphere. cReaction was carried out in an oxygen atmosphere. 
 
 

    We started optimization with this model oxidation reaction between benzoin 

(1.0 mmol), K2CO3 (2.0 mmol) and water (10 mL) in the presence of catalyst B 

(2.5 atom %) at 60 °C for 4 h under air. Although the reaction did not progress 

well, we were able to isolate the oxidized product in a 15% yield (Table 3.1, 

entry 5). As a consequence, this significant result prompted us to investigate 

the aerobic oxidation of benzoin. It was observed that the reaction proceeded 

very slowly in the absence of base, catalyst and air (entries 1–3 and 12, Table 

3.1).  

     To improve the catalytic activity of this reaction, catalyst A was examined 

with different catalytic loading. As shown in Table 3.1, with a 2.5 atom% 

loading of catalyst A, the desired oxidized product benzil was obtained in a 

22% yield after reacting at 40 °C for 4 h (entry 6). For this catalyst, on further 

increasing the reaction temperature to 80 °C, the yield improved dramatically 
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from 22% to 83% for the same reaction time (Table 3.1, entry 8). Among the 

bases, K2CO3 was the best choice compared to Na2CO3 and Cs2CO3 in terms of 

reactivity under similar reaction conditions (Table 3.1, entries 14 and 15). In 

particular, there was a substantial enhancement in the yield when the amount 

of catalyst was increased from 2.5 to 4 atom%. From various reaction 

conditions, as shown in Table 3.1, it is obvious that a superior result was 

obtained under the conditions mentioned in entry 11 (91% yield). In particular, 

there was no significant improvement in yield when the reaction was carried 

out in the presence of oxygen instead of air (Table 3.1, entry 13).  

   3.3.1 Synthesis of 1, 2 aryl diketones  

    To understand the scope and limitation of this novel aerobic oxidation 

reaction, we studied several aryl substituted α-hydroxy ketones using the self-

assembled monolayer-coated Au-NPs, catalyst A (4 atom %), at standard 

reaction conditions and the results are compiled in Table 3.2. As is evident 

from Table 3.2, aryl α-hydroxy ketones with various substituents on the 

aromatic ring all produced the desired oxidized product in good to excellent 

yields (entries 2–4, Table 3.2). It should be pointed out that electron 

withdrawing substituents (entry 4, Table 3.2) on the aromatic ring increased 

the yield when compared to electron donating groups (entries 2 and 3, Table 

3.2). Hetero-aryl groups also afforded the desired oxidized products in good 

yields at 60 °C. The reaction conditions were mild enough to tolerate furan, 

thiophene and pyridine rings (Table 3.2, entry 5-8). The isolated products were 

fully characterized from their spectral data and by direct comparison with the 

reported data. The catalytic loading was much lower than the earlier reported 

methods. 

Table 3.2 Substrate scope of synthesis of 1,2 diketones 
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3.3.2 Synthesis of quinoxaline 

    After successfully developing a simple, green and efficient catalytic system 

for the aerobic oxidation of α-hydroxy ketones to aryl 1,2-diketones, catalyzed 

by Au-NPs, we then applied the same procedure to a one-pot tandem oxidation 

and subsequent condensation reactions of aryl α-hydroxy ketones with aryl 

1,2-diamines for the synthesis of functionalized quinoxaline derivatives using 

catalyst A in water. As shown in Table 3.3, wide range of structurally varied 

aryl substituted and un-substituted α-hydroxy ketones with aryl 1,2-diamine 

worked very well in this procedure to provide the corresponding quinoxaline 

derivatives in high to excellent yields. The synthesistic procedure for 

quinoloxine is given bellow. Several sensitive functional groups, such as -

OMe, -Cl, -F and -CO2H, remained unaffected under the present reaction 

conditions (Table 3.3). It is noteworthy that for the first time, 3,4-

diaminobenzoic acid has been successfully used for this condensation reaction, 

providing excellent yields (entries 8, 10, and 13, Table 3.3). Our Au-NP 

catalytic system is very efficient for the synthesis of quinoxaline derivatives 

when compared to established procedures. In addition, the bench-scale 

preparation of the oxidized product of benzoin under our conditions was 

investigated.  Catalyst A (80 atom %) was added to a stirred reaction mixture 

containing benzoin (20 mmol), K2CO3 (40 mmol) and water (200 mL) and 
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heated at 80 °C for 6 h. The benzil product was isolated with a 79% yield. This 

exciting result reveals that our present conditions can be applied for milligram 

to gram scale syntheses.     

Table 3.3 Substrate scopes of quinoxaline 

 

 

  

                     

  

 

3.4 Recyclability of Au nanocatalyst 

 The reusability of the Au-NPs catalysts was investigated. As the 4-

aminothiophenol coated Au-nanoparticles were acting as heterogeneous 
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catalysts for the oxidation of α-hydroxy ketones, we have performed the 

reusability study of catalyst A for the same condition of model reaction up to 3 

cycles (figure 3.5). The recyclability of catalyst A was examined for the 

aerobic oxidation of benzoin. After completion of reaction, the organic 

compounds were extracted with diethyl ether (3 × 10 mL). The aqueous phase 

was isolated that was used for the next run. The activity of the nanoparticle 

catalysts decreased in a sequence of cycles while applied for the aerobic 

oxidation of benzoin to benzyl. The desired products were obtained in 71% for 

the Au nanoparticles recovered after 1st run and 53% after the 2nd run (Figure 

3.5). 

 

 

 

 

 

 

 

 

Figure 3.5 Recyclability study of 4-amino thiophenol coated Au-nanoparticles. 

It was observed visually that the nanoparticles were agglomerated after 

successive runs and precipitations were observed after reactions. The catalytic 

activity of Au nanoparticles The recovered nanoparticles after the 1st and 2nd 

oxidations were examined by TEM measurements, which showed substantial 

agglomeration of the particles after the 2nd run. The TEM images were 

recorded from a concentrated aqueous solution and are shown in Figure 3.6. 

The agglomeration might be due to several factors, such as interactions among 

self-assemble monolayers, effect of salt (base) and temperature.12,13
 With the 

increase in size of the nanoparticles, the effective surface area decreased 

considerably, which resulted in decrease of catalytic activities of the Au-NPs. 
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Figure 3.6 Transmission electron micrograph and corresponding particle size 

distribution of catalyst A as synthesized (a) after the first oxidation (b) after 

the 2nd oxidation (c). The nanoparticles were deposited from water. Scale bar 

50 nm. 

3.5 Proposed mechanism  

We propose that the probable mechanism of this reaction follows a similar path 

to that reported earlier for the Au-NP-catalyzed aerobic oxidation reactions of 

alcohol. At first, the absorption of the oxygen onto the Au surface enhanced 

the electron density that facilitated the absorption of oxy aninon of alcohol. 

The ketone is formed due to the abstraction of hydrogen by the O2
- species. 

From the reaction mechanism, the lower catalytic efficiency of the 1-

undecanethiol-protected Au-NPs when compared to the 4-aminothiophenol-

coated Au-NPs was not surprising. The formation of a highly dense monolayer 

in the case of the 1-undecanethiol-coated Au-NPs14 probably retarded the 

absorption of bulky molecules onto the Au surface. 
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Figure 3.7 Proposed mechanism for the aerobic oxidation of a-hydroxy 
ketones by the self-assembled monolayer-protected Au-NPs. 

3.6 Conclusion   

   In this chapter, we have investigated the catalytic activity of self-assembled 

monolayer-coated Au-NPs for the aerobic oxidation of aryl substituted α-

hydroxy ketones to aryl 1,2-diketones and extended this reaction for a one-pot 

synthesis of highly biologically significant quinoxaline derivatives in water. 

Our current methods avoid the use of acid, highly toxic reagents, hazardous 

organic solvents, multisteps etc. In addition, the simplistic synthesis of the 

catalyst, operational simplicity, high yields, catalytic and environmentally 

friendly reaction conditions make them attractive. This result should encourage 

new applications for self-assembled monolayer-coated Au-NPs in organic 

syntheses as efficient catalysts. In the present system, the reusability of the 

catalyst was limited after few cycles of oxidation due to agglomeration of the 

nanoparticles. However, the development of suitable stabilizers to prevent 

agglomeration as well as enhance the catalytic efficiency of the nanoparticles 

would offer significant applications for self-assembled monolayer-coated 

nanoparticles in organic syntheses. 
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3.7 Materials and methods 

Hydrogen tetrachloroaurate(III) hydrate, 4-aminothiophenol and 1-

undecanethiol were purchased from Aldrich Chemicals. N, N-

Dimethylformamide (DMF), hydrochloric acid (HCl) were purchased from 

Merck India. All these chemicals were used without further purification. Milli 

Q water was used throughout the experiment. The starting materials were 

either purchased from commercial sources or synthesized by known literature 

procedures. 

3.7.1 Synthesis of 4-aminothiophenol coated Au-nanoparticles 

   To a stirred solution of 4-aminothiophenol (375 mg, 3.0 mmol) in DMF (20 

mL) was added 20 mL of an aqueous solution of HAuCl4 (394 mg, 1.0 mmol). 

The stirring was continued for 30 minutes at room temperature. The solution 

turned wine red immediately and finally became brownish blue indicating the 

formation of Au-NPs. For a 3:1 ratio of 4-aminothiophenol and HAuCl4 the 

nanoparticles are stable for much longer time without any visible 

agglomeration at room temperature. The nanoparticles were precipitated by 

centrifugation at 10000 rpm, purified by washing with water and ether. 

Dialysis was performed against water to remove any excess unbound 4-

aminothiophenol. The catalyst was finally freeze-dried using lyophilizer for 

characterization.  

 

 

 

 

 

 

Figure 3.8 Schematic presentation of synthesis 4-aminothiophenol-coated Au-

NPs (catalyst A). 
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3.7.2 Synthesis of 1-undecanthiol coated Au-nanoparticles 

 

 

 

 

Figure 3.9 Schematic diagram of synthesis of 1-undecathiol capped Au-
nanoparticles.  

    The 1-undecanethiol capped Au-NPs were prepared by well-known Brust 

method. To a stirred solution of tetraoctylammonium bromide (2.18 g, 4.0 

mmol) in toluene was added an aqueous solution of HAuCl4 (394 mg, 1.0 

mmol) at RT. After vigorous stirring, the toluene solution turned violet 

indicating the transfer of AuCl4 to the organic phase. After removing the 

aqueous phase, 1-undecanethiol (564 mg, 3.0 mmol) was added to the toluene 

solution and was stirred for 30 minutes. Then NaBH4 (190 mg, 5.0 mmol) was 

added and the reaction mixture turned brownish indicating the formation of 

Au-NPs. The stirring was continued for overnight. Finally the catalyst was 

isolated by evaporating the organic solvents, followed by washing with 

ethanol, acetone and dried under vacuum 

3.7.3 Synthesis of 1, 2 diketones 

 To a stirred of heterogeneous mixture of (1.0 mmol) in water (10 mL) were 

added K2CO3 (276 mg, 2.0 mmol) and 4-aminothiophenol capped Au-NPs (28 

mg, 4 atom %) at RT. Then reaction mixture was heated at specified 

temperature and time under air. The progress of the reaction was monitored by 

TLC. After completion of reaction, the mixture was extracted with ethyl 

acetate (3 × 10 mL), washed with water and brine. The organic phase was 

evaporated by rotary evaporator under reduced pressure to give the crude 

product which was further purified by flash column chromatography over 

silica gel to furnish the pure product. All the products were characterized by 
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corresponding spectroscopic data which were in good agreement with the 

reported data. 

3.7.4 Synthesis of quinoxaline 

     A mixture containing benzoin (212 mg, 1.0 mmol), o-phenylenediamine 

(108 mg, 1.0 mmol), K2CO3 (276 mg, 2.0 mmol) and catalyst A (28 mg, 4.0 

atom%) in 10 ml of water was stirred and heated at 80 °C under air. After 

completion of the reaction (monitored by TLC), the reaction mixture was 

extracted with ethyl acetate. The organic layer was dried over anhydrous 

Na2SO4, followed by evaporation of the solvent to obtain the crude product 

which was purified by column chromatography over silica gel to give the pure 

product (259 mg, 92% yield). The product was characterized by the 

corresponding spectroscopic data, which was in good agreement. 

NMR data of Quinoxalines  

1.  

N

N

En-1
1H NMR (400 MHz, CDCl3) δ (ppm): 8.10 (q, 

2H), 7.68 (q, 2H), 7.43 (dd, 4H), 7.23 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 

(ppm): 153.5, 141.2, 139.1, 130, 129.9, 129.2, 128.8, 128.3. 

2. 

 

 

 

1H NMR (CDCl3, 400 MHz): δ 7.98 (d, J = 8.8 Hz, 1H), 7.92(d, J = 8 Hz, 1H), 

7.57 (d, J = 4Hz, 1H), 7.43(d, J = 2 Hz, 2H), 7.20-7.18 (m, 2H), 6.96 (q, J = 2 

Hz, 2H); 13C NMR (CDCl3, 100 MHz): δ 147.50, 146.75, 141.17, 140.08, 
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139.03, 131.05, 130.03, 129.71, 129.54, 129.16, 127.70, 127.64, 117.54, 

116.25. 

3. 

N

N

Me

En-2
1H NMR (CDCl3, 400 MHz): δ 7.97 (d, J = 8 Hz, 

1H), 7.8(s, 1H), 7.50 (dd, J = 4 Hz, 1H), 7.41 (d, J = 2 Hz, 4H), 7.24-7.21 (m, 

7H); 13C NMR (CDCl3, 100 MHz): δ 153.33, 152.58, 141.30, 140.48, 139.72, 

139.23, 132.29, 129.83, 128.71, 128.68, 128.62, 128.38, 128.22, 128.03, 21.91. 

4. 

 

 

1H NMR (CDCl3, 400 MHz): δ 8.08-8.05(m, 2H), 

7.69-7.67(m, 2H), 7.5(s, 1H), 6.64(s, 1H), 6.58 (d, 

J = 8.8 Hz, 4H), 6.5 (s, 1H); 13C NMR (CDCl3, 

100 MHz): δ 150.22, 144.23, 144.23, 142.67, 

140.65, 130.41, 129.13, 116.77, 113.00, 111.92. 

5. 

N

N

HOOC

OMe

OMe
En-8

  Yield: 328 mg, 85%; 1H NMR (DMSO-d6, 

400 MHz): δ 3.83 (s, 6H), 6.99 (d, J = 8.8 Hz, 4H), 7.52 (2d, J = 8.8 Hz, 4H), 

8.20 (d, J = 8.8 Hz, 1H), 8.28-8.31(m, 1H), 8.64 (s, 1H); 13C NMR (DMSO-d6, 

100 MHz): δ 57.8, 57.9, 114.1, 129.5, 129.6, 131.0, 131.2, 131.3, 131.6, 131.7, 

132.1, 139.9, 142.6, 154.0, 154.7, 160.4, 160.5, 167.1. 
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6. 

N

N

HOOC

S

S
En-10

 1H NMR (400 MHz, DMSO-d6): δ 7.15-

7.19 (m, 2H ), 7.31-7.34 (m, 2H), 7.86-7.89 (m, 2H), 8.15 (d, J = 8.8 Hz, 1H), 

8.28 (d, J1 = 10.4 Hz, 1H), 8.56 (s, 1H), 13.52 (s, 1H); 13C NMR (DMSO-d6, 

100 MHz): δ 126.5, 126.6, 127.5, 128.4, 128.5, 128.8, 128.9, 129.0, 129.4, 

130.9, 137.7, 139.1, 139.3, 140.4, 145.9, 146.5, 165.1 

7. 

N

N

HOOC

O

O
En-13

1H NMR (400 MHz, DMSO-d6, ppm): δ 6.77-

6.83(m, 4H), 7.93 (m, 2H), 8.15 (d, J = 8.8 Hz, 1H), 8.26 (d, J = 8.8 Hz, 1H), 

8.55 (s, 1H); 13C NMR (100 MHz, DMSO-d6): δ 111.0, 111.1, 112.1, 112.7, 

127.8, 128.7, 129.4, 131.1, 137.8, 140.5, 141.6, 142.1, 143.9, 144.3, 148.7, 

148.7, 165.1. 

8.  

N

N

Cl

En-3
1H NMR (400 MHz, DMSO-d6, ppm): δ 

8.06(d, J= 2Hz, 1H), 7.97 (d, J= 8Hz, 1H), 7.59(dd, J1= 2Hz, J2= 2Hz, 1H), 

7.41(d, J= 8Hz, 5H), 7.27-7.21(m, 9H); 13C NMR (100 MHz, DMSO-d6): δ 
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154.3, 153.63, 141.49, 139.73, 138.73, 135.67, 130.96, 130.43, 129.86, 129.12, 

129.12, 129.044, 128.46, , 128.33, 128.08, 127.78. 
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4.1 Introduction:  

   Fascinating developments in the area of organic catalysis involving inorganic 

nanoparticles (NPs) as heterogeneous and reusable catalysts have led to 

exploration and design of a new generation of nanocatalysts to provide precise 

control over activity and selectivity of catalytic reactions.1 The discovery that 

supported Au NPs show exceptionally effective size specific catalytic properties 

has initiated an explosion of interest in catalysis involving Au NPs to a myriad of 

organic transformations such as oxidation-reduction, cyclization, C-C bond 

formation and so on.2  In particular, Au NPs have demonstrated effective catalysis 

for oxidation of alcohols with high selectivity and stability in presence of 

molecular oxygen. However, in most cases, high reaction temperature (above 100 

°C) or the presence of a large excess of base additives (e.g. NaOH or K2CO3) are 

often indispensable to achieve high catalytic activity.3 From a mechanistic point of 

view, high basic condition is essential to extract the alcoholic proton for 

promoting the oxidative transformation. However, excess base inevitably leads to 

severe problems such as undesirable side reactions and extra waste base treatment.  

 

 

 

 

 

Scheme 4.1 Oxidation of alcohols involving sensitive substrates (-COOEt, -
PO(OEt)2, -CH2COOEt) 

 Considering the usual drawbacks involving homogeneous catalysis such as 

separation and reuse of catalysts, the exploration of nanoparticle based 

heterogeneous catalysts for selective oxidation of alcohols involving sensitive 

substrates is highly demanding.4 Earlier, we reported the development of a self-

assembled monolayer coated Au nanoparticle catalytic system for the aerobic 

oxidation of α-hydroxy ketones in basic aqueous medium and subsequent in situ 
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formation of quinoxaline derivatives.5 However, the presence of base and water is 

not amicable for the oxidation of sensitive substrates such as α-hydroxy esters and 

α-hydroxy phosphonates. The presence of labile groups such as esters and 

phosphonates in these substrates discourages the use of base in the reaction 

medium, as under these conditions they are readily hydrolysed giving undesired 

carboxylic acid products.6 α-keto esters and α-keto phosphonates are structural 

motifs of various natural products, pharmaceuticals and biologically active 

compounds and have been found at the core of numerous analgesic, non-steroidal 

anti-inflammatory drugs and phytohormonal growth regulators.7 Hence, 

development of a nanoparticle based reusable catalyst that exhibits a wide range of 

substrate tolerance for the direct oxidation of α-hydroxy esters and α-hydroxy 

phosphonates to their keto counterparts is crucial from both synthetic and green 

chemistry point of view. Therefore it was imperative to focus on the development 

of a nanoparticle based catalytic system with activity and selectivity suitable for 

the title transformations under base free and solvent-free conditions. We 

envisioned that alloying Au with intrinsically active Pd might lead to a catalyst 

with fine-tuned activity for this specific reaction. It has been well established that 

bimetallic NPs offer greater reaction specificity, catalyst tunability and superior 

performance compared to their monometallic counterparts owing to the synergistic 

effect between two different metals.8,9 Au-Pd bimetallic nanocomposites have 

generated special interest in heterogeneous catalyst for various reactions such as 

selective oxidation of C-H bonds and alcohols, direct synthesis of H2O2 from H2 

and O2, C-C coupling, electrochemical reactions etc.10,11 

 In this chapter, we report the selectivity in oxidation of substrates having sensitive 

groups such as esters and phosphonates by controlling the Au:Pd ratio in a 

bimetallic nanoparticle catalyst under a base-free and solventless condition. 
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4.2 Characterization of Au-Pd PVP nanocomposites 

We synthesized monometallic Au and Pd and a series of Au1-xPdx (x=0-1) NPs by 

co-reduction of HAuCl4 and H2PdCl4 using NaBH4 as a reducing agent and 

polyvinyl pyrrolidone (PVP) as a stabilizer following a reported method.12 

  Figure 4.1 (a) UV- visible spectrum of Au NPs (black line), Pd NPs (blue line) 

and Au- Pd alloy NPs (brown line),(b) XRD pattern Au-NP, Pd-NP and Au-Pd 

NPs; the corresponding lattice planes are marked. 

   The composition of the bimetallic NPs was controlled by varying the ratios of 

Au and Pd metal salts. Au nanoparticles showed their characteristic plasmon 

resonance band at 528 nm, however, the plasmon resonance characteristics of Au 

disappeared in the UV-visible spectrum of Au-Pd nanoparticles (Figure 4.1a). The 

results confirmed the formation of bimetallic nanoalloys as the disappearance of 

the plasmon resonance characteristics could be attributed to changes in the band 

structure of Au nanoparticles due to alloying with Pd.13 The XRD patterns of Au, 

Pd and bimetallic Au-Pd nanoparticles (Figure 4.1b) exhibit two major diffraction 

peaks in the region 30° < 2θ < 70° that correspond to the (111) and (200) of the 

fcc structure of monometallic Au and Pd. The diffraction peaks of the bimetallic 

Au-Pd nanoparticles were observed in between the diffraction peaks of pure Au 

and Pd nanoparticles, signifying the formation of Au-Pd alloys. The d111 and d200 

of Au (0.235 nm and 0.205 nm), Pd (0.224 nm and 0.195 nm) and Au0.5Pd0.5 
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(0.230 nm and 0.199 nm) were calculated following Bragg’s equation (figure 

4.1b).  

Figure 4.2 TEM images of the Au-Pd nanoparticles stabilized with PVP in 

aqueous medium at scale bar a) 2 nm, b) 10 nm. c) corresponding SAED pattern. 

d) EDX spectrum of Au-Pd alloy nanoparticles. e) Au nanoparticles stabilized 

with PVP at scale bar 10 nm and f) Pd nanoparticles with PVP at scale bar 10nm. 

g) and h) SAED pattern of Au and Pd NPs. 

Transmission electron microscopy studies of the Au-Pd nanoparticles revealed the 

formation of very small spherical nanoparticles with an average diameter of 4.2 ± 

1.4 nm (figure 4.2). High resolution TEM studies revealed the lattice fringe 

separation of 0.229 nm, which is close to the value as measured by XRD for Au-

Pd (111) plane (figure 4.2 b). On the other hand, Au nanoparticles synthesized by 
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this method showed the formation of ultrasmall nanoparticles with an average 

diameter of 3.5 ± 0.9 nm, while Pd nanoparticles showed an agglomerate of  

4.3 Optimization of Oxidation reaction 

Table 4.1: Optimization of oxidation of α-hydroxy esters to α-keto esters 

 

 

 

Entry Catalyst Reaction conditions (solvent/ temp/ 
oxidant) 

Yield of 2ab 
(%)  

Yield 2b (%) 

1 No catalyst Water, 80 °C, Air  - 
2 PVP Water, 80 °C, Air  - 
3. AuPVP/ 

K2CO3 
Water, 80 °C, Air -  Mandelic 

Acid 
 

4. AuPVP Water, 80 °C, oxygen 5 - 
5. PdPVP Water, 80 °C, oxygen 10 60 
6. Au-PdPVP 

(1:1) 
Water, 40 °C, Air 15 - 

7. Au-PdPVP 
(1:1) 

Solvent free, 40 °C, Air 15 trace 

8. Au-PdPVP 
(1:1) 

Solvent free, 40 °C, oxygen 20 - 

9. Au-PdPVP 
(1:1) 

Solvent free, 80 °C, oxygen 44 - 

10. Au-PdPVP 
(1:1) 

Solvent free, 110 °C, oxygen 66 - 
 

11. Au-PdPVP 
(1:1) 

Solvent free, 40, 5 mol % TBHP 33 - 

12. Au-PdPVP 
(1:1) 

Solvent free, 40 °C,15 mol % TBHP 55 - 

13. Au-PdPVP 
(1:1) 

Solvent free, 40 °C, 25 mol % 
TBHP 

88 - 

14. No catalyst Solvent free, 40 °C, 25 mol% TBHP - - 
15. Au-PdPVP 

(3:1) 
Solvent free, 40 °C, 25 mol % TBHP 50 5 

16. Au-PdPVP 
(1:3) 

Solvent free, 40 °C, 25 mol % TBHP 52 30 

17. Au-PdPVP 
(1:1) 

Solvent free, 40 °C, Argon 10 - 

18. Au-PdPVP 
(1:1) 

Solvent free, 40 °C, 25 mol % H2O2 40  

COOEt

OH

COOEt

O
Catalyst, TBHP

Temp +
COOH

O

2a
2b1a
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nanoparticles with reduced interparticle separation forming a chainlike structure. 

The Energy dispersive X-ray (EDX) spectroscopy of Au-Pd composite showed the 

presence of both Au and Pd in the composite (figure 4.2d). 

 Initially, oxidation of ethyl mandelate towards the formation of ethyl 

phenylglyoxylate was studied as a model reaction for obtaining the optimized 

condition by screening at various temperatures, solvent, oxidant and catalyst 

loading and the results are summarized in Table 4.1. When the usual pathway for 

oxidation reactions using Au NPs in presence of base such as K2CO3 was adopted 

in the present case, undesired mandelic acid was obtained as the sole product. The 

results indicated that α-hydroxy esters are highly unstable in presence of base. The 

presence of water in the reaction medium did not yield any significant product 

(Table 4.1, entry 3). In presence of oxygen as oxidant, use of monometallic Au 

NPs as catalysts did not result in significant conversion (Table 4.1, entry 4).  On 

the other hand, Pd NPs showed high activity in the oxidation of hydroxyl groups 

although it was accompanied by hydrolysis of the ester leading to the formation of 

undesired phenylglyoxylic acid as the major product (Table 4.1, entry 5). 

 

 

 

 

 

 

Figure 4.3 Comparative study of oxidation of substrate α-hydroxy ester (1a) in the 

presence of various compositions of mono-/bimetallic nanoparticle catalysts. 

Condition: 1 mmol α-hydroxy ester, 0.05 mol% of Au-PdPVP, 25 % TBHP, 40 °C.  



Chapter 4 
 

 102 

In order to achieve high yield and better selectivity of our desired product ethyl 

phenylglyoxylate, we turned our attention towards using Au-Pd alloy NPs which 

are known to show superior performance compared to their monometallic 

counterparts owing to synergistic effect (Table 4.1, entry 9, 10, 13). It was 

observed that Au0.5Pd0.5 NPs showed the best activity among all the Au0.5Pd0.5 

alloy compositions (Table 4.1, entry 13, 15, 16).  

   In comparison, using Au0.7Pd0.3 nanocatalysts resulted in 40 % of oxidized 

product with lower conversion, whereas Au0.3Pd0.7 NPs afforded phenylglyoxylic 

acid (yield 30 %) as a side product Table (4.1, entry 15,16). The yield of the 

oxidized product could be significantly enhanced upto 88% at lower temperature 

and shorter reaction time by using tert-butyl hydroperoxide (TBHP) as an 

additional oxygen donor (Table 4.1, entry 13).  The best reaction conditions were 

achieved for our model reaction without any formation of byproducts at low 

temperature and solvent free conditions when Au0.5Pd0.5 NPs were used as 

catalysts in presence of 25 mol% of TBHP as an oxidant (Table 4.1, entry 13). It is 

worth mentioning that only TBHP is almost inactive, with a very negligible 

amount of the oxidized product being formed. Further, in absence of O2, the model 

reaction using Au0.5Pd0.5 NPs as catalysts in presence of TBHP afforded 10 % of 

the oxidized product suggesting that the presence of oxygen was vital for this 

oxidation reaction (Table 4.1, entry 16). In order to verify the role of alloy NPs in 

selectivity of the oxidized product, we also performed the reaction under similar 

conditions using a mixture of monometallic Au and Pd NPs, that resulted in a 

mixture of ethyl phenylglyoxylate and phenylglyoxylic acid. With a clear 

understanding of the performance of various nanoparticle compositions on the 

activity and selectivity during the oxidation of α-hydroxy esters and optimized 

reaction conditions in hand, the generality of this novel nanoparticle catalyzed 

oxidation reaction was examined and the results are compiled in Table 4.1.  

   We first investigated the substrate scope of various substituted aryl hydroxy 

esters. A great variety of α-hydroxy esters were compatible with this protocol, 

leading to α-keto esters in moderate to high yield (93%). 
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Table 4.2: Oxidation of aryl α-hydroxy ester derivativesab 

 

 

 

  

     

   

a Standard reaction conditions: 1mmol hydroxy ester, 0.10 mol %  Au0.5Pd0.5 PVP NPs, 25 mol % 
TBHP (30 %).  b isolated yields. 

COOEt

OH

COOEt

O

1a 2a

(0.10mol%) AuPdPVP

25 mol% TBHP, 40 °C, O2
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Both the electron-rich or electron-poor aryl substituents accommodated the 

reaction well and the functionalities such as –CH3, -OMe, -Br, -vinyl, -CHO and –

CF3 on the aryl rings tolerated well during the reaction (2a-2j, Table 4.3). It should 

be pointed out that electron donating substituents on the aromatic ring enhanced 

the yield when compared to electron-withdrawing groups. The presence of fused 

ring substituents such as 1-napthyl afforded moderate yield (59%) although a 

longer reaction time was required. Hetero aryl groups such as 3-thienyl were also 

well suited and the corresponding oxidized product were obtained in good yields 

such as 84% (2k, Table-4.2). Interestingly, oxidation of methyl mandelate 

afforded high yield of the oxidized product at comparatively lesser reaction time, 

possibly due to less steric effect (yield 82%, 2q, Table 4.2). 

  However, employing alkyl-α-hydroxy esters such as ethyl lactate or 

diethylhydroxy malonate could not afford the desired product with any significant 

yield even at higher temperature (80 °C) and prolonged reaction time.  

 

 

 

 

 

 

 

Scheme 4.2 Selectivity of substrate β-hydroxy ester with Au0.5Pd0.5PVP alloy 

nanoparticle with presense of THBP and without TBHP. Condition: 1 mmol β-

hydroxy ester, 0.05 mol% Au-PdPVP, 25 mol% TBHP, 40 °C. 

In case of aryl-β-hydroxy esters, the use of Au-Pd NPs in absence of TBHP led to 

a mixture of the desired oxidized product ethyl benzoylacetate (40%) and an 

COOEt
OH

AuPd:PVP, O2 COOEt
+ COOEt

O

80 °C

60 %
40 %

AuPd:PVP, O
2TBHP O
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eliminated product ethyl cinnamate (60%). However, in presence of TBHP, 

Au0.5Pd0.5PVP NPs afforded high yield of the desired oxidized products at lower 

reaction time with no side product formation (scheme 4.2). 

Oxidation of α-hydroxy phosphonate to keto phosphonate: 

Encouraged by the results for the selective oxidation of aryl α-hydroxy esters by 

Au-Pd alloy NPs in presence of TBHP as an oxidant under mild reaction 

conditions, we then applied the same methodology for the direct oxidation of aryl 

α-hydroxy phosphonates. Due to high sensitivity of the C(O)-P bonds in these 

compounds towards hydrolysis and acidic conditions, development of a 

nanocatalytic system for direct oxidation of α-hydroxy phosphonates to their 

corresponding keto products is tedious.  

 

 

 

 

 

 

 

 

 

Scheme 4.3 Selectivity of  α-hydroxy phosphonate substrates with Au0.5Pd0.5PVP 

alloy nanoparticle in presence of THBP and without TBHP. Condition: 1 mmol β-

hydroxy ester, 0.10 mol% Au0.5Pd0.5PVP, 25 mol% TBHP, 40 °C. 

It was observed that using Au0.5Pd0.5PVP nanoparticles in presence of O2 as the 

sole oxidant led to the hydrolysis of the compounds giving their corresponding 

PO(OEt)2

OH
Au0.5Pd0.5PVP
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H
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aldehydes as the sole product. When TBHP was used along with O2 as the oxidant, 

Au0.5Pd0.5PVP NPs afforded the desired α-keto phosphonates as the major product 

at 80 °C under solventless conditions. Several substituents such as –Me, -OMe, -

Cl, -Br on the aryl rings also afforded good yield of the oxidized product under the 

present reaction conditions (table-4.3, 4a-4e). 

Table 4.3: Oxidation of α-hydroxy phosphonate 3 to keto phosphonate 4  

 

 

 

 

 

 

 

 

 

 

4.4 Reusability of Au0.5Pd0.5PVP alloy nanocatalyst:  

The reusability of the Au0.5Pd0.5PVP alloy nanocatalysts in presence of TBHP was 

evaluated by studying the reaction yield over two cycles during the oxidation of 

ethyl mandelate. Although there was no marked change in the selectivity of the 

product, the conversion was found to be gradually decreasing over the cycles 

(recovery amount of ethyl phenylglyoxylate was 81% after the first run and 77%   

 

                   

             

        

Reaction condition:1 mmol α-hydroxy phosphonate, 0.10 mol %  Au0.5Pd0.5PVP , 
30 mol % TBHP 

PO(OEt)2

OH

PO(OEt)2

O

O2, 80 °C
3 4

R R

Au0.5Pd0.5PVP, 30 mol%TBHP
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Figure 4.4 Recyclability of Au0.5Pd0.5PVP alloy nanocatalysts 

 
 

Figure 4.5 TEM images and particle size distribution of a) Au0.5Pd0.5PVP 

nanoparticles; scale bar 10 nm and average particle size 3±2 nm. b) after addition 

of 25 mol% tetrabutyl hydrogen peroxide (TBHP) into reaction medium before the 

oxidation; scale bar 20 nm and the average particle size 5±2 nm c) after oxidation 

reaction; scale bar 10 nm and average particle size 7±3 nm.    
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after the 2nd run (Figure 4.4). This could be attributed to the agglomeration of the 

nanoparticles upon interaction with TBHP as observed by TEM studies (Figure 

4.5).   

4.5 Proposed mechanism 

For the mechanistic investigation of the reaction, we performed a few studies 

under various conditions. In presence of a free radical scavenger such as TEMPO 

((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl), when we performed our model reaction 

for the oxidation of ethyl mandelate using Au0.5Pd0.5PVP NPs in presence of O2, 

but in absence of TBHP as an additional oxidizer, the desired product was 

obtained with 15% yield.      

 

 

 

 

 

 

 

Figure 4.6 Mechanistic proposal of oxidation of aryl α-hydoxy ester 

As the reaction was not affected by the presence of TEMPO, this suggested that 

the reaction did not proceed through the free radical mechanism. On the other 

hand, when the reaction was carried out in presence of TBHP, O2 and TEMPO, we 

obtained 50% yield of the product. In this case, possibly, the reaction followed a 

free radical pathway. When the model reaction was carried out in presence of 

TBHP in argon atmosphere, the desired product was obtained with 15% yield. The 

TBHP

TBHP
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results suggest that O2 is the primary oxidant for these oxidation reactions. From 

these studies and taking a cue from the earlier reports, we propose a mechanism 

for the selective oxidation of α-hydroxy esters. The three different oxidant systems 

can undergo different reaction pathways to activate the oxidants and generate a 

common peroxyformate intermediate Au-Pd-O2. In case of O2 as the sole oxidant, 

O2 directly adsorbs on the Au-Pd surface to a superoxo species. In case of TBHP 

as an oxidant, interaction of TBHP and anionic Au0.5Pd0.5PVP forms a 

hydroperoxy species followed by loss of a H2O molecule to give Au-Pd-O2 

species. In case of TBHP/O2, initiation of TBHP forms species BuO /̇˙OH which 

activates dioxygen to form superoxolike O2˙ species which is adsorbed on the NP 

surface. The peroxo-like intermediate is transformed to Au-Pd-O2 species. The 

superoxo- or peroxo- like species generated on the cluster surface eliminates β-

hydrogen from the alcohol to generate the keto product.13 

4.6 Conclusion: 

We developed an efficient, extraordinary, recyclable and selective Au-Pd alloy 

nanocatalyst for oxidation of α-hydroxy ester and α-hydroxy phosphonate 

compounds with high substrate scope in solventless heterogenous pathway. Au-Pd 

alloy nanoparticle were shown as exceptional superior catalyst compared to Au 

and Pd mononanoparticle catalyst alone due to the synergistic effect of both 

metals. We have also shown here that the catalytic property of Au-Pd alloy 

depends on the composition of metal precursors.  

4.7 Instrumentation 

All reactions were carried out in air and monitored by TLC using Merck 60 F254 

pre coated silica gel plates (0.25 mm thickness) and the products were visualized 

by UV detection. Flash chromatography was carried out with silica gel (200-300 

mesh). FT-IR spectra were recorded on a Bruker Tensor-27 spectrometer. 1H and 
13C NMR spectra were recorded on a Bruker Advance (III) 400 MHz 

spectrometer. Data for 1H NMR are reported as a chemical shift (δ ppm), 

multiplicity (s = singlet, d = doublet, q = quartet, m = multiplet), coupling constant 



Chapter 4 
 

 110 

J (Hz), integration, and assignment, data for 13C are reported as a chemical shift. 

High resolution mass spectral analyses (HRMS) were carried out using ESI-TOF-

MS. UV-visible spectra were recorded in a Varian Cary 100 Bio 

spectrophotometer, TEM images were recorded on a Tecnai G2 20 Ultra- Twin 

microscope. Thermal gravimetric analysis (TGA) was performed in a Mettler-

Toledo TGA-DSC/1 star system. 

PXRD measurements  

Powder XRD spectra were recorded on a Bruker D8 Advance diffractometer using 

Cu Kα as the X-ray Source. X-ray diffraction patterns of bimetallic Au–Pd 

nanoclusters before and after reaction were recorded in thin film mode. The 

catalyst was centrifuged and washed with Millipore water and deposited on the 

glass slide followed by air-drying. The same method was applied for the 

preparation of samples of fresh monometallic and bimetallic catalysts and the 

XRD was performed. The crystallite size of the Au–Pd core was estimated from 

the peak width of the diffraction peak of the alloy Au–Pd (111) plane by fitting 

with a single Gaussian function. Finally, the core diameter was estimated from 

Scherrer's formula D = κλ/β cosΘ, where κ, λ and β are Scherrer's constants. 

4.8 Materials and Methods  
 Hydrogen tetrachloroaurate (III) hydrate (HAuCl4,H2O, purum, -52% Au basis), 

palladium (II) chloride (PdCl2, 99.9%), Poly(vinylpyrrolidone) (PVP, Mw = 

300,000), Sodium Borohydride (NaBH4), Boronic acids, Aldehydes, ethyl 

glyoxylate, Pd2(dba)3·CHCl3,  2-di-tert-butylphosphanylbiphenyl  were purchased 

from Sigma Aldrich. All these chemicals were used without further purification. 

MilliQ water was used throughout the experiment.  

4.8.1 Preparation of PVP-Stabilized Au NPs 

To an aqueous solution of HAuCl4 (1 mM, 40 mL) was added 555.5 mg of PVP so 

that the molar ratio of AuCl4 - and monomer unit of PVP was kept at 1:100. The 

mixture was further stirred for 30 min in a bath kept at 0 °C.14 Then, an aqueous 

solution of NaBH4 (100 mM, 5 mL) was rapidly sprayed into the mixture under 
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vigorous stirring. The color of the mixture immediately turned from pale yellow to 

dark brown, indicating the formation of small Au NPs. The AuPVP NPs were 

subsequently dialyzed overnight to remove inorganic impurities such as Na+ and 

Cl-. The dialyzed hydrosol of the AuPVP NPs was diluted to 100 mL and stored at 

2 °C. The water used in the present study was of MilliQ grade. 

4.8.2 Preparation of PVP-Stabilized Pd NPs 

For the synthesis of Pd nanoparticles, an aqueous solution of H2PdCl4 (50 mM) 

was prepared by completely dissolving 177.3 mg PdCl2 in 100 mL of 20 mM HCl 

in a boiling water bath. To an aqueous solution of H2PdCl4 (1 mM, 30 mL) was 

added 555.5 mg of PVP. The mixture was further stirred for 30 min in a bath kept 

at 0 °C.15 Then, an aqueous solution of NaBH4 (100 mM, 5 mL) was rapidly 

sprayed into the mixture under vigorous stirring. The color of the mixture 

immediately turned from pale yellow to dark black, indicating the formation of 

small Pd NPs. The dialyzed hydrosol of the PdPVP NPs was diluted to 100 mL 

and stored at 2 °C. The water used in the present study was of MilliQ grade. 
 

4.8.3 Synthesis of Au0.5Pd0.5PVP alloy nanoparticle 

 555.5 mg of PVP (K-30) was dissolved in 44 mL of MilliQ water and to the 

solution was added quantitative amount of HAuCl4 (30 mM) and PdCl2 (30 mM) 

and monomer unit of PVP was kept at 1:100. The resulting solution was stirred for 

30 min at 0 °C. The solution was maintained at 4 °C before reduction, and an 

aqueous solution (5 mL) of NaBH4 (20 mg, 0.52 mmol) was added rapidly under 

vigorous stirring. The color of the mixture turned from pale yellow to brown, 

indicating the formation of Au–Pd bimetallic clusters. Thus obtained 

Au0.5Pd0.5PVP clusters were subsequently dialyzed through the membrane filter to 

remove the inorganic impurities such Na+ and Cl-. The dialyzed hydrosol of 

AuPdPVP was diluted to 25 mL and stored in refrigerator for catalytic reactions 

and characterizations. 

4.8.4 Synthesis of α-hydroxy ester (starting alcohols): 

 To a suspension of aryl boronic acids (1.5 mmol) and Cs2CO3 (1 mmol, 326 mg) 

in dry toluene (3 mL) was added Pd2(dba)3·CHCl3 (0.0125 mmol, 13 mg), 2-di-
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tert-butylphosphino)biphenyl (0.05 mmol, 15 mg) and ethyl glyoxylate (1 mmol) 

under an atmosphere of argon at room temperature. The temperature was 

increased to 80 °C, and the mixture was stirred for 7–24 h. The reaction was 

quenched with water (10 mL), and the resulting mixture was extracted with 

dichloromethane (315 mL).16 The combined organic phase was dried with sodium 

sulfate, filtered, and concentrated under vacuum. The resulting crude mixture was 

purified by flash chromatography with unmetalated silica (cyclohexane/ EtOAc). 

 

 

 

 

Figure 4.7 Synthesis of α-hydroxyl ester. 

 

4.8.5 Synthesis of α-hydroxy phosphonates: 

A mixture of benzaldehyde (1 mmol), triethyl phosphite (1 mmol) and CSA (0.1 

mmol) under neat conditions was subjected to ultrasound irradiation for 30 min. 

Reaction progress was monitored by TLC (ethyl acetate/n-hexane: 1:9). After 30 

min, 10 mL water was added to the reaction vessel and irradiated again for 10 min 

to obtain the solid product. Reaction mass containing product was poured on 

crushed ice and product was collected by simple filtration, washed with water and 

dried. The crude product was recrystallized from ethanol to obtain pure product.17 

 

 

 

 

 

 

Figure 4.8 Synthesis of α-hydroxyl phosphonates  
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4.8.6 Oxidation of alcohols to keto compounds  

 In a typical synthesis, 1mmol alcohol (hydroxyl ester, β-hydroxy ester, α-hydroxy 

phosphonate), 30 mg (0.05 mol %) Au0.5Pd0.5PVP, 25 mol% tert-butyl hydrogen 

peroxide were taken in a round bottom flask. The reaction mixture was then 

heated at specified temperature and time under air. The progress of the reaction 

was monitored by TLC. After completion of reaction, the mixture was extracted 

with ethyl acetate (3 × 10 mL), washed with water and brine. The organic phase 

was evaporated by rotary evaporator under reduced pressure to give the crude 

product which was further purified by flash column chromatography. 

 NMR data of α-keto esters and α-keto phosphonates 

  1.                                                                                                                                                                                                        

Colorless oil; Rf 0.69; (hexanes: ethyl acetate, 80:20 

v/v): 1H NMR (400 MHz, CDCl3, ppm): 7.99-7.97 (m, 

2H), 7.63 (t, J= 12 Hz, 1H), 7.48 (t, J= 8Hz, 2H), 4.42 

(q, J1= 8 Hz J2=8 Hz, 2H), 1.39 (t, J= 16 Hz, 3H) 13C 

NMR (100 MHz, CDCl3): 186.03, 163.44, 134.49, 

132.05, 129.58, 128.48, 61.91, 13.7. 

 

 

2. 

yellow oil; Rf 0.59; (hexanes: ethyl acetate, 80:20 v/v) 

NMR (400 MHz, CDCl3, ppm) 7.88-7.84 (dd, J= 8Hz, 

2H), 7.28-7.24 (dd, J1= 8 Hz, J2= 8 Hz, 2H), 4.35 (m, 

2H), 2.40 (S, 3H), 1.33(t, 3H), 13C NMR (100 MHz, 

CDCl3): 185.99, 163.95, 146.12, 129.51, 127.02, 62.08, 13.99. 

 

 

O

OEt

O

ethyl 2-oxo-2-phenylacetate

O

OEt

O

ethyl 2-oxo-2-p-tolylacetate
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3. 

Greenish oil; Rf 0.79; (hexanes: ethyl acetate, 

80:20 v/v)  NMR (400 MHz, CDCl3, ppm): 7.99-

7.81 (d, J = 8 Hz, 2H), 7.30-7.28 (d, J = 8 Hz, 2H), 

4.42(q, J1 = 8 Hz, J2 = 8 Hz, 2H), 2.69 (q,  J1 = 4 

Hz, J2 = 4 Hz, 2H), 1.38 (t, 3H), 1.22 (t, 3H), 13C 

NMR (100 MHz, CDCl3):186.03, 163.98, 152.21, 130.13, 128.35, 126.42, 62.07, 

29.03, 14.91, 14.00 

4. 

Colorless oil; Rf 0.78; (hexanes: ethyl acetate, 80:20 

v/v) NMR (400 MHz, CDCl3, ppm): 6.88 (s, 2H), 4.34-

4.39 (q, 2H), 2.30 (s, 3H), 2.25 (s, 6H), 1.35-1.39, (t, 

3H) 13C NMR (100 MHz, CDCl3): 191.71, 162.49, 

140.64, 135.93, 132.86, 128.75, 62.22, 20.91, 19.33, 

13.64. 

 

5. 

Colorless oil; Rf 0.67; (hexanes: ethyl acetate, 

80:20 v/v)  NMR (400 MHz, CDCl3, ppm): 

8.01-7.99 (d, J = 8 Hz, 2H), 6.98-6.96 (d, J = 

8 Hz, 2H), 4.40-4.46(q, 2H), 3.89 (s, 3H), 

1.40-1.43, (t, 3H), 13C NMR (100 MHz, CDCl3): 184.91, 165.05, 164.19, 132.62, 

125.60, 114.28, 62.19, 55.68, 14.17. 

7.  

Colorless oil; Rf 0.68; (hexanes: ethyl acetate, 

60:40 v/v) 8.03-8.01 (d, 2H), 7.54-7.52 (d, 

2H), 4.48-4.43 (q, 2H), 1.42-1.40 (t, 3H). 13C 

NMR (100 MHz, CDCl3): 207.35, 168.40, 

149.35, 130.33, 129.15, 127.96, 53.76, 14.46. 

 

 

Br

OEt

O

O

ethyl 2-(4-bromophenyl)-2-oxoacetate

OEt

O

O

ethyl 2-mesityl-2-oxoacetate

MeO

OEt

O

O

ethyl 2-(4-methoxyphenyl)-2-oxoacetate
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8. 

Greenish oil; Rf 0.88; (hexanes: ethyl acetate, 

60:40 v/v) NMR (400 MHz, CDCl3, ppm): 8.01-

7.98 (dd, J = 8 Hz, 2H), 7.54-7.52 (d, J = 8 Hz, 

2H), 6.73-6.83 (q, 1H), 5.91-5.95 (d, 1H), 4.42-

4.48 (q, ,-OCH2,  2H), 1.42-1.44 (t, J = 8 Hz, 3H) 13C NMR (100 MHz, CDCl3: 

185.76, 163.53, 146.12, 135.42, 130.18, 127.79, 127.09, 126.27, 117.67, 62.02, 

13.83 

 

9. 

Colorless oil; Rf 0.65; (hexanes: ethyl acetate, 

80:20 v/v). NMR (400 MHz, CDCl3, ppm): 

9.05-9.03 (d, J = 8 Hz, 1H), 8.14-7.90 (m, 4H), 

7.66-7.56 (m, 2H), 4.42-4.54 (m, 2H) 13C 

NMR (100 MHz, CDCl3:185.76, 163.53, 

146.12, 135.42, 130.18, 129.79, 127.09, 126.27, 117.67, 62.02, 13.83. 

 

 

10. 

Colorless oil; Rf 0.79; (hexanes: ethyl acetate, 

80:20 v/v)  NMR (400 MHz, CDCl3, ppm) δ : 

7.94-7.92 (d, J = 8 Hz, 2H), 7.60-7.56 (t, J = 6 

Hz, 1H), 7.45-7.48 (t, J = 6 Hz, 2H), 4.54-4.42 

(m, 2H), 1.18-1.15 (t, 3H)  13C NMR (100 MHz, CDCl3 :192.60, 167.74, 136.27, 

134.03, 133.96, 129.04, 128.73, 61.74, 52.70, 46.23, 14.30.  

 

11. 

Colorless oil; Rf 0.89; (hexanes: ethyl acetate, 

80:20 v/v) NMR (400 MHz, CDCl3, ppm) δ : 

O
O

OEt

ethyl 2-oxo-2-(4-vinylphenyl)acetate

COOEtO

ethyl 2-(naphthalen-1-yl)-2-oxoacetate

O

COOEt

ethyl 3-oxo-3-phenylpropanoate

O
COOEt

ethyl 3-oxo-3-p-tolylpropanoate
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7.781-7.761 (d, J = 8 Hz, 2H), 7.212-7.189 (d, J = 8 Hz, 2H), 4.16-4.11 (q, 2H), 

3.89 (s, 2H), 2.34 (s, 3H), 1.20-1.10 (t, 3H) . 

12. 

White solid; NMR (400 MHz, CDCl3, ppm): 8.06-

8.26 (m, 2H), 7.40-7.63 (m, 2H), 4.02-4.30 (dq,-

OCH2, 4H), 1.29-1.39 (t, J = 8 Hz, 6H) 13C NMR 

(100 MHz, CDCl3: 199.36, 134.43, 129.75, 

129.49, 128.04, 63.80, 15.80 

 

 

13. 

Colorless oil; Rf 0.88; (hexanes: ethyl acetate, 

80:20 v/v)  NMR (400 MHz, CDCl3, ppm):8.08-

8.10 (d, J = 8 Hz, 2H), 7.20-7.22 (d, J = 8 Hz, 

2H), 4.16-4.23 (m,-OCH2, 4H), 1.27-1.31 (t, J = 

8 Hz,-CH3, 6H) 13C NMR (100 MHz, CDCl3: 

198.52, 145.63, 132.47, 129.52, 63.53, 21.42. 

 

14. 

Colorless oil; Rf 0.67; (hexanes: ethyl acetate, 60:40 

v/v) NMR (400 MHz, CDCl3, ppm): 8.15-8.13 (d, J = 

8 Hz, 2H), 7.67-7.65 (d, J = 8 Hz, 2H), 4.31-4.24 (m, 

4H), 1.33-1.30 (t, 3H) 13C NMR (100 MHz, CDCl3: 

189.35, 131.97, 131.29, 130.94, 128.20, 63.94, 63.89, 

13.62.  

 

15. 

Yellow oil; Rf 0.68; (hexanes: ethyl acetate, 

60:40 v/v) NMR (400 MHz, CDCl3, ppm) : 

8.15-8.13 (d, 2H), 7.42-7.39 (dd, 2H), 4.29-

P

O
O

EtO OEt

diethyl benzoylphosphonate

P

O
O

EtO OEt

diethyl 4-methylbenzoyl
phosphonate

Me

P

O
O

EtO OEt
Br

diethyl 4-bromobenzoyl
phosphonate

diethyl 4-chlorobenzoylphosphonate

P

O
O

EtO OEt
Cl
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4.20 (m, 2H), 1.27-1.23 (t, 6H). 198.17, 140.93, 133.03, 130.68, 128.75, 66.70, 

14.56  
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5.1 Introduction 

   α-ketoamides are a well-known structural motif in a wide range of 

pharmaceuticals, drugs and natural products. α-ketoamide based compounds 

have been reported to act as anticancer agents, HIV inhibitors, FIV protease 

inhibitors,  cyctokine inhibiter, epoxide hydrolase inhibiter, FK506, rapamycin, 

FKBP12 etc (Figure 5.1). The activities of transition state immunosuppressive 

drugs like tacrolimus and sirolimus are attributed to the presence of this 

moiety.1 Apart from the biologically important application, they act as valuable 

precursors and synthetic intermediates in many functional group 

transformations.  Due to the importance of the α-ketoamide scaffold, there has 

been a continuous effort towards the development of newer methods for the 

synthesis of these important molecules. The classical method involves the 

amidation of α-ketoacids with activating agents, however it is associated with 

several disadvantages such as use of strong oxidizing agents, limited substrate 

scope and harsh reaction conditions. Several other metal catalyzed 

methodologies have been developed and representative approaches are Pd 

catalyzed double carbonylation of aryl halides and amines using carbon 

monoxide,2 Cu-catalyzed aerobic oxidative coupling of aryl acetaldehydes, Cu-

catalyzed direct oxidative synthesis from aryl methyl ketones and Cu-catalyzed 

aerobic cross-dehydrogenative coupling of amine and α-oxoaldehyde etc.3 

However, most of the methods involve important drawbacks such as use of 

homogeneous catalysts, hazardous nature and sensitivity towards moisture and 

air.  

Furthermore, most of the oxidative coupling reactions are highly exothermic, 

and since the reaction passes through transition state with high activation 

energy, harsh reaction conditions such as elevated temperatures and high 

pressure are required for significant conversion.4 Towards the development of 

metal free approaches for the synthesis of α-ketoamides, carbonyl based 

starting materials such as aryl methyl ketones and oxoaldehydes under 

oxidative amidation condition with oxidants like tert-butyl hydrogen peroxide 

(TBHP) and selenium dioxide have been used.5 Very recently, I2 mediated 

formation of α-ketoamides in presence of TBHP from terminal alkenes/alkynes 
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or acetophenone have been reported.6 One of the major drawbacks of this 

methodology is the selectivity of the products and formation of large fraction 

of undesired byproducts in the reaction. Vishwakarma et.al. recently reported a 

dimethyl sulfoxide (DMSO) promoted synthesis of ketoamide,7 however this 

method is limited only to secondary amines. Although the reported methods 

have been moderate to highly successful towards the formation of α-

ketoamides, the development of heterogeneous, recyclable catalysts for the 

amidation reaction is highly desired. 

 

Figure 5.1 A few examples of biologically active compounds containing α-

ketoamide. 

    In our pursuit towards the development of nanoparticle based catalysts for 

important organic transformations, we looked for the efficacy of noble metal 

based nanocatalytic systems for oxidative coupling reactions leading to the 

formation of α-ketoamides. Looking into the inherent advantages such as 

heterogeneity as well as recyclability, these nanocatalysts offer an alternative, 

convenient and efficient method for these important transformations. Although 

Au based catalytic systems have been reported for oxidation reactions as well 

as coupling reactions, development of a novel synthetic pathway with vast 

substrate scope under mild reaction conditions will bring forth a new impetus 

in organic chemistry. 
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    Herein, we report the synthesis of α-ketoamides using 2-oxoaldehyde as a 

starting material that undergoes oxidative coupling with aniline derivatives 

using Au-Pd alloy nanoparticles as catalyst. Whereas monometallic Au or Pd 

nanoparticles could not sufficiently catalyze the reaction under mild 

conditions, the alloy nanoparticles of these two metals efficiently performed 

the reaction through their synergistic effect.8,9 2-oxoaldehydes were used as 

starting materials because of the higher reactivity of aldehyde in these groups 

in comparison to normal aldehydes owing to the existence of an electron-

withdrawing ketone group. Interestingly, by this methodology, primary amines 

such as substituted anilines could be coupled, leading to the formation of α-

ketoamides. To the best of our knowledge, this is the first report of any noble 

metal based nanocatalytic systems used as efficient catalyst for cross 

dehydrogenative coupling reactions. 

 

Figure 5.2 Au-Pd alloy nanoparticles catalyzed oxidative cross-

dehydrogenative coupling.  

5.2 Characterization of nanoparticles 

   The PVP stabilized Au, Pd and Au-Pd alloy nanoparticles with various 

compositions were prepared via the co-reduction method using NaBH4 as a 

reducing agent in water as reported in the earlier chapter. As the physico-

chemical properties of the nanoparticles evaluated by various spectroscopic 

and microscopic studies have been reported in the earlier chapter, the 

characterization is not repeated in this chapter.    
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5.3 Results and discussion 
    With the aim for the development of a nanocatalytic system towards the 

formation of α-ketoamides through the coupling of α-oxoaldehyde with a 

primary amine, we performed the reaction of phenylglyoxal and 4-methoxy 

phenylamine as a model reaction under various reaction conditions in order to 

explore the optimal reaction conditions. Various parameters such as 

temperature, solvent and base etc. were evaluated in order to study the 

performance of the various catalysts. The evaluation of the reaction parameters 

on the catalytic activity of the nanocatalysts were based on the criteria that the 

reaction could be carried out at low temperature using O2 present in air as sole 

oxidizing agent (Table 5.1). The desired product 3aa was obtained with 20% 

yield using Au-PVP catalysts in DMSO with pyridine as a base at 50 °C after a 

reaction time of 24 hours. No products were formed in the absence of catalyst 

even at elevated temperature. Among all the solvents scrutinized, DMSO 

afforded the best results whereas other solvents such as DMF, acetonitrile and 

others afforded low yield. Further studies indicated that base  promote this 

transformation and among the various bases studied pyridine afforded superior 

yield (entry 12, Table 5.1). The effect of reaction temperature on the yield of 

3aa at different time intervals was subsequently examined. It was observed that 

increasing the reaction temperature to 80 °C and reaction time to 48 hours did 

not increase the yield of the product significantly. When monometallic Pd-PVP 

nanoparticles were used as a catalyst under similar reaction conditions in 

DMSO-pyridine, the desired product 3aa was obtained with 31% yield (entry 

4, Table 5.1). Dramatic enhancement in the reaction yield was obtained when a 

bimetallic Au-Pd alloy nanoparticle was used as a catalyst. The best results 

were obtained with Au0.5Pd0.5PVP catalyst, where the desired product N-(4-

Methoxy-phenyl)-2-oxo-2-phenyl-acetamide was achieved with 88% yield in 

DMSO-pyridine at 50 °C in 16 hours. Increasing the reaction temperature to 80 

°C afforded slight enhancement in the product yield (entry 14, Table 5.1). 

Considering the relatively lower yield of the coupling product obtained using 

monometallic nanoparticles as catalysts, the efficiency of the bimetallic 

nanoparticles in catalyzing the oxidative cross-dehydrogenative reaction was 

pleasantly surprising.  



Chapter 5 
 

 128 

 

Table 5.1 Optimization of oxidative reaction with phenyl glyoxal and 4-

methoxy aniline 

 

 

 

 

  In order to have a better view of the catalysts, we performed the model 

reaction using alloy nanoparticles with varied composition of the metallic 

constituents. For this purpose, AuxPd1-x composites were prepared using PVP 

as the stabilizing agent using the same methodology except for varying the 

initial concentration of the metal precursors. As shown in the table 5.2, the 

nanocomposites showed almost equivalent composition of metals (measured 

by ICP-AES measurements) as the ratio of the HAuCl4 and H2PdCl4 added 

initially. When the model oxidative dehydrogenative coupling reaction was 

performed at the optimized condition (DMSO-pyridine, 50 °C, 16 hours under 

Entry Catalyst Solvent Base Temperature( °C) Time Yield %ab 

1 None DMSO Pyridine 110 24h No 
2 AuPVP DMSO Pyridine 50 24h 20 
3 AuPVP DMSO Pyridine 80 20h 28 
4 PdPVP DMSO Pyridine 50 20h 31 
5 Au0.5Pd0.5PVP Water Pyridine 50 20h 30 

6 Au0.5Pd0.5PVP MeOH Pyridine 50 22h 47 
7 Au0.5Pd0.5PVP EtOH Pyridine 50 20h 36 
8 Au0.5Pd0.5PVP DCM Pyridine 50 20h 10 
9 Au0.5Pd0.5PVP DMF Pyridine 50 20h 70 

10 Au0.5Pd0.5PVP Toluene  Pyridine 50 30h 50 
11 Au0.5Pd0.5PVP         THF Pyridine 50 30h 12 
12 Au0.5Pd0.5PVP DMSO Pyridine 50 16h 88 
13 Au0.5Pd0.5PVP DMSO Pyridine RT 30h 60 
14 
15 

Au0.5Pd0.5PVP 
Au0.5Pd0.5PVP 

DMSO 
DMSO 

Pyridine 
None 

80 
80 

16h 
30h 

91 
None 

16 Au0.5Pd0.5PVP DMSO    K2CO3 50 24h Trace 
17 Au0.5Pd0.5PVP DMSO   Cs2CO3 50 30h Trace 
18 Au0.5Pd0.5PVP DMSO   Na2CO3 50 30h Trace 

19 Au0.5Pd0.5PVP DMSO DABCO 50 20h 45 
20 Au0.5Pd0.5PVP DMSO Triethyl 

amine 
50 30h 40 

Reaction conditions: substrate phenylglyoxal 1a (1.0 mmol), p-anisidine 2a (1.0 mmol), 
0.10 mol % catalyst, solvent (2ml), base (1 equivalent to phenylglyoxal) a Isolated yield, 
bNMR conversion compare to starting material aldehydes1a.  

NH
O

O

OMe

O
O

H
+

NH2

MeO

Catalyst, solvent

1a 2a 3aa

Base
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air) using various compositions of AuxPd1-x-PVP nanoparticles, the best results 

were obtained for Au0.5Pd0.5 (88% yield of the product) and Au0.4Pd0.6 (86% 

yield of the product). However for all future studies, we used Au0.5Pd0.5-PVP 

composites. The results are summarized in Table 5.3. The reaction kinetics was 

found to be highly dependent on the catalyst loading with increased reaction 

yield with higher catalyst loading.10 

Table 5.2 Au/Pd ratio as measured by ICP-AES measurements for various 

Au-Pd compositions 

Expected 
Designed 

compositions 

Au0.75Pd0.

25 
Au0.6Pd0.4 Au0.5Pd0.5 Au0.4Pd0.6 Au0.25Pd0.

75 

The 
composition 
analysis by 
ICP-AES 
(Au/Pd) 

70.28/29.
34 

65.12/34.41 53.34/46.1
5 

37.24/62.7 22.24/77.
62 

 

Table 5.3 Catalytic performance of Au-PdPVP with varying the ratio of 

Au/Pd. 

 

 

Entry Catalyst Catalyst loading Yield (%)ab 

1 Au PVP 0.10 mol% 20 

2 Au0.75Pd0.25PVP 0.10 mol% 41 

3 Au0.6Pd0.4PVP 0.10 mol% 68 

4 Au0.5Pd0.5PVP 0.10 mol% 88 

5 Au0.4Pd0.6PVP 0.10 mol% 86 

6 Au0.25Pd0.75PVP 0.10 mol% 69 

7 Pd PVP 0.10 mol% 30 

8 Au0.5Pd0.5PVP 0.02 mol% 33 

9 Au0.5Pd0.5PVP 0.05 mol% 63 

10 Au0.5Pd0.5PVP 0.15 mol% 89 

Reaction conditions: substrate phenylglyoxal 1a (1.0 mmol), p-anisidine 

2a (1.0 mmol), 2ml DMSO, pyridine (1 equiv. w.r.t. 1a), aIsolated yield, 

50 °C. bNMR conversion compare to starting material aldehydes 1a.  
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Following this optimized procedure, different sets of experiments were carried 

out to investigate the scope and limitation of the reaction. First the scope of 

substituted amines (2b) was investigated (Table 5.4). Both electron-rich and 

electron-deficient anilines could be smoothly transformed into the desired 

products (3ac-3af, Table 5.4). Halo-substituted  aniline derivatives survived 

well leading to halo-substituted products (3ac, 3ad and 3ak Table 5.4). N-

substituted anilines such as N-methylaniline and hetero-aryl amines could be 

smoothly transformed into the desired products (3ai, 3ag Table 5.4). The 

electron-donating substituents (3aj, 3ae, 3al) on the aromatic ring in anilines 

increased the yield when compared to electron withdrawing groups (3ah, 3ak, 

3af). 

Table 5.4 Oxidative coupling of phenyl glyoxal with substituted anilinesab 

 

H
N

O

O
I3ac, 83%

H
N

O

O
Br

3ad, 81%   

 

H
N

O

O

N

3al, 81%   

H
N

O

O
OMe

3aj, 88%  

H
N

O

O
Cl

3af, 80%  

Reaction conditions: substrate1a (1.0 mmol), aromatic amine 2a (1.0 mmol), 0.10 
mol%  Au0.5Pd0.5PVP. a Isolated yield. bNMR conversion compare to starting 
material aldehydes 1a.  
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The scope of the Au-Pd nanoparticle-catalyzed aerobic oxidative 

dehydrogenative functionalization was further expanded to a variety of 

substituted α-carbonyl aldehydes. Substituted anilines reacted with substituted 

aldehydes, leading to good to excellent yields of desired products (3be, 3ce, 

3dj, 3ci and 3ei Table 5.5). Furthermore, aryl α-carbonyl aldehyde with both 

electron-donating and electron-withdrawing groups did not affect the 

efficiency of this transformation. 

Table 5.5 Oxidation coupling substituted phenyl glyoxals with substituted 
anilinesab 

 

 

 

 

Reaction conditions: substrate 1a (1.0 mmol), anilines 2b (1.0 mmol), 0.10 mol% 
Au0.5Pd0.5PVP. aIsolated yield. bNMR conversion compare to starting material aldehydes 
1a. 

 

5.4 Proposed Mechanism for oxidative coupling with 2‑Oxoaldehydes and 
aromatic amine 

Aldehydes are desirable starting materials in amide synthesis due to their ready 

availability and nontoxic nature. However, under the standard reaction 

conditions, 4-Methoxy phenylamine (1a) and benzaldehyde (4a) did not afford 

the desired product N-(4-Methoxy-phenyl)-2-oxo-2-phenyl-acetamide  

(scheme 6), which illustrates that this nanocatalytic system catalyzed the 

reaction through a different pathway in contrast to previous reported C-N 

+ H2N
Au0.5Pd0.5PVP , Pyridine

DMSO, 50 °C, 12 hr

O
NH

OR1

1a 2b 3ab

O
H

OR1
R2

R2
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coupling of aldehydes.11 Furthermore, the desired product  was not detected 

when the reaction of 1a and 2a was carried out under Argon(scheme 5), even 

employing higher catalytic loading of Au-Pd nanoparticles (0.2 mol%). This 

result shows that molecular oxygen plays a role not only as the oxidant but also 

as an initiator to trigger this catalytic process. From the earlier literature, it is 

well-known that the adsorption of O2 on metallic nanoparticle surface leads to 

the formation of a superoxide species. The nucleophilic attack of amines on 

phenylglyoxal leads to the formation of an anion, which is adsorbed onto the 

nanoparticle surface to give intermediate (II) Au-Pd-O2
-, the superoxo- or 

peroxo- like species stabilized on the cluster surface eliminates β-hydrogen 

from the intermediate (II) to generate a hemiaminal intermediate (III) and 

finally to give the ketoamide product. From the mechanism it is evident that 

there is no possibility of amide byproduct formation as it will involve C-C 

bond cleavage. 

5.5 Systematic study of the oxidative coupling reaction with different 
substrates 

  Scheme 4 

       

 

 

 

Scheme 5: 

 

 

 

Scheme 6: 

 

 

+ H2N
Au-Pd:PVP, Pyridine(1eqiv)

DMSO (2ml), 50 °C
4 Å MS

O

NH
O

Me
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Figure 5.3 Mechanistic proposal of Au0.5Pd0.5PVP nanoparticle catalyzed 
oxidative crossdehydrogenative coupling. 

5.6 Reusability test of Au0.5Pd0.5 -PVP alloy nanoparticles 

 

 

 

 

 

Figure 5.4 A) Transmission electron microscopy of Au-Pd PVP nanoparticle 

after 3rd cycle; scale bar 50 nm, B) Recyclability test of Au-Pd-PVP alloy 

nanoparticles for the oxidative coupling reaction for the model reaction; C) 

PXRD pattern of Au-Pd-PVP alloy (a) before and (b) after participating in the 

model coupling reaction. 
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Recyclability is an important criteria for studying the effectiveness of a 

heterogeneous catalyst. In order to study the efficiency of the Au0.5Pd0.5-PVP 

nanocatalysts, we performed the model catalytic reaction using the 

nanocatalysts recycled after consecutive cycles. Although the catalytic activity 

of the nanocatalysts decreased after every cycle, still we could obtain 69% 

yield of the desired coupled product after the fifth cycle, confirming high 

activity of the nanocatalysts. To ensure the reproducibility of the 

transformation, repeated typical experiments were carried out under identical 

reaction conditions. The alloy catalysts were recovered after subsequent run 

through high speed centrifugation, washed three times with water, dried in an 

oven at 80 °C for 10 h and tested in the subsequent run. The morphology of the 

nanoparticles recovered after the 3rd cycle was evaluated by TEM, which 

showed that the interparticle separation was reduced and clusters gathered to 

form a chain-like structure. X-ray diffraction studies did not show any 

considerable shift in the diffraction peak maxima for (111) and (200) planes of 

Au-Pd nanoparticles before and after participating in the catalytic reaction. 

Moreover no peaks corresponding to the formation of PdO was observed.  The 

results clearly indicate that there was no major structural changes in the Au-

Pd-PVP nanoparticles. Probably, PVP could not function as an effective 

stabilizer for the Au-Pd nanoparticles in the catalytic reaction environment (in 

presence of O2 and amines), resulting in the agglomeration of the nanoparticles 

as revealed by TEM studies. 

Leaching of Pd atoms during the oxidation reactions is a prominent 

phenomenon, where Pd leached in the oxidative environment functions in a 

pseudo-homogeneous way, leading to enhanced catalytic activity. This 

phenomenon is quite prominent in case of oxidative cross-coupling reactions 

such as Suzuki or Heck reactions, where the addition of halogenated substrates 

induces the leaching of small metal clusters from the alloy surface.13 In order 

to gain an insight to the possibility of leaching in Au-Pd-PVP catalyst during 

catalytic reaction we performed the following experiment. The model reaction 

of phenylglyoxal and 4-methoxy phenylamine was performed in the presence 

of the Au0.5Pd0.5-PVP nanocatalyst (0.1 mol%) in DMSO-pyridine medium 

under optimized reaction conditions. The reaction was stopped after 8 hours of 
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continuous stirring, cooled to room temperature and the Au-Pd nanocatalysts 

were separated from the reaction mixture by high speed centrifugation. The 

supernant was separated into two fractions, one fraction was worked up to 

evaluate the reaction yield through 1H NMR spectroscopy, whereas the other 

fraction was allowed to stir for another 12 hours under the standard reaction 

conditions (50 0C, air). The reaction yield was evaluated after workup followed 

by 1H NMR spectroscopy. The 1H NMR spectroscopic results revealed that 

there was no enhancement in the formation of the desired coupling product in 

the reaction for these two fractions. This experiment clearly demonstrated that 

there was no active catalyst remaining in the reaction mixture, after the Au-Pd 

nanocatalysts were separated from the reaction mixture. In order to further 

confirm any leaching of metals, we performed the inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) of the Au0.5Pd0.5-PVP catalysts 

before and after their participation in the model coupling reaction between 

phenylglyoxal and 4-methoxy phenylamine. There was no significant leaching 

of Au or Pd during the participation of the nanocatalyst in the oxidative 

dehydrogenative coupling reaction (Table 5.6). The amount of Pd leached 

during (1.84 ppm) and after the completion (1.26 ppm) was well below the 

maximum acceptable range of Pd (3-5 ppm). On the other hand leaching of Au 

was not detected during or after the catalytic reaction.  

The enhanced catalytic activity of AuPd alloy nanoparticles compared to the 

monometallic Au or Pd nanoparticles for the oxidative dehydrogenative 

coupling reactions towards the formation of α-ketoamides can be attributed to 

the synergistic effect between the two metallic counterparts. Au-PVP was 

unable to catalyze the coupling reaction, although small Au nanoclusters are 

known for their activity towards oxidation reactions (e.g. oxidation of 

alcohols) in presence of base. As shown in Chapter 3 and as reported in several 

earlier studies, the catalytic activity of Au nanoparticles proceeds through the 

adsorption of molecular oxygen leading to the formation of oxygen superoxide 

moiety on Au nanoparticle surface. 
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Table 5.6 Amount Au and Pd atoms in Au0.5Pd0.5-PVP nanocatalysts 

(before  and after the catalytic reaction) and in the supernatant liquid 

from the catalytic  reaction as detected by ICP-AES. 
 

Entry Reagents Amount of Au/Pd ratio detected by 
ICP-AES 

1 Au0.5Pd0.5-
PVP catalyst 
before 
reaction 

Au/Pd  
53.3/46.7 

2 Au0.5Pd0.5-
PVP catalyst 
after reaction 
(after 
completion) 

Au/Pd 
52.1/47.9 

3 Supernatant 
of reaction 
(after 8 hours 
of reaction) 

Au (not detected) 
Pd (1.84 ppm) 

4 Supernatant 
of reaction 
(after 
completion of 
reaction) 

Au (not detected) 
Pd (1.26 ppm) 

 

However using Au nanoparticles alone as a catalyst could not afford the 

synthesis of α-ketoamides under the present reaction conditions. On the other 

hand, Pd nanoparticles also could not afford higher yield of the product under 

the present reaction conditions. Pd (II) catalysts have shown high catalytic 

activities towards oxidative coupling reactions either under inert atmosphere or 

in presence of external oxidizers, whereas under aerial reaction environment 

they are easily converted to PdO nanoparticles.14 However a combination of 

the two metals in a alloy composition could afford the synthesis of α-

ketoamides under mild reaction conditions under aerial environment. This 

could be attributed to the synergistic effect between the two metallic 

constituents  where charge transfer from Pd to Au leads to enhanced catalytic 

activity due to change in electronic structure.  
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5.7 Conclusion 
In summary, we have shown that Au-Pd alloy nanoparticles function as 

efficient catalyst for the oxidative dehydrogenative coupling reactions towards 

the formation α-ketoamides under aerobic conditions.  The reaction involved 

phenyl glyoxals and primary aromatic amines using DMSO as a solvent in 

presence of pyridine as a base under mild conditions. Although monometallic 

Au or Pd nanoparticles could not function as effective catalysts for this 

reaction, the alloy Au-Pd afforded the reaction with high yield of the desired 

product through remarkable synergistic effect that accounts for their high 

activity and stability. The use of nanocatalytic systems for the synthesis of 

important biologically important molecules through a heterogeneous pathway 

will be crucial for large scale synthesis. Although the deactivation of the 

nanocatalysts was observed during recyclability studies of the catalyst due to 

agglomeration of the nanoparticles, it could be envisioned that designing alloy 

nanocatalytic systems for important organic transformations will offer new 

opportunities for the application of heterogeneous catalysts for other related 

reactions.  

5.8 Experimental sections 

A) Instrumentation :  

All reactions were carried out in air and monitored by TLC using Merck 60 

F254 pre coated silica gel plates (0.25 mm thickness) and the products were 

visualized by UV detection. Flash chromatography was carried out with silica 

gel (200-300 mesh). FT-IR spectra were recorded on a Bruker Tensor-27 

spectrometer. 1H and 13C NMR spectra were recorded on a Bruker Advance 

(III) 400 MHz spectrometer. Data for 1H NMR are reported as a chemical shift 

(δ ppm), multiplicity (s = singlet, d = doublet, q = quartet, m = multiplet), 

coupling constant J (Hz), integration, and assignment, data for 13C are 

reported as a chemical shift. UV-visible spectra were recorded in a Varian 

Cary 100 Bio spectrophotometer, TEM images were recorded on a Tecnai G2 

20 Ultra- Twin microscope. Powder XRD spectra were recorded on a Bruker 

D8 Advance diffractometer using Cu Kα as the X-ray Source.  
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B) Materials:   

Hydrogen tetrachloroaurate(III) hydrate  (HAuCl4,H2O, purum, -52% Au basis 

), H2PdCl4 (PdCl2 in HCl medium), Poly(vinylpyrrolidone) (PVP, Mw = 

300,000), Sodium Borohydride (NaBH4), Phenyl glyoxals were purchased 

from sigma aldrich. All these chemicals were used without further purification. 

MilliQ water was used throughout the experiment. 

C) Synthesis of nanoparticles:  

In a typical synthesis, 555.5 mg of PVP (K-30) was dissolved in 46 mL of 

MilliQ water and to the solution was added quantitative amount 

HAuCl4/H2PdCl4 mixtures in molar ratios of 3:1, 1:1, 2.1, 1.2 and 1:3 and 

monomer unit of PVP was kept at 1:100.  The resulting solutions were stirred 

for 30 mins at 0 °C. The solution was maintained at 4 °C before reduction, and 

an aqueous solution (5 mL) of NaBH4 (20 mg, 0.52 mmol) was added rapidly 

under vigorous stirring. The color of the mixture was turned from pale yellow 

to brown, indicating the formation of Au–Pd bimetallic clusters. Thus obtained 

Au0.5Pd0.5PVP clusters were subsequently dialyzed to remove the inorganic 

impurities such Na+ and Cl. The dialyzed hydrosol of AuPdPVP was diluted to 

25 mL and stored in refrigerator for catalytic reactions and characterizations. 

For comparison, Au and Pd monometallic nanoparticles were prepared in the 

same way by substituting aqueous solutions of HAuCl4/K2PdCl4 mixtures by 

HAuCl4 and H2PdCl4 solutions, respectively. 

 

Figure 5.5 Synthesis of AuPd alloy nanoparticles with co reduction process. 
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D) Synthesis of α-ketoamides: 

    2-Oxo-2-phenylacetaldehyde monohydrate 1a (1.0 mmol), 4-methoxy 

aniline 2a (1.0 mmol), pyridine (1.0 mmol) was mixed properly in DMSO 

(2mL) solvent medium using Au-Pd:PVP (0.10 mol %) under aerobic 

condition. The reaction was continued with heating in temperature 60 °C for 

12-18 hr. After cooling down to room temperature, the  

reaction mixture was extracted with di-ethyl ether after adding water, and the 

combined organic phase was dried with sodium sulfate, filtered, and 

concentrated under vacuum. The resulting crude mixture was purified by flash 

chromatography with unmetalated silica (cyclohexane/ EtOAc). 

 

Figure 5.6  Synthesis of α-ketoamides catalyzed with Aupd alloy nanoparticles.  

 

NMR data 

1.    3aaf (Table 5.4) 

1H NMR (CDCl3, 400M Hz): δH = 8.97 (s, bs, 

NH), 8.44 (dd, J = 4Hz, 2H), 7.69-7.65 (m, 

3H), 7.52 (t, J = 8 Hz, 2H), 7.37 (tt, J = 4Hz, 

2H); 13C NMR (CDCl3, 100M Hz): δ 187.03, 

158.73, 135.21, 134.80, 132.94, 130.42, 129.32, 128.63, 121.13. 

2.  3aaj (Table 5.4) 

1H NMR (CDCl3, 400M Hz): δH =   8.86 (bs, 

NH), 8.42 (d, J = 8 Hz, 2H), 7.66 (t, J = 12 

Hz, 3H), 6.93 (d, J = 8 Hz, 2H), 3.63 (s, 3H); 
13C NMR (CDCl3, 100M Hz): δ 187.59, 
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158.63, 157.08, 139.31, 135.41, 134.59, 133.22, 131.48, 130.23, 129.11, 

128.58, 125.62, 125.62, 123.14, 121.51, 114.40, 114.08, 55.53. 

3.  3aag (Table 5.4) 

 

1H NMR (CDCl3, 400M Hz): δH =   8.24 (d, J 

= 1.6 Hz, 2H), 8.12 (s, 1H), 7.50 (d, J = 7.2 

Hz, 1H), 7.40 (t, J = 8 Hz, 2H), 7.00 (s, 1H), 

2.30 (s, 3H), 2.24 (s, 3H); 13C NMR (CDCl3, 

100M Hz): δ 190.60, 155.09, 145.24, 138.27, 135.03, 133.77, 133.02, 127.16, 

116.37, 20.74, 7.76. 

4.   3aal (Table 5.4) 

1H NMR (CDCl3, 400M Hz): δH =   9.13 (s, NH), 

8.52 (s, 2H), 8.331 (d, J = 4 Hz, 2H), 7.81-7.57 

(m, 3H), 7.45 (t, J = 8 Hz, 2H); 13C NMR 

(CDCl3, 100M Hz): δ186.33, 159.53, 150.87, 

143.72, 135.03, 132.57, 131.46, 126.71, 113.86. 

5.   3aad (Table 5.4) 

1H NMR (CDCl3, 400M Hz): δH =   8.41 (d, J = 8 

Hz, 2H), 7.67 (d, J = 8Hz, 1H), 7.61 (d, J = 12 

Hz, 1H), 7.52 (t, J = 6 Hz, 4H); 13C NMR 

(CDCl3, 100M Hz): δ 190.35, 157.38, 134.96, 

133.83, 132.62, 123.51, 121.45, 116.14. 

 

6. 3aae (Table 5.4) 

1H NMR (CDCl3, 400M Hz): δH =   8.91 (s, 

NH), 8.42(d, J = 1.6Hz, 1H), 7.63(t, J = 4 

Hz, 1H), 7.58 (d, J = 12 Hz, 2H), 7.51 (t, J = 

8 Hz, 3H), 7.20 (d, J = 8 Hz, 2H); 13C NMR 

(CDCl3, 100M Hz): δ 187.53, 158.75, 

NH
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Me

NH
O

O

N

NH
O

O

Br

NH
O

O

Me



Chapter 5 
 

 141 

135.08, 134.60, 131.48, 129.75, 128.73, 128.56, 128.21, 119.88, 20.99. 

7. 3aak (Table 5.4) 

 

1H NMR (CDCl3, 400M Hz): δH =   8.29 (d, J = 8 

Hz, 2H), 7.62 (d, J = 8 Hz, 2H), 7.50 (t, J = 8 Hz, 

2H), 7.35 (d, J = 4 Hz, 2H), 7.13 (t, J = 4 Hz, 2H); 
13C NMR (CDCl3, 100M Hz): 190.48, 164.06, 161. 

59, 156.52, 142.06, 135.06, 133.69, 130.69, 128.44, 123.29,  116.47. 

8.  3di (Table 5.5) 

1H NMR (CDCl3, 400M Hz): δH =   9.13 (s, 

NH), 8.39 (d, J = 8 Hz, 2H), 7.40 (d, J = 8 

Hz, 2H), 7.17 (d, J = 12 Hz 2H), 6.98 (d, J 

= 4 Hz 2H), 3.86(s, 3H); 13C NMR (CDCl3, 

100M Hz): δ189.35, 160.70, 141.41, 

139.31, 133.45, 123.61, 115.4, 114.69, 55.59. 

9. 3ei (Table 5.5) 

1H NMR (CDCl3, 400M Hz): δH =   8.27 

(s, NH), 8.15(d, J = 8 Hz, 2H), 7.32(d, J 

= 8 Hz, 2H), 7.25(d, J = 8 Hz, 2H), 6.88 

(d, J = 12 Hz, 2H), 3.77(s, 3H), 2.65(q, J 

= 4 Hz, 2H), 1.20(t, J = 8 Hz, 3H); 13C 

NMR (CDCl3, 100M Hz): δ 190.43, 160.44, 154.54, 150.54, 141.79, 133.15, 

130.81, 127.94, 123.47, 114.60, 55.53, 29.69, 24.06, 15.05. 
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6.1 Introduction 

   With the development of synthetic methodologies for the composition and 

morphology controlled synthesis of nanoclusters, there has been a continuous 

surge of applying these materials for various applications such as devices, sensing, 

biomedical imaging and therapy and catalysis.
1
 Especially in the area of catalysis, 

as the activity of the nanoparticles is governed by the electronic structure of the 

nanoparticle surface, research activities have been directed towards finding a 

correlation between structure, composition and surface properties with 

performance. As the catalytic performance of nanocrystals could be tuned through 

the modulation of their morphology, size and composition, there has been 

continuous focus on the application of these nanomaterials as effective, 

heterogeneous and reusable catalysts for important organic transformations in mild 

reaction conditions.
2
 Most of the studies involving catalytic activity of 

nanoparticles are oriented around controlling the size (smaller size enhances 

catalytic activity due to larger surface area to volume ratio) or composition 

(bimetallic nanoparticles show better catalytic efficiency due to synergistic effect) 

of the nanoparticles.
3 

    Controlled synthesis of nanocrystals with well-defined morphologies is an 

important subject in the field of nanotechnology because intrinsic physicochemical 

properties of nanostructures strongly depend on their shapes.
4
 In particular, fine-

tuning of the optical and electronic characteristics of noble metal nanocrystals by 

tailoring their morphologies has been extensively studied because of their 

promising applications in plasmonics, nanoelectronics, and surface-enhanced 

Raman scattering (SERS)-based diagnosis.
5 

Furthermore, the shape of metal 

nanoparticles has a profound influence on their catalytic activity and selectivity in 

a variety of chemical reactions.
6
 The enhanced catalytic activity of these shape-

selective nanoparticles can be attributed to the different types of exposed 

crystallographic planes (facets) on their surfaces, which can determine the overall 

catalytic properties of the NCs.
 
 Since, the growth in non-spherical particles takes 

place along a particular crystallographic plane, hence different selectivity and 
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activity with different catalytic conversion on distinct planes of particles are 

expected.
7
 In case of bimetallic nanoparticles, as different shaped nanoparticles 

have different number of facets, step edges or kinks and different ratio of number 

of atoms in those facets, the catalytic properties can be tuned tremendously. 

Furthermore, since the relative amount of each constituent metal in the bimetallic 

nanocrystals could modify the electronic state of the primary catalytic component 

and tune the binding properties for intermediate species during the reaction, the 

composition of shape-controlled bimetallic nanocrystals (alloy or core-shell 

structures) also has a great influence on their catalytic properties.
8
 

 

 

 

Scheme 6.1 Schematic diagram oxidative coupling in comparison between our 

work and pervious work.  

   In recent years, there has been tremendous growth in research activities with 

respect to wet-chemical methods for shape controlled synthesis of nanocrystals for 

both monometallic and bimetallic compositions. Following this, there has been a 

great deal of focus towards applying these nanocatalytic systems for organic 

transformations. The structure sensitivity of enantioselective hydrogenations on 

chirally modified metals was investigated using Pt nanoparticles of different 

shapes.
9
 Similarly shape controlled Pt based alloy nanocatalysts have shown 

enhanced oxygen reduction.
10

 In case of Au-Pd nanoalloys, recently Wang et. al. 

have demonstrated the higher catalytic activity of icosahedral Au-Pd alloy 
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nanocrystals over octahedrons in aerobic oxidation of cyclohexane.
11

  Catalytic 

properties of Au-Pd nanoflowers for Suzuki coupling reactions as reported by Xu 

et. al. showed the involvement of leached Pd ions in catalyzing the reaction .
12

  

Herein, we focused on the development of shape-selective Au-Pd nanocatalysts 

for direct conversion of two C-H bonds for the construction of C-C bond through 

cross-dehydrogenative coupling (CDC) reaction in presence of air as an oxidant. 

Among the many substrates that can be utilized in such reactions, amines and most 

notably N-aryl tetrahydroisoquinolines stand out because they have seen the 

development of a large number of methods for their oxidative coupling with other 

substrates, mostly reactive nucleophiles. Various homogeneous pathways have 

been developed for the oxidative cross-dehydrogenative coupling of tertiary 

amines with a variety of nucleophiles with different transition metal catalysts like 

Cu, Ru, Au (III), Pt etc.
13

 In this regard, development of a heterogeneous catalyst 

and understanding the mechanism will be crucial for sustainable chemistry. 

   In this chapter, we report the cross-dehydrogenative coupling of N-phenyl 

1,2,3,4-tetrahydroisoquinoline(1a) with nitromethane using urchin like Au-Pd 

bimetallic nanoparticles as heterogeneous catalysts without any external oxidant. 

The advantage of this synthetic methodology is that it has excellent selectivity 

with higher of desired coupled product under controlled temperature conditions 

(scheme 6.1). Mechanistically, it was observed that the Au-Pd nanoparticles 

catalyzed the reaction in a pseudo homogeneous pathway.
14 

6.2 Synthesis and characterization of bimetallic nanoparticles 

    It is well known that bimetallic nanoparticles show better catalytic activity 

compared to their monometallic counterparts. However the activities of these 

bimetallic nanocrystals depend on the morphology of the nanoparticles such as 

alloy or core-shell structures. As the catalytic activity of the nanocrystals depends 

on the atomic level distribution of the active species on the surface, therefore a 

precise control of composition and morphology is very important for tuning the 

catalytic properties. For shape-controlled synthesis of nanoparticles, along with 



Chapter 6 
 

  
151 

thermodynamic and kinetic control, the role of surface capping agents and shape 

directing agents are crucial. For our earlier studies involving Au based 

nanocatalysts, we have used polyvinyl pyrrolidone (PVP) as the surface capping 

agent for the growth and stabilization of nanoparticles. In order to have a fair 

comparison of the catalytic activity of the nanoparticles, we have used PVP in this 

work also for the synthesis of urchin shaped Au-Pd bimetallic nanoparticles. We 

used Br
-
 ions as the oxidative etching agent for controlling the shape of the 

nanoparticles. Oxidative etching leads to manipulation of the distribution of single 

crystal vs twinned seeds during the nucleation and growth process through a 

process where the zero-valent metal atoms are reverted back to the metal ions. 

Halide ions (Cl
-
, Br

-
, I

-
) show high etching activity under aerial conditions. 

Further, halide ions influence the generation of different facets of nanoparticles by 

adsorbing strongly on the metal nanoparticle surface, the chemisorption ability of 

halide increases in order Cl
- 

<Br
- 

<I
-
. Further morphological evolution of the 

bimetallic nanoparticles depends on the kinetic parameters. Whereas use of a 

strong reducing agent leads to alloy structure with random atomic distribution of 

the metals, a weak reducing agent leads to the formation of core-shell 

nanostructures. In the present study, the Au-Pd bimetallic nanoparticles were 

synthesized by reduction of an aqueous mixture of H2PdCl4 and HAuCl4 using 

ethylene glycol (EG) as a reducing agent in presence of KBr as a shape 

controlling/directing agent and PVP as a capping agent (modified polyol method). 

The reduction of both the metals using a weak reducing agent such as EG at 80 
0
C 

led to the formation of Au-Pd bimetallic nanostructures. Further Au and Pd 

monometallic nanoparticles were synthesized using the same methodology except 

for use of a single metal source.
15 

UV-visible spectra of Au-Br nanoparticles (nanoparticles produced by the 

reduction of HAuCl4 using EG as reducing agent, PVP as surface capping agent 

and KBr and shape directing agent) showed their characteristic plasmon resonance 

band at 560 nm along with a band close to 400 nm which could be ascribed to 

AuBr4
- 
(Figure 6.1A). The results suggested that Br

-
 is adsorbed on the Au surface. 

Pd-Br nanoparticles and Au-Pd-Br bimetallic nanoparticles did not show any band 
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similar to earlier reports. Powder X-ray diffraction (XRD) studies (Figure 6.1B) of 

Au-Br showed sharp peaks at 2θ values around 38.3, 44 and 65 degree 

corresponding to (111), (200) and (220) Bragg’s reflection. In case of Pd-Br, a 

weak peak at 2θ value 40.1 was observed, which could be assigned to (111) 

reflection of Pd. On the other hand Au-Pd-Br showed reflection peaks at 2θ values 

38.3, 44 and 65 degree, similar to Au-Br, however the peaks were broadened. 

Energy dispersive X-ray (EDX) studies of Au-Pd-Br showed the presence of Au, 

Pd and Br in the composite, which clearly showed that Br
-
 was present in the 

composite and could not be removed, even after extensive purification by 

centrifugation and dialysis(Figure 6.1C).
16 

 

Figure 6.1 A) UV-visible spectrum of Au-Br NPs, Pd-Br NPs and Au@Pd-Br NPs 

B) XRD pattern Au-Br NPs, Pd-Br NPs and Au@Pd-Br NPs; C) EDX spectra of 

Au@Pd-Br NPs. 
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Transmission electron microscopy (TEM) characterization of Au-Br nanoparticles 

showed the formation of multiply twinned icosahedral structure of Au 

nanoparticles that look spherical at low resolution. HRTEM studies showed 5-fold 

twinned nanostructures and the presence of clear crystal lattice fringes (Figure 

6.2). On the other hand, Au-Pd-Br showed the formation of Au-Pd core shell 

nanoparticles with an average particle size of 22.5 ± 4.5 nm. The formation of the 

core-shell structure was expected as it is well known using a weak reducing agent 

such as EG, Au will be reduced first forming the core whereas Pd forms the shell 

structure.
19

 

 

 

 

 

 

 

 

 

 

Figure 6.2 (a) TEM (scale bar 10 nm); (b) HRTEM image (scale bar 5 nm) of Au 

nanoparticles using ethylene glycol as a reducing agent in presence of PVP and 

KBr; (c) SAED pattern of Au-Br. 
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   Figure 6.3 (a) TEM image of AuPd-Br nanoparticles (scale bar 100 nm); (b,c) 

Image showing core-shell structure (scale bar 20 nm) (d) HRTEM image on the 

edge of the nanoparticle (scale bar 2 nm) (e) SAED pattern (f) Particle size 

distribution. 

Due to the presence of KBr, the nanoparticles formed were non-spherical and as 

observed from TEM images urchin kind of nanostructures were formed. HRTEM 

images on the edge of the nanocrystals showed a lattice fringe of 0.225 nm and 

dihedral angle of 70°. The values match well with Pd(111) Miller plane spacing 

and the corresponding angle. For comparison, we also synthesized Au-Pd alloy 

nanoparticles in presence of KI and PVP, using the same methodology except for 

using KI instead of KBr. The nanoparticles showed spherical shaped nanoparticles 

at low resolution, however at high resolution 5-fold twinned structures were 

observed. SAED pattern showed the crystalline nature of the particles with the fcc 

structure. 
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Figure 6.4 (a) Low resolution (scale bar 20 nm) and (b) High resolution (scale 

bar 2 nm) TEM image of Au@Pd nanoparticles formed in presence of PVP and KI 

using EG as reducing agent; (c) SAED pattern of Au-Pd nanoparticles in presence 

of KI. 

     It is a well-known fact that a weak reducing agent such as ethylene glycol 

favors the formation of a core-shell structure over randomly distributed alloy 

structure, although both the metal precursors were added simultaneously. As the 

reduction potential for Au
3+

 to Au
0
 is higher compared to Pd

2+
, they will be 

reduced first and form the core of the nanoparticle. The Pd shells will be grown on 

the Au seeds forming the core-shell structure. It was observed that the addition of 

Br
-
 led to the formation of urchin shaped Au@Pd nanoparticles, however another 

halide such as I
-
 led to the formation of spherical nanoparticles with twinned 

structure.   

6.3 Catalytic studies: 

In order to develop a heterogeneous catalytic system for the cross dehydrogenative 

C-C coupling (CDC) reaction, we first evaluated the catalytic activity of various 

Au based nanocatalytic systems under aerial conditions. For these studies, we 

opted for the coupling of N-phenyl tetrahydroisoquinoline (1a) and nitromethane 

as a model reaction. First we studied the activity of various nanocatalysts for this 

coupling reaction in DMSO as a solvent and triethylamine as a base. It was 

observed that spherical Au-Br, Pd-Br (synthesized according to protocols 

discussed in chapter 4 and 5, using NaBH4 as a reducing agent) were unable to 
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catalyze the reaction and there was no product formation even after 30 hours of 

reaction. In presence of Au-PdPVP catalysts (synthesized using NaBH4 as a 

reducing agent) under aerial conditions we obtained the desired coupling product 

1-Nitromethyl-2-phenyl-1,2,3,4-tetrahydroisoquinoline (3a) with 31% yield along 

with the formation of undesired byproduct 2-phenyl-1,2,3,4-

tetrahydroisoquinoline-1-ol (3b) with 12% yield (Table-6.1, entry-3). In presence 

of TBHP (t-butyl hydrogen peroxide) as an additional oxidizer, Au-Pd alloy 

nanocatalysts yielded a mixture of byproducts. On the other hand, using the Au-Pd 

bimetallic nanoparticles (synthesized using PVP and ethylene glycol without KBr) 

we could obtain the coupled product 3a with 18 % yield (Table-6.1, entry-10).  

Therefore we turned out attention towards the shape-controlled nanoparticles as 

catalysts for this reaction. As shown in table 6.1, Au nanoparticles synthesized in 

presence of PVP and KBr (Au-Br) could not catalyze the reaction sufficiently 

resulting in 5% yield of the desired coupling product 3a (Table-6.1, entry-6). On 

the other hand, when Pd-Br (Pd nanoparticles synthesized in presence of PVP and 

KBr) was used as a catalyst, the yield of the desired product 3a was 12% (Table-

6.1, entry-7). A dramatic enhancement in reaction yield was observed when 

Au@Pd urchin shaped nanoparticles (Au@Pd-Br) were used as a catalyst. The 

desired coupling product 3a was obtained with 84% yield without any byproduct 

formation (Table-6.1, entry-8). When the reaction was performed in presence of 

spherical Au@Pd-I (AuPd nanoparticles synthesized in presence of PVP, KI and 

EG), we obtained 20% of the desired product 3a along with 10% of the byproduct 

3b (Table-6.1, entry-9). From these results, it is clearly evident that shape-

selective synthesis of the bimetallic nanoparticles had a definitive influence in 

catalyzing the coupling reaction.   

The optimized condition with respect to conditions such as solvents, temperature 

and additives (base and oxidizer) were evaluated and are summarized in Table 6.2. 

It was observed that the best coupling product formation took place using DMSO 

as a solvent, triethylamine as a base and air as an oxidizing agent. Lesser yield of 

coupled product (3ab) was found when DMF, THF or CH3CN solvents were used. 

Using methanol or ethanol as solvent results in the formation of several 
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byproducts. We observed that using nitromethane as a solvent (in absence of other 

solvents) led to lower yield of the product (Table 6.2).   

 

Table 6.1 Optimization of CDC coupling reaction of N-phenyl 

tetrahydroisoquinoline with nitro-methane in presence of different Au@Pd 

nanocatalysts 

 

 

 

 

 

Entry
a
 Catalyst Oxidant Time(h) Yield of 3ab

b 
(%) Yield of 3b 

(%)
 

1 Au PVP Air 20 No  

2 Pd PVP Air 20 No  

3 AuPd-PVP  Air 20 31 12 

4 AuPd-PVP Oxygen 22 34 16 

5 AuPd-PVP TBHP 20 20
c 

 

6 Au-Br Air 30 5 - 

7 Pd-Br Air 30 12 - 

8 Au@Pd-Br Air 20 84 - 

9 Au@Pd-I Air 30 20 10 

10 AuPd (PVP-EG) 

(without KBr) 

Air 30 18 - 

a
Standard reaction conditions, 

b
isolated yields. 1mmol N-phenyl tetrahydroisoquinoline 

1a, 5mmol nitromethane at 60° C. 
 c
 peroxide compound.  

N N
DMSOAuPdPVP

N
+

OH

1a
3ab

CH3-NO2

O2N
Et3N

3b
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Table 6.2 Optimization of coupling reaction with N-Phenyl 

tetrahydroisoquinoline with nitromethane 

 

 

 

Entry  Catalyst  Oxidant  

(atom) 

solvent  Base  temperature  Time  Yield %
ab 

1 No no DMSO Et3N 110 24h No 

2 No Oxygen DMSO Et3N 110 24h No 

3 Au@Pd-Br Oxygen water Et3N 60 20h 10 

4 Au@Pd-Br Oxygen MeOH Et3N 60 22h 60
e
 

5 Au@Pd-Br Oxygen THF Et3N 60 20h 50 

6 Au@Pd-Br Oxygen EtOH Et3N 60 20h 43 

7 Au@Pd-Br Oxygen DMSO Et3N 60 20h 84 

8 Au@Pd-Br Oxygen DMSO K2CO3 60 24h 15 

9 Au@Pd-Br oxygen DMSO Cs2CO3 60 30h Trace
d 

10 Au@Pd-Br oxygen DMSO KOAc 60 30h Trace
d 

11 Au@Pd-Br TBHP DMSO - 40 24h Trace
cd 

12 Au@Pd-Br Argon DMSO Et3N 60 24h No 
a 

Standard reaction conditions, 
b
 isolated yields. 1mmol tetrahydroisoquinoline 1a, 5mmol 

nirtomethane at 60° C. 
 c
peroxide intermediate formation . 

d
by-product formation. 

e 
methoxy-N-

phenyl-isoquinoline formation.   

 

To study the scope and generality of this heterogeneous bi-metallic catalyst, 

various 1,2,3,4-tetrahydroisoquinoline were coupled with a series of nucleophiles 

like nitromethane, dialkyl malonates and indole which gave excellent yields under 

optimized condition and the results are shown in Table-6.3. When N-phenyl 

tetrahydroisoquinoline (1a) or its derivatives were coupled with nitromethane or 

nitroethane as a nucleophile under basic conditions in DMSO medium, the 

coupled product 3ab-3an were obtained with yield of 80-83%. Due to the high 

regioselectivity of the Au@Pd urchin shaped nanocatalyst, no oxidized byproduct 

formation was observed during any of these coupling reactions. Other 

nucleophiles such as dialkyl malonates and manalonitriles showed with high 
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efficiency for the reaction using the nanocatalytic system without any external 

oxidant (3af, 3ah, 3al, 3am).
17

 

Table 6.3 Oxidative coupling of N-Phenyl tetrahydroisoquinoline with 

nucleophiles 

  

              

N

O2N

3ab, 84%                                     

           

                                       

              

  

Standard reaction conditions: 1.0 mmol tetrahydroisoquinoline 1a, 2-5 mmol 

nucleophile, Temp. 60° C, 2.0 ml DMSO, 0.10 mol% Au@Pd-Br NPs. 
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    Furthermore, the coupling reaction also proceeds effortlessly using a variety of 

indole derivatives with substituents at the 1 and 5 position of indole without any 

protection of N-H bond (3ac, 3ad, 3aj, 3ag, 3ak, 3ai, 3an). These coupled products 

are important as precursors for synthesis of biologically active compounds and in 

pharmaceutical chemistry. The coupling reaction with electron donating groups 

containing indole derivatives such as 5-methoxyindole and 5-methylindole (3ag, 

3an) and indole derivatives containing electron withdrawing groups such as 5-

chloroindole and 5-bromoindole afforded the corresponding coupled products 

(3ad, 3ai, 3ak) in good yield. In order to analyze the electronic effect of N-H in 

indole, N-phenyl tetrahydroisoquinoline substrate (1a) reacted with 1-

methylindole. The coupled product was obtained with lower yield of 57% after 

prolonged reaction time (30 hours) (3aj). Furthermore, paramethoxyphenyl 

tetrahydroisoquinoline and parabromophenyl tetrahydroisoquinoline underwent a 

favorable coupling with indole to produce the desired coupled products 3bc, 3cb, 

and 3cc with good yields.
18 

     Also to check electronic effect of different position of indole, we tried the CDC 

reaction of N-phenyl tertrahydroisoquinoline with 7-methyl indole which gave less 

amount of coupled product (reaction yield 20%) under the optimized condition 

after 30 hours (scheme 6.2). 

 

 

 

Scheme 6.2 Oxidative coupling of N-phenyl tetrahydroisoquinoline with 7-methyl 

indole.  

 

 

N N
Au@Pd-Br, DMSO+

N
H

Me

NH

Me

Yeild= 20 %

Et3N
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 6.4 Proposed mechanism 

In order to have an insight to the possible reaction mechanism, we performed a 

few control reactions. It was observed that the presence of a free-radical scavenger 

such as TEMPO did not have any effect on the product yield in the model 

coupling reaction between N-phenyl tetrahydroisoquinoline and nitromethane. 

Further, we conducted the CDC reaction between BOC-protected 

tetrahydroisoquinoline and nitromethane under optimized conditions where no 

coupled product formation was observed.  

 

Scheme 6.3 Oxidative coupling N-Boc-tetraisoquinoline with nitromethane.  

 

  

 

 

 

 

 

 

Figure 6.5 Mechanistic proposal of CDC reaction with Au@Pd-Br nanoparticles. 
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From these studies and based on earlier mechanistic studies, a probable 

mechanistic pathway as shown in Figure 6.5 involves two intermediate stages. The 

adsorption of tertiary amine on the Au@Pd surface takes place through electron 

donation by nitrogen atom. This activates the C-H bond alpha to nitrogen atom of 

tertiary amine. The superoxo species formed on the nanoparticle surface (formed 

by the interaction of nanoparticle with O2) abstracts the hydrogen followed by the 

formation of iminium-type intermediate. The CDC product is formed following 

the attack of the nucleophile.
20

 

6.5 Recyclability of alloy nanoparticle catalyst towards the cross 

dehydrogenative coupling 

 

 

 

 

 

 

 

 

Figure 6.6 Recyclability of alloy nanoparticle catalyst. 

    We also explored the recyclability of the Au@Pd-Br nanocomposites for the 

model coupling reaction between N-phenyl tetrahydroisoquinoline and 

nitromethane under optimized reaction condition. The AuPd-Br could be 

recovered from the reaction mixture by centrifugation, washing with water and 

drying.  It was observed that the AuPd-Br lost their catalytic activity considerably 

during their participation in the coupling reaction. The desired coupling products 

were obtained with 59% yield after the 1
st
 cycle and 44% after the 2

nd
 cycle. The 
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reduced catalytic activity of the nanoparticles could be due to the agglomeration of 

the nanoparticles at elevated temperature during the reaction. The TEM studies of 

the AuPd-Br nanoparticles recovered after the 1
st
 cycle showed considerable 

agglomeration resulting in increase in particle size (Figure 6.7). Another very 

important observation was that the shape of the particle changed considerably 

from urchin-shape to spherical with a more distinct core-shell morphology. The 

SAED pattern showed high crystallinity of the recovered Au-Pd-Br nanocatalysts. 

The dynamic nature of the Au-Pd-Br nanoparticles as observed by the structural 

changes after their involvement in the catalytic cycle prompted us to perform the 

leaching experiment to find out the active species in the reaction. For this we 

performed the model reaction of N-phenyl-tetrahydro isoquiniloine and 

nitromethene in presence of the Au@Pd-Br nanocatalyst (0.1 mol%) in DMSO-

triethyl amine medium under optimized reaction conditions. The coupling reaction 

was allowed to take place for 4 hours, after which the reaction was cooled down to 

room temperature and the nanoparticles were separated from the reaction mixture 

by  

 

Figure 6.7 Transmission electron micrograph of Au@Pd-Br nanoparticles 

recovered after 1
st
 cycle of catalytic reaction; (a) low resolution, scale bar 100 

nm; (b) high resolution, scale bar 50 nm; (c) SAED pattern. 

high speed centrifugation. The supernatant was separated into two fractions, one 

fraction was worked up for evaluating the yield of the coupling product. From 
1
H 

NMR spectroscopy analysis of the crude product, the yield of the coupling product 
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was found to be 36%. The other fraction, without nanoparticle catalyst, was 

allowed to be stirred for another 20 hours under standard reaction conditions (60 

°C, air). After the reaction was stopped this fraction was worked up and the yield 

of the coupling product from the crude mixture was evaluated by 
1
H NMR 

spectroscopy, which showed a yield of 49% of the coupling product. In presence 

of Au-Pd-Br catalysts, the coupling product yield for this reaction was found to 

84% (Table 6.3, entry 3ab). The results demonstrated that some active catalytic 

species remained in the solution which catalyzed the coupling reaction even after 

the removal of the Au-Pd-Br nanoparticles by centrifugation. In order to evaluate 

the active species, we performed the ICP-AES spectroscopy of the nanoparticles 

and supernatants. The results for Au and Pd are shown in Table 6.4. The Au:Pd 

ratio in the Au-Pd-Br nanocomposite increased before and after the catalytic 

reaction clearly suggesting that Pd leached during the catalytic reaction, 

suggesting that Pd(II) might act as the active species during the reaction. Further 

studies of the metal components in the supernatants showed that the level of Au 

ions was below the detection limit, whereas there was appreciable detection of Pd 

ions during and after the completion of the reaction. Probably in the Au@Pd 

urchin shaped nanoparticles, Pd is present on the surface as Pd-Br. During their 

participation in the catalytic reaction, Pd was leached in the reaction medium and 

performed the catalytic reaction and again re-deposited on the nanoparticle surface 

after the catalytic reaction. The dynamic structural changes of the Au@Pd-Br 

nanoparticles after their participation in the catalytic reaction also suggested the 

continuous leaching and re-deposition of active species. The poor reusability of 

the nanocatalytic system also probably suggested the change of morphology of the 

structure during the reaction. 
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Table 6.4: ICP-AES studies of the Au and Pd components in Au-Pd-Br 

nanocomposite in the catalytic reaction. 

Entry Reagents Amount of Au/Pd ratio detected by 

ICP-AES 

1 Au-Pd-Br 

catalyst 

before 

reaction 

Au/Pd  

69.7/30.28 

2 Au-Pd-PVP 

catalyst after 

reaction (after 

completion) 

Au/Pd 

73.7/26.3 

3 Supernatant 

of reaction 

(after 8 hours 

of reaction) 

Au (not detected) 

Pd (38.84 ppm) 

4 Supernatant 

of reaction 

(after 

completion of 

reaction) 

Au (not detected) 

Pd (14.16 ppm) 

 

6.5 Conclusion  

   In conclusion, urchin shaped Au-Pd core-shell bimetallic nanoparticles could be 

used as an efficient catalyst for the regioselective synthesis of coupling products 

during the cross-dehydrogenative coupling reaction of N-phenyl 

tetrahydroisoquinoline and nucleobases under mild reaction conditions using air as 

the sole oxidant. The resulting coupling products were obtained with high yield. 

While developing the first nanoparticle based catalyst for these important CDC 

reactions, we found that the reaction mechanism is quite complex and several 

factors such as shape selectivity, morphology of the nanoparticles, synergistic 

effect and leaching of metallic species from the nanoparticle surface, all played 

very crucial roles in determining the rate and selectivity of the reaction.  We 

believe that the studies will open up new avenues for the use of shape-selective 
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nanoparticles and the role of shape-directing agents in catalytic reactions leading 

to important synthetic pathways for biologically active compounds. 

6.6 Experimental section 

6.6.1. Chemicals and Materials: Hydrogen tetrachloroaurate(III) hydrate, 

palladium chloride (PdCl2), Ethylene glycol, potassium bromide (KBr) poly (vinyl 

pyrrolidone) (PVP, MW 55000), 1,2,3,4-tetrahyroisoquinoline, nitroalkanes and 

Indoles were purchased from Sigma Aldrich. Ethylene glycol and potassium 

bromide were purchased from SRL chemicals. All the reagents were of analytical 

grade and used without further purifications. 

6.6.2. Synthesis of PVP capped shape controlled Au-Pd alloy nanoparticles 

 

Figure 6.8 Schematic diagram of synthesis of Au-Pd alloy in presence of facet 

capping agent KBr and without KBr in ethylene glycol medium.   

 

6.6.3 Synthesis of nanoparticle: 

 

 

 

Figure 6.9 Synthetic procedure of shape selective Au-Pd alloy nanoparticle in 

presence of KBr and PVP  as capping agent. 
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     In a typical synthesis, 3 mL of EG was taken in a 25-mL, three-neck flask 

(equipped with a reflux condenser and a Teflon-coated magnetic stirring bar) and 

heated in air with magnetic stirring at 80 °C. Simultaneously two different 

solutions were prepared. One contained 100 µl of 0.03 M HAuCl4 and 100 µl 

H2PdCl4 (0.03 M) together with 0.100 g of KBr in 2ml H2O. The second solution 

comprised of 0.111g PVP in 3ml of ethylene glycol. Both these solutions were 

slowly added to the hot EG solutions at the same time. The reaction mixture was 

further heated at 80° C for 12hrs. After cooling down to room temperature, the 

final solution was dialyzed to remove excess EG and the inorganic impurities such 

Na
+
, Br

- 
and Cl

-  
ions. The dialyzed hydrosol of Au@Pd was diluted to 25 ml and 

stored in refrigerator for catalytic reactions and characterizations. For comparison, 

Au and Pd monometallic nanoparticles were prepared in the same way by 

substituting aqueous solutions of HAuCl4/H2PdCl4 mixtures by HAuCl4 and 

H2PdCl4 solutions respectively. Also to see the effect of the halide ions on the 

catalytic activity of the nanocatalysts, we synthesized two different AuPd-PVP 

nanoparticles by replacing KBr with KCl and KI salt respectively. The as obtained 

samples were characterized by transmission electron microscopy (TEM), high-

resolution TEM, energy-dispersive X-ray (EDX) analysis, powder X-ray 

diffraction (PXRD), and X-ray photoelectron spectroscopy (XPS).  

6.6.4 Synthesis of N-Phenyl-tetrahydroisoquinoline: 

   Phenyl boronic acid (0.368 g, 2.00 mmol) and Cu(OAc)2·H2O (20.0 mg, 0.100 

mmol) in CH2Cl2 (8.00 mL) were stirred for 5 minutes at room temperature. To 

this stirring suspension 1,2,3,4 tetrahydroisoquinoline (0.072 g, 99.0 µL, 1.00 

mmol) was added and stirred under an atmosphere of O2 for 24h. The crude 

reaction mixture was extracted with water and excess DCM. The product (1a) was 

isolated by silica gel column chromatography (eluting with hexanes: EtOAc 9:1 ~ 

3:1 gradient) as a pale yellow oil. 
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6.6.5 General procedure of aerobic oxidative coupling reaction of amine and 

nitroalkanes:   

   A mixture of N-Ar-1,2,3,4-tetrahydroisoquinoline (0.1 mmol), nitroalkanes (0.4 

mL) and triethyl amine was added to DMSO (2 mL). The reaction mixture was 

then stirred at 60 
o 

C under air for several hours. After the completion of the 

reaction, the reaction mixture was cooled to room temperature and the reaction 

was quenched using water (2.0 mL). The resulting mixture was extracted with 

EtOAc (3×10 mL) and washed with brine solution. The combined organic layers 

were dried over anhydrous Na2SO4. After removing the solvents under vacuum, 

the residue was purified by flash column chromatography on silica gel. 

NMR data:  

1.               

3ab 

Yellow oil, 
1
H NMR (400 MHz, CDCl3): δ 7.28-7.11 (m, 6H), 6.97 (d, 2H, J= 8 

Hz), 6.84 (t, 1H, J=8Hz), 5.54 (t, 1H, J = 8Hz,), 

4.84 (dd, 1H, J= 8Hz), 4.54(dd, 1H, J= 6.4Hz, 

J=6.8Hz), 3.67-3.60(m, 2H), 3.11-3.03(m, 1H), 

2.77 (dt, 1H, J=4.8Hz); 
13

C NMR (100 MHz, 

CDCl3): 148.73, 135.58, 133.22, 129.81, 129.49, 128.42, 127.30, 126.99, 119.73, 

115.42, 79.08, 58.5, 42.37, 26.75. 

2.   3ac 

Yellow solid, 
1
H NMR (400 MHz, Acetone-d6): δ 7.55 (d, 2H, J=8Hz), 7.36 (d, 

1H, J=8Hz), 7.21-7.16 (m, 5H), 7.08-7.05  (m, 3H), 

6.96-6.94 (t, 1H, J=4Hz), 6.78(s, 1H), 6.71-6.67 (t, 1H), 
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6.28 (s, 1H), 3.67-3.63 (m, 2H), 3.10-3.03 (m, 1H), 2.95-2.85 (m, 1H); 
13

C NMR 

(100 MHz, Acetone-d6): 149.86, 138.05, 137.15, 135.45, 129.02, 128.63, 128.05, 

126.63, 126.50, 124.52, 121.36, 119.67, 118.80, 118.41, 117.63, 115.37, 111.3, 

56.31, 41.98, 26.55. 

3. 

 3ad 

Yellow solid, 
1
H NMR (400 MHz, Acetone-d6): δ 7.47 (d,  1H, J=2Hz), 7.37(s, 

1H), 7.35 (t, 1H,   J=4Hz), 7.21-7.18 (m, 5H), 

7.08 (d, 2H, J=8Hz), 7.04 (dd, 1H, J=2Hz), 

6.83-6.82 (d, 1H, J=1.6Hz), 6.71 (tt, 1H, 

J=7.2Hz), 6.25 (s, 1H), 3.64-3.59 (m, 2H), 3.10-

3.02 (m, 1H), 2.90-2.87 (m, 1H); 
13

C NMR (100 MHz, Acetone-d6): 149.92, 

137.62, 135.57, 135.42, 129.07, 128.77, 128.51, 128.07, 126.66, 126.42, 125.65, 

125.53, 121.45, 119.10, 118.32, 118.14, 115.88, 112.75, 56.23, 42.12, 26.48. 

4.  

3ae     

White liquid, 
1
H NMR (400 MHz, CDCl3): major 

isomer 5.27-5.25 (d, J 1H), 5.07-5.02 (m, 1H), 3.63-

3.56 (m, 2H), 1.55 (d, 3H).  minor isomer 5.25-5.23 

(d, J-1H), 4.98-4.88 (m 1H), 3.88-3.81 (m 1H), 1.72-1.70 (d, 3H). 7.30-7.18 (m, 

5H), 7.12-7.10(t, J=, 2H), 7.01-6.98 (m, 1), 3.10-3.04 (m 1H), 2.95-2.86 (m, 1H). 
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5.  

3af 

White liquid, 
1
H NMR (400 MHz, CDCl3): 7.26-7.09 (m, 6H), 6.88 (d, 2H, J=8Hz 

), 6.64 (t, 1H, J=7.2Hz), 5.64(d, 1H, J=12Hz), 4.11-3.96 (m, 4H), 3.90 (d, 1H, 

J=8Hz), 3.70-3.62 (m, 2H), 3.09-3.01(m, 1H), 

2.77 (t, 1H, J=5.2Hz), 1.06 (t, 3H, J=4Hz), 0.98 

(t, 3H, J=8Hz); 
13

C NMR (100 MHz, CDCl3): 

167.52, 166.71, 148.44, 135.52, 134.39, 128.63, 

127.10, 125.57, 118.03, 114.66, 61.13, 61.06, 59.12, 57.48, 41.87, 25.72, 13.64, 

13.51. 

6. 

 3ag   

1
H NMR (400 MHz, CDCl3): 7.32-7.28 (m, 2H), 7.18-7.13 (m, 5H), 7.10-7.06 (m, 

2H), 6.97 (d, 2H, J=8Hz), 6.76-6.69 (m, 2H), 3.89 (t, 

1H, J=4Hz), 3.57 (s, 3H), 3.53(d, 2H, J=8Hz), 3.04 

(t, 1H, J=12Hz), 2.82-2.74 (m, 1H); 
13

C NMR (100 

MHz, CDCl3): 153.81, 142.97, 138.32, 132.16, 

129.53, 129.19, 128.93, 128.74, 127.26, 126.99, 126.91, 125.73, 125.41, 120.99, 

120.34, 112.19, 111.73, 55.84, 55.66, 49.49, 26.41.  
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7. 

 3ah 

1
H NMR (400 MHz, CDCl3): 7.28-7.15 (m, 6H), 6.95 (d, 2H, J=8Hz), 6.82-6.78 

(m, 1H), 5.42 (t, 1H, J=8Hz), 4.13 (q, 1H, J=8Hz), 

3.69-3.63 (m, 2H), 3.35(d, 1H, J=1.76Hz), 3.09-

3.04 (m, 1H), 2.94(dd, 1H, J=8Hz), [2.19 (s), 2.09 

(s, 3H,)]  [1.28 (t), 1.23 (t) 3H]. 13C NMR (125 

MHz, CDCl3):  207.27, 201.40, 166.80, 148.82, 148.87, 138.27, 137.75, 134.48, 

129.36, 129.33, 129.28, 129.73, 128.59, 126.93, 126.90, 126.86, 126.80, 126.34, 

126.26, 118.56, 118.26, 115.03, 114.77, 61.37, 54.95, 54.79, 50.24, 50.21, 42.12, 

42.06, 30.92, 29.69.  

8.  

3bc 

1
H NMR (400 MHz, CDCl3): 8.01 (s, 1H), 7.62 (d, 1H, 4Hz), 7.50 (d, 1H, J=8Hz), 

7.29-7.25 (m, 3H), 7.17-7.12 (m, 3H), 7.01 (d, 2H, 

J=12Hz), 6.83 (t, 2H, J=8Hz), 6.60(d, 1H, J=4Hz), 

6.06 (s, 1H), 3.59-3.51 (m, 2H), 3.01-2.97 (m, 1H), 

2.80 (dt, 1H, J=4Hz); 
13

C NMR (100 MHz, CDCl3): 

148.73, 136.63, 131.92, 131.65, 128.82, 127.99, 126.31, 125.87, 124.14, 122.22, 

119.89, 119.75, 119.43, 117.30, 117.26, 111.17, 56.86, 42.54, 29.08, 26.65. 
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9.  

 3ai 

1
H NMR (400 MHz, CDCl3): 8.05 (s, 1H), 7.62 (d, 1H), 7.28-7.24 (m 3H), 7.23-

7.22(d, 1H), 7.21-7.15 (m, 3H), 7.03-7.02 (d, 

2H), 6.85-6.82 (t, 1H), 6.61 (d, 1H), 6.09 (s, 

1H), 3.62-3.58 (m,2H), 3.14-3.01 (m, 1H), 

2.84-2.78 (dt, 1H).
 13

C NMR (100 MHz, 

CDCl3): 149.87, 137.04, 135.43, 135.20, 129.21, 128.98, 128.90, 128.14, 127.95, 

126.81, 125.42, 124.97, 122.67, 118.97, 118.79, 116.53, 112.96, 56.73, 42.58, 

26.64. 

10. 

3cc 

 
1
H NMR (400 MHz, Acetone-d6): δ 7.35 (d, 1H), 7.21 (d, 1H, J=8Hz), 7.14 (d, 

1H, J=8Hz), 7.04-6.95 (m, 6H), 6.90 (d, 2H, 

J=8Hz), 6.80 (t, 1H, J=12Hz), 6.52 (t, 1H, 

J=12Hz), 6.10 (s, 1H), 3.50 -3.42 (m, 5H), 2.93-

2.87 (m, 1H), 2.74 (dt, 2H, J=4Hz); 
13

C NMR 

(100 MHz, Acetone-d6): 150.55, 142.47, 138.80, 138.31, 129.82, 129.64, 129.64, 

129.48, 127.78, 127.31, 126.40, 122.14, 120.6, 119.77, 119.55, 118.39, 116.01, 

112.90, 56.96, 42.74, 27.36. 
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        In recent years, the area of nanochemistry has grown tremendously where 

control over the size, shape, morphology and composition through solution 

based methods have resulted in real-time application of these materials in 

various technologies. In the area of catalysis, nanoparticles offer an 

advantageous route compared to their bulk counterparts due to large surface 

area to volume ratio and possibility to reuse them over several cycles. With 

tremendous focus towards the development of greener routes in synthetic 

organic chemistry avoiding harmful organic solvents and harsh reaction 

conditions, the use of nanocatalysts is becoming significantly important in 

modern organic chemistry. However, the atomic level understanding for the 

various surface processes taking place on the nanoparticle surface is very 

difficult and therefore there is lots of scope of research for efficient and 

reproducible use of nanoparticles in synthetic organic chemistry. 

    In this thesis, we have demonstrated the activity of graphene oxide 

nanosheets as metal free carbocatalysts and Au nanoparticle based 

monometallic and alloy nanocatalytic systems for various important organic 

transformations. We have performed detailed spectroscopic and microscopic 

investigations towards understanding active species responsible for these 

catalytic reactions. The rationale for these studies is to exploit the structural 

and compositional intricacies of the nanoparticles for catalytic organic 

reactions with high activity, selectivity, atom-efficiency and step-efficiency. 

   In Chapter 2 we demonstrated that graphene oxide can be used as a mild, 

non-toxic and sustainable catalyst for the multicomponent coupling reactions, 

leading to biologically relevant α-aminophosphonates, 3,4-dihydropyrimidin-

2-ones and 3-substituted indoles which are  motif of biologically active 

compounds under solvent-free conditions with low catalytic loading. Due to 

the acidic nature of GO, the method can be extended to other acid catalyzed 

one-pot multicomponent reactions. Taking advantage of the oxygenated 

functional groups and the possibility of incorporating functionality when 

required, graphene oxide can be used as an ideal catalytic platform towards 

products of industrial interest through the multicomponent reaction pathway. 
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  In Chapter 3, the catalytic activity of self-assembled monolayer-coated Au-

NPs for the aerobic oxidation of aryl substituted α-hydroxy ketones to aryl 1,2- 

diketones is described and this reaction is extended for a one-pot synthesis of 

biologically significant quinoxaline derivatives in water. In this work, we 

looked into the role of thiol containing self-assembled monolayers on the 

catalytic activity of Au nanoparticles. It is well-known that thiols bind strongly 

on any metallic surface and hence it was expected that the composite 

nanomaterial might not show high catalytic activity for oxidation reactions as 

the self-assembled monolayer will prevent the access of the substrates towards 

the nanoparticle surface. However, the thiol containing monolayer protected 

Au nanoparticles showed high activity towards oxidations of hydroxyl to 

ketones. Our current methods avoid the use of acid, highly toxic reagents, 

hazardous organic solvents, multistep synthesis etc. In addition, the simplistic 

synthesis of the catalyst, operational simplicity, high yields, catalytic and 

environmentally friendly reaction conditions make them attractive. This result 

should encourage new applications for self-assembled monolayer-coated Au-

NPs in organic syntheses as efficient catalysts. 

    In chapter 4, we have shown the activity of AuPd alloy nanoparticles 

towards direct oxidation of α-hydroxy esters and α-hydroxy phosphonates for 

the formation of their keto counterparts through synergistic effect between the 

two metals. It is worth mentioning that direct oxidation of these compounds 

often leads to the formation of carboxylic acids due to the presence of good 

leaving groups such as esters and phosphonates. With proper control of the 

composition between Au and Pd, it was possible to perform the oxidation 

reaction under mild reaction conditions without the formation of any side 

products. 

   In chapter 5, we have described the activity of AuPd nanoparticles towards 

the development of α-ketoamides, an important structural motif of biologically 

active compounds, through an oxidative dehydrogenative coupling process 

using molecular oxygen as the sole oxidizing agent under mild reaction 

conditions. Again the synergistic effect between the two metallic components 

was taken advantage of towards the synthesis of these important compounds. 
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   In chapter 6, we have shown how a combination of synergistic effect, 

morphology, shape-selectivity and leaching process could lead to effective and 

regioselective synthesis of coupling products through aerobic oxidative 

dehydrogenative coupling (CDC). In all the Au based nanocatalytic systems 

we used polyvinylpyrrolidone (PVP) as the surface stabilizer for the growth of 

the nanomaterials. The obvious reason was to use a common surface coating in 

order to have a better understanding towards the molecular processes taking 

place during the catalytic reactions. However this had an impact on the 

stability of the catalysts during the catalytic reactions and the activity of the 

catalysts was reduced significantly during the recycled reactions. This can be 

improvised by immobilizing these nanoparticles on other heterogeneous 

supports such as mesoporous carbon, metal oxides or mesoporous materials.    

    However our aim was to have an understanding on the correlation between 

the intrinsic surface properties of the nanoparticles and the catalytic activity of 

various important transformations. Although we have fairly achieved towards 

our goal, more studies involving sophisticated surface characterization 

techniques such as X-ray photoelectron spectroscopy, high angle annular dark 

field electron microscopy etc. will be crucial in better understanding of the 

atomic processes involved in these nanocatalytic systems. Unfortunately, due 

to lack of facilities we could not perform these studies. 
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Appendix A 

 Chapter 2 

Characterization NMR Data α-amino 
phosphonates, 3 substituted Indole 

(Table 2.2 and Table 2.4) 
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1H NMR of compound 3aa (CDCl3, 400 MHz) 
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1H NMR of compound 3ab (CDCl3, 400 MHz) 
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1H NMR of compound 3ae (CDCl3, 400 MHz) 
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   1H NMR of compound 3ac (CDCl3, 400 MHz) 
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1H NMR of compound 3ad (CDCl3, 400 MHz) 
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 1H NMR of compound 3ag (CDCl3, 400 MHz) 
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1H NMR of compound 3fg (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

13C NMR of compound 3fg (CDCl3, 100 MHz) 
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1H NMR of compound 3fh (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3fh (CDCl3, 100 MHz) 
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1H NMR of compound 3ii (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ii (CDCl3, 100 MHz) 
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1H NMR of compound 3aj (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3aj (CDCl3, 100 MHz) 
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1H NMR of compound 3al (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3al (CDCl3, 100 MHz) 
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1H NMR of compound 3al (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3al (CDCl3, 100 MHz) 
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1H NMR of compound 3ba (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ba (CDCl3, 100 MHz) 
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1H NMR of compound 3a (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3a (CDCl3, 100 MHz) 
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1H NMR of compound 6a (CDCl3, 400 MHz) 
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1H NMR of compound 9a (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

1H NMR of compound 2a (CDCl3, 400 MHz) 
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1H NMR of compound En-1 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-1 (CDCl3, 100 MHz)  
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1H NMR of compound En-4 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 13C NMR of compound En-4 (CDCl3, 100 MHz) 
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1H NMR of compound En-2 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-2 (CDCl3, 100 MHz) 
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1H NMR of compound En-9 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-9  (CDCl3, 100 MHz) 
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1H NMR of compound En-8 (CDCl3, 400 MHz) 
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1H NMR of compound En-13 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-13 (CDCl3, 100 MHz) 
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1H NMR of compound En-11 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-11 (CDCl3, 100 MHz) 
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1H NMR of compound En-17(CDCl3, 400 MHz) 
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1H NMR of compound En-3 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-3 (CDCl3, 100 MHz) 
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1H NMR of compound En-7 (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound En-7 (CDCl3, 100 MHz) 
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Appendix C 

Chapter 4 

Characterization data of α-keto esters, 

α-keto phosphonates and β-keto esters   

Table 4.2 and Table 4.3 
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1H NMR of compound 2a (CDCl3, 400 MHz) 

 

 
13C NMR of compound 2a (CDCl3, 100 MHz) 
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1H NMR of compound 2b (CDCl3, 400 MHz) 

 

 

 
 

13C NMR of compound 2b (CDCl3, 100 MHz) 
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1H NMR of compound 3c (CDCl3, 400 MHz) 

 
13C NMR of compound 2c (CDCl3, 100 MHz) 
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1H NMR of compound 2g (CDCl3, 400 MHz) 

 

 

 
 

13C NMR of compound 2g (CDCl3, 100 MHz) 
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1H NMR of compound 2d (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

1H NMR of compound 2d (CDCl3, 400 MHz) 
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1H NMR of compound 2e (CDCl3, 400 MHz) 

 

 

 
 

13C NMR of compound 2e (CDCl3, 100 MHz) 
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1H NMR of compound 2i (CDCl3, 400 MHz) 

 

 
 

13C NMR of compound 2i (CDCl3, 100 MHz) 
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1H NMR of compound 2k (CDCl3, 400 MHz) 

 

 
 

13C NMR of compound 2k (CDCl3, 100 MHz) 
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1H NMR of compound 4a (CDCl3, 400 MHz) 

 

 
13C NMR of compound 4a (CDCl3, 100 MHz) 
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1H NMR of compound 4b (CDCl3, 400 MHz) 

 

 
13C NMR of compound 4b (CDCl3, 100 MHz) 
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1H NMR of compound 2q (CDCl3, 400 MHz) 

 

 
13C NMR of compound 2q (CDCl3, 100 MHz) 
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1H NMR of compound 2m (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 13C NMR of compound 2m (CDCl3, 100 MHz) 
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Appendix D 

Chapter 5 

Characterization data of α-keto amide 

derivatives Table-5.4 and Table 5.5  
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1H NMR of compound 3af (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3af (CDCl3, 100 MHz) 
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1H NMR of compound 3ae (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ae (CDCl3, 100 MHz) 
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1H NMR of compound 3ag (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ag (CDCl3, 100 MHz) 
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1H NMR of compound 3ah (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ah (CDCl3, 100 MHz) 
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 1H NMR of compound 3ad (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ad  (CDCl3, 100 MHz)  
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1H NMR of compound 3ag (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ag (CDCl3, 100 MHz) 
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1H NMR of compound 3ai (CDCl3, 400 MHz) 
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1H NMR of compound 3dj (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3dj (CDCl3, 100 MHz) 
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1H NMR of compound 3ei (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ei(CDCl3, 100 MHz) 
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1H NMR of compound 3ae (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ae (CDCl3, 100 MHz) 
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1H NMR of compound 3be (CDCl3, 400 MHz) 
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1H NMR of compound 3ak (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ak (CDCl3, 100 MHz) 
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1H NMR of compound 3ei (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

 13C NMR of compound 3dj (CDCl3, 100 MHz) 
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Appendix E 

Chapter 6 

Characterization data coupled products of 
N-Phenyl-tertraisoquinolines Table 6.3 
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1H NMR of compound 3ab (CDCl3, 400 MHz) 

 
13C NMR of compound 3ab (CDCl3, 100 MHz) 
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1H NMR of compound 3ae (CDCl3, 400 MHz) 

 

 
1H NMR of compound 3ag (CDCl3, 400 MH 
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1H NMR of compound 3ac (CDCl3, 400 MHz) 

 

 

13C NMR of compound 3ac (CDCl3, 100 MHz) 
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1H NMR of compound 3ad (CDCl3, 400 MHz) 

 

 

13C NMR of compound 3ac (CDCl3, 100 MHz)  
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1H NMR of compound 3cc (CDCl3, 400 MHz) 

 

 

13C NMR of compound 3cc (CDCl3, 100 MHz) 
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1H NMR of compound 3af (CDCl3, 400 MHz) 

 

 

 

13C NMR of compound 3af (CDCl3, 100 MHz) 
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1H NMR of compound 3af (CDCl3, 400 MHz) 

 

 
 

13C NMR of compound 3af (CDCl3, 100 MHz) 
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1H NMR of compound 3bc (CDCl3, 400 MHz) 

 
13C NMR of compound 3bc (CDCl3, 100 MHz) 
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1H NMR of compound 3ai (CDCl3, 400 MHz) 

 

 

 

13C NMR of compound 3ai (CDCl3, 100 MHz) 
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1H NMR of compound 3am (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3am (CDCl3, 100 MHz) 
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1H NMR of compound 3ah (CDCl3, 400 MHz) 

 

 

 

 

 

 

 

 

 

 

 

13C NMR of compound 3ah (CDCl3, 100 MHz) 
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